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ABSTRACT
This paper describes an inexpensive, non-invasive and highly adaptable surface reconstruction de-
vice for opaque liquids. The instrument was developed to study the lateral sloshing of ferrofluids
in microgravity as part of the UNOOSA DropTES 2019 StELIUM project. Its design is driven by
the geometrical and mechanical constraints imposed by ZARM’s drop tower, where the experiment
was launched in November 2019. The launch catapult and deceleration systems impose strong axial
g-loads to a system that is confined in the reduced capsule environment. Redundant procedures are
implemented to measure the first two lateral sloshing frequencies and damping ratios of the magnetic
liquid, as well as its equilibrium surface in microgravity. Ideal vertical resolutions between 0.25 and
0.4 mm/px can be achieved with the configuration here proposed. The final performance depends,
among other factors, on the correct application of the robust calibration procedure that is documented
in this work.

1. Introduction
The term sloshing refers to the forced movement of liq-

uids in partially filled containers [1]. The understanding of
this phenomenon is of great importance for space vehicles,
whose stability may be compromised by the chaotic motion
of propellants in low-gravity environments [2]. Therefore,
the experimental characterization of low-gravity liquid slosh-
ing is a key step for the validation of theoretical models and
technological development.

Several kinds of liquid levelmeasurement techniques have
been traditionally employed in liquid sloshing research. Those
include displacement sensors such as linear potentiometers
[3], laser beams [4, 5], capacitive probes [6], pressure trans-
ducers [7], or dynamometers [8], which produce an elec-
tric signal proportional to the movement. Lateral cameras
are widely used to observe the lateral sloshing wave [9–12],
sometimes with the scope of performing qualitative com-
parison with numerical predictions [13–15]. Liquid veloc-
ity profiles can also be obtained with the ultrasonic Doppler
shift method [16]. The technique was used for measuring
the sloshing of ferrofluids by Sawada [5, 17], who also em-
ployed the vertical displacement measurements of a sensor
with the aim of analyzing the swirling phenomenon. Al-
though these approaches are appropriate for many applica-
tions, the three-dimensional nature of sloshing sometimes
requires more powerful alternatives.

The increase of computational power and the advance-
ment of digital video recording technology has given rise
to novel optical methods. Liquid level measurements can be
obtained by processing the images of a float [18] or a pointer
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laser distortion in the liquid surface [19]. The surface can
also be used as a mirror in order to compare an original and
mirrored image in what is known as pattern fringe reflectom-
etry [20, 21]. Alternatively, the distortion of a pattern behind
the liquid can be employed [22, 23], an approach that has
been addressed with deep neural networks in modern works
[24]. Particle image velocimetry makes use of the motion
of seeding particles in the fluid [25, 26]. In stereo imaging,
the liquid surface and underwater scene are recorded by an
array of cameras and then reconstructed [27]. Digital image
correlation compares the frames of two cameras that record
speckle particles in the liquid [28, 29].

Magnetic fields can be used to control liquid sloshing
if the fluid responds to such stimulus [30]. This approach,
known as Magnetic Positive Positioning, has been explored
in the past for cryogenic propellants [12, 31, 32] and can be
also employed to adjust the frequencies and damping ratios
of a fluid system [33]. In the framework of the UNOOSA
DropTES programme, the StELIUM (Sloshing of magnEtic
LIqUids inMicrogravity)microgravity experiment was launched
at ZARM’s drop tower in November 2019. The experiment
studied the axisymmetric and lateral oscillations of a fer-
rofluid solution subjected to an inhomogeneousmagnetic field
inmicrogravity [34]. Most of the aforementioned liquid level
measurement methods require expensive hardware compo-
nents, complex post-processing, large and delicate setups,
transparent liquids, or direct contact with the fluid. An alter-
native sloshing detection system was then required for this
experiment, whose designwas highly conditioned by themag-
netic and opaque nature of ferrofluids and the overwhelming
role of surface tension in low-gravity environments. In addi-
tion, the experiment setups used in drop tower experiments
must be compact, autonomous, highly resistant to impacts,
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Nomenclature

