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ABSTRACT

Acoustic levitation is an attractive and versatile technique that offers several advantages in terms of particle size, range, reconfigurability, and
ease of use with respect to alternative levitating techniques. In this paper, we study the use of active damping to improve the response time and
positioning precision of an acoustic levitator operating in air. We use a laser Doppler vibrometer to measure the velocity of a levitated particle.
Using this information, a control algorithm is designed and implemented to provide active damping. By system identification and modeling,
we demonstrate that the active damper mechanism is well-predictable by models and can be electronically reconfigured and controlled.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0210800

I. INTRODUCTION

During the past decades, the interest in acoustic fields for the
levitation of particles in air has been steadily growing.! Its ability to
levitate virtually any material,”’ including solids, liquids, and liv-
ing samples, makes acoustic levitation an attractive and versatile
technique that offers several advantages in terms of particle size,
range, reconfigurability, and ease of use with respect to alternative
levitation methods,* such as magnetic’ and optical levitation.”” By
equipping ultrasound transducer arrays with fast electronic control,
it became possible to levitate and move multiple particles simul-
taneously while also controlling their orientation.® This enables a
wide range of applications for acoustic levitation in chemistry, "
biophysics,'' 3D displays,'? and microassembly.”"”’

A major challenge in controlling a particle by acoustic fields,
instead of using contact forces, is the relatively small stiffness and
damping force in the field-generated acoustic levitation traps. As a
consequence, noise and disturbances that act on a levitating particle
will excite underdamped oscillations'* with long relaxation times.
Although increasing the stiffness of the field is beneficial, it is lim-
ited by the maximum acoustic power of the ultrasound transducers
and results in high electrical power usage and thus heat generation.
The relatively low stiffness of the acoustic field causes low funda-
mental resonance frequencies f, of the levitating particles, which, in
combination with the low air damping,'® lead to high quality factors

(Q~ zi() of a few hundred and result in long decay times 7 = -2

7 fa
in the order of seconds. Vibrations induced by disturbances or trap

movement thus persist for a long time, diminishing the precision
and speed by which acoustic levitating particles can be moved and
positioned. Increasing the gas damping force in acoustic levitation
is not desired, since it requires operating in high-pressure cham-
bers with specialized gases. Moreover, increased gas damping would
limit the maximum speed by which particles can be moved. There-
fore, alternative methods to increase the damping and reduce the
relaxation time of acoustically levitating particles are needed.

Since passive methods for increasing damping of acoustically
levitated objects are not easily implementable, it is of interest to
investigate the feasibility of using active damping for stabilizing
acoustic levitating particles. Active damping requires a feedback
loop that monitors particle motion with a sensor and generates a
feedback signal to alter the acoustic field.

For position sensing, high-speed cameras provide detailed
information at a high time resolution. However, the particle position
data are only available after image processing, which is computa-
tionally expensive and thus usually performed after the recording is
made.”'"” For the implementation of feedback, the particle velocity
has to be measured in real-time, so offline data processing is not pos-
sible. Therefore, the conventional high-speed camera setup as used
by Jiang et al.'” or Andrade et al.'® cannot be employed. In con-
trast, a laser Doppler vibrometer (LDV) can measure the velocity of
a surface and output the data in real-time and can even be used for
(sub-)millimeter-sized particles. For example, Argo et al.'® showed
how to measure the vibrations of an air bubble of 1 mm in water
and Koyama et al.'” applied the same concept to measure the posi-
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tion of a 0.1 mm particle using an LDV. In addition, Andrade et al.'®
showed how to measure the acoustic field pressure itself using an
LDV.

For high bandwidth feedback, it is important to use a dedicated
computing unit for the acoustic levitator. Beasley et al.”’ showed
how to use a system-on-module (SOM) to generate the transducer
signals for the acoustic field, and to perform real-time data acquisi-
tion. They also showed how to generate square wave signals using
the field-programmable gate array (FPGA) on the SOM. In this way,
the transducer signals can be controlled individually at a high time
resolution, achieving a phase resolution of /125 rad.'” This is in
contrast to the widely used Arduinos that have a typical phase res-
olution of just 77/12 rad.” In addition, as the FPGA has a very high
time resolution, pulse-width modulated (PWM) signals can be gen-
erated as described by Sun.’! In this way, the acoustic field contains
less undesired features, as the PWM signals can be converted into
nearly ideal sinusoidal signals.

