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ARTICLE INFO ABSTRACT
Keywords: Acoustic levitation is a promising technique for contactless handling of small objects. However,
Acoustic levitation for acoustic levitation in air, the positioning precision is usually too low and the response time

Feedback control

too long for practical applications. In this work, we implement feedback control to reach high
Event-camera

positioning precision. We realize real-time position monitoring at 2kHz by an event camera and
tracking algorithm. Using system identification and modeling, we design a PID controller for posi-
tion feedback that can stabilize the position along a single axis. The controller is shown to reduce
the particle response time to 0.06 s and reach a closed-loop RMS horizontal positioning error of
19 um, outperforming the state of the art. With the feedback control, the positioning precision of
acoustic levitation is brought into a regime comparable to the positioning performance of additive
manufacturing methodologies.

1. Introduction

Acoustic levitation is very promising for handling of small particles or small amounts of liquid in chemistry [1,2], biophysics [3],
microassembly [4,5] and additive manufacturing [6]. It has been shown that particles ranging from tens of micrometers [7] up to
half the acoustic wavelength can be levitated [8]. Using sophisticated methods, even particles much larger than the wavelength can
be levitated [9]. Using phased arrays, a levitated particle can be moved and its orientation can be controlled [10].

However, challenges are to be overcome to unlock the full potential of acoustic levitation. Disturbances arising from airflow and
temperature fluctuations heavily affect the position of the levitated particle, as the stiffness of acoustic traps [10] is low compared to
contact-based positioning systems. In addition, the low damping resulting from air drag results in high ring-down times (about 10s
[11]). Consequently, any motion of the levitated particle due to a disturbance does not quickly damp out. As the disturbances cause
high amplitude and long-lasting vibrations due to low stiffness and damping, the positioning precision is poor [10].

We could think of several approaches that potentially could improve the precision and accuracy of a levitated particle, although
these approaches are not validated yet. First, one can increase the acoustic field stiffness by increasing the acoustic pressure or
frequency. However, this only works to some extent, as new limitations emerge due to nonlinearities in the acoustic field [12]. Second,
shielding the levitated particle from the environment could potentially remove disturbance from surrounding airflow. However,
shielding might be impractical for handling applications. Moreover, the generated heat and convection [13,14] in the levitator still
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forms a source of disturbances, beside the acoustic streaming that creates air flow around the particle [15,16]. Third, using a different
gas than air might improve stiffness and damping [11,17], but requires a more advanced setup and limits the range of applications.

Recently, a different approach was proposed by Andrade et al. [18]. They reduced the response time and vibrations of a levitated
particle using feedfoward control. The controller filters the levitation trajectory using knowledge of the levitation dynamics. Yet,
feedforward control is limited as it cannot deal with unexpected or random disturbances. Therefore, an active feedback system would
be a preferred solution as it can suppress motion caused by disturbances [19]. Bos et al. [11] showed that the response time can
be drastically reduced using active damping. Here, a laser Doppler vibrometer was used to measure the particle velocity in order
to provide velocity proportional feedback. Using this approach, the response time was reduced from 9.7s to 0.01s. Nevertheless,
a vibrometer can measure the particle motion only at a single spot and can stabilize motion only along a single axis. Therefore,
implementing this technique for multiple levitating particles along multiple axes may be impractical, as each particle and axis would
need its own laser Doppler vibrometer, that is continuously aimed at the particle.

Vision systems have proven themselves in many applications for tracking the position and orientation of objects of various shapes
[20]. Objects may be located throughout the field of view and lenses can be used to adapt to the object size. For example, Willert [21]
shows how to track numerous spherical particles with a diameter of 10 um in a 44 x 5.9 mm field of view and perform particle image
velocimetry. Several works describe various implementations of vision systems operating in real-time. Here, we consider real-time
vision systems that both record and analyze each frame from the camera output as fast as possible after it is captured. For example,
Johnson [20] describes simultaneous tracking of multiple vehicles and pedestrians using a static camera. The camera records frames of
768x576 pixels in color at a frame rate of 50 frames per second (fps). The frames are processed in real-time on a Pentium D desktop
computer using the Open Source Computer Vision library (OpenCV). Furthermore, Ye [22] applies a vision system for feedback
control. He controls the position of a patterned surface in one direction. The camera takes a picture of the surface, which is compared
to a reference image in order to determine the positioning error. Subsequently, a controller aims to move the surface to the correct
location.

