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Direct sound printing (DSP), an alternative additive manufacturing process
driven by sonochemical polymerization, has traditionally been confined to a
single acoustic focal region, resulting in a voxel-by-voxel printing approach. To
overcome this limitation, we introduce holographic direct sound printing
(HDSP), where acoustic holograms, storing cross-sectional images of the
desired parts, pattern acoustic waves to induce regional cavitation bubbles
and on-demand regional polymerization. HDSP outperforms DSP in terms of
printing speed by one order of magnitude and yields layerless printed struc-
tures. In our HDSP implementation, the hologram remains stationary while the
printing platform moves along a three-dimensional path using a robotic arm.
We present sono-chemiluminescence and high-speed imaging experiments to
thoroughly investigate HDSP and demonstrate its versatility in applications
such as remote ex-vivo in-body printing and complex robot trajectory plan-

ning. We showcase multi-object and multi-material printing and provide a
comprehensive process characterization, including the effects of hologram
design and manufacturing on the HDSP process, polymerization progression
tracking, porosity tuning, and robotic trajectory computation. Our HDSP
method establishes the integration of acoustic holography in DSP and related

applications.

Direct sound printing (DSP)' is a class of additive manufacturing (AM)
processes introduced recently by our research group in which che-
mically active acoustic cavitation bubbles derive polymerization in
focal regions of an acoustic field in a printing resin medium. DSP dif-
ferentiates itself from other AM methods mainly on the energy source
and the chemical activation. AM processes utilize either light** or
heat®” for deriving chemical reactions or physical transformation.
However, DSP employs sonochemistry, which utilizes the dynamic
behavior of cavitation bubbles within an acoustic field. During the
sonochemical process, these cavitation bubbles undergo rapid oscil-
lations, expanding during periods of low pressure and collapsing vio-
lently under high pressure. The collapse of these bubbles generates
localized hot spots where temperatures and pressures can reach
extreme levels®* ' sufficient momentarily to break and form chemical
bonds or also create ones. This intense environment within the bub-
bles enables various chemical reactions, crucial for the DSP process,

allowing for precise manipulation of the material’s polymerization at
microscopic scales. Cavitation, once predominantly viewed as a
destructive force", has recently become the focus of exploration for
beneficial and innovative outcomes. This includes applications in
medical and biomedical®, environmental management” and industrial
processing'. DSP also leverages the cavitation phenomena for crea-
tion. DSP is a unique AM method enabling the direct printing of
materials, such as heat-curing thermosets, which are difficult to pro-
cess with light or heat. Moreover, DSP introduced a new paradigm in
AM called remote distance printing (RDP) in which the possibility of
printing beyond optically opaque and non-transparent obstacles is
presented.

Our pioneering works on DSP and RDP**" have garnered sig-
nificant interest, igniting new research into ultrasound-driven 3D
printing. We introduced the paradigm of printing through physical
barriers, such as directly inside the human body'. The concept of
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non-invasive deep printing inside the body was initially demonstrated
ex vivo'. The chemical reactivity induced by ultrasound sources arises
from a mix of thermochemistry, caused by heat generation through
acoustic attenuation, and sonochemistry, resulting from acoustic
cavitation bubbles. Notably, the temperature rises at the macroscopic
scale of the focal region due to acoustic attenuation were insufficient
to facilitate on-demand curing in materials like silicone elastomers or
epoxies through thermochemistry alone; hence, sonochemical reac-
tions within the cavitation bubbles have been proposed to enable on-
demand curing for such materials. Later, hydrogels have been suc-
cessfully printed using DSP to reaffirm the concept of in-body
printing'®"’. Recently, an ultrasonic horn with a concave front surface
has been used as the primary ultrasound source to create an acoustic
focal region and print filaments of thermoset materials®. Additionally,
a cost-effective sound-based 3D printer has been developed, capable
of solidifying silicone elastomer and egg white”. In all of the above-
mentioned works on DSP, single-focal ultrasound sources have been
utilized.

Similar to stereolithography (SLA) in which a single laser spot is
the only chemically active region, we had presented the same single
active region concept in our initial work' to present DSP for the first
time. This was mainly due to implementation simplicity. Therefore,
DSP suffers similar to SLA (or single nozzle extrusion-based deposition
modeling>* or direct ink writing>?) from the fact that only one voxel at
a time can be created. To remedy this in the concept of SLA, the
utilization of digital light processing (DLP)*** was introduced in which
a cross-section image is flashed on the entire printing platform to cure
the whole layer at once. Later on, the concept of volumetric
printing®*” emerged in which instead of cross-section the entire
volume of the part is created almost instantly. In addition, sequential
illumination via projected tomography®*~! made a substantial advan-
ces in the volumetric additive manufacturing field as well.

DSP lacks similar concepts to bring the current voxel-by-voxel
DSP to the next level by creating a cross-section or the whole part
volume at once. In the present paper, we introduce a DSP method in
which the polymerization occurs at a cross-section at once instead of
point-by-point. We accomplished this by utilizing acoustic holography
to create patterns of acoustic pressure at specific image planes where
the part’s cross sections are supposed to be created. The derived
polymerization resulting from induced cavitation bubbles is dis-
tributed over the whole pressure pattern and in the desired regions, in
contrast to a focused point in DSP'.

In order to pattern pressure waves, one approach is to use phased
array transducers (PATs) since each element is driven independently
and they have dynamic wave-controlling capability. However, they
greatly suffer from generating a very low-resolution acoustic field
since their element counts are limited and elements are larger in size
compared to the wavelengths in MHz frequency. In addition, they have
a drawback of requiring complicated electrical equipment and
synchronization®**. This made us to implement the concept of the
present paper by acoustic holograms. Acoustic holograms or meta-
materials are alternatives to PATs with a higher degree of freedom in
manipulating the sound field**. They possess high information con-
tent that can create intricate arbitrary sound fields while offering an
inexpensive and simple setup. A plethora of applications has been
employed via acoustic holography using transmission acoustic holo-
grams including cell and particle patterning®™*°*, medical imaging*?,
hyperthermia treatment*, neurostimulation and transcranial
therapy**** and particle assembly*®*’.

Here in this paper, we present a holography-based DSP process, or
in short HDSP, in which the information of the cross sections of the
part to be printed are stored in an acoustic hologram. During the
sonication of the printing material, the active cavitation bubbles are
generated at the target images while the printing material polymerizes
instantly. Figure 1a shows the concept of HDPS schematically where

the acoustic holography source, in this case a passive monolithic 3D
printed hologram, is attached to a single-element flat transducer.
Employing the acoustic holography as an advanced acoustic manip-
ulation tool has shown reduced printing time while being energy effi-
cient compared with the point-based DSP.

