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or dispensed are in direct contact with the machine. Consequently,
special equipment is required to manipulate small or fragile components, and the handling of liquids, powders or hot materials is challenging. Furthermore, contact-based processes inherently lead to
cross-contamination, so when dangerous materials or bio-materials
are employed, it is necessary to have multiple manipulators or sterilise them between the changes of materials.
We propose to use acoustic manipulation as a contactless way of
distributing materials in additive manufacturing as well as placing
and orientating parts in assembly processes. Thereby, it is possible
to manipulate small and fragile parts as well as liquids or powders, bringing more versatility to the processes. There is less crosscontamination since the manipulator does not touch the parts or
material. Moreover, it enables manufacturing scenarios not achievable with traditional 3D printing, such as threading through cavities
or adding to the manufactured item on any direction.
Levitation and manipulation of small particles and droplets have
been achieved before but never combined in a full prototype for
contactless fabrication. Furthermore, there is no existing work on
how to trap in position and orientation elongated objects, this would
open new possibilities in contactless manufacturing since beams,
sticks or girders are vital for the rapid fabrication of robust and
lightweight structures.
In this article, we introduce LeviPrint a method to generate acoustic fields that fully trap small particles, droplets and, more importantly, manipulate and reorient elongated bodies such as sticks. Also
we present a fully working system to fabricate 3D structures using
contactless manipulation. The novel contributions are:

LeviPrint is a system for assembling objects in a contactless manner using
acoustic levitation. We explore a set of optimum acoustic fields that enables full trapping in position and orientation of elongated objects such as
sticks. We then evaluate the capabilities of different ultrasonic levitators
to dynamically manipulate these elongated objects. The combination of
novel optimization algorithms and levitators enable the manipulation of
sticks, beads and droplets to fabricate complex objects. A system prototype
composed of a robot arm and a levitator is tested for different fabrication
processes. We highlight the reduction of cross-contamination and the capability of building on top of objects from different angles as well as inside
closed spaces. We hope that this technique inspires novel fabrication techniques and that reaches fields such as microfabrication of electromechanical
components or even in-vivo additive manufacturing.
CCS Concepts: • Hardware → Emerging architectures; • Applied computing → Computer-aided design.
Additional Key Words and Phrases: acoustic levitation, additive manufacturing, contactless manipulation, robot arm, end-effector
ACM Reference Format:
Iñigo Ezcurdia, Rafael Morales, Marco A.B. Andrade, and Asier Marzo. 2022.
LeviPrint: Contactless Fabrication using Full Acoustic Trapping of Elongated Parts.. In Special Interest Group on Computer Graphics and Interactive
Techniques Conference Proceedings (SIGGRAPH ’22 Conference Proceedings),
August 7–11, 2022, Vancouver, BC, Canada. ACM, New York, NY, USA, 9 pages.
https://doi.org/10.1145/3528233.3530752

1

INTRODUCTION

Fabrication in the form of assembly or additive manufacturing has
evolved considerably due to its combination with computer systems,
novel actuators and end-effectors. Additive manufacturing has been
booming since the last decade, it will not only be used to fabricate objects by the Maker community but also in the aeronautical,
automobile, and medical sector for prosthetic as well as tissue engineering. Manufacturing is usually complemented with assembly,
which is the placement of the parts that compose the final object, a
common example is the pick&place of electronic components on a
printed circuit board (PCB).
Across ordinary assembly and manufacturing techniques, a common characteristic is that the parts or materials that are manipulated

• A method to optimally trap a stick. We analyze different acoustic fields in terms of their capability to trap in position and
orientation an elongated object.
• Levitators capabilities. A study of the capabilities for dynamic
orientation of elongated objects inside different acoustic levitators.
• A Contactless Fabrication System. An integration of an acoustic
levitator, mechanical translator and droplet injector to realize
a working prototype.
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In section 2, we analyze the existing research regarding the capabilities and uses of acoustic levitation for fabrication. Section 3
summarizes the main models employed to simulate the acoustic field
generated by phased arrays and the forces that they exert on objects.
In section 4, we evaluate different methods to generate acoustic
fields to fully trap a stick. Section 5 presents the dynamic manipulation capabilities of various levitators using the selected method.
In section 6, we combine the insights from the previous sections to
1

SIGGRAPH ’22 Conference Proceedings, August 7–11, 2022, Vancouver, BC, Canada

Ezcurdia, et al.

build a prototype that enables contactless fabrication mixing liquids,
particles and sticks. In the next section (7), we showcase some of the
structures build with the system. Finally, in section 8, we discuss
limitations and future work.

