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ABSTRACT

Additive manufacturing, such as 3D printing, offers unparalleled opportunities for rapid prototyping of
objects, but typically requires simultaneous building of solid supports to minimize deformation and ensure
contact with the printing surface. Here, we theoretically and experimentally investigate the concept of
material extrusion on an “air bed” — an engineered ultrasonic acoustic field that stabilizes and supports
the soft material by contactless radiation pressure force. We study the dynamics of polylactic acid (PLA)
filament—a commonly used material in 3D printing—as it interacts with the acoustic potential during
extrusion. We develop a numerical radiation pressure model to determine optimal configurations of
ultrasonic transducers to generate acoustic fields and conditions for linear printing. We build a concept
prototype that integrates an acoustic levitation array with a 3D printer and use this device to demonstrate
linear extrusion on an acoustic air bed. Our results indicate that controlled interactions between acoustic

fields and soft materials could offer alternative support mechanisms in additive manufacturing with
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potential benefits such as less material waste, fewer surface defects, and reduced material processing

time.

INTRODUCTION

In additive manufacturing, the creation of complex objects relies on employing
effective support structures during the manufacturing process. In processes such as
filament extrusion and material jetting, solid supports are often printed simultaneously
with the desired object to ensure stability and proper adhesion to a horizontal printer
bed. These supports, along with a solid printing bed, can cause significant defects on the
surface of objects, lead to warping and deformation, and prevent their detachment
from the bed. Additionally, support structures generate considerable material waste,
adding to overall manufacturing time and costs. As additive manufacturing technology
rapidly evolves, developing more efficient support mechanisms could have a critical
impact on 3D printing. These alternatives must account for the complex nature of the
soft material filament as it is melted and extruded to ensure minimal deformation as the
filament hardens. Here, we study the potential of acoustic radiation pressure fields as a
viable mechanism for contactless support of soft materials during extrusion. By directing
a tailored acoustic wavefront at the material as it is extruded, we aim to induce a
radiative force capable of counteracting the force of gravity as well as spatially
stabilizing the material in an acoustic potential. The broader aim is to create a

sustainable method to support complex shapes at various angles during printing.
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We analyze and demonstrate an ultrasonic acoustic system where contactless
acoustic support is integrated into linear 3D printing. Our approach mimics the effect of
solid supports in 3D printing by optimally distributing the acoustic radiation force across
the filament as it solidifies (Fig. 1). The acoustic radiation force (ARF) [1-5] arises from
the momentum change of sound as it scatters from an object and has been used in
concepts such as acoustic tweezers and traps [6—16]. Such traps have been used to
levitate small animals [17], fluid droplets [18—21], and in chemical analysis and medical
devices [22-24]. These acoustic levitators establish symmetrical resonant acoustic traps
to levitate single, typically spherical particles. It has been shown that these devices can
be used to assemble larger shapes using individual particles as building blocks [25].
Rather than analyzing the concatenation of such particles, here we explore the
dynamics for the support of continuous solid manufacturing during soft material
extrusion. In doing so, it could be possible to achieve finer surface detail and
functionally stronger objects. Acoustic levitation is a compelling platform to study the
interaction of acoustic fields with soft materials under extrusion as these devices have
the ability to levitate a wide range of materials [26,27], and can be tailored to the
specific object being levitated. Our paper is outlined as follows. First, we analyze the
stability of a soft-material extruded object (intended to mimic a typical 3D-printer
filament) in a controlled ultrasonic acoustic field. Next, we design a full acoustic levitator
by evaluating complex acoustic potentials using perturbation theory and finite-element
simulations. We then verify the accuracy of our numerical design by constructing a

functional device. Finally, we demonstrate that this acoustic levitation device can be



77

78

79

80

81

82

83

84

85

86

87

88

&9

90

91

92

93

94

95

96

97

98

99

100

101

Vibrations and Acoustics

used in conjunction with conventional fused filament fabrication (FFF) 3D printing to

achieve the linear trapping of solid and semisolid objects during extrusion.

