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SUMMARY
Biomimicry is the concept of using nature’s adaptations to enhance our man-made environment. Research suggests that
this design tool has been in use for hundreds of years but is not commonly recognised in today’s engineering society. This
study aims to explore the potential use of biomimetics as a design tool in a marine engineering environment. Specifically,
it will focus on the hydrodynamic performance of a biomimetically designed ship’s rudder.
Based on comprehensive research of marine engineering and biomimetic principles, a concept rudder was designed and
tested at the University of Plymouth. Evaluation of these tests shows discernible advantages to both lift coefficient and
flow field stability for the Biomimetic rudder. The results exhibit that features from nature could be successfully applied
to specific marine engineering applications. It is recommended that further detailed research and testing is undertaken. To
fully understand nature, this research should be co-ordinated with zoological specialists.
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1.
INTRODUCTION
There are many different methods for designing new
devices, both theoretically and mathematically. During
these processes, many existing objects or concepts can be
studied for possible solutions, but there is one area that
offers a largely untapped wealth of inspiration: Nature. It
is estimated that there are 8.7 million species of flora and
fauna on Earth, of which only 14% have been discovered,
each uniquely adapted to excel in its natural environment
(Mora, et al., 2011). By mimicking these natural
adaptations in our own structures and inventions, our
designs could also be optimised for their intended
purposes.
The concept of Biomimicry was popularised by biologist
and innovator Janine Benyus in her 1997 book of the same
name (Benyus, 1997). Although not previously recognised
as a field in its own right, biomimicry has been used,
perhaps unknowingly, for hundreds of years. The overall
aim of biomimicry is to create a healthier, more efficient
Earth (Biomimicry Institute, 2019), by using the best of
nature’s adaptations in our man-made environment. By
observing the characteristics of nature, we (humans) have
the opportunity to advance our own innovation far quicker
than through our own natural development. Benyus
emphasises that the critical mindset is not to learn about
nature, but to learn from nature (Benyus, 1997).
As an island nation, the UK is surrounded by water. On a
planet with more than 70% of its surface covered by water,
marine vessels have been essential for maintaining both

trade and transport networks for thousands of years. There
are 120.9m gwt of registered, owned or managed shipping
in the UK, whilst approximately 470m tons of freight and
over 40m passengers traversed UK ports in 2018 (DfT,
2019). Although major container terminals are growing in
both size and popularity, many other ports are relatively
modest. Thus, the vessels using them require a high level
of manoeuvrability, especially if operating without the
assistance of tugs. Much of this manoeuvrability will be
down to the effectiveness and use of the ship’s rudder(s).
The current principle of stern rudders first emerged in the
15th century and has been well developed since, with
regards to both geometry and installation (Mott, 1997).
Modern vessels are generally fitted with either a standard
rudder designed and manufactured by a shipyard or a
tailored, specialist rudder obtained from a dedicated
rudder supplier, such as Rolls Royce Marine or Becker
Marine Systems. Such well-proven specialist rudder
designs offer higher performance than standard,
essentially traditional, rudders. If new concepts are to be
developed, they should be compared and evaluated against
such leading examples, taking into consideration
operational, economic and manufacturing requirements.
In the global society of tomorrow, ships will continue to
be our largest trade facilitators. Our future ships will need
to be more efficient, more environmentally friendly and,
as size increases, more manoeuvrable. Rudders are
essential for conventional shipping vessels and are likely
to remain so for the foreseeable future. In striving to
develop more efficient and adaptable rudders, the field of
study must undoubtedly be broadened to consider the best
that nature in the marine environment has to offer. Marine
wildlife continues to amaze us with the dexterity and
precision of its agility, so it seems a fertile area from which
to seek design inspiration for our own marine devices. The
focus of this study is, therefore, to research, design and
evaluate a rudder using specific natural attributes. This
should identify if, after further study, marine biomimicry

has the potential to be applied in further manoeuvrability
and control aspects of naval architecture.
2.

