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SonoPrint: Acoustically Assisted Volumetric 3D Printing for
Composites

Prajwal Agrawal, Shengyang Zhuang, Simon Dreher, Sarthak Mitter, and Daniel Ahmed*

Advances in additive manufacturing in composites have transformed
aerospace, medical devices, tissue engineering, and electronics. A key aspect of
enhancing properties of 3D-printed objects involves fine-tuning the material by
embedding and orienting reinforcement within the structure. Existing methods
for orienting these reinforcements are limited by pattern types, alignment,
and particle characteristics. Acoustics offers a versatile method to control the
particles independent of their size, geometry, and charge, enabling intricate
pattern formations. However, integrating acoustics into 3D printing has been
challenging due to the scattering of the acoustic field between polymerized
layers and unpolymerized resin, resulting in unwanted patterns. To address
this challenge, SonoPrint, an innovative acoustically assisted volumetric
3D printer is developed that enables simultaneous reinforcement patterning
and printing of the entire structure. SonoPrint generates mechanically
tunable composite geometries by embedding reinforcement particles,
such as microscopic glass, metal, and polystyrene, within the fabricated
structure. This printer employs a standing wave field to create targeted
particle motifs-including parallel lines, radial lines, circles, rhombuses,
hexagons, and polygons-directly in the photosensitive resin, completing
the print in just a few minutes. SonoPrint enhances structural properties
and promises to advance volumetric printing, unlocking applications
in tissue engineering, biohybrid robots, and composite fabrication.

1. Introduction

Recent years have seen a growing interest in additive manu-
facturing of composite structures due to their high strength-
to-weight ratio, corrosion resistance, and design flexibility, fea-
tures which make composites attractive for industries such
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as aerospace,[1–3] automobiles,[4]

construction,[5–7] medicine,[8–14] and more.
“Composite” refers to a structure con-
structed from two or more materials: a
continuous phase, the matrix, and a dis-
continuous phase, the reinforcement, that
adds strength to the structure.[15] Align-
ment of the reinforcement in a composite
can significantly improve the structure’s
mechanical properties, that is (i.e.), its
strength, stiffness, and toughness, by
creating more efficient load transfer path-
ways and reducing stress concentrations
between the matrix and reinforcement.[16]

Thus, composite structures offer improved
performance.[17,18] Current methods for
aligned reinforcement involve passive or
active forces.[19–23] Active approaches that
rely on external energy sources—such as
electric, magnetic, or acoustic fields—to
pattern microparticle motifs provide higher
control and precision compared to meth-
ods that utilize shear,[24–27] gravitational,[28]

hydrodynamic,[29,30] and other such forces
for alignment of microparticles.[31–38]

These approaches also promotes more
precise alignment and offer greater flexi-
bility in the types and shapes of patterns
created, enabling more robust particle

alignment inside a manufactured geometry.[33]

Although electric.[19,39–45] and magnetic.[20,46–51] field-assisted
reinforcement strategies have been applied to 3D printing of
composites, both depend on intrinsic properties of the particles,
such as surface charge and magnetism, and are therefore lim-
ited in their choice of materials.[19,21,46] In contrast, acoustics of-
fers an alternative modality for manipulating microscopic parti-
cles within a host resin, as the effect of sound on particles is in-
dependent of features such as size, geometry, and charge.[52–60]

However, incorporating acoustics into conventional 3D printing
methods, such as vat polymerization-based techniques[23,61–64]

presents a challenge in achieving consistent patterning in a 3D
geometry. As each layer is printed, a complex scattered acous-
tic field arises between the polymerized hard layers and the un-
polymerized resin just above or below it, making control over
the internal patterning of microparticles in the subsequent layers
challenging.[23,61,62,64] Despite the applications and advantages of-
fered by these methods, including ink diversity, particle connec-
tivity, multimaterial printing, and others, these challenges still
need to be addressed.[23,61,62,64]
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To address this challenge, the recently developed vat-
polymerization-based manufacturing technology, known as vol-
umetric printing, can be adapted, as it can maintain the acous-
tic pattern by printing structures as whole.[65] Derived from the
mathematical models of computed tomography (CT) and inten-
sity modulated radiation therapy (IMRT) scans, this approach
prints 3D structures as entire volumes, resulting in a faster build
time compared to layer-by-layer additive manufacturing.[65,66] To
advance this technology with acoustic particle alignment, ad-
dressing the challenges of transmitting acoustic waves through
high-viscosity resins (>10 Pa s) is crucial, as it presents difficul-
ties for precise particle patterning.[23,61,67] Conversely, using low-
viscosity resins (<1 Pa s) leads to issues with particles settling
too quickly after patterning in the vial. Therefore, a trade-off is
necessary. To date, no acoustically-assisted volumetric printing
techniques have been demonstrated.