� Magnification in x
ai Intrinsic coefficients for omnidirectional

cameras
� Magnification in y
 Container tilting angle
k Experimental container tilting angle in

the k axis
c Stretching parameter for omnidirec-

tional cameras
d = {dx, dy, dz}T Position of the laser projection with re-

spect to the laser pointer
d Module of d
e Stretching parameter for omnidirec-

tional cameras
f Focal length
g Liquid surface shape function
ℎ0 Height over horizontal surface line
k Pixel density in x
ki Coefficients of radial distortion
� Scaling factor of the position vector PC
l = {lx, ly, lz}T Position of the laser with respect to the

focal point
l Pixel density in y
 Matrix of intrinsics for standard camera
m Stretching parameter for omnidirec-

tional cameras
n̂ = {n̂x, n̂y, n̂z}T Unitary vector perpendicular to the laser

plane
! Free surface oscillation frequency
PC Module of PC

PC = {Xc , Yc , Zc}T Camera-attached coordinates
PW = {X, Y ,Z}T World coordinates
pd = {x, y}T Distorted pixel coordinates
pu = {x′, y′}T Undistorted pixel coordinates
pi Coefficients of tangential distortion
pij Surface function fitting coefficients
 First stretching matrix for omnidirec-

tional cameras
ℝn Real space with dimension n
 Rotation matrix
r Position of the laser point with respect

to the focal point
r′ Radius of undistorted image coordinates
rn Normalized radius of undistorted image

coordinates
r Module of r
s Radius in centered image coordinates
 Extrinsic matrix transformation
� Angle between image axes
t Translation vector
x0 Coordinate x of the optical center
x′n Normalized undistorted image coordi-

nate in x
y0 Coordinate y of the optical center
y′n Normalized undistorted image coordi-

nate in y
□T Transpose operator
□̂ Unit vector

and reliable.
The Sloshing Detection Subsystem (SDS) of StELIUM

is an inexpensive, non-invasive and highly adaptable device
designed to: (i) reconstruct the free surface of the magnetic
liquid, (ii) study the first two sloshing frequencies and modal
shapes of the oscillation, and (iii) compute their correspond-
ing damping ratios. The theoretical modeling of the system
is given in Sec. 2, with the hardware and software being de-
scribed in Sec. 3. On-ground results are presented in Sec. 4,
and relevant conclusions are extracted in Sec. 5.

2. Theoretical framework
2.1. Geometric camera calibration

The terms geometric camera calibration or camera re-
sectioning refer to the determination of the parameters that
correlate the position of a world point with its representation
in the image plane of a particular camera. Those parameters
include the focal length, size of the pixels, position of the im-
age center and the rigid-body position of the camera, among

others [35]. The link is generally established bymeans of the
three step procedure represented in Fig. 1: (i) rigid trans-
formation from world coordinates PW = {X, Y ,Z}T to
camera-attached coordinates PC = {Xc , Yc , Zc}T (extrinsic
parameters), with T denoting the transpose operator, (ii) pro-
jective transformation from camera-attached coordinates to
undistorted pixel coordinates in the retinal (or image) refer-
ence system pu = {x′, y′}T (intrinsic parameters), and (iii)
radial and tangential distortion from undistorted to distorted
pixel coordinates pd = {x, y}T (distortion parameters), also
expressed in the retinal frame. With this nomenclature, up-
percase and lowercase letters denote the physical and image
frames, respectively. As shown in Fig. 1, the origins of the
world, camera-attached, and retinal reference systems are lo-
cated at an arbitrary world point, the pinhole, and the upper
left corner of the image, respectively.

From now on, homogeneous coordinates are employed,
which transform a vector with dimensions ℝn into a ℝn+1

space by adding an additional component equal to 1. The
world point PW and distorted pixel coordinates pd are then
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Figure 1: Camera calibration procedure. World (W ), camera-
attached (C) and retinal (U) reference systems have been rep-
resented.

represented in the homogeneous space by {X, Y ,Z, 1}T and
{x, y, 1}T , respectively. This enables a compact matrix rep-
resentation of the geometric transformations.
2.1.1. Extrinsic parameters

The transformation between world and camera-attached
reference systems is represented by a 3×3 rotation matrix
and a translation vector t ∈ ℝ3, expressed in homogeneous
coordinates as [35]

PC =  PW , where  =
[

 t
0T 1

]

. (1)

The extrinsic parameters give the position and orientation
of the camera with respect to an external reference frame.
This information is of particular interest for computer vision
applications.
2.1.2. Intrinsic parameters for standard cameras