To design a controller that performs active damping on the
levitated particle, it is required to know the dynamics of the com-
plete system. This involves the dynamics of the levitated particle,
the sensor, and the computing unit, as well as delays present in the
loop. Identification of the dynamics of an acoustically levitated par-
ticle has been reported several times. Jiang et al.'” showed how a
transfer function model can be estimated. The trap is moved using
a chirp signal, and the particle response is captured using a high-
speed camera. The amplitude of the vibration spectrum is fit to the
transfer function model, yielding the stiffness of the acoustic field.
However, their methodology does not provide any timing informa-
tion. In addition, Perez et al.'* showed how the damping coefficient
can be estimated from the step response of an acoustically levitated
particle, using a camera. So, although some aspects of system identi-
fication of a levitated particle have been demonstrated, the complete
identification has not.

In this paper, we realize active damping by combining an
LDV with an FPGA-controlled acoustic levitator. We use active
damping to improve the response time and positioning precision
of an acoustic levitator. To implement feedback, we measure the
particle velocity using a laser Doppler vibrometer. Using a com-
puting unit with real-time data acquisition (Zynq PicoZed), we
analyze the vibrometer signal and compute the new trap posi-
tion to damp the particle motion. In order to design a stable and
optimal feedback controller, we first perform system identification.
This implies that we identify the complete system dynamics of
a levitated particle in the frequency domain. We also determine
the phase response, which is crucial for the design of a feedback
controller.

Finally, we show that the active damping provided by the feed-
back controller can decrease the quality factor from Q = 440 down to
Q = 0.6, close to the optimal critically damped case Q = 0.5. Active
damping can thus be used to increase the speed and precision by
which levitating particles can be controlled.

Il. METHOD

In this section, we describe the acoustic levitator setup, the laser
Doppler vibrometer (LDV), and the data processing and feedback
implementation used for active damping.

pubs.aip.org/aip/adv

A. Acoustic levitation setup

The acoustic levitator consists of two opposing arrays of 64
Murata MA4084S piezoelectric ultrasound transducers (PUTs) [see
Fig. 1(a)]. Each PUT has a diameter of 1 cm, and each transducer
array has a rectangular layout of 8 by 8 cm, as shown in Fig. 1(b). As
Fig. 1(c) shows, the distance between the transducer arrays is 9 cm
and we levitate a spherical polyethylene (PE) particle with a diameter
of 1.1 mm.

An acoustic trap (a point with a large acoustic trapping force,
at which the particle levitates) is formed using electronic phase
focusing.”'” This implies that the phase offset of each individual
transducer is chosen such that the resulting acoustic field is focused
at the trap location, while the amplitude of all transducer signals is
kept the same,

— - 2m. (1)

Here, 0; is the phase offset of transducer i, w; equals the angu-
lar frequency of the transmitted acoustic signal, 7; equals the sound
wave travel time from transducer position 7; to focus point rf, and A
equals the wavelength of the acoustic signal.

The trap is located in the middle of the levitator by setting an
additional phase difference of 180° between the bottom and top
transducer arrays (a z-trap). This results in a trap that has a high
vertical acoustic radiation force such that gravity can be overcome.
The resulting individual phase offset of each transducer, therefore,
consists of a focusing component and a trap-signature component
(6 = 0P + 6", as explained by Marzo et al® The pressure,
measured with a calibrated microphone (Bruel and Kjaer, type 1708)
near the trap, was found to be 2.8 kPa. By varying the phase shifts of
the top and bottom arrays, the trap position can be controlled in the
vertical direction.