Although promising, current vision systems still have limitations. The sensor data has to be processed in real-time to extract the
object position. As the camera covers a wide field of view, an enormous amount of data [23] is generated per measurement-frame.
For example, Delbruck et al. reported that a vision system operating at a frame rate of 1kHz, having 128x128 monochrome 8-bits
gray pixels, produces a data stream of 16 Mbytes/s. Processing this data in real-time is still a challenge, and usually the limiting
factor of real-time vision systems. In the childhood of visual servoing, Corke [24] already wrote: “visual servoing has a relatively
low sample rate, significant latency (one or more sample intervals) and coarse quantization [24]”. Those limitations are related to
the huge amount of data that is generated. As sensor sample rate, latency and quantization largely determine the performance of a
feedback system, using vision in feedback control is still challenging.

The main issue in conventional frame-based vision for object tracking is that the camera generates a lot of data of which only
a small part is useful. The object usually takes only a small part of the image, and therefore redundant background information
dominates the data stream. This requires a processing step that distinguishes the object from the background and thereby reduces
the amount of data. Subsequently, the actual object tracking step may take place using the much lighter data stream.

Lichtsteiner et al. [25] have described an event-based camera that does not gather background data. This camera only registers
changes in light intensity. Therefore, only the contours of moving objects are registered. As background data is not registered, the
data flow is tremendously reduced for small moving objects. For example, in a calm scenario in which 8% of the pixels is active
(changing over time instead of being static background), the data stream of an event camera is 1% [26] compared to that of the
aforementioned 8-bit monochrome frame-based camera. Moreover, no background-subtraction is required in the image processing.
This camera is called an event-camera or silicon retina, as it mimics the human eye.

Because processing data from an event camera is computationally cheap (compared to frame-based camera), it can be performed
on a CPU in real-time as was shown by Ni et al. [27]. Willert [21] reports an event-based vision system that has a sample rate of 10kHz
and a latency of 200 ps [21,28]. Therefore, event cameras are promising candidates for tracking the position of levitated particles in
real-time.

In this work, we show feedback control of a levitated particle using an event camera as position sensor. The event camera is
connected to a desktop computer which performs the particle tracking on the event data. The position information is sent to a
system-on-module (SOM) with a feedback controller to update the acoustic field and thereby improve the positioning of the levitated
particle. Using the feedback controller, we reduce the particle vibrations and decrease the particle response time. Finally, we validate
the performance using a conventional frame-based high-speed camera.

This paper is organized as follows. First, we introduce the acoustic levitator and discuss how we determine the position of a
levitated particle using an event camera. Subsequently, we perform system identification in order to identify the dynamics of the
complete system. This includes the amplitude and phase response of the levitated particle, the sensor (event camera) and the control
unit (SOM). Then, we design a feedback controller using this information. Finally, we evaluate the performance of the feedback con-
troller by quantifying its ability to isolate the levitated particle from vibrations, characterized by the positioning error. Furthermore,
we test the ability to move the levitated particle quickly using a step-response, characterized by its settling time.
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9cm
8cm

Fig. 1. The acoustic levitation setup. a) Top view transducer array b) Side view transducer array including the coordinate system in green at the
levitation location ¢) Setup schematic. SOM: System-on-module - PA: Power amplifiers - PUT: Piezo-electric ultrasonic transducers - LS: Light source
(laser) - EC: Event-based camera - FC: Frame-based camera - PC 1: Desktop PC for real-time object tracking - PC 2: Desktop PC for data acquisition.
- Note that the light source is located beside the camera although this orientation could not be shown in the schematic. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

2. Method
2.1. Acoustic levitation setup

The acoustic levitator consists of two opposing piezoelectric ultrasound transducer (PUT) arrays. Each array consists of 64 Murata
MA40S4S transducers with a diameter of 1cm. The transducers are arranged in a square array that measures 8 times 8 cm, and the
arrays are at a vertical distance of 9 cm apart, as shown in Fig. 1. We levitate a white polyethylene (PE) spherical particle which has
a diameter of 0.55 + 0.05mm and a density of 1300 kg m~3. By electronically controlling the transducer signals an acoustic trap is
generated at focus point r, (r, = [x, y;, z;]), which is located exactly in the middle of the two transducer arrays. Because the acoustic
trapping force is large enough to overcome gravity, the PE particle levitates at that point. We create a z-trap (or standing wave as
introduced by Marzo et al. [10]) which features high vertical stiffness but also stiffness in both horizontal directions. The location of
the trap can be controlled in both horizontal and vertical direction by changing the location of the focus point r, by controlling each
individual transducer signal. In Suppl. Sec.(5.1) we further explain how the transducer phases are calculated to generate the acoustic
trap.