The transformation from camera-attached coordinates to
undistorted pixel coordinates for standard cameras is defined
by five intrinsic parameters: (i) the magnifications � = kf
and � = lf , where k and l are, respectively, the pixel dimen-
sions in the x and y axes [px/m], and f is the focal length
[m], (ii) the angle � between the image axes, which may de-
viate slightly from 90° due to manufacturing errors, and (iii)
the position of the optical center {x0, y0} [px] in the retinal
reference system. Assuming that the camera is focused at
infinity or, equivalently, that the distance between the pin-
hole and the sensor plane is equal to the focal length, these
parameters are related through [35]

pu =
1
Z
PC , where  =

⎡

⎢

⎢

⎣

� −� cot � x0 0
0 �

sin � y0 0
0 0 1 0

⎤

⎥

⎥

⎦

. (2)

It should be noted that the undistorted pixel coordinates are
referred to the retinal reference system and not to the optical
center {x0, y0}.The previous derivation has implicitly assumed a pin-
hole camera model. However, modern cameras usually im-
plement a complex system of lenses that induce radial and
tangential distortions in the images. The undistorted and dis-

torted pixel coordinates can be related by means of [36]
x − x0
�

= x′n(1+k1r
2
n+k2r

4
n+k3r

6
n)+2p1x

′
ny

′
n+p2(r

2
n+2x

′
n
2),

(3)

y − y0
�

= y′n(1+k1r
2
n+k2r

4
n+k3r

6
n)+2p2x

′
ny

′
n+p1(r

2
n+2y

′
n
2),

(4)
where ki are the coefficients of radial distortion, pi are the
coefficients of tangential distortion, r2n = x′n

2 + y′n
2 is the

normalized undistorted radius, and the dimensionless nor-
malized image coordinates are defined as

x′n =
x′ − x0
�

, y′n =
y′ − y0
�

. (5)

The distorted pixel coordinates pd = {x, y}T are expressed
in the retinal frame. A dedicated calibration process has to
be followed to obtain the distortion parameters for a specific
camera.
2.1.3. Intrinsic parameters for omnidirectional

cameras
Commercial action cameras with wide fields of view,

like the GoPro Hero 5 Session employed in this work, usu-
ally induce strong image distortions (fisheye effect). Spe-
cific calibration procedures have been developed for them,
one of the most popular being Scaramuzza’s camera model
[37]. The transformation from undistorted pixel coordinates
to camera-attached coordinates is now expressed as

⎡

⎢

⎢

⎣

Xc
Yc
Zc

⎤

⎥

⎥

⎦

= �
⎡

⎢

⎢

⎣

x′ − x0
y′ − y0

a0 + a2r′
2 + a3r′

3 + a4r′
4

⎤

⎥

⎥

⎦

, (6)

where � is the scaling factor of the position vector PC , ai
are a series of fitting coefficients with a1 = 0, and r′2 =
(x′ − x0)2 + (y′ − y0)2. The model accounts for stretching
through

pd = pu, where  =
⎡

⎢

⎢

⎣

c e (1 − c)x0 − ey0
m 1 −mx0
0 0 1

⎤

⎥

⎥

⎦

, (7)

with c, e and m being the stretching parameters.
2.1.4. Calibration process

Several calibration algorithms with different degrees of
autonomy and accuracy can be used to fit the extrinsic, in-
trinsic, and distortion parameters of the camera [38, 39]. In
this work, the extrinsic parameters are estimated from geo-
metrical measurements. Matlab’s Camera Calibration Tool-
box [40], that employs a checkerboard-based fitting process,
is used to compute the intrinsics. The interested reader is
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Figure 2: Minimum working example of the detection system

referred to the general description of the standard1 and fish-
eye2 calibration procedures implemented in the Matlab Sin-
gle Camera Calibrator App3 for further details.
2.2. Surface Reconstruction

In the proposed surface reconstruction system, a set of
laser diodes and/or laser lines and a video camerawith known
position and orientation are directed towards the fluid sur-
face. The movement of the opaque liquid is perceived by the
camera as a displacement of the laser pattern projected over
the surface. The observations are then correlated with the
position of each laser point in the world coordinate frame.

A representative example consisting on a video camera
and a laser line is first depicted in Fig. 2. The line is treated
as a set of points, and so the discussion is focused on the
reconstruction of point P. Since P is defined by the intersec-
tion of the laser position vector d and the visual line PC , thegeometrical relation

PC = l + d (8)
must be satisfied, with l being the position of the laser pointer
in the camera-attached coordinate frame.

The unitary vector P̂C , that defines the direction of the
visual line, can be computed from the distorted pixel coordi-
nates pd by employing the intrinsic camera transformation.
Assuming that l is known and that d is constrained by the po-
sition and orientation of the laser, the problem is reduced to
the computation of PC from the projection pd in the retinal
reference system. The world coordinates are finally obtained
with the extrinsic transformation.