Here, we introduce SonoPrint, an acoustically-assisted vol-
umetric 3D printing technique that uses acoustic energy to
trap and pattern microparticles within a volumetrically-fabricated
3D composite structure. In developing this technique, we con-
structed volumetric- and acoustic-compatible experimental se-
tups featuring piezoelectric transducers (PZTs), index-matching
liquid, and a vial filled with resin (matrix) and microparticles
(reinforcement). The reinforcement consisted of various ma-
terials such as glass, polystyrene, metal, and in sizes from 1
to 250 micrometer—were embedded in di-pentaerythritol pen-
taacrylate resin (PETA). Using various numbers of PZTs in
different configurations and frequencies, we achieved pattern-
ing in the form of parallel lines, radial lines, circles, rhom-
buses, quadrilaterals, hexagons, and polygons. The size, thick-
ness, and spacing of pattern units were controllable based on
the PZT configurations; for example, we produced lines sepa-
rated by 0.46–0.96 mm. Through volumetric printing, we suc-
cessfully incorporated these patterned microparticles into com-
posite geometries within minutes. Optimization of the param-
eters yielded composite structures with a sub-millimeter fea-
ture size. Mechanical tests, including tensile and compression
tests, showed increases in strength of ≈46% and 13%, respec-
tively, for structures with aligned versus randomly distributed
microparticles.

2. Results and Discussion

2.1. Experimental Setup

SonoPrint comprises several components, including a projector,
a glass vial (hereafter termed vial), a rotation mechanism, an
acoustic setup, a function generator, an amplifier, a control unit,
and a software. The projector casts images generated by the soft-
ware onto a rotating vial containing photosensitive liquid resin
and microparticles, as shown in Figure 1A. The vial is immersed
in an index-matching liquid. The acoustic setup consists of PZTs
arranged around the vial, which are controlled by a function gen-
erator and an amplifier to generate an acoustic wavefield. The
resonance frequencies of the PZTs were verified using an oscil-
loscope. Figure 1A,B depicts the SonoPrint system components
alongside a model geometry being fabricated.

When patterning microparticles within the vial, we utilized
three acoustic setups, each equipped with two, four, and six PZTs,

respectively. The two− and four− PZT setups were made com-
patible with volumetric printing by incorporating light transmis-
sion through front and back transparent glass panels. PZTs on
the remaining sides produced bulk acoustic waves. Each setup
comprised a transparent glass vial with a refractive index (RI)
of 1.516, surrounded by glycerol as index matching liquid with
an RI of 1.4731.[68] Glycerol had negligible impact on acoustic
transmission, with acoustic attenuation loss of 0.5%. Also, it has
a better refractive index matching with the resins and the glass
vial. The PZTs were connected to a function generator and am-
plifier to generate a standing acoustic wavefield in the vial to
align and pattern microparticles, see Figure 1C. We also stud-
ied the acoustic energy efficiency, which resulted in ≈14% at
the center of the vial (see Text S1 and Figures S1 and S2, Sup-
porting Information). In the six-PZT setup, where no light can
pass through due to PZTs covering all six sides (see Figure 2A),
the vial—once the desired microparticle pattern is achieved—is
transferred to a square container made of glass on all four sides
to facilitate volumetric printing, see Figure S8 in the Supporting
Information.

In our study of microparticle patterning, we tested various
microparticles, including polystyrene (≈15 μm), soda-lime glass
(≈22), and stainless steel (≈11) (see Methods for specific size
range of microparticles). When exposed to a standing acous-
tic wavefield, the microparticles were subjected to acoustic ra-
diation forces.[53,67,69–72] To determine the directionality of the
force, we calculated the acoustic contrast factor Φ, which is
positive for all tested particle types, indicating movement to-
wards the pressure nodal position.[67,73] We further investigated
the acoustic parameters, such as frequency and amplitude, to
achieve desired microparticle patterns, see Movie S1 (Support-
ing Information) for a line pattern using 1 MHz PZTs and
Movie S2 (Supporting Information) for quadrilateral pattern. Fi-
nally, we evaluated the compatibility of the SonoPrint printer sys-
tem with PETA (0.28–11.8 Pa s; see Figure S11 in the Supporting
Information).

