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Abstract: The present review focuses on the theoretical model developments made in floating flexible
net fish cages and the floating bodies application to offshore aquaculture. A brief discussion of the
essential mathematical equations related to various theoretical models of flexible net cages in the
frequency domain is presented. The single and array of floating or submerged flexible net cages
connected with or without mooring lines are discussed. Further, as the combined effect of the
hydroelastic behaviour of floaters and the flexible behaviour of fish cages are necessary to assess their
efficiency and survivability from structural damages, the issues and the knowledge gap between
the recent and future models are also discussed. In conclusion, the practical suggestions concerning
advancements in future research and directions within floating flexible net cages and the hydroelastic
response of elastic floaters are highlighted.

Keywords: aquaculture; flexible net-type structure; offshore fish cages; analytical models; array of
net cages; mooring lines

1. Introduction

Researchers have been developing floating, flexible net cages for several years. These
cages are designed to be cost-effective, environmentally friendly, reusable, and rapidly
deployable. They are also highly reliable as wave absorbers, protecting marine structures
from damage resulting from harsh maritime conditions. The past two decades have
noticed a significant increase in the use of flexible net structures for fish farming due to the
observed reduction in water turbulence within the cages [1–3], demonstrating that porous
membranes can furnish a tranquillity area for fish farms [4].

Another interesting aspect of offshore aquaculture cages is the study of hydroelastic
analysis of fish cages [5] concerning elastic floaters [6]. Hence, as offshore aquaculture
farming is increasing exponentially, proper modelling of cages for different geometries to
offer large-scale fish farms with multiple cages is essential to increase worldwide seafood
production [7] by considering all environmental conditions, environmental depth, and
hydrodynamics behaviour of cages. Importantly, when waves are scattered by the cages
coupled with floaters, the hydroelastic response of elastic floaters is required to be analysed
in detail as wave-floater interaction serves as a crucial component in the development of
floating offshore fish farms.

From the aquaculture engineering perspective, the fish cage model associated with
wave–elastic floater interactions may include varying vertical movements of floating struc-
tures, along with changes in acceleration, velocity, and wave overtopping and the hydro-
elastic effects of floaters of fish cages [8]. Due to environmental conditions, the deformation
of circular elastic floaters can be significant as offshore fish cages relate to joints and moor-
ing lines. The dynamic response and wave-induced forces, along with elastic floaters via
hydroelasticity, are useful in designing the building and in fatigue analysis of offshore fish
cage models for aquaculture. Therefore, the hydroelastic response via structural defor-
mations of n-modes of oscillations in a single (Figure 1a) or an array of cages with elastic
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floaters (Figure 1b) based on an analytical approach presents a difficult challenge because
of the diffracted and scattered waves from other elastic floaters.
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farms and the emerging new generation of offshore aquaculture facilities. It highlights the 
specific challenges that offshore fish farming faces, offering insights into the complexities 
of this emerging technology [9]. An analysis of the studies concerning net hydrodynamics 
was presented, focusing on the hydrodynamic loads, dynamic responses, and the flow-
wave dynamics surrounding the nets, along with an exploration of unresolved research 
challenges and potential future avenues that are crucial for promoting sustainable aqua-
culture development [10]. A review of the construction and functionality of net cages by 
considering fish behaviour related to upcoming engineering advancements in the area of 
hydrodynamics for aquaculture cages was presented [11]. An analysis of the 

Figure 1. (a) A schematic representation of an individual cage featuring a floater composed of double
tori [8], (b) an array of cages set up in close proximity to one another [8], and (c) elastic circular floater
deformation in a fish cage [6].