The acoustic field is controlled by system-on-module (SOM), which calculates the individual transducer signals for a given trap
location r,. 128 voltage signals are generated at the output of the SOM, which are subsequently amplified by 128 power amplifiers
(PA) to a peak-to-peak voltage of 28.6 V. Those 128 signals drive the Murata ultrasound transducers. Fig. 1 gives an overview of this
setup, and in Suppl. Sec.(5.1.2) we further describe the transducer signal generation.

We use a conventional camera to validate the motion of the feedback-controlled levitated particle. We combine this frame-based
high-speed camera (FC) with a telecentric lens, and record at a frame rate of 200 frames per second (fps). This camera features a
pixel-size of 13.7 um and the lens has a magnification of one. To determine the position of the sphere for each frame, we use the
‘imfindcircles’ function in Matlab, which uses a Circular Hough Transform based algorithm to find and fit a circle for each image. For
circles larger than 5 pixels, this algorithm can yield sub-pixel resolution [29].

2.2. Position measurement

In this section we explain how we determine the position of the levitated particle in real-time. First, we explain how we imple-
mented the event camera and optical arrangement. Second, we explain how we determine the particle position from the generated
data using a tracking algorithm.

In Fig. 1(c) a schematic overview of the setup is shown. The event camera (EC) is connected to a desktop computer (PC 1)
which performs real-time object tracking. The position information is sent to the SOM in which the feedback control algorithm is
implemented. A photo of the setup is shown in Suppl. Fig. 18, indicating the event camera, the frame-based camera and the levitator.

We use the EVK4 event camera, which is commercially available from Prophesee. This camera has 1280x720 pixels and can be
connected via USB 3.0. The event camera has a pixel size of 4.86 um, which is converted to an effective pixel-size of 6.48 um through
the telecentric lens (which has a magnification of 0.75). The object is illuminated by a red laser that has a spot-size of about 4 mm
and is located beside the frame-based camera (as shown in Fig. 1), pointing just next to the lens mounted on the event-camera. As
a result of the spherical shape of the particle, a small part of the laser beam is reflected into the event camera sensor. This causes a
small bright spot at one side of the sphere that facilitates tracking the particle with the event camera sensor, shown in Fig. 2. The
working principle of the event camera itself is explained in Suppl. Sec. 5.4.

3
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Fig. 2. Event generation for a levitated sphere illuminated from the back side (as shown in Fig. 1(c)). The white area marks generated events
(Explained in more detail in Suppl. Sec. 5.4.1).

We use the ’Spatter tracking’ algorithm which can track arbitrary shaped objects and is freely available from Prophesee, the
camera manufacturer [30]. The algorithm first interfaces and buffers the incoming data from the camera and then determines the
object location from the buffered event data. The object location is determined at a sample rate of 2kHz and sent to the SOM via udp.
In Suppl. Sec. 6 the tracking algorithm is explained and the tracking settings used during experiments are listed.

2.3. Controller layout

Here, we explain the implementation of feedback control. First, we explain how we can use the acoustic trap to exert a force on
the levitating particle. Second, we model the dynamics of the levitated particle and third we describe the controller layout.

By setting the location of the acoustic trap x, (the x-coordinate of the focus point r,) different from the particle location x, (see
Fig. 3(a)), we can exert a horizontal force on the particle. In the following, we will only implement feedback to control the horizontal
motion x,. Note that the procedure can be extended to control more degrees of freedom.

Fig. 3(b) shows the control scheme that we use. Here, the reference location x, is the location where we aim to position the
levitated particle. The error signal e equals the difference between the reference location x, and the measured location of the particle
xp- The controller C acts upon this error signal e and calculates the new trap location x,. Disturbances acting on the levitated particle
like airflow and transducer fluctuations are modeled as a process disturbance d. The disturbance d and the new trap location x; both
are input to the plant P (the levitated particle).

In order to understand the dynamics of the levitated particle (plant P), we model it as a mass-spring-damper model (details in
Suppl. Fig. 1). The resulting equation of motion is

Xp + 2wy + 0 (xp — X, —d) =0, (6))
where w, equals the eigenfrequency of the levitated particle in rads~! and ¢ equals the damping ratio. In the following definition of
the plant P (Eq. (2)), the trap displacement x, is the only external input (d = 0) as disturbance d interacts in the same manner as trap
displacement x, (according to Fig. 3(b)). The transfer function P of the plant is found from the Laplace transform of Eq. (1):

Xp(s) _ wi , (2)
X(s)  s2+20wys + o
where we use a capital to indicate the Laplace transform of each time signal (X (s) = L{x(1)}).