After achieving the desired acoustic patterning, as shown in
Figure 1C, we turned off the PZTs and proceeded with volumetric
printing to create structures containing the patterned micropar-
ticles. In this process, the desired 3D model in standard triangle
language (STL) is uploaded in the volumetric printing software,
which generates a series of 2D images.[65,74,75] Typically, one im-
age is generated for each rotation angle, resulting in 360 images
for a complete 360-degree rotation.[65] These images are then pro-
jected onto the vial’s center, which holds the polymerizable resin
and patterned microparticles. During this phase, the vial is ro-
tated to ensure each image is projected at the correct angle; as
illustrated in Figure 1B. Polymerization is initiated upon reach-
ing a significant energy threshold by the projected light (also see
Figure S12 in the Supporting Information), which usually takes
30–240 s resulting in the formation of 3D structures, as shown
in Figure 1D and Movie S3 in the Supporting Information. Af-
ter fabrication, the structures were removed from the vial, and
cleaned (see the Experimental Section). We examined the pattern
formations in the fabricated geometries. Finally, we assessed the
feature size of the printed geometries using scanning electron
microscopy (SEM) (see Figure S17, Supporting Information) and
mechanical strength of the structures using tensile and compres-
sion tests.
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Figure 1. SonoPrint: An acoustically assisted volumetric 3D printer. A) Schematic illustrating the setup of a SonoPrint printer. Images of Nefertiti bust
model geometry are being projected on a rotating glass vial (hereafter termed as vial) focused at the center of the vial. The vial contains photopolymer-
izable resin with acoustically aligned microparticles. A four piezoelectric transducer (PZT)−setup is used for the patterning of microparticles. A Nefertiti
bust model geometry is also formed within the vial surrounded by index-matching liquid. B) The schematic illustrates the generation of bulk acoustic
waves by the PZTs and their transmission through the vial to pattern the microparticles inside the resin. Image projections from i to m illustrate the
projections of various images generated by volumetric software that are projected at different angles and at their corresponding times. As shown in
the schematics, this results in the fabrication of a composite model geometry of Nefertiti bust with patterned microparticles in a desired manner. C)
Images show side view of 1–22 micrometer stainless-steel microspheres patterned in di-pentaerythritol pentaacrylate resin (PETA) in the four− PZT
acoustic setup, with all four PZTs excited at 1.01 MHz and 30 VPP, with the temperature maintained at 25 °C. Scale bar: 4 mm. D) This figure illustrates
the fabrication of 3D Nefertiti bust composite geometry over a time span of 120 s with microparticle pattern obtained in (C), also see Movie S3 in the
Supporting Information.
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Figure 2. Acoustic patterning of microparticles. A) A schematic representation of a six piezoelectric transducer (PZT)− acoustic setup that utilizes six
identical PZTs orthogonally positioned in xz-plane being actuated simultaneously at resonance frequency to produce bulk acoustic waves for patterning
microparticles in the desired manner. A top and side view of the setup also illustrates the patterns from these views. Displays the top and side view of the
six− PZT setup when the glass vial (hereafter termed vial) is placed at the center on the glass plate of the acoustic setup and all six PZT are actuated in
the 715 kHz setup, using stainless steel microspheres in di-pentaerythritol pentaacrylate resin (PETA). It shows the patterns as generated in illustration
in (A). The vial was placed at the center of the acoustic setup with standard deviation of ± 1.5 mm. In all experiments PZTs were excited at 30 VPP and
temperature was maintained between 25–30 °C. B) Shows images of 1.02 MHz two− PZT acoustic setup’s top, bottom-microscopic, and side views.
Glass microspheres were used in PETA. C) Illustrates the 710 kHz six− PZT acoustic setup. The zoomed in view shows the vial located at D1, i.e., ≈0.7
± 0.4 mm distance from the center of the acoustic setup. Stainless steel microspheres were used. D) Image shows microparticle pattern generated in
the 710 kHz six− PZT setup by moving the vial along the x-axis by D2, i.e., ≈0.9 ± 0.5 mm from the extreme corner of the acoustic setup. Stainless steel
microspheres were used. E–G) A top view of the patterning is shown in relation to the change in placement of the vial container relative to the x-axis
following excitation of all six PZTs in the 715 kHz six− PZT acoustic setup. Patterns were formed with stainless steel microspheres. The vial was moved
along x-axis at distance D3–D5, corresponds to ≈−3.3 ± 0.4 mm, ≈−1.1 ± 0.7 mm, and ≈0.5 mm ± 1.2 mm distances from the center of the setup.
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2.2. Acoustic Patterning of Microparticles and Pattern
Characterization

