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Abstract

The colonization of underwater environments by exotic seaweeds is causing major ecological problems around the world. This
project, referred to AMALIA, aims to transform this current ocean threat into an opportunity by adding value to the macroalgae
present off the northwest of the Iberian Peninsula. To do so and to observe the presence of seaweeds in situ, an ocean modular
submersible platform was developed. This platform was designed to be capable of detecting and surveying surges of invasive
seaweeds while withstanding sea conditions. Conceptual designs followed by a screening process were performed, taking into
consideration criteria such as operational range and modularity. An open-frame lander was considered and further developed
using buckling criteria. In parallel, a state-of-the-art monitoring system was created using spectral imaging, allowing for the
future creation of a macroalgae identification system. In addition, sensorial systems for characterizing growth conditions were
introduced. Laboratory trials were executed to assess the capability of the system, and sea trials are currently being performed.
Numerical simulations and laboratory trials indicate that the structure is fully capable of being deployed for shallow-water
environments with a state-of-the-art invasive seaweed monitoring system while maintaining a high degree of modularity.

Keywords Benthic landers - Ocean surveillance - Environmental protection - Ocean technology - Marine instrumentation

1 Introduction

The ocean has a fundamental role in the correct balance of
ecosystems, in climate pattern, and in air quality, thus affect-
ing the surrounding coastal and land wildlife (US Department
of Commerce 2018). However, despite its value, a consider-
able portion of the ocean remains unexplored, as expressed by
the Ocean Portal Team: “Deep below the ocean’s surface is a
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mysterious world that takes up 95% of Earth’s living space.”
(The Ocean Portal Team 2016).

The ocean is home to a large diversity of flora and fauna that
are critically adapted to reduced temperatures, high pressure,
and low light exposure, resulting in unique features with the
potential to be researched and extracted for industrial use. Such
potential can range from new resources with unknown potential
to new information on marine fauna and flora. With this infor-
mation, a concrete stock evaluation can be performed, allowing
for improved application of biodiversity protection measures.
In fact, with regard to coastal areas, the loss of oyster and coral
reefs has persisted over several decades, creating a need for a
thorough monitoring process. Moreover, the appearance of
harmful algal blooms, offshore pollution, and oxygen depletion
have increased, decreasing water quality and damaging ecosys-
tems worldwide (Barbier 2017).

In this aspect, benthic macroalgae have been the subject of
increased focus in the research sector given their constitution
and industrial potential, which can add significant value to the
food, feeding, pharmaceutical, and cosmetic industries. The
main advantages when using macroalgae as a biological re-
source are their fast growth, the ability to grow in all climate
zones, and their high content of valuable carbohydrates,
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proteins, and lipids (State of Green 2018). In addition, an
analysis of their importance to marine ecosystems indicates
that macroalgae play an essential part by providing habitat and
nutrients in the benthic food chain (Van der Wal et al. 2014).
Therefore, rigorous control of macroalgae may have a direct
effect on the upper food chain levels.

The main objective of this project is to design and construct
a submersible modular system for seafloor monitoring, capa-
ble of conducting in situ analysis of invasive macroalgae in
shallow-water environments, with the specific focus area be-
ing the northwest coast of the Iberian Peninsula. This proto-
type is the first with an expandable design, thus providing
room for the implementation of an autonomous spectral im-
aging system for the acquisition of information on macroalgae
growth at the benthic zone. The gathered information will be
used for the further development of a macroalgae identifica-
tion system. The goal of this paper is to present design con-
siderations regarding the conceptual phase, the considered
material, the structural dimensioning, the systems incorporat-
ed in this first prototype, and the laboratory trials performed
for this prototype.

Regarding methodology and procedures, the existing
landers and the respective technologies applied for ocean ap-
plications were evaluated in the first stage. In the second stage,
the project was divided into two sub-projects concerning (1)
the lander structure and (2) hyperspectral camera, sensorial
system, and energy requirements. For the lander, several con-
cepts were designed and later submitted to a selection process
by employing a given set of criteria. After the concept was
selected, two load cases were considered: (1) when the struc-
ture is subjected to hydrostatic pressure and (2) when the
structure is being lowered. In parallel, a macroalgae monitor-
ing system was developed. Finally, laboratory trials were per-
formed to validate the system. Sea trials are currently ongoing.

2 State-of-the-art

Seafloor exploration has been limited because of high pres-
sures and low temperatures, creating the need for further de-
velopment of marine technologies for ocean exploration.
Manned and tethered submersibles have been used with a
considerable rate of success but at a considerable risk, none-
theless. Given the safety concerns of the latter, a vehicle that
can perform underwater activities without any physical con-
nection to the surface needs to be developed. The emergence
of a completely autonomous vehicle or structure would ease
seabed exploration. However, when an unattached system is
used, new engineering challenges arise, such as communica-
tion barriers between the surface and the vehicle, due to in-
creased difficulty in spreading electromagnetic waves
(Tengberg et al. 1995). To this end, autonomous underwater
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vehicles (AUVs) and benthic landers are an alternative to re-
motely operated vehicles and manned submersibles.

