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ABSTRACT

The cell is a microcapsule system wherein biological materials are encapsulated by a thin membrane, which

provides valuable information on the metabolism, morphology, development, and signal transduction
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pathways of the studied cell. The cell inspired microdroplet has the characteristics of efficient nanoscale

substance transportation, self-organization, and morphological adaptation. However, it is extremely difficult

to manufacture such systems. Mostly vesicles such as liposomes, polymersomes, and microcapsules are first
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produced by a high-pressure homogenizer and microfluidizer as an emulsion and then encapsulated
microcapsules by the drop or emulsion method. Currently, acoustic levitation opens entirely new possibilities
for creating bioinspired microdroplets because of its ability to suspend tiny droplets in an anti-gravity and
non-contact manner. Herein, we propose contactless printing of single-core or multi-core cells inspired
microdroplets via acoustic levitation. First, the oscillation mode and microscopic morphology of the droplets
under different ultrasonic vibration frequencies are shown by simulation, and the curing characteristics of
the shell structure under different ultraviolet illumination conditions are quantitatively measured. The
feasibility of manufacturing multi-core microdroplets and manufacturing sub-millimeter-scale particles
based on oil trapping is extensively studied. To explore the morphological adaptability of microdroplets,
ferromagnetic Fe;04 nanoparticles are used to give cells magnetic responsive properties and the microscopic
deformation and motion in microfluidic channels under the magnetic field are characterized. Finally, the
proposed printing method proves the versatility of in-space contactless printing of complex 3D beam
structures and provides a powerful platform for developing biomedical devices and microrobots, and
studying morphogenesis and synthetic biological systems.

Keywords: Contactless printing, acoustic levitation, microdroplets printing, photopolymerization,

biomedical applications

1. INTRODUCTION

The bioinspired microdroplets have emerged as a promising avenue to gain deeper
insights into the intricate structure and functions of biological cells. The fabrication of such
synthetic entities has recently garnered substantial attention as a burgeoning field of
research. Efforts to develop bioinspired microdroplets allow the investigation of
autonomous systems with cell-like attributes in controlled conditions. Cells are highly
intricate structures and have functional units called intracellular compartments, which
regulate chemical and biological processes. This intracellular region is protected by a

membrane that separates internal content from the surrounding. When developing
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microdroplets that have cell-like functions, replicating the structure of the intracellular
compartment is important to better mimic biological cell functionality. The bioinspired
microdroplets exhibit diverse prospective applications, such as employment in the
treatment of hepatic ailments, where current methods like transplants and cell therapies
suffer challenges of negative immune response and limited efficiency duration [1].
Intriguingly, acoustic levitation is a counterintuitive phenomenon that capitalizes on the
acoustic potential energies carried by sound waves to exert radiation force on small and
lightweight objects. The resulting force levitates the object in an anti-gravity and
contactless manner, directly opposing gravity. This phenomenon finds potential
applications in constructing spherical microdroplets, as droplets suspended through
acoustic levitation are well-suited for this purpose [2-10].

Currently, multiple recognized techniques exist for the production of bioinspired
microdroplets. The two primary approaches in the fabrication of bioinspired
microdroplets are the top-down and the bottom-up approaches [11, 12]. The top-down
approach deals with generating a minimal cell from an already existing biological organism
by removing cellular parts that are not essential to the survival of the organism and adding
components for specific functions. However, the top-down approach often leaves
genomes with unknown functions, thereby limiting the understanding of the minimal
requirements for the survival of living cells. Correspondingly, the bottom-up approach is
an additive approach that involves fabricating bioinspired microdroplets using basic units
derived from natural organisms or synthetic processes [13-15]. This approach is often

employed to construct structures by enclosing lipid-bounded aqueous droplets and
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biomolecule complexes within a host droplet, with each compartment of the host droplet
potentially containing different biochemical species. [16]. Some studies have
demonstrated the utilization of organelle-like components that are analogous to the
intracellular compartments and act as functional units, regulating sequential reactions
and harvesting energy within the microdroplets [16]. However, the fabrication of
bioinspired microdroplets poses challenges such as creating controlled distributions of
biochemical reagents in multicompartmental structures and developing a low-cost,
efficient method of acoustic printing of soft materials to mimic cell functionality.