We began the acoustic patterning experiments by using a two−
PZT acoustic setup to create planar sheet patterns, then advanced
to more intricate configurations using a four− and six− PZT
setup. In the two− PZT configuration, a pair of parallel PZTs was
placed opposite each other and with simultaneous acoustic excita-
tion at the same frequency and voltage, they generated a standing
acoustic wavefield within the vial, as shown in Figure S5A in the
Supporting Information. This wavefield consisted of a series of
pressure nodes and antinodes, in which acoustic forces pushed
the micron glass microspheres toward the pressure nodes, result-
ing in microparticle patterns in the x-direction and distributed as
sheets in the yz-plane. To vary the spacing between the formed
sheet patterns, we used PZTs of different resonant frequencies.
For example, to adjust the spacing from 0.45 to 0.96 mm we used
PZTs with resonance frequencies of 1.51, 1.02, and 720 kHz. The
observed distance between two sheet plane varies by 5–20% com-
pared to the theoretical calculations. Discrepancies between the
calculated and practical distance values were observed, which can
be attributed to the absence of information on the speed of sound
for PETA resin at different temperatures. Initially, a two− PZT
setup excited at 1.51 MHz, 30 VPP and 25 °C with glass micro-
spheres in PETA led to the formation of 2D plane patterns with a
spacing of ≈0.45 mm, see Figure S5C in the Supporting Informa-
tion. At 1.02 MHz, we achieved a distance of ≈0.68 mm between
two planes, as depicted in Figure S5B in the Supporting Informa-
tion. Similarly, employing a two-PZT setup at 720 kHz, we ob-
served the formation of plane patterns with a separation distance
of ≈0.96 mm from side, top, and bottom perspectives, as shown
in Figure 2B. To maintain patterning consistency, in all experi-
ments mentioned above and hereafter the excitation voltage was
held constant at 30 volts, and the temperature was maintained
between 25 and 30 °C by controlling the duration of ultrasound
excitation. All patterns obtained in two− PZT setups can be re-
produced in four− and six− PZT setups by exciting any pair of
parallel PZTs.

Next, we studied the acoustic pattern in the four-PZT acous-
tic setup. The acoustic setup housed a hexagonal chassis,
which incorporated four orthogonally positioned PZTs and two
glass slides for light transmission. By activating these PZTs at
1.01 MHz produces quadrilateral patterns, (see Figure S7, Sup-
porting Information) in the xy-plane, which were projected over-
all on the z-axis. We demonstrate the formation of rhombus pat-
terns using 15 micrometer polystyrene particles by activating
the PZT transducers at 1.01 MHz, as seen in Figure S7C, and
Movie S2 in the Supporting Information. Additionally, stimulat-
ing a pair of parallel PZTs as in two− PZT setup resulted in sheet
plane, see Movie S2 in the Supporting Information.

Finally, we investigated the acoustic pattern in a six-PZT acous-
tic setup arranged in a hexagonal configuration. We achieved a
tubular-matrix pattern of stainless-steel microspheres by activat-
ing all six PZTs simultaneously at the same frequency, as shown
in Figure 2A. This pattern was formed by positioning the vial in
approximately center ± 1.5 mm using 715 kHz setup. We also ob-
served dynamic pattern formation through straightforward ma-
nipulations of the vial within the acoustic chamber, which gen-
erated an infinite array of complex patterns. To fine-tune these

patterns, we adjusted the position of the vial along the x-axis
while maintaining its center along the y-axis and the excitation
frequency constant at 710–720 kHz. This approach led to a vari-
ety of tubular-matrix patterns. Figure 2C illustrates the six− PZT
setup from a top view, showing the vial placed on the glass plate
of the acoustic setup. To generate these tubular-matrix patterns,
we began with the vial at position D1, i.e., ≈0.7 mm ± 0.3 mm
distance from the center of the acoustic setup. A second pattern,
as shown in Figure 2D, was obtained by moving the vial along the
x-axis to ≈0.9 mm ± 0.5 mm from the center, as denoted by D2.
Finally, we positioned the vial at three different positions, D3–D5,
corresponding to ≈−3.3 mm ± 0.8 mm, ≈−1.1 mm ± 0.7 mm,
and ≈0.5 mm ± 1.2 mm distances from the center, respectively to
obtained tubular patterns as shown in Figure 2E,G. These find-
ings demonstrate that with our setups, multiple pattern types can
be developed, and versatile, dynamic modulation of patterns is
feasible in a controlled manner.

