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Abstract—Marine growth has been observed to cause a drop
in the horizontal and vertical velocities of underwater gliders,
thus making them unresponsive and needing immediate recovery.
Currently, no strategies exist to correctly identify the onset of
marine growth for gliders and only limited datasets of biofouled
hulls exist. Here, a field test has been run to investigate the
impact of marine growth on the dynamics of underwater gliders.
A Slocum glider was deployed first for eight days with drag
stimulators to simulate severe biofouling; then the vehicle was
redeployed with no additions to the hull for a further 20 days.
The biofouling caused a speed reduction due to a significant
increase in drag. Additionally, the lower speed causes the steadystate flight stage to last longer and thus a shortening of mission
duration. As actual biofouling due to p. pollicipes happened
during the deployment, it was possible to develop and test a
system that successfully detects and identifies high levels of
marine growth on the glider using steady-state flight data. The
system will greatly help pilots re-plan missions to safely recover
the vehicle if significant biofouling is detected.
Index Terms—underwater glider, biofouling, marine growth,
system identification

I. I NTRODUCTION
Underwater gliders (UGs) are a type of autonomous underwater vehicle that are being used extensively for long-term
observation of key physical oceanographic parameters [1].
The vehicles profile vertically through the water by changing
their buoyancy through a variable buoyancy device (VBD).
Wings generate a forward motion component from the vertical
motion. Their simple propulsion system, which consists of
the VBD, pitch control and either roll control or a rudder,
is highly efficient. Therefore, although they operate at low
velocities (≈ 0.3 m/s), the deployments of UGs can last for
several months.
The long deployment duration in addition to regular surfacing to send data and receive new commands by satellite can
result in significant marine growth problems [2]. This issue
is particular pronounced in shallow, warm, tropical waters.
The research leading to these results has received funding from the
European Unions Horizon 2020 research and innovation programme under
grant agreement No 731103.

Marine growth results in an increase in the weight of the
glider and a significant drop in speed. Therefore, biofouling
can represent a severe operational problem, with the vehicle
possibly needing premature retrieval at sea.
To date, there are no systems to detect and track marine
growth in real time. The study by Haldeman, et al. [2]
investigated the impact of biofouling during a deployment in
the South Atlantic a posteriori. In [3], marine growth was
observed to cause a drop in speed with time and an increase of
1◦ in the angle of attack over a whole deployment for the same
pitch command. Additionally, medium to severe biofouling
levels can cause a decrease in the lift coefficient of up to
40% and an increase in the drag coefficient of 90% [4].
This article describes field tests run as part of a EU Marine
Robots Transnational Access (TNA) project to investigate the
change in the dynamics of a Slocum G2 UG, shown in Fig. 1,
under simulated high levels of marine growth. Additionally, a
new method has been developed to help pilots remotely detect
the onset of marine growth based on the dynamic model of
the UG in the vertical plane under steady-state conditions.
II. M ETHODOLOGY
A. Deployment Description
Slocum is a type of UG manufactured by Teledyne Webb
Research that have been in operation since the late nineties
[5], [6]. In this field test, the Slocum G2 UG operated by
PLOCAN, as shown in Fig. 1, was employed (unit 492).
The main actuator is the VBD (Fig. 2), which consists of
an oil bladder that can be extended or retracted from the
pressure hull. When the bladder is outside the pressure hull,
the vehicle’s displacement and thus its net buoyancy increase
and vice versa. Pitch is controlled by shifting the position of
one movable battery pack with a dedicated mechanism. Yaw
is controlled through a rudder, which is magnetically coupled
to a servo motor to avoid an opening in the pressure hull.
As can be seen in Fig. 2, Slocums can perform multiple
”yos” per dive (two in this particular case), i.e. the vehicle
can sample the water column multiple times before returning

because of a perceived potential risk that the drag stimulators
would compress with depth thus contributing to a loss of net
buoyancy.
B. Drag Stimulators

Fig. 1. Slocum G2 operated by PLOCAN.