AUVs are particularly suited for small, short-range opera-
tions, such as retrieving seafloor image frames of a specific
location for a short period (usually in the range of a few hours).
However, over a long time or when a time-lapse comparison of
static images is required, benthic landers present a clear advan-
tage. Given their static nature, landers enable easy capture of the
same picture frame over a considerable amount of time, allowing
for a more complete monitoring of macroalgae growth, for ex-
ample. A comparison shows that an AUV can capture the same
picture frame by using a considerable amount of power, and a
minor disturbance could reduce the quality of the image frame
(Geyer 2011; Wynn et al. 2014).

2.1 Benthic Landers

In general, benthic landers, also known simply as landers, are
any unmanned, unattached, autonomous, and instrumented un-
derwater vehicle capable of gathering physical and chemical
variables in situ over a given period. Their operational time
can range from a few days, usually for biological studies, to
several years, for physical oceanography studies (Ferreira et al.
2014; Tengberg et al. 1995). Deployment is usually performed
in either one of two modes: (1) a free-fall mode, where control
over the precise landing position is limited; or (2) a high-
precision mode, commonly used to measure geomorphological
features. Concerning retrieval, two solutions are available: (1)
the lander has ballast weights attached to it, which are then
released; and (2) the lander has a variable buoyancy system that
allows it to resurface. An analysis of the loads applied on these
structures reveals two main categories: static loads, such as the
hydrostatic pressure (Eq. (1)), and dynamic loads, such as the
loads produced by waves and currents.

Protal :Pam+P~g-h (1)

where pya 18 the total pressure, p.., is the atmospheric pres-
sure (considered 0.1 MPa), p corresponds to the water density
(considered 1027 kg/m?), g represents the standard Earth ac-
celeration, and / is the distance to the free surface.

Weight presents a major problem for a controlled descent,
because descent speeds and currents might prevent a success-
ful landing. To prevent these problems, the structure must (1)
not comprise a large projected area in the vertical (diving)
direction, allowing for a reduction of hydrodynamic effects,
such as drag and added mass; and (2) minimize the impact of
an uncontrolled landing, by, for instance, producing landers
with negative buoyancy or using suspended ballast weight
beneath the lander. Moreover, most constructors design easily
dismountable outer frames to ease transport (Tengberg et al.
1995).
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Landers are frequently classified based either on their range
of operation or their application and measuring equipment. As
such, concerning their range of operation, the following cate-
gories are generally applied: shallow-water, mid-water, or
deep-water landers. Shallow-water landers usually operate at
a maximum depth of 500 m (Shah 2007) in a near-offshore
zone. Here, the main loads applied on the structure have a
dynamic nature (the static loads are virtually negligible), mak-
ing it important to minimize the projected area of all equip-
ment reduce the effect of drag. Mid-water landers refer to
landers working in the range of up to 2500 m (Shah 2007),
where static loads exceed dynamic loads both in intensity and
impact. At depths of more than 2500 m, deep-water landers
must be used. As a consequence of this increase in depth,
static loads increase proportionately and dynamic loads tend
to be negligible. In addition, a variable buoyancy system must
be installed due to the impracticability of manned recovery
(Tengberg et al. 1995).

When landers are classified according to their application
and measuring equipment, three categories are usually consid-
ered: micro open-frame, macro open-frame, and flat shape
landers. Micro open-frame landers are modular structures ca-
pable of carrying various instruments for monitoring and mea-
suring in situ. These landers have an open-framed structure to
minimize the effects of drag, allowing water to flow through
the instrument and sensor payload. Some examples are the
HADAL lander and the Medusa Lander (HADES 2014).
Macro open-frame landers are similar to the previous ones,
with the difference lying in their operational range. Macro
open-frame landers are used for longer-term deployments
when compared with their micro counterparts. Some exam-
ples of these landers are the K/MT 100 lander from KUM Kiel
and the DOBO lander from Aberdeen Ocean Lab (K.U.M.
Umwelt- und Meerestechnik Kiel GmbH 2002; Silva et al.
2016). Flat-shaped landers use a flat-shaped structure to re-
main on the seafloor, where low dynamic effects are verified.
These landers are mainly used for deep-sea applications.
Some examples of these types of landers are K-Lander from
KONGSBERG Modular Subsea Monitoring Network, the
OBSEA Lander from the Polytechnical University of
Catalunya, and, more recently, the AMERIGO Lander
(Kongsberg Group 2015; Spagnoli et al. 2019; Universitat
Politécnica de Catalunya 2019).

Concerning materials, to make the system as cost efficient
as possible, a correct balance must be achieved between struc-
tural stability—namely, resistance to traction, flexion, and
compression—and minimal material cost. Given that static
forces are linear, the focus must rely on dynamic forces.
Moreover, the use of non-corroding materials is key for ma-
rine applications.