When patterning planes or 2D sheets, the resin temperature
needs to be maintained between 20 and 30 °C. As the tem-
perature increases, the resin viscosity decreases (see Text S1.4
and Figure S11, Supporting Information), making acoustic pat-
tern feasible; however, at higher temperatures, the microparticles
tend to settle faster due to gravity because of the lower viscosity of
the resin, which can adversely affect the printing, see Figures S3
and S4 in the Supporting Information. For example, when the
resin temperature is at 40 °C, the patterned stainless-steel mi-
crospheres in PETA sink and sheet pattern formation collapses
within a few minutes. In addition, when PZTs are operated con-
tinuously at a high voltage for an extended period of time (a few
minutes), the pattern formation also collapses due to the viscosity
effects on temperature. For example, when PZTs were operated
at 60 VPP for 2 min, the resin temperature can rise from 25 °C
to as high as 50 °C in PETA. To achieve stable pattern formation,
the resin’s viscosity needs to be maintained between 4 and 12 Pa
s, i.e., corresponding to a temperature between 15 and 30 °C for
a few minutes, sufficient for the printing process, which can be
achieved by exciting the PZTs at low voltages or using pulsed ex-
citations. In addition, the current acoustic setups in SonoPrint
are limited to patterning microparticles up to 40 mm due to the
height of the PZTs and particle settling in larger configurations.

2.3. Volumetric Printing

After achieving the desired pattern, the acoustic wavefield was
turned off to initiate the polymerization process. For volumetric
printing, we used a six− PZT setup. Once the pattern was estab-
lished, the vial containing aligned microparticles was placed into
the volumetric printing setup, shown in Figure S8 in the Support-
ing Information. Subsequently, to assess the consistency of mi-
croparticle patterning within 3D printed structures, we printed a
cylindrical geometry and observed the patterns at various depth
planes. The results showed that the distance between two planes
had a patterning consistency of 91.27% over the printed struc-
ture, as shown in Text S3, and Figure S15A–D in the Supporting
Information. To demonstrate straight and radial line pattern for-
mation, we printed two Nefertiti bust structures—a benchmark
against standard geometries—using stainless steel microspheres
in PETA. We achieved the desired parallel and radial line patterns
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consistently in the whole Nefertiti bust geometry by patterning
them as defined in Figure 2, Figures S6 and S10 in the Supporting
Information. The fabricated geometry and microparticle pattern
are shown in Figure 3A,B, respectively. Additionally, a cylindri-
cal structure with quadrilateral patterns of stainless-steel micro-
spheres was printed, as shown in Figure 3C. This patterning was
achieved by activating two pairs of parallel PZTs at 1.02 MHz.

To demonstrate complex printing with a variety of patterns, we
reproduced miniaturized models of liver, heart, and lungs, with
line, hexagonal, and polygon patterns respectively. By stimulat-
ing all six PZTs simultaneously at 710 kHz, the microparticles
were patterned in hexagonal shapes. The printed liver geome-
try is shown in Figure 3D, and the resulted hexagonal pattern
is shown in the zoomed-in view. A miniaturized hollow heart
model was printed with line patterns by stimulating a pair of par-
allel PZTs at 715 kHz. Here, glass microspheres were patterned
in rhodamine-mixed PETA. An image of the fabricated heart ge-
ometry is shown in Figure 3E. The zoomed-in figure illustrates
the line pattern. Lastly, a model of the lungs was printed using
stainless steel microspheres in three parts and then assembled to-
gether. In the first step, a polygonal tubular microparticle pattern
was used in the left and right lungs as seen in Figure 2C. Alterna-
tively, trachea was printed with horizontal line pattern, with two
parallel PZTs excited at 715 kHz. Following this, the geometry
was assembled together as shown in Figure 3F. The zoomed-in
image shows microparticle patterning in the lungs and trachea.

2.4. Characterization, Analysis, and Applications of Printed
Composite Geometry

We conducted mechanical tests to assess the mechanical strength
of SonoPrint-fabricated structures in three configurations: (i)
without microparticles, (ii) with randomly distributed particles,
and (iii) with vertically aligned microparticles. The test sam-
ples were fabricated using PETA, incorporating stainless steel
microspheres—20 mg of microparticles per 4 grams of PETA
(also see Figures S13 and S14 in the Supporting Information).
For both compression and tensile tests, the microparticles were
aligned vertically, parallel to the direction of the applied force. To
characterize the tensile test, we printed dog-bone-shaped struc-
tures with dimensions of 37.5 mm in height, 5.75 mm in width,
and 2 mm in depth. For particle alignment, we utilized a two-
PZT acoustic setup for patterning (see Figure 3G; Figure S16,
Supporting Information), with one setup operating at 715 kHz
and the other at 1.01 MHz.

