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Acoustophoretic printing
Daniele Foresti1*, Katharina T. Kroll1, Robert Amissah1, Francesco Sillani1, Kimberly A. Homan1,
Dimos Poulikakos2, Jennifer A. Lewis1*

Droplet-based printing methods are widely used in applications ranging from biological microarrays to additive
manufacturing. However, common approaches, such as inkjet or electrohydrodynamic printing, are well suited
only for materials with low viscosity or specific electromagnetic properties, respectively. While in-air acoustophore-
tic forces are material-independent, they are typically weak and have yet to be harnessed for printing materials.
We introduce an acoustophoretic printing method that enables drop-on-demand patterning of a broad range of
soft materials, including Newtonian fluids, whose viscosities span more than four orders of magnitude (0.5 to
25,000 mPa·s) and yield stress fluids (t0 > 50 Pa). By exploiting the acoustic properties of a subwavelength
Fabry-Perot resonator, we have generated an accurate, highly localized acoustophoretic force that can exceed the
gravitational force by two orders of magnitude to eject microliter-to-nanoliter volume droplets. The versatility of
acoustophoretic printing is demonstrated by patterning food, optical resins, liquid metals, and cell-laden biological
matrices in desired motifs.
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INTRODUCTION
New methods for mesoscale patterning of soft materials will drive sci-
entific advances in the areas of optics, electronics, biology, and beyond
(1). To date, inkjet printing is the most widely used method to control-
lably generate and pattern droplets. In this technique, drop detachment
is governed by the Rayleigh-Plateau instability (2). This dynamic pro-
cess involves a strong coupling between interfacial and viscous forces, as
characterized by a nondimensional number, the Ohnesorge number
Oh, and its inverse Z = Oh−1 = (rs2R)1/2/m, where R is the droplet
radius, r is the density, s is the surface tension, and m is the viscosity
of the liquid. To ensure successful droplet ejection, the ink composition
and printing parametersmust be precisely tunedwithin a narrow print-
ing window 1 < Z < 14 (2). Hence, despite its high resolution (10-mm
droplets), contactless deposition, and high drop generation rates (1 to
100 kHz) (2), inkjet printing is well suited only for patterning low vis-
cosity inks (roughly 10 to 100 times higher than the viscosity of water).
When the fluid viscosity exceeds 1000 mPa·s, one must rely on transfer
(that is, jetting) techniques, such as those based on laser-induced forward
transfer or valve-based printing, that generate and deposit elongated fil-
amentary jets onto a substrate placed at close proximity to the source film
ornozzle (3–6). In thesemethods, the volumetric transfer rate depends on
the material viscosity, source film thickness (or nozzle size), and source-
substrate distance. These parameters must be optimized for each ink
composition, which is particularly challenging formaterials whose phys-
ical properties change over time.

To overcome these limitations, one must decouple fluid flow from
the droplet detachment process. In the case of a dripping faucet (7, 8),
gravity acts as an external body force independent of the nozzle and ink
reservoir system so that detachment occurs when the gravitational force
Fg = 4/3pR3rg = Vrg, where V is the drop volume and g is the gravita-
tional acceleration, exceeds the opposing capillary force Fc = psd for a
given nozzle diameter, d. Notably, this approach allows one to eject fluid
droplets of nearly any viscosity, for example, even droplets of pitch
whose viscosity exceeds 108 Pa⋅s (9). To reduce the droplet volume at
detachment,V = psd/rg, one can use an external force (>>1g) to essen-
tially pull on the pendant drop. One promising method, electrohydro-
dynamic printing, uses electrical forces to eject droplets at high speed
and resolution (10, 11). However, this method requires not only inks
with specific electromagnetic properties, but also precise coupling be-
tween the nozzle, substrate, and existing printed features to induce
the desired electrical field.

Acoustophoretic forces are independent from any electromagnetic
properties and have been used to trap or manipulate samples within
an acoustic field (12–15). They are typically used in lab-on-a-chip de-
vices to sort and manipulate fine particles, cells, or droplets within a
liquid (16–18). In acoustic printing, acoustic waves are focused on
a liquid-air interface to eject single droplets (19, 20). It is a nozzle-free
method, with great control over size of droplet and ejection frequency.
However, drop generation requires the liquid to have properties akin to
those needed for inkjet printing. To create droplets, surface acoustic
waves have recently been used in microfluidic devices (21, 22). How-
ever, their application in air yields limited control over droplet forma-
tion, ejection, and deposition when compared to acoustic printing
(23, 24). Here, we report a new method, known as acoustophoretic
printing, that harnesses the nonlinear acoustic properties of a Fabry-
Perot resonator to generate and pattern droplets of materials in air over
a wide range of compositions and properties.
RESULTS
Acoustophoretic force
Our resonator consists of a single subwavelength cavity (25), which has
been used in alternate geometries to enhance the resolution of acoustic
imaging (26, 27) and attract microparticles in a liquid (28). When
spherical drops are generated in a standing-wave configuration, they
are governed by the following force balance (Fig. 1A)

