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A B S T R A C T

The SeAbacus is a new patent for a floating offshore wave attenuator, which essentially consists of a rafted 
Salter’s Duck. It is modular, suitable also for low-energy seas and for array installation. This paper presents the 
first physical model tests carried out in the wave tank at the Hydraulic Laboratory of the University of Bologna. 
The tests focused on the effects of the device shape (by changing the shape of the Salter’s Duck) and of the 
mooring layout (by testing a Tension Leg Platform, a Catenary Anchor Leg Mooring configuration and a spread 
mooring system) under wave attacks characterised by different wave height, wave steepness and wave obliquity. 
The results of the tests highlight the relevance of the shape of the Salter’s Duck and the capability of the device of 
producing wave energy also in mild seas, provided a moderate wave steepness. Wave obliquity significantly 
decreases the device pitch motion. The mooring layout affects the device motions because the more rigid the 
moorings the higher the device pitch due to combined motions of the raft and of the Salter’s Duck. The best 
compromise between device pitch motions and mooring loads was achieved with the spread mooring system.

1. Introduction

Wave Energy Converters (WECs) have been the subject of extensive 
and ongoing patent activity, with a remarkable number of patents filed 
from the 1970s to the present (Falcão, 2010; Koca et al., 2013; Guo and 
Ringwood, 2021; Bouhrin et al., 2024). The patents encompass a wide 
variety of WECs, which differ significantly in terms of operating prin
ciples and installation methods. However, to date, no technology has 
established itself over the others and very few devices have reached 
commercialization (Foteinis and Tsoutos, 2017; Aderinto and Li, 2018). 
There are still technological and non-technological barriers to be over
come and some of these are specifically related to the new device that 
will be the subject of this paper.

As widely documented in the literature, mooring systems often 
represent the most significant cost component for WECs, due to the 
complexity of their design and to the challenges associated with offshore 
installation. Recent reviews on mooring lines materials, mooring con
figurations, modelling and design were provided by Xu et al. (2019), 
Qiao et al. (2020), Chatzigiannakou and Temiz (2021). The importance 
of mooring system design for WEC producibility was also highlighted by 
Zanuttigh et al. (2013), Martinelli et al. (2018), Niosi et al. (2021) and 
Zhao et al. (2025).

Another major cost driver for WECs lies in the complexity of their 

structures, which typically require custom design and dedicated 
manufacturing processes, see Guo and Ringwood (2021), Golbaz et al. 
(2022), and Garcia-Teruel and Forehand (2021). Golbaz et al. (2022)
concluded that shape optimization can significantly improve perfor
mance and reduce costs, especially when combined with an appropriate 
Power Take-Off (PTO) control strategy. However, Garcia-Teruel and 
Forehand (2021) observed that most shape optimization studies have 
neglected manufacturability, a critical factor in assessing whether the 
optimized geometry will actually result in lower Levelized Cost of En
ergy (LCOE).

Materials play a crucial role in the sustainability of WEC in
stallations. Bruno et al. (2022) demonstrated that the main environ
mental impacts come from manufacturing processes and from the 
limited durability of materials. Calvario et al. (2017) and Arredondo-
Galeana et al. (2023) showed that composite materials can offer ad
vantages in terms of durability, ease of manufacturing and maintenance 
with respect to steel. The relevance of steel reduction in minimizing the 
carbon footprint was also emphasized by Jahangir et al. (2025).

This paper presents a new Italian patent, the SeAbacus (patent no. 
102022000002747), a floating wave attenuator device currently at 
Technological Readiness Level (TRL) 4, and the tank tests of the device 
to evaluate its motions and potential producibility. The SeAbacus is 
meant for partially overcoming the aforementioned barriers. The device 
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components can be easily manufactured or are already commercially 
available, the device does not include exposed components to avoid 
debris in the sea, the device materials for future construction at proto
type scale are polymers and composites to contemporarily improve the 
power production by reducing the device inertia and significantly 
reduce the environmental impact of the steel-equivalent device.

The SeAbacus is essentially a rafted oscillating element whose shape 
is similar to a Salter’s Duck (Salter, 1974). It is not the first attempt to 
modify the original Salter’s Duck wave energy converter, there are other 
options in the literature, a.o. the solo Duck, which is able to use the point 
absorber effect to further enhance its power capture performance (Wu 
et al., 2017); a solo circular cylinder for desalination purpose with an 
offset pitching axis without the front beak to replace the original shape 
and reduce cost (Cruz et al., 2006); a modified Duck that adopts a new 
type of underwater-stabilized substrate (Zhang et al., 2019); the WEP
TOS device, which has two symmetrical linear arrays arranged in an 
A-shape configuration (Margheritini and Kofoed, 2019). Recently, Yazdi 
et al. (2023) proposed the integration of an array of Salter’s Duck with a 
floating off-shore wind turbine.