The intricate intracellular compartments of cells pose a challenge for the fabrication
of bioinspired microdroplets. Therefore, it is advantageous to investigate and establish
compartmentalized structures that mimic those found in biological cells, which further
serve as the foundation for the functionality of the cell. The ideal cellular structure
consists of a hollow shell with an internal functional unit that is enclosed by a membrane,
responsible for regulating vital processes. It is important to note that the architecture of
the compartments is crucial in determining the functionality of the bioinspired
microdroplets. Insufficient investigation has been conducted on the methods of
compartmentalization in bioinspired microdroplets and the resulting functionality of
these structures. This is partly due to the difficulty of producing multi-compartmental
structures with controlled distributions of biochemical reagents, which involves a high-
order emulsification process [16]. In comparison to other physical fields such as magnetic
and electrical fields, acoustic-assisted additive manufacturing presents diverse potential

applications. The contactless and interface-free nature of acoustic field manipulation
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enables the trapping of small particles in standing waves and potential wells of the sound
field [17]. However, the use of acoustic levitation by ultrasonic arrays has not been fully
investigated and much of its applications in regard to fluid mechanics are still unknown
[3]. Hence, there is a need to explore a low-cost and effective approach for acoustic
printing of soft materials, which employs intracellular architecture to mimic the functions
of cells [18-20]. Such an investigation has the potential to enhance drug delivery
mechanisms and facilitate the production of high-quality microdroplets [21].

Here, we proposed a novel printing approach named acoustic levitation-assisted
contactless droplet printing (ALCDP) for the fabrication of bioinspired microdroplets. The
novelty of this method is reflected in the fact that the 3D printed complex structure is a
multi-layer structure in the radial direction of the sphere, which is different from the
traditional 3D printing that builds complex structures along a certain direction or plane
[14, 22]. Firstly, the mechanism of ultrasonic levitation was revealed, and the sound
pressure field map, droplet resonance morphology, and convection mode were visually
displayed through simulation. Considering the light sensitivity of the materials and aiming
to fabricate flexible and resilient shell structures under the guidance of the studied
relationship between exposure time and curing thickness, the top-bottom-side (TBS), top-
bottom (TB), and TBS+TB illumination strategies were developed for non-sensitive,
sensitive, and semi-sensitive materials, respectively. Cured shell structures can be as thin
as tens of microns and return to their original shape after being subjected to large ratios
of deformation. Moreover, the oil trapping method provided an effective platform for the

fabrication of single-core and multi-core cell structures, and its solidified spherical
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structure can be as small as 300-800 um, which is at least 3 times smaller than that of the
direct injection method. Finally, we demonstrated the directional movement of the
printed magnetic cell structure in the complex channel under the magnetic attraction and
tracked the autonomous motion trajectory of the magnetic cell structure on the liquid
surface under the influence of the magnetic field. Benefiting from ALCDP, printed
microdroplets have the potential to enhance the understanding of biological cells and be
used in drug delivery and treatment of chronic illnesses. We believe that the reported
research is a step toward bioinspired microdroplets development in a contactless,
autonomous, low-cost, and efficient way.
2. MATERIALS AND METHODS
2.1 Materials

Poly(ethylene glycol) diacrylate (Mn 700) (PEGDA), iron oxide, Irgacure 819
photoinitiator, and red oil dye were purchased from Sigma-Aldrich. The acoustic levitation
set-up was purchased from Aliexpress. Qil, fluorescent dyes, water-based dyes were
purchased from Tool Experts. Flexible 80A resin was purchased from Formlabs. Standard
translucent photopolymer resin was purchased from Elegoo.
2.2 Material preparation

Three different photocuring strategies are designed for non-sensitive, sensitive and
semi-sensitive materials respectively. 5 wt% iron oxide and 1 wt% Irgacure 819
photoinitiator were added to PEGDA and then vortex mixing for 5 minutes to obtain non-
sensitive materials under TBS illumination strategy. Flexible 80A purchased from

Formlabs used as a sensitive material under TB illumination strategy. The semi-sensitive
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material under the TBS+TB illumination strategy was obtained by vortex mixing of Flexible
80A and 0.1 wt% red oil dye for 5 minutes. The material for making the magnetic core
with high magnetic sensitivity was obtained by adding 10 wt% iron oxide and 1 wt%
Irgacure 819 photoinitiator to PEGDA and vortex mixing for 5 minutes. The transparent
photocurable PEGDA used to encapsulate the magnetic core was obtained by mixing
PEGDA with 1 wt% Irgacure 819 photoinitiator vortex for 5 minutes. All vortex mixing
materials were vacuumed to remove bubbles before ultrasonic levitation. Other materials
appearing herein are used as received.
2.3 Droplet levitation and process planning

A commercially available TinyLev device [2] was used to ultrasonically suspend the
droplet, which mainly consists of ultrasonic transducers, an Arduino nano controller, an
L298N dual motor drive, 9 V DC power adaptor. Two pairs of transducers with a diameter
of 10mm are fixed on a 3D-printed TinyLev frame, and transducers are arranged in three
concentric circles on a hemispherical sphere. Transducers vibrate at a frequency of 40 kHz
under the action of a high-frequency electrical signal applied by the driver, and then two
sets of opposite hemispherical transducer arrays form standing waves in space, which are
the positions corresponding to the droplets that can be suspended. The UV led with
wattage of 1 W, voltage of 3 V, light intensity of 110 Im was purchased from Shenzhen
Chanzon Technology Co., Ltd, which is used to initiate photopolymerization.