Fc ¼ psd ¼ Fg þ Fa ¼ Vrðg þ gaÞ→V ¼ pds=rgeq ð1Þ

where the capillary force, Fc (= psd), is opposed by both the gravita-
tional force, Fg, and the acoustophoretic force, Fa º R3P2 º VP2

(where R is the drop radius and P is the acoustic pressure) (15, 29).
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Droplets are ejected from the nozzle during acoustophoretic print-
ing when Fg + Fa > Fc, with an effective acoustic acceleration ga =
((Fa/Fg) – 1)g. Because Fa º ga º P2, the droplet volume scales as
V º 1/P2 for any fluid or nozzle (see Materials and Methods). As the
acoustophoretic force increases from Fg (simple dripping faucet) to
116Fg at a drop density of r ≈ 1000 kg/m3, the drop radius decreases
for a given nozzle size, ranging from a maximum value that exceeds
800 mm (Fg, d = 140 mm) to less than 65 mm (116Fg, d = 13 mm) (Fig. 1B
and movie S1). When the acoustophoretic force dominates the gravita-
Foresti et al., Sci. Adv. 2018;4 : eaat1659 31 August 2018
tion force (that is, Fa > 10Fg), droplets can be ejected in any direction by
rotating the printing platform in space (fig. S1 andmovie S2). Concom-
itantly, the theoretical maximum droplet ejection rate increases linearly
up to values of ~103 Hz or higher (Fig. 1B and fig. S2A).

Because the fluid viscosity m does not appear in Eq. 1, monodisperse
droplets canbe generated evenwhen the ink composition is variedduring
the printing process provided that the acoustophoretic pressure and
nozzle diameter are held constant. To demonstrate this, we used model
fluids composed of aqueous polyethylene solution [polyethylene glycol,
Fig. 1. Acoustophoretic printing. (A) Schematic view of acoustophoretic printing, in which the radiation pressure provides an additional force that aids drop formation
and ejection. (B) Optical images of droplets formed as a function of varying acoustophoretic forces and nozzle diameter d (left), images obtained under simple dripping
mode (Fg), and log-log plot of droplet volume and maximum ejection frequency over the range of acoustophoretic forces explored (right). (C) Schematic view of a two-
component nozzle that delivers a mixture of water and PEG (molecular weight = 8000 g/mol) ranging from 0 to 60 wt % PEG (viscosity between 1 and 1000 mPa·s,
respectively) (left), optical images of droplets generated during acoustophoretic printing of these model fluids (middle), and log-log plot of droplet volume as a function of
ink viscosity (right, black bars denote 1 pixel = 9 mm). (D) Acoustophoretic printing of prototypical yield stress fluids composed of 0.2 to 1.0 wt % carbopol in water
alongside images of an ink vial containing a carbopol solution of 1.0 wt % (left, middle) and log-log plot of shear stress as a function of shear rate for these solutions.
2 of 9
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molecularweight 8000 (PEG8000)], whose concentration is varied from
0 to 60 weight % (wt %) PEG during the acoustophoretic printing
process. Over this compositional range, the ink viscosity spans three
orders ofmagnitude fromm of 1mPa⋅s to 1000mPa⋅s, corresponding to
0.13 < Z < 232. As expected, the effect of fluid viscosity on the ejected
droplet volumeV is negligible (Fig. 1C). Theminor variations observed
stemonly from the difference in surface tension betweenpurewater and
the PEG solutions, which linearly influencesV at detachment (Eq. 1 and
fig. S2B) (30).

The process of detachment and ejection of highly viscous droplets
via acoustophoretic printing is very similar to simple dripping (Fa = 0).
Acoustophoretic printing of honey (25,000 Pa·s) reveals that a long, thin
thread forms, which breaks up when the combined gravitational and
acoustophoretic forces exceed the capillary force, that is, Fg + Fa > Fc
(fig. S2C and movie S3). In both cases, we observe long threads whose
diameter ultimately becomes smaller than the resolution of the camera at
breakup.While satellite dropletsmay form, theywould be roughly six to
nine orders of magnitude smaller in volume than the primary droplet.

By decoupling fluid flow and droplet detachment, even yield stress
fluids, that is, materials that act like solids at rest, yet flow as liquids
when the applied shear stress exceeds their shear yield stress (t > t0),
can be ejected as droplets, unlike transfer (jetting) techniques (3–6).
For example, droplets of a carbopol-based gel, a prototypical yield stress
material, can be acoustophoretically ejected (Fig. 1D). By contrast, these
gels form highly elongated, globular objects when subjected to a simple
dripping mode (F = Fg) using the same nozzle.