Compared to existing devices, the innovative nature of SeAbacus 
consists in the simultaneous achievement of the following objectives: i) 
it has a modular shape that facilitates its installation in parks; ii) it has 
low inertia to generate energy even in mild climate seas; iii) it does not 
contain mechanical parts exposed to waves, to avoid the formation of 
debris in the sea; iv) its dimensions are scalable depending on the 
climate and it can be installed both in shallow waters, where mainte
nance is simpler and anchoring is less expensive, and in deep waters, 
where the harvestable wave energy is greater; v) it is easy to build and 
maintain, as it has a simple geometry, made up of industrially available 
parts, to minimize production times and costs, and it is easily dis
assembled, to minimize maintenance costs; vi) it is assumed to adopt a 
proven electromagnetic energy conversion system, developed by the 
IMAGINE project (Imagine, 2020), capable of producing energy in both 

directions of rotation; vii) it is low in the water and buoyant, therefore it 
has little visual and environmental impact, to increase social acceptance.

The paper structure is as follows. Section 2 presents the experimental 
set-up, including the facility, the device, the mooring layouts, the 
measurements and the tests. Section 3 describes the results in terms of 
the effects of the device shape, of the mooring system and of the wave 
obliquity on the device motions (i.e. specifically the pitch) and therefore 
on its potential producibility. Section 4 details the forces on the different 
mooring system and discusses the combined forces-potential produc
ibility depending on the mooring layout. Conclusions are finally drawn 
in Section 5.

2. The experimental set-up

2.1. The wave basin

The tests were performed in the wave basin of the Hydraulic Engi
neering Laboratory of the University of Bologna, which was built thanks 
to regional POR-FESR funds and ministerial funds for Excellent De
partments. The tank has dimensions 17 × 10 × 1.4 m3. It is equipped 
with 16 plunging modules controlled by vertical axis pistons (plunger 
wavemaker) that generate, thanks to calibrated transfer function in 
Awasys software by Aalborg University (2018), a multidirectional wave 
motion (± 20◦), regular or irregular, with significant wave height and 
typical wave period in the range of 0.01-0.2 m and 0.5-2 s, respectively, 
with a water depth between 0.4 and 1 m. The tank is equipped with 
passive absorption, realized by means of boxes filled-in with honeycomb 
plastic material and placed along the side of the tank opposite to the 
wavemaker.

2.2. The device

The proposed device, called SeAbacus (Fig. 1) is a floating device, 

Fig. 1. Side scheme (top) and top view (bottom) of the SeAbacus with main dimensions. To the left, Single Salter’s Duck (SD); to the right, Double Salter’s Duck (DD).
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small in size, barely emerging from the water, compact and devoid of 
fragile mechanical parts exposed to the waves. It consists of a raft, which 
stabilizes the device, and an oscillating element, whose shape is similar 
to a Salter’s Duck (Salter, 1974). The oscillating element rises when the 
crest passes and lowers when the trough passes, possibly determining 
the rotation of the rotor of a reversible electromagnetic energy genera
tion system, where the stator is fixed to the raft. The internal part of the 
oscillating element is therefore substantially different from the Salter’s 
Duck, where the wave motion causes four gyroscopes inside to move 
back and forth, creating hydraulic energy that is transferred to a turbine 
or generator.

The SeAbacus (whose name comes from its shape similar to an 
abacus when placed in parks) for tank tests is made of aluminium. The 
raft is made of four square-section tubes that form a square ring with an 
external side of 0.54 m, and acts as a support for a rotating element 
(placed at the centre of the raft itself). In particular, two different shapes 
of the oscillating element were considered (Figs. 1 and 2): one of the 
“Single Salter’s Duck” (SD) type and the other of the “Double Salter’s 
Duck” (DD) type. The PTO system was not installed on the device 
therefore the potential producibility was indirectly assessed by 
measuring the pitch of the oscillating element through a Xsens inertial 
sensor. The moment of inertia of the DD and SD configurations with 
respect to the rotation axis of the oscillating element are respectively 
0.074 and 0.063 kgm2. The position of the mass centre (CM) for each 
configuration is reported in Fig. 1 with respect to the axes with origin in 
the device centre (for DD, CM has coordinates 0, 0, 0 while for SD, CM 
has coordinates 0, 2.08, 0 cm).

