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Nature has inspired locomotory 
science and engineering for centuries, 
yet progress has not been uniform 
across the three main locomotory 
modes – walking, flying and 
swimming, Figure 1. Walking is the 
most intuitive locomotory mode 
in terms of propulsion mechanics, 
sensory control and stability; 
consequently, scientific progress has 
been swift. While the first walking 
robots had complex actuated 
joints, making them slow, energy-
inefficient and not particularly stable, 

locomotion scientists were quick to 
point out that animals swing their legs 
largely passively. This insight led to the 
design of passive dynamic walkers, 
whose legs swing like a pendulum. 
This type of passive-swing walking 
made walking robots not only more 
efficient but also faster and more 
stable, able to walk in rough terrain. 

Human intuition is less helpful 
when developing bio-inspired 

flying and swimming robots. 
Here, advances rely more heavily 
on progress in fundamental 
and applied scientific research. 
Experimental and computational 
flow visualisation, combined with 
high-speed videography, has helped 
scientists to identify novel lift-
generating mechanisms in insects, 
the smallest active flapping flyers. 
These insights have led to flapping 
micro-air vehicles, Figure 1. The 
wing and flow dynamics during 
flapping flight not only provide lift 

and thrust but also passive control 
and stability. Studies on knifefish 
locomotion by Cowan and MacIver, 
and our own studies on seahorses 
and cuttlefish, have revealed a similar 
degree of integration in swimmers. 
Yet this integration to achieve both 
manoeuvrability and stability comes 
at the cost of lower efficiency. While 
walking and flying robots already 
integrate propulsion and control to 
achieve both manoeuvrability and 

For operations in complex underwater environments, bio-inspired robots offer manoeuvrability, stealth and autonomy. 

They integrate propulsion and control systems into one multi-purpose undulatory propeller. By generating large 

counteracting forces, undulating fins generate a wide range of net torques and accelerations. Bio-inspired designs 

can provide stealth by imitating the motion patterns of organisms. Bio-inspiration provides strategies to integrate 

multimodal sensory information, and algorithms on how to form robot swarms. Multimodal sensing and swarming 

facilitate navigation during indeterminate tasks, such as surveying or maintenance, provide robot redundancy, and 

increase the temporal and spatial resolution of a mission. 

Bio-inspired Underwater Robotics

Swimming, Swarming 
and Sensing

PEoPlE HavE bEEN INSPIrEd bY 
nature since the dawn of engineering. 
Early designs lacked the technology 
both to build good bio-inspired 
designs and to learn the physics 
underlying animal motion. Instead, 
they copied nature in the hope of 
reproducing nature’s performance. 
a famous example of a biomimetic 
designer is otto lilienthal, whose 
gliders were based on the wings 
of white storks – yet lack of 
understanding the underlying physics 
proved fatal for design and designer. 
over the last 100 years, we have 
made huge technological progress, 
helping us not only to understand 
the physics of how animals move, but 
also providing us with the technology 
to move beyond biomimetic designs, 
which simply imitate nature. In 
contrast, bio-inspired designs 
use physical discoveries made by 
studying biology. Yet the progress 
in science and engineering has also 
shown us that bio-inspired design 
has its limitations. For example, 
flapping wings are not superior to 
rotating wings when speed and 
energy efficiency are top priorities, 
but bio-inspired robots are more 
suitable than conventional designs 
when manoeuvrability, stealth and 
autonomy are required.  
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1970    1980    1990    2000    2010

First active antromorphic 
exoskeleton - 1974

WHL 11, autonomous biped robot, 
stable quasi-dynamic walking at 1 
stride per 10 sec - 1985

First passive dynamic walker - 1990

ASIMO, probably best well-known 
walking robot, sucessors are able to 
run at 9 km/h - 2000 

Coman - self stabilizing robot, 
adaptation on rough terrain, active 
disturbance rejection - 2012

DelFly micro, 3 grams, 
100 mm wingspan, 3 
minutes of  �ight 
within 50 m - 2013

Robobee, 80 
milligrams, piezoelec-
tric �ight muscles, 
tethered insect like 
�ight - 2013

    2008         2011        2014

Hummingbird Nano, 19 
grams, 160 mm 
wingspan, hover 
stability in gust wind 
conditions, 8 minutes 
hover endurance - 2011

Festo bird, 450 grams, 
2m wingspan, 
lightweight carbon 
�bre structure - 2011

DelFly I, 21 grams, 500 
mm wingspan, fast and 
slow �ight, onboard 
camera - 2005

VCUUV, inspired on 
Robotuna, 2.4 m, 173 
kg, 1.2 m/s max speed, 
turning rates up to 75 
deg/s - 2000