The solution procedure is dependent on the type of geo-
metrical constraint that is applied to d. The cases of a laser
diode and a laser line are subsequently addressed.

1
https://mathworks.com/help/vision/ug/camera-calibration.html Accessed on: 20/08/20202
https://mathworks.com/help/vision/ug/fisheye-calibration-basics.html Accessed on: 20/08/20203
https://mathworks.com/help/vision/ug/single-camera-calibrator-app.html Accessed on: 20/08/2020

2.2.1. Laser diode
If a laser pointer is employed, P remains in the line de-

fined by the unitary vectors d̂ and P̂C , and Eq. 8 becomes

⎡

⎢

⎢

⎣

X̂c −d̂x
Ŷc −d̂y
Ẑc −d̂z

⎤

⎥

⎥

⎦

[

PC
d

]

=
⎡

⎢

⎢

⎣

lx
ly
lz

⎤

⎥

⎥

⎦

, (9)

which is an overdetermined system that can be solved by
means of a weighted least-squares algorithm.

It should be noted that l and d̂ are assumed to be known
beforehand. While the former is a design parameter, the lat-
ter usually needs to be determined experimentally. A pos-
sibility is to impose a liquid surface shape Z = g(X, Y )
and use a single camera picture to extract the position of the
laser pointer in the retinal reference system, pd . The intrin-sic transformation can then be used to compute the camera-
attached coordinates and solve the system given by Eq. 9 for
d. This procedure can be reinforced by analyzing different
g(X, Y ) surfaces and making use of a least-squares calibra-
tion.
2.2.2. Laser line

If the laser pointer is substituted by a laser line, the uni-
tary vector d̂ is no longer fixed. However, it is still contained
in the laser plane defined by the unitary normal vector n̂, as-
sumed to be known, and must then satisfy the equation

n̂ ⋅ d̂ = 0, (10)
resulting in the square system

⎡

⎢

⎢

⎢

⎣

X̂c −1 0 0
Ŷc 0 −1 0
Ẑc 0 0 −1
0 n̂x n̂y n̂z

⎤

⎥

⎥

⎥

⎦

⎡

⎢

⎢

⎢

⎣

PC
d̂x
d̂y
d̂z

⎤

⎥

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎣

lx
ly
lz
0

⎤

⎥

⎥

⎥

⎦

, (11)

which, unlike the laser diode case, is not overdetermined.

3. Materials and methods
3.1. StELIUM experiment setup

The experiment setup of StELIUM, represented in Fig.
3, is designed to apply a lateral percussion to a partially filled
container and measure its response in microgravity. The os-
cillation of the magnetic fluid is recorded by the SDS while
subjected to the influence of a static magnetic field. All the
scientific tasks must be completed within the 9.3 seconds of
flight provided by ZARM’s drop tower.

Two platforms hold identical assemblies of the experi-
ment, which is placed inside a standard drop tower capsule
[41]. Each assembly includes a Plexiglas container of 110
mm diameter and 200 mm height filled up to 50 mm with a
1:5 volume solution of the Ferrotec EMG-700 water-based
ferrofluid. The container is surrounded by a coil of 94.25
mm nominal diameter with a width of 25 mm and 200 wind-
ings of a 1.8 mm copper wire. A constant current power
source feeds the coils with intensities ranging from 0 to 20
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Figure 3: StELIUM experiment setup

A. Each assembly is actuated by a slidingmechanism fixed to
the capsule platform, powered by a stepper engine, and con-
nected by means of an aluminum shaft to its counterpart. A
locking mechanism fixes the moving parts and prevents un-
desired displacements at the beginning and end of the drop.
The total mass of the experiment, including the platforms, is
approximately 60 Kg. The system has an overall volume of
930 × 530 × 295 mm3 [34].
3.2. High-level requirements of the Sloshing

Detection Subsystem
The design of the SDS must satisfy the high level re-

quirements listed in Tab. 1. It should be noted that the first
three ones are related to the performance of the system, while
the rest refer to its integrity and reliability as a component
of the experiment setup.
3.3. Sloshing Detection Subsystem design

The SDSs are located over the ferrofluid containers. Their
basic components are twenty laser pointers, a tilted line laser
and a GoPro Hero 5 Session camera that records their appar-
ent displacement. Those elements interact as described in
Sec. 2.2 to reconstruct the free surface shape.

