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A B S T R A C T   

In this study, we show how a novel self-adjusting, semi-pelagic otter board have high hydrodynamic efficiency 
and reduce seabed contact. The otter boards have two adjustable flaps, which are controlled by on-board al-
timeters and actuators, modifying their lift and drag and altering their position in the water column. The ac-
tuators are governed by a Proportional Integral Derivative feedback system, which uses the altimeter data to 
maintain the otter boards at a preset target height above the seabed. 

Full-scale experimental trials were conducted to measure the hydrodynamic performance of this new design 
system and to compare it with a conventional seabed-contacting design. We demonstrate that the new system is 
highly efficient and has a lift/drag ratio of 4.2, which is 3.5 times that of the conventional otter boards. When the 
target height was set at 1 m, the SAO contacted the seabed at most 16% of the time; this decreased to 8% when 
the target height was raised to 2 m above the seabed; and there was no seabed contact when the target height was 
set at 5 and 10 m.   

1. Introduction 

Demersal trawling is responsible for about 20 million tonnes 
(approximately 25%) of global catch (Amoroso et al., 2018; Pérez Roda 
et al., 2019) and makes a significant contribution to food security. 
Furthermore, it is a key economic driver, a major source of employment, 
and vital to the cultural identity of many coastal communities world-
wide (FAO, 2018). 

Otter boards (or trawl doors) are a key component of demersal trawl 
fishing gears. The hydrodynamic lift forces they generate spread the net 
and keep it open, consequently, they affect the fishing efficiency and 
economic effectiveness of the fishing operation. Their drag forces, 
however, can account for up to 30% of the total-system drag (Sterling 
and Eayrs, 2010) and the associated turbulence can mobilize sediment 
into the water column (O’Neill and Summerbell, 2011; 2016). They are 
also one of the heaviest components of a trawl gear and contribute to 
getting the gear down to the seabed quickly after deployment and to 
ensuring that the gear maintains contact with the seabed while fishing. 
However, they can penetrate the seabed, displace and compact sediment 
and modify the benthic habitat. Hence, a well-designed otter board will 
maximize its hydrodynamic efficiency (lift/drag ratio) while minimizing 
its physical impact on the seabed. 

Traditional demersal otter boards have a low aspect ratio (height/ 
length < 1.0) and maximum hydrodynamic efficiencies in the range 
1.2–1.7 (SEAFISH et al., 1993). Many studies have been conducted to 
improve their design, stability and hydrodynamic efficiency (Reite and 
Sørensen, 2004; Prat et al., 2008; Sala et al., 2009). There have also been 
many developments of high aspect ratio otter boards, which can have 
significantly higher lift-to-drag ratio. Studies of bi-plane and multi-wing 
otter boards show that they have a better overall hydrodynamic effi-
ciency than traditional monoplane and one-panel structures (Takahashi 
et al., 2015; Wang et al., 2021, 2022; Su et al., 2018; Zhuang et al., 
2022), and some of the most efficient designs have lift-to-drag ratios of 
up to 4.4 (You et al., 2021; Liu et al., 2017; Xu et al., 2021; Chu et al., 
2020). 

In order to reduce seabed contact, semi-pelagic otter boards that 
have been towed above the seabed and, in principle, do not contact it 
have also been developed (DeLouche and Legge, 2004; Reite and 
Sørensen, 2006; He et al., 2006; Eayrs, 2014; Grimaldo et al., 2015; 
Sistiaga et al., 2015). However, using semi-pelagic otter boards without 
proper control on the position of them in the water column can result in 
seabed contact particularly on a varying seabed or during poor weather 
conditions (Eayrs and CraigShort, 2020). 