2.3. The mooring layouts

Given the non-negligible effects of mooring systems on the device 
producibility (Zanuttigh et al, 2013; Cerveira et al., 2013; Martinelli et 
al, 2018; Xu et al, 2021), three different moorings were tested: a Tension 
Leg Platform system (TLP), a Catenary Anchor Leg Mooring configura
tion (CALM) and a spread mooring system (SPREAD). Fig. 3 shows the 
mooring plan-layout for both CALM and spread configurations, while 
Fig. 4 shows the cross-shore sections for all the three types. In all the 
layouts the four mooring lines were made with 0.90 mm diameter nylon 
thread (0.75 g/m mass per unit length, 35 kg breaking load), iron car
abiners and iron tie rods to adjust the length of the cable. In all the 
layouts, the WEC or the buoy were anchored to the seabed with the 
mooring lines and fo-ur 5 kg dead-weights, characterized by cylindrical 
shape (diameter 0.2 m, thickness 0.02 m) and made of steel. In the CALM 
system, the buoy was connected to the device by a synthetic rope that is 
of the same type used to connect the back of the WEC to the dead weight 

placed on the seabed. These synthetic ropes were slack and are placed 
only to avoid free drift of the WEC in the wave basin. The dead weight 
consisted of a 40 kg lead bar. It is worthy to note that there was no 
interference between the device and the buoy. The buoy moved “as a 
flap” without any contact with the device, keeping its position, to let the 
device able to move as free as possible.

2.4. The measurements

Surface water levels in the tank were measured using a group of 5 
resistive probes in front of the wave maker at a distance of about one 
wave length from the floating device (Fig. 3). The placement of this 
number of wave gauges allowed to apply wave directional analysis and 
to evaluate the incident and reflected wave. Water levels were acquired 
with a frequency of 100 Hz. The load on the moorings was measured 
using 4 Futek submersible load cells with a full scale of 450 N and an 
acquisition frequency of 1 kHz. The rotation of the oscillating element 
was measured using 1 MTi-630 inertial sensor, characterized by an ac
curacy of 0.2◦ RMS on pitch and roll; the acquisition frequency was kept 
constant at 100 Hz.

2.5. The tests

Irregular waves with Jonswap spectrum were generated, perpen
dicular to the device placed at the center of the tank. The target sig
nificant wave height Hs varied between 0.02 and 0.08 m, the peak 
steepness for irregular waves, sop, varied between 0.010 and 0.025. The 
water depth h was kept constant h=0.70 m. The waves were almost all 
generated in intermediate conditions and did not give rise to breaking. A 
series of 500 waves was generated for each test, to be statistically 
representative also of complex wave-device interactions processes 
(Romano et al., 2014). The wave characteristics were selected to 
reproduce the mild climate of the Mediterranean Sea and specifically the 
most unfavourable wave conditions for energy production of the 
Northern Adriatic Sea, where Hs≤2 m for the 95% of the year and 
sop≤0.03 for the 59% of the year (Katalinić et al, 2018). The scale of the 
tests is therefore supposed to be 1:25 as for the representation of the 
wave climate.

A set of 13 irregular wave states was examined for both SD and DD 
configurations, see Table 1, in case of TLP mooring. These same 13 
irregular wave states were reproduced also i) for the SD configuration 
with both spread and calm mooring system and ii) for the only case of 
the spread mooring, by changing the device obliquity with respect to the 
wave basin axis, obtaining two oblique configurations at 15◦ and 30◦. 
Therefore, a total of 78 tests were carried out.