Results
We stored the information of the printed part in the hologram devel-
oped using the iterative angular spectrum (IAS) method® and 3D
printed the hologram using SLA. The build chamber is positioned in
front of the hologram and filled with the printing material (see section
“Methods”). The transducer, hologram and the bottom face of the
build chamber are submerged in the transmitting water medium. The
hologram coordinate system is stationary and attached to the surface
of the hologram. The ultrasound wave patterned by the hologram
passes through the thin build chamber bottom face and a portion of
the build material until it reaches to a printing platform. The front face
of the printing platform is located at the image plane location. The
platform is moved in space by a motion manipulator, a robot, along a
three-dimensional path which is calculated for the desired part. The
platform is attached to the end effector of a robot. The end-effector
coordinate system moves with respect to the hologram coordinate
system. Since the platform is located at the image plane at the begin-
ning of the process, the cavitation bubbles are generated at the desired
image creating ultra-active micro reactors' region and polymerizing
the printing material on the platform or previously solidified region of
the part as shown in Fig. 1b. The platform is placed at the target image
plane where the acoustic pressure more than the threshold for printing
is reached. Moreover, due to the low viscosity medium, the platform is
needed to adhere to the already solidified part. By moving the platform
along z-axis by feed, f, the part is generated as an extruded object along
z-axis as portion I in Fig. 1a. By rotating the platform about z-axis at an
angular velocity, w, and extruding by feed f, an extruded and twisted
object can be created as portion Il in Fig. 1a. Figure 1c shows printed
letters “D”, “S” and “P” and their corresponding theoretical pressure
patterns created by their hologram at the image plane. Figure 1d shows
a more complicated maple leaf printed object and its theoretical
pressure pattern at the image plane. The platform is stationary in
Fig. 1c, d. Figure 1e is a 15 mm long printed wall where its hologram
creates a pressure pattern of a line at the image plane on the platform
and the platform is moved continuously to create the extruded wall
along +z-direction (Supplementary Movies 1and 2). Figure 1f shows the
incorporation of the rotation to the platform while translation in z-
direction using the same holograms that project the line image on the
platform (Supplementary Movie 3). The printed helix in Fig. 1f repre-
sents successful unsupported features printing in HDSP by tuning the
printing platform motion velocity and the patterned intensity. Beyond
translational and rotatory movements of the platform as in Fig. 1e, f,
HDSP enables the printing geometries along a free-from path. How-
ever, the robot’s trajectory for such parts needs to be calculated based
on our developed algorithms presented in the “Methods” section.
Figure 1g shows a U-shaped part printed with the same hologram as in
Fig. 1e, f with a line image without any support. The printing platform
was attached to the end effector of a robotic arm (Supplementary
Movie 4). More examples of printing parts with unsupported features
will be discussed.

The printed objects in HDSP are layerless as can be seen in
Fig. 1c-g, with a relatively shorter printing time, in comparison with
point-DSP. Quantitatively, a wall such as in Fig. 1e with the 15 mm width
and 20 mm height with HDSP takes only ~-30-90s, while the point-
based DSP!, that uses a single chemically active region, takes ~4-13 min.
We have further conducted detailed analyses of the printing processes
for HDSP and DSP, focusing on power consumption and total energy
deposition. Both simulation and experimental data were analyzed for
printing a wall with identical dimensions using both methods. Our
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Fig. 1| HDSP concept and printed objects. a Schematic of HDSP process with the
printed part on a platform mounted on a robotic end effector, showing the end-
effector coordinate system (ECS) and translational (xyz) and rotational (wy, ), ;)
degrees of freedom. b Detailed view of the printing region, cavitation bubbles are
created near the target pressure image. ¢ Printed “DSP” letters, printing para-
meters: P=20W, fo=2.28 MHz, DC =35%, with their corresponding simulated
pressure patterns, p, normalized to the maximum pressure, pyax. d Printed maple

Target image

leaf, printing parameters: P=25W, OD =50 mm, f, = 2.28 MHz, DC = 30%. e Fully
transparent printed wall axially extruded/printed by feed, f, along +z-axis, printing
parameters: P=6 W, OD =25 mm, f, =2.24 MHz, DC = 20%. f Transparent printed
helix by translational and rotational motions of the platform in multi-axis HDSP.
g Self-supported U-shape object printed via computed robot trajectory using the
same printing condition as (e). OD, P, f, and DC are transducer aperture size,
acoustic power, acoustic center frequency and duty cycle, respectively.

findings reveal that while DSP requires less power per unit of time, it
consumes more total energy due to its longer operational time com-
pared to HDSP. Furthermore, although DSP exhibits a higher energy
density, suggesting intense energy use per unit volume, HDSP com-
pensates for this with substantially faster printing times, making it
highly advantageous for applications that require quick production
without significantly compromising on energy efficiency. These
insights are further elaborated in Supplementary Table 2, which details
the comparative analyses. The volume deposition rate in HDSP is also
quantified in Supplementary Table 1.

Similar to DSP, printing parameters in HDSP also affect the
microstructure, resolution and printing time. Printing parameters
include output acoustic power, P, center frequency, fo duty cycle, DC%
(the active fraction of the driving pulse period), printing material
mixing ratio and the platform velocity'. Since the acoustic power is
being distributed in the image pixels of the target plane, if the image
has more complexity, the acoustic power should be increased as well
to supply enough power at the image to induce cavitation and derive
polymerization. We adjusted the acoustic power ranging from 5 to
25W depending on the part complexity to have enough pressure
(-2MPa, this pressure threshold is critical for initiating the sono-
chemical reactions required for the polymerization process in PDMS)

in the image plane pixels required for printing. We have found that
increasing the emitted power or acoustic pressure beyond this
threshold disturbs the pattern uniformity. This disturbance occurs
because the excessive acoustic force generates streaming within the
resin, negatively impacting the print quality. In addition, due to the
unique pressure amplification of each acoustic pattern, the input
acoustic power is compensated and tuned so that enough acoustic
energy is transferred to the desired voxels simultaneously to ensure
the activation of sonochemical reactions. The line pattern that we used
to print a wall type in Fig. 1e, required only 6 W acoustic power and 20%
DC with a relatively high rate of solidification, while more complex
geometric shape such as the maple leaf in Fig. 1d, requires 25W
acoustic power to derive the solidification process at desired locations.
DC of the ultrasound signal affects the microstructure. Lowering DC
helps with more transparent and less porous structures. DC 20%
results in fully transparent parts while DC 100% results in fully non-
transparent and porous structures. Another affecting factor in HDSP
on the resolution is the spatial dimension of the transmission phase
plate which affects the space-bandwidth product of the transmission
phase plate®. The larger transducer’s transmitting surface area with
the same center frequency can incorporate a denser phase pattern
resulting in a more complex acoustic field with finer resolution which is

Nature Communications | (2024)15:6691



Article

https://doi.org/10.1038/s41467-024-50923-8

suitable for complex patterns. Here, the printed wall in Fig. 1e is cre-
ated from extruding a line with a 25 mm diameter transducer, while for
complex geometries such as the maple leaf in Fig. 1d, a transducer with
a 50 mm diameter is used.