The most frequently used material for these systems is alu-
minum as an alternative to stainless steel due to its light weight
and greater corrosion resistance. Titanium is also commonly

used. However, its high price and difficult welding and
polishing make it unappealing for most cases (Tengberg
et al. 1995). Galvanized steel, despite being more cost-effi-
cient, presents several disadvantages, such as difficult galva-
nization in closed sections, e.g., cylindrical tubes. Composite
structures are not in use due to their low mechanical resistance
(Tengberg et al. 1995). A metal composite combination where
the latter (composite) encloses the first (metal) is currently
used to minimize corrosion (European Sea Observatory
Network 2008). Polyoxymethylene (POM) is a high-
performance thermoplastic whose characteristics, such as re-
duced price and low density, make it a better alternative to
work with than aluminum (Kramer and Demer 1961;
Monnerie 1990) (Table 1).

2.2 Spectral Imaging Systems

Hyper- and multispectral data are typically collected (and rep-
resented) as a three-dimensional dataset: a data cube, with
spatial information collected in the xy-plane (front plane)
and spectral information represented in the z-plane. The ob-
jective of spectral imaging is to obtain spectral information for
each pixel in the image. This spectral information can be used
to identify objects on the basis of their spectral features. The
quality and quantity of the spectral content in the data cube are
defined by the spectral resolution and the amount of spectral
bands that are recorded by the spectral system. In multispec-
tral systems, the spectral data comprise several (< 20) discrete
spectral bands, and a hyperspectral system records the spectral
data over a continuous spectral range using narrow spectral
bands (Figure 1) (Luetal. 2019; Qin et al. 2013). The scene of
interest is shown in conventional RGB (Figure 1(a)), and the
information obtained from hyperspectral (HSI) and multispec-
tral imaging (MSI) is shown as a reflectance spectrum
(Figure 1(b)). The data cubes represent the spatial and spectral
information for HSI (Figure 1(c)) and MSI (Figure 1(d)). For
every pixel in the image, the spectral data can be represented
as a reflectance spectrum.

The acquisition method for these data cubes using multi-
and hyperspectral imaging devices can be divided into differ-
ent scanning groups: spatial scanning, spectral scanning, non-
scanning, and spatiospectral scanning (Figure 2). The data
cubes can be acquired by using different types of scanning;
spatial (line) scanning (Figure 2(a)), spectral scanning (Figure
2(b)), and non-scanning (Figure 2(c)). The colored areas rep-
resent the data acquired in one scanning step. The red arrows
show the dimension that is scanned in sequential measurement
steps.

In spatial scanning systems, the spectral information of a
single point or line in the spatial plane (x, \) is projected on the
sensor of the system. For the point scanning system, such as a
whisk broom scanner, the light of a single point in the image is
dispersed into different wavelengths by using a prism or a
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Table 1 Properties of common

materials in lander design Material Density (kg/m®) E (GPa) Tensile at yield (MPa) Corrosion resistance
Stainless steel 7800 198 350 Fair
Aluminum 2699 68 36 Fair
Titanium 4500 831 140 Very good
POM 1400 2.95 43 Very good

grating. To complete the data cube, scanning has to be per-
formed in both spatial directions. In case of a line scanning
system, such as a push broom scanner, a line or strip of the
image is directed into a slit and dispersed through a prism or a
grating onto the sensor of the system. In this configuration,
scanning in one spatial direction is required to complete the
data cube (Lu et al. 2019; Qin et al. 2013). Line scanning
systems are often applied in remote sensing where mobile
platforms, helicopters, drones, and satellites are used to scan
an area of interest. This type of scanning requires stabilized
mounts or accurate pointing and positioning information for
correct reconstruction of the image. More controlled conveyor
belt constructions are ideal for line scanning; in this case, the
object of interest is moved instead of the camera system. The
advantage of this type of system is that a high spectral resolu-
tion will provide a large amount of information on the spectral
properties of the scanned objects. However, the scan config-
uration and scan speed pose difficulty in imaging targets that

Figure 1 Hyper- and
multispectral data acquisition

(c) HSI data cube
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are moving with an uncontrolled behavior during measure-
ment. The spatial resolution will depend on the scan speed
and the size of the scene. The data cubes of this type of scan-
ning setup can be large, thus requiring large computational
amounts for further data processing.

In a spectral scanning system, monochromatic informa-
tion of the spatial plane (x, y) is projected on the sensor.
By scanning through a sequence of spectral bands, one
can record the spectral information of the scene by using
optical bandpass filters (fixed or tunable) (Lu et al. 2019;
Qin et al. 2013). Given that this stare-down principle has
similarities to conventional photographic imaging, it is
often perceived as user-friendly. The major disadvantage
of this scanning system is spectral smearing that can occur
when objects in the scene are moving. An advantage of
this type of system is that information can be gathered
with high spatial resolution. However, the spectral resolu-
tion of the system will dictate the scanning time, thereby
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(b) Reflectance spectrum

(d) MSI data cube



J P Santana et al : Innovative Benthic Lander for Macroalgae Monitoring in Shallow-Water Environments 137

A
Y
X
(a) Spatial scanning
A
Y
X
(b) Spectral scanning
Y

X

(c) Non-scanning

Figure 2 Scanning modes

causing a limitation in cases where the object is moving and
image alignment is difficult. When knowledge about the spec-
tra of the target object is available, choices can be made to
optimize the scan speed by decreasing the number of spectral
bands that are scanned. The data cubes of this type of scanning
setup depend on the number of spectral bands that are scanned
and the spatial resolution of the system.