2

With the introduction of holographic methods, it was possible to
acoustically levitate multiple particles independently [Marzo and
Drinkwater 2019; Plasencia et al. 2020].
In most levitation methods, the particles are smaller than half
of the wavelength of the employed sound frequency [Zang et al.
2017]. Near-field levitation allows to levitate larger particles very
close to the acoustic emitter [Andrade et al. 2017]. Also, virtual
vortices [Marzo et al. 2018a] and other exotic fields [Inoue et al. 2019]
can levitate larger-than-wavelength objects, but with limited force
and no dynamic capabilities. We do not consider levitation of solid
large objects (larger than the wavelength) particularly useful for
fabrication since they are not stable, occlude too much the acoustic
field, and do not allow for complex designs with fine pieces.
A more interesting manipulation capability for fabrication would
be the control of the orientation of elongated objects. We note that
many fabricated items use beams, sticks or girders as building primitives for the fast creation of strong and light structures. Ultrasonic
arrays are capable of 2D translation and rotation along one axis of
toothpicks [Foresti et al. 2013]. Sub-wavelength asymmetric particles can be fully locked [Cox et al. 2018] and controllably rotated
when enclosed inside a sphere of emitters [Helander et al. 2020] but
not translated. However, there is no existing technique to fully trap
an elongated object enabling its reorientation and its repositioning.
Consequently, we propose different novel methods (Section 4) to
fully trap a stick in 6DoF and we compare them with a traditional
tweezers method [Marzo and Drinkwater 2019]. This would allow a
contactless system to employ segments as a building primitive.

RELATED WORK

In this section, we review the manipulation capabilities of ultrasound and its uses in fabrication. We note that acoustic levitation
still lacks the capability of moving and orienting thin elongated
objects larger than the wavelength of sound. Also, integrated prototypes that combine the required processes for fabrication (injection,
manipulation and fusing mechanism) have not been developed.

2.1

Fabrication: Assembly and Additive Manufacturing

Assembly can be defined as the process of picking the parts that
compose an object and placing them with the correct orientation
and position. This process can be observed at multiple scales; a
crane will position the girders for a building [Shapiro and Shapiro
1988], robot arms will position components of a car [Marvel et al.
2018] and pick&place machines will pick electronic components
and place them on a PCB [Baby et al. 2017].
Additive manufacturing is defined as adding material layer by
layer into a final object. This is opposed to carving or milling, in
which parts from a block of material are removed to create the final
object. Multiple innovations have been added to additive manufacturing to enable multiple colors, the use of less support structure,
better layer distribution or non-planar 3d-printing [Dai et al. 2018;
Etienne et al. 2019; Hornus et al. 2020; Song et al. 2019]. However,
these techniques rely on direct contact between the dispenser (e.g.,
nozzle) and the objects that are being built. We reckon that acoustic
manipulation could be employed to create a contactless system.

2.2

2.3

Acoustic Fabrication

Using levitated particles as graphic representations is an emerging
field [Fushimi et al. 2019; Marzo and Drinkwater 2019; Ochiai et al.
2014; Suzuki et al. 2021] but the use of acoustic levitation in fabrication has not been that thoroughly explored. Acoustic Manipulation
has been used to pattern cells [Collins et al. 2015], aerosols and small
particles [Shapiro et al. 2021] in simple 2D patterns. Melde et al.[K
et al. 2016] used a static holographic plate to form more complex 2D
patterns of particles that were fused together [K et al. 2018]. In these
methods, the fabrication result is a 2D pattern that gets formed as a
whole because small particles follow the distribution of the acoustic
field. We classify this as 2D printing and not 3D fabrication.
Primitives such as beads, threads, and fabrics have been levitated
[Fender et al. 2021; Morales et al. 2019]. However, in all these cases,
spherical particles were used as levitated buoys in which acoustically
transparent fabric was attached. This limits the materials, shapes,
rigidity and in general the possibility of having an additive process.
Automatic injection of droplets inside a levitation system has been
shown [Andrade et al. 2018], also a static levitator was attached to a
robot arm to translate sub-wavelength particles in a contactless way
[Röthlisberger et al. 2021]. However, no system integrates insertion,
manipulation and fusing of droplets or sub-wavelength particles;
moreover, there is no possibility of working with elongated parts.
One patent from Boing (United States) [Harkness and Goldschmid
2018] and another from Neurotechnology Ultrasound (Lithuania)
[Putkis 2018] present the idea of a contactless manufacturing systems, yet no full realization is shown, they present the concept.