In short, 128 pulse-width modulated (PWM) voltage signals
are generated using an FPGA-based Zynq PicoZed 7015 system-
on-module (SOM) to create the acoustic levitation trap. Analog
filters are used to convert the PWM signals to sinusoidal signals of
39.8 kHz, which is near the resonance frequency of the ultrasound
transducers. 128 power amplifiers (PAs) are used to amplify the
sinusoidal signals to a peak-to-peak amplitude of 28.6 V and indi-
vidually drive the Murata ultrasound transducers. In Sec. S4 of the
supplementary material, some further details are presented about
the transducer signal generation.

Figure 1(d) shows a schematic illustration of the actuation
scheme and measurement setup. We use a high-speed camera (HSC)
in combination with a telecentric lens focused on the levitated
particle to record the motion of the particle at 200 {/s (fps). After-
ward, we determine the particle position for each frame using the
imfindcircles algorithm in MATLAB.

B. Feedback implementation

To implement feedback, we use a laser Doppler vibrometer
(LDV, Polytec OVEF-534), which points at the particle through a hole
in the upper transducer array and measures the velocity of the levi-
tating particle as shown in Fig. 2(a). The measurement distance (the
distance from the particle to the front of the lens) is 209 mm, and the
spot size is 28 ym. The LDV converts the measured z-component of
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FIG. 1. (a) Photo of the acoustic levitator. (b) Top view of the transducer array. (c) Side view of the transducer array. (d) Setup schematic. SOM: system-on-module, PA: power
amplifier, PUTs: piezoelectric ultrasonic transducers, LDV: laser Doppler vibrometer, LD: laser decoder, ASP: analog signal processing, and HSC: high-speed camera.

(a) Zp

FIG. 2. Feedback implementation. (a) Trap position for feedback; zy: particle posi-
tion, z,: trap position, z;: reference position, and 7y, feedback gain. (b) Block
diagram feedback concept; C: controller, P: plant [levitated particle, defined in
Eq. (4)], and M: velocity sensor (LDV).

the particle velocity to an analog voltage signal. A low-pass filter with
a cutoff frequency f. = 600 Hz is used to remove high-frequency
noise. The filtered signal is provided to the analog-to-digital con-
verter (ADC), which has a sampling rate of 800 kHz. After the data
acquisition, the signal is digitally high-pass filtered to remove low-
frequency noise (fc = 4 Hz) and drift. We exert a feedback force on
the levitated particle by setting the acoustic trap position zy, at a dif-
ferent point as the actual particle position zp, as shown in Fig. 2(a)
and Fig. S1 of the supplementary material.

To implement active damping to the particle, the trap
position z, is calculated based on the motion of the particle
according to

Zh =Zr — beép. (2)

Here, we multiply the measured velocity of the levitated particle z,
by the gain 7p, and subtract this from the reference setpoint value z;.
This reference value z; is the location where we aim to stabilize the
particle and can be a function of time t.

To assess the effect of feedback on the levitated particle’s
motion, the particle is modeled as a simple mass-spring
damper system (see also Sec. S1 of the supplementary material),
with particle mass m, acoustic field stiffness k, and damping
coefficient c,

mzp + czp + k(zp — 2 + Tp2p) = 0. (3)
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Note that Eq. (2) is used to calculate the acoustic force
—k(zp — zp) on the particle in the presence of feedback. This equa-
tion can be mass normalized using the natural frequency w? = k/m
as follows:

Zp + 2Cwnzp + wi(zP -2)=0, (4)

where { denotes the damping ratio, which is the sum of air-drag
(¢4) and feedback ({j) damping ({ = {4 + (). The damping ratio
( is directly related to the quality factor using Q = 2%, and the natu-
ral frequency is related to the eigenfrequency using w, = 271f . The
damping force yielded from the feedback loop yields the following
damping ratio:

1
(v = 5 Trbn. (5)

The Stokes drag force acting on an oscillating sphere in laminar
flow can be estimated according to Ref. 22 and leads to the following
damping ratio:

_9 v ( B)
{d—4wanR2 1+ 6 > (6)

where & denotes the penetration depth according to

5= )2 %
pow

where  is the fluid viscosity, w is the frequency of oscillation, p, is
the particle density, and p; is the fluid density.