METHODS

We begin by identifying the pertinent characteristics of existing methods for
acoustic levitation. These devices often use a configuration in which the sound source is
reflected to create a standing wave [28,29] with nodal traps that support levitation. We
tailor the nodal traps by arranging an array of transducers in a concave shape [30].
Focusing the emitted sound waves from either side of the levitation device allows for
increased distance between emitters without compromising the maximum radiation
force applied. Previous devices using concave transducer arrays have been able to
levitate spherical objects [31,32], but often only in the form of spherical caps that focus
the field to a small volume in space therefore limiting the shape and size of trapped
objects. To address this limitation, we design a custom cylindrical array of transducers

capable of levitating linear objects up to the length of the array.

Acoustic System Assembly and Characterization

To design our array, we select the number and the arrangement of transducers
with the goal of maximizing output pressure and minimizing the array radius and
transducer number . The operating frequency of 40 kHz is selected as this frequency is
inaudible to the human ear and gives a maximum trap size of = 4.3 mm (4/2). We
chose this frequency based on the knowledge that it can generate acoustic traps that

are sufficiently large for the purpose of supporting a soft-material filament during
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extrusion. Common FDM 3D printers can be equipped with nozzle diameters ranging
from 0.1 mm to 2.0 mm. This means that the filament will fit within a single acoustic
trap while still having sufficient tolerance for slight offsets in the alignment of the array
and extrusion nozzle. The transducer arrays are wired in parallel and driven by a
programmed Arduino Nano. A square wave is output and then amplified using a dual h-
bridge motor driver. Using this setup, each transducer in the array receives an identical
constant signal. A commercial 3D printer (Creality Ender 3) was modified to extrude
filament horizontally inside the levitation device, minimizing the downward force
applied by the extruder. This printer was chosen as an accessible option that can easily

interface with custom user code for full real-time control of each stepper motor.

Modeling and Numerical Analysis

We conduct finite element acoustic simulations in COMSOL Multiphysics to predict
the behavior and optimize the performance of our array. Specifically, we numerically
compute the components of the acoustic radiation force (ARF) on the filament by means
of momentum flux integration over a closed surface surrounding the levitated object
[33]. These simulations were performed in 2D for two separate planes of interest (Fig.
2a): the circular cross-section of the cylindrical array (x-y plane) and the length of the
array (y-z plane). Initially, we focus on simulations in two dimensions as these offer a
balance between the model accuracy and computation time. Subsequently, we validate
the stabilizing behavior in full 3D finite element simulations. In our model, we vary the
position of the soft-material filament (PLA) throughout the array in the x-y plane to

establish the trap location, radiation force magnitude, and optimal array diameter. On
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the other hand, analysis over the y-z plane allows us to evaluate optimal transducer
spacing along the length of the cylindrical array. Combining the results from both planes
informs the optimal geometry of the proposed levitation array to support the filament

during extrusion.

RESULTS

We design an extended cylindrical array to achieve linear contactless support.
The choice of array shape was selected to establish stable levitation of the filament from
all sides along the length of extrusion. The proposed array was evaluated for maximum
acoustic radiation force while maintaining an evenly distributed force over the surface
of the filament. The cross-sectional profile of the array will determine the magnitude of
applied radiation force and its selection will depend on the output acoustic frequency
and the profile/diameter of the individual acoustic transducers. We note that increasing
the radius of the cylindrical array allows more transducers to be placed along the
circumference of the array but can reduce the applied radiative force from each
individual transducer due to an increasing distance between the levitated object and the
sources of pressure. In our analysis, we found that by selecting a radius of 45 mm, we
can maintain a high acoustic radiation force while minimizing the total number of
necessary transducers. To simplify the integration of the acoustic array and a 3D printer,
we removed several transducers from the circumference of the array, as seen in Fig. 2a

(also VIDEOS 1 and 2), therefore creating a gap (40 mm) that allows a nozzle to reach
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into the intended acoustic trap. Fig. 2b shows the cross-sectional profile of the array and

the corresponding acoustic field profile obtained in COMSOL Multiphysics.