to the surface to send and receive data by satellite and get a
new position fix [7]. In particular, the minimum depth that the
glider reaches between yos can be set to be lower than the
surface to avoid marine traffic and biofouling [2]. The data
sent ashore needs to be decimated to reduce the time that the
vehicle spends on the surface, the power expenditure and the
actual financial cost associated with the transmission of the
data by satellite (specifically, via Iridium). The data usually
includes the vehicle’s orientation, its depth (from which the
vertical velocity can be obtained), the actuator’s signals, the
capacity and voltage of the battery, the estimated location,
samples of the scientific data of interest and warnings from
on-board health monitoring systems. In this field test, the only
scientific sensor connected to the UG’s scientific bay is the
Seabird Scientific CTD sensor.
The field test actually consisted of two separate missions
run with the same vehicle sequentially off the coast of Gran
Canaria, as shown in Fig. 3. During the first mission, the UG
was deployed from 17th to 26th February 2020 off the east
coast of the island after being covered with drag stimulators
to simulate high levels of marine growth. In this test, the
maximum depth was capped at 200 m to avoid possible
structural and/or hydrostatic problems with the stimulators.
On 26th February the vehicle was recovered, the drag
stimulators removed and then the vehicle redeployed until 17th
March 2020. During this mission, the depth was increased
to 1,000 m. Whilst the scope of the first deployment was to
provide a dataset of a heavily biofouled glider, the second
deployment had a scientific goal. By sharing the two sets, it
has been possible to have data for the same glider with both
a clean and a biofouled hull.
After the first few test dives with a single yo, the number
of yos per dive were set to three during both deployments.
Both missions were constrained by time rather than battery
energy. Hence, the full VBD capacity has been used to increase
the UG’s speed in the water at the expense of the higher
energy cost. Thus, the magnitude of the VBD volume and
pitch angle were set to 260 cm3 and 26◦ , respectively, for
most dives. To increase the range of the vertical velocity and
pitch angle, a few dives were run with combinations of a
VBD volume of -200 cm3 and -260 cm3 in descents and pitch
angles with a magnitude of 18◦ , 26◦ and 30◦ . In ascents,
the full VBD capacity of +260 cm3 was used at all times

As described in [2], some of the most common occurrences
of severe biofouling on UGs consist of the growth of shellfish
(in particular p. pollicipes) on the nose and at the edges of
the cylindrical sections of the hull. Whilst the area around
the nose presents lower flow speed due to the higher pressure
associated with the front stagnation point, the junction of the
cylindrical hull sections offers good grasping points for the
roots of the shellfish larvae. Shallow dives, i.e. with a depth
shallower than 200 m, in warm waters have been found to
especially contribute to marine growth. The main indicator of
marine growth is a drop in the UG’s vertical velocity for the
same VBD volume and pitch angle settings.
In this study, artificial drag stimulators were designed and
built to simulate high levels of marine growth as observed
in [2]. In particular, a concept similar to drag stimulators to
induce turbulent flow in ship model testing was envisaged
[8]. Biofouling is expected to mostly impact the drag and net
buoyancy of the vehicle. However, the change in net buoyancy
is difficult to quantify and the UG had to be redeployed
straight after the removal of the drag stimulators. Hence, to
avoid serious ballasting challenges associated with two vehicle
configurations, the drag stimulators have been designed to be
approximately neutrally buoyant.
The final design of the drag stimulators can be seen in
Fig. 4, as highlighted by the red boxes. In total, three drag
stimulator belts were connected to the UG, each consisting
of:
• one 780 mm × 9 mm nylon cable tie,
• heat shrink cover to increase friction with the hull and
prevent the ties from creeping along the hull in water;
the heat shrink is split into three parts to avoid contact
with the two frames of the UG’s trolley,
• ten 3D-printed 40-mm-long mussels, each of which is
connected to the cable tie at 50-mm intervals through high
strength fishing line passing through two drilled small
holes. The front drag stimulator presents ten folded, 40mm-wide neoprene strips instead of the 3D-printed shells.
TABLE I
M ASS , DISPLACED VOLUME AND ORIENTATION OF THE DRAG
STIMULATORS .
drag stimulator
Front
Middle
Aft

mass [g]
52.39 ± 0.5
33.53 ± 0.5
33.67 ± 0.5

volume [cm3 ]
40 ± 10
25 ± 10
25 ± 10

orientation
back-facing
forward-facing
back-facing

Although 3D-printed parts have been used successfully in
very deep waters [9], little information could be found on the
use of parts built with Selective Laser Sintering (SLS) using
Polyamide 12. Hence, dives with drag stimulators were capped
to a maximum depth of 200 m for precaution.