DESIGN METHODOLOGY

A concept biomimetic rudder was produced following a
design process outlined by Molland & Turnock (2007).
Using this methodology ensured that the key principles of
rudder design were maintained whilst utilising biomimetic
influences.
The majority of fluid dynamic research has concentrated
around aeronautical applications, primarily fuelled by the
National Advisory Committee for Aeronautics (NACA)
(Roland, 1985). When referring to foils, fluid dynamics
can be split into two key areas of importance; lift and drag.
For a foil to be effective, lift must outweigh drag, with the
optimum solution having a high lift-drag ratio (Hoerner &
Borst, 1985). Abbott & von Doenhoff (1959) highlight a
number of key early designs, particularly the NACA
multi-digit series (Roland, 1985). NACA 0012 and 0025
profiles are still commonly used as a basis for current
rudder research (Liu, et al., 2015; Thomareis & Papadakis,
2017).
Rudder foils must be predominantly symmetrical due to
the requirement to operate bi-directionally in the vertical
plane. Therefore, any high-lift benefits must be gained
from additional devices such as slats, flaps or fairings
(Hoerner & Borst, 1985). Rudder specific foil profiles
have been developed by both the Hamburgische
Schiffbau-Versuchsanstalt (HSVA) and Institute fur
Schiffbau (IFS). HSVA profiles were designed to improve
pressure distribution and decrease cavitation (Bertram,
2012), whilst IFS profiles aimed for a steeper lift curve
and higher maximum lift coefficient (CL) (Liu &
Hekkenbberg, 2017).

TR15 and TR25 variants, as these offered the most
adaptable combination of lift and flow properties (Kwik,
1970). The upper 1/3 of the rudder is TR25, whilst the
remainder is TR15, with a smooth transition between
them.
A review of existing research into hydrodynamics and
motion of fish and other marine species highlighted that
the focus for any rudder adaptations should be influenced
by mammals not fish. In order to swim, a fish must be
hydrodynamically stable, using its body to both power and
steer (Walker, 2000). The purpose of a fish’s various fins
is purely to create instability which results in directional
change (Fish & Lauder, 2017), whereas mammals such as
whales use their tails to power themselves and their
flippers to steer. This fundamental difference in
movement results in very difference hydrodynamic forms
of flippers and fins. Webb (2004) notes that for stability a
force balance must be achieved, whilst Walker (2000)
shows that a rigid body can be manoeuvred using
relatively small control surfaces, as is the case with
modern ships.
A significant interest has been taken in the tubercles found
on the leading edge of Humpback Whale fins (Figure. 2)
and the hydro or aero dynamic benefits the offer (Hansen,
et al., 2011; Fish & Lauder, 2017), also highlighting the
increased manoeuvrability that Humpback whales have
over other species such as Fin, Minke or Blue whales (Fish
et al., 2011). Frank Fish argues in a number of papers the
tubercles help delay flow separation, resulting in greater
pressure across the surface and this more lift (Fish, 2009;
Fish & Kocak, 2011)

Figure. 2: Humpback Whale, with tubercles clearly
visible on the leading edge of the pectoral fin.
Source: www.thoughtco.com/humpback-whale-facts

Figure.1: Existing rudder profiles.
Adapted from Molland and Turnock (2007)

The inclusion of tubercles on the concept rudder was
based on existing research results. The tubercles were
modelled using a sine wave, with the period equalling the
foil thickness (Jansen & Nilsson, 2017), whilst the
distribution is limited to the lower 2/3rds of the span. This
follows the designs used by WhalePower Corp’s wind
turbine designs (Hansen et al., 2011).

In order to offer higher stall angles and improved surface
pressure distribution, IFS61 profiles were selected as the
basis for the concept biomimetic rudder, specifically the

A key aspect of foil design revolves around vortex control
(Figure. 3). Restricting vortices across a foil can improve
the surface pressure and thus improve the lift-drag ratio

(Molland & Turnock, 2007). Hoerner & Borst (1985)
highlight the benefits of endplates in preventing rotational
vortices forming at the foil tips; this has been incorporated
into the design by the addition of an endplate and fairing.
Similarly, chord-wise guide plates have been modelled to
reduce the span-wise flow across the rudder, also
recommended by Hoerner (1965). These are applied at
every 2nd tubercle, and are of an IFS61 TR25 profile.