A review of the recent developments of various methodologies for the applications of
flexible porous membranes (FPM) and fish cages was presented [4]. The review comprehen-
sively analyzed fish cage designs, encompassing both conventional nearshore fish farms
and the emerging new generation of offshore aquaculture facilities. It highlights the specific
challenges that offshore fish farming faces, offering insights into the complexities of this
emerging technology [9]. An analysis of the studies concerning net hydrodynamics was
presented, focusing on the hydrodynamic loads, dynamic responses, and the flow-wave dy-
namics surrounding the nets, along with an exploration of unresolved research challenges
and potential future avenues that are crucial for promoting sustainable aquaculture devel-
opment [10]. A review of the construction and functionality of net cages by considering fish
behaviour related to upcoming engineering advancements in the area of hydrodynamics
for aquaculture cages was presented [11]. An analysis of the environmental elements linked
to the intensification of aquaculture and their impact on aquatic ecosystems as well as past,
present, and future aquaculture trends in coastal/offshore, land, and aquatic landscapes
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were discussed [12]. An analysis of the advantages of farming in offshore aquaculture
and compatibility with oceanography potential was presented in [13]. An examination of
worldwide performance evaluation techniques and approaches for relocating fish farms to
offshore locations, aimed at promoting a more sustainable growth of aquaculture, indicated
that the fish pens will encounter more challenging environmental conditions [14].

The above literature confirms that to our best knowledge, no review has been reported,
especially regarding the recent developments of theoretical models and the importance of
the hydroelastic response of elastic floaters coupled with floating flexible fish cage models’
application to offshore aquaculture.

This review summarizes the analytical modelling approaches of the dynamic and
hydrodynamic behaviour of floating flexible net cages in both time and frequency domain
analysis as outlined in Section 2. Section 3 provides an overview of the advancements in
various analytical models and a discussion of their results along with limitations based
on various theoretical methodologies. Section 4 presents the equation for the hydroelastic
behavior of floaters within the scope of linear wave theory. Finally, Section 5 offers a concise
overview of the conclusions and future perspectives of this review on the use of flexible
porous net cages. associated with environmental conditions, depths, and mooring systems.

2. Modelling Approaches for Floating Fish Cage Systems Based on the
Theoretical Formulations

The basic assumptions in terms of structural characteristics during flexible fish cages
modelling based on analytical and numerical formulations are highlighted below.

Basically, in a dynamic analysis, the analytical modelling for net-type structures [15]
draws upon subsequent assumptions.

(i) The FPM is represented as strings with consistent mass density that operate under
uniform tension. The use of FPMs in fish cage modelling and breakwater applications
is an excellent option due to their numerous advantages over rigid and nonporous
structures. Their porosity aids in dissipating wave energy and is vital for understand-
ing the dynamics of oscillatory flow, as it allows for the measurement of velocity,
pressure fields, and wave heights within the porous structure. Dissipation phenomena
serve a vital function in the transmission area, and the flexible porous structure acts
as a filter, effectively removing larger frequencies as the oscillation moves toward
the sheltered side of the structure [16]. Additionally, it has been observed that the
water within the fish cages remains significantly calmer than the surrounding waters
outside the fishnets, indicating that FPMs can create a tranquil zone ideal for fish
farming. However, Ref. [17] indicated that modelling FPMs as strings or beams is
an excessive simplification, and the proposed shell membrane theory can be used to
address this oversimplification.

(ii) The analysis of waves moving past a porous membrane is designed according to
Darcy’s Law [4], and the constraints of applying Darcy’s Law to the analysis of waves
traversing a porous structure were discussed in [18].

(iii) The fluid is characterized as incompressible and inviscid, with irrotational motion,
allowing for the presence of a velocity potential (VP) and the application of linear
wave theory. Under the linear potential theory, the simplified geometries of porous
rectangular, cylindrical, and hexagonal structures with limited environmental parame-
ters are solved (for example [15]). Nonetheless, Ref. [19] highlighted that the predicted
response of sloshing is expected to be infinite when applying linear potential flow
theory in place of finite amplitude effects in practice. Further, the hydrodynamic drag
on net structures depends on Reynolds number with respect to the twine diameter of
the net. In the potential flow model, there is no dependence on Reynolds number.

(iv) It is presumed that both the amplitude of the incoming wave and the structural
motions are small.

In the frequency domain, under linear wave theory, the frequently employed methods
for the analysis of the dynamics of flexible porous structures are the MEFEM [20], the
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BEM [21], the least square approximation method [15,20], the multipole expansion method
(MPEM) [22], and Green’s function technique (GFT) [23].

It may be noted that Darcy’s Law posits that when flowing through a porous media,
a fluid’s velocity is proportional to the difference in pressure across the two sides of
that structure. The constant of proportionality is a complex number, with its imaginary
component associated with the inertia effect. This component can be disregarded when
the porous structure is narrow and the holes are relatively small. The real component,
known as the porous-effect parameter, indicates viscous effects and that can be directly
from experimental data [24].