Dive
Yo

Yo

Stage 2
The glider reduces its buoyancy
through the VBD and obtains a
negative pitch angle by shifting the
battery forward to initiate the descent.

Wings provide a
horizontal motion
component.

Stage 3

Stage 4

Stage 1

Slocum gliders can perform
multiple “yos” per dive. This
means that they do not have
to emerge after every yo.

After the dive, the vehicle emerges to
get a position fix via GPS, send the
decimated data back to shore and
receive a new mission command from
the remote pilot. Before a new dive, a
new GPS fix is obtain to better
estimate surface currents.

Stage 5

At the apogee, the glider extends the
VBD to increase its buoyancy and shifts
the battery aft to initiate the climb.

Fig. 2. Concept of operation of the UG. The drawing is not to scale: the vehicle operated in depths up to 1,000 m deep and with the pitch angle ranging
from 15◦ to 30◦ .

a)

Surface
B

a)

Descent
L

D

"

b)

θ

B

U

Dive

!

b)

B

Ascent
10 km
5 mi

Esri, HERE
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Fig. 5. Free-body diagram showing the forces acting on the UG in the vertical
plane in steady-state conditions.

printed shell was lost from the middle drag stimulator. Hence,
during the field test, the middle belt had only nine shells.
C. Steady-State Dynamic Model

Fig. 4. Drag stimulators (highlighted by red boxes) added to the Slocum UG
to simulate extreme levels of marine growth.

The free-body diagram of the equilibrium condition for the
steady-state flight is shown in Fig. 5a and Fig. 5b for descents
and ascents, respectively. B indicates the net buoyancy, L the
lift and D the drag force. U is the surge velocity component
in the body-fixed frame, θ the pitch, α the attack and β the
glide-path angles. The glide-path angle indicates the angle of
the flight path in the inertial reference system and is obtained
from the sum of the pitch and attack angles: β = θ + α.
In both descents and ascents, the force balance yields [10]
B − L cos β − D sin β = 0.

Table I shows the total mass and displaced volume of each
drag stimulator. As can be seen, the precision of the volume
measurement is much lower than for the mass measurement.
However, the drag stimulators are close to neutrally buoyant
in the expected water density of the deployment site (approximately 1.027 g/cm3 ).
During transport of the UG to the deployment site, one 3D-

(1)

According to the standard dynamic model for Slocum UGs in
steady-state conditions [10], the drag and lift forces can be
modelled as
1
(2)
L = kL αρSU 2 ,
2

1
D=
kD,0 + kD,L α2 ρSU 2 ,
(3)
2

L·c

where ρ is the water density, S is the wetted surface area,
kL , kD,0 and kD are constants used to compute the lift and
drag coefficients. The water density is obtained from the water
pressure, salinity and temperature using the Gibbs Seawater
Toolbox [11]. These properties are measured by the CTD
sensor on-board the glider.
The net buoyancy force can be computed as
B = g {−m + ρ [V0 (1 − c p + αT (T − T0 )) + Vvbd ]} + δB,
(4)
where g is the gravitational acceleration, m is the UG mass,
V0 its reference volume, c the absolute compressibility of the
pressure hull and αT its thermal expansivity, with the reference
temperature T0 . The values for the parameters can be found
in Table II. p is the water pressure and T its temperature.
The offset in the net buoyancy, δB, is added over [10] to
account for possible ballasting problems caused by the drag
stimulators.
TABLE II
S UMMARY OF THE FIXED MODEL PARAMETERS .
parameter
g
S
c
αT
m
V0
T0

value
9.81
0.1
6.4 × 10−6
5.3 × 10−5
58.2428
56,730
19.43

units
[m/s2 ]
[m2 ]
[dbar−1 ]
[◦ C−1 ]
[kg]
[cm3 ]
[◦ C]

source
[10]
[10]
manufacturer
manufacturer
ballasting
ballasting
ballasting

Substituting (2), (3) and (4) into (1), it is possible to express
the vertical velocity predicted by the model, żm , as follows
[10]:
√
(5)
żm = U 2 sin β, where
U2 =