In a non-scanning system, the information of data cube
dimensions (x, y, A) is projected on the sensor simultaneously.

This snapshot spectral imaging is obtained though single-
pixel-level spectral filtering. The spectral filters of the system
are deposited and patterned directly onto the sensor pixels.
The data cube can be reconstructed based on the configuration
of'the filters on the sensor. The advantage of this system is that
spectral information can be collected in a single shot, with
reasonably low integration times, thereby decreasing the ef-
fects of spectral smearing caused by the movement of the
sample during the measurement (Lu et al. 2019). A disadvan-
tage of this system is the loss in resolution caused by the size
of the mosaic pattern. However, this issue can be overcome
with increasing resolution of the sensor when spectral infor-
mation is constant over a larger area in the image.

An advantage of this type of system is that both spectral
and spatial information are recorded during snapshot measure-
ment, thus reducing smearing in cases where the target object
is moving in an uncontrolled fashion. A trade-off in this sys-
tem, as already mentioned, is the decrease in spatial resolu-
tion. This decrease will depend on the number of spectral
bands placed in the mosaic and the sensor resolution; the latter
parameter also dictates the size of the data cube.

3 AMALIA Lander

Given that macroalgae thrive mainly in the photic zone
(<200 m), the lander was designed for shallow-water appli-
cations and uses an open-frame shape. As such, the lander
must be capable of withstanding hydrostatic pressures of up
to 2 MPa at 200 m. In addition, the lander was required to have
a diminished projected area to reduce the drag effect, and it
should have the capacity to observe an area up to 50 m*. To
ease transport, the structure was produced in a modular way,
allowing for simpler replacement of broken and specialized
parts. When underwater cameras are used, a transparent inter-
face between the equipment and the outside environment is
required, creating an extra optical component. If not imple-
mented properly, then this interface may disturb the acquired
image, causing errors during data acquisition. Two types of
interfaces can be applied: flat or dome ports. When adopting
flat ports, the most relevant optical phenomena are chromatic
aberration, radial and tangential distortion, and refraction
(Figure 3(a)—(c)). Dome ports eliminate chromatic aberration,
radial and tangential distortion, and refraction effects on the
image when aligned with other optical equipment. The major
disadvantage with this port geometry, however, is the virtual
image effect, which occurs for dome ports used in underwater
applications where the lens is divergent, making the focal
length negative, i.e., the image is virtual, creating the illusion
that the object is closer to the lens than in reality. The decision
was taken to house the equipment by using a specialized com-
mercial product, namely, Nautilus 17" glass sphere (Nautilus
Marine Services 2019).

@ Springer



138

Journal of Marine Science and Application

(a) Chromatic aberration

Object

(b) Radial and tangential distortion

(c) Refraction

Figure 3 Optical phenomena for flat ports

3.1 Concepts

Each of the proposed concepts attempts to create a versatile
lander that can operate under different circumstances in the
photic zone while satisfying the following selection criteria:
structural stability, reduced cost, mobility, safety, modularity,
monitoring system complexity, environmental impact, and
innovation.

@ Springer

The first concept (Figure 4(a)) is a pyramidal open-framed
lander with three supports and can be manufactured using any
material due to its simple geometry, allowing for a significant
cost reduction. The main disadvantage of this design is the
low protection offered to the monitoring equipment.
Concept 2 (Figure 4(b)) was based on the flat-shaped landers
with a rigid central body structure, which relies on its robust-
ness to remain on the seafloor. The same geometrical feature
was applied in concepts 3 (Figure 4(c)) and 4 (Figure 4(d)).
Concepts 2 to 4 offer greater protection to the monitoring
equipment than concept 1 can while maintaining a relatively
simple structure. Concept 2 differs from concepts 3 and 4 on
the support type, which varies from fixed (for concept 2) to
articulated (for concepts 3 and 4). One of the main differences
between concepts 3 and 4 is the overall shape. A cylindrical
shape was applied in concept 3, while a hexagonal shape was
applied in concept 4. Thus, concept 4 has a greater advantage
over concept 3 due to its lower projected area. Moreover, the
beams in concept 3 are curved and those in concept 4 are
straight, making concept 4 more cost-effective.

Regarding concepts 5 (Figure 4(e)) and 6 (Figure 4(f)),
several current practices used in shallow-water landers and
their purposes were taken into account for these designs.
This type of design has the advantage of offering a greater
storage space for instrumentation needed for the spectral im-
aging equipment. Concept 5 is rigid, making it difficult to
transport, and concept 6 has greater modularity, including
the ability to be folded for transportation. Nonetheless, the
structural stability is considerably more difficult in concept 6.