The SDS is mounted on a 3D printed PLA structure that
holds the electronic components. Fig. 4 shows the bottom
view of the SDS, which is adapted to the cylindrical ves-
sel employed in the experiment and provides high structural
resistance with a low mass penalty. Those characteristics
are critical for withstanding the 50 g deceleration load of
ZARM’s drop tower.

Figure 4: Bottom view of the Sloshing Detection Subsystem

A fast and low-cost development is achieved by select-
ing commercial off-the-shelf Arduino electronics. Those in-
clude an Arduino Mega board, two MOSFET transistors, an
accelerometer, an SD Card reader, a laser time-of-flight sen-
sor, a potentiometer, a set of 20 laser diodes and a line laser.
The subsystem is powered by a 5V USB cable and is pro-
grammed before each drop to work autonomously. A single
trigger line interfaces the SDSwith the Capsule Control Sys-
tem. In this way, the pre-programmed automation routines
can be launched when requested. The electrical connections
among the different elements are described in Ref. [34].

The laser diodes are distributed in three concentric circu-
lar rings with radii corresponding to the theoretical peaks of
the first three lateral sloshing modes in microgravity. This
choice eases the measurement of higher order oscillations,
whose amplitude is small in comparison with the fundamen-
tal wave. The diodes are encapsulated in a 3D-printed PLA
holder that fixes their position and allows a precise focusing
before operation. A small tilting of the laser beam is pro-
duced because of manufacturing errors, but is compensated
by the calibration procedure. The line laser produces a single
line at the fluid surface that crosses the center of the vessel.
When the liquid reaches its equilibrium position in micro-

Table 1
High level requirements

ID Requirement

1 The SDS shall be able to measure the fundamental
lateral sloshing frequency and damping ratio of the
liquid.

2 The SDS should be able to measure the second lat-
eral sloshing frequency and damping ratio of the
liquid.

3 The SDS shall be able to reconstruct the radial pro-
file of the meniscus.

4 The SDS shall withstand at least 4 catapult drops.
5 The SDS shall operate autonomously.
6 The SDS shall implement redundant measurement

techniques.

Page 5 of 12



Free surface reconstruction of opaque liquids in microgravity. Part 1: design and on-ground testing

gravity, the deformation of the laser line unveils the shape of
the meniscus. Besides, the laser line can also be employed to
reconstruct the fluid surface if an almost-perfect lateral oscil-
lation is produced and the line is aligned with the actuation.
The two sets of lasers are regulated by their corresponding
MOSFET transistors and a manual potentiometer.

The GoPro Hero 5 Session camera is placed at the center
of the structure and is configured to work at 4K resolution
and 30 fps speed. The resulting videomeasurements are pro-
cessed as described in Sec. 2. Reflections can be mitigated
with a neutral filter located over the lens. A Photron Fastcam
MC2.1 camera working at 125 fps is used for lateral visual-
ization, with both cameras being synchronizedwith the blink
of a LED at the beginning of each drop.

This setup suffices the experiment requirements enumer-
ated in Tab. 1. However, a complementary system is in-
stalled to record the fundamental sloshing frequency and the
acceleration of the container. A VL53L0X time-of-flight
sensor is used to measure the mean ferrofluid height in a re-
gion covering approximately half of the free surface. This
measurement is used to quickly compute the fundamental os-
cillation frequency, an information that becomes useful for
obtaining a quick feedback between drops. An MPU6050
accelerometermeasures the acceleration of the ferrofluid con-
tainer during the drop in the direction of the excitation. Both
components are powered and controlled by theArduinoMega
board, that records acceleration and time-of-flight data in the
SD card for later analysis.
3.3.1. Calibration of d̂ and n̂

The process for estimating d̂ described in Sec. 2.2 is im-
plemented and tested. It is based on the following steps:

1. Measure (or estimate) the height ℎ0 and the position
vector l of the laser pointers with respect to the axis of
the camera.

2. Tilt the container an angle  in the lateral axis in order
to produce a surface of the form g(x, y) = ℎ0−x tan or g(x, y) = ℎ0 − y tan  .

3. Take a short video with the desired camera configura-
tion and extract a single frame.

4. Hand-pick the position of the laser points.
5. Run a centroid-location algorithm to refine the posi-

tion of the laser points using the hand-picked value as
an initial estimation.

6. For each point, a single observation {x, y}T is avail-
able. Since l and ℎ0 (or Z) are known, X and Y can
be computed from Eqs. 6 and 7. d̂ is finally obtained
from Eq. 8.