Acoustic Manipulation

Acoustic Manipulation has the potential to become a fundamental
tool in contactless processing [Foresti et al. 2013], given: the wide
range of particles that can be manipulated for a given operating
frequency (from the micrometre to the centimeter scale), materials
(plastic, metal or liquids), relative-high strength (larger ratio of input
power to radiation force) when compared with optical trapping, and
non-damaging effects on the trapped samples [Marzo et al. 2017].
Particles inside an acoustic field are subjected to radiation forces
[Bruus 2012; Gor’kov 1962; Karlsen and Bruus 2015], it is possible
to design the fields so that these forces converge from all directions
into a point in which the particles get trapped [Brandt 2001]. In the
most basic configuration, an emitter opposed to a reflector creates
a standing wave and particles are trapped at its nodes [Whymark
1975]. More complex arrangements allow for dynamic control of
the trapped particles.
The acoustic field can be dynamically modified by adjusting the
phase or amplitude of the emitters, this allows to move particles in
3D using 4 opposed arrays [Ochiai et al. 2014], this was simplified to
two-opposed arrays [Omirou et al. 2015] and later to a single array
by using acoustic tractor beams [Marzo et al. 2015]. However, acoustic tractor beams have trapping forces which are 8 times weaker
than regular standing waves [Marzo 2020], limiting its applications.
2
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Optical tweezers have been used to manipulate micrometric spheres
to create microstructures [Sinclair et al. 2004]. A prototype was capable of moving spherical particles and stacking them together using
biotin [Kirkham et al. 2015]. However, optical tweezers are limited
to micrometric sizes. We note that the methods from optics are
not trivially adapted to acoustic manipulation because in optics, a
focus on the particle is sufficient for trapping whereas in acoustics
more complex structured fields are required [Marzo and Drinkwater
2019].
The working methods presented in Section 4 to fully trap and
rotate sticks are novel contributions, there is no previous work
describing and showing a method to fully trap an elongated object.
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The volume of the spherical particle is 𝑉 , 𝜔 is the angular frequency of the emitted waves, and 𝑐 and 𝜌 are the speed of sound
and the density, respectively. Their subindex 0 and 𝑝 refer to the
propagation medium and the particle material.
The lower the potential is at a position, the stronger the object
will be trapped there. In general, the potential can be visualized as
a heightmap and thus minima in the field represent wells where the
particles will roll in and get trapped. The radiation force acting on
a particle can be obtained from the gradient of the potential:

MODELS

In this section, we define the models employed in this work and the
common physical definitions that will be used throughout it.

3.1

F = −∇𝑈 .
(3)
Another measure of strength of a trapping position is the positional stiffness, which represents how converging the forces are at
that position. The Laplacian operator (convergence of the gradient)
can be applied to the potential to get a mathematical representation
of the stiffness.

The Emitted Complex Acoustic Field

The piston model is employed [O’Neil 1949] to calculate the complex acoustic field generated by a single emitter that has a radiating
part in the shape of a piston vibrating at a single frequency. In the
complex pressure, the magnitude represents the amplitude and the
angle, the phase. An ultrasonic phased array is formed by multiple
emitters operating at the same frequency and varying their amplitude and phase in a controlled way. The total field generated by an
array of 𝑛 emitters is the addition of their emitted fields:

𝑠𝑡𝑖 𝑓 𝑓 𝑛𝑒𝑠𝑠 = ∇2𝑈 = 𝑈𝑥𝑥 + 𝑈 𝑦𝑦 + 𝑈𝑧𝑧 ,

𝑛
∑︁
𝑃0 𝐽0 (𝑘𝑟 sin 𝜃𝑖 )
𝑖=1

𝑒 𝑖 (𝜑𝑖 +𝑘𝑑𝑖 ) ,

where 𝑈𝑎𝑎 =
and 𝑎 = 𝑥, 𝑦, 𝑧 are the Cartesian axes. Large
positive values of stiffness represent large converging forces.