Subwavelength acoustophoretic voxel ejector design
To realize the above demonstrations of acoustophoretic printing, we
created the subwavelength acoustophoretic voxel ejector (subWAVE)
shown in Fig. 2A. Upon validating our design based on the work by
Christensen et al. (25), we explored the parametric space Hh – dh of a
subwavelength cylindrical cavity. Using a driving ultrasonic frequency
of about 25 kHz (corresponding to a wavelength l = 14 mm), we
selected Hh = 0.36l = 5.1 mm and dh = 0.14l = 2 mm within the first
Fabry-Perot resonance (Fig. 2A and fig. S3). These dimensions are con-
venient for realizing the experimental prototype (Fig. 2B), because fluid
is delivered through a tapered glass nozzle with a relatively large diam-
eter of 1mmplaced along the central axis of the subWAVE. An emitter
on top of the subwavelength cavity induces a subwavelength resonance
inside the subWAVE (Materials and Methods). We investigated the
acoustophoretic forces within the subWAVE by a combination of finite
element method and analytical modeling. Only when the nozzle tip is
located within a specific height range inside the subWAVE is the out-
coupling required for drop ejection achievable, as highlighted by the
green area in Fig. 2C. Figure 2D shows that the vertical force distribution
inside the subWAVE is experimentally verified by measuring the
ejected droplet size (Materials and Methods). The model captures the
physics of drop ejection for our subWAVE, which induces an acoustic
field that intrinsically outcouples the detached drop under the requisite
conditions (Fig. 2E). The acoustic field is both highly localized, that is,
independent of the substrate, and capable of generating a force one
to two orders of magnitude higher than a classical acoustic levitator
(Fig. 2F and Materials and Methods).

Drop-on-demand printing of synthetic and
biological materials
To demonstrate the drop-on-demand capabilities of acoustophoretic
printing, we created a rasterized image composed of patterned droplets
Foresti et al., Sci. Adv. 2018;4 : eaat1659 31 August 2018
(1:1 glycerol-to-water ratio, dyed orange to aid visualization) over a
large area (10 cm × 7.5 cm), with typical print speeds of approximately
1 to 10 mm/s (Fig. 3A). As a preliminary demonstration, we show that
three-dimensional (3D) acoustophoretic printing is also possible, in
which an aqueous PEG (50 wt % PEG10000 and m = 680 mPa·s) is pat-
terned into a multilayered H-shape architecture (fig. S4).

The subWAVE strongly confines the highly amplified acoustic field
(~170 dB) within a fraction of the wavelength with a minimum offset
distance of 1 mm from the substrate, equivalent to 0.07l (Fig. 3, B and
C, and fig. S5). Ballistic ejection of individual droplets is confirmed by
measuring the exit angle error (Fig. 3C, right axis), which remains nearly
constant for different nozzle tip–substrate distances. However, we do
find that the drop trajectory accuracy decreases with increasing acoustic
force for high acoustophoretic fields (ga = 62g; Fig. 3C). We note that a
linear improvement is expected with increasing driving frequency,
because the absolute dimensions of the system scale with the acoustic
wavelength (31). In addition, for the same acoustic pressure ampli-
tude and droplet diameter, the acoustophoretic force increases linearly
with the frequency. While sound waves in air can be strongly attenu-
ated at high frequencies, this can be neglected for frequencies up to
1 MHz in our subWAVE device (32), because the acoustic waves only
travel a short distance. To construct a subWAVE that operates at even
higher frequencies, one must use higher-precision, microfabrication
techniques.

To highlight the broad materials space for acoustophoretic printing,
we generated and patterned droplets composed of honey, optical resin,
cell-laden hydrogel matrices, and metallic liquid inks, whose collective
properties span nearly six orders of magnitude, that is, 10−3 < Z < 103

(Fig. 4A). As a simple example, we printed honey (m = 25,000 mPa·s,
Z = 0.007) in the form of droplets on a white chocolate bar under
ambient conditions (Fig. 4B). This contactless drop deposition
method allows any soft substrate to be used, including a cream filling
(fig. S6). Next, we created a microlens array inspired by compound
eyes (33) by printing droplets composed of an ultraviolet (UV) light–
curable, transparent optical adhesive (NOA60; m = 300 mPa⋅s, Z = 0.5)
on both planar and curvilinear substrates (Fig. 4C). Each droplet under-
goes modest wetting and spreading to form a nearly hemispherical
microlens (contact angle, 74° ± 4°).