Fig. 2. Side view of the SeAbacus in the wave basin. To the left, Single Salter’s Duck (SD); to the right, Double Salter’s Duck (DD).
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Table 1 includes both the target values and the values measured at 
the wave gauge array placed in front of the wave maker (see Fig. 3). It is 
worthy to note that the values of the measured wave height include 
wave reflection inside the basin, that is why the generated wave heights 
are up to the 10% greater than the target wave height. For each 
configuration (6 in total), the wave attacks were repeated by imposing 
the same wave series and wave energy spectrum generated at the 
wavemaker with the first configuration

Prior to the hydrodynamic tests, free oscillating tests were performed 

in absence of incident waves, by applying an instantaneous displace
ment along each direction, keeping the system in place for a few seconds 
and then releasing it. During this procedure, the displacements were 
continuously recorded by the MTi. Surge and yaw modes are usually 
related to mooring dynamics, whereas pitch and heave are mainly 
driven by the geometry and by the PTO loads. From these tests on the 
SeAbacus without PTO, it was found the natural period for pitch around 
1.1 s. Therefore, to optimise the power production, the device should 
operate in a wave climate characterised by a wave period of about 1.1 s 

Fig. 3. Mooring layouts in the inner part of the wave basin. The side walls are made of steel plates, the offshore boundary (here to the right of the image) consists of 
the wave maker, the inshore boundary (here to the left) consists of absorbing caissons. The half basin above its cross-shore axis represents the case of the spread 
mooring, while the half basin below its cross-shore axis represents the case of the CALM mooring.

Fig. 4. Cross-shore sections of the three mooring types.

Table 1 
Target values (Hs, Tp) and generated characteristics (Hsi, Ts) of the tested irregular (IR) wave attacks with different wave obliquities (β).

β=0◦ β=15◦ β=30◦

IR Hs, m Tp, s sop [] Hsi, m Ts, s Hsi, m Ts, s Hsi, m Ts, s

1 0.02 1.13 0.010 0.022 1.132 0.0195 1.063 0.020 1.062
2 0.02 0.80 0.020 0.021 0.800 0.020 0.771 0.020 0.770
3 0.03 1.13 0.010 0.034 1.132 0.029 1.060 0.029 1.06
4 0.03 0.98 0.020 0.034 0.980 0.030 0.923 0.030 0.925
5 0.04 1.13 0.010 0.045 1.132 0.040 1.061 0.040 1.062
6 0.04 0.92 0.020 0.046 0.924 0.042 0.870 0.042 0.871
7 0.05 1.27 0.015 0.058 1.265 0.052 1.202 0.052 1.203
8 0.05 1.03 0.025 0.056 1.033 0.053 0.978 0.053 0.975
9 0.06 1.39 0.015 0.069 1.386 0.065 1.316 0.065 1.316
10 0.06 1.13 0.025 0.068 1.132 0.064 1.107 0.064 1.104
11 0.07 1.50 0.015 0.081 1.497 0.075 1.502 0.075 1.503
12 0.07 1.22 0.025 0.078 1.222 0.078 1.163 0.078 1.161
13 0.08 1.31 0.015 0.087 1.132 0.087 1.295 0.087 1.296
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in 1:25 scale, a condition that represents short and steep waves.

3. The device power production capacity

This Section presents the main results in terms of statistical values of 
the pitch (p) of the oscillating element; specifically, for each test per
formed, reference is given to the average of the 1/3 (p1/3) and of the 1/ 
150 (p1/150) of the upper p-values. These statistical values were selected 
to represent ordinary and extreme conditions. Since the power pro
duction is usually assessed in ordinary wave conditions, to avoid over
sizing the PTO system, specific focus is on the values of p1/3. All the 
figures are reported for completeness in the Appendix A (Figs. A.1–A.3). 
In particular, the effects of the shape of the rotating element, of the 
mooring system type and of the wave obliquity on the pitch are analysed 
in Sections 3.1, 3.2 and 3.3 respectively. Some comments about the 
potential device producibility are finally drawn in Section 3.4.

3.1. The effects of the shape

The first analysis carried out focused on the investigation of the role 
of the shape of the device, to individuate the most promising configu
ration in terms of power production and concentrate on it for further 
analyses.

Fig. 5 shows the values of p1/3 in both cases of the DD and SD shape – 
represented respectively with circles and diamonds – moored with the 
TLP. The corresponding figure for p1/150 is reported in Appendix A, 
Fig. A.1. For both shapes, p1/3 increases with increasing Hsi, following an 
almost linear trend for Hsi <0.05 m and apparently reaching a floor for 
Hsi >0.05 m.

The DD shape gives systematically lower values of p1/3 than the SD 
shape: for the same Hsi, the ratio between the values of p1/3 obtained 
with the DD shape (p1/3,DD) and the ones obtained with the SD shape (p1/ 

3,SD) is almost constant and ≈ 2 for all the tests performed. Evidently, 
instead of improving the oscillation magnitude thanks to the double 
Salter’s Duck as it was expected to better follow the wave shape both in 
the crest and in the trough phase, the DD shape results in greater inertia 
and resistance to flow, and therefore in slower and lower amplitude 
oscillations. The maximum measured value of p1/3 is slightly less than 
25◦ for the SD shape and around 12◦ for the DD shape.