In terms of experimental operation, the droplet is manually extruded from the needle
and hangs on the top of the needle under the constraints of surface tension, and then the

droplet is slowly moved into the standing wave point (low-pressure area, as shown in the
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bright yellow region of Fig.1a) of the ultrasonic field. Here, the 5 mL disposable syringes
were purchased from BH SUPPLIES and the 30Ga blunt tip needles were purchased from
CML Supply. The low-pressure area is first marked by the suspended foam, and then the
liquid droplets are levitated in the low-pressure area near the coaxial line of the device.
The volume of the dropletis determined spontaneously by its difficulty of separation from
the needle and gravity, too little droplet is difficult to separate and too much will drip.
After slowly removing the needle, the droplet is trapped in the low-pressure area and the
contact surface between it and the needle is necked and fractured. Finally, it is stably
suspended in the air. In the fabrication of a single-core cell structure, the base droplet is
first suspended in the air, and then a hemispherical dye or magnetic solution at the tip of
the needle is inserted into the base droplet. The second solution is trapped inside the
base droplet after the needle is removed. A multi-core cell structure can be obtained by
repeating this step.
2.4 Simulation of droplet oscillation mode

The simulations of the acoustic field and droplet oscillation morphology are
conducted via COMSOL Multiphysics 5.6. Pressure Acoustics, Frequency Domain interface
and Particle Tracing for Fluid Flow Interfaces are used to simulate the acoustic field and
droplet oscillation morphology, respectively. A two-dimensional region is selected with
the upper and lower ends of a circular curve and the left and right edges of a vertical line.
The boundary of the curve is divided into odd parts and each segment is given the
characteristics of high-frequency vibration at intervals to simulate the transducer’s

characteristics. The other boundaries are set as sound hard boundaries, and the material
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inside the area is set as air. After calculation, the spatial distribution map of the ultrasonic

field is obtained (Fig. 1a), and the sound pressure distribution is determined by [17]:

1 k2. ps
V-(——V _ )_L— -
pc( P: — da) Py Q

pe=ptp (1)
where p. is the quiescent density, ». is the total pressure, a« is the dipole domain
source, k= is the wave number, @. is the monopole domain source, p» is the
background pressure, « isthe angular frequency, ¢. isthe speed of sound, and k. is
the out-of-plane wave number.

The droplets (or particles) are subjected to acoustophoretic radiation force, gravity
force, and drag force in the acoustic field and remain suspended in the air in equilibrium.
When the low-frequency modulation wave is superimposed on the ultrasonic wave with
a frequency of 40 kHz, the acoustophoretic radiation force fluctuates periodically and the
force balance of the droplet is broken, and oscillation occurs. The shape of the droplet
changes from an ellipsoid to a complex pattern with varying numbers of nodes. The force
F and vibration state of the droplet are respectively determined by the following three
parts [23]:

d(m,v)

F:Frad+Fg+FD: dt (2)

where Fu.a is the acoustophoretic radiation force, F, is the gravity force, Fo is the

drag force, m, isthe particle mass, and V isthe particle velocity. Accordingly,
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Frad:Vp[flﬁ <P2>_f2%/7<'”2>:|
f=1- %o f=2(pp—p) B)
! K, 27 2p,+p

whereV, is the particle’s volume, f1, f2 are the monopole and dipole scattering coefficients,
respectively, pis the air density,cis the sound speed, P is the acoustic pressure,vis the
acoustic velocity, Ko, K, are the bulk moduli, and p, is the particle density.

Pp— P

P

F,=m,g (4)

Where m,is the particle mass,gis the gravitational acceleration, pis the air density, and

Pyis the particle density.

1
Fp= T—mp(u—v)
pd2 (5)
o= Pplyp
P 18u

whereTis the diffusion coefficient,uis the acoustic velocity, Vv isthe particle velocity, o,
is the particle density, d,is the particle diameter, and pis the air dynamic viscosity.
2.5 Magnetically driven motion and tracking

To test the motion of magnetic particles in the magnetic field, a microfluidic channel
made of standard translucent photopolymer resin shaped (the ASU logo) was printed. The
center-offset magnetic cells are first suspended on the liquid surface inside the channel,
and then change the position of the magnet around the channel to drive the magnetic
cells to move along the channel. Similarly, the magnetic cells are suspended in water filled
the glass tank. When a magnet is close to the tank, the magnetic cells move to the edge

of the tank under the action of magnetic force. A process of directional movement of
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magnetic cells is recorded to track the motion. The video is converted into a series of
single-frame pictures at different time slots after being imported into Imagel. The pictures
then need to be converted into grayscale images before using the Manual Tracking
function. By selecting the target particles one by one, the particle positions at all times
can be labeled, and finally, the movement trajectories of the particles can be obtained by
overlaying these points to the last frame.
3. RESULTS AND DISCUSSION
3.1 Acoustic levitation assisted contactless droplet printing