On the basis of the selection criteria mentioned earlier, a
decision matrix was created to decide which concept to devel-
op further (Tables 2 and 3). Each of these criteria contributes
to several parts of the project, e.g., cost has a considerable
impact on geometry, fabrication cost, and deployment, where-
as monitoring system complexity is mostly related to the com-
plexity of implementing the diverse control systems. Each of
the chosen criteria has a variable importance for the final de-
cision and, as such, a specific weight was applied in a scale of
1 (least important) to 5 (most important). The same scale was
applied to each of the proposed concepts, with the difference
relying on 1 corresponding to not satisfying and 5 to greatly
satisfying, instead of the latter.

An analysis of the different concepts clearly indicates that
concept 4 (Figure 4(d)) is the one that best suits the project
needs. As such, an open-hexagon module was considered with
three tubular beams working as supports (one is an articulated
one) creating a tripod (Figure 5(a)—(c)). A central module was
designed, where the glass sphere is housed, allowing a full
360° rotation. Finally, given that the area beneath the lander
is not suitable for macroalgae growth because of the shade
created by the lander, the camera is also capable of rotating
in the longitudinal direction, allowing for a more precise eval-
uation of the area.
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Figure 4 Concepts for the
AMALIA lander

Table 2 Global weight matrix for
concepts 1 to 3

(d) Concept 4

(e) Concept 5 (f) Concept 6
Selection criteria Related to Weight Cl C2 C3
Cost Geometry 4 4 3 3
Materials and fabrication
Deployment
Mobility Volume 4 4 2 4
Weight
Final cost
Stability Weight 3 2 2 4
Geometry
Safety Watertightness geometry 5 2 3 4
Modularity Geometry 5 1 3 4
Monitoring system complexity Complexity of control systems 2 4 4 4
Environmental impact Material 4 3 2 3
Innovation Increased value 4 1 1 4
Market sales
Final score 2.5 24 3.6
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Table 3 Global weight matrix for concepts 4 to 6
Selection criteria Related to Weight C4 C5 C6
Cost Geometry 4 33 4
Materials and
fabrication
Deployment
Mobility Volume 4 4 3 4
Weight
Final cost
Stability Weight 3 4 4 3
Geometry
Safety Watertightness 5 4 4 3
geometry
Modularity Geometry 5 4 4
Monitoring system Complexity of control 2 4 4
complexity systems
Environmental impact Material 4 3 3 3
Innovation Increased value 4
Market sales
Final score 38 3.6 3.7

3.2 Frame Dimensioning and Material Choice

As mentioned earlier, one of the main goals in lander design is
to use a light material, making the lander not only easy to
transport but also mechanically sturdy, thus ensuring the pro-
tection of the observation system and operability at the re-
quired depth. For the lander components (main supports or
“articulated legs,” secondary supports or “simple legs,” and
hexagonal hoops), two materials were taken into consider-
ation: steel, due to its high mechanical performance, and
POM, due to it being a lightweight alternative. Main and sec-
ondary supports are subjected to alternate compression and
traction loads due to vertical movement, creating the risk of
buckling. In addition, to achieve an observation area of 50 m>,
the main support must have a length of 1800 mm. As a first
step, various diameters of commercially available beams
made of both steel and POM were taken into account
(Table 4). To keep the model cost-efficient, the material and
diameter chosen for the main and secondary supports were
kept equal.

Given that the structure is axisymmetric around the vertical
axis, the load on each element is one-third of the total weight.
With the use of directional force vectors and force equilibri-
um, the loads that affect each support were quantified.
Considering one main support in compression, buckling can
be predicted by using Euler’s critical load equation (Domokos
et al. 2000; Barbero and Tomblin 1993):

2El
P, = T 2
(KL)
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1 655 mm

-90°
(c) AMALIA lander front view
Figure 5 AMALIA lander

where P, is the critical load before buckling, E is the Young’s
modulus of steel and POM, [ is the area moment of inertia for
tubes, L is the length of the tube, and K is the column’s effec-
tive length factor. Given that the beam has bolted joints on
both ends, K is assumed to be of unitary value because both
ends are pinned (Pierre Beer and Russell Johnston 1981).

Table 4  Profile diameters and lengths used in lander design

Profile No. Diameters (mm) Length (mm)
1 70 1800
2 60 1800
3 50 1800
4 40 1800
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Concerning the safety factor, the following criteria
were considered: Sp,;,>2 for calculations preventing
fracture, S>3 for calculations preventing bending
and buckling, and S;,;,>1.2 for calculations preventing
fracture stresses due to cracking (Erhard 2013). Both
materials have superior resistance to buckling when the
applied load is considered (Table 5). Given that POM is
less expensive than steel and no major economic benefit
is offered in considering profiles of 60 mm when com-
pared with profiles of 70 mm, further calculation will
account for POM profiles with a 70 mm diameter.