In general, Darcy’s Law as it pertains to FPMs or net-type structures could be repre-
sented as shown in [4]

→
V = −(k 0/ ρω)G∇p + (∂ζ / ∂t), (1)

where
→
V is the vector representing flow velocity, and G denotes the parameter for porous

effects described as G = Gr + iGr = (γ/k0b)× (( f + iS)/( f 2 + S2)), S = (Cm(1 − γ)/γ),
γ represents the porosity constant, characterized as the ratio of the porous surface area
to the overall membrane area, f denotes the resistance force coefficient, S signifies the
inertial force coefficient, Cm refers to the added mass coefficient, the variable ρ indicates the
fluid’s density, ω represents the angular frequency, k0 refers to the incident wavenumber, b
stands for the porous medium thickness, p denotes the fluid pressure, and ζ indicates the
deflection of the FPSs. Additionally, t represents the time, ∇ = gradient operator, and f
and S can be assessed, as outlined in [25]. Darcy’s Law is based on the assumption that
the porous medium remains stationary. However, if the porous medium is in motion, the
effects of inertia must be considered, as mentioned in [26]. However, Darcy’s Law is used
to consider the flow past the porous net. More emphasis has been given to the quadratic
pressure drop condition for flow past porous structures, as discussed in [27,28].

An important aspect of modelling floating flexible fish cages coupled with elastic
floaters is the designing of floating elastic floaters of different geometrics. Usually, in
the analytical approach, the net-type structures (modelled as porous membrane based on
Darcy’s Law) are used for the dynamic analysis and wave-induced loads on fish cages
under environmental conditions [15,29]. Meanwhile, the elastic floaters can be modelled
using the Euler–Bernoulli beam theory for hydroelastic response, which may help model
elastic floaters coupled with a floating flexible fish cage.

3. Dynamics of Floating Flexible Fish Cages under Analytical Approaches

The MEFEM is typically employed as the theoretical method for wave structure
interaction problems in 2D [30] or in 3D [31]. The key concept of this approach is to first
expand the VPs with suitable eigenfunctions and unspecified coefficients. The complex
wavenumbers are determined by the solution of the related complex dispersion relation.

It may be mentioned that complex wavenumbers are associated with the complex
dispersion relation (obtained from the third-order porous membrane-covered BC). The
complex dispersion relation (2) possesses a limitless quantity of complex roots, among
which, two are identified as wavenumbers pn, n = 0, I corresponds to the most progressive
waves. Meanwhile, the two complex roots pn, n = I I, I I I of the specific type a ± ib (a = real
part, b = imaginary part) are identified as wavenumbers linked to the non-propagating
wave modes, and the countless complex roots pn, n = 1, 2, 3 . . . , that are near the imaginary
axis are classified as the evanescent wave modes.{

(Tf p2
n − ms)ik0G − K

}
(pntanhpn H − K) cosh pn H − pn(Tf p2

n − ms)sinhpn(H − h)(pntanhpnh − K) cosh pnh = 0 (2)

where G represents the parameter for the porous effect, and other symbols can be found
in [15].

Subsequently, the unknown constants are established by applying different BCs with
appropriate orthogonal properties or the LSAM to obtain a matrix system.
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The impact of a vertical fishnet on the interaction of a surface wave was analyzed in
FWD [20] and solved by employing the MEFEM and the LSAM. They found that in general,
(i) the hydrodynamic force rises as stiffness increases, (ii) a more flexible barrier deforms
with respect to the force and for large values of stiffness, the hydrodynamic pressure
decreases with depth, and (iii) the pressure force demonstrates a type of ‘instability’ at
a specific stiffness value, shifting from up to down mode when the threshold is reached.
The physical mechanism behind the instability is the variation of the sign of the pressure
gradient that results in wave energy dispensation caused by the limited reflection from the
fishnet, and it depends on the quantity of energy dissipated by the barrier. The hydroelastic
analysis was conducted for surface wave interaction using concentric systems of porous
and flexible cylinders, where the inner cylinder remains rigid while the outer cylinder is
both porous and flexible [32]. The scattering potentials were evaluated using the FBEM
and LSAM. They discovered that the deflection was greatest near the free surface and was
more significant for the surface-piercing system than the bottom-touching cylinder system
with identical drafts. In contrast, the floating flexible cage exhibited the greatest deflection
just above the mid-point of the cylinder, closer to the upper surface.