We implement feedback control in order to reduce vibrations (due to disturbance d) of the levitated particle and shorten the

settling time T;. The 5%-settling time equals
1

@p

P(s) =

T,=-In (o.os)g 3

which indicates the time after which vibrations remain smaller than 5% of the initial step. We implement a Proportional-Integral-
Derivative (PID) controller [19,31], which can stabilize the particle and also reduce the settling time. The controller C has the

following layout:
‘ > %)
TintS

where kj, equals a proportional gain and the time-constants 7;,; and z4 are related to respectively the integration and derivative action.
Each time-constant 7; is related to a frequency f; according to the following relation:
P
o 2xf;
and H,(s) equals a N, -point moving average filter (details in Suppl. Sec. 3.1.8).

C(s) = kp<Hm(s) (L4 1748)+

)]

We design the controller by loop-shaping the frequency response [19]. Here, the frequencies f; are used as tuning parameters
of the controller design. This method is very convenient to use because later we identify the plant P in the frequency domain. The
actual controller design is explained in Section 3.3.

3. Results

In this section we present the results of the implementation of feedback control. First, we identify the open-loop dynamics of the
levitated particle to determine the system parameters f,, ¢ and the delay 4. Using this information, we design a feedback controller
and finally we examine the performance of the feedback-controlled particle.

4
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4[ Motion controller ]7

(a)

X

Fig. 3. Feedback implementation - x,: particle position - x,: trap position - x,: reference position - e: error signal - d: disturbance signal - a) Trap
position for feedback. The levitator is shown from top, the grey square indicates the outer boundary of the transducer array and the coordinate
system is shown in green. - b) Block diagram of the feedback system. C: Controller - P: Plant (levitated particle, defined in Eq. (1)). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.1. Identification of the plant

First, we identify the dynamics of the system in the open-loop configuration. This includes the levitated particle as well as the
sensor (event camera and corresponding hardware). We move the acoustic trap in horizontal direction according to the reference
signal x,(), while we monitor the particle movement x,(r) with the event camera. We record both the reference signal x(f) and the
measurement signal x,(¢) at the SOM, such that we can determine the relation between the two using FFT analysis. We use a multisine
signal as reference signal x.(¢), as this contains a wide band of frequencies. The multisine signal has a frequency resolution of 0.25 Hz,
a frequency range of 0.25Hz to 60 Hz and a maximum amplitude of 0.33 mm. The multisine signal is constructed according to Eq. (6)

N
x.(t) = Z A; sin(w;t + @;), ©

i=1

where A; equals the amplitude, ; the frequency and ¢, the phase offset of each signal component. The parameter values used in
Eq. (6) are listed in the Suppl. Table 1.

In Fig. 4 we show the result of this identification method. We show the ratio of the measured particle movement x, over the
trap movement x, along the reference signal x,. We determine this ratio by dividing the frequency spectrum of the measured output
Xp(jw) over the frequency spectrum of the input signal X,(jo) (time domain data is presented in Suppl. Sec. 2.1.1). Subsequently, we

. . . . Xp(
fit, in the frequency domain, Eq. (7) to the measured output-over-input ratio ngz)):
X, (s) 2
H(s)= L2 — = 2 T, 7)

X(5) 2+ 2wys + a2

Eq. (7) is derived from Eq. (2) (shown in Suppl. Sec. 1.2) but has an additional time delay z, to account for the time delay present
in the measurement system. From the fit (the blue line in Fig. 4) we find the model parameters f,, { and 74, which are listed in
Table 1.
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Table 1

Open-Loop system identification: Charac-
teristic dynamic quantities of the levitated
particle (the plant P in Fig. 3). Values are
deduced from Fig. 4.

Quantity ~ Value Description

¢ 1.4x1072 Damping ratio
fa 12x10'Hz  Eigenfrequency
74 5.5ms Time delay

Magnitude (dB)
o

*measurement
model fit

2 4 10 20
Frequency (Hz)

Fig. 4. Identification of the plant (P in Fig. 3) in the frequency domain as described in Section 3.1. We show the data in the frequency domain
using the Bode diagram of H(jo) = %, where X, (jo) is the frequency domain transformed measurement data of the particle displacement and
X, (jw) the transformed data of the reference signal along which we displace the trap. The data is fit to the model defined in Eq. (7). This yields fit

values f, = 1.2x 10' Hz, { = 1.4 x 1072 and 74 = 5.5 ms. The magnitude axis is expressed in dB: 201log,, | H|.

3.2. Identification of disturbances

Second, we identify the particle vibrations originating from disturbances. To do so, we fix the trap position (x.(r) = 0) while
we record the particle movement with a high-speed frame-based camera (FC in Fig. 1(c)). The vibrations present originate from
disturbance sources like air flow around the particle and random trap movement. This trap movement can be due to heating of the
transducers or temperature fluctuations in the levitator, which affect the acoustic wavelength and thus the location of the trap (see
Suppl. Sec. 5.1.1). As these phenomena excite the levitated object, we model them as a process disturbance [19] d in Fig. 3(b). Using
this model, the vibrations of the particle xp are related to the disturbance source according to Xp(s) = P(s) - D(s), as the reference
signal x.(t) equals zero in this situation. Note that in this experiment there is no feedback applied (C = 0).