Torques and Rotational Stiffness on Elongated Objects

In Supplementary Information 2, we show that the torque and forces
acting on a stick can be approximated as the summation of the
forces or torques acting on constituent spheres. Potential, forces
and stiffness are linear functions of each other, therefore our sphere
decomposition approximation can be applied to them. We performed
a converging analysis to determine that decomposing the stick into
small spheres separated by 𝜆/8 is sufficient.
When the acoustic field acts on a stick, there is a torque that will
affect the orientation. We calculate the torque as the addition of
the torques exerted on each constituent sphere. The torque from a
sphere is the cross product between the force on that sphere and
the vector that joins the sphere to the center of mass of the object:

(1)

𝑑𝑖

where 𝑃0 is the amplitude power of the transducer, defined by its
efficiency and driving voltage amplitude. 𝐽0 is the Bessel function
of order zero. 𝑘 = 2𝜋/𝜆 is the wavenumber and 𝜆 is the wavelength.
𝑟 is the radius of the piston, 𝑑𝑖 is the distance from the emitter 𝑖
to the point 𝒙 in space. 𝜃𝑖 is the angle between the normal of the
emitter and the transducer to point 𝒙 vector.
This models is commonly used and implemented in various frameworks [Marzo et al. 2018b], it is designed to work in open space
where there are no large obstacles in the field. In this paper, the
trapped particles and structures being built do not affect significantly the acoustic field since they are not fully solid. An analysis
of the effect of occlusions on the trapping force can be find in Supplementary Information 1.

𝝉 = r × F,

(5)
where r is the positional vector from the location where the force
is applied and F is the force acting on that part of the object. The
rotational stiffness can be obtained by differentiating the torque on
small rotations of the stick.

3.4
3.2

(4)

𝜕 2𝑈
𝜕𝑎 2

3.3
𝑃 (𝒙) =

(2)

Potential, Radiation Forces and Stiffness

Summary

Potential, Force, Positional Stiffness, Torque and Rotational Stiffness
will be used throughout the paper to characterize the trapping on
an object. These properties were calculated on the simulations but
only the most informative ones will be reported. Potential provides
a basic measurement, the lower the better, it is not dimensional

The Gor’kov potential approximates the radiation forces exerted
on a small sphere that is inside an arbitrary acoustic field. It can be
defined in terms of the complex acoustic pressure 𝑝 and its spatial
derivatives 𝑝𝑥 , 𝑝 𝑦 and 𝑝𝑧 . The Gor’kov potential 𝑈 is given by:
3
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and gives information both for translation and orientation trapping.
Forces should be analyzed along different positions of the objects,
since the forces at the trap are 0 and push towards the trap, i.e., they
become positive when the objects shifts towards negative positions
and vice-versa. Positional stiffness represents the trapping force
convergence with a single value, the higher the better, however
it does not provide topological information such as the reach of
the trap. Torque and rotational stiffness have similar features to
force and positional stiffness respectively but acting on orientation
instead of position.

stick. If we simplify to 2D, this can be seen as digging a potential well with the shape of the object that should be trapped.
A quasi-newton optimizer is employed with gradients approximated using finite differences. The parameters were the
default ones from Matlab R2019 fminunc function (except,
TolFun=0.0025, TolX=eps, MaxIters=30). The result can be
interpreted as a strong trap at the center of the stick and two
smaller ones at the sides. The target function can be expressed
as:
𝑆𝑢𝑚𝐺𝑜𝑟𝑘𝑜𝑣 (𝜑 1, ..., 𝜑 𝑁 ) =

4

𝑃
∑︁

𝑔𝑜𝑟𝑘𝑜𝑣𝐴𝑡 (𝒑𝒐𝒔 (𝒊))

𝑖=1

FULLY TRAPPING A STICK

Where 𝜑𝑛 is the emission phase of the 𝑛 transducer, 𝑃 is the
number of points that form the stick, 𝑝𝑜𝑠 is their position,
and 𝑔𝑜𝑟𝑘𝑜𝑣𝐴𝑡 is the Gork’ov potential at that point (Eq. 2).
• Minimum Weighted Potential: Similar to the previous
method (Minimum Potential) but the 4 terms appearing in
Gork’ov potential (Eq. 2) were weighted using the factors 0.09
for p, 15.01 for px, 8.34 for py and 7.66 for pz. These weights
were obtained from the Traps at Sides method. The results in
Figure 2.c shows that the method tries to fit as many traps as
possible along the stick.