During acoustophoretic printing, the acoustic waves are mostly
reflected (>99.9%) at the droplet surface due to the mismatch in
acoustic impedance between air and the fluid ink. Because negligible
sonication occurs within each drop, fragile cargo, such as mamma-
lian cells or proteins, can be readily patterned with high viability (29)
akin to other droplet or extrusion-based bioprinting techniques (34, 35).
Specifically, we demonstrated this by printing a cell-laden ink composed
of bone marrow–derived human mesenchymal stem cells (hMSCs; 5 ×
105 cells/ml) suspended in a chilled collagen I solution (36, 37) at
5 mg/ml (m = 80 mPa·s, Z = 2; Fig. 4D and fig. S7A) onto hydropho-
bically modified glass substrates. After printing, the droplets are
encapsulated in a secondary hydrogel matrix and cultured in standard
stem cell medium (Materials and Methods). On day 1, we observed
that hMSCs spread and begin to proliferate within the collagen I
matrix in the printed drops (geq = 43g; Fig. 4Da). By day 7, hMSCs
are observed to span the entire thickness of the printed droplets (movie
S4). To quantify the effects of acoustophoretic printing on cell viability,
we dispensed the hMSC-laden collagen I ink into 48-well plates at dif-
ferent acoustophoretic forces. As controls, this ink is also patterned in a
simple drippingmode (1g) andmanually using a pipette. Notably, hMSCs
within the printed drops exhibit high viability compared to pipetted
3 of 9
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Fig. 3. Drop-on-demand acoustophoretic printing. (A) Drop-on-demand printing of a rasterized (large-area) image, in which fluid dispensing is synchronized with the
substrate movement to provide spatial control over the patterned droplets. (B) Schematic view of droplet deposition (top) illustrating the exit angle a, drop trajectory D,
distance L between the nozzle and substrate, and offset distance between subWAVE exit and substrate. Images of patterned droplet traces as a function of acoustophoretic
pressure ga. Scale bar, 2 mm. (C) Plot of positional accuracy of droplets deposited via acoustophoretic printing as a function of this offset distance L. The subWAVE can be
placed as close as 1 mm (0.07l) from the substrate without hindering the drop deposition process. (Note that the drop trajectory and exit angle are plotted as SDs.)

Fig. 2. Principle and acoustophoretic properties of the subWAVE. (A) Schematic view of the subwavelength acoustophoretic voxel ejector (left). The resonance
(schematically shown in red) leads to high acoustic pressure amplification while keeping the field strongly confined (right). (B) Side view of the experimental setup (top)
and close-up of the tapered nozzle (l � 14 mm) (bottom). Calculated vertical force distribution inside the subWAVE (C) and its experimental validation (D). (E) Schematic
illustration of acoustophoretic printing, which shows that when the total acoustophoretic and gravitational forces exceed the capillary force, droplet detachment and
outcoupling from the subWAVE enable patterning on any substrate. (F) Log-log plot of vertical force generated within the subWAVE as a function of drop volume
compared to a classical standing-wave levitator.
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control and their proliferation over a 7-day period does not differ in a
statistically significant manner from that observed for the drops
produced by simple dripping (Fig. 4Db). After longer culture periods
(day 17), we observed additional cell proliferation and spreading within
the printed droplets (Fig. 4D). We also performed immunofluorescent
staining for common multipotency markers of hMSCs [CD105+/CD90+/
CD45−; Fig. 4Dd and (38)], which suggests that the cells retain their
multipotent state after acoustophoretic printing. Specifically, these cells
stain positive for CD105 andCD90, but negative for CD45, akin to con-
trol cells cultured on plastic for the same duration in the same stem cell
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medium (Fig. 4D and fig. S7B). Thus, over the wide range of acousto-
phoretic forces applied during the patterning process, the printed
hMSC-laden inks retain their cell viability and function.