GFT has been used to analyze the dynamics of FPMs on the hydroelastic behaviour of
floating beams based on the elastic beam theory. GFT and Green’s identity were adopted to
determine numerical solutions. A few researchers analysed a couple of problems associated
with wave scattering by floating and submerged bodies of floating rectangular elastic plate
or porous structures based on GFT. Nonetheless, the use of the GFT with floating flexible
fish cages has yet to be investigated.

There are very few mathematical formulations associated with the floating flexible fish
cage model-based linear water wave theory available in the literature, which is detailed
as follows. A linear mathematical formulation was developed for a freely floating flexible
two-dimensional closed fish cage in order to examine the sway, heave, and roll motions
induced by waves in [33] (Figure 2). They noted that the absence of tension might result in
snap loads on the material, which could lead to fatigue. They examined a compact, flexible
fish cage compared to the larger aquaculture net cages currently utilised in Norway. It was
seen that the closed flexible fish cage exhibits flexibility and operates hydro-elastically, and
its response is significantly influenced by both its geometry and the level of the filling.
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Figure 3, consisting of a vertical cylindrical flexible net cage (modelled as a one-
dimensional string) and a permeable base, is typically used for farming sea fish [34]. They
solved analytically by applying the FBEM and LSAM under the linear water wave theory.
An analytical model of a concentric cylindrical cage was presented based on Darcy’s Law
and under linearized potential flow theory [35]. Their findings indicated that porosity
decreases the forces acting within the cage system by absorbing the utmost amount of
wave energy. Additionally, they observed that membrane deflection diminishes as the
porous effect parameter value increases, and as the radius of the cage increases, the vertical
deflection of the membrane rises. However, the work carried out [35] did not consider
mooring lines to prevent structural damage from strong waves and currents during storms,
nor did it consider the impact of wave trapping caused by opposing currents.
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Wave interaction with a floating porous circular cylinder was analysed based on the
potential flow theory by employing the MEFEM [36]. The analytical solution was validated
against independent experimental test results. They discovered that the wave-radiating
damping includes a second term that accounts for the effects of porosity σ as incorporated
in Equation (3). In this model [36], the effects of environmental conditions, such as varying
water depths and following or opposite current loads, were not taken into account, and
there were no edge conditions imposed (for example, to avoid structure failure in storm
waves and currents during typhoon events, any kind of moored edge conditions at the
structural boundaries), which limits its applicability in practical engineering case studies.

µij =
2ωC0

π
ρ

2π∫
0

Ai(θ)A∗
j (θ)dθ + ωσρ Re

(
(φ

(out)
i − φ

(in)
i )× (φ

(out)∗
i − φ

(in)∗
i )ds

)
. (3)

As per the slender body theory, a semi-analytical approach was presented, and
matched asymptotic expansions were utilized to ascertain the vertical accelerations of
a series of partially submerged elastic circular floaters subjected to regular waves in [8]
and compared with experiments in [6]. The obtained analytical solution was compared
with model tests, and they found that as the wavenumber rises, the floater hydro-elastic
interaction becomes important. As the wavenumber rises, the accelerations of the middle
torus increase at a slower rate compared to the single torus in the waves. This phenomenon
occurs because, as the wavenumber increases, the portion of the wave reflected by the
upper torus and the transmitted wave reaching the middle torus diminishes. In addition,
as was highlighted in [15], horizontal accelerations play a crucial role in both engineering
design and operations for offshore aquaculture floating flexible net cages. In addition,
upstream, the floaters exhibit more pronounced vertical movements compared to a single
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floater in wave conditions. Also, they compared their model with ANSYS Aqwa 2019
software in sea waves that were limited to rigid tori.