Further enhancing resolution can theoretically be addressed by
utilizing higher frequencies. For instance, a frequency of 3.5 MHz could
significantly improve pattern uniformity and the sound-to-noise ratio
(SNR), due to increased spatial resolution allowing the hologram to
reconstruct with richer details. However, a notable trade-off at higher
frequencies is the reduced acoustic penetration depth, a consequence
of increased material attenuation. This limitation restricts the effective
range of sound waves within the material, posing challenges for deeper
or thicker structures.

HDSP concept inception through sonochemiluminescence (SCL)
experiments

The idea of HDPS originates from our SCL experiments where we
pattern the acoustic waves at the image plane in an aqueous solution of
luminol (3-aminophthalhydrazide). We observed that at the image

Luminol
solution

Hologram

Water e 2N N N7

YT
Transducer

Fig. 2 | SCL experiments to demonstrate the patternability of chemical reac-
tions using holograms. a SCL setup including a DSLR camera capturing top view of

plane, a blue light pattern is emitted due to sonochemical reactions of
hydroxyl radical and hydrogen peroxide with luminol**~°. This
observation proved that localized chemical reactions at the desired
target plane could be created using the acoustic holograms through
cavitation bubbles generation at the image pixels. Figure 2 shows the
experimental setup schematically where a digital single-lens reflex
(DSLR) captures the image plane illumination during 30 s exposure
time in a dark room. Figure 2b-e shows the illuminated patterns and
their corresponding theoretical acoustic pressure patterns produced
by the holograms in the luminol solution. As it can be seen, there is a
good agreement between the desired pressure pattern and the illu-
minated regions. Figure 2b, c is created by a transducer 25 mm dia-
meter, while a transducer with a 50 mm diameter is used for Fig. 2d, e
due to higher image complexity.

High-speed imaging of HDSP

We captured the HDSP process using shadowgraph and Schlieren
photography concepts' via high-speed imaging as shown schematically
in Fig. 3a. For this set of experiments, the holograms are designed for

parameters used in (b) are OD =25 mm, f, =2.24 MHz, DC=100%, P=15W, in (c)
are OD =35mm, fo=1.86 MHz, DC =100%, P=20 W, and in (d, e) are OD =50 mm,

the luminol solution surface. bl-el Captured luminol illumination patterns. b2-e2  f,=2.28 MHz, DC =100%, P=25W.

Corresponding theoretical acoustic pressure map at the target plane. Acoustic

a Target image Prining
High speed  (POINts) X platform
camera Light source
— PDMS
Hologram)
T [ DAALY U i AN
Water
> Transducer

P/P e
/P

Fig. 3 | Close observation of the HDSP printing process employing high-speed
imaging. a Side view of the observation setup including a high-speed camera to
capture the HDSP printing process. b, ¢ Normalized measured pressure maps of
designed two- and three-spot pressure images, respectively. The gap between each
two spots is 3 mm in (b) and 4 mm in (c). d Footage of high-speed imaging for two

Printed /

objects

spots being printed with HDSP process during 1s insonication. e Footage of high-
speed imaging for three-spot printing during 1s insonication. In all cases the plat-
form (image plane) is designed to be 20 mm away from the transducer, printing
parameters: OD =25mm, P=5W, fo =2.24 MHz, DC = 50%.
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two- and three-point images at the image plane and Fig. 3b, c shows the
measured pressure patterns for these holograms, respectively. While
the platform stays still, pillar objects are printed at the locations of the
points at the image plane. Figure 3d, e shows the footage during 1s
sonication (Supplementary Movies 5 and 6). Detailed views of Fig. 3e2,
e4 show the high- and low-pressure zones with a wavelength of A = Ao/2
(where 15-370 um is sound wavelength in our printing material, poly-
dimethylsiloxane (PDMS)) in the chemically active region which was
previously observed in the case of a single point of focused ultrasound
as well and known as ultra-active micro reactors'.

Special applications

Multi-object/location printing. One of the distinct features of acous-
tic holography is the capability to store the information content of
multiple images in a single hologram. These images can be located in
different locations or levels in space. Therefore, multiple objects can
be created simultaneously at different locations in the printing space.
Figure 4a shows this concept where the images of three points at three
target z-levels are stored in a single hologram and a complex pressure
pattern is created in the printing space. If a multi-level platform was
located at the target levels and being moved along +z-axis, three
extruded pillars could be created at the same time on the three levels
of the platform. Figure 4b shows the multi-level printing platform for
this experiment in which three pillars are printed on their levels.
The simulated reconstruction field is shown in Figure 4a.

The HDSP’s ability to encode information content for multiple
objects thanks to the precise control on acoustic holography, allows
for innovative applications such as complex tissue structures, localized
drug and cell delivery systems, and advanced tissue engineering. For
instance, it enables the printing of multi-layered tissue structures like
skin grafts with distinct layers (dermis and epidermis), each tailored
with different cells and growth factors for enhanced healing. Addi-
tionally, HDSP can be used to create drug-loaded structures within a
gel matrix at targeted locations, crucial for combination therapies
where different therapeutic agents are released at specific sites. Fur-
thermore, the technology supports the creation of tissue engineering
scaffolds with gradient distributions of growth factors or cells, pro-
moting organ repair and regeneration. These capabilities demonstrate
HDSP’s potential to address complex biomedical challenges, though
further development and interdisciplinary collaboration are essential
for optimizing material properties and printing parameters for clinical
applications.

The effectiveness of HDSP in generating multiple objects with
distinguishable and high-fidelity results depends on maintaining spe-
cific separation distances. This separation correlates directly with the
spatial bandwidth of the acoustic hologram and the diameter of the
transducer. Smaller transducer diameters and limited hologram
bandwidth allow for the creation of simpler geometries, such as var-
ious lines and points. Conversely, utilizing larger acoustic field areas
enables the incorporation of more complex shapes. Furthermore, the
reconstruction of more complex images using HDSP requires
increased separation distances between objects to ensure high-fidelity
outcomes. The details of the reconstructions with various transducer
diameters are depicted in Supplementary Fig. 6.

Remote distance printing. We used the HDSP method for the concept
of RDP' in which an object is printed behind multiple optically non-
transparent mediums and physical obstacles. This a unique application
of DSP and HDSP owing to the inherent characteristics of the sound
waves that can pass through opaque mediums as long as the acoustic
coupling is maintained. We added green dye to the printing material to
make it opaque and then printed a wall as seen in Fig. 4c where the
ultrasound travels through the solid bottom face of the build chamber
and passed 10 mm optically opaque printing material and reaches to
the moving printing platform along +z-axis.