As a final exemplar, we printed a liquid metal ink composed of
eutectic gallium-indium (eGaIn), which has a low viscosity (m = 2mPa·s),
high surface tension (s = 624 mN/m), and high Z = 500. This material,
which quickly forms a thin oxide shell upon contact with air, cannot be
ejected as individual drops under ambient conditions in noncontact
mode by other printing methods (39, 40). By contrast, individual liquid
metal drops (R≈ 300 mm) are generated via acoustophoretic printing at
ga≈ 20g. Using thismethod,we fabricated both self-supporting 3DeGaIn
Foresti et al., Sci. Adv. 2018;4 : eaat1659 31 August 2018
structures (Fig. 4E and movie S5) and conductive eGaIn electrodes on
stretchy textiles.
DISCUSSION
We have developed a new printing platform for droplet generation and
patterning that harnesses acoustophoretic forces. By exploiting the non-
linear effects of a single subwavelength ultrasonic cavity, one can gen-
erate a well-controlled, highly localized acoustic pressure that enables
monodisperse drop ondemandprinting of disparatematerials that have
an unprecedented range of physical properties. Our approach opens
Fig. 4. Acoustophoretic printing of food, optical, biological, and electrically conductive materials. (A) Schematic illustration of the broad Z range enabled by
acoustophoretic printing, which extends over nearly six orders of magnitude, and corresponding images of droplets patterned by this approach. Note that the typical Z
range for inkjet printing is highlighted in red. Scale bars, 500 mm. (B) Honey droplets printed on white chocolate. (C) Optical adhesive resin printed in a spiral motif
yielding a microlens array. (D) Acoustophoretic printing of hMSC-laden collagen I ink for viability testing and patterning. (a) Bright-field images of printed droplets
composed of hMSCs in a collagen I matrix (geq = 43g) cultured for 7 days. (b) Cell viability of acoustophoretically printed droplets with increasing acoustic force (n = 6).
n.s., not significant. (c) Bright-field image of patterned droplets at day 17 (geq = 18g). (d) Representative confocal microscopy images of an immunofluorescently stained,
printed droplet (geq = 43g) cultured to day 17 and a higher-magnification region stained for CD105 (green), CD90 (red), CD45 (gray), and nuclei [4′,6-diamidino-2-
phenylindole (DAPI), blue]. (E) Acoustophoretic printing of a liquid metal ink composed of eGaIn patterned as individual droplets at room temperature in noncontact mode.
5 of 9
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MATERIALS AND METHODS
Materials
Several materials were formulated into inks for acoustophoretic print-
ing, including polymer solutions and gels, honey, a UV-curable optical
adhesive, a cell-laden collagen solution, and a liquidmetal. The polymer
solutionswere composed of 60wt%PEG8000 (Sigma-Aldrich) or 50wt%
PEG10000 (Sigma-Aldrich) dissolved in deionized water. For
PEG8000 solutions, a blue dye (IFWB-I4, Riskfactor; 0.4 volume %)
was added to enhance visualization. Each ink was mixed in a planetary
mixer at 2350 rpm for 10 min. Polymer gels were produced by
combining a cross-linked acrylic acid homopolymer (Carbopol C934)
with deionized water in a planetary mixer at different concentrations.
Honey andwhite chocolate were used as received. AUV-curable optical
adhesive composed of NOA60 (Norland Inc.) was also used as received
and housed in a 3-cm3 UV blocking syringe barrel (Nordson EFD) for
printing. Biological inks were produced by suspending hMSCs (bone
marrow–derived, RoosterBio) in a rat tail collagen type I solution
(5 mg/ml) (stock, 9.61 mg/ml; Corning) at a concentration of 5 ×
105 cells/ml at neutral pH. Before printing, this ink was kept on ice
to prevent collagen gelation (see below). hMSCs were cultured
according to the manufacturer’s instructions in the RoosterBasal-
MSC culture mediumwith the RoosterBooster supplement and were
not used beyond third passage. Finally, eGaIN (5N Plus), composed
of 75% gallium and 25% indium alloy, a liquid metal under ambient
conditions, was loaded into a 3-cm3 syringe barrel (Nordson EFD)
and used directly in our acoustophoretic printing system. The rheolog-
ical properties of each of these materials were measured using a
controlled stress rheometer (DHR-3, TA Instruments) equipped with
a 40-mm-diameter, 2° cone and plate geometry.

Acoustophoretic printing
Our acoustophoretic printer consisted of a sound source, a subwave-
length resonator, and a fluid dispensing system. A magnetostrictive
transducer (Etrema C18A) excited the resonant mode of the custom-
designed emitters at the resonance frequencies of 26.460 and 23.640 kHz.
The subWAVEacoustic chamberwas custom-designedandmanufactured
in the form of a rectangular chamber (15mm× 65 mm × 7.5 mm) using
Computer Numeric Control (CNC)–milled or 3D-printed (Aureus,
EnvisionTEC) acrylic parts. To visualize droplet ejection at the nozzle
tip, the subWAVE was manufactured out of a glass capillary (outer diam-
eter, 2.4mm; innerdiameter, 2.0mm; length, 5.3mm;VitroComCV2024).