Circular cages are organized in mooring grids in single, double, or triple rows, with
shared spacing in between them, typically chosen as a multiple of the radius of their circular
floaters (refer to Figure 4). Figure 5 illustrates the comparison of non-dimensional wave
amplitude ζa/ζ0 (ζ0 is incident wave amplitude) from the current method [6] and ANSYS
Aqwa, regarding the scattered wave amplitude at the front (β = π) and back (β = 0) of
a semi-submerged circular rigid floater with a/c = 0.024, plotted against dimensionless
radial distance (ρ/c). It has been noted that as ρ/c rises, the accuracy of [6] improves, and
this method has effectively determined both the maximum and minimum locations and
the corresponding wave heights.
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An analytical wave interaction model of a anchored floating flexible cage was pre-
sented in [15] to analyze the wave-induced forces on the net cage.
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The BCs and governing motion of the cage surface on r = a,−h ≤ z ≤ −d are given as

ϕ1r = ϕ2r = ik0G(ϕ2 − ϕ1) + iωηcosθ, (4)

d2
zη + (m mω2/T)η = (2aiωρ /T)

π∫
0

(ϕ2 − ϕ1)cos (π − θ)dθ, (5)

where η is the deflection of the cylinder, r represents the radial distance measured from
the z-axis, ϕ1 = VP in region 1, ϕ2 = VP in region 2, G =porous effect parameter, k0 =
wavenumber, d = gap height, T = membrane tension, h = water depth, and θ is the angle
with horizontal axis in the 3D polar coordinate system (r, θ, z).

The bottom or base of the cylindrical net cage is fitted with a horizontal porous surface
and is often considered a two-dimensional horizontal membrane or rigid porous plate [34],
and the BCs are as follows (as in Equations (4) and (5)):

ϕ2z| z=−d±0 = ik0G
(

ϕ2| z=−d−0 − ϕ2
∣∣

z=−d+0

)
− iωξ on r < a, z = −d, (6)

(
∇2

rθ +
mmω2

T

)
ξ =

(
− iρω

T

)(
ϕ2| z=−d−0 − ϕ2| z=−d+0

)
on r < a, z = −d, (7)

with ξ = deflection net, and ∇2
rθ is the Laplacian or Laplace operator.

As per the potential flow theory, applying suitable BCs in the water region and the
structural BC along with the continuity condition, the wave-net interaction problem can be
solved. The model of surface wave scattering caused by a vertically positioned, flexible
fishnet in FWD was resolved by the MEFEM and the LSAM [15]. Figure 6 demonstrates that
as the net stiffness increases, the net’s deformation decreases, thus increasing the reflection
coefficient. Additionally, the comparison of displacement between the simulations of the
theoretical and numerical model shows a strong agreement (Figure 6).
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Further, the model developed [15] was extended under the action of current loads on
the floating flexible fish cage with h2 = 50 m, h1 = 7 m, a = 5 m by comparing with the
FEM analysis [29] in Figure 7. It studied the net cage’s dynamic response by examining
various results on horizontal wave loads and axial forces acting on the mooring lines for
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different structural and physical parameters. In the mathematical formulation [29], the
opposite current was not considered, which meant that the numerical analysis could not
conduct a wave-trapping assessment in conjunction with the prevailing current.
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The condition in terms of the pressure differences between the boundary Gp and inside
the cage (R2) (see Figure 8) is given by(

−T∇2
rθ + mm

∂2

∂t2

)
ξ = −(P3(r, θ, z, t)− P2(r, θ, z, t)) (8)

where Pj(r, θ, z, t), is the linearized hydrodynamic pressure in the jth region and is given by

Pj(r, θ, z, t)) = −ρ

(
∂Φj

∂t
− gz

)
, for j = 2, 3, z = −h (9)

with the symbols used in Equations (8) and (9) being the same as in Equation (7).
The examination of the 3D displacements of the cage at various current speeds indi-

cates that the cylindrical cage exhibited greater stability (occurs due to the smaller deflection
and lower horizontal force acting on the cage) at smaller current speeds [29]. Under the
action of current, the condition for the linearized free surface is expressed as [29]

(∂ t + u1∂x + u2∂y
)2Φj + gΦjz = 0 for j = 1, 2 , z = 0. (10)

The kinematic BC with uniform current yields

Φ2z = Φ3z = ηt + u1∂x + u2∂y + ik0G(Φ3 − Φ2) at. z = −h1 (11)

where u1 refers to current velocity along x-direction, ηt = partial derivative of cage deflec-
tion, and u2 = current speed along y-direction.