From Fig. 5, it can be also appreciated that the effect of the wave 

steepness (sop) plays a more relevant role with the SD than with the DD 
shape, showing a very sensitive response of the SD oscillating element to 
rather moderate wave steepness (blue markers) and therefore suggesting 
that slightly steeper wave attacks (i.e. the steeper case for the same 
target Hs in Table 1, red markers) as common in other areas of the 
Mediterranean Sea, would lead to much higher pitches and device 
producibility.

3.2. The effects of the moorings

Once verified that the SD shape determines higher pitch values and 
therefore should guarantee higher production rates, the DD configura
tion was dismissed and further investigations were carried for SD 
exclusively.

Fig. 6 compares the values of p1/3 of the SD in case of TLP, calm and 
spread mooring systems. The different symbols correspond to the 
different moorings while the different colours correspond to the cases 
with the lower and the higher wave steepness given the same target 
wave height. The corresponding results for p1/150 are reported in 
Fig. A2.

As already observed for the TLP (see Fig. 5 and Section 3.1), for all 
the moorings the pitch values increase with increasing wave height (till 
Hsi≤0.05 m) and then (for Hsi>0.05 m) tend to an almost constant value. 
There is a clear effect of the wave steepness, resulting in higher values of 
p1/3 for all the mooring types. For all the different type of moorings, the 
values of p1/3 tend to 15◦ and 20◦, for lower and higher wave steepness 
respectively.

The TLP mooring performs better (i.e. gives a greater pitch for the 
same target Hs) for the lower wave steepness and contemporarily for the 
higher waves (Hs>0.05 m), while the spread mooring performs always 
slightly better than the calm mooring, especially for higher waves 
(Hs>0.05 m).

By comparing the results for the same value of Hs, the average dif
ference of p1/3 from a TLP to a spread and from a TLP to a calm is 
respectively -0.53◦ and +0.83◦, with the corresponding standard de
viations of +2.71◦ and +2.82◦. The difference of p1/3 between a spread 
and a calm mooring is always positive, being the average difference 
+1.35◦, with a standard deviation of 2.13◦. It can be therefore concluded 
that overall, both the TLP and the spread mooring perform better than 
the calm mooring. It can be also concluded that the TLP mooring has a 

Fig. 5. Pitch (p1/3) as a function of the incident wave height for both SD and DD configurations moored with TLP. The steeper case for the same target Hs is denoted 
by red markers and by the indication “sop>” in the legend.
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slightly greater performance than the spread in terms of potential pro
ducibility. However, the preference is given to the spread mooring that 
may allow for limited orientation of the device with the waves and that 
usually results in lower forces on the moorings (to be assessed in the next 
Section). Moreover, given that the same type of material was adopted for 
the mooring lines, the TLP mooring has lower cost as for the length of the 
mooring lines but had greater cost for the complexity of the installation 
than the spread mooring.

These results, where the better-performance-order list shows first the 

TLP then the spread and finally the calm, can be justified by the specific 
construction of the device, where the motion of the raft was not 
completely disconnected by the motion of the oscillating element. 
Therefore, the stiffer the mooring, the more rigid is the raft, the greater 
is the pitch.

3.3. The effects of the wave obliquity

The effects of the wave obliquity were investigated by rotating the 

Fig. 6. Pitch values p1/3 as a function of the incident wave height for TLP, CALM and SPREAD moorings that are represented by the circles, the triangles and the 
squares respectively. The red colour identifies the tests characterised by greater wave steepness for the same target wave height. The steeper case for the same target 
Hs is denoted by red markers and by the indication “sop>” in the legend.

Fig. 7. Pitch values (p1/3) as a function of the incident wave height for the spread mooring system and different wave obliquity. The steeper case for the same target 
Hs is denoted by red markers and by the indication “sop>” in the legend.