A unique application of RDP is its potential to facilitate printing
inside the body'. We investigated this concept with an ex-vivo
experiment where printing occurred behind a porcine tissue. Fig-
ure 4d illustrates this concept using the HDSP method to print non-
invasively beyond the porcine tissue. The tissue contains skin, fat and
muscle layers shown in the detailed view of Fig. 4d. Figure 4e shows the
remotely printed helix while the patterned pressure waves are passing
through the porcine tissue. Furthermore, more complex pattern than a
line can be used in HDSP for the purpose of RDP to print through
optically opaque obstacles and materials. To demonstrate this, we
loaded green dye to the printing material to make it opaque and then
printed a maple leaf object (Fig. 4f, Supplementary Movie 7).

Overprinting. We explored the concept of overprinting in HDSP by
printing a structure with a hologram and overprinting on that structure
by switching the hologram to another. The circular part of Fig. 4gl is
created by a stationary platform and a hologram with a stored image of
a circle. Then the hologram is changed to the one with two parallel
lines as a stored image and the platform is moved vertically to create
two parallel extruded walls on top of the already printed circle as
shown in Fig. 4g2.

Multi-material printing. Multi-material printing concept is feasible
with HDSP by changing the printing material during the print process
as shown in Supplementary Fig. 2a, b where we printed a wall with
different colors. In order to achieve multi-material printing, the build
chamber is replaced with another build chamber filled with the new
printing material. Changing the build chamber could create referen-
cing errors that are clearly seen on the multi-material printed wall in
Supplementary Fig. 2b.

Robot’s trajectory in HDSP. The printing platform is attached to a
robot’s end effector in HDSP (Fig. 5a, Supplementary Movies 8-10). This
enables us to move the printing platform along a complex path, which
results in multi-axis printing with overhanging features. An in-plane (xz)
motion of the robot’s end-effector results in the printed object in Fig. 5b
(Supplementary Movie 11). Platform rotation about z-axis, coupled with
upward movement in +z-direction, enables the creation of a helical
object, as was shown in Fig. 5c. For more complex extrusion path, the
robot trajectory is computed (section “Methods”) to maintain the con-
stant printing speed and orientation at the image plane. A flexible, self-
supporting U-shape part (Fig. 5d, Supplementary Movie 4) is printed
using the calculated trajectory shown in Fig. 5e-h schematically. The
path generation and kinematics for the robotic arm are discussed in the
“Methods” section and shown in Supplementary Fig. 7.

HDSP process characterization

The accuracy of printing objects using HDSP depends heavily on the
accuracy of projected target images, which is controlled by the accu-
racy of manufactured holograms. The manufacturing process of the
holograms creates error on the phase plates and consequently causes
distortion and unwanted regions on the desired image at the target
planes. The holograms in this paper are manufactured using an SLA 3D
printer with a nominal resolution of 125 um (-A,,/5, where A, is the
sound wavelength in water at 2.2 MHz). We manufactured a hologram
with a maple leaf as the stored image and then the surface of the
printed hologram is 3D scanned with a confocal microscopy method
with an accuracy of A,/8 and compared it with the theoretical holo-
gram. The normal surface deviation between the manufactured and
theoretical hologram is shown in Fig. 6a. Less than 30% of the scanned
surface of the manufactured hologram has more than 150 pum devia-
tions with respect to the theoretical hologram. Such deviation could
cause image distortion and inaccuracy of the printed part. We simu-
lated the pressure pattern at the target plane for both manufactured
and theoretical holograms using linear acoustics (section “Methods”)

Nature Communications | (2024)15:6691



Article

https://doi.org/10.1038/s41467-024-50923-8

Multilevel -~
N | ¢
image planes

Fig. 4 | Especial Applications of HDSP. a Simulated pressure field of multi-target
image planes creating multiple spots in one shot. b Printed various spots in one
shot on multi-level platform using a single acoustic hologram. ¢ Printing in non-
transparent material enabling remote distance printing (RDP) applications.

d Schematic of the idea of on-invasive printing within a living organism through the
RDP concept. The zoomed view details the porcine tissue layers employed in the
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RDP experiment. e Printed twisted helix over the barrier including porcine tissue
shown in (d). Printing parameters: OD =25 mm, P=8 W, f, = 2.24 MHz, DC =50%.
f Printed maple leaf in non-transparent material as another example of RDP.
Printing parameters: OD =50 mm, P=25W, fo = 2.85 MHz, DC = 50%. g An example
of overprinting possibility in HDSP, where two walls are printed over the printed
hollow circular shell. The fabrication steps are shown in gl and 2.

as shown in Fig. 6b-left and right, respectively. The inaccuracies in the
manufactured hologram cause an uneven pressure pattern and
unwanted pressure lobes (Fig. 6b-right) in comparison with the theo-
retical hologram’s pressure pattern (Fig. 6b-left). Uneven pattern with

unwanted high-pressure regions creates printing inaccuracies in the
HDPS process. Therefore, the proper manufacturing process selection
of holograms has a prime importance in HDSP to achieve accurate
printed parts.
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printed
part

Fig. 5| Robot-assisted HDSP. a Experimental setup comprising a printing platform
which is mounted to a robotic arm’s end-effector and an arc being printed with the
corresponding pressure pattern. b An object with the in-plane extrusion path.

¢ Helical object created by rotation about the z-axis with variable feed while being
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extruded in +z-direction with constant feed. The pressure pattern used is shown in
the inset. The inset shows the 3D model of the intended part. d Unsupported U-
shape part formed with computed robot trajectory. e-h Schematic of the printing
process of (d) and computed trajectory.

In exploring the resolution capabilities of HDSP, it is crucial to
understand the physical limitations imposed by the principles of
acoustic holography. The resolution of HDSP is primarily governed by
the wave interference patterns and the wavelength, A, of the acoustic
waves utilized. Theoretically, the acoustic hologram is capable of
achieving a diffraction-limited resolution of ~A/2 in areas of higher
pressure. However, in practical implementations, the actual recon-
structed image often exhibits a thickness around A. This discrepancy
arises due to diffraction effects and interference that soften sharp
edges or cause blending in the reconstructed image, as can be seen in
the inset of Fig. 6b.

Moreover, beyond the acoustic parameters, the DC (which mainly
corresponds to the transparency and porosity) in HDSP significantly
influences the final print resolution. Experimental observations indi-
cate that higher DC settings enhance resolution by increasing the
precision in energy delivery to the target regions. Conversely, lowering
the DC leads to reduced resolution.