The procedure is illustrated for an horizontal calibration
profile g(x, y) = ℎ0 in Fig. 5. The physical position of the
laser diodes, which is know beforehand, is transformed to
the retina reference system and represented by green crosses.
These points diverge from the actual projections, which are
marked as red circles, due to the small tilting of the laser
diodes. The path followed by the points when the height of
the surface oscillates between 1 and 10 cm is represented by

Figure 5: Results from the d̂ calibration process for an hor-
izontal surface. The laser projections are surrounded by red
circles, which differ slightly from the green crosses that show
the position of the diodes in the detection head. The red lines
represent the path of the diodes for heights between 1 and 10
cm. Additional yellow points correspond to secondary reflec-
tions in the walls of the container.

a red line with an uniform discretization inZ. As the points
get closer to the optical center the segments become smaller,
reflecting a decrease in the vertical resolution.

Since the projection of the laser line over the ferrofluid
surface is a straight line, a much simpler calibration strategy
is followed for n̂. First, the contact points with the edges of
the free surface are clearly observable, which facilitates the
selection of an appropriate configuration. Secondly, the tilt-
ing angle in the n̂-d̂ plane can be easily computed by know-
ing the position of the laser head and the laser line (again,
obtained from the edges). Finally, the rotation around the
axis of the laser can be adjusted to produce a flat surface
(or, in low-gravity conditions, a balanced meniscus). Fur-
ther details on the operation of the laser line can be found in
the second part of this paper [42]
3.4. Surface reconstruction algorithm

If the value of p has been correctly estimated from video
observations, the 3D reconstruction of the free surface based
on a set of laser points only requires to:

1. Locate the position of the laser points in the initial
video frame, where the surface shape g(x, y) is as-
sumed to be known.

2. Run the calibration algorithm to obtain d̂.
3. For each subsequent video frame, locate the new po-

sition of the laser point with a centroid-location algo-
rithm. A Gaussian probability curve centered at the
previous location with an appropriate standard devia-
tion should be employed to avoid false-positives. Fast
light reflections can be removed by means of a Ham-
pel filter applied in the time domain with a window of
3 to 7 frames.
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Figure 6: Sequence of three consecutive video frames at t − 1 (a), t (2) and t + 1 (3)
showing the laser point location algorithm. The original images are displayed in column
(a), while column (b) represents the result of the filtering process. The laser points are
surrounded by a green circle and must remain in their red lines, that span between 1 and
10 cm height.
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4. Compute the time-dependent position of each laser point
as described in Sec. 2.2.

5. Extract relevant parameters of the three-dimensional
surface evolution (e.g. modal shapes and frequencies,
damping ratios, surface rotation, etc)

This procedure is exemplified in Fig. 6 for a sequence of
three video frames on which a particularly strong laser re-
flection is produced. The original images are given in the
left column, while the right one represents the result of ap-
plying a 5-frames Hampel filter. Green circles surround the
laser points, which are determined by means of a centroid
location algorithm. Their movement is always restricted to
the red path represented in the image.

Laser reflections mask the actual laser points for a short
time, hindering the centroid location process and inducing
aberrations. Although during those events the position of the
points is unknown, the Hampel filter and Gaussian tracking
ease the recovering process and hence increase the robust-
ness of the method. The artifacts produced by laser reflec-
tions appear in the final {X, Y ,Z}T values as sharp steps,
blank windows or detachments. The loss of tracking can be
corrected with a fine tuning of the centroid tracking algo-
rithm, but other aberrations are unavoidable. However, this
has a very limited impact on the overall quality of the results.

A fully analogous process is followed for laser lines. The
equations presented in Sec. 2.2.2 should be employed to-
gether with the calibration strategy described in Sec. 3.3.1.
However, a condition of spatial continuity between adjacent
points is also imposed, as described in the second part of this
paper [42].

4. Results
4.1. GoPro Hero 5 Session intrinsics

The GoPro Hero 5 Session camera is calibrated with 19
checkerboard images as described in Sec. 2.1.4. The calibra-
tion parameters are given in Tab. 2 and resulted in an overall
mean error of 0.25 px.
4.2. Ideal performance

The performance of the SDS will depend on its config-
uration, hardware selection and post-processing algorithms.