We show in Fig. 5 the Power Spectral Density (PSD) of the particle movement, which we determine in Matlab using the Pwelch
function. In Fig. 5 we can see that the disturbance source has high PSD at low frequencies, while it decreases for higher frequencies.
Clearly, a resonance is visible at 1.2 x 10! Hz, due to the fact that we plot the vibration PSD corresponding to the product PSD X, =
| P(jw)|? - PSD, (where PSD X, is the PSD of X)). The eigenfrequency f,, of the levitated particle corresponding to horizontal motion
equals 1.2 x 10! Hz, and is therefore visible in the particle response shown in Fig. 5.

The PSD corresponding to vertical motion (z) in Fig. 5 also shows a peak at 1.2 x 10! Hz. We assume that this is due to coupling
of horizontal (x) motion to vertical (z) motion, as explained in Suppl. Sec. 1.3. The PSD of vertical motion shows a second peak at
40 Hz, which corresponds to the resonance of vertical motion as shown in Suppl. Fig. 6. The motion is excited by disturbance source
d, resulting in particle motion in vertical direction (PSD z, = | P,(jw)|? - PSDp) as shown in Suppl. Fig. 11.

3.3. Controller design

We implement feedback control to reduce the vibrations ¢ and reduce the settling time 7 of the levitated particle. The vibrations
arise from disturbances (d in Fig. 3(b)) and movement of the acoustic trap location (x, in Fig. 3(b)). We design the controller according
to the method called loop-shaping [19]. This method uses the frequency spectrum representation of the feedback system, which is
very convenient as we also identified the system in the frequency domain.

The first design parameter of the controller that we set is the phase margin (PM). The phase margin is [32] the amount by which
the phase of the open-loop response (L(s) = C(s) - P(s)) is more positive than —180°, evaluated at the frequency where the magnitude

6
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Fig. 5. Disturbance vibration spectrum: The PSD shows vibrations caused by the disturbances acting on the levitated particle: PSD x, = |P(jw)|? -

PSD,, (according to the model shown in Fig. 3(b)) and PSD z, = | P,(jw)|? - PSD,, according to the model shown in Suppl. Fig. 11. In this experiment,
the location of the acoustic trap is constant: x,(f) = z,(r) = 0.

Table 2

Controller design: Settings of the implemented PID controller.
Qty. Value Description Reference
ky 0.35 Proportional gain Eq. (4)
fe 19Hz Unity gain cross over frequency Suppl. Fig. 9b
Sint 23Hz Integrating action Eq. (4)
fa 3.6Hz Differentiating action Eq. (4)
PM 35° Phase margin Suppl. Fig. 9b
GM 8.4dB Gain margin Suppl. Fig. 9b
T, 0.1s Settling time (5%) Eq. 3)
T 0.4 ms Sample period controller Suppl. Eq. 34
Np 4 Window size moving average Suppl. Eq. 34

fem 282 Hz Corner frequency moving average Suppl. Eq. 34

of open-loop response L(s) equals one (the unity-gain cross over frequency f,, see Suppl. Sec. 3.1.2). We choose the phase margin
to be 35°, as this provides us a decent stability margin and damping (¢ ~# PM/100). We set the phase margin by the differentiation
action f4. Second, we require the open-loop gain L(s) to be larger than —6 dB for frequencies lower than the natural eigenfrequency
fax = 1.2 x 10! Hz. This enables the particle to properly follow a reference signal x,(t). We realize this using the controller parameter
fint> which sets the integral action. Third, we choose the proportional gain k, as high as possible to provide additional stiffness. In
Table 2 the controller parameters, stability margins and performance indicators are listed. Furthermore, in Suppl. Sec. 3.1 additional
details concerning the controller are provided like the modeled open-loop response (L(s) = C(s) - P(s)) of the compensated system
(Suppl. Fig. 9b).

In the acoustic field, there is a coupling between vibrations in the horizontal and vertical direction [33]. This becomes clear from
Fig. 5 where a vibration power peak occurs for vertical motion z, at the horizontal eigenfrequency f,, . We identify this coupling
further in Suppl. Sec. 2.3. We apply active damping on vertical particle motion to reduce vibrations in this direction. This active
damping reduces the vibration power of vertical motion, and limits the coupling effects between horizontal and vertical motion. The
implementation is shown in Suppl. Sec. 3.2.