The tensile strength of the acoustically aligned samples us-
ing the 1.01 MHz setup was measured to be ≈46% higher than
that of samples with randomly distributed microparticles (see
Figure 3G). Next, we examined the mechanical behavior of the
sample with respect to the number of sheet planes, which can
be adjusted by the excitation acoustic frequency. We observed an
≈11% change in tensile strength when increasing the number of
microparticle-patterned sheet planes from 5 to 7 (715 kHz setup)
to 8–10 (1.01 MHz setup), as shown in Figure 3G.

For the compression test, we printed cylindrical structures
measuring 25.4 mm in height and 12.7 mm in diameter, see
Figure 3H and Figure S17 in the Supporting Information. To
align the microparticles vertically, we used a 1.51 MHz two-PZT

acoustic setup. The compression test revealed that specimens
containing 24–28 sheet planes, which were acoustically aligned,
exhibited ≈13% increase in strength compared to samples with
randomly distributed microparticles, as shown in Figure 3H. Our
experiments demonstrate that the mechanical strength of the fab-
ricated structures is enhanced by the alignment of microparti-
cles.

3. Discussion

The SonoPrint system represents a novel advancement in volu-
metric 3D printing by incorporating acoustic assistance to align
microparticles within various 3D structures. Our experimental
results demonstrated the ability to print complex geometries, in-
cluding the Nefertiti bust, Mario, and anatomical organs such
as the heart, lungs, and liver, with aligned microparticles in di-
verse configurations such as parallel and radial lines, rhombuses,
hexagons, and other polygons. We fabricated composite speci-
men using SonoPrint, which resulted in tensile and compression
strengths increasing by ≈46% and 13%, respectively, compared to
structures with randomly distributed particles. Future work will
investigate the mechanical properties of specimens embedding
different shapes, directions, types, or sizes of microparticles.

We plan to explore the potential for generating selective pat-
terns in different parts of the fabricated structure, which would al-
low further tuning of its mechanical properties. Currently, we are
restricted to specific microparticle patterns. To enable diverse pat-
terning within selective parts of the vial, a transducer array with
multiple PZTs can be used. Additionally, the current SonoPrint
setup incorporates 0.5 wt% of microparticles in the resin, which
is relatively low compared to other printing methods such as
extrusion.[22,31,76–79] or vat-polymerization printing.[23,61–64] tech-
niques that can incorporate up to 10–15 wt% of microparticles.

SonoPrint can also contribute to developing new materials
for biohybrid robots.[80] and tissue constructs.[81] This innova-
tive approach holds potential for fabricating tissue constructs that
mimic the physiology and functionality of specific biological tis-
sues through complex cellular arrangements, which is critical for
applications in tissue engineering and drug screening. For ex-
ample, organizing cardiomyocytes into parallel lines is essential
for the efficacy of cardiac constructs, while aligning endothelial
cells is vital for creating functional vascular structures. Addition-
ally, hexagonal patterns show promise for constructing liver tis-
sue constructs. Volumetric printing has been demonstrated with
various bioinks, including GelMA, hydrogels, silk-based bioinks,
and others,[82] suggesting that creating biohybrid and tissue con-
structs is feasible and highly effective.

4. Experimental Section
Volumetric Printer Hardware: The hardware for volumetric printer con-

sists of a rotating vial made of glass (ETH Internal D-Phys Shop part num-
ber 40 053.1) onto which 2D image slices are projected, a light source (Si
cube’s SM9 with 405 nm wavelength), to generate the projection images, a
lens to focus (Thorlabs, part number LA-1401A), a motor to control z-axis
movement (Nema 17, Conrad order number: 1597325-AW), and an acous-
tic chamber which was fabricated using index-matching glass, self-cut
into desired shape using glass slides (from Sigma Aldrich, part number:
CLS294775×25) containing an index-matching liquid, i.e., glycerol (from