Table 2
GoPro Hero 5 Session calibration parameters

Parameter Value Errors Unit

a0 1722.6932 ± 0.9879 -
a2 -1.2637e-4 ± 4.5193e-6 -
a3 5.9090e-9 ± 1.0902e-8 -
a4 -1.0064e-11 ± 7.0072e-12 -
c 0.9986 ± 9.5856e-5 -
e 0.0012 ± 4.8446e-4 -
f -4.4337e-4 ± 5.1676e-4 -
x0 1926.6676 ± 0.9946 px
y0 1081.6723 ± 1.2160 px
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Figure 7: Ideal vertical resolution of the Sloshing Detection
Subsystem as a function of the radius of separation l of the
laser diode

The GoPro Hero 5 Session camera has a 3840×2160 px2
resolution at 30 fps with an horizontal FOV of 118.9° and a
vertical FOV of 69.7°. Since the camera is at approximately
17 cm from the flat ferrofluid surface, the 5.5 cm radius sur-
face fits inside an image of 1470×1470 px2. Assuming that
the laser lines are perfectly vertical, the resolution of the sys-
tem, defined as dx∕dZ, can be computed from Eqs. 6 and
7. The result is presented in Fig. 7 as a function of the radius
of separation of the laser diode (l). The dashed lines denote
the radial position of the diodes in the structure of the SDS.

The same procedure can be employed to compute the
vertical resolution of the line laser, which is tilted 20° with
respect to the axis of symmetry. A value of approximately
0.27 mm/px is obtained, suggesting that significant improve-
ments can be achieved with an appropriate geometrical con-
figuration of the laser diodes.
4.3. Actual performance

From the theoretical viewpoint, the SDS should have a
resolution of less than 0.5 mm/px in the external ring of laser
pointers. The actual value is greater due to the uncertainties
in the determination of l and d̂, the residual tilting of the
camera and the errors induced by the image analysis algo-
rithms. The previous theoretical calculations also assume
that the position of the laser points can be obtained with
pixel accuracy. However, each projection covers several pix-
els. Even if a centroid location algorithm is employed, the
exact position of the center will be always subjected to un-
certainty. Additional factors, such as mechanical vibrations
(e.g. ZARM’s drop tower catapult), thermal stability, or an
inaccurate camera calibration, also have a negative effect on
the performance.

In order to measure the overall static performance of the
SDS, the d̂ vector is first estimated for different angles by
following the procedure described in Sec. 3.3.1. A known
tilting  between 0° and 35° in theX axis with 0.5° accuracy
is imposed to the ferrofluid container with the tilting table
shown in Fig. 8. The Y axis, perpendicular toX and parallel
to the surface, is kept close to 0°. The images corresponding
to 0° and 30° are given in Fig. 9 for illustrative purposes. The
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Figure 8: Calibration setup

first depicts many more points than lasers as a consequence
of the reflections on the walls of the container. Since for
the second case the reflected laser beams are not interfering
with the surface, each point is clearly observed in the image.
The resulting d̂i vectors are averaged and a mean value d̂ is
obtained. The difference vector d̂i − d̂ is computed for each
case, resulting in a mean module of just 7.18 ⋅ 10−4.

Once the values of d̂ are obtained, the corresponding
{X, Y ,Z}T points are fitted for each tilting angle with a
function of the form

g(X, Y ) = p00 + p10X + p01Y , (12)
and the observed inclinations X and Y are compared with
the ones imposed to the container. The result of the anal-

a)

b)

Figure 9: Video frames from the GoPro Hero 5 Session camera
for: a) 0° and b) 30° tilting angles during a ground test.

ysis is shown in Tab. 3. The R2 value stays approximately
constant and above 0.985 excluding the 0° case, but the Root
Mean Square Errors (RMSEs) increase linearly from 0.2 to
2.4 mm with the tilting angle. In other words, the disper-
sion of the 20 punctual measurements remains constant in
relative terms and increases in absolute terms. These values
represent a good indicator of the performance of this partic-
ular system under different operation regimes. However, the
linear increase in the RMSE with the tilting angle points to
an error in the determination of the geometrical parameters
of the system. The uncertainties in the height ℎ0 and orien-
tation of the camera, which is assumed to be perpendicular
to the horizontal fluid surface, may be behind this behavior.

The difference between X and  is close to 0°, but steps
to more than 1.25° for the cases 6 to 8. Y increases lin-
early from −0.19° to 5.06° while it should remain close to
0°. This may be explained by a misalignment between the
actual X axis and the camera x axis. Again, these results
highlight the importance of performing a correct estimation
of the different parameters of the system.
4.4. Single-point operation

Although the SDS has been designed to reconstruct the
free surface of the liquid, the displacement of a single laser
diode in the retinal reference system can be used to com-
pute the sloshing frequencies and approximate damping ra-
tios. This is true even if the laser moves slightly due to the
acceleration exerted by the drop tower catapult.