If the particle is displaced by a distance Az, 0, the settling time
T, is defined”’ as the time needed before the oscillations are faded
out to 5% of the step amplitude Az,

T, = —1n (0.05) (; =-In (0~05)?7Q~ ®)

The value of {4 is typically 1.3 x 107> for a polyethylene par-
ticle with a radius of 1.1 mm and a resonance frequency of 44 Hz,
which results in an estimated Q-factor of Q = 3.8 x 107 (see Table I)
and a typical settling time of T = 8 s. This long settling time is a
clear motivation for implementing active damping to increase { and
decrease the settling time T’.

TABLE |I. Open-loop system identification: characteristic dynamic quantities of the
levitated particle (air drag damped). Used parameter values: temperature T = 298 K,
pressure py = 101 kPa, viscosity 4 = 1.85 x 10~ Pas, air density po =12kg m-3,
particle density p, = 1.0 x 10° kg m~2, and particle radius R = 0.55 mm.

Parameter Value Source Source description

Q 4.4 % 10° Figure 3 Step response

Q 1.2 %107 Figure 4 Bode diagram

Q 3.8 x 10? Equation (6) Stokes drag for vibrations
fa 4.4 x 10" Hz Figure 3 Step response

T4 0.7 ms Figure 4 Bode diagram

pubs.aip.org/aip/adv

lll. RESULTS

In this section, we first analyze the open-loop dynamics of the
system to identify the system parameters Q and w,. Then, we analyze
the closed-loop dynamics of the system shown in Fig. 2 to determine
the system parameters as a function of the feedback gain 74,.

We perform open-loop system identification by moving the ref-
erence setpoint z;(¢) while monitoring the resulting particle motion.
In the first identification method, we toggle the setpoint between
two positions to generate a step response. We monitor the par-
ticle motion using the high-speed camera, which provides us a
measurement of the particle position z, () as a function of time ¢
[see Fig. 5(b)]. We then determine the eigenfrequency f, from the

0.6

Fit
© Experiment| |

o
3
T

o
»
T

Vibration amplitude (mm)
=} =}
N w

o
o

0 2 4 6 8 10

Time (s)
FIG. 3. Identification of the open-loop system using the step response: vibra-
tion amplitude of the levitated particle after a step in trap position [as shown

in Fig. 5(b)]. Data are fit to the model defined in Eq. (4), yielding the following
parameter values: Q = 4.4 x 102 and f, = 4.4 x 10" Hz.

100
o
T 80
[
©
2
g’ 60
o]
=
40 : -
1357; T T
. *measurement | |
> model fit
> 1
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[
(2}
©
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135 L I . . .
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FIG. 4. Identification of the open-loop system using the frequency response:
The Bode diagram shows the output-over-input ratio H = ii The data are fit to

Eq. (10). This yields fit values = 4.4 x 10" Hz, Q = 1.2 x 102, and 74 = 0.7 ms.
The magnitude axis is expressed in dB: 20 logo|H].
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discrete Fourier transform (DFT) of z,(t) (see the supplementary
material, Fig. $8). The amount of damping is found by fitting
the amplitude decay profile at the eigenfrequency of the DFT-
transformed data as shown in Figs. 3 and 5(b). In the supplementary
material, Sec. §3.1, more details of the data processing are presented.

For the second identification method, we monitor the particle
dynamics with the LDV while exciting it with a multisine refer-
ence signal z;(t). The multisine signal used as a reference signal
z:(t) contains all frequencies from 0.25 to 80 Hz with a resolution
of 0.25 Hz and is constructed according to the following equation,
where the parameters are listed in the supplementary material, Table
S2:

N
z(t) =Y. A sin (wit + ¢;). 9)

i=1

As the LDV velocity signal z, and the setpoint signal z.(t) are
both synchronously recorded by the SOM, we can calculate the fre-
quency response. This is shown in the Bode diagram in Fig. 4. We fit

pubs.aip.org/aip/adv

both the amplitude and phase of the measured response (%") to the
following equation:

—T4S

(10)

H(S): l:{ZP(t)} s-wﬁ

z(t) |~

$% + 20 wys + w?