B. Zanuttigh et al.                                                                                                                                                                                                                               Applied Ocean Research 166 (2026) 104905 

6 



device axis in the wave tank by moving the anchors and keeping con
stant their mutual distance. Two configurations were analysed with the 
SeAbacus moored with a spread mooring and rotated of 15◦ and of 30◦

with respect to the perpendicular to the wave maker. The SPREAD 
configuration was selected following the outcomes of the sensitivity 
analysis to the effects of the different mooring configurations presented 
in Section 3.2. Fig. 7 compares the statistical values of p1/3 in case the 
device axis is perpendicular to the wave basin cross-shore axis (0◦) and 
oriented at 15◦ and 30◦ with respect to the wave basin cross-shore axis. 
The different symbols correspond to the different obliquity while the 
different colours correspond to the cases with lower and higher wave 
steepness for the same target wave height.

The pitch values p1/3 increase with increasing Hsi and are strongly 
affected by the wave obliquity. With increasing Hsi, the values of p1/3 
decrease from 18◦ to 16◦ and 11◦ respectively for wave obliquity equal 
to 0◦, 15◦ and 30◦. It can be appreciated that this effect is more evident 
for the greater tested wave steepness given the same incident wave 
height.

The effect of the wave steepness is not negligible for each of the 
tested wave obliquity, given an average reduction of p1/3 of the 10% and 
of the 30% respectively when Hs is lower or higher than 0.04 m. The 
lower steepness values of p1/3 at 15◦ and the higher steepness values of 
p1/3 at 30◦ are very close to the lower steepness values of p1/3 at 0◦.

It can be concluded that the device performance significantly de
creases with increasing wave obliquity. These results suggest that more 
devices can be usefully placed in modules where each device cover a 
different incoming wave orientation, especially in a wave climate 
characterised by more than one main direction such as in the Northern 
Adriatic Sea, where the wave frequencies from North-East and South- 
East are similar.

3.4. Potential device producibility

The results presented in the previous sub-sections showed that the 
values of the pitch are strongly affected by the wave steepness, by the 
mooring type and by the wave obliquity. The pitch of the oscillating 
element is directly related to the device producibility, since the oscil
lation with respect to the fixed shaft is the motion generating the elec
tromagnetic field in the selected PTO for future installation.

The maximum values of p1/3 of p1/150 reach 20◦ and 37◦ for the 
SPREAD, 18◦ and 22◦ for the TLP and 13◦ and 31◦ for the CALM under 
perpendicular wave attacks, see Figs. 6 and A.2. By keeping as reference 
value the maximum value of p1/3 obtained with the SPREAD, it can be 
concluded that the device producibility roughly decreases to the 82% 
and to the 59% respectively with TLP and CALM in ordinary wave 
conditions. By repeating a similar consideration for the SPREAD under 
oblique waves, one derives that the producibility roughly decreases to 
the 89% and to the 61% respectively at 15◦ and at 30◦ with reference to 
the case of perpendicular waves.

It is worthy to note however that the absence of the PTO with its 
associated damping and stiffness significantly affects the hydrodynamic 
response of a WEC and the mooring loads (Elhanafi et al., 2017; Xu et al., 
2022). Wave basin tests usually consist of a first phase when the device 
performance is tested under regular waves, to optimize the PTO rigidity 
and then of a second phase when the device performance is tested under 
irregular waves limitedly to the optimal PTO rigidity (Zanuttigh et al., 
2013). In this case the absence of the PTO for sure affects the pitch 
values and therefore the potential power absorption.

These results suggest the need for further research to optimize the 
shape of the raft, that was kept very simple to reduce construction costs, 
and to reduce the inertia and optimize the shape of the oscillating 
element, to increase the oscillation amplitude. Based on the results of 
these preliminary tests, an upgraded version of this device is under 
analysis and will be constructed by the end of this year. The new device 
will include a modified raft and a realistic PTO system to derive direct 
measurements of the power production.

4. The forces on the mooring lines

This Section presents the main results in terms of statistical values of 
the Forces on the mooring lines; specifically, reference is given to the 
average of the 1/3 (F1/3) and of the 1/150 (F1/150) of the upper values. 
These statistical values were selected to represent ordinary and extreme 
conditions. The values of the forces correspond to the values of the most 
solicited mooring line at the front of the device (off-shore side), for a 
cautious assessment. Since the device survivability is usually assessed in 
extreme wave conditions, to verify snapping loads on the moorings, 
specific focus is on the values of F1/150. All the figures are reported for 
completeness in the Appendix A (Figs. A.4 and A.5). In Section 4.1 the 
results of the forces for the different mooring systems are compared, 
while in Section 4.2 the effects of wave obliquity on the mooring forces 
are analysed for the spread layout.