In this study, we measure the hydrodynamic performance of a novel 
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self-adjusting, semi-pelagic otter board (SAO) system that has been 
developed by MLD Trawls, Esbjerg, Denmark (Fig. 1). These doors 
incorporate some of the recent design features mentioned above to 
maximize hydrodynamic performance. Furthermore, they minimize 
contact with the seabed in demersal trawl fisheries as, uniquely, they 
have onboard altimeters and adjustable flaps that are controlled by an 
active Proportional-Integral-Derivative (PID) feedback system. The PID 
system modifies the position of the doors in the water column by 
adjusting the flap openings via actuators by comparing the altimeter 
data to a pre-set target height above the seabed. We measure, under 
operational conditions at sea, the hydrodynamic efficiency, the 

spreading and drag forces and the extent to which the doors avoid 
contact with the seabed. 

2. Methods 

2.1. Self-adjusting, otter boards (SAO) 

The design of the SAO is centered around three curved static foils 
which enhance the hydrodynamic performance of the otter boards by 
delaying the appearance of flow separation (Xu et al., 2018; Wang et al., 
2021). There are also two flaps on each otter board that can be rotated 
from zero to 45◦ by actuators (Figs. 2 and 3). When the lower flap is 
open, the otter boards rolls forward and moves in the upward direction 
(Fig. 3a); when the upper flap is open, the otter boards rolls backwards 
and moves in the in downward direction (Fig. 3b); and when both flaps 
are open, the spreading forces increase and the otter boards move in the 
horizontal direction (Fig. 3c). The heights of the otter boards above the 
seabed are measured acoustically by altimeters, and these measure-
ments are used by a Proportional-Integral-Derivative (PID) feedback 
system to control the extent to which the upper and lower flaps are open 
in order to maintain pre-set height targets. 

The dimensions of the otter boards are presented in Table 2, where 
the length of the SAO is defined to be the distance from the forwardmost 
point of the leading edge of the otter board to the furthermost point of 
the side with the flap (Fig. 3c). The angle of attack of the SAO is defined 
to be the angle between this later side and the direction of tow. It is 
determined by the rigging points used (Fig. 4a), which were those pro-
posed by the manufacturer, giving an angle of attack for the SAO of 16⁰. 

2.2. Experimental trials 

The trials were carried out in the Kattegat and Skagerrak Seas on-
board RV “Havfisken” (17 m L.O.A., 373 kW engine power) in the 
autumn of 2021. All trials took place in the same area where water depth 
varied from 35 to 42 m and the substrata was muddy sand. 

The fishing gear towed was a two-panel demersal trawl with a mesh 
size of 134 mm constructed of 2.5 mm PE twine and had a twine area of 
42.44 m2 (Fig. 5). The headline of the trawl was 27 m and was fitted with 
41 spherical 20 cm diameter floats. The 20 m ground gear was composed 
of two 6 m sections of 14 rubber discs (14.5 cm in diameter and 29 mm 
thick) and an 8 m central section of 73 rubber discs (14.5 cm in diameter 
and 10 mm thick) (Fig. 6). The codend had a 120 mm mesh size 
(nominal) made of 3 mm PE double twine. It was 50 meshes long and 80 
meshes in circumference and was kept open during the trials to avoid 
any influence of catch weight. The sweep and bridle rigging is shown in 
Fig. 7. 

This gear was towed with the SAO set at four different target-height 
settings (1, 2, 5 or 10 m), each of which was examined with sweep 
lengths of 55 m and 110 m (half and full sweeps, respectively). 
Cambered V-type seabed-contacting otter doors (Thyborøn type 2), 
which are commonly used in Danish demersal fisheries, were selected as 
reference doors, and were also tested with sweep lengths of 55 m and 
110 m, giving, in total, 10 configurations (Table 3). Conventional door 
was rigged at their proposed industry-standard angle of attack (Fig. 4b). 
Each configuration was tested over two legs, (with and against the tide), 
where each leg comprised of tows at three nominal speeds (2.5, 3.0, and 
3.5 knots). Three minutes were allowed to let the gear settle between 
speed changes, after which, 10–15 min of the following measurements 
were recorded. 