In addition, the accuracy of the printed parts can be improved by
selecting a proper ultrasound center frequency, fo, and transducer
active diameter, OD. Figure 6c¢ illustrates an example of a mandala
pattern (Fig. 6¢c-middle) created by two different frequency and

traducer size sets. A low-resolution image pattern (Fig. 6c-left) is
created by OD=25mm and f,=15MHz while a high-resolution
image pattern (Fig. 6c-right) is produced by OD=64 mm and
fo=4.5MHz. Figure 6d, e shows produced target image quality ana-
lyses’ results based on Correlation and normalized mean squared
error (NMSE) criteria (section “Methods”) for feasible ranges of OD
and fo. The case of Fig. 6c-left possesses the lowest value of Corre-
lation and highest value of NMSE while the case of Fig. 6c¢-right
possesses the highest value of Correlation and lowest value of NMSE.
Therefore, theoretically, increasing of OD and f, improves the image
quality and consequently the accuracy of the printed parts. However,
there is a limitation on how much f, could be increased. Increasing fo
results in increasing the acoustic attenuation of the printing medium
and loss of acoustic energy reaching to the platform. This limitation
restricts the effective range of sound waves within the material,
posing challenges for deeper or thicker structures. Therefore, there
is an optimum value for f, based on the printing setup and the
printing material used. Other evaluating parameters such as peak
sound-to-noise ratio (PSNR) and Structural Similarity Index Measure
(SSIM) shown in Supplementary Fig. 5a, b confirm that fine-tuning
field frequency and spatial field.
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Moreover, the z coordinate of the image plane also plays a role in
the image quality and the accuracy of the printed parts. For the
example of the maple leaf pattern, Fig. 6f shows the Correlation and
NMSE values for different z-levels of the image plane, Zirge:, for a
transducer with OD =50 mm. The optima of Correlation and NMSE
happens at a Zrge: range of 16-20 mm, therefore, the optimum loca-
tion of the image plane should be considered when the hologram is
designed to achieve the best image quality and accurate printed parts.
Other evaluating parameter such as SNR and PSNR with respect to the
z-level of the image plane is shown in Supplementary Fig. 5c.

The polymerization progress is quantified by tracking the Si-H
bond intensity in infrared (IR) measurements®*? of before and after
print specimens of PDMS (two components system) as well as normally
cured PDMS in an oven. The IR measurements are shown in Supple-
mentary Fig. 3a where printed walls with 10% and 20 % DC measured
right after print (-10 s printing time for the wall with 10 mm height)
show the same amount of Si-H intensity as the normal heat cured
PDMS after 24 h in the oven. This shows that the polymerization in
HDSP has the same progress as the molded polymer and cured in the
oven. Mechanical tensile tests revealed the difference in mechanical
properties’. Following the DSP, the printed parts revealed consistent
elastic modulus compared with the normally cured resin, although the
tensile strength is different. Specifically, parts with a porous structure
exhibit reduced tensile strength compared to the transparent parts.
This indicates that the cavitation does not affect the material’s elastic
modulus, it does influence tensile strength, particularly in the printed
structures with porosity.

It is indeed crucial to ensure consistent acoustic properties
throughout the material, such as speed of sound and attenuation.
Inhomogeneities in the resin can lead to disturbances in the desired

acoustic patterning, adversely affecting the print quality. We could
also print composite polymers (polymer mixed micro/nano solid
particles)', however, the mixture should be homogenous too to avoid
uneven scattering from the added particles.

The presence of air bubbles inside the resin should always be
prevented prior to the printing, as bubbles can significantly disrupt the
propagation of sound waves due to the marked difference in sound
speed between air and resin. To mitigate this, we typically degas the
resin in a vacuum chamber to remove large air bubbles and achieve a
homogeneous material composition. Additionally, careful handling of
the resin after degassing is essential to avoid reintroducing air bubbles
into the resin. However, it’'s important to note that a small percentage
of microbubbles may still remain dissolved in the resin after the
degassing process. These microbubbles are generally smaller than the
wavelength of the sound waves used and do not significantly interfere
with wave transmission. Instead, they can play a beneficial role in the
cavitation process as the weak points in the medium to initiate bubble
generation, contributing positively to the overall printing mechanism.

DC plays an important role in the final microstructure of the
printed parts. Higher DC results in more pores in the printed structure
which can be related to the higher level of energy transmitted to the
printing region and higher number of induced cavitation bubbles.
Supplementary Fig. 3b-left shows a fully transparent part without any
porosity printed with DC=14% while Supplementary Fig. 3b-right
shows that when DC is increased to 50% the porous structures with
>100 pm width appear in the printed wall. Porous region width for
different acoustic power and DC are systematically measured and
plotted in Supplementary Fig. 3c. Decreasing DC and power leads to
smaller porous regions. In this parametric study, we observed that
from 100% DC down to 50%, the porous width was almost similar.
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However, upon further decreasing the DC in steps of 10% down to 10%,
we meticulously identified the specific DC level at which bubble clouds
ceased to form. Through detailed inspection with smaller steps of 1%
DC, we determined the DC threshold where no bubbles were
observed was ~14%.

In our experiments, DC < 15% resulted in fully transparent parts. It
is feasible that printing with lower DC values, demands more printing
time than printing with higher ones. The printing time for Supple-
mentary Fig. 3b-left with lower DC was observed to be about 30 s while
Supplementary Fig. 3b-right took about 15s. Supplementary Fig. 3d
investigates the pulse interval effect on porosity size for different DCs.

Discussion

We introduced a holography-based DSP in which instead of voxel-by-
voxel printing in the previously introduced DSP process', the whole
image of cross sections are projected to the target planes at once using
acoustic holograms. The patterned ultrasound pressure at the image
pixels induces cavitation bubbles where the printing material under-
goes instant polymerization and solidification via sonochemical reac-
tions. SCL and high-speed imaging experiments shed more light on the
HDPS process and how the chemically active regions can be pattered
using acoustic holograms. The effects of hologram design, frequency,
transducer size and hologram manufacturing method in the accuracy
of printed parts are discussed. Material and porosity characterizations
are also provided.

Besides the accuracy of produced pressure patterns at the target
planes, their uniformity also plays an important role in the accuracy of
the printed parts. The pressure values of the image pixels could reach
high values but if these values were not uniform, the printed pattern
would not be uniform either and pixels with high values create a high
level of polymerization and polymer deposition while low-pressure
pixels possess less deposition. This issue creates waviness and thick-
ness deviation on the printed patterns. The reason behind the exis-
tence of porous and transparent regions in our printed parts (e.g.,
Supplementary Fig. 3b-right) can be explained by this phenomenon as
well. The transparent region is created by the low-pressure level pixels
while the porous regions are created by high-pressure level pixels. To
address these challenges, advancing our reconstruction algorithms to
better manage the uniformity of the pressure patterns is essential.
Implementing sophisticated computational techniques that can
dynamically adjust and optimize pressure distributions will be a crucial
focus of our future research efforts. This approach will enhance the
overall quality and consistency of the printed objects, reducing
anomalies and uniformity in the final products.