The emitter was located at one end, while the subwavelength
chamber was located at the other end (fig. S8A). The transducer
was driven by a sinusoidal signal at the resonance frequency of
the system and amplified to a maximum value of 115 V (Peavey
CS4080). During acoustophoretic printing, the nozzle remained
stationary, while the substrate was moved in the x-y plane (or also
in the z direction, as needed). The acoustic field, which was gener-
ated in air, surrounded the pendant droplet. The acoustic field was
always active—detachment occurred when the combined acousto-
phoretic and gravitation forces exceeded the capillary force. Each
material (ink) was housed in a syringe barrel, mated with a Luer-
lock connection or PEEK connector (IDEX Health & Science), and
then ejected through the nozzle with a constant flow rate by using
both positive displacement systems (Harvard Apparatus PHD ULTRA
Foresti et al., Sci. Adv. 2018;4 : eaat1659 31 August 2018
and Nordson EFD Ultra 2800) and pressure-based dispensing systems
(in-house built and Nordson Ultimus V). Ink droplets form at the exit
of the tapered glass nozzles, which were manufactured in-house using
a pipette puller (Sutter P-97). The nozzle tips were treated with a
hydrophobic coating (silane or Fusso, Crystal Armor) to minimize
wetting. To account for manufacturing variability associated with
the glass-pulled nozzles, we measured the V|F = Fg (simple dripping
mode) for a given flow rate and nozzle. This volume represents the
reference to calculate ga = V| F = Fg / V| F = Fa − 1. Droplets were vi-
sualized using a high-speed camera (Phantom V7.1 or Photron SA1.1).

To pattern droplets via acoustophoretic printing, the subWAVE
printheads were mounted on either a Sherline 5430 or Shapeoko 3
(three-axis motion-controlled) stage. Rasterized pictures were printed
using G-CODE generated from an in-house MATLAB R2016b script,
while the 3D structures were printed using G-CODE generated by
Slic3r.

Acoustophoretic printing throughput
A requisite condition for acoustophoretic printing was that drops
formed via a simple dripping mode. Hence, during the time scale of in-
terest for drop formation and detachment, the surface tension forces
must exceed the inertial and viscous forces. For a low-viscosity fluid,
the upper flow boundary can be defined by imposing a flow through
the nozzle q that does not exceed the jetting limit (17), q < p(d3s/2r)1/2,
akin to droplet generation in coflowing microfluidic devices (Fig. 1B,
right axis). As a first approximation, one can simply require that the
capillary number Ca = m⋅z/s < 1 for viscous fluids, with z being the
fluid velocity at the nozzle exit. Upon increasing the fluid viscosity, the
velocity z through the nozzle was constrained to an upper boundary.
The lower the velocity z, the lower the flow rate q and the maximum
ejection frequency for the same equivalent acoustophoretic force. Fluid
viscosity limits the ejection process only at high throughput (fig.
S2A). A simple dripping regime (7) was required for Eq. 1 to be valid.
For viscosities between 1 and 100 mPa·s, the maximum ejection fre-
quencies were limited by the inertial forces of the fluid compared to
the surface tension forces (41), while at high viscosities (>100 mPa·s),
the maximum ejection frequencies were limited by the viscous forces of
the fluid compared to the surface tension forces.

Bioprinting hMSC-laden collagen I matrices
The hMSC-laden collagen ink was loaded into an ice-cold glass syringe
(Hamilton 1005 TLL) and stored on ice until mounted onto the syringe
pump, where it is at ~5°C (fig. S7A). The nozzle and substrate were held
at ~8°C. Tominimize water evaporation, the printing environment was
maintained at 95% relative humidity, and patterned well plates were
sealedwith parafilm. Sterilitywas enhancedusing air andwater purifiers
(fig. S7A).

To quantify cell viability, 20 ml of the solution was printed into each
well of a 48-well plate at a flow rate of 60 ml/min. Six biological repeats
per condition (that is, drippingmode, and geq = 5.6g, geq = 18g, and geq =
43g) and two controls (manually pipetted and simple dripping mode,
geq = 1g) were prepared for a total of 24 wells per plate. Note that the
hMSC viability within the ink reservoir begins to decline after 90 min
(42); hence, all printing was carried out before this time. Upon printing,
collagen I within each drop was gelled at 37°C, 5% CO2, and 95% hu-
midity in a cell culture incubator for 30 min. The printed and gelled
drops were then covered with 300-ml cell culture medium for subse-
quent culture (RoosterBio Basal medium with Booster supplement
and 1% antibiotic/antimycotic solution; Corning). The medium was
6 of 9
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changed every 48 hours. We carried out an MTS assay (Promega) on
the printed drops and both controls at days 1, 3, and 7 after patterning.
Briefly, we incubated the cell-laden droplets in 300 ml of cell cultureme-
dium supplemented with 60 ml of MTS assay reagent for 4 hours. Next,
150 ml of each culture supernatant was transferred into a 96-well plate,
and cell viability was assessed by measuring the production of form-
azan through its absorbance at 490 nm. These data were processed in
GraphPad Prism for statistical analysis. After subtracting the
background value corresponding to the absorbance of a cell-free well,
the individual values were normalized to the mean of the manually
pipetted control (geq = 1g).We perform a one-way analysis of variance
(ANOVA) with Tukey’s multiple comparisons test to quantify differ-
ences in cell viability within droplets patterned by acoustophoretic
printing at increasing geq, simple dripping, and manual pipetting,
where all reported datawere normalized to themanually pipetted con-
trol. A P value of below 0.01 is considered statistically significant for our
experiments.