The tensions in the warps and sweeps immediately before and after 
the doors were measured by four 5 tonne Strainstall wireless load 
shackles. The speed of the gear through the water was measured by a 
Valeport current meter (model 106) attached to the center of the trawl 
headline. Simrad acoustic instrumentation measured net and gear ge-
ometry including headline and wing-end heights, otter board, and wing- 
end spreads. A Garmin GPS unit output vessel position, ground speed, 

Fig. 1. The semi-pelagic self-adjusting, otter boards (SAO) during sea trials.  

Fig. 2. Cross sectional view of the main structural elements of the SAO where 
f1, f2, and f3 are the curved static foils and D is one of the adjustable flaps. 
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and water depth and a Furuno Doppler Sonar current indicator (model 
CI-88) measured tide speed and direction. The warp and sweep yaw 
angles, γ and σ respectively, (from the warp and sweep to the horizontal 
plane) were measured with Star-Oddi DST tilt sensors. 

For each tow, the rate of fuel consumption was recorded every 3 s 
using the vessels fuel meter. Video footage of each otter door was 
collected using two Paralenz dive cameras attached to the upper back-
strop, approximately 1 m behind the otter boards, and illuminated with 
LED lights. The footage was subdivided into 3-s intervals, and an interval 
was defined as ‘contacting the seabed’ if during those 3 s there was a 
door-seabed interaction that caused a sand cloud. 

2.3. Calculation of drag and lift coefficients 

The components of the warp and sweep tensions were resolved into 
their vertical and horizontal components to calculate the spreading and 
drag forces. The warp and sweep pitch angles, θ and ε respectively, were 
calculated as follows 

θ= sin− 1
(

ds − bw

2wl

)

ε= sin− 1
(

ds − ws

2sl

)

where ds is the door spread, bw is the block width, wl is the warp length, 
ws is the wing-end spread and sl is the sweep length. 

Hence the horizontal components of the warp and sweep tensions in 
the direction of tow are 

Wx =W cos γ cos θ  

Sx = S cos ε cos σ  

and the corresponding horizontal spreading (lift) components are 

Wy =W cos γ sin θ  

Sy = S cos ε sin σ 

We define ‘gear drag’, DG, to be the sum of the port and starboard 
horizontal components of the warp tensions in the direction of tow and 
define ‘net drag’, DN, to be the sum of the corresponding components of 
the sweep tensions. Hence, gear drag comprises the drag of the doors, 
sweeps, groundgear and netting, while the net drag comprises the drag 
of the sweeps, groundgear and netting, hence, 

Fig. 3. Schematic view of the SAO; (a) when the 
angle of the lower flap is greater than that of the 
upper one, the otter board rolls forward and goes 
higher in the water column (b) when the angle of the 
upper flap is greater than that of the lower one, the 
otter board rolls backwards and goes lower in the 
water column, (c) when both flaps are open the hor-
izontal spreading forces increase. Length and height, 
L and H, are respectively 0.79 and 2.20 m. Length of 
upper and lower flaps, D1 and D2, are 1.03 and 1.11 
m.   

Table 1 
Hydrodynamic performance comparison among different types of otter boards.  

otter board type Study Maximum lift/ 
drag ratio 

vertical cambered Flume Tank (Zhang et al., 
2004) 

4.6 

Clarck-Y Full scale (Sala et al., 2009) 3.6 
biplane-type Flume Tank (Takahashi 

et al., 2015) 
3.3 

double-slotted cambered Wind tunnel (Wang et al., 
2017) 

3.8 

oval cambered double 
slotted 

Flume Tank (Liu et al., 2017) 4.1 

Double deflector rectangular 
cambered 

Flume Tank (Xu et al., 2018) 3.7 

double-winged Flume Tank (Su et al., 2018) 1.8 
Grilli Fly Flume Tank (Mellibovsky 

et al., 2018) 
3.7 

Thyborøn type 15 vf Flume Tank (Mellibovsky 
et al., 2018) 