In this section, we derive and analyze algorithms that generate an
acoustic field capable of fully trapping a stick inside an acoustic
field. The stick has to be trapped in position (3 Dof) and orientation
(3 DoF). All methods were evaluated attending to their trapping
performance in position and orientation.
We analyzed levitators with different geometries (Fig. 1), they
were composed of ultrasonic emitters of 1 cm diameter with the
following parameters for Eq. 1: 𝑟 = 4.5 mm and 𝑃0 = 2.4, which
correspond to a real existing emitter (e.g., model MA40S4S - Murata).
The levitators were selected between the most common geometries
in the literature for airborne acoustic levitation. Fixed two-opposed
inspired by TinyLev [Marzo et al. 2017], two-opposed arrays of
16x16 emitters separated by 23 cm as in [Marzo and Drinkwater
2019; Morales et al. 2019; Suzuki et al. 2021], four orthogonal arrays
in a cube formation as in [Ochiai et al. 2014]. We also tried with
variations of the cube in the shape of a triangle, cylinder and sphere.
The trapping algorithms will determine the emission phases of
the levitators in order to generate a field that traps the stick. The
generated fields for the two-opposed levitator can be seen in Fig.
2, similar results were obtained for the other levitators. Similarly,
others were designed and evaluated, we just selected the 4 most
representative and effective ones. The methods are:

The forces and torques acting on a stick under the fields generated
by the different methods can be seen in Fig. 3. The stick was 30 mm
length, 2 mm width and 1 mm height and placed at the center of
the levitator. Similar results were obtained for sticks between 2
wavelengths (1.6 cm) and a a length of 8 cm.
All the forces and torques but the Trap a center are converging
since the force is 0 at the neutral position or angle, but become
positive if the position or angle gets negative, and vice-versa. The
steepness of the curves at the neutral position or angle, characterize
the strength of the trap.
The most promising methods are Traps at Sides (TrapsAtSides)
and Minimum Potential (MinPot), the rest of the methods were
weaker on all of the axes, both in position and rotation. The trap
at center (traditional standing wave) does not have the capability
to trap along the x-position and the x-torque was marginal. The
MinPot algorithm produces fields that are ∼ 10% stronger in force-Y,
force-Z and torque-X, however TrapsAtSides is ∼ 25% stronger on
force-X, torque-Y, and torque-Z.
TrapsAtSides provides the overall stronger trapping forces and
torques. We also note that the fields obtained in TrapsAtSides can be
generated by a fixed-levitator without phase control (Fig. 4) and is
applicable to sticks of different lengths since the trapping positions
are relative to the ends of the stick. Furthermore, it is based on an
iterative method (IBP) and is computationally faster than the other
methods based on traditional optimization.
We note that the problem of fully trapping a stick is multi-variable
and required expert knowledge to analyze the results of the different
methods: e.g., the forces and torques in Figure 3, potentials in 5, and
stiffness in Supplementary Information 4.

• Trap at Center: It is the trivial method of creating a standing
wave focused at the center of the stick. It is the default method
for trapping sub-wavelength particles. We do not expect it to
be effective on a stick but the resulting forces and torques can
be used as a baseline for comparison with the other methods.
• Traps at Sides: Two trapping nodes are generated at both
sides of the stick. A modified Iterative Backpropagation (IBP)
[Marzo and Drinkwater 2019] algorithm is employed to maximize amplitude in 2 pairs of focal points above and below
the stick, with a phase difference of 𝜋 is forced between the
first points of each pair. Thereby, high-amplitude is generated above and below the stick with low-amplitude at the
stick. Whilst Marzo and Drinkwater [Marzo and Drinkwater
2019] optimized trapping strength on individual particles,
this method traps an elongated body by creating two traps
at its sides. The traps were offset 2.5mm towards the stick
center, this was the optimum offset in terms of stiffness (see
Supplementary Information 3).
• Minimum Potential: Employs an optimizer to find the emission phases that minimize the Gork’ov potential along the