Figure. 3: Vortex system around a finite span foil, showing
span-wise flow, trailing edge and tip vortices. Taken from
(Molland & Turnock, 2007)
A number of current rudders incorporate a ‘fish-tail’
design on the trailing edge, designed to capture the energy
from the turbulent boundary layer, as well as stabilising
the vortex sheet (Bingham & Mackay, 1987). A similar
profile was used for the concept biomimetic design, with
the maximum thickness of the flare equal to the TR25
profile thickness. The final rudder design is shown below

and Technology (NTNU) and International Towing tank
Conference (ITTC) and HSVA largely focuses on hull and
propeller testing (Steen, 2014; ITTC, 2014).
The test rig used was based on previous experimental
equipment at the university and developed using examples
from other research sources, primarily van Lammeren, et
al., (1948). Overall shaft force and torque was measured
using an Interface 6A40 6DOF load cell. This method of
data collection is a development of that used at the David
Taylor Model basin (DTMB) by Whicker & Fehlner,
(1958) and Layne, (1973), adapted for the conditions
available. A key development of previous test apparatus
was the inclusion of two plates upstream of the rudder, one
vertical, and one horizontal. Based on similar installations
used by van Lammeren, et al., (1948), the vertical plate is
designed to stabilise the flow before the rudder by
restricting cross currents within the flume. This was
mounted 120mm below the surface, and 200mm (1 chord)
ahead of the rudder. The second (vertical) plate was
mounted 20mm below the surface and extends across both
the vertical plate and rudder. This prevented any surface
waves creating suction around the rudder, therefore
reducing interference with the flow field. The full set up is
show in Figure. 5

Figure. 5: Experimental test rig and equipment.

Figure. 4: Final concept Biomimetic rudder
3.

EXPERIMENTAL METHODOLOGY

Although a number of testing methods were available,
tank testing was selected in order to ensure fair
comparison with contemporary experimentation described
in available literature. The flume used was a 35m wave
tank fitted with current generators, located in the COAST
laboratory at the University of Plymouth. The method
described below has been devised using aspects of
previous experimentation, as the guidance provided in
major documents by the Norwegian University of Science

As per NTNU recommendations, the rudder models were
tested under Froude scaling conditions, with target flow
speeds calculated by matching real and scale Froude
Numbers (Steen, 2014). This was rearranged for Vm (as
seen in Equ. 1) giving an equation formed of both full
scale and model conditions. A model scale of 1:15 was
chosen to allow the largest size rudder to be tested without
encountering interference from the flume walls. Froude’s
number was selected as a scaling factor as the equipment
required to match both Froude and Reynolds numbers
(i.e., a pressurised environment) requires a more complex
set-up. Froude’s number was also selected due to it being
achievable with the facilities provided and being
supported by the ITTC57 committee for resistance and
flow tests (Todd, 1957).
𝑉 =

𝑉
𝑔×𝐷

× 𝑔×𝐷

Equ. 1

Based on full size and scale dimensions, the required flow
speeds were determined for a range of corresponding
manoeuvring speeds between 2-8knots. These speeds
were selected as they represent the operational speed of
vessels in port, where manoeuvrability is of more
importance than during trans-ocean voyages. Calibration
was undertaken using a Valeport Impeller Flow Meter,
submerged at 0.3m. Using these calibrations, the motor
speed of the tank was set to produce the scaled speeds as
required. To monitor flow during the experiment, an
ultrasonic system was used to measure flow on the flume
return pipe, allowing any discrepancies in the flow to be
highlighted
The main tests were conducted on two rudders; a Becker
Marine Systems HSVA profile flap rudder and the newly
designed biomimetic rudder. These were modelled using
Solidworks CAD software and produced using 3D
printing. Both models were sealed with waterproof epoxy
and silicon to ensure both smooth surfaces and strong
joints. A 12mm steel shaft was also fixed in place to act as
the rudder stock. Each rudder was subjected to a series of
tests at different flow speeds and angles of attack
(Table.1).

These results are addressed in the following order; lift,
drag and lift-drag relationship. This allows for the results
to be presented both as individual concerns and as
comparable data. To allow the rudder response profiles to
be effectively identified, the 2kt data has been omitted
from Figures 6-9. This is due to significant uncertainty in
the results.
Figure 6 shows the lift coefficient plot for the Becker
rudder. This has been plotted for angles of 0 45° due to
this being the operating range of the rudder, giving a flap
angle of 90°. The CL for 6kts and 8kts follow similar
profiles and values, reaching a maximum CL of 0.68. The
data point for 15° at 4kts is believed to be erroneous so has
been plotted individually. The profiles shown in Figure 4
also suggest that stall occurs at approximately 32°, with a
sharp drop in response between 32° and 45°.