3.6 

otter board with a trailing 
edge flap 

Flume Tank (Lee et al., 2019) 2.6 

double-slotted vertical 
cambered V-type 

Numerical simulation (Chu 
et al., 2020) 

4.1 

Batwing Full scale (Balash et al., 
2020) 

3 

rectangular cambered Numerical simulation (Xu 
et al., 2021) 

4.1 

Wingtip-blocked cambered Flume Tank (You et al., 
2021) 

4.4 

multi-wing Wind tunnel (Wang et al., 
2021) 

3.6 

biplane hyper-lift Flume Tank (Zhuang et al., 
2022) 

2.8 

Double-Vane Wind tunnel (Wang et al., 
2022) 

3.1 

Thyborøn type 2 Flume Tank (SEAFISH et al., 
1993) 

1.5  

Table 2 
Characteristics of the SAO and Thyborøn type 2 otter boards used in the 
experimental trials.  

Parameter SAO Thyborøn type 2 

Length (m) 0.79 1.70 
Height (m) 2.20 1.05 
Area (m2) 1.74 1.78 
Aspect ratio 2.78 0.62 
Weight in air (kg) 300 360  
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Fig. 4. Definition of the angles on orientation of the otter board in the water. (a) top view of the SAO and (b) top view of the conventional door. Angle of attack (α), 
warp pitch angle (θ), sweep pitch angle (ε). 

Fig. 5. Plans of the two-panel demersal trawls used in the study.  

Fig. 6. Design of groundgear used in the sea trial.  
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DG =Wxp + Wxs  

DN = Sxp + Sxs  

where the p or s, in a subscript refers to port or starboard. Accordingly, 
the average drag of the two doors is 

DD =(DG − DN) / 2 

Similarly, the average horizonal spreading force on a door is 

LD =
(
Wyp +Wys + Syp + Sys

) /
2 

The drag and lift coefficients (CD and CL) and the efficiency (η), are 
defined as 

CD = 2gDD
/

ρV2A,CL = 2gLD
/

ρV2A, η = CL/CD  

where ρ is the fluid density (1026 kg/m3), g is the acceleration due to 
gravity (9.8 m/s2), V is the speed through the water (m/s) and A is the 
area of otter board (m2). 

2.4. Statistical analyses 

The response variables of the net, gear and door drags, the drag and 
lift coefficients, the hydrodynamic efficiency, the door spread, wing 
spread and headline height, and the fuel consumption data were first 
explored using the methods described in Zuur et al. (2010). This 
included detecting outliers in the data, testing for homogeneity of 
variance and normality, as well as testing for the existence of correlation 
among the following explanatory variables: door type, target door 
height, speed through the water, current direction, and sweep length 
(Table 4). Data smoothing by the moving average method with five 
windows is applied for the speed and tension measurements in order to 
remove noise in the data. 

Generalized linear mixed effects models (GLMM) with a Gaussian 
distribution were used to model each of the response variables in terms 
of the explanatory variables (Zuur et al., 2013). Multiple tows were 
completed by specific door type, and data from each door type were 
nested between the tows. Thus, we treated tows as a random effect (i.e. 
observations from different sets from the same door type). The mixed 
effect model’s structure was:  

Y = Xß + ZH + Ɋ                                                                                

Where Y is the response variable; X is the vector of the explanatory 

Fig. 7. Schematic view of the sweep and bridle rigging arrangement used during the sea trials. Conventional otter board (A) and the SAO (B). By shifting from 
conventional to the SAO, only backstrop and warp were changed. 

Table 3 
Summary of sets for comparing the SAO and conventional otter boards in full- 
scale trials in North Sea demersal trawl fisheries.  