Given that no buckling effect occurs on the beam, the stress
is purely linear. Therefore, stress can be calculated by the
following expression:

F

T=A (3)
where o is the plain stress, ' is the load being applied, and A is
the cross-sectional area where the load is applied. The von
Mises yield criterion states that, for uniaxial loads oy=0
and given that the load is uniaxial, the stress can be related
directly to the yield strength. As a result, the obtained linear
stress was below oyieiq =43 MPa (Table 1), thus resulting in
no risk of plastic behavior. Secondary supports are in pure
traction caused by a lower-intensity force in an equal cross-
sectional area. Thus, we confirm that no plastic deformation
occurred either.

3.3 Load Cases

A numerical model was created using 70-mm POM profiles
(Table 5) for two distinct load cases: (1) continuum operation,
where the structure was subjected to thrust, weight, and 2 MPa
uniform pressure applied to all surfaces (Figure 6(a)); (2) de-
ployment operation, when the lander interacted with a crane
through three eyebolts dispersed symmetrically on the superi-
or hoop (Figure 6(b)). Load case No. 2 also attempts to attest
the behavior of the hexagonal hoops and their respective con-
nections. ANSYS Mechanical was used to simulate the stress,
strain, and displacements in each one of these cases. The loads
in case No. 1 were applied by steps, where the hydrostatic

Table 5 POM and steel critical load and safety factor

Profile No. ~ Weight (kg) P (N) Safety factor
POM  Steel POM Steel POM  Steel

1 (70 mm) 212 1170 15091 710857  6.59 80

2 (60 mm) 190 1039 5717
3(50 mm) 172 928 2757
4 (40 mm) 157 837 1129

383703  3.96 48
185042  2.11 61
75793 0.95 12

0.51942 Max
0.48171
0.404
i

: D
0.23%85
0.17314
0.11543
0.057714
0 Min

0 1000.00 2000.00 (mm)
E— TE— )
500.00 1500.00
(a) Total deformation for load case No. 1

1.4292 Max

1.2704

1.1116
0.95281
8.7948]

63521
0.4764
8.3 1 7%

158
0 Min

0 1000.00

2000.00 (mm)
500.00 1500.00

(b) Total deformation for load case No. 2

Figure 6 Total deformation for load case Nos. 1 and 2 using steel for the
fork-shaped part

pressure was applied first, followed by the addition of weight
to obtain faster and more concrete convergence. Regarding
boundary conditions, the bottom of the structure was consid-
ered a fixed support, where rotation along the x-, y-, and z-axes
is allowed but displacements are not. An appropriate mesh
was generated using proximity and curvature to obtain
smoother convergence with an average element quality of
0.79 (1 is best) and an orthogonal quality of 0.69 (1 is best).
To verify the performed calculations, the weight of the struc-
ture was temporarily suppressed. With this, the reaction force
on the boundary conditions must be equal to the buoyancy
force, which, in turn, must satisfy Eq. (1). As expected, a
reaction force in the opposite direction and equal in absolute
value to the buoyancy force was obtained (Table 6).

For load case No. 1, the apparent weight (weight minus the
buoyancy) is quantified as 511 N, meaning that the lander
weighs approximately 52 kg when submerged. Regarding de-
formations, the most significant effects occur on the fork-
shaped part, with a maximum value of d=1.22 mm.
Similarly, major stresses were verified on this location, where
o0 =0.98 MPa, making it below the value for plastic behavior
(0yicla =43 MPa). Nonetheless, a conservative perspective
was taken into account and the fork-shaped part was
manufactured using steel.
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Table 6 Results for load cases

Nos. 1 and 2 using steel for the Load case No. Weight (kg) Force reaction (N) o (MPa) Total deformation (mm)
fork-shaped part
52 1624 5.47 0.519
2 215 - 12.43 1.429

In load case No. 2, the values for stress, strain, and dis-
placements were obtained for a suspended structure from three
eyebolts symmetrically dispersed on the upper hoop.
Boundary conditions were considered to be of fixed support-
type on the three eyebolts, with Earth gravitational force
working as stress. As a result of load case No. 1, the fork-
shaped part was considered to be out of steel. Again, as ex-
pected, an analysis of the displacements occurring on the land-
er clearly indicates that the greatest displacement was regis-
tered on the central part of the main supports because the
central module has the greatest mass, creating a greater defor-
mation on this area on impact. Given that the yield point again
was not surpassed, we may attest that no risk of plastic behav-
ior exists.