As shown in Fig.1la, the transducers are placed on two horizontally opposed
hemispherical frames, and ultrasonic waves generate high-pressure and low-pressure
regions in the space as shown in the simulation of the acoustic field map, where the
particles are suspended in the low-pressure regions. The node position of the standing
wave is represented through the fluorescent droplets. Two different fluorescent dyes are
vertically arranged in the air, emitting blue and red light when excited by UV incident light
(Fig.1b). Controllable suspension of droplets and irradiation of UV light are necessary to
levitate and cure photosensitive resins. By adjusting the exposure time and the
components of the photosensitive mixture, fully cured droplets or spherical shell
structures with different thicknesses can be obtained. Compared with pure PEGDA with
1 wt% Irgacure 819 photoinitiator, the curing characteristics of PEGDA mixed with 5 wt%
iron oxide and 1 wt% Irgacure 819 photoinitiator indicates its low light penetration depth.
Hence, it can be cured to form a thin shell structure, which has large deformation

characteristics and can be completely flattened and restore the original shape for many
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times (as shown in Fig.1c). In addition, we found that when the droplet is directly extruded
and suspended with a syringe, it could be trapped at the node only when the volume of
the droplet increased to a certain extent (1.5-3 mm in diameter) due to the restraint of
surface tension as the droplet separate from the needle.

The oil droplet encapsulation method proposed in this paper can effectively reduce
the size of photosensitive resin droplets (300-800 um, Fig.1d), which provides the
possibility for subsequent encapsulation of multilayer structures. At the same time, the
solidified droplet cells containing the magnetic cores can achieve intricate motions driven
by the magnetic force. For example, the movement in the ASU channel, balance under
the action of various force fields, and the magnetic actuation and autonomous reset
shown in Fig.1le. The magnetic nucleus cell structure in Fig.1e floats on the liquid surface
against gravity under the action of the surface tension and buoyancy of the liquid. When
the magnet approaches, the magnetic nucleus cells move away from the lower central
area of the liquid level to the higher liquid level under the action of the magnetic force.
After removing the magnet, the magnetic nucleus cells automatically return to the central
area, and the corresponding driving trajectory can be obtained by repeating this cycle.
Inspired by the concept of bioinspired microdroplet, transparent PEGDA was used to
encapsulate the magnetic cores to obtain multilayer structures with outer shellsand inner
cores after fabricating smaller magnetic cores, such as the core-centered and biased cell
structure in Fig.1f. Specifically, the magnetic droplet was first extruded to solidify as the
inner core, and then the PEGDA solution was extruded to coat the inner core. As the

droplet was rotated in the acoustic field, the inner core was biased to the edge under the
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action of centrifugal force (as shown in the right image of 1f). Since the PEGDA700 has
lower viscosity (130 cP), it is still possible for the core to be placed in the core of the
structure (as shown in the left image of 1f), while the core cannot be centered at all when
using 80A (1260 cP) to coat the core due to its high viscosity and poor fluidity.
3.2 Theoretic model and simulation of droplet under acoustic field

The droplet is suspended in the air by a 40 kHz ultrasonic wave and keeps the shape
of an ellipsoid. When the modulation wave is superimposed on the ultrasonic wave, the
intensity of the sound field will fluctuate, which causes the droplet to shake and deform.
The shapes with different nodes can be obtained by controlling the frequency of the
modulation wave. As shown in the simulation results in Fig.2, the droplet has three sharp
corners (3 nodes) at 10 Hz, and the node of the droplet gradually increases with the
increase of the modulation wave frequency. For example, the droplet has 8 nodes at 890

Hz. The diameter g and resonance frequency r, of the droplet under the modulation wave

are determined by the Rayleigh equation [9, 24]:

fR:%\/#l(l—l)(l—l—Z) (6)

where sis the surface tension,,is the density of the droplet, ris the droplet diameter,
and ;is the oscillation mode.

Theoretically, the higher the resonant frequency, the smaller the diameter under the
same oscillation mode. The larger the oscillation mode value, the larger the diameter at
the same resonant frequency. The effect of modulation wave on the suspended droplet is

not only the change of shape, but also the convection inside the droplet. The larger the
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deformation scale of the droplet, the faster the corresponding internal convection
velocity. For example, the convection velocity at 230 Hz is several meters or tens of meters
per second, while the deformation of the 890 Hz droplet is much smaller, and the internal
convectionis extremely slow. Therefore, convection inside the droplet can be manipulated
through control of the resonant frequency, which provides an efficient platform for mixing
materials at the microscale.
3.3 Investigation of photocuring strategy

Using photocurable materials, droplets can not only levitate under the sound field,
but also solidify with controlled exposure time to obtain specific structures. Combined
with magnetic materials, a drivable cell-like structure is fabricated with the ability to move
directionally within complex channels. For light-sensitive materials, the curing
characteristics are homogeneous, and the curing depth is logarithmically proportional to
the input energy. The relationship between the curing depth of PEGDA solution and

energy input is given by the Beer-Lamber’s equations [25]:

Ema.x
Cd:d,,ln( 7 ) (7)

where d, is the penetration depth of light into a photocurable PEGDA solution after a
reduction in irradiation of 1/e ; Emax is the peak energy of light illuminating on the
photocurable PEGDA solution; and E.is the minimum energy for the photocurable PEGDA
solution to be solidified.