3.4. Closed-loop performance

In Fig. 6 we show the performance of the feedback-controlled particle. In Fig. 6(a) we show (as in Fig. 4) the frequency response
for multisine excitation, for the open-loop and closed-loop system. Here, we move the reference location x, according to the multisine
signal (Eq. (6)) and monitor the particle movement with the event camera.

The closed loop system shows a reference-tracking bandwidth B, (Table 3) of 5.0 x 10! Hz, which is the highest frequency with
which we can substantially move the particle, determined from the —6dB crossing of the response shown in Fig. 6(a). Note that
this bandwidth is higher than the open-loop bandwidth of 2.6 x 10! Hz. Moreover, the resonance of the closed-loop system has a

7
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Table 3

Performance of the open-loop (OL), closed-loop (CL) and modeled closed-loop system. *for the closed-
loop system, ¢ is calculated from the overshoot [32] as no oscillations were present in this experiment.
* The ’Source’ column indicates the related figure for the open-loop (OL) and closed-loop (CL) col-
umn. Material related to the modeled performance (model CL column) is provided in Suppl. Sec. 3.1. #
The reference tracking bandwidth is determined from the —6 decibel crossing in Fig. 6(a), indicating an

. . .| X,
output-over-input amplitude ratio X”é’:)) | of 0.7.
Quantity ~ OL model CL CL Source’ Description
T, 23s 0.1s 6x1072s Fig. 6(b) & 6(c) Settling time (5%)
¢ 1.4x 1072 0.35 0.62* Fig. 6(a) & 6(f) Damping ratio
By 2.6 10! Hz 32x10' Hz 5.0x 10! Hz Fig. 6(a) Reference tracking bandwidth*
o, 1.0x10%m 25%x107°m 1.9%10°m  Fig. 6(d) Horizontal RMS error
. 23%x10”°m  72x10°m  20x10°m  Suppl Fig. 13 Vertical RMS error

magnitude of only 4 dB, which is much lower than the open-loop resonance that has a magnitude of 40dB. This implies that the
closed-loop system has more damping compared to the open-loop system.

In Fig. 6(d) we show the vibration PSD of the open-loop and closed-loop system. For this experiment, we use a constant reference
signal (x, = 0) and monitor the particle vibrations, just as shown in Fig. 5. We record the particle motion with the frame-based camera
(FC) and determine the PSD.

The vibration PSD is reduced especially at frequencies lower than 1 Hz and at the resonance frequency (1.2 x 10! Hz). The total
positioning error is quantified using the root-mean-squared (RMS) vibration level ¢, which is defined [19] as:

®

where P,(f;) equals the vibration PSD at frequency bin f;, and Af equals the frequency bin size. This positioning error is reduced
from 1.0 x 10~*m to 1.9 x 107> m for horizontal motion. The PSD of vertical motion is shown in Suppl. Sec. 4.1, and the coupling
between horizontal and vertical motion is further investigated in Suppl. Sec. 1.3. The positioning error in vertical direction is changed
from 2.3 x 107 m to 2.0 X 1075 m.

Finally we evaluate the performance of the feedback-controlled particle using a square wave reference signal x.(¢). In this exper-
iment we use the event camera in the feedback loop and use the frame-based camera to record the particle motion for performance
evaluation. In Fig. 6(b) we show the particle response for the case that we apply no feedback. Here, the particle shows overshoot
of about 0.4 mm after the reference location x, changes, which is almost equal to the reference location jump value. Subsequently,
the particle remains vibrating during the settling time 7}, which is about 2.3 s. After this period, the particle remains vibrating and
also the mean value remains drifting over time. Fig. 6(e) provides a detailed view on a short time interval of the signal shown in
Fig. 6(b), on the short time span just after the reference location x, is changed. Here we can clearly observe the long-lasting harmonic
vibrations of a highly under-damped system.

In Fig. 6(c) we repeat the same experiment while feedback control is active. Here, after the reference location x, changes, the
particle follows the reference location x, and remains close to this value as long as the reference location x, remains in place. After
the particle is settled, it hardly shows vibrations or drift.

In Fig. 6(f) we zoom in on the time span just after the reference location x, is changed. Here, we observe that the particle shows
only little overshoot (0.075 mm), oscillates hardly and quickly settles within 6 x 10~2s. In Table 3 the performance indicators of the
levitated particle are listed for the uncontrolled and the controlled situation.