To determine the ranges of filament size and output pressure for which stable
support can be achieved, we varied the filament radius and harmonic output pressure
and recorded the resulting acoustic radiation force. We then examined how this
radiation force compares to the force of gravity on PLA filament (density of 1.25 g/cm?3),
a commonly used material in FFF (fused filament fabrication) printing. Fig. 2c shows the
numerically established relationship between the radiation force and the gravitational
force on the filament. We observe that low output pressures are unable to provide
sufficient contactless support (i.e., the force of gravity is greater than the acoustic
force); however, as the output pressure increases, a regime of potential trapping is
realized (i.e., the acoustic force is greater than the force of gravity). We assess that a
harmonic output pressure of 250 Pa per transducer provides a reasonable estimate for
the selected transducers while ensuring a levitation range over the desired nozzle sizes.
In the subsequent analysis of trap regions and transducer spacing, we select a filament
radius of 0.2 mm (diameter 0.4 mm), which is a common nozzle size used in 3D printing.

We determine the optimal locations for filament trapping and the trap size by
numerically analyzing the components of the acoustic force on the filament. To do this,
we sweep the position of the filament on the X-Y cross-section plane and record the
lateral trapping force (F;) and the vertical supporting force (F,) that is antiparallel to

gravity (note that Z-axis is the extrusion axis). Fig. 3a shows the profile of the vertical
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force. We expect that a suitable trapping location would be located along the centerline
. . A A
of the trap at a vertical height between 3 and " from the center of the array. We observe

the maximum value of E, is achieved along the x = 0 line, which indicates that the
filament would be supported near these coordinates. To assess whether there is
sufficient lateral/horizontal force, we refer to Fig. 3b, which depicts F, as a function of
the filament position. Indeed, we observe that the profile of the lateral force is
stabilizing — that is, F, > 0 for x < 0 and E, < 0 for x > 0. By evaluating the radiation
force exerted on filament at different positions throughout the array, we also observe
the overall size of the acoustic trap, which extends approximately 2 mm in either
direction horizontally and 1 mm in either direction vertically. A larger trap size is key to
the success of supporting the filament during extrusion as it allows for increased
tolerance in the nozzle placement. Specifically, this enables for off-center extrusion to

be corrected and fully supported without recalibration of the printing device.

Optimal Transducer Arrangement

In addition to creating a sufficient trapping region for the nozzle, a successful
continuous extrusion of filament requires an evenly distributed acoustic radiation force.
The arrangement and spacing between source elements in the array translates directly
into the strength and the uniformity of the acoustic radiation force. By evaluating
different transducer spacings, we assess an optimal range of locations in which
transducers can be placed to create an effective linear trap. Transducer spacing ranging

from O mm to 5 mm were investigated, and the force trends are shown in Fig. 4a. We
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observe that the acoustic force remains positive and relatively uniform for spacings up
to approximately 4 mm. The relative uniformity of the force along the length of the
array is attributed to enhanced interference between sources in the array. Beyond this
region, nodal acoustic traps begin to form along the z-axis. Low-pressure regions exist
between these nodes, causing the filament to experience a downward acoustic force as
seen in Fig. 4c. A general feature of these nodal traps is that they can support levitation
of isolated spherical subwavelength objects. However, when it comes to supporting an
elongated object such as an extruding filament, these nodal traps are detrimental as
they do not provide a positive force along the entire length of the filament. Based on
this analysis, we chose a spacing of 3 mm for the synthesized array, as seen in Fig. 4b.
This spacing provides a relatively uniform force distribution while increasing the length
of the array and, in turn, allowing longer filament lengths to be printed for a given
number of transducers. We comment that the forces observed in Fig. 4 are primarily
used to display the trends that develop as transducer spacing increases; the overall
magnitude of the force is not relevant for analyzing the trends.