The curing property of the PEGDA and iron oxide mixture are not as sensitive as the

pure photocurable PEGDA. The curing depth decreased due to the light-shielding
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properties of the iron oxide particles. The curing property of the mixture can be

determined by Griffith and Halloran’s equation [26, 27]:

Cd:(npin>%2ln<t%>é (8)

where n and np are the refractive indexes of the PEGDA and iron oxide particle,

respectively, A is the wavelength of incident light, a is diameter of the iron oxide particles,
t and t. is the exposure time and critical exposure time respectively, and ¢ is the
concentration of iron oxide particles.

Intrinsically, droplet suspensions are suitable for the fabrication of spheres, disks and
shell structures. When the droplet is fully solidified, the shape of the solid is determined
by the droplet’s volume and surface tension. The smaller the droplet, the closer the
solidified entity is to a sphere. On the contrary, the droplet is in a disc structure under the
compression of the sound field and the action of centrifugal force. If the volume of the
liquid continues to increase, the surface of the droplet ruptures, and the droplet is
unbalanced and splashes around under the action of centrifugal force and
acoustophoretic radiation force. Fig.3a shows the process of solidifying the shell in this
study. First, the PEGDA droplets containing the photoinitiator are extruded and gathered
at the tip of the needle under the action of surface tension, and then the tip of the needle
is placed in a low-pressure sound field. When the needle is removed from the acoustic
field, the droplet is trapped in the low-pressure area. Once the droplet volume is
sufficient, the contact surface between the droplet and the needle is necked and broken,

and finally suspends in the nodes. If the volume of the droplet is too small, it escapes from
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the low-pressure area under the pulling of the needle and cannot achieve independent
suspension. The photocuring process is then initiated by controlling the UV light sources
(Fig.1a) on the top, bottom and sides of the device. The irradiation time is also precisely
controlled to avoid the droplets being completely solidified or the top and bottom of the
droplets not being cured due to insufficient light intensity. The cross-sectional view of the
sample in Fig. 3a clearly demonstrates the feasibility of fabricating shells by combining
ultrasonic suspension droplets and photocuring. We then further study the curing
characteristics and corresponding curing strategies of different materials.

The material in Fig.3b is PEGDA with 5 wt% iron oxide and 1 wt% Irgacure 819
photoinitiator. The large amount of iron oxide absorbs the incident light and reduces the
penetration depth of light, which helps solidify the shell structure without fully solidifying
as easily as pure PEGDA. In this regard, the TBS illumination strategy is used to fabricate
the shell structure. The stronger UV light on the side cures the side of the droplet but is
not enough to cure the top and bottom of the droplet, so the weaker light source at the
top and bottom aids in solidifying the upper and lower areas of the droplet (Fig.3b-1).
Finally, a shell structure with droplets inside as shown in Fig.3b-2 is obtained, and the
sides of the shell are significantly thicker than the upper and lower regions as shown in
the cross-sectional view in Fig.3b-3. By measuring the mean value of the shell thickness,
the relationship between the thickness and the illumination time in Fig.3b-4 is obtained.
Obviously, the shell thickness increases steadily from 45 um at 10 s to 160 um at 90 s with
increasing illumination time. Subsequently, the shell thickness no longer increases

significantly even with continued illumination because the incident light is absorbed by
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the iron oxide and cannot penetrate deeper into the droplet. It is worth noting that when
the illumination time is less than 10 s, the bottom and top regions of the droplet are not
completely cured, and finally only a hollow ring structure or a semi-cured colloidal state
can be formed.

For light-sensitive materials, light from the side causes the suspended droplets to
solidify rapidly, making it difficult to fabricate thin shell structures. Therefore, a strategy
of TB lighting is chosen when using the easily photocurable Flexible 80A material in Fig.3c.
Since the material is transparent, the areas on the left and right edges of the droplets are
also prone to curing (Fig.3c-1). Due to the excellent elasticity of the material, the thin shell
structure containing the uncured liquid in Fig.3c-2 can recover its original shape without
cracking and leaking even after being subjected to large-scale compressive deformation.
The cross-sectional view of the thin shell structure in Fig.3c-3 exhibits good thickness
uniformity. As shown in Fig.3c-4, the shell thickness gradually increased from 50 um at 45
sto 130 um at 75 s, and then if the illumination time continued to increase to 90 s, the
thickness would sharply increase to a value of 360 um, which is due to the complete
solidification of the droplets. In addition, when the illumination time is less than 45 s, the
energy input of UV light is not enough to solidify the droplets, and the droplets still
maintain a colloidal state without a thin shell outer layer.