Adv. Mater. 2024, 2408374 2408374 (6 of 10) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Analyses and characterization of the printed composite structures generated by the SonoPrint printer. A,B The image displays a complex
Nefertiti bust composite geometry printed with parallel and radial line patterns respectively. Patterns in (A) were generated by actuating a pair of parallel
piezoelectric transducer (PZT)s at 1.02 MHz and 25–30 °C, while the patterns in (B) were generated with when the pair is actuated at 1.02 MHz, and
45–50 °C which was then rapidly cooled to achieve radial line pattern using stainless steel microspheres in di-pentaerythritol pentaacrylate resin (PETA).
Also, a microscopic zoomed-in view shows the patterning. C) The images illustrate a cylindrical composite geometry with patterns generated by exciting
two pair of parallel PZTs at 1.02 MHz with stainless steel microspheres mixed in PETA. The top, bottom and zoomed-in top view are shown. D) Displays
a miniature printed liver geometry when held on a glass slide. An enlarged zoomed view illustrates the hexagonal patterning inside the geometry that was
obtained by the excitation of all six PZTs at 710 kHz with stainless steel microspheres in PETA. E) The image shows a miniaturized hollow heart geometry
with line patterning obtained by excitation of a pair of parallel PZTs at 715 kHz. The images are taken by shining a beam of blue light using a microscope.
A zoomed in view shows the line pattern with glass microspheres in PETA. F) The figure depicts a miniaturized lung geometry, printed in three parts,
where the right and left lungs have polygonal microparticle pattern, while the trachea incorporates horizontal lines. Six and two PZTs were excited at
710 kHz to achieve polygon and 715 kHz to achieve line pattern respectively with stainless steel microspheres in PETA. A zoomed-in view illustrates the
pattern. G,H) The graph displays stress (MPa) versus strain (%) comparing results from tensile and compression tests respectively. The test samples
were printed under three conditions: without microparticles, with randomly distributed microparticles, and with vertically aligned microparticles using
sound waves in both tensile and compression tests. An image of the testing setup is shown in the bottom right corner. The sample patterning is visible
in the middle left of the figure in 2D schematics. The graph data line represents the average of five samples tested for each condition across 400 points
on the graph, error bar represents the standard deviations of the five samples at these points. The tensile test was performed using a two-PZT acoustic
setup for patterning, with one setup using 715 kHz and the other 1.01 MHz. A 1.51 MHz two-PZT acoustic setup was used for the alignment of particles
in compression tests. Error bars indicate the standard deviation for testing of five different samples.
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Sigma Aldrich part number G5516-100ML)) used for lesser light diffrac-
tion. The 2D slices generated by the software are projected at an intensity
of ≈0.1–2.0 mW cm−2 at different angles but with consistent angular ve-
locity onto the vial containing the photopolymerizable resin PETA, which is
rotated via a stepper motor (Conrad part number: 1597325-AW). Volumet-
ric curing of resin is depicted in Figure 1D and the fabricated 3D geome-
tries are shown in Figure 3. The vial is confined in the acoustic chamber
that generates the acoustic patterning initially. Local oxygen depletion is
performed: an initial phase of free radical activation by light followed by
rapid quenching, and then deactivation by oxygen. The acoustically pat-
terned microparticles are also trapped inside the 3D geometry, making it
a composite material with the patterned microparticles acting as reinforce-
ment as shown in Figure 3.

Volumetric Printer Software: The software for the printer is based on
the open-source code of Kelly et al.,[65] which is modified to feature an
easy-to-use graphical user interface (GUI), automation, and new parame-
ters for scaling, optimizing the print and projection, and so on. The soft-
ware is responsible for creating slices of a 3D object given in the form of a
STL file and then projecting those slices onto the vial. First, the given STL
file is voxelized with consideration of parameters such as the kinematics
of the resin, projector specifications, and others.[65] This is followed by
optimizing and initializing the file using concepts of Radon and inverse
Radon transform, biaxial thresholding, Fourier slice theorem, fast-Fourier
transform, and more.[65] The final step is the generation of a set of 2D
images saved as mat files, which are then continuously looped through in
the projection process.

Acoustic Hardware: The chassis used for the acoustic setup was
designed in Solidworks and fabricated using Formlab Form 3+
and Ender 3 S1 3D printers. The glass slides (Sigma Aldrich part
number: CLS294775×25) were reshaped using a glass cutter. Vari-
ous frequency PZTs (Steminc, part numbers: SMPL20W15T14R111,
SMPL20W15T21R111, and SMPL20W15T3R111) were first soldered to
the connecting wires and then glued alongside the glass slides onto the
fabricated chassis. The connections from the PZT were then connected to
the function generator (Tektronics TTi AFG3011C) through an amplifier
(Digitum electronics, part number: 85 184 030) to amplify the signal up
to 60 VPP at their resonance frequencies.

Overall Control Unit: The control of the setup was realized by the de-
veloped GUI. The projector was connected directly to a laptop/PC via an
HDMI cable. An Arduino Mega 2560 with a CNC motor shield and A4988
motor drivers (Conrad, respective part numbers: 191790-AW, 1646889-AW,
1646889-AW) was controlling the motors, and it was also connected to the
laptop/PC. Furthermore, the function generator and amplifier were either
controlled through the GUI or manually for the frequency and amplitude
optimization.