For patterning, drop visualization, and immunofluorescent staining,
the hMSC-laden collagen I ink was deposited onto hydrophobically
modified glass coverslips (Fusso, Crystal Armor) to ensure that the
printed drops consisted of hemispherical features with a contact angle
of roughly 90°. Coverslips were placed in six-well plates and printed at a
nozzle-substrate distance of about 15 mm. After printing, collagen I
within each drop was gelled at 37°C, 5% CO2, and 95% humidity in a
cell culture incubator for 30 min and then carefully encapsulated in a
secondary hydrogel in a 35-mm petri dish to avoid droplet detachment
from the hydrophobic surface of the glass slide during subsequent cell
culture. The secondary hydrogel was composed of 2 wt % porcine gel-
atin type A (Sigma), bovine fibrinogen (10mg/ml) (Millipore), 0.2 wt %
transglutaminase (Modernist Pantry), 2.5 mM calcium chloride
(Macron Chemicals), and thrombin (1 U/ml) (MP Biomedicals) in
phosphate-buffered saline (PBS) without calcium/magnesium
(Corning), prepared as previously described (42). Upon deposition
andgelationof the secondaryhydrogel (15min, 37°C), 2mlofRoosterBio
cell culture medium was added to each well and the cell-laden droplets
were cultured for 3, 7, or 17 days with medium changes every 48 hours.
During culture, the cells were imaged using an inverted Leica DM IL
microscope with objectives ranging from 4× to 10×. Following cell
culture, hMSCswithin each droplet were fixed in 10%buffered formalin
for 30 min at room temperature. Subsequently, to assess multipotency
marker expression, the cell-laden droplets were stained via immuno-
fluorescence. Briefly, the samples were washed in PBS with calcium/
magnesium for several hours after fixation and incubated with a
blocking solution overnight at 4°C containing 1 wt % donkey serum
in PBS with 0.125 wt % Triton X-100 to block nonspecific binding of
the antibodies. To visualize surfacemarker expression, the sampleswere
then incubated with primary antibodies directed against the marker of
interest (table S1) in a staining solution containing 0.5 wt % bovine ser-
um albumin and 0.125 wt % Triton X-100. Unbound primary antibody
was washed out by three washing steps in PBS over the course of the
day. Binding of the primary antibody was detected using a fluorophore-
coupled secondary antibody directed against the primary antibody
species. Secondary antibodies were incubated for 5 hours in staining
solution at room temperature. Following the secondary antibodies,
cell nuclei were counterstained via incubation of the samples in DAPI
(KPL) (1 mg/ml) in staining solution. To remove unbound secondary
antibodies and nonspecifically boundDAPI, the samples were washed
again three times in PBS over the course of the day. Subsequently, the
samples were imaged using an upright laser scanning confocal micro-
Foresti et al., Sci. Adv. 2018;4 : eaat1659 31 August 2018
scope (Zeiss LSM 710) with water immersion objectives from 10× to
40× and spectral lasers at 405-, 488-, 561-, and 633-nm wavelengths.
These images were processed using Imaris software (Bitplane) for 3D
reconstruction and maximum intensity projection. All image proces-
sing was performed on all planes equally.

Printing accuracy
To determine the accuracy of acoustophoretic printing, droplets of a 1:1
water-glycerol mixture were patterned along a straight line on a Teflon-
coated substrate. ImageJ software was used to define the centroid of
each droplet, while MATLAB R2016b was used to perform a linear re-
gression on the obtained coordinates. Increasing the nozzle-substrate
distance L spreads the Gaussian distribution of the droplets along the
centerline, confirming the ballistic nature of the printing process
(fig. S5). The angle trajectory SD is in the range of 0.2° to 2°. These
values are higher than those reported for inkjet printing (43), which
can be as low as 0.2° for well-optimized inks printed on a desktop prin-
ter (for example, Fuji Dimatix). Using our first-generation subWAVE
printhead, the positional variation was about 60 mm for the highest
acoustophoretic field (ga = 62g) used at a nozzle-substrate distance of
L = 3.15 mm (Fig. 3C, left axis). At a driving frequency of about
25 kHz (wavelength l = 14 mm), the imposed minimum L = 3.15 mm.