5

MANIPULATION CAPABILITIES OF THE LEVITATORS

In the previous section, we have selected the TrapsAtSides method
for generating fields that trap a stick in position and orientation.
4
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Fig. 1. Different simulated levitator geometries and a vertical slice of the pressure field that they generate when applying the TrapsAtSides method on a thin
stick of 30 mm. A) Two-opposed fixed levitator. B) Two-opposed Levitator. C) Triangle levitator. D) Cube. E) Cylinder. F) Sphere.
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good alternative since it has less working volume than the cube and
less manipulation capabilities. The sphere can orientate the stick
around any axis with uniform potential but it is cumbersome to
use in a fabrication system. Similar conclusions were derived from
analyzing the positional and rotational stiffnes (See Supplementary
Information 4).

6

SYSTEM PROTOTYPES

In this section, we combine the trapping and manipulation capabilities of an acoustic levitator with a mechanical manipulator that
complements the levitator. Thereby, the manipulation of the stick is
performed by the dynamic levitator in some DoFs whereas other
DoFs are covered by the mechanical manipulator. We note that this
control strategy can be easily integrated into the kinematic chains
of most control software.
In section 5, we obtained the manipulation capabilities of different
levitators, we have constructed the 3 most promising levitators 6 to
experimentally realize the manipulations. The levitators were built
using MA40S4S (Murata) emitters which are 1 cm in diameter and
made of plastic, its parameters for Eq. 1 are 𝑟 = 4.5 mm and 𝑃 0 = 2.4
for a 15 Voltage peak-to-peak (Vpp) square excitation signal. For
larger operating voltages, 𝑃0 scales linearly with the Vpp. The bowl
design is based on TinyLev [Marzo et al. 2017]. The flat arrays are
based on SonicSurface [Morales et al. 2021].
The basic operation of the fabrication prototypes is as follows.
An acoustically transparent foundation is placed at the center of
the working volume before starting the fabrication process, the
foundation is the initial part where other parts or matter will be
added. The system starts by trapping with the levitator a droplet
of glue dispensed by a syringe pump. Then, the droplet is levitated
into the position where the next piece is going to be added. The
system picks sticks or particles from an acoustically-transparent
repository and positions them in contact with the previously placed
glue, UV light is applied to cure the glue. This process is repeated
for all the parts.
The main prototype is a fixed two-opposed levitator attached to a
7-DoF robot arm, a secondary prototype made of a a cube levitator

Fig. 2. Amplitude fields around a 30 mm stick for different trapping methods
on the Two-opposed levitator. A) Trap at center, B) Traps at sides (2.5mm
inward offset) C) Minimum Potential, D) Minimum Weighted Potential.

In this section we will analyze the capabilities of the levitators
presented in Fig. 6 to orientate the sticks by changing their emission
phases. For each levitator, a stick of 30 mm length, 2 mm width and
1 mm height was placed at the center. Then, it was rotated along
each axis applying the trapping method at each step and calculating
the potential on the stick.
The potentials while rotating (Fig. 5) indicate that all arrangements can rotate the stick around the Z-axis. The two-opposed
levitator provides a good balance between manipulation capabilities
and being open at the sides, it can rotate a stick around the Z-axis
and in Y-axis with a limited angle ∼ 30 degrees. The cube arrangement provides full rotations around the Z- and Y-axis, being able to
orient the sticks as needed in the piece, this is crucial to fabricate
vertical structures and shorings, it just lacks the capability to fully
rotate the stick around itself. The cylinder was not superior than
the cube, it is more complex to fabricate and less uniform on the
potentials along the rotations. The triangle arrangement is not a
5
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C
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Fig. 3. Forces and torques exerted on a stick by the field generated by different methods: Minimum weighted potential, minimum Potential, Trap at side and
Trap at center. A) Forces exerted in the X-Axis. B) Forces exerted in the Y-Axis. C) Forces exerted in the Z-Axis. D) Torque exerted in the X-Axis. E). Torque
exerted in the Y-Axis. F) Torque exerted in the Z-Axis.