4. Discussion

We demonstrated in Fig. 6(b) and (c) that position feedback can reduce the settling time of a levitated object. As listed in Table 3,
the settling time was reduced from 2.3 s to 6 x 1072 s. Moreover, the levitated particle settles at the location of the reference signal x, (),
also after the reference signal value changes (shown in Fig. 6(c)). The particle vibrations in the controlled direction are drastically
reduced from 6, = 1.0 x 107 m to o, = 1.9 X 107> m, as elaborated in Fig. 6(d). To our knowledge, this outperforms the state-of-the
art, which typically reports a repositioning error of 5 x 1073 m to 7 x 107> m [10,34].

The behavior of the feedback-controlled levitated particle is close to the behavior predicted by the model (Fig. 3), as shown in
Table 3. Therefore, the settling time T, and vibration amplitude ¢, can be predicted using a simple linear model (as explained in
Suppl. Sec. 1.4).

Compared to stabilization approaches reported in literature (feed-forward compensation [18] and active damping [11]), our
implementation of position feedback has several new capabilities. First of all, the steady state position of the levitated object is
aligned with the desired position using position feedback (Fig. 6(c)). This implies that the positioning accuracy is improved. Second,
vibrations due to disturbances (o) are suppressed (Fig. 6(d)), such that the positioning precision is improved. Third, the reference

8
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Fig. 6. Performance of the feedback control system a) Bode diagram showing the output-over-input ratio of H(jw) = );"8:: , experimentally deter-
mined using a multisine reference signal x,(#) (like Fig. 4). Magnitude in dB: 20log,, | H . - b) Particle response x, (1) to a sqruare wave reference signal
x,(1) - No feedback is applied. - ¢) Particle response xp(1) to a square wave reference signal x,(r). In this case, feedback is applied. - d) Disturbance
vibration spectrum: The PSD shows vibrations caused by the disturbances acting on the levitated particle. In this experiment, the reference signal is

constant: x,(f) = 0. OL: open-loop system CL: closed-loop system. - e) Detailed view of a short time interval of Fig. 6(b) - f) Detailed view of a short
time interval of Fig. 6(c).

tracking bandwidth B, is increased (Table 3), increasing the frequency with which we can position the particle. Nevertheless, feed-
forward compensation [18] and active damping [19] could still be applied in combination with position feedback [19]. In this way,
vibrations related to the reference signal x.(¢) can be further suppressed.

Illumination and event generation

Usually, an object is illuminated from the front for visual tracking. Using an event camera, this method generates positive events
at the front and negative events at the rear of the illuminated object (shown in Suppl. Fig. 21). Those two zones with high event rate
can be tracked separately, from which the object midpoint can be determined. However, in this work we used a laser to illuminate
the levitated sphere from the back side. In this way, both positive and negative events are continuously generated at the sphere’s side.
This allows to remove the negative events using the biases, reducing the event-rate and thus the computational load. Moreover, there
is only a single spot to be tracked, which remains visible even when the particle is not moving. Therefore, this type of illumination
makes the tracking simpler and more reliable. We further note that the reported RMS positioning error of 5, = 19 pm is larger than

the pixel size of 6.48 pm, and therefore we assume the optical system not to be the limiting factor for the precision in the current
situation.

Performance event camera versus frame-based camera

To position the performance of the motion tracking shown in this work with respect to the state-of-the-art, we compare it to some
configurations reported in literature, listed in Table 4. Listed items give an indication of typical performance for different hardware
implementations. The systems using a frame-based camera were selected by Ye [22] as being representative for the state of the art.
The performance of a vision system for motion tracking can be indicated using the two performance-indicators Kj,; and Kgpyy:

9
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Table 4

A selection of vision tracking systems reported in literature, giving an indication of typical performance for different hardware implementa-
tions. The selection of frame-based vision systems is based on the work of Ye [22]. The performance indicators K, and K, are defined in
Egs. (9) and (10). *Although the EVK4 camera sensor has 720x1280 pixels, we define a range-of-interest of a circle of 210 pixels in radius. f
The latency is composed of 3.6 ms related to the USB data transfer from the event camera to the desktop computer, and 1.2 ms related to the
event camera sensor and tracking algorithm (as explained in Suppl. Sec. 5.2).