Figure 10: Evolution and Fast Fourier Transform of the raw
displacement of a single laser point during a ground test. a)
Time domain signal. b) Frequency domain signal and theoret-
ical modes.
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Table 3
Performance analysis of the Sloshing Detection Subsystem

ID  [deg] p00 [m] p10 X [deg] p01 Y [deg] R2 RMSE SSE

1 0 4.99e-2 1.084e-2 0.62 -3.33e-3 -0.19 0.751 1.991e-4 6.740e-07
2 5 4.97e-2 8.478e-2 4.85 1.06e-2 0.61 0.987 3.010e-4 1.540e-06
3 10 4.94e-2 1.655e-1 9.39 2.21e-2 1.27 0.987 5.907e-4 5.932e-06
4 15 4.92e-2 2.635e-1 14.76 3.11e-2 1.78 0.990 8.234e-4 1.153e-05
5 20 4.89e-2 3.708e-1 20.35 4.52e-2 2.58 0.989 1.178e-3 2.360e-05
6 25 4.87e-2 4.932e-1 26.25 5.91e-2 3.38 0.989 1.568e-3 4.179e-05
7 30 4.84e-2 6.085e-1 31.32 7.45e-2 4.26 0.989 1.923e-3 6.288e-05
8 35 4.80e-2 7.457e-1 36.71 8.85e-2 5.06 0.989 2.419e-3 9.950e-05

- 4.90e-2 - - - - 0.959 1.125e-3 3.093e-05

Figure 10 shows the free oscillatory movement of a sin-
gle laser point in the x axis and the Fast Fourier Transform of
the centered signal. Measurements are taken in normal grav-
ity conditions with 5 cm of ferrofluid filling the 11 cm diam-
eter cylindrical container. The red lines in the frequency do-
main represent the theoretical lateral sloshing frequencies,
computed by means of classical normal-gravity expressions
[2]. The fundamental mode is predominant and matches the
predictions. Higher order modes are less prominent, but also
seem to be represented by the frequency spectrum. The log-
arithmic decrement of the oscillation (and hence the funda-
mental damping ratio) can be easily extracted from either the
time (exponential fitting) or frequency domain (half-power
bandwidth) signals. This value is affected by the image dis-
tortion produced by the camera, but the effect is assumed to
be negligible for small oscillations.

5. Conclusions
In this work, a novel method to reconstruct the free sur-

face of an opaque liquid inside a tank has been presented.
The result is an inexpensive, compact, and accurate sloshing
detection system. The device has been designed to satisfy
the technical and scientific requirements of the 2019 UN-
OOSADropTES experiment StELIUM, launched at ZARM’s
drop tower in November 2019.

The detection system is able to reconstruct the free liquid
surface and measures the sloshing frequencies and damping
ratios by correlating the projection of a laser pattern with
camera measurements. Redundant observations of the nat-
ural frequencies are obtained with a time-of-flight sensor
while inertial data are collected with an accelerometer. The
3D-printed structure maintains the mechanical integrity un-
der highly demanding conditions and ensures a smooth adap-
tation to different tank geometries. A high operational au-
tonomy is achieved by means of Arduino-based electronics,
which also provide a simple and robust interface with the
capsule control system.

The ideal resolution of the pointer-based system ranges
between 0.8 mm/px and 0.3 mm/px with the proposed con-
figuration. However, geometrical and post-processing fac-
tors reduce the accuracy of the system, leading to errors be-
tween ±0.2 mm and ±2.4 mm depending on the elevation

of the surface. An accurate camera calibration and geomet-
rical definition becomes paramount for improving the per-
formance of the system. Nevertheless, the lateral sloshing
frequencies and damping ratios of the liquid can be obtained
with high accuracy from themovement of a single laser diode.

From the systems engineering viewpoint, the high-level
requirements listed Tab. 1 are satisfied with the proposed
design. The low cost of the detection setup justifies a non-
optimal solution, which in any case can be corrected with
static liquid level measurements. Themethod here presented
may be extended to transparent liquids by making use of a
polarizer and a non-penetrating laser frequency band. Sev-
eral space applications dealing with the management of liq-
uids may consequently benefit from this approach.
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