The presented numerical modeling of the trapping system is useful for iterative
design of the filament support geometry; however, there is a potential for such
simplified 2D analysis to ignore the coupling effects and the effects due to the finite size
of the system that can only be modeled in a three-dimensional space. To develop a
more realistic understanding of the acoustic force on the linear filament, we analyze the

trapping performance in full 3D finite element acoustic simulations. Since such
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214 simulations are computationally demanding and long, we primarily use them to validate
215  the hypothesis that the linear filament will be stably supported during extrusion.

216 We model the established array geometry in three dimensions and evaluate
217  each component of the acoustic radiation force (F, ,, ;) over the surface a cylinder of
218  extruded filament with a standard diameter of 0.4 mm and length of 40 mm. We then
219  vary the filament location along the lateral direction (x-axis) to assess the size and

220  location of the acoustic trap, as seen in Fig. 5. We determine the radiation force on a
221  cylinder of filament at the same vertical position as before. Importantly, we observe a
222 restorative lateral force which increases until the filament reaches an offset of x 2.2
223 mm, or roughly 1/4, thus creating a stable trap capable of supporting larger filament
224 diameters and allowing for slight misalignment of the extrusion nozzle. We note that
225  numerical simulation in three dimensions results in a more conservative estimate of
226  acoustic radiation force; in practice, this can be remedied by increasing the transducer

227  output pressure if necessary.

228

229  Experimental Demonstration

230

231 Having established a suitable geometry and arrangement of acoustic sources, we

232 proceed to build a concept prototype and test its ability to support and stabilize the
233 filament during extrusion. First, to test the predictions of our numerical finite element
234 simulations, we successfully levitated a single strand of pre-extruded PLA filament with
235  adiameter of 0.4 mm in the array. We then proceed to examine the effects of

236  contactless acoustic support on 3D printing extrusion. We focused on printing the

237  material in a way that prevents over-extrusion while minimizing tension in the extruded

10
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filament. This step was taken to ensure our results were minimally impacted by the
experimental setup. In our tests, the extrusion is initiated from a vertical base
positioned on the beginning end of the array. Fig. 6a shows a line of filament being
extruded over time when the transducer array is turned off as a control case. Fig. 6b
shows extrusion when the transducer array is turned on. Full videos of each print can be
found in the Supplementary Materials (VIDEO 1 corresponds to the case when the
acoustic field is “off”; in VIDEO 2, the field is turned “on” to engage acoustic force
support). We observe a clear advantage of supporting the filament during extrusion:
without the air bed support, the filament sags down appreciably; in contrast, when the
air bed is present, there is a significantly smaller deviation in the vertical position of the
filament. Additional analysis and comparison of filaments of different diameters during
extrusion (with fields “off” and fields “on”) is presented in the Supplementary Materials.
In all cases, we observe that the presence of acoustic fields has a significant impact on
stabilizing the extruded PLA filament.

We remark that this is intended as a prototype concept demonstration: further
improvement in acoustic field profile and printing conditions would help improve the
guality and stability of extrusion. For example, the extrusion on the acoustic air bed is
noticeably more uniform in the second half (center and the right segments) of the array.
We suspect this arises from the lack of uniformity of the acoustic field due to intrinsic
(and, at times, large) transducer-to-transducer variation. It should also be noted that,
for simplicity, our simulations do not account for the presence of the nozzle and the

extrusion head, which could lead to discrepancies between the theory and the

11
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experiment. Additionally, it was assumed that all transducers have the same phase and
pressure output when driven by an identical signal, an assumption that may not always
hold in a real system and could affect the performance of the air bed support during
extrusion. For future work, we believe that the best-performing support will be realized
with an array of individually addressable transducers where the shape and intensity of
trapping can be spatially altered in a dynamic fashion.

SUMMARY

In summary, we analyzed the dynamics of soft-material extrusion in the
presence of a linear acoustic radiation force profile as a method for contactless support
in linear additive manufacturing. By introducing a tailored acoustic potential, we
demonstrate that a commonly used 3D material filament can be supported during
extrusion in a prototype device that integrates a commercial 3D printer with user
control code. Optimal system geometry and acoustic source arrangements are studied
through finite-element acoustic simulations. This device expands upon previous works
on acoustic trapping by investigating the conditions for and realizing uniformly
distributed linear acoustic potentials suitable for material extrusion and investigating
the filament behavior in the acoustic field.