Pixels Latency Sample rate Kot Komp Processing Camera  Tracking Source
Ny Tl (MS) fsmp (H2Z) (kpix/ms)  (kpix/ms)  unit data application
3600 0.16 6000 23 22 FPGA Frames Bird wing motion analysis ~ Graetzel [36]
160x100 1 1600 16 26 FPGA Frames 1-dof motion control Ye [22]
320x240 1 1000 77 77 FPGA Frames Pose estimation Komuro [37]
640x480 9.8 283 31 87 FPGA & CPU  Frames Object tracking Liu et al. [23].
1600x1200 - 100 - 192 FPGA Frames Color image processing Harvilov [38]
768x576 - 33-50 - 22 CPU Frames Color image processing Johnsen et al. [20]
128x128 2.8 - 5.9 - CPU Events Goalkeeper Dellbruck et al. [25]
128x128 - 4000 - 66 CPU Events Haptic feedback gripper Ni et al. [27]
138544* 1.2+3.6 2000 29 276 CPU Events 1-dof motion control This work
N
Kia = —— O
Tlat
N
Ksmp = pix * fsmp = ﬂv (10)
Tsmp

where np;, equals the number of pixels, 7, the latency (time after which the tracking information is available), f,, the sample
frequency of the vision system and y,, the time interval between tracking data points. The sample frequency fn,, is related to the

sample interval 7y, using 7y, = o

The vision tracking presented in this work has comparable values for Kj,; and K, as the frame-based vision systems listed in
Table 4. However, the event camera uses USB 3.0 to transfer event-data to the desktop PC which causes the main part (3.6 ms) of the
delay ;. This delay can be reduced by tuning the USB protocol or using a different connection [35], which would result in a higher
value for Kj,;. Moreover, in our implementation the tracking algorithm is implemented on a desktop computer. The performance
of this computer limits the sample rate at which the tracking algorithm can be executed to 2kHz. The delay related to the tracking
algorithm equals two sample periods (2 - 74y, = 1 ms), as explained in Suppl. Sec. 5.2. Nevertheless, Liu [23] has shown that object
tracking implemented on an FPGA can be 20 times faster compared to implementation on the CPU of a desktop computer. Therefore,
we expect that the performance of our tracking system would be higher in terms of Kj, and Ky, if the tracking algorithm would be
implemented on an FPGA.

It is advantageous for a feedback system to have a low tracking latency, as this yields less phase lag according to ¢ = 7 f,, - 360. Less
phase lag results in a higher phase margin (Suppl. Fig. 9b and Table 2) of the controlled system and thus more damping ({ ~ PM/100).
Alternatively, it would allow us to increase the cross-over frequency f. while retaining the phase margin. Consequently, a higher
cross-over frequency f. would result in a stiffer response (see Suppl. Sec. 3.1).

Outlook

The feedback implementation shown in this work can be improved in several aspects. First, we expect that more information
can be extracted from the tracking output. The spreading of events in each accumulation interval could give information about the
velocity of the tracked object, as it is related to the traversed distance during the accumulation period. Alternatively, negative events
could be tracked separately to provide additional information about the object position and movement direction.

Second, state feedback [19] could be implemented, which is a more thorough controller design approach than designing a con-
troller in the frequency domain. However, this requires velocity information of the particle, as well as a more thorough identification
of the system.

Third, also the vertical motion of the levitated particle can be controlled using position feedback. This would allow for two-
dimensional position control of the levitated particle and further reduce vertical vibrations. However, the eigenfrequency f,,_, is at
39 Hz, which is about three times higher than the horizontal eigenfrequency f, . At 39 Hz, the phase lag due to the system delay
(Table 1) equals ¢ = 74f - 360 = 75°, which limits the possibilities of PID control which requires a positive phase margin of about
30°. Finally, the motion in all directions could be tracked by adding a second event camera. This would allow to stabilize the motion
of the particle in all directions.

5. Conclusion

In this work we show that a levitated particle can be stabilized using feedback control. We show how an event camera can be
used to track the position of a particle in real-time, and how to implement the camera as a sensor in a feedback loop. We make
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clear that using an event camera a higher sample rate f;;,, or more pixels can be used with respect to a frame-based camera, as the
pixel-sample rate product Ky, Eq. (10) of 276 is the highest of all listed vision systems in Table 4. Subsequently, we show how to
identify the dynamics of the levitated particle and how to design a PID controller that stabilizes the particle position. The performance
of the controller can be predicted by the model and therefore be tuned to specific performance targets. We show that using position
feedback, the RMS value of the vibrations in horizontal direction (o) is reduced from 1.0 x 10~ m to 1.9 x 107 m and the settling
time Ty is reduced from 2.3s to 6 x 1072s. In this way we contribute to the usability of acoustic levitation by tackling the inherent
challenges like long response time [11] and vibrations due to disturbances. With the feedback control, the positioning precision of
acoustic levitation is brought into a regime comparable to the positioning performance of additive manufacturing methodologies [6].

We note that the presented procedure can be implemented as well to stabilize other (levitated) objects. The optical setup can be
adjusted to visualize structures ranging from macro to micro scale. In this way even for small-scale systems (which are usually very
difficult to track) the position can be stabilized and controlled with micrometer precision. This could open up new possibilities in the
field of microassembly.
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