Otter 
board 
Type 

Sweep 
Rig 

No 
of 
tows 

Warp 
length 
(m) 

Water 
depth 
(m) 

Target 
door 
height 
(m) 

Target 
speed 
(kts) 

Wind 
speed 
(m/s) 

Con Full 
(110 
m) 

6 200 38.2 
± 1.9 

0 2.5, 
3.0, 3.5 

4.2 ±
0.6 

Con Half 
(55 m) 

6 200 37.9 
± 1.8 

0 2.5, 
3.0, 3.5 

2.8 ±
0.4 

SAO Full 
(110 
m) 

23 136 39.2 
± 2.8 

1, 2, 5, 
10 

2.5, 
3.0, 3.5 

8.9 ±
1.2 

SAO Half 
(55 m) 

16 95 37.4 
± 0.5 

1, 2, 5, 
10 

2.8, 3.3 7.0 ±
0.9  

Table 4 
The best fit models as selected using the lowest AIC. The explanatory variables in 
bold have a significant effect (p < 0.05).  

Response 
variables 

Expression 

Gear drag doortype + speed + current + sweep + sweep:doortype +
speed:doortype + (1 | Tow) 

Net drag doortype + speed + current + sweep + sweep:doortype +
speed:doortype + (1 | Tow) 

Door drag doortype + speed + current + sweep + sweep:doortype +
speed:doortype + (1 | Tow) 

Drag coefficient doortype + speed þ speed:doortype + (1 | Tow) 
Lift coefficient doortype + speed + speed:doortype + (1 | Tow) 
Efficiency doortype + speed + speed:doortype + (1 | Tow) 
Door spread doortype + speed + sweep + sweep:doortype + speed: 

doortype + (1 | Tow) 
Wing spread doortype + speed + sweep + sweep:doortype + speed: 

doortype + (1 | Tow) 
Headline height doortype + speed + doorheight + sweep + sweep:doortype 

+ speed:doortype + (1 | Tow) 
Fuel 

consumption 
doortype + speed + current + sweep + sweep:doortype +
speed:doortype + (1 | Tow) 

Note. Doortype is a categorical variable (SAO or conventional); speed is a con-
tinues variable; doorheight is a categorical variable (target heights of 1, 2, 5 and 
10 m); current is a categorical variable (with and against current); and sweep is a 
categorical variable (full (110 m) and half (55 m) sweep lengths). 
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variables; ß are the fixed-effects regression coefficients; and Ɋ are the 
residuals, while Z and H are the matrix of covariates and the corre-
sponding vector of random effects. H is assumed to follow a normal 
distribution, and therefore, Var(Y) = Var(H) + Var(Ɋ). The variance 
components are estimated by the method of restricted maximum- 
likelihood (REML) (Patterson and Thompson, 1971), which sets unbi-
ased estimates for the variance components. The mixed effect model was 
implemented using the ‘lme4’ package in R (Bates et al., 2014; R Core 
Team, 2020). All possible combinations of the model were fitted using 
the function “dredge” from the package ‘MuMIn’ (version 1.43.17, 
Barton, 2022) and the model with the lowest Akaike information cri-
terion (AIC) value was selected (Akaike, 1974). 

Model validation was applied to investigate the presence of any re-
sidual patterns. This was confirmed by visual inspection of the plots for 
the posterior mean Pearson residuals versus posterior mean fitted 
values, versus each explanatory variable for patterns (Zuur and Ieno, 
2016). In addition, to verify normality, we made histograms of the 
residuals. 

3. Results 

In total, 51 tows were carried out, with different combinations of 
door type, target door height, speed through the water, current direc-
tion, and sweep length (Table 3). The spreading force of the SAO was 
such that to counter overspreading it was necessary to reduce the warp 
length (from 200 to 136 m) during tows when they were used. 

3.1. Hydrodynamic performance 

The SAO target height above the seabed did not appear in any of the 
models related to the hydrodynamic performance of the doors. 