Furthermore, in the pursuit of advancing HDSP technology, the
integration of active/dynamic acoustic holograms presents a substantial
opportunity for enhancement. Programmable acoustic holograms,
capable of actively generating desired acoustic fields for various geo-
metries in real time, can be a substantial development®>>, Analogous to
Digital Micromirror Devices used in optics, the Spatial Ultrasound
Modulator (SUM) exemplifies this innovation®**, Utilizing active acous-
tic holograms such as SUM significantly enhances HDSP’s capability,
enabling the creation of complex, fully three-dimensional printed
objects with intricate details. However, the current form of HDSP uti-
lizing passive hologram in this paper could have direct applications in
printing the body as the complexity of the desired objects is limited.

The present work introduces a significant advancement in the
dimensionality of sound-based printing techniques, transitioning from
the point-based approach of DSP, to employing acoustic holography.
This method allows for the manipulation of acoustic fields to simul-
taneously create an image of the entire layer. This paradigm shift is
similar to the evolution observed in the photopolymerization printing
processes which initially originated from the laser point-based SLA.
SLA utilized a methodical approach, employing a laser to solidify resin
selectively, tracing specific areas one at a time in a one-dimensional

(1D) manner. Subsequently, the introduction of DLP represented a
significant evolution in printing speed and efficiency, shifting from
SLA’s sequential, point-by-point curing method, to a more efficient, 2D
strategy. By projecting entire cross-sectional images onto the printing
platform, DLP facilitates the simultaneous curing of whole layers, sig-
nificantly enhancing both speed and efficiency in the photo-
polymerization printing process.

Methods

Acoustic equipment

Three single-element flat transducers of various dimensions and fre-
quencies were used in this study. These commercially available flat
transducers (American Piezo Co., USA) have active elements of
~0.9-1.1 mm thicknesses, with OD =50, 35 and 25 mm with center fre-
quency, fo, of 2.28, 1.86 and 2.24 MHz, respectively. Each transducer
was encapsulated with aluminum housing, as provided by the manu-
facturer. The efficiency of the transducers in converting the electrical
power to acoustic power was around 49%, as reported by the manu-
facturer. To drive the transducers the power generator device TPO-102
(Sonic Concept Inc., USA) with 4-210 Watt power range and 50 Q
output impedance was used with a built-in sin function generator. A
step-down electrical matching unit (model #90-4496, American Piezo
Co., USA) to connect the transducers with 20 Q impedance to the
power generator with 50 Q was employed to ensure the best electrical
matching between the transducer and the power generator. To mini-
mize the distortion of the passing wavefront and reflection as well as
maintaining the acoustic power transmission, a thin shell-type barrier
separates the water medium from the built chamber. Moreover, to
maintain a good energy transfer and balanced coupling between the
transmission hologram and the transducer, we used mechanical
clamping (bolting) accompanied by the epoxy paste matching layer,
ensuring the best combination for acoustic matching. The conductive
thermal paste is homogeneously distributed to the surface of the
phase plate by spin coating (WS-400B/Lite) at ~3500 RPM. In order to
acquire the pressure patterns a needle hydrophone with 0.2 mm dia-
meter (model no. D1602) along with the hydrophone booster amplifier
(Precision Acoustics Ltd., UK) is used.

The speed of sound in deionized (DI) water at the laboratory
temperature as ~1480 m/s and the transmission phase plate material as
~2430 m/s was measured using through transmission technique®®’
with needle hydrophone while the speed of sound in PDMS with dif-
ferent mixing ratios was obtained via high-speed images to be used for
the further finite element simulations. Mostly we used 10:1 mixing ratio
of the base PDMS to the curing agent, and the speed of sound obtained
was ~1040 m/s. Furthermore, we performed the pressure mapping
with anin-house setup including an acrylic test tank of 1 x 0.75x 0.75 m
dimension filled with DI water with a needle hydrophone mounted on a
computer-controlled positioner. An oscilloscope (Tektronix
DP02400) was used to acquire the needle hydrophone signal which
was then connected to MATLAB R2020b to store and post-process the
signals. The positioner movement and the data acquisition from the
needle hydrophone were synchronized with the computer and trig-
gered by the input burst pulse to the transducer.

Printing material preparation

SYLGARD 184 kit (Krayden, Canada) is used as the printing material in
this paper. The PDMS system (monomer and curing agent) was
mixed with the defined mixing ratios. The mixture was degassed
using a vacuum for 45 min. The PDMS system was colored by adding
the 2% w/w oil-based dye (Winsor & Newton, UK) to the base
monomer.

Holography-based SCL experiment and high-speed imaging
A 1mM solution of luminol (3-aminophthalhydrazide, Sigma-Aldrich,
Canada) is prepared, and the pH is adjusted to 12 using NaOH (Sigma-
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Aldrich, Canada). The pH is continuously monitored in real time using a
pH 315i meter (Wissenschaftlich-Technische Werkstitten, WTW, GmbH,
Germany). Subsequently, 0.5 M sodium carbonate (Na,COs) is added to
the solution. The sodium carbonate is produced by heating sodium
bicarbonate (NaHCO;, commonly known as baking soda) to 100 °C.

Luminol solution is poured inside a build volume that is used for
printing material container and placed in front of the flat transducer
with a hologram attached with a distance of the designed object plane
(20 mm). To reduce the ambient light for capturing SCL images while
sonication, we performed the experiment inside a dark room. Single
lens EOS 500D (Canon, Japan) camera is used for capturing images of
sonochemical reactions. The exposure time of the DSLR camera was
set to a maximum 30s to ensure capturing the blue SCL light from
desired geometries.

High-speed imaging performed with Fastcam SA-Z (Photron Inc,
USA) high-speed camera. The high-speed imaging experiment pre-
sented in Fig. 3 was recorded with 6000 frames/s and a 6x magnifi-
cation lens. To improve the brightness of the footages, Halogen light
source is employed through all the experiment.

Volume deposition rate in HDSP vs. DSP

The polymerization rate within our HDSP system can be correlated
with acoustic power and pressure, although with certain complexities
inherent to the process. Importantly, in HDSP, the polymerization rate
is influenced not only by the delivered acoustic power but also by the
DC of the transmitted acoustic power applied to the resin.

To quantify this relationship in our system, we conducted a series
of experiments in which we systematically varied both the acoustic
power and the DC delivered to the resin. We have documented these
variations and their impact on the printing time required to generate a
solid wall by extruding a holographically generated line. This is
detailed in Supplementary Fig. 3¢, whichillustrates the combination of
power and DC with the printing time.

We have conducted a more detailed analysis and included addi-
tional data in Supplementary Fig. 4. This figure illustrates our para-
metric study on printing a wall with dimensions of 15 x 1x 20 mm?, as
depicted schematically in Supplementary Fig. 4d.