4.1. Comparison of the forces for mooring type

The results of the forces F1/150 (in Fig. 8) show the expected trend of 
increasing F with increasing Hsi in case of the SPREAD and CALM 
moorings. For the TLP instead the forces F1/150 show a great scatter with 
an almost constant trendThe values of F1/3 can be found instead in 
Fig. A.4.

As expected, the forces decrease with decreasing the mooring layout 
rigidity, i.e. from TLP to SPREAD (of about 6 times) and then from 
SPREAD to CALM (of about one order of magnitude). The mean and 
standard deviation values are 58.8 N and 6.2 N for TLP, 12.7 N and 3.8 N 
for SPREAD and 3.2 N and 2.3 N for CALM respectively.

The results show also a very limited effect of the wave steepness, 
with overall slight lower values in case of the higher wave steepness for 
the same target wave height. The greater values of the pitch should be 
therefore justified by the shape of the oscillating element affecting the 
relation between its oscillation and the steepness of incoming waves.

4.2. Effects of wave obliquity on the mooring forces for the spread layout

For the spread mooring layout, the results of F1/150 are reported for 
the three tested obliquities (0◦, 15◦, 30◦) as a function of Hsi in Fig. 9. 
The values of F1/3 can be found instead in Fig. A.5. For all the obliquities, 
the values of F1/150 show always an increasing trend with Hsi and tend to 
an almost constant value for Hsi>0.07 m (around 11.8 N, 9.8 N and 7.8 N 
respectively at 0◦, 15◦ and 30◦).

As well as for the pitch values, the values of the forces do not show 
any significant dependence on the wave steepness at 15◦ and 30◦.

4.3. Spectral analysis

Spectral analysis of the pitch and of the most excited mooring line 
was carried out for the SPREAD under perpendicular wave attacks. For 
this system, the spectra are very “clean” both for the pitch and for the 
force, showing essentially no excited harmonics besides the prominent 
peaks close to 1, and both the spectra have similar characteristics for all 
the wave heights, differently from the complex wave attenuator tested 
by Stansby et al. (2022). Fig. 10 shows two example of the pitch and of 
the force spectra as a function of the frequency.

Fig. 11 reports the values of the peak frequencies of the pitch and of 
the force spectra for all the wave attacks. It can be appreciated that the 
peak frequencies of the pitch spectra are rather constant, varying very 
limitedly (and randomly) in the range 1.08-1.17 s. This suggests that a 
period around 1.1 corresponds to the pitch resonance.

The peak frequencies of the force spectra basically follow the trend of 
the significant frequencies of the wave spectra. The values of the peak 
frequencies of the force spectra are close and always lower than the 
values of the significant frequencies of the wave spectra, with the 
exception of the wave states 2 and 6, where the significant wave fre
quencies are greater than the peak frequencies of the pitch and of the 
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Fig. 8. Forces F1/150 as a function of the incident wave height for the three different mooring configurations: TLP, SPREAD and CALM. The steeper case for the same 
target Hs is denoted by red markers and by the indication “sop>” in the legend.

Fig. 9. Values of the forces (F1/150) as a function of the incident wave height for the spread mooring system and different wave obliquity. The steeper case for the 
same target Hs is denoted by red markers and by the indication “sop>” in the legend.

Fig. 10. Sample spectra for wave, pitch, and force, from left to right. Test 10, SPREAD, perpendicular wave attack.
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wave state 11, where the significant wave frequency is the lowest and 
therefore lower even than the peak frequency of the force. Overall, the 
peak spectral frequencies of the forces demonstrate that the mooring 
lines are mostly excited in correspondence of the significant spectral 
frequencies of the waves, with a short time delay due to the wave impact 
on the mooring lines and to the inertia of the device motion and of the 
corresponding mooring system tensioning.

The values of the peak frequencies of the force spectra are always 
significantly lower than the values of the pitch spectral peak frequencies 
and the range of the values for the forces is slightly wider than for the 
pitches, being 0.73-1.04 s.

5. Conclusions

The novel floating wave attenuator SeAbacus was tested in the wave 
tank at the University of Bologna. The device essentially consists of a 
rafted Salter’s Duck that is expected to produce wave energy based on 
the pitch amplitude of the Salter’s Duck with the waves. Tests were 
performed with different shapes of the Salter’s Duck and different 
moorings, with varying wave heights, wave steepness and wave 
obliquity.