Resin Composition and Preparation: Di-pentaerythritol pentaacrylate
was formulated with 0.6 × 10−3 m phenylbis (2,4,6 -trimethylbenzoyl)
(Sigma Aldrich respective product numbers: 407 283 and 511 447). To
achieve homogeneous mixing, they were heated to 100 °C and simulta-
neously magnetically stirred at 500 rpm for up to an hour.[65,83]

Microparticles Incorporation and its Mixing: The initial experiments
used 5–50 micrometer glass beads (Cospheric part number: SLGMS-2.5
5–50 μm – 10 g), 15-micrometer polystyrene beads (Polysciences Poly-
bead microsphere 15 μm catalogue number 18328-5), and 1–22 microm-
eter stainless steel microspheres (Cospheric part number: SSMMS-7.8
1–22 μm – 10 g). Homogeneous mixtures were created by using mag-
netic stirrers at 80 °C and 500 rpm to distribute particles with differ-
ent concentrations of 5–120 mg of microparticles in 4 g of resin in or-
der to achieve patterns of variable thicknesses in the resin, also see
Figures S12–S14 in the Supporting Information. Before patterning, the
resin was centrifuged for 15 s at 500 rpm and kept still for up to 10
min in order to eliminate bubbles and lower the resin temperature. Sub-
sequently, resin with microparticles in the vial was placed in the acous-
tic setup under volumetric printing conditions and observed under the
Zeiss Inverted Microscope (Axiovert 200 M) and Leica Inverted Micro-
scope (DMI6000 B) equipped with cameras (Carl Zeiss AxioCAM MrM,
and Hamamatsu C11440) for the characterization of the obtained acoustic
patterning.

Data Preprocessing: Solidworks was used to create the CAD mod-
els that were used as initial input for the volumetric software. Mario,
Pharaoh, Nefertiti bust, liver, lungs, and heart geometries were obtained
from Thingiverse.[84] These files were given to the software in the form of
STL. Some of the DiY SonoPrint hardware parts, such as the mechanical
fixtures, were designed in Solidworks and sliced using CURA and PreForm
software’s before 3D printing them with an Ender 3 S1 and Form 3+ print-
ers, respectively.

Calibration Procedure for SonoPrint Printer: Acoustic setups were cal-
ibrated using an oscilloscope (Tektronix TBS 2000 series digital oscillo-
scope 70 MHz 1 GS/s) which is used to measure the resonance fre-
quency of PZT. In addition, for the calibration of the rotational mecha-
nism, high-precision fabrication of the components was employed and
was calibrated with a leveler (Emil-Lux Article number: 575 459). It was
necessary to design and fabricate a focusing system to ensure the light
is focused at the center of the rotational mechanism. This enabled to es-
tablish the focusing plane. To calibrate the resin-photo initiator concen-
tration, the absorbency spectrum was calculated on the basis of previous
literature.[65,83]

Post Processing Procedures: Upon completion of printing, isopropanol
was used to clean the print. The cleaning was carried out using vi-
brometer for 10 s repeated five times. After cleaning, the printed struc-
ture was placed in vacuum for up to 20 min with UV light. This step
was carried to minimize the oxygen inhibition at the structures surface.
Later the structure was exposed to UV light for up to 30 min to post-
cure the print in UV chamber. Following that, the print was placed in
an oven at 85 °C for 60 min to improve the strength of the printed
component. Lastly, the print was again exposed to UV light for up to
20 min.

Pattern Characterization: After printing, the parts were examined un-
der a microscope with cameras. The fabricated geometry was analyzed
with SEM (used from facility at BRNC, ETH Zurich). Images taken with
microscopes are processed using ImageJ software. For recording the pat-
terning inside the printed geometry, cameras from Blackmagic Design and
Canon were used. The tensile test was conducted using a Zwick 1474 test-
ing machine at 1 MPa and a speed of 50 mm min−1, while the compres-
sion test utilized a Zwick 1475 testing machine at 20 N and a speed of
10 mm min−1. Both tests were conducted at RMS Foundation, Bettlach,
Switzerland. The samples were fabricated in accordance with ASTM D695-
23 for compression strength testing, with dimensions of 25.4 mm in height
and 12.7 mm in diameter. For tensile testing, samples could not be fabri-
cated with ISO 527-1 norms due to the acoustic setup limitation of printing
structures up to 40 mm in height. So, dog bone structures were fabricated
with dimensions of 37.5 mm in height, 5.75 mm in width, and 2 mm in
depth, half the size specified in ISO 527-1. All samples underwent the same
post-processing conditions as those mentioned in post-processing proce-
dures.

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