4 Hyperspectral Camera, Sensorial System

To develop a macroalgae detection system, the spectral data of
macroalgae in a great number of development stages need to
be obtained. The future application of the macroalgae detec-
tion system will be in situ, independent from external inter-
vention. Given that the acquisition of spectral information of
macro algae is performed in situ, the limitations that are raised
by this type of measurement setup, the spectral properties of
the algae, and the changes in these properties during their
development are limited. Thus, the spectral imaging system
should be able to acquire spectral information over a broad
spectral range (Uhl et al. 2013). The algae and other objects in
the target scene tend to move either due to ocean currents or
because of the movement of the individual, such as in case of
animals. Therefore, the measurement time should be kept as
short as possible to prevent spectral and spatial blurring. A
short image acquisition time is also desired to prevent signif-
icant changes in illumination depending on the measurement
depth and intensity changes of the light due to clouds or other
obscuring objects. As already addressed, several features can
be used to address the performance of a spectral imaging sys-
tem; spatial, spectral, radiometric, and temporal resolution.
The parameters of these features are dictated by the combina-
tion of the spectral acquisition method, the sensor, and the lens
of the imaging system. In addition, to develop the classifica-
tion software, proper selection of the algae of interest is im-
portant. Images with a high spatial resolution and if possible a
good RGB impression of the target scene will provide the user
with high-quality information for proper annotation of the
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algae of interest. On the basis of these requirements, a multi-
sensory non-scanning (or snapshot) hyperspectral camera was
developed to provide the optimal combination of a large spec-
tral range, reasonable spatial and spectral resolution, short
measurement time, and co-registration of the color image with
the spectral data.

4.1 Snapshot Hyperspectral Camera Design

A hyperspectral camera system consisting of a 41-band VIS/
NIR snapshot camera was developed at Quest Innovations. In
this camera, three sensors were combined for optimal spectral
imaging (Figure 7(a) and (b)). For 2D reference and to facil-
itate data annotation, a high-resolution (full HD) color image,
recorded with an RGB sensor, was included with each
hyperspectral dataset. The spectral bands were acquired using
a 4 x4 mosaic sensor for the spectral range of 470-630 nm;
this sensor was referred to as the VIS sensor. The NIR sensor
is a 5 x 5 mosaic sensor with a spectral range of 600—875 nm
(Figure 8). The color image is co-registered with the
hyperspectral data with subpixel accuracy, making accurate
data fusion and visualization methods possible.

The mosaic filters in this hyperspectral camera are based on
a tiled-filter approach where pixels are individually filtered
with narrow Fabry-Pérot bandpass filters. This method allows
real-time imaging at video frame rates without the need to
scan in either spatial dimension.

4.2 Additional Equipment

The spectral imaging system consists of a combination of
different components aside from the spectral camera. A micro
PC was included to control the camera and allow data storage;
a light source was included to acquire data using a controlled
illumination source, as well as batteries for the power supply
and integrated time switches to turn the equipment on and off
during the trial. The Intel Next Unit of Computing micro PC
was selected because its reduced size allows for simple inte-
gration in the lander. Windows 10 (Microsoft) OS was used to
directly implement the software for the camera control and
data acquisition. Complete acquisition of images was guaran-
teed with additional storage space. The battery requirements
were defined based on the power consumption of the spectral
imaging system, including all the additional components for
30 days of operation. To overcome a spatial constraint inside
the glass sphere, one of the batteries was attached to the
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Figure 7 The camera and an
impression of the sensor chip
technology used

(a) Hyperspectral camera

lander, this requiring water resistance. The selected battery set
consists of two LifePo4 24 V 15 Ah Battery packs with a
watertight enclosure.

5 Laboratory Trials

Two sets of laboratory trials were taken into account: (1)
Preliminary trials, where the watertightness test of the glass
sphere, tests of the batteries and of the monitoring system
when subjected to vacuum (p = 0.2 bar, 1 bar =10° Pa), and
camera focusing tests were performed; (2) main trials, where
lens focusing, structural stability, and full monitoring tests
were performed. Preliminary tests took place at the
Laboratory of Robotics and Autonomous Robotic Systems
of the Faculty of Engineering of the University of Porto and
main trials took place at the Laboratory of Autonomous
Systems (LSA) of the Polytechnic Institute of Porto. The
Laboratory of Robotics and Autonomous Robotic Systems
has a water tank with a depth of 2 m and a breadth and width
of 4.5 m, which is appropriate for small-scale testing. LSA
possesses a rectangular tank that is 10 m long, 6 m wide,
and 5 m deep, making it ideal for larger laboratory trials.
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Figure 8 Hyperspectral camera bands from the VIS and NIR sensors

(b) Sensor chip technology used

5.1 Preliminary Trials

As mentioned earlier, preliminary trials consisted of water-
tightness tests of the sphere, batteries, and camera perfor-
mance tests when subjected to vacuum (p = 0.2 bar), and focal
tests. The watertightness tests took place over a 4-day period.
On day 1, the two semi-spheres of the Nautilus 17" sphere
(Nautilus Marine Services 2019) were connected using
TEROSTAT and Scotchrap 3 tapes for insulation in a clean
temperature- and humidity-controlled room (Table 7). To
measure the humidity variations, humidity stickers that had
had three levels of humidity measurers (circular dot), namely,
20%, 40%, and 60%, were used. Whenever a certain humidity
level was reached, the stickers’ color changed from blue to
pink. In this particular case, given that the humidity levels
were at 44%, two humidity variations were instantly verified
and only one blue dot is visible (Figure 9(a)). After being
sealed, the sphere was subjected to 0.2 bar (value suggested
by the manufacturer). Electronic equipment was not used due
to the risk of damage. Results showed that the no-alteration
state could be verified (humidity remained < 60% over the
four-day period), validating the use of this equipment.