The gear drag depends on door type, the current direction, the sweep 

length and speed. It is significantly lower for the SAO than for the 
conventional door, with about an 18% difference at 3.0 knots (Table 5, 
Fig. 8). The net drag depends only on the speed and current direction 
and there is no significant dependency on either the door type or the 
sweep length (p > 0.05). The door drag is significantly affected by the 
door type, speed, and sweep length, and the drag of the SAO is about 
59% lower than that of the conventional door at 3.0 knots (p < 0.05) 
(Fig. 7). As would be expected, all three drags increase with increasing 
speed (Table 5; Fig. 8). 

The drag coefficient (CD) of the SAO is significantly lower than that 
of the conventional door, with a difference of about 60% at 3.0 knots 
(Table 6; p < 0.05). Further, while the CD of the SAO decreases with 
speed, that of the conventional door remains constant (Fig. 9). Con-
trastingly the lift coefficient (CL) of the SAO is significantly greater than 
that of the conventional door, and is about 34% larger at 3 knots. CL of 
both doors decreases with an increase in the speed but the decline is 
steeper for the SAO (Table 6; p < 0.05). The efficiency (lift/drag ratio) of 
both doors is approximately constant. The SAO value is on average 4.2, 
whereas that of the conventional door is 1.2. Hence, the efficiency of the 
SAO is 3.5 times that of the conventional door (Fig. 9). 

3.2. Gear geometry 

The door and wingend spreads are dependent on the door type, 
speed, and sweep length. They are respectively 10 and 7% greater for the 
SAO in comparison to the conventional door at 3.0 knots (Table 7; p <
0.05) (though this effect is not significant in half sweep rig). There is no 
significant difference in headline height of the trawl net between the 
SAO at target heights of 1, 2, and 5 m, and the conventional door, in the 
full sweep rig. However, there is a significant difference for the SAO at 
the 10 m target height (p < 0.05). For the half sweep rig, the SAO with 
target heights of 5 and 10 m also has a significantly higher headline 

Table 5 
Estimated values of hydrodynamic drag, and fuel consumption (FC) respect to different sweep configurations, tide current, and speeds. Conventional (Con) and self- 
adjusting otter board (SAO).  

Sweep rig Tide current Door type Speed (m/s) Tide speed (m/s) RPM Gear drag (kgf) Net drag (kgf) Door drag (kgf) FC (L/H) 

Full Opposite Con 1.28 0.07 1200 1504 1131 186.5 18.9 
1.54 0.09 1300 2013 1439 277 30.4 
1.81 0.08 1400 2535 1769 382.5 40.1 

SAO 1.28 0.53 1300 1385 1211 92.5 20.4 
1.54 0.56 1400 1711 1519 110 29.3 
1.81 0.50 1500 2101 1855 142.5 37.8 

With Con 1.28 0.11 1200 1409 1066 180 22.9 
1.54 0.10 1300 2044 1458 278.5 31.9 
1.81 0.08 1400 2431 1730 372 40.7 

SAO 1.28 0.23 1200 1147 1011 75.5 14.4 
1.54 0.21 1300 1663 1472 112.5 21.3 
1.81 0.21 1400 2011 1783 134.5 27.1 

Half Opposite Con 1.28 0.09 1200 1541 1119 207 22.2 
1.54 0.10 1300 2052 1397 300 32.6 
1.81 0.07 1400 2620 1799 413 41.8 

SAO 1.28 0.10 1350 1255 1099 89.5 16.9 
1.54 0.10 1400 1603 1376 118.5 23.9 
1.81 0.10 1450 1943 1700 144 29.6 

With Con 1.28 0.20 1200 1470 1060 199 22.9 
1.54 0.12 1300 1897 1354 279.5 32.3 
1.81 0.17 1400 2449 1618 405.5 41.5 

SAO 1.28 0.20 1350 1239 1088 85.5 15.8 
1.54 0.15 1400 1571 1373 110.5 22.1 
1.81 0.15 1450 1933 1666 139.5 27.9  
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Fig. 8. Estimated curve for comparing gear, net, and door drags (kgf) between door types. Points represented experimental observations and shaded area represented 
95% confidence interval. 
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height than conventional door (Table 7; p < 0.05). 