We have expanded our analysis to include a new representation
that specifically illustrates the relationship between printing power
and printing time when the DC is varied, as shown in Supplementary
Fig. 4a. We observed that increasing the DC results in extended
printing times. Additionally, we introduce the concept of interaction
strength, o (W), calculated by multiplying the acoustic power (W) and
the DC (%). Supplementary Fig. 4b demonstrates how this interaction
influences the printing time, allowing us to derive corresponding
polymerization rates under these conditions.

This analysis enables us to establish a quantifiable correlation
between acoustic power, DC, and the polymerization rate, in terms of a
volumetric deposition rate (VDR) function, given in Eq. 1. Our findings
indicate that the total power required to print geometries of varying
circumferential lengths differs, even though the intensity needed for
printing each voxel remains constant. Consequently, to enhance the
versatility of the VDR function presentation, we incorporated the
intensity used in the parametric study, calculated as power divided by
the circumferential area of the voxels targeted by acoustic holography
for solidification. Supplementary Fig. 4c shows the plot of this
numerically derived VDR function, modeled using a second-order
polynomial (with R*=0.9564):

VDR (1,DC) = ay + ayol + g DC + a0l
+ay/.DC +ay,DC?
where : {a,=124x10*,a,0= ~288x10*, a5, = - 72589,

a,0=1.96x10* ,a, =982.74 , ay, = 11.53}

where /= /ﬁ is the acoustic intensity on the image with area of Aro;
and delivered acoustic power P. The VDR function is based on two key
input parameters, intensity of the printing, / (W/mm?) and DC. The
results are clearly depicted in Supplementary Fig. 4c, which shows
nonlinear traits. The quadratic nature of the numerically obtained VDR
function is consistent with the quadratic-like trends observed in
Supplementary Fig. 4a, b.

The time saved by HDSP due to stationary source, and not moving
the focal point as in DSP, translates directly into faster overall printing
speeds. The ability to solidify a large area at once, rather than point-by-
point, is a clear advantage in scenarios where production speed is a
critical factor. We have experimentally compared the printing of a wall
of 15 x1x20 mm? obtained by the two methods. Since we know the
total volume of the printed part, and by selecting a modest power/feed
rate setting for both methods of DSP and HDSP, the time taken for
complete printing can be measured. The printing time for HDSP using
30W and DC 50% (electrical input) was ~30s while for DSP with
240 mm/min feed rate, the printing took 12.56 min. Comparing the
printing time for HDSP vs. DSP, we can conclude that since the HDSP
has more voxels to simultaneously print, it requires much higher
energy compared to the DSP, and that’s why it is faster. The printing
time of HDSP is calculated using VDR and the printing time for DSP is
path length divided by the feed rate of the source. Therefore, printing
time can be experimentally obtained for the HDSP vs. DSP. Supple-
mentary Table 1 shows this comparison in detail.

3D scanning and accuracy measurement of holograms

We used Formlabs 2.0 and 3.0 to fabricate the holograms. High-
temperature as well as Clear resin was used with acceptable speed of
sound measured between ~2650 and -2430 m/s, respectively. The
advantage of incorporating high-temperature resin is that it can
withstand the temperature increase caused by the high-intensity pas-
sing wave, without deforming and damaging the whole structure of the
holograms.

To assess the accuracy of the fabricated thickness pattern on the
transmission holograms, we used 3D measuring laser Confocal
Microscopy (Olympus, Lext OLS4100, Japan) with measuring accuracy
down to 80 um. The point clouds were then imported to CATIA V5
followed by deviation analysis with the original theoretical hologram
3D model.

Hologram calculation and COMSOL 3D simulations

The retrieved phase pattern required for the acoustic holography
using transmission phase hologram was calculated with the IAS
method®, performed in Matlab2020b. The phase pattern was then
converted to the thickness map of each hologram which was then
fabricated with Formlabs 2.0 SLA printer. Next section briefly
describes a protocol for generating a required acoustic field and
printing for HDSP. To validate the accuracy of the projected field by
holograms, 3D finite element simulations were conducted in COMSOL
Multiphysics 6.0, acoustic module through a high-performance com-
puting center with 32core CPU and 500GB RAM.

HDSP process flow

The working flow of the HDSP to print an object (Supplementary Fig. 1)
begins by retrieving the phases necessary for creating the complex
holographic field. This is done by preparing binarized image(s) of the
cross-section of the objects to be printed, denoted as R (j indicating
the index of each image) placed at z=z£. These images are used to
build the complex pressure field as:

P’}(X.y, 2)=Rx,y, Z)eitp{(x,y,z) @

where (o’t is initially set to a random value. Then angular spectrum
method takes the complex pressure field in the spectral domain of
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k= (k,, k, k,) which can be found by 2D Fourier transform as Eq. 3:
P’;(kx' ky'ZI;) = // p’;(x,y,Z’;)e’f(kX“ky”dxdy 3)

and employs the propagator function H,

Hky, ky, +2}) = ek 520 4)

to propagate it back to the hologram plane at z=0:
Pk, Ky, 0)=Piky, ky, 2)H (K, Ky, — 21) ®)

where k, = K- k)Z( — kj, with k being wavenumber in the medium. In
Eq. 3, a positive sign corresponds to the forward propagation toward
the target plane, while a negative sign corresponds to the backward
propagation toward the hologram plane. Finally, the 2D inverse
Fourier transforms the complex pressure from the spectral domain to
the spatial domain as:

. 1 S
PxY.0= oy / / Phlke, ky, 01k, ©6)

The phase map of the backpropagated complex field on the
hologram plane (Eq. 6) can be retrieved as q)’h Next, the retrieved
¢, and imposed constrains at the source amplitude are used to
continue the iteration and reconstruct the target object cross-
section image, 4. The algorithm iteratively propagates the com-
plex field back and forth between the object plane at z:z{ and the
source plane at z=0, while imposing the source and desired tar-
get amplitude, so that the reconstructed pressure image A con-
verges to the reference pressure imageR’. In each iteration step,
the reconstructed image quality check will ensure the minimum
error with the true image of the object. The evaluating criteria for
measuring the quality of the reconstructed image can be mean
squared error (MSE), NMSE, SNR and Correlation (see section
“Image quality analysis”). Finally, the total phase map @,(x,y) on
the hologram plane necessary for the complex holographic field
can be obtained by summation of all the retrieved phase maps,
q)’,'l. After obtaining the phase map, the required complex acoustic
field can be fine-tuned in its two constituents, the required power
and the obtained phases. The acoustic power required for ignit-
ing the solidification can be adjusted by the pressure amplifica-
tion, PA, which can be obtained theoretically for each hologram
as PA'. To generate a complex geometry, the input power P;, must
be adjusted in accordance with the experimentally determined
threshold power required for generating a single voxel, Py, sh voxel-
This input power can be found using Eq. 7, which was derived
from experimental data.