In parallel, some tests were executed regarding the work-
ability of the equipment when subjected to a pressure of
0.2 bar in a vacuum chamber. Results showed that the batte-
ries fluctuated in size and electric capacity when subjected to
0.2 bar, thereby resulting in a pressure reduction (p = 0.8 bar)
and culminating in a second trial. Overall, the results were
similar, validating the use of this pressure. The focus test
aimed to verify the effect of the curvature of the sphere on
the obtained picture frame (Figure 9(b)). A triangular structure
was positioned on the tank bottom to serve as object.

Table 7 Clean room
temperature and
humidity levels

Temperature (°C) Humidity (%)

23.3 44
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(a) Humidity control stickers located inside the sphere indicating
humidity below 60% (blue dot)

(b) Camera performing focus tests

Figure 9 Preliminary tests

Results validated the full functioning of the camera and the
use of spectral imaging to gather information on submersed
objects (Figure 10), because differences in reflection can be
observed for the different colors of the spheres for the individ-
ual wavelengths (Figure 11).

5.2 Main Trials

In the preliminary stage, the lens was again focused by using
the previously mentioned object placed on the tank bottom. In
parallel, the humidity and vacuum pump from Nautilus
(Nautilus Marine Services 2019) were used to remove all the
humidity inside by using a drying desiccant cartridge,
resulting in an almost humidity-free environment inside the
glass sphere. The unequipped lander was then subjected to
watertightness and structural stability tests under low vacuum
(p=1 bar) (Figure 12(a)). After 24 h, the need for a vacuum
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Figure 10 Impression of the imaging setup

inside the sphere was negligible even for low depths (5 m)
because the hydrostatic pressure (1.5 bar) was enough to
maintain the system watertight. Hence, the vacuum was no
longer considered a requirement for sea trials, reducing the
risk of damage to the electronic equipment. Moreover, a visual
inspection of reference points on the legs and articulations of
the structure verified that no deformations were present on the
structure. As a result, the vacuum was removed from inside
the sphere and full monitoring trials were performed
(Figure 12(b)). Results of spectral imaging, watertightness,
and structural integrity were similar to the ones mentioned
beforehand, thus validating the proposed prototype.

6 Installation Site

The location chosen for the installation of the AMALIA land-
er was on the southernmost cove of the Berlenga Grande
Island, also known as Cova do Sono. The Berlengas Islands
are located just off the coast of Peniche, Portugal. Cova do
Sono was chosen because it is a restricted area and because of
the appearance of several invasive macroalgae common on the
northwestern Iberian Coast, making it ideal for initial testing
(Figure 13). The installation took place at a depth of 10 m,
which surrounds the entire island, and is very close to the 50-m
barrier, which connects the coast of Peniche and the Berlenga
Grande Island. A water quality measurement sensor was
installed for further monitoring. Periodic inspections and
cleaning operations of the glass surface are currently being con-
ducted, and future self-cleaning systems are being considered.
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Figure 11 Images obtained from
the submersed object by the
hyperspectral camera

(a) Watertightness test with low vacuum

(b) Full lander test

Figure 12 Main trials

7 Conclusions

The AMALIA project aimed to idealize, conceptualize,
and test a modular open-frame lander that can monitor
macroalgae in the photic zone in situ. A preliminary as-
sessment of existing landers and monitoring system was
performed, creating a basis for the conceptual design. Six
concepts were idealized and subjected to a screening pro-
cess to determine the concept to be further developed. To
determine the structure’s dimensions, buckling criteria
were considered and a numerical model for two load cases
was created. A state-of-the-art camera was produced using
RBG, VIS, and NIR sensors, allowing for the determina-
tion of invasive macroalgae through various bandwidths, and
a fully operational monitoring system was obtained. Full-scale
laboratory trials were performed, focusing on watertightness,
structural stability, lens, and monitoring system accuracy. The

Figure 13 Berlenga Grande Island. Source: Google Earth
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following conclusions were derived from the numerical
models and laboratory trials:

1) The application of spectral cameras for macroalgae mon-
itoring and identification is suitable for different visibility
conditions.

2) The structural stability and watertightness of the lander
are easily achieved with the use of POM for the structure
and a glass sphere for the camera, thus reducing the need
for steel applications in lander construction.

3) The modular design of the lander allows for different
systems to be attached to it, thus increasing the range of
applications of open-frame landers.

Currently, sea trials are taking place at Cova do Sono,
Berlengas Islands. This state-of-the-art prototype will allow
information to be acquired on the amount of invasive sea-
weeds that are currently afflicting fauna and flora on the
Portuguese Coast, and it can help determine which of these
can be harvested and reused for industrial applications, such as
the pharmacological industry. The developed lander allows
for the introduction of other measuring equipment, such as
AUVs for exploration of the surrounding areas, creating a
hub and a new breakthrough in ocean exploration. Once data
are collected, a macroalgae identification system can be de-
veloped for further studies.
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