Fig. 6. Constructed levitators. A) a fixed single-axis levitator with bowl
geometry. B) two-opposed flat phased-arrays. C) four orthogonal flat arrays
in a cube structure.
Fig. 4. Pressure fields generated by a fixed-levitator. A) a standing wave
creates a trap for holding a single sub-wavelength particle when the emitters
are driven with the same signal. B) TrapsAtSides are generated when a halve
of the emitters is driven with an inverse polarity signal (𝜋 phase), this field
can fully trap a stick.
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Fig. 7. Examples of levitators attached to a robotic arm to complement or
boost their missing manipulation DoFs. A) Fixed single-axis levitator with
bowl geometry. B) Four orthogonal flat arrays in a cube structure.
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Fig. 5. Gor’kov potential on a stick inside different levitators applying the
TrapsAtSides method as it rotates around a A) x-axis, B) y-axis, and C) z-axis.
The stick is 30 mm long, 2 mm wide and 1 mm height.

the fixed single-axis levitator can be held by a human to manually perform the steps involved in LeviPrint: trapping, releasing,
translating, orientating and rotation.

mounted on a translation stage was tested, but the first prototype
was easier to operate.

6.1

6.2

Cube Levitator + Mechanical Stage

A cube levitator was attached to a translation stage. The levitator
can orientate the stick to have the desired alignment as well as
providing limited translation capabilities. The cube was attached to
a mechanical translation stage that could provide larger ranges in
the translation DoFs.

Two-opposed Fixed Levitator + Robot Arm

A 7-DoF robotic arm (UR-3) is attached to a fixed two-opposed levitator (see Fig. 7.C). The fixed levitator is composed of two spherical
arrays of 60 emitters each, with 4 concentric rings. It generates a
field that traps the stick, using the Traps At Sides method from
Section 4, see Fig. 4. A dynamic two-opposed levitator could also
be used to add more DoFs to the levitator but for this system it was
decided that the levitator would only be in charge of trapping and
the robot arm would provide the manipulation DoFs. Alternatively,

7

FABRICATION RESULTS

We illustrate the capabilities of LeviPrint by combining various
building primitives such as sticks, beads and droplets to fabricate
robust, lightweight and complex structures.
6
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Basic Joints

7.6

Building Inside a Container

Fabric, meshes and sponges are acoustically translucent to the ultrasound field. Therefore, LeviPrint can fabricate inside containers
made of these material, from the outside. In Fig. 9.D, we fabricate a
boat inside a metallic mesh bottle. The sticks and glue are introduced
inside the bottle through a small aperture at the side. In airborne
Leviprint, the materials of the container are limited but if LeviPrint
would be adapted to operate in aqueous media, it could assemble
microscopic objects in cell-culture media and perhaps even inside
living beings (See 9.D).

Fig. 8. Types of joints between sticks. A) Butt joint: Two sticks are connected
end to end forming a longer segment. B) L-joint: Two sticks are connected
end to end at 90 degrees, the angle can be adjusted, more glue should be
used since the contact surface is small. C) T-joint. D) Mitered joint: An
L-joint reinforced with a third stick connecting the L at 45 degrees.

Joining sticks together is the main novel capability of LeviPrint.
For doing so, a droplet of glue is levitated into the main object at the
place where the next stick will be placed. The stick is then levitate
to come in contact with the glue. UV light is applied to cure the glue.
The types of joints can be seen in Fig. 8. We note that also beads
can be used to connect sticks.

7.2

Fabricating with Particles

Instead of using sticks, only particles (a.k.a beads) are joined together
using glue between them. The use of sub-wavelength spherical
particles as the building parts enables more flexible designs in terms
of shapes since they can be connected from anywhere. However, the
process is longer since more parts are needed for the same length
when compared to sticks, also the final result is denser and not
necessarily stronger (Fig. 9.A).

7.3

Fig. 9. Fabricated items. A) Particles joined together to build a loop. B) Glue
droplets being levitated to its final position to be cured for building a loop.
C) Twelve orthogonally placed sticks via L-joints to build a cube. D) A stick
being levitated inside a container towards its final position. E) Fifteen sticks
joined via butt joints, L joints and miter butt joints to form a bridge. F)
Adding multiple primitives at different angles into a solid spherical object.