Table. 1: Experimental test speeds and angles
Rudder Angle
(degrees)
Represented
Speed (Knots)
Flume Speed
(m/s)

0

15

30

45

2

4

6

8

0.26

0.53

0.80

1.07

60

70

These angles of attack were selected based on
combination of previous rudder research, current rudder
manufacturer
operation
guidelines
and
ITTC
recommendations for turning tests (ITTC, 2014). Each test
configuration was run three times in order to identify any
discrepancies in the results. Similarly, a plain shaft was
also tested to identify the effect it had relative to the rudder
models. A five-minute interval was included between
speed changes to allow the flow to stabilise.
4.

Figure. 6: Lift coefficient for the Becker Rudder

RESULTS

Output data from the loadcell was run through both a zerovalues and an interpretation matrix supplied by the
manufacturer. The loadcell data was then evaluated using
a Tukey range test, ensuring that any excessive peaks or
troughs were eliminated from the data. This data was then
calibrated using still-water values obtained at the start of
each test series. Mean values for both force and torque
were then extracted from each result dataset. Force and
torque have been analysed with reference to both flow
speed and rudder angle, allowing variations in these
factors to be observed more effectively. For the purpose
of comparison, the coefficients of lift (CL) and drag (CD)
have been calculated and presented in this section.

Figure. 7: Lift coefficient for the Biomimetic Rudder

The Biomimetic rudder shows a faster response rate for
speeds of 6kts and 8kts, but a slower, exponential response
for 4kts (Figure 7). Peak lift occurs at approximately 34°,
with CL values around 10-12% higher than the Becker
rudder. The results for 4kts are distinctly lower and lack
the characteristic drop in CL after 34°. Instead they show
levelling out around 0.56. Figure 7 also shows that the CL
value is maintained after peak, whereas the Becker rudder
experiences a sharp drop in magnitude.
The CD values for the Becker rudder follow a similar
profile at all speeds, with some variation at 4kts. There is
a notable reduction in drag response after 48°, with the
value beginning to plateau between CD =0.026-0.028
(Figure 8). This suggests that form drag has increased over
friction drag. The drag coefficient response at small angles
(<20°) is notably reduced for the Biomimetic rudder for 68kts (Figure 9). There is a near-linear relationship for 4kts,
as well as for other speeds when above angles of 20°. As
a result, CD values at 30° and 45° are approximately 21%
lower than the Becker rudder.

The effective range for the Becker rudder is notably
smaller at 4kts but the CL value is of equal magnitude to
the Biomimetic design (Figure 11). The Biomimetic
rudder has a more sustained effective range at higher
angles of attack up to approximately 55°. As speed
increases the operating range of the Biomimetic rudder
increases further to around 30° (Figure 12), whilst the
Becker rudder has an effective range at CL=0.60 of only
10°. The CD response from the Becker rudder also
increases, coinciding with the earlier peak in CL. The
response from the Biomimetic rudder changes little with
the final speed increment (to 8kts), but the Becker
response is near symmetrical (Figure 13). The Becker CD
is notably higher than the Biomimetic rudder at this stage.
Also noted is the omission of Biomimetic rudder data for
70° at 8kts in Figure 13. This is due to a failure in the
model construction that prevented further testing

Figure. 8: Drag coefficient for the Becker Rudder

Figure. 10: CL-CD Comparison at Vf=2 knots
Figures 10-13 also show there is an overall trend in CD
values for the Biomimetic rudder. As the speed of
operation increases the response rate stays consistent, but
the response becomes gradually more delayed, moving
from ~0° to ~20°.

Figure. 9: Drag coefficient for the Biomimetic Rudder
Further graphs (Figures 10-12) show a comparison
between the two rudders at the four speeds tested, with
both CL and CD values plotted simultaneously. This has
highlighted a number of points not shown in previous
figures. Figure 10 shows a significant peak at 30° for the
Becker rudder (peak value of CL=1.84 at α=30°). It should
also be noted that for 2kts, the Becker rudder peaks before
the Biomimetic rudder, contrary to the other speeds tested
(4-8kts). Also shown in Figure 10 is a fluctuation in CD
values for the Becker rudder, corresponding directly with
the peaks and troughs of the CL value.

5.

DISCUSSION

5.1.