Analytical model
The acoustic force ga is assumed to scalewith the droplet volume, that is,
Fa º V. Using the Rayleigh equation for the radiation pressure (29)

Prad ¼ P2
rms

2rf c2
� rf

Vel2rms

2

� �
ð2Þ

where rf and c are the density and the sound speed of the acoustic me-
dium, and Prms and Velrms are the root mean square (rms) of acoustic
pressure and acoustic particle velocity, respectively. It is possible to cal-
culate the acoustic force by integrating Prad around the sample surface S

Fa ¼ ∫
S
Pradn

→
dS ð3Þ

with n
→
being the normal component inward to S. This approach has

been validated multiple times, both numerically and experimentally,
when r >> rf (29). Figure 2F shows the vertical acoustic force (along
the z direction) acting on a rigid sphere pendant from a fixed nozzle
diameter d of 10 mm for both a classical levitator (fig. S8, B to D) and
our subWAVE. To compare the results, equivalent axisymmetric geo-
metries were simulated for both systems. The same emitter-to-reflector
distance (H = 0.52 l) and emitter excitation (maximum oscillation ve-
locity vmax = 1 m/s) were used. The reflector and emitter diameters are
chosen to be 5 l to ensure that the results are independent of the width
of the resonators and to approach a quasi-plane wave condition.
Acoustic forces are linearly dependent on the drop volume V, con-
firming the R3 scaling law. The small decrease in force calculated for
R > 500 mm was due to the increasing influence that the larger drops
had on the acoustic field. When R > 500 mm, the droplet was large
enough to occupy a cross-sectional area within the subWAVE (diame-
ter of 2 mm), decreasing the acoustic pressure within it. Note that the
center of the droplet changed along the z direction, because the position
of the nozzle tip was fixed. However, as shown in Fig. 2F, this variation
has a small influence on the Fa º V scaling.
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The second scaling relationship used in themodel is Faº P2, which
has also been numerically and experimentally verified for conventional
acoustic levitators (15, 29). Figure S9A shows the validity of this scaling
also for the presented subWAVE. The driving voltage, emitter oscilla-
tion amplitude, and acoustic pressure were considered linearly
dependent (15). When the acoustic force acts on a pendant drop, the
portion of the drop surface in contact with the nozzle orifice does not
experience any acoustic pressure (Fig. 1A). This differs from the typical
Fa º VP2 scaling, which assumes the sample to be an unconstrained
sphere, and so R >> d. Figure S9B reveals that the nozzle size effect
on the acoustic force is significant when 8R < d, and it rapidly decreases
to zero when 4R < d. This numerical result suggests that for practical
droplet ejection, the minimum droplet radius must exceed the external
nozzle diameter akin to continuous inkjet (8).

An axisymmetric linear acoustic model is implemented using
COMSOL Multiphysics 5.0 to calculate the acoustic field inside the
subWAVE. The acoustic force is measured with both Gor’kov potential
model and the surface integral of the radiation pressure on the sphere
(29). For all simulations, a frequency of 25 kHz is used and the
dimensions of the acoustic chamber are scaledwith thewavelength. Fig-
ure 2 (C and D) shows the predicted acoustic force along the z axis of
both the classical levitator and our subWAVE. In this specific context,
the Gor’kov potential U has been used (15, 29). The potential and force
expressions were valid as long as the assumption of a standingwave was
respected and the spherical particle was much smaller than the
wavelength l of the acoustic field [in practical terms, R < 0.1l (29)].
Gor’kov did not consider multiple scattering effects on the sample,
and his model was valid far from the wall of the acoustic chamber. Be-
cause of the limited dimension of the subWAVE, a pendant drop finds
itself close to the side walls of the ejector (Fig. 2A). Nonetheless, Fig. 2F
shows how the linear scaling of V is confirmed up to V < 500 nl
(corresponding to R < 500 mm), validating the use of the Gor’kov
potential for the subWAVE for the range of V of interest. The Gor’kov
potential was able to predict the acoustic force acting on a sphere, whose
center was the reference z coordinate. When measuring the force
distribution along the subWAVE (Fig. 2D), it is the nozzle tip position
inside the subWAVE that must be known. This z coordinate corre-
sponded to the top of the sphere (pendant drop). To compare the ex-
perimental and numerical results, the position of the sphere (droplet)
center was calculated by adding the radiusR to the nozzle tip coordinate
(fig. S9C). The radius R of the detached droplet was obtained for each
case by image processing. In Fig. 2D, the vertical force amplitude
calculated by the Gor’kov potential was normalized with respect to
the maximum force obtained during the experiment. Because of mea-
surement limitations, the integrated radiation pressure calculated by
analytical models typically overestimated the magnitude of the acoustic
levitation force (29).
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Fig. S9. Scaling and nozzle effects on acoustophoretic forces.
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