Additionally, the membrane deflection ξ(z, t) satisfies the linearized dynamic condi-
tion: (

mm
d2

dt2 − Tg
d2

dz2

)
ξ = 2aρ

π∫
0

(
∂Φ2

∂t
− ∂Φ1

∂t

)
cos(π − θ)dθ, (12)
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In this context, Tg represents the consistent tensile force exerted on the cage, while mm
denotes the mass of the membrane, and ϕ1 and ϕ2 refer to the VP for the outer and inner
regions (see Figure 8).
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The conditions in terms of the continuity of velocity and pressure at the interface r = a
along the gap are read as

∂Φ1

∂r
=

∂Φ3

∂r
at r = a, z ∈ Gp (13)

Φ1 = Φ3 at r = a, z ∈ Gp (14)

A semi-analytical single gravity-type cylindrical open fish cage in which the cage
net is designed as a FPM and the hydroelastic characteristics of the net cages along with
structural deflection and wave loading on the cages are analyzed [5] (see Figure 9). They
observed the following: (i) as the porosity of the fish net rises, the amplitude of transverse
deflection at the top section of the net chamber lessens, while the value at the bottom section
shows a little increase because of the considerable obstruction affecting the flow near the
wave surface; (ii) the axial tension in the cage greatly influences the porous effect of the
fishnet; (iii) as per [37], in theory, the parameter representing the porous effect is expected
to approach ∞ when the net interface becomes fully permeable. However, the equation for
the porous-effect parameter does not conform to this scenario, leading to the conclusion
that a more appropriate formula for the porous parameter is necessary for future research.

The dynamic responses of an array of submerged flexible fish cages were analyzed
based on a semi-analytical solution under the linear wave theory, where the net cages were
modelled as a porous cylindrical shell [38]. They observed that increasing the wavenumbers,
cage spacing, and overall porosity are advantageous for reducing the interference impacts
of waves in a cage arrangement.

Figure 10 illustrates the 3D shapes of the net chamber, depicting the maximum defor-
mation at various submerged depths, with deflection values increased by a scale factor of
five. A minimal wave response of the cage is noted when it is submerged at d1/h.
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The hydrodynamic forces and structural reactions of two free-floating flexible circular
cylinders subjected to surface waves were assessed using an approximate method devel-
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oped by [39]. It was noted that different wave and structural parameters have a substantial
impact on the hydrodynamics and dynamic behavior of individual cylinders.

The forces generated by wave excitation on a series of floating circular porous cylinders
are analyzed applying the MEFEM within the framework of the diffraction potential theory,
as described by [40]. It was indicated that the porosity of the circular cylinders is highly
effective in significantly decreasing both wave excitation forces and wave run-up.

Recently, an array of floating flexible cylindrical fish cages in wave-current loads based
on a theoretical study was developed [41] (see Figure 11). They analyzed the flow field
over the cages, deflections, and wave forces on the cages for various structural and physical
characteristics. With the increase in mooring stiffness and current velocities, the wave loads
and cage displacements also rise, which is attributable to the stronger hydrodynamic forces
generated by the more intense currents. In this case, the authors did not consider elastic
floaters to study the effect of current combined with flexible net cages.
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In Figure 12, the comparison shows that the amplitude of horizontal displacement for
a triple cage is significantly less than that of both dual and single cages.
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On the other hand, the analysis of wave diffraction caused by a bottom-standing
cylinder with a random cross-section under linear waves was conducted [42], and an array
of truncated cylinders [43] was analyzed using an analytical method. These two references
could aid in examining the hydroelastic behavior of floating cylinders using the same
methodology in future studies.
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An analytical formula for the drag coefficients related to both normal and tangential
forces in cylindrical fish cages (Figure 13) to study the effect of net solidity, mesh pattern,
and flow directions was derived in [44]. Further, the derived theoretical drag force results
were compared against experimental model tests for different parameters (Figure 14). It
was observed that they agreed well with all three solidity ratios where the drag coefficients
on flat net panels were measured to estimate both the normal and tangential forces on
the fishing net meshes to identify the empirical constants within the theoretical equations.
Additionally, the drag coefficients for normal and tangential forces proposed in [44] are
applicable solely to nets exposed to steady and uniform far-field currents.
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Figure 14. Comparison of drag forces between theoretical and experimental are plotted: (a) θ = 0o,
s = 0.223; (b) θ = 30o, s = 0.223; (c) θ = 0o, s = 0.128; (d) θ = 30o, s = 0.128 [44].
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The interaction between the linear waves and a submerged porous sphere applying
the MPEM was studied semi-analytically, and an analysis was conducted regarding the
hydrodynamic coefficients and wave-induced forces (wave strength) within the sphere [45]
(Aquapod fish cage, see Figure 15). The cage was modelled based on Darcy’s Law under
the potential flow theory. They observed that the porosity parameter leads to a reduction in
wave forces and added mass, while the damping coefficient experiences a notable increase
across the range of wavenumbers (referring to deep water approximation solution as
kh ≫ 1, where k is the wavenumber and h is the water depth) (Figure 16). The results
of the study [45] may be helpful in better understanding and analyzing the behavior of
submerged spherical aquaculture cages.
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4. Linearized Theoretical Background for Hydroelastic Response of Elastic Floaters