We envision several directions for future work. One possibility is to extend the
numerical analysis to full 3D finite element simulations, which would improve the
fidelity of the physical model, result in more optimal device designs and transducer
configurations, and improve the uniformity of printing. Another possibility is to explore

single-sided levitation configurations, rather than the double-sided transducer

12
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arrangement investigated in this work, which could allow for a wider range of object
shapes and sizes that could be supported during printing. In addition, incorporating
arrays of individually digitally addressable transducers could enable the synthesis of
complex acoustic potentials to support extrusion along multiple directions. Investigating
the interaction between actively reconfigurable, time-dependent acoustic potentials
and the thermo-mechanical dynamics of material extrusion is also a relevant direction
for future research. The concept of 3D printing on an air bed could potentially lead to
fewer surface defects, reduced material waste, cost, and manufacturing time associated

with the generation of solid supports in conventional 3D printing.
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Fig. 1

Fig. 2

Fig. 3

Figure Captions List

Contactless 3D printing via material extrusion on an acoustic air bed.
Concept schematic of directing a tailored acoustic wavefront to

contactlessly support material during extrusion. Engineered arrangement
of transducers induces an acoustic radiative force (ﬁarf) capable of
counteracting the force of gravity (ﬁg) and spatially stabilizing the extruded
material in the acoustic potential.

Numerical finite-element acoustic model and analysis of the acoustic
radiation force. (a) Model of the source array as used experimentally (see
Videos 1 and 2). (b) Cross-section of the transducer array and the resulting
acoustic field profile. The Y-axis denotes gravity (gravity points along -Y)
and the Z-axis is the extrusion direction (out of plane). Black circle denotes
the integration boundary for evaluating the radiation force on the
filament. (c) Vertical acoustic force (F,) and the gravitational force (Fy) as
a function of the filament radius and the output transducer pressure. A
functional region in which applied radiative force is greater than the force
of gravity is established for the specified array geometry in (a).

Analysis of acoustic force components that support the filament. (a)
Vertical radiation force (F, ) exerted on the circular filament cross section.
(b) Horizontal force (F,) exerted on the filament. The filament is extruded

along the Z-axis; gravity points in the -Y direction. The magnitude of
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Fig. 4

Fig. 5

Fig. 6

applied acoustic radiation force is shown along with the filament trapping
location. Vertical force is significantly greater than horizontal force to
ensure stable support against the gravitational force on the filament.

Analysis of optimal transducer array arrangement during extrusion.
Vertical acoustic radiation force (F,) as a function of position on the plane
comprising the extrusion direction (Z) and the gravity direction (-Y). (a)
Transducer spacing is 1 mm; (b) Transducer spacing is 3 mm; (c)
Transducer spacing is 5 mm. When transducer spacing is increased, the
vertical acoustic force F, becomes weaker and less uniform along the
extrusion direction (Z), even turning negative in some locations along the
filament. The displayed trend points to an optimal tradeoff between force

uniformity/magnitude and transducer density.

Analysis of contactless material support in three dimensions. Horizontal
(lateral) acoustic radiation force (F,) as a function of horizontal position
(x-axis) where x = 0 is the stable equilibrium position. Filament diameter
is 0.4 mm and total length is 40 mm. Extruded filament will experience a
restorative lateral force (F,) if offset relative to the equilibrium position.

Experimental dynamics of extrusion of a 3D-printer filament. (a) Acoustic
field is turned OFF, and the filament sags under its weight as it is extruded.
See also Video 1; (b) Acoustic field is turned ON; the filament is supported

by an air bed and better maintains its shape. See also Video 2. The acoustic
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radiation force improves the shape of printing without the need of
physical solid supports. The horizontal axis denotes snapshots at different
times.
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