3.3. Fuel consumption 

There is a significant decrease of about 18% fuel consumption when 
the SAOs are used at 3.0 knots with full sweeps in comparison to the 
conventional door (Table 5; p < 0.05). In addition, results show that the 
fuel consumption increases with towing speed and when towing against 
the current (Fig. 10). 

3.4. Seabed contact and flap angles 

The position of the SAO above the seabed in relation to the target 
height is shown in Fig. 11a. When the target height was set at 1 m, the 
SAO contacted the seabed at most 16% of the time. Seabed contact 
decreased to 8% when the target height was raised to 2 m above the 
seabed, and there was no seabed contact when the target height was set 
at 5 and 10 m. 

Fig. 11b shows that as the speed increases, there is a decrease in the 
frequency of open flaps (high angles) and an increase in the frequency of 
closed flaps (low angles). 

4. Discussion 

We have shown that the SAO, under operational conditions at sea, 
are highly efficient. They have high spreading forces and low drag, they 
reduce fuel consumption, and the PID system ensures that seabed con-
tact can be minimized. 

The SAOs have an average efficiency of 4.2, which places them as 
one of the most highly hydrodynamically efficient doors (see Table 1 for 
details). It also important when examining hydrodynamic performance 
to consider the lift characteristics. The SAO has a lift coefficient of 2.02 
at 3.0 knots which compares well with other high-lift otter boards, 
which have maximum values in the range of 1.71–2.38 (Shen et al., 
2015; Su et al., 2018; Xu et al., 2018; Wang et al., 2022). Furthermore, in 
comparison with conventional seabed-contacting doors, the SAO are 3.5 
times more efficient and have a 34% greater CL. These results are 
particularly noteworthy, given that there will be inefficiencies associ-
ated with the self-adjusting opening and closing of the flaps. This is 
especially the case when the flaps are more open at lower speed and 
there will be increased drag and lift forces (Fig. 11b). This explains why 
the CD and CL coefficients of the SAOs are higher at lower speeds (Fig. 8). 
Normally, it would have been expected that the drag coefficient would 
be constant over the speed (Reynolds number) range experienced here, 
but as shown in Fig. 10, the flaps of the SAO are more frequently open at 

lower speeds than at higher ones, resulting in a higher drag coefficient. 
In contrast, the drag coefficient of the conventional door is constant, 
which is consistent with a fixed geometry and fixed points of flow sep-
aration. The movement of the flaps also explains the greater amount of 
variability in the SAO measurements. 

We have demonstrated there was no contact when the target height 
was set at 5 and 10 m above the seabed. Our estimates of contact 
regarding 1 and 2 m target heights are likely to be over-estimates as our 
method for defining contact are very conservative. This proves that the 
PID feedback system successfully controls position of the doors above 
the seabed. However, we should also be aware that these results will 
depend on seabed variability and sea state and require study over a 
broader range of operational conditions. 

The drag of the SAO was 59% less than that of the conventional 
doors. This is due to both a reduction of their hydrodynamic drag and 
the fact that they have reduced contact drag. It results in a combined 
(doors, sweeps, groundgear and net) gear drag reduction of about 18% 
and a similar reduction in fuel consumption. We must, however, treat 
the fuel consumption results with caution, as they also account for the 
drag of the vessel and warps and will be influenced by tide, wind and sea 
state, and propeller pitch and rpms and hence must be assessed over a 
broader range of operational conditions. Nevertheless, they compare 
well with the results of other authors who found reductions in fuel 
consumption of between 12 and 22% when using doors of reduced 
contact or semi-pelagic doors (McHugh et al., 2015; Eayrs et al., 2012; 
Grimaldo et al., 2015). 