Fabricating with UV Resin

8

UV-resin droplets can be used for manufacturing objects with freeform shapes. Droplets are repeatedly moved into its target position
and cured until the final objects is formed. The droplets have a dish
shape because of the pressure of the standing wave, the droplet can
be oriented so that it is aligned with the building direction. We have
manufactured a loop of 1cm diameter (see Fig. 9.B).

7.4

DISCUSSION

Complex Objects

The methods presented in the previous subsections can be combined
to build more complex objects. We built a cube using orthogonally
placed sticks via L joints, we also built a bridge connecting two separated metallic meshes, using different joints to provide a stronger
structure (see Figs. 9.C and 9.E).

7.5

Fig. 10. Another primitives that have been successfully levitated using
stick. A) A circle was hold in mid-air using the two-opposed levitator. B)
An airplane created by three sticks, using an array on top of a reflective
surface. C) a levitated square. D) droplet of milk on a hydrophobic surface.
E) electronic components Soic8 levitating over a table.

Adding on Top of Other Objects

Sticks, particles and droplets can be levitated on top of existing solid
objects if they are approach from certain angles. The solid object
cannot be directly located between the levitated part and the arrays
since it would block a significant amount of the field. However, the
solid object can be located in front of the levitated part without
significantly disrupting the field. We showcase the addition of parts
into a spherical object in Fig. 9.F.

The individual steps involved in the results were conducted by
a robot arm and an automatized software. The robot arm is programmed to perform the required movements to grab and place
7
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each primitive. However, for practicality reasons, on some occasions
there was human intervention. We highlight that all the actions that
were carried out manually could also have been performed by the
programmed robotic arm, droplet dispenser and UV lamp.
Apart from sticks, we tested other primitives such as circles,
squares, triangles and crosses. For these primitives, TrapsAtSides
was not directly applicable and we employed the MinPot method.
These primitives were levitated but we did not explore them since
they can be composed with the basic primitives (see Fig.10. A-C).
The levitators presented here were based on various arrays facing
each other. However, the developed methods are also applicable
when a single array is placed on top of an acoustically reflective
surface. The DoFs are limited to 1 DoF rotation and 2D translations
at a plane located a a quarter wavelength above the surface. Printed
circuit boards or functionalized substrates can be used as surfaces
(see Fig.10.D and E).
Given that the fabricated structures are made of thin segments
such as sticks, beads or cured glue, the fabricated object does not
cause a significant disruption on the acoustic field since its "fill rate"
is quite low (i.e., it is like a wireframe object). However, if complete
solid objects were manufactured, we foresee two strategies that
should be followed. First, the order in which the parts are added
should be planned so that they approach the object from an operative
angle that does not block significantly the ultrasound emitted from
the arrays. As future work, it would also be possible to consider
reflections caused by the object.
The emitters were driven at 70% of their maximum power so
denser materials could be employed if a non-prototype system with
extra cooling and electronics to handle more voltage was designed.
The prototypes operated in air at 40 kHz, thus the wavelength
𝜆=8.6mm determines the scale of the objects that can be manipulated,
long sticks give flexibility in this regard. We reckon that decreasing
the frequency to work with larger objects is not a feasible research
direction; however, operating in water-based media at Mhz range
would enable to control micrometric bio-structures on cell-friendly
cultures and even in-vivo.
The maximum weight for sticks is that of 8 cm length of balsa
wood (16 mg). The system can recover from external perturbations
like shaking of the robot arm or weak wind since Acoustic levitation
has converging forces and torques [Marzo et al. 2015]. The typical
positioning accuracy is around 0.2 mm for levitating system operating at 40 kHz in air [Marzo et al. 2015], but moving into smaller
wavelengths would increase this accuracy to the micrometres range
[K et al. 2018]. Translation speeds vary from 1 cm/s [Marzo et al.
2015] to 8 m/s [Hirayama et al. 2019] for lighter particles, in our
system the sticks were translated at up to 4 cm/s. We note that these
limits are system-specific, systems operating at higher voltage, with
less separation or working in water-based solutions instead of air
would trap more weight, move faster or provide more accuracy.

9

levitators to allow dynamic manipulation of the stick by changing the emission phases. We designed a levitator integrated with a
robotic arm to enable contactless fabrication of complex objects. We
hope that the presented methods help other researchers to use acoustic contactless fabrication in other fields such as bio-engineering
or micro-fabricated machines, and in general that it broadens our
concept of additive manufacturing.
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