The shape of the oscillating element – single or double Salter’s Duck 
– was tested first and clearly proved the single Salter’s Duck to provide 
the user with a significantly greater oscillation amplitude than the 
double Salter’s Duck.

The Salter’s Duck pitch motion is significantly affected by the wave 
steepness and by the wave obliquity. Specifically, the pitch motion in
creases of about the 30% for the greater tested wave steepness (0.02- 
0.03 instead of 0.01-0.02) for the same incident wave height. It de
creases of about the 10% and the 30% at 15◦ and 30◦ respectively if 
compared with the perpendicular wave attack (10◦). These results sug
gest that the pitch is greater for steeper seas (≥0.025) such as the Tyr
rhenian and the Ionian Sea, by limiting the search to the same country 
and to the same basin only. They suggest also a greater production 
capability of the device if placed in arrays, with the devices eventually 
oriented along different directions.

Different moorings were also tested, showing that for this device the 
best compromise between device pitch motion and mooring load is the 
spread mooring. The trend of the forces is increasing with the incident 
wave height and does not show any significant effect of the wave 
steepness. Under oblique waves, the forces on the moorings decrease on 
average of about the 75% and the 58% of the values at 0◦ in case of 15◦

and 30◦ respectively. In most cases, the peak frequencies of the force 
spectra are closely related to the peak frequencies of the wave spectra.

Based on the results of these tests, an upgraded design of the device 
including a PTO system was developed. The new design was focused on 
the raft shape and on the Salter’s Duck shape to minimise the device 
inertia while keeping the device stability and to increase the Salter’s 
Duck pitch response to waves. The presence of the PTO system will also 
allow a direct measurement of the device production and of its damping 
effect, thanks to the contemporary measurement of the loads on the 
moorings.
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Appendix A

For sake of completeness of the data presentation from one side and of paper readability on the other side, this Appendix includes the statistical 
results obtained for both the pitch and the mooring force that are not reported in the main text. 

Fig. 11. Values of the pitch peak frequencies and of the forces peak frequencies obtained from spectral analysis for each tested wave state. The significant wave 
frequency of each incident wave state is also reported.
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Fig. A.1. Pitch (p1/150) as a function of the incident wave height for both SD and DD configurations moored with TLP. The trend is very similar to the one reported in 
Fig. 5 for the values p1/3. The steeper case for the same target Hs is denoted by red markers and by the indication “sop>” in the legend.

Fig. A.2. Pitch (p1/150) as a function of the incident wave height in case of TLP, calm and spread mooring systems. The steeper case for the same target Hs is denoted 
by red markers and by the indication “sop>” in the legend. For all the moorings the pitch values increase with increasing wave height (till Hsi≤0.05 m) and then (for 
Hsi>0.05 m) tend to an almost constant value. For all the different type of moorings, the values of p1/3 tend to 22◦ and 30◦, for lower and higher wave steepness 
respectively.
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Fig. A.3. Pitch values (p1/150) as a function of the incident wave height for the spread mooring system and different wave obliquity. The steeper case for the same 
target Hs is denoted by red markers and by the indication “sop>” in the legend. The trend of p1/150 is very similar to p1/3, showing a significant effect of the wave 
steepness (almost all the upper part of the diagram is characterised by red coloured markers).

Fig. A.4. Forces F1/3 as a function of the incident wave height for the three different mooring configurations: TLP, SPREAD and CALM. The steeper case for the same 
target Hs is denoted by red markers and by the indication “sop>” in the legend. The forces decrease with decreasing the mooring layout rigidity, i.e. from TLP to 
SPREAD (of about 1.5 times) and then from SPREAD to CALM (of about one order of magnitude). With increasing Hsi, the values of F1/3 tend to 18.6 N, 12.7 N and 
1.7 N respectively for TLP, spread and calm moorings.
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Fig. A.5. Values of the forces F1/3 as a function of the incident wave height for the spread mooring system and different wave obliquity. The steeper case for the same 
target Hs is denoted by red markers and by the indication “sop>” in the legend. The values of the forces significantly decrease with increasing wave obliquity, 
especially for Hsi <0.05 m. For Hsi >0.05 m, the forces increase with Hsi for all the obliquities, with values on average of about the 75% and the 58% of the values at 
0◦ in case of 15◦ and 30◦ respectively. For all the obliquities, the values of F1/3 tend to an almost constant value for Hsi>0.07 m (around 11.8 N, 9.8 N and 7.8 N 
respectively at 0◦, 15◦ and 30◦).
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