When the solidification characteristics of the liquid are between sensitive and semi-
sensitive states, both the TBS and TB strategies described above are no longer applicable,
where TBS makes the left and right edges of the droplet solidify too thick, and TB cannot

effectively solidify the left and right edges. Therefore, through a proper combination of
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TBS and TB irradiation time, the upper and lower regions of the droplet can be effectively
cured while controlling the curing thickness of the left and right edges to avoid over-
curing and under-curing (Fig.3d-1). We found that the droplet surface was completely
solidified to form a thin shell structure (Fig.3d-2,3) when the TBS and TB times were 45 s
and 180 s respectively as shown in Fig.3d-4, whose corresponding thickness was 100 um.
As a result, we propose illumination strategies for materials with different photocurable
properties, which provide an effective means to precisely control shell thickness and
enable more complex mono- and or multi-layer printing.
3.4 ALCDP fabricated microdroplets

After discussing suspending individual droplets and solidifying thin shell structures,
the most obvious problems are the low structural complexity and the excessively large
droplet size. Here, we propose the fabrication of single-core or multi-core structures
based on oil trapping. The specific steps are to first suspend the oil droplets, then insert
a needle containing a water-soluble dye into the oil droplet to inject the dye, and finally
slowly withdraw the needle to ensure oil/dye droplet is still in the low-pressure region
(Fig.4a). The dyes are phase-separated from the oil droplets under the coating of the
hydrophilic group of the oil droplets and are not mutually miscible, and the two are
independently and stably suspended in the air. Similarly, oil/dye structures with different
color cores are obtained by replacing different dyes (Fig.4b). To further demonstrate the
versatility of the oil trapping method, dyes with different colors were simultaneously
injected into oil droplets to form multinucleated structures as shown in Fig.4c. Since the

volume of oil droplets that can be suspended in the acoustic field is determined by the

18 ©2023 by ASME

€20z ¥snbny g1 uo Jesn Aysianiun sjelg euozuy Aq ypd-g/zL-€Z-NUBW/LEEGZ0.L/LLE6Z0Y L/GL L L 0L/10P/Ppd-ajone/eouaidsBulinioenuew/Bi0-awse uoloa)|ooleybipawse//:diy woly papeojumoq



405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

Journal of Manufacturing Science and Engineering

power and frequency of ultrasound transducers, the injecting volume of dyes is limited
when fabricating a multi-core structure (Fig.4b). The volume of different dyes added each
time needs to be precisely controlled to achieve multi-core architecture. It can be found
that when a single core or a double core is injected, the cores can still well maintain the
spherical structure, and do not fuse with the help of the oil membrane coating. After
adding to three cores, the inner core structure is deformed due to the limited space inside
the droplet, and the dye boundaries contact, squeeze and deform with each other. In the
penta-core structure, the dyes are almost mixed, and the boundaries are completely
fitted. But the oil membrane does not allow the exchange of different dyes and maintains
a clear curved boundary.

In order to solve the defects of excessively large volume and flat shape of directly
injected droplets, the photocurable material can be injected into the oil droplets to form
nearly spherical droplets with the size of hundreds of microns. As shown in Fig.4d, the
size of the spheres fabricated by oil trapping is 3 times smaller than that of the injected
droplets, and the diameter can be reduced by an order of magnitude by controlling the
droplet volume in the experiments. After successful solidification of the single-core
droplet, a quad-core structure resembling the cleavage stage of cell division is fabricated
(Fig.4e). Since the viscosity and surface tension of the black photosensitive material
(PEGDA+10 wt% iron oxide) are higher than those of the dye, the boundary does not
completely contact like the multi-dye cores even if there are four cores at the same time.
Meanwhile, a liquid bridge is formed due to the micro-exchange of the materials between

the adjacent inner cores after a long time of pressure at the contact point. The four cores
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are not completely separated but interconnected as one after curing. The phenomenon
of being independent of each other before solidification and becoming one after
solidification provides an effective research method for biomimetic research on the
material exchange between multinuclear structures.

After studying the photocuring properties of thin shell structures and proposing
methods to fabricate multicore cell structures, different application scenarios are
represented. When the droplet is suspended in the air, it not only vibrates in space, but
alsorotates at anirregular high speed along the longitudinal axis. To visualize the rotation
of the droplet, two magnetic droplets are injected into the oil droplet, which rotates
inside the droplet edge under the action of centrifugal force. Fig.5a shows the positions
of the dumbbell-shaped structure composed of two cores at different time slots, and the
corresponding rotation period lasts 0.4 s. Inspired by the viscous resistance existing at the
liquid interface of different flow rates, the magnetic cores can be forced to park at the
edge region of the droplet by magnets. At this time, the high-speed flowing droplet
receives frictional resistance when flowing through the stationary magnetic core. After a
period, the droplet stops spinning and the inner core remains stationary. When the
magnet is removed, the inner core moves towards the center of the droplet. The droplet
continues to rotate, and the inner core is also driven by the flow inside the oil droplet to
rotate together. Next, a thin shell structure with a free-moving magnetic core inside is
fabricated. The extruded micro-curable PEGDA droplet rests at the tip of the needle under
the action of surface tension, which is suspended in the ultrasonic field along with the

magnetic helical structure tethered inside the droplet. By precisely controlling the