B sin β
,
0.5ρS (kD,0 + kD,L α2 )

(6)

kD,0 + kD,L α2
.
kL tan (β)

(7)

α=

Equation (7) requires an iterative solution. Additionally,
an optimisation needs to be run to find the hydrodynamic
parameters specific to the UG. The cost function is expressed
as:

" I
#  J
X
1X
2
J=
(żi − żm,i ) ∀ i ∈ R + 
j∀j∈
/ R . (8)
I i=1
j=1
In (8), i indicate all points for which a numeric cost value is
obtained, while j all points for which U 2 < 0. Imposing an
additional cost on the number of non-numeric values speeds
up convergence as compared with Merckelbach, et al. [10].
Here, a global search optimisation is run to find the desired
parameters for each deployment: kL , kD,0 , kD,L and δB. A
scatter search [12] is used to generate trial points within the
search space from which a constrained, nonlinear programming solution is found based on a trust region method based
on interior point techniques [13]. The scatter search algorithm
then assesses the cost function of the solutions to update the

trial points and continue the minimisation until convergence
onto the global optimum. The MATLAB GlobalSearch and
fmincon tools were used in the practical implementation, with
default settings. The lift, drag, induced drag and buoyancy
offset values were constrained to kL ∈ [0, 25] rad−1 , kD,0 ∈
[0, 0.4], kD,L ∈ [0, 12] rad−2 and δB ∈ [−3, 3] N, respectively.
D. Power Consumption Analysis
The impact of marine growth on the power consumption
of the UG can also be analysed. In general, it is possible
to identify five main operational stages that will contribute
to different power consumption profiles (Fig. 2): satellite
communications, actuation of the VBD and pitch control
before a descent, steady-state during the descent, actuation of
the VBD and pitch control before the ascent and steady-state
during the ascent.
The data is cleaned to obtain the energy consumption (from
the signal of the battery capacity and voltage) and duration of
each stage for all dives and yos. The energy consumption and
duration of the telemetry stage is a function of the amount
of data that needs to be transmitted by satellite. The energy
consumption and duration of the dynamic response stages is
a function of the change in the actuators’ settings. During the
two deployments, the glider was operated at maximum VBD
volume in both clean and biofouled conditions. Therefore, the
most noticeable changes due to marine growth were expected
in the steady-state operation. Hence, the data from the steadystate descents and ascents was merged and subjected to further
statistical analysis. Since the maximum and minimum depth
can have a large influence on the energy consumption and
duration of each steady-state stage, only data from dives with
similar maximum and minimum depths was considered (up to
200 m).
Firstly, an analysis of covariance (ANCOVA) [14] was
run to determine whether there is a significant difference in
the mean power consumption during steady-state conditions
between the clean and biofouled hull, whilst controlling for
the effect of the mean absolute VBD volume and pitch angle
during either the ascent or descent. A significance level of
99% was used.
E. Remote real-time detection of marine growth levels
During the field test, the steady-state dynamic model was
applied to the decimated data sent by the UG ashore after
each dive. As the data range is drastically reduced, the lift
and induced drag coefficients are set to the values found in
[10]. The global optimisation is thus limited to finding the
drag coefficient and buoyancy offset for each dive.
III. R ESULTS AND D ISCUSSION
A. Comparison between the clean and biofouled hulls
1) Vehicle Dynamics: As can be seen in Table III, the drag
stimulators cause an increase of 92% in the drag coefficient
and of 37% in the induced drag coefficient. Conversely, the
impact on the net buoyancy is negligible thanks to their design.
The lift coefficient is 65% lower than that observed in [10].
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Fig. 7. Energy consumption during the identified five operational stages over
a dive cycle with three yos for a 200-m dive for the clean and biofouled UG.

Fig. 6. glide polar plot for the UG using the parameters in Table III for the
full VBD volume of 260 cm3 , a water density of 1.027 kg/m3 and ignoring
the compressibility and thermal expansivity of the hull.