PRIMARY RESULTS

Based on the test results presented above, there appear to
be some clear benefits from the Biomimetic rudder with
regards to lift performance. The CL values obtained reach
greater magnitude than the Becker rudder, meaning
greater lift can be achieved for an equivalent angle of
attack. However, the primary advantage of the Biomimetic
rudder is the rate of response, as seen from the steeper CL
curve gradient in Figure 7. Similarly, the greater range of
effectiveness seen from the Biomimetic rudder shows it
offers precision control across a broader spectrum of helm
angles. There are clear variations in the 2kt results (Figure
10) compared to those at other speeds, suggesting that
further investigation would be advisable to ensure the
results are both accurate and repeatable.
Figure. 11: CL-CD Comparison at Vf=4 knots

Figure. 12: CL-CD Comparison at Vf=6 knots

Figure. 13: CL-CD Comparison at Vf=8 knots

The literature review outlines two main forms of drag
acting on a rudder; form drag, caused by shape blockage
perpendicular to the flow, and friction drag, caused by the
surface-fluid interaction parallel to the flow. The
relationship between rudder angle and CD is consistent for
the Biomimetic rudder between 4-8kts. This suggests that
there is a force balance between the form and friction drag
components. Although the drag response profile is
predictable, there is clear evidence of a delay to this
response as speed increases. This insinuates that, at higher
speeds, laminar flow conditions are maintained at greater
angles of attack. This could be verified by further testing
at higher flow speeds under the same experimental
conditions. Overall, the Biomimetic rudder produces
lower CD values than the Becker rudder, reinforcing
research that emphasises that form drag is a more
significant factor in foil design than friction drag. As with
the CL results, there is variation in CD at 2kts,
corresponding with the peak CL values already discussed.
However, Figure 10 also shows that the Becker rudder
generally maintains lower CD values than the Biomimetic
rudder, suggesting that the Biomimetic rudder may have
greater friction drag at lower speeds.
The review of existing research highlights the importance
of both flow field and vortex control when designing foils
of any kind. The higher lift response and delayed drag
response seen from the Biomimetic rudder could suggest
that the boundary layer is more stable than that of the
Becker rudder. Although this could be contributed to the
additional form drag of the Becker rudder flap, visual
observations made during laboratory testing support the
theory that overall flow control is better for the
Biomimetic rudder. This is further supported by the flow
patterns seen during dye testing, which showed that the
flow is channelled across the rudder rather than dispersing
across it. This is in line with the literature that discusses
the delay in flow separation caused by tubercles,
combined with the principles of chord-wise guide plates.
In order to isolate and verify the beneficial elements of the
Biomimetic rudder design, multiple rudder variations

would need testing, each examining a specific flow control
component.

visualise the results. It should be noted that this would
require more detailed design for a specific vessel.

5.2.

5.4.

VALIDITY AND CORRECTION

Throughout the data gathering and processing it was
essential to ensure the information was reliable and
accurate. Each test run was repeated three times to allow
for any discrepancies, and any significant extremities in
the data were eliminated through a Tukey range test. A
number of further corrections were applied prior to
analysis. Although the raw data was zero-calibrated using
a supplied matrix, the loadcell was still found to be reading
positive values when subject to zero force. Therefore,
additional still-water calibrations were applied. However,
although the Biomimetic calibration values are relatively
similar, the Becker calibration values are more varied. The
reason for this is unknown but could explain the similar
profile variations seen within the results. Measurement of
the two final models showed a definable difference in
planform area, so a scaling correction factor was also
applied to the Becker rudder results. This allowed for a
more accurate comparison.
5.3.

EXISTING BIOMIMETIC KNOWLEDGE

Prior to undertaking practical experimentation, a
significant body of the literature available implied that use
of leading-edge tubercles or serrations would prove
beneficial in terms of both angle of stall and CL/CD ratio,
although it is recognised that recent CFD testing does not
corroborate this. The results suggest that there are
definable lift benefits from a biomimetic design, both in
terms of overall output and speed of response. This
broadly supports the research compiled by Frank Fish and
applied to wind turbine blades. Although the CL values for
response are better, these is no significant difference in the
drag (CD) values, suggesting that the theory of tubercles
reducing flow separation cannot be corroborated.
However, the CL/CD plot does highlight a notable variation
between the higher and lower speeds tested, suggesting
that the biomimetic rudder has more impact at combined
low speeds and low angles of attack. This challenges the
conclusions reached by Jansen & Nilsson (2017), although
comparison shows that lower CD and higher CL values
were obtained in the current experiment, thus explaining
the improved CL/CD ratio. Conversely, the above results
are comparable with work by Skillen, et al. (2015), whose
peak values of CL are approximately 0.85, obtained using
Reynolds based CFD analysis.
Previous research has concentrated primarily on wind and
aeronautical applications with Reynolds number used as a
scaling factor. This could have a significant effect on the
results obtained as flow speeds would be significantly
higher than those achievable in the water flume. However,
the method used in this test is more suited to the slower
speeds and high manoeuvrability required for shipping
and port operations. It would be beneficial to undertake
controlled turning tests in a larger test tank to better