Hydroelasticity plays a crucial role in assessing wave loads on floaters constructed
from High Density Polyethylene (HDPE). Hydroelasticity is the interaction among inertial,
hydrodynamic, and elastic forces [46]. Here, we analyze several earlier studies related to
the hydroelastic behavior of floaters. A theoretical method was proposed to investigate
the elastic deformations of the circular ring due to the influence of second-order waves,
employing the curved beam theory [47]. An analysis on the combined influences of
hydroelasticity and Morison’s equation by exploring wave-induced forces was discussed
in [48]. A slender-body theory has been formulated to analyze the low-frequency wave-
induced responses of an elastic semi-submerged torus [49].

It is considered that a beam features a curvature in a plane with a radius (r) and
deforms by ζ in the vertical y-direction (see Figure 17). A coordinate system was established
that features a curvilinear coordinate and radial coordinate r along the beam that starts
from the center of curvature in the absence of beam deformation. A segment of the beam
with a small length dx is examined (refer to Figure 18), and the figure illustrates the internal
forces and moments that are acting on this portion of the beam. These include the bending
moment Mp around the p-axis, the torsional moment Mq along the x-axis, and the vertical
shear force fs directed along the z-axis.

An incident of regular waves interacting with a circular floater in FWD of infinite
extended length is assumed. The elastic floater is formulated as the cartesian, and cylin-
drical coordinate system denoted as (x, y, z) and (r, θ, z ) with mean free surface at y = 0.
On the other hand, the curved beam equation is represented by the Euler–Bernoulli beam
theory with axial stiffness. The y-axis aligns with the axis of the torus and extends in the
+ve- downward direction, and this refers to the radius of the central circular curve of the
torus. The VP Φ(x, y, z, t) = Re

{
ϕ(x, y, z)e−iωt} where Re is the real part and ϕ denotes

the spatial complex VP that satisfies

∇2
xyzΦ = 0 in the fluid domain. (15)
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where ∇2 denotes the Laplacian operator.
By considering minimal wave steepness and minimal vertical movements of the body

in relation to the wave amplitude, the linearized kinematic and dynamic conditions on
y = 0 are

ηt = Φy, (16)

Φt + gη = 0. (17)

By combining Equations (16) and (17), the linear form of the free surface BC can be
obtained as

∂2
t Φ + gΦy = 0, on y = 0, (18)

where the subscripts ‘t’ and ‘y’ denote the partial derivatives with respect to t and y,
respectively.

The BC on the wetted body surface is given by

∂ϕ

∂n
= v.

→
n on SB, (19)

where v represents the velocity of the body with
→
n = (n1, n2, n3).

The Euler–Bernoulli beam equation satisfies the vertical motion ζ as{
EI∂4

x − ∂x(Qax∂x) + (EI/r2 )∂2
x + m∂2

t + 2aρg
}

ζ = N1 + N2 + N3, (20)

where the second term in Equation (20) denotes the bending stiffness, EI = flexural rigidity
of the torus, ζ = vertical motion of the torus, r = the radius of the torus, Qax = axial
stiffness, 2aρgζ is generated through the alteration of the buoyant force caused by motion
ζ, N1(x) = vertical added mass and damping force, N2(x) = vertical wave excitation force,
N3 = vertical forces of the mooring line components, m is the torus mass, and a = radius of
cross-section of torus.