P, Avoxe[ >
— e 7
PA @

Pin :Pthrsh,voxel X (
Next, the phase map @, can be converted to thickness map and
fabricated using h=®,/(k,, — k;), where k, and k,, correspond to
wavenumber in hologram material and medium, respectively. In this
step, to prevent the formation of sudden artifacts, we bound the @,
values to be within 0-2m. Finally, the complex acoustic field will be
ready to ignite the printing within the region of interest. Supplemen-
tary Fig. 1 illustrates the process flow of the HDSP.

Material characterization

To evaluate the effecting parameters on the printing process of HDSP,
further characterization along with input parametric analysis was
performed. A line object created by HDSP and extruded 10 mm in z-

direction to form a wall, was chosen for this experiment. From the
parametric analysis of the printed walls, it was observed that the
dominating input parameters affecting the printing process are, input
power, DC% and feed rate. Supplementary Fig. 3c presents the relation
between power, printing time, DC% and microstructure width form
within the printed walls. First of all, increasing the power and DC%
separately led to decreasing printing time, since more energy will be
delivered to the printing ROI, while causing the denser bubble cloud
formation in some locations within the printing object due to
increased cavitation pressure. However, decreasing the DC% was
proved to diminish the presence of cavitation bubble clouds and
results in more transparent objects. As such comparison, the image on
the right side of Supplementary Fig. 3b shows a part with bubble cloud
pillars formed within the structure printed with 50% DC and a few
seconds printing time, while the image on the top depicts a fully
transparent wall with the same power and 14% DC but relatively longer
printing time. The DC% is a relative term expressing the ratio of burst
signal duration to the interval time between consecutive bursts. Sup-
plementary Fig. 3d shows a box plot depicting the difference in mea-
sured width of the bubble cloud pillars formed under conditions of 2.5
and 5 ms intervals, both with an average power of 6 W. The regression
line represents the trend observed in the data. Hence, altering the
interval of the input signal could be another affecting parameter to
control the cavitation bubble cloud formation inside the printing part.

Image quality analysis
In order to have a precise comparison of the generated images of the
printing object and the original image, a frequency range of
1.5-4.5MHz with OD of transducer between 25-100 mm was con-
sidered. First, the original binary image of the desired object to be
printed with a width of 20 mm at the base point of evaluation with
fo=15MHz and OD =2 5 mm was selected with each pixel value one-
fifth of the wavelength with 126 x 126 size of image. By conserving the
object width for each case through padding and resizing the image
matrix, a reconstructed image of the desired object can be achieved.
Next, the obtained images were resized back to the 126 x 126 pixels
using interpolation without reducing the content followed by nor-
malization, where can be compared with the base point image.

The equation for the Correlation between the two images can be
found by Eq. 8%

Correlation =
ZjZ[(R[,j*R)(ALjf/]) (8)
P2 N\
((Zizi(Ri'j_R) ) (iji(Ai,j—A) ))
where R is the reference image and A is the reconstructed image. The

bar represents the mean value of the image. The NMSE formula can be
represented as Eq. 9%

IR — All3

NMSE= """
lIRI13

©)

Other than evaluating parameters discussed in Fig. 6d, e, PSNR
and SSIM* assist to compare the generated image and actual image of
the printing object, more accurately. Hence, according to the PSNR
equation given in Eq. 10 as:

Amax

VMSE’
1
MSE = - Z Z(A,, i~ R’

Supplementary Fig. 5a, b illustrates the PSNR and normalized
SSIM, demonstrating the direct relation of the frequency, fo and source
aperture, OD, on image quality for the 20 mm image to be generated at

PSNR =20log;,
(10)
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20 mm distance target plane. By increasing the frequency and trans-
ducer OD, the PSNR of the obtained images of the object improves and
structural similarity between the desired image and reconstructed
image increases. Moreover, by keeping the source aperture and fre-
quency constant, the distance of the desired object plane from the
source can highly affect the resolution of the object. Supplementary
Fig. 5¢ blue shows the dependency of the object plane location to the
SNR for the 50 mm transducer with 2.28 MHz frequency. As can be
seen for Zgrge range between 16 and 20 mm, we can expect better SNR.
Also, the PSNR of the reconstructed image vs. target plane position can
be seen in Supplementary Fig. 5c red for the 50 mm transducer and
2.28 MHz frequency. The better SNR and PSNR can be achieved with a
16-20 mm distance of the object plane from the source. Hence,
improved peak amplitude and less noise and side lobes can be
achieved by wise selection of the effective parameters.

Robot’s trajectory in HDSP

The robot’s end effector, where the printing platform is attached to,
trajectory and velocity need to be calculated based on the nature of the
printing mechanism in HDSP using a robotic arm (Supplementary
Fig. 7a). The printing location in HDSP, which is the image plane, is
stationary while the printing platform (end effector) moves in the
working space carrying already printed object. Therefore, in order to
preserve constant printing speed and printing direction at the image
plane, an inverse kinematic approach is developed for HDSP to gen-
erate the trajectory and velocity of the platform for a given part
geometry.

Assuming the part geometry follows a curve C°(u), a virtual curve
as shown in Supplementary Fig. 7b, where u is the curve parameter.
This curve is defined in the printing coordinate system’s (PCS) origin
and discretized by length As into N elements. C*(u) represents a family
of curves where kth element of this curve passes through the PCS’s
origin and k=0, ..., N. In order to keep the printing direction constant
(along the z-axis of PCS), the tangent of CX(u) at z=0, V’(‘) should be
coincident with the z-axis. V& can be calculated as

vk = dC"(u)/du

= - 7T . 11
° lackw)/dul|,_, b

However, V’5 creates an angle 6" with z-axis as shown in Supple-
mentary Fig. 7b, c. In order to compensate for 6 and adjust the
orientation of C(u) at PCS origin, C¥(u) is transformed by the following
transformation

1 0 0
Cu)= |0 cos(—6) — sin(—6") | - Cku)+ VK 12)
0 sin(-6 cos(—6")

The trajectory of the end effector, P¥, can be found using Eq. 13 for
each kth element as

Pk=ck(u)(u=0, 13)

and the vector defining the orientation of the end effector, n’,;, can be
written as

«_ dC*(w)/du

7 ack ) /du

14)

u=0

In order to maintain a constant printing speed, V,, at the location
of the image plane, the end effector transitional velocity, V’;, can be
calculated as

vE= P — P/ (V6| Vi) (15)

Therefore, for any given C°(u), the trajectory, orientation and the
transitional velocity of the end effector can be calculated using
Egs. 13-15, respectively. Supplementary Fig. 7b-f shows an example of
a calculated trajectory at multiple steps during the printing of the
object.

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information files.
Additional data are available from the corresponding author upon
request.

Code availability

The open-source MATLAB, COMSOL Multiphysics codes and NC-code
(generating path for robotic arm) used in this study will be available
upon request.
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