The spreading force of the SAO was 34% greater than the conven-
tional doors, and to counter overspreading it was necessary to reduce the 
warp length (from 200 to 136 m) when using the SAO. Further reduction 
of the warp length restricted the ability of the SAO to get close to the 
seabed. As a result, the door and wingend spreads are slightly greater 
when the SAO are used in comparison to the conventional doors. These 
results demonstrate that the SAOs could have been smaller, and a similar 
spreading force to the conventional doors would have been obtained if 
their linear dimensions were reduced by 14%, which in turn would lead 
to further drag reductions and fuel savings. 

There was no difference in the headline height of the trawl net be-
tween the conventional door and the SAO when the target height of the 
SAO was set at 1, 2, and 5 m, but there was when the SAO had a target 
height of 10 m. This is relevant as it indicates that, when the doors are at 
this height, the fishing line may have risen from the seabed. This can 
affect the catching performance of the fishing gear and suggests that a 
10 m target height should be avoided with the rigging arrangement 
tested here. 

In summary, we have demonstrated that the self-adjusting otter 
board system reduces seabed contact and fuel consumption and im-
proves the ecological performance of towed fishing gears and hence, will 
contribute to the economic and environmental sustainability of 
demersal fisheries. 
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Table 6 
Estimated values of hydrodynamic coefficients respect to different towing 
speeds. Conventional (Con) and self-adjusting otter board (SAO), drag coeffi-
cient (CD), lift coefficient (CL), efficiency of otter board (Eff), sweep pitch angle 
(ϵ), warp pitch angle (Ɵ), tilt angle of the otter board (φ).  

Door type Speed (m/s) CD CL Eff ϵ Ɵ φ 

Con 1.28 1.25 1.63 1.32 14.8 7.7 9.7 
1.54 1.25 1.51 1.21 15.6 8.4 10.3 
1.81 1.26 1.36 1.09 16.2 8.7 15.5 

SAO 1.28 0.61 2.59 4.26 15.3 14.2 8.1 
1.54 0.48 2.02 4.25 16.1 15.7 9.2 
1.81 0.41 1.73 4.31 17.3 16.3 11.6  
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Fig. 9. Estimated curve for comparing drag and lift coefficients (CD and CL) and the hydrodynamic efficiency between door types. Points represented experimental 
observations and shaded area represented 95% confidence interval. 
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Table 7 
Estimated values of gear geometry respect to different towing speeds and sweep rigs. Conventional (Con), self-adjusting otterboard (SAO), door spread (DS), wing 
spread (WS), headline height of the net with conventional door (HH0), the SAO at 1 m target height (HH1), the SAO at 2 m target height (HH2), the SAO at 5 m target 
height (HH5), and the SAO at 10 m target height (HH10).  

Sweep rig Door type Speed (m/s) DS (m) WS (m) HH0 (m) HH1 (m) HH2 (m) HH5 (m) HH10 (m) 

Full Con 1.28 71.4 13.4 2.45 – – – – 
1.54 73.9 13.5 2.23 – – – – 
1.81 76.6 13.5 2.05 – – – – 

SAO 1.28 79.8 14.5 – 2.58 2.60 2.68 2.42 
1.54 81.5 14.6 – 2.41 2.21 2.43 2.75 
1.81 83.4 14.7 – 2.13 1.83 2.17 3.10 

Half Con 1.28 54.5 13.8 2.53 – – – – 
1.54 58.1 14.2 2.19 – – – – 
1.81 61.6 14.5 1.86 – – – – 

SAO 1.28 54.9 14.2 – 2.66 2.66 2.79 3.29 
1.54 53.5 13.9 – 2.57 2.62 2.88 4.70 
1.81 52.2 13.6 – 2.55 2.60 2.95 6.15  

Fig. 10. Estimated curve for comparing fuel consumption between door types. Points represented experimental observations and shaded area represented 95% 
confidence interval. 
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Fig. 11. (a) Actual height of the SAO in relation to the target door height. The black dashed line is the target height above the seabed. (b) The relative frequency the 
flap angles are in the ranges low (0–15◦), medium (15–30◦) and high (30–45◦) at the different nominal speeds. 
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