Equation (10) corresponds to Eq. (4), as is derived in the
supplementary material, Sec. S1.3, but has an extra time delay 74
included. The time delay is needed in the model to account for delays
that are present in the levitator and measurement hardware. The
controller (SOM) causes the main part of the total delay. The origin
of the delay is further investigated in the supplementary material,
Table S1, by taking a closer look at the individual hardware com-
ponents. The phase response shown in Fig. 4 remains abundantly
within the range from —180 to +180°, which guarantees stability
when applying negative feedback.”’ We note that the phase shift due
to the delay at resonance is relatively small, w,7q = 27 % 0.03 rad,
such that it is a reasonable approximation to neglect it in Eq. (4).

3
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FIG. 5. Performance of the closed-loop system. (a) Quality factor Q for increasing gain level 74, The amplitude decay of each step response is fit to Eq. (4). The red line is

calculated using Eq. (2): Q = /g wy. (b) Particle response (z,) to a square wave

reference signal z:(f). No feedback was applied (7w = 0). (c) Particle response (z,) to a

square wave reference signal z(t). In this case, feedback was applied (zs, = 0.5 ms). (d) Bode diagram using a multisine reference signal (as Fig. 4). The data are fit using
the model defined in Eq. (10), H = i—" Fit values: open loop (OL): Q = 1.24 x 102 and closed loop (CL) (zg, = 0.5 ms): Q = 7.4. Magnitude in dB: 20 logso|H|. (€) Zoom-in of
panel (b); settling time Ts = 9.7 s. (f) Zoom-in of panel (c); settling time T = 0.16 s.
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TABLE II. Feedback performance, observed in the step response.

T (ms) Q(-) Ts (s) Source

0 44 % 10° 9.7 x 10° Figure 3

0.50 7.4 1.6 x 107! Figures 5(a) and 5(c)
3.3 6x 107" 1x1072 Figure 5(a)

Table I gives an overview of the model parameter values found
from open-loop system identification.

To quantify the amount of damping added by the feedback
loop described in Fig. 2(b), we perform system identification on the
closed-loop system. First, the step response is analyzed for a range
of different feedback gain values 7g,, as shown in Figs. 5(a)-5(c). In
this experiment, the gain is increased and the Q factor at each gain
value is determined by fitting the step response, as in Fig. 3. The gain
is increased until the particle starts to show unstable vibrations for
T, > 3.3 ms. The highest damping observed here corresponds to a
Q-factor of 0.6, which is close to critical damping Qe = 0.5. The
instability at higher gains is attributed to horizontal vibrations of the
particle and is further investigated in the supplementary material,
Secs. $2.2-52.4. Based on this investigation, the optimal gain value is
chosen as the gain at which the LDV feedback induced noise equals
the noise level in the absence of feedback, at 7g = 0.50 ms. At this
gain value, a Q-factor of 7.4 was measured and the Bode diagram for
a multisine reference signal is plotted in Fig. 5(d) and compared to
the open-loop response. For both datasets, the response was fit to
Eq. (10).

To demonstrate the improvement in response time by imple-
mentation of active damping, the particle is moved using a square-
wave reference signal z:(¢). This signal is a simple example of
position indexing (start-stop movement), which directly shows why
it is so beneficial to have active damping. Figure 5(b) shows the
particle position for a square wave reference signal z;(¢), when no
feedback on the particle is present (g, =0). The long period of
almost 10 seconds over which the particle remains vibrating clearly
reveals the low damping ratio {4 = 0.0011 and high quality factor
Q = 440. Figure 5(e) gives a closer look at the particle response near
the time at which the setpoint z;, is moved. As expected of a highly
undamped system, the particle vibrates for a time of the order of the
settling time Ts = 9.7 s (see Table II). Figure 5(c) shows the parti-
cle position for the same square wave reference signal z(t), while
feedback is present. Clearly, the particle is able to track the reference
signal much faster. After the setpoint moves, the particle settles at
the new setpoint value within T = 0.16 s. Figure 5(f) zooms in on the
step response, and Table IT provides an overview of the performance
increase by the implementation of active damping.