20 ©2023 by ASME

€20z ¥snbny g1 uo Jesn Aysianiun sjelg euozuy Aq ypd-g/zL-€Z-NUBW/LEEGZ0.L/LLE6Z0Y L/GL L L 0L/10P/Ppd-ajone/eouaidsBulinioenuew/Bi0-awse uoloa)|ooleybipawse//:diy woly papeojumoq



449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

Journal of Manufacturing Science and Engineering

exposure time of UV light, a cell-like structure with a solidified surface while the interior
is still liquid and a magnetic core that can move freely is fabricated. As shown in Fig.5b,
the helical magnetic core is driven by the magnet at different positions. To further
demonstrate the ability of magnetically driven directional movement, a spherical
structure with an offset magnetic core freely and smoothly traverses an ASU-shaped
microfluidic channel under the applied magnetic field (Fig.5c). It can be seen that the
smaller magnetic core part at the head always faces the front when moving, which is
consistent with the direction of the force. The magnetically driven directional mobile
particles demonstrated here can be applied to target drug delivery in complex human
blood vessels because the magnetic field has good permeability, the particles themselves
do not need to carry energy supply and the driving method is harmless to the human
body. In addition, the magnetic cells suspended on the liquid surface reach a balance
under the action of buoyancy, gravity, surface tension, and magnetic force (Fig.5d). When
the magnet gradually approaches the glass tank, the increase of the strength of the
magnetic field makes the magnetic cells overcome the gravity and surface tension, and
gradually move from the central region to the edge. Experimental results have shown that
the distance between the magnetic cell and the center of the glass tank is inversely
related to the distance between the magnet and the magnetic cell.
4. CONCLUSION

In this work, a contactless suspension of droplets to fabricate mononuclear or
multinucleated bioinspired microdroplet structures was proposed. The mechanism of

acoustic levitation and the simulations of the acoustic field, droplet morphology and
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internal convection were elaborated and demonstrated. In order to fabricate the shell
structure, the TBS illumination strategy for non-photosensitive materials, TB illumination
strategy for sensitive materials, and TBS+TB illumination strategy for semi-sensitive
materials were developed according to the light sensitivity of the materials.
Correspondingly, the relationship between exposure time and curing thickness was
investigated. Moreover, the oil trapping-based manufacturing process exhibits excellent
properties for the fabrication of mononuclear or multinucleated cellular structures, which
can solidify spheroid structures that are at least 3 times smaller than those cured with
direct injection. Finally, we presented that the magnetic nuclei stop droplet spin, the
ability of magnetic cell structures to move directionally within complex channels driven
by the magnet, and the dynamic equilibrium of magnetic cell on the liquid surface under
the buoyancy, gravity, surface tension, and magnetic force. Overall, the proposed
research investigates the use of acoustic levitation and microfluidics to print multi-
compartment microdroplets. This study presents a new approach to processes such as
separation, mixing, and evaporation that occur in the generation of new smart materials
and structures. The combination of droplet microfluidics and acoustic manipulation
(which are contactless and non-invasive) can combat the challenge of high-order
emulsification during the fabrication of microdroplets. This strategy also explores a new
manufacturing tool for various applications that are of high value to the biomedical
industry and in space printing. In the future, 1) the different solidification properties of
the upper and lower and side regions of the droplet will be extensively studied, shell with

uniform thickness can be made by homogenizing the light intensity; 2) Create microfluidic
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channels to inject multi-nucleated droplets; 3) Build a multi-needle injection system to
fabricate shell-liquid cavity-core structure. The droplet morphology, internal convection,
irregular spin, and their potential in vitro or in vivo biological applications will be further
explored. The possibility of using ultrasonic levitation to fabricate variable-focus liquid
optical lenses will be systematically investigated [28].
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Acoustic levitation assisted contactless droplet printing

NOMENCLATURE
ALCDP
PEGDA Poly(ethylene glycol) diacrylate
TBS top-bottom-side
B top-bottom
DC direct current
Pc quiescent density
pt total pressure
dd dipole domain source
Kegq wave number
Qm monopole domain source
Pb background pressure
w angular frequency
Ce speed of sound
k; out-of-plane wave number
F total force
Frad acoustophoretic radiation force
Fg gravity force
Fo drag force
mp particle mass
v particle velocity
Vp particle’svolume
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fi
f2