PREVIOUS EXPERIMENTATION

Due to the variation in both design, methodology and
experimental procedure, comparison between absolute
values from this test and previous experiments requires a
number of adjustments and caveats. Despite this, the
general profile of results can be analysed with relative
confidence. The CL and CD plots clearly illustrate similar
effect and response patterns to those seen in results from
various DTMB experiments, such as those by Whicker &
Fehlner (1958) and Layne (1973). Similarly, the response
profiles correspond with experimental tests of unaltered
IFS profile rudders (Kwik, 1970). These independent
studies corroborate the validity of both the current
experimental data and the methodology used to obtain it.
A critical, and currently unknown, factor in rudder design
is the scalability of Froude-based tank testing. Previous
physical experiments have had positive results, although
scalability has largely been based on Reynolds number.
Similarly, these experiments have also been completed
with access to full-scale ship testing in parallel with model
testing. This last point is a key requirement for validating
the accuracy of the experimental methodology and test
environment utilised for this study. Both Becker & Brock
(1958) and Gover & Olson (1954) emphasise the
variability between ship, model and prediction data,
suggesting that significant care and further testing are
required before reliable and applicable results can be
obtained.
Conversely, the results from these tests agree with
conclusions from previous studies that rudder torque
measurements do not correspond with expected profile
results. This is confirmed by the limited comparability of
torque data to previous tests using both similar models and
methods. A suggested solution to this could be to re-model
the rudder stock to allow alternative recording equipment,
such as strain gauges, to be fitted alongside the 6DoF
loadcell. This would aid in verifying both the method and
results from this study.
6.

CONCLUSIONS

The overall aim of this research was to explore the
potential use of biomimetics as a design tool to enhance
marine rudder performance. Based on a detailed literature
review, a new biomimetically inspired rudder has been
designed, through a combination of both hydrodynamic
and biomimetic principles. Further to the design of a new
rudder, a prototype model was produced and tested in a
water flume. This was achieved using an advanced test rig,
in line with the recommendations of previous research.
This resulted in a greater proportion of usable data,
although further development of the test installation would
be beneficial to ensure that results are repeatable, scalable
and transferable.

The study was completed by evaluating practically the
capabilities of the new rudder against a market leading
Becker Flap rudder. From these experiments, a number of
conclusions can be drawn.
 A rudder modified with basic tubercles along the
leading edge does offer small performance
advantages over current high-lift market leaders.
It achieves this without mechanical operation.
The most obvious performance improvements
are coefficient of lift (CL) values and flow field
stability.
 The performance difference at 2kts was
inconclusive, although some of this could be
attributed to limitations in the test environment.
 The Biomimetic rudder has modest discernible
advantages at speeds of 6kts and 8kts. Peak
response at these speeds occurs at slightly higher
angles of attack.
 At angles of attack less than 10° the Biomimetic
rudder offers little difference to the Becker
rudder.
 At angles of attack between 20°-60° the
Biomimetic rudder offers reduced drag. This is
conceivably the result of improved vortex
control.
7.

RECOMMENDATIONS

Overall, the results and conclusions appear to show clear
advantages from a biomimetic design. However, based on
both available literature and the results of this study, there
are a number of areas that require further consideration,
most beneficially in the order described below.
 Coordinated
with
zoological/biological
specialists, further research is required into the
biological features of fish and marine mammals,
to record detailed geometry and identify the role
of each feature in a natural environment. This
could include overall fin profiles, rather than just
leading edges, as well as transitions between
differently shaped sections.
 More extensive testing of biomimetic concepts is
required, allowing for more reliable data and
conclusions to be obtained. This should be
combined with further full-scale testing onboard
selected vessels to ensure the scalability of the
model tests.
 Interaction with both users and manufacturers of
existing rudders is needed to identify any
challenges in the utilisation of a biomimetic
design, specifically with regards to engineering,
financial and safety implications. This could
include identifying methods of manufacturing a
sine shaped leading edge using existing internal
rudder framework.
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