IV. DISCUSSION

We have demonstrated in Fig. 5(a) that active damping can
substantially reduce the effective quality factor of an acoustic levi-
tated particle by a factor of more than 700. The damping coefficient
depends on the feedback gain and closely follows Eq. (2) with
Q-factor Q = i, as can be seen by comparing experimental and
model points in Fig. 5(a).

pubs.aip.org/aip/adv

Air drag damping predicted by Stokes’ drag theory in Eq. (6) is
about 16% higher than the measured damping coefficient (Table I).
The lower experimental damping coefficient may be related to devi-
ations from the laminar flow assumption that underlies the theory or
the assumed parameter values (such as fluid density and viscosity).

The Q-factor measured from the Bode diagram in Fig. 4 is
about three times lower than the one measured in the step response
(Table T). This might be related to the multisine approach for
measuring Q, in comparison with the ringdown method. When
actuating the particle simultaneously with many different frequen-
cies, it might be difficult to stay in the linear regime, especially when
Q is high. Potentially nonlinear effects could broaden the resonance
peak. We expect these effects to play less of a role at lower Q values.
Other effects that might affect Q are the frequency resolution, fre-
quency stability, and drift of the setup. Based on this, we only use
the step response Q-factors for the analysis.

Active damping comes at the cost of additional induced noise.
This can be seen in Fig. 5(c), where the particle shows noisy vibra-
tions during a constant setpoint reference signal z;. There are two
causes for those vibrations: First, the signal coming from the vibrom-
eter contains noise. This noise source is amplified by the feedback
gain and added to the setpoint signal. For this reason, an analog
low-pass filter was implemented [Fig. 1(d), analog signal process-
ing (ASP)], which partly reduced this effect. The effect of LDV
noise is further investigated in the supplementary material, Sec.
$2.3. Employing methods to reduce the noise level of the LDV
sensor might reduce the undesired particle vibrations and related
instabilities at high gain.

Second, the cross-sensitivity of the LDV for vibration modes
along different axes can bring in additional feedback noise and can
even destabilize the system. For a laser beam reflected from a sphere,
the movement of the sphere in the x and y directions will also cause
a change in the distance between the sphere surface and the LDV.
Therefore, besides z-axis motion, motion in the x and y axes will also
be detected by the LDV and can be excited by moving the setpoint
z:(t).% If the feedback loop for these off-axis directions is positive,
it can cause instability as soon as the loop gain becomes larger than
one. This is shown in the supplementary material, Fig. S4, where the
resonance corresponding to horizontal movement is located around
14 Hz. Using a sensor that is only sensitive to the desired particle
movement direction would improve stability. This could be accom-
plished, for example, by using another means of sensing, such as
acoustic echoing (as proposed by Ref. 20), or by using multiple LDV's
to monitor the particle’s 3D motion.

V. CONCLUSION

In this work, we show that using a vibrometer and a SOM,
the dynamics of an acoustically levitated particle can be identified.
Using this information, a control algorithm was designed and imple-
mented using an LDV for fast feedback to provide active damping.
From Fig. 5, it becomes clear that active damping can add a signifi-
cant amount of damping to a levitated particle. Active damping can
be effective and is orders of magnitude larger, up to a factor 700,
than damping provided by air drag. We showed that this enables
reducing the particle’s Q nearly down to the critically damped case
(Q=10.6), which is also reflected by the settling time, which was
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reduced from 9.7 s to about 0.01 s. This is in contrast to ear-
lier attempts” that, using acoustic echoing, were able to detect the
particle position but did not demonstrate feedback. By system iden-
tification and modeling, we demonstrated that the active damping
mechanism is well-predictable by models and can be electronically
reconfigured and controlled, as shown by the fit in Fig. 5(a). We
note that the presented feedback method is not limited to acoustic
levitation but might also be implemented for other levitating sys-
tems. Ultimately, we anticipate that active damping as introduced
here might become a key technique for rapid particle manipulation
using acoustic levitation fields.

SUPPLEMENTARY MATERIAL

The supplementary material elaborates in more detail on the
findings presented in this paper. It contains among others details
about the setup, step-by-step derivations of the presented equations,
and additional experimental findings.
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