Ca

Emax

Ec

monopole scattering coefficient
dipole scattering coefficient
air density

sound speed

acoustic pressure

particle velocity

air bulk moduli

particle bulk moduli
particle density
gravitational acceleration
acoustic velocity

particle diameter

air dynamic viscosity
resonance frequency
surface tension

droplet diameter
oscillation mode

curing depth

light penetration depth
peak light intensity

photocuring energy threshold
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ne

te

refractive index of the photocurable PEGDA
refractive index of the iron oxide particle
wavelength of incident light

diameter of the iron oxide particles
exposure time

critical exposure time

concentration of magnetic iron oxide particles
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Fig. 1

Fig. 2

Fig.3

Figure Captions List
Acoustic levitation assisted contactless droplet printing process and
sample demonstration. (a) Illustration of ALCDP set-up and simulation of
acoustic field distribution; (b) acoustic levitation fluorescent droplet array
under UV light; (c) high deformation rate and recoverability of thin shell
structure; (d) the solidified extruded core and oil trapped core are
compared to the dimensions of a penny; (e) trajectory of a magnetically
driven center-offset cell structure with magnetic core in water; (f)
demonstration of center and center-offset magnetic cell structures and the

fabrication results.

Simulation of droplet oscillation morphology and electrical signal input of
the ultrasonic suspension wave. (a-f) The droplet morphology and the

number of nodes at different modulation wave frequencies.

Ultrasonic levitation fabrication of thin shell structures and photocuring
strategy. (a) Ultrasonic levitation and photocuring process of droplets; (b)
TBS curing strategy and curing characteristics of non-sensitive materials;
(c) TB curing strategy and curing characteristics of sensitive materials; (d)
TBS/TB curing strategy and curing characteristics of semi-sensitive
materials. The horizontal axes of Fig.3d-4 represent the illumination time

of TBS and TB, respectively, and the thickness of the resulting cured shell.

29 ©2023 by ASME

€20z ¥snbny g1 uo Jesn Aysianiun sjelg euozuy Aq ypd-g/zL-€Z-NUBW/LEEGZ0.L/LLE6Z0Y L/GL L L 0L/10P/Ppd-ajone/eouaidsBulinioenuew/Bi0-awse uoloa)|ooleybipawse//:diy woly papeojumoq



588
589
590

Journal of Manufacturing Science and Engineering

Fig. 4

Fig. 5

Oil trapping-based printing strategy. (a) The flow of dye core trapped in the
suspended oil droplets; (b) oil droplets with mononuclear dye core; (c) the
process of injecting different dye cores into oil droplets; (d) oil trapping-
based fabrication of submillimeter-scale magneto-nucleated structure; (e)
multiple magnetic nuclei trapped by oil droplets without fusion.

Magnetic response of the ALCDP printed magnetic core structure. (a) The
magnetic core prevents the droplet from rotating under the action of the
magnetic field; (b) the motion of the submillimeter-scale helical structure
wrapped by the shell under the magnetic field; (c) the directional
movement of the magnetic core structure in the ASU channel under the
magnetic drive; (d)The deviation of the magnetic core structure suspended

at the liquid surface under different magnetic field strengths.
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UV light

Magnetic
core

Fig. 1 Acoustic levitation assisted contactless droplet printing process and sample
demonstration. (a) Illustration of ALCDP set-up and simulation of acoustic field
distribution; (b) acoustic levitation fluorescent droplet array under UV light; (c) high
deformation rate and recoverability of thin shell structure; (d) the solidified extruded core
and oil trapped core are compared to the dimensions of a penny; (e) trajectory of a
magnetically driven center-offset cell structure with magnetic core in water; (f)
demonstration of center and center-offset magnetic cell structures and the fabrication

results.
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Fig. 2 Simulation of droplet oscillation morphology and electrical signal input of the

ultrasonic suspension wave. (a-f) The droplet morphology and the number of nodes at

different modulation wave frequencies.
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Fig. 3 Ultrasonic levitation fabrication of thin shell structures and photocuring strategy.

(a) Ultrasonic levitation and photocuring process of droplets; (b) TBS curing strategy and

curing characteristics of non-sensitive materials; (c) TB curing strategy and curing

characteristics of sensitive materials; (d) TBS/TB curing strategy and curing characteristics

of semi-sensitive materials. The horizontal axes of Fig.3d-4 represent the illumination

time of TBS and TB, respectively, and the thickness of the resulting cured shell.
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Fig. 4 Oil trapping-based printing strategy. (a) The flow of dye core trapped in the
suspended oil droplets; (b) oil droplets with mononuclear dye core; (c) the process of
injecting different dye cores into oil droplets; (d) oil trapping-based fabrication of
submillimeter-scale magneto-nucleated structure; (e) multiple magnetic nuclei trapped

by oil droplets without fusion.
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Fig. 5 Magnetic response of the ALCDP printed magnetic core structure. (a) The magnetic
core prevents the droplet from rotating under the action of the magnetic field; (b) the
motion of the submillimeter-scale helical structure wrapped by the shell under the
magnetic field; (c) the directional movement of the magnetic core structure in the ASU
channel under the magnetic drive; (d)The deviation of the magnetic core structure

suspended at the liquid surface under different magnetic field strengths.
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