The drag stimulators increase the lift coefficient by 46%. This
is mainly due to the extremely large size of the 3D-printed
shells of the drag stimulators. In fact, real biofouling may
cause a reduction of lift coefficient [4].
TABLE III
PARAMETERS OF THE DYNAMIC MODEL FOR THE TWO HULL CONDITIONS .
Hull state
Clean
Biofouled

kL [rad−1 ]
2.659
3.881

kD,0
0.140
0.269

kD,L [rad−2 ]
4.759
6.525

δB [N]
-0.537
-0.521

The glide polar plot for the UG is shown in Fig. using the
parameters in Table III for the full VBD volume of 260 cm3 , a
water density of 1.027 kg/m3 and ignoring the compressibility
and thermal expansivity of the hull. Due to the low ratio of
the estimated lift and drag coefficients, the polar plot presents
higher minimum glide angle and glide angle for maximum
horizontal speed than theoretical predictions in [3] and [4].
The discrepancy is likely to be due to the limited range of the
θ − ż search space in the analysed deployments. This justifies
the reduction of the search space for the system identification
to two parameters for individual dives.
2) Power Consumption Analysis: From the ANCOVA, the
mean power consumption in each descent or ascent has
been found to be significantly different for the clean and
biofouled hull datasets (p = 0.04% < 1%). Additionally, the
values are significantly affected by the mean VBD volume
(p  1%), whilst the contribution of the pitch angle is not
deemed significant to a 99% level (p = 2.04%). However, the
ANCOVA results should be treated with caution, as it assumes
linear relationships between the independent and continuous
dependent variables and the mean square errors to be normally
distributed [14].
From the charts of the energy consumption in Fig. 7,

it is clear the steady-state operational phases play a more
important role on the overall UG’s energy consumption for
the biofouled hull. Hence, marine growth will reduce the
deployment duration for the same available energy. This is
caused by the longer duration of the steady-state phases due
to the lower speed in the water.
It is interesting to note that pressure lower than atmospheric
inside the pressure hull greatly helps reduce the actuation
energy costs of the UG, since the VBD bladder can be retracted
before descents without operating the VBD pump, which is the
greatest power draw.
3) Cost of Transport: Similarly to [15], the energetic cost
of transport (COT) is quantified as the ratio of the energy
expenditure and the product of the vehicle’s mass and distance
travelled. Table IV displays the mean and standard deviation
of the COT and horizontal velocity for the clean and biofouled
UG in dives with a maximum depth of 200 m and three yos.
The distance travelled during the dive is computed from the
latitude and longitude at the start and end of the dive, when
the UG receives a GPS fix. Similarly, the dive duration is
computed from the difference of the respective time stamps.
The results from the initial five set-up dives are ignored.
TABLE IV
M EAN AND STANDARD DEVIATION OF THE COT AND HORIZONTAL
VELOCITY FOR A 200- M DIVE WITH THREE YOS .
Variable
COT
sCOT
ẋ
sẋ

Units
[J m−1 kg−1 ]
[J m−1 kg−1 ]
[m s−1 ]
[m s−1 ]

Clean
0.199
0.104
0.344
0.129

Biofouled
0.325
0.195
0.185
0.067

As can be seen in Table IV, severe biofouling levels result
in a rise in the COT of 63.3% and a drop in horizontal speed
of 46.3%. The COT results are comparable to [15], although
the higher values are likely to be due to the full VBD settings
used during the current deployment.
B. Remote real-time detection of marine growth levels
When recovered after the second deployment, the glider actually presented significant natural biofouling of p. pollicipes,
as shown in Fig. 8. This was caused by the extended operation

a typical three-yo dive. This is caused by the longer duration of
these stages due to the lower vertical speed. As a result, high
levels of marine growth will significantly reduce deployment
duration for the same installed energy, with pilots needing to
re-plan the mission if high levels of biofouling are detected.
A simple model-based condition monitoring tool is developed to help pilots recognise the onset of marine growth so
that a safe vehicle retrieval can be planned if needed. The
dynamic model is particularly affected by having data only
for descents, so that navigation data from both descents and
ascents should be sent by satellite after decimation if modelbased diagnostics are to be used. In the future, data-driven fault
diagnostics tools may be required to address this challenge.
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