The response is symmetrical for waves moving in the +ve x, and the vertical motion ζ
of the torus is expanded as

ζ = b0(t) +
∞

∑
n=1

bn(t) cos(nα), (21)

where n’s denote the elastic modes and their mode shapes stated as x = cos(nα). b0 and
b1 cos α describes heaving at the axis of the torus and the vertical movement resulting from
the pitch motion, respectively. Further, x = r cos(α) and y = r sin(α) are the coordinates of
the torus centerline.

It may be noted that the hydroelastic response of the circular collar or floater is
obtained by substituting values of ζ into Equation (20), and then Equation (20) is multiplied
by cosmα, m = 0, 1, 2, . . . and integrated over α = 0 to π, which results in the right side of
Equation (20). The motion equation for the amplitude of each mode bn(t) is then established.
The MEFEM is applied to solve the BVP by studying radiation problems. In practice, the
consistent interaction of waves with elastic floaters in severe weather conditions is not
an ideal approach for conducting a hydroelastic analysis of these floaters. Consequently,
taking into account nonlinear interactions provides a vital analysis of the displacement,
deflection, and deformation of elastic floaters. Relative vertical movements between the
floater and the sinker tube can result in snap loads within the netting, potentially leading
to net rupture [50]. The impact of a well boat on a fish farm was examined, revealing that
in severe weather conditions, the bending stress experienced by the floater could surpass
the yield stress at both the interface between the well boat and the floater as well as at the
points where the mooring lines connect to the floater [51].
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5. Conclusions

This paper briefly reviews the theoretical model developments on the dynamics of net
cages and the hydroelastic response of floating elastic floaters of a single and array of net
cages under non-moored, moored, and various effects on environmental conditions. The
brief results, analyses, and limitations of the models developed in the literature are reviewed
and discussed. The conclusions and future directions of research are summarized below:

• It was observed that a little study on the behavior of floating/submerged flexible cages
via hydrodynamic analysis and hydroelasticity was found based on the analytical
approach. However, considering design parameters for analysis, there is a lot to
be developed.

• The mathematical formulations of the floating flexible circular fish cages with elastic
floaters with mooring lines under the influence of waves and currents for the n-modes
of oscillations in three dimensions are still unexplored. Further, a significant focus
on the hydroelastic analysis of the elastic floaters coupled with net cages could be a
major study.

• The qualitative analysis of the hydroelastic behavior of elastic floaters coupled with
the dynamics of flexible net cages other than the cylindrical shape in currents with
different mooring systems and the validation versus various methodologies in 3D
remain unexplored.

• The mathematical model and semi-analytical solution of submerged spherical fish
cages can be formulated based on flexible net cages with frame systems under different
mooring systems to investigate the hydrodynamics response of the frame system and
dynamics of fish nets.

• The mathematical formulation associated with fish cages combined with elastic floaters
can be developed by considering both following and opposing wave-current condi-
tions to analyze the wave-blocking phenomena in the case of an array of floating cages.

• Future studies of floating/submerged fish cage models with different mooring systems
may include introducing several elastic floaters with array/multi-cage systems for
different geometries and loads on the fish cages via hydroelastic parameters.

• The constraints of the analytical approach are that the suitable BCs must be linear,
of a higher order of third or fifth, and satisfy the structural boundaries; hence, the
solution must be a series of solutions. This current effort aims to serve as a valuable
resource for future application studies, providing researchers in the field of Marine En-
gineering with insights into issues related to floating flexible porous net structures and
hydroelastic floaters for modelling of fish cage applications to offshore aquaculture.
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Abbreviations

ANSYS Analysis System
BVP Boundary Value Problem
BEM Boundary Element Method
FEM Finite Element Method
BC Boundary Condition
FWD Finite Water Depth
LSAM Least Square Approximation Method
MEFEM Matched Eigenfunction Expansion Method
MPEM Multipole Expansion Method
GFT Green’s Function Technique
FBEM Fourier Bessel Expansion Method
FPM Flexible Porous Membrane
SIMA Sequential IMage Analysis
WAMIT WaveAnalysisMIT
2D Two-Dimensions
3D Three-Dimensions
VP Velocity Potential
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