Squid robot 1-4, 1.4 m, 
63 kg, up to 0.45 m/s 
swimming speed, up to 
60 deg/s turning on the 
spot - 2002-2009

Galatea, 1.2 m, 70 kg, 
max speed 0.25 m/s, 
hovering and turning 
on the spot, backwards 
swimming, 32 servomo-
tors, composite hull, 
2009

Subsea glider, 1.5 - 3.5 m 
wingspan, 5 -10 km/h 
max speed, 2 - 5 km/h 
cruise speed,  24 h 
operation time, -2007

G9, 52 cm, controlled 
forward swimming, 
sharp turns (130 deg/s), 
ascending and decend-
ing capabilities - 2005

Bimorph propelled �sh, 
24.3 cm,  �n made from 
macro-�ber composite 
piezoelectric laminates, 
7.5 cm/s swimming 
speed - 2013

i-bird, commercial 
�apping �yer with RC - 
control - 2009

    2001         2007        2013

stability, this design strategy has not 
yet been applied in commercialised, 
bio-inspired swimming robots. 

bio-inspired robots have also greatly 
benefitted from technological 
advances brought on by 
commercialisation. Piezo-electric 
motors, smart materials and shape 
memory alloys allow engineers to 
mimic musculoskeletal structures. 
Flying robots depend on extra-light 
materials to reduce weight and on 
energy-dense batteries to carry their 
power on board. artificial muscles 
have comparable or higher power 
and work densities than electrical 
motors and even real muscle. While 
mobile devices have driven battery 
technology, and nanotechnology 
is helping to develop power-
dense motors, we still lack flexible 
materials that are also durable in 
corrosive, high-fatigue, high-stress 
environments. Many bio-inspired 
designs require highly flexible yet 
robust materials to allow large-scale 
deformations for wing morphing 
and undulatory fin swimming. 
With the advent of 3d printing, the 
miniaturisation of mechanical and 
electronic parts, and new composites, 
we will soon be able to scale down 
current oversized bio-inspired 

Figure 1: 
Swimming has the 
longest 
evolutionary period 
of development, 
yet bio-inspired 
underwater 
robotics lag behind 
their terrestrial and 
flying counterparts. 

designs and mimic tissue-specific 
properties to mass-produce cost-
effective robots that can operate in 
deep-sea environments. 

Underwater Propulsion  
Underwater exploration is 
particularly challenging because 
oceans are not only chemically 

and physically harsh, but many 
missions take place in cluttered and 
unpredictable environments. bio-
inspired robots might be adept at 
navigating sites such as estuaries, oil 
rigs and harbours, Figure 2. 

a high priority during monitoring 
and rescue tasks at vulnerable 
and unstable sites is to minimise 
physical disturbance. Examples 
are archaeological sites, coral 
reefs and catastrophes. For 
low-mechanical-impact tasks, 
undulatory fins are more suitable 
than rotating propellers – they do 
not get ensnared by cables or kelp. 
Their slow, undulating movements 

can generate high hydrodynamic 
forces and torques without fast-
rotating blades and without a strong, 
swirling hydrodynamic wake. For 
high-agility tasks, multiple fins can 
generate counter-acting forces 
and torques for both high stability 
and manoeuvrability. Fins are 
highly tuneable: they can modulate 

hydrodynamic force and torque by 
modulating wave speed, direction, 
amplitude and frequency. This 
redundancy allows such undulatory 
propellers to adapt their control 
strategy to constraints imposed by 
their tasks or environment.  

bio-inspired designs also minimise 
visual disturbance. Surveillance 
tasks often require blending to avoid 
detection. robots with undulatory 
fins gain stealth by imitating the 
motion patterns and centre-of-mass 
dynamics of aquatic organisms.  

Seahorses are an example of a highly 
manoeuvrable, yet low-disturbance 

Bio-inspired designs minimise 
visual disturbance 



| March 2014 | Hydro international20

Galatea 1.0 - 2009 Galatea 2.0 - 2014

Galatea 1.0 swim tests: www.galatea-project.nl

Galatea 2.0: improved design

1 - Casing: 
 glass �bre, reinforced plastics

2 - Undulating �ns: 
 independently controlled actuators
 elastic �n membrane

3 - Buoyancy device
 2 water pumping pistons
 
4 - Frame
 integral aluminum structure, sup-  
 ports all components

5 - Control unit
 houses sensors and CPU

6 - Power unit
 Lithium polymer accu’s  
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design. Their integrated propulsive 
system comprises three undulatory 
fins and a swim bladder to perform 

hovering, on-the-spot turning, 
slow swimming, and fast pitch and 
yaw acceleration. Small changes in 
the relative contributions of their 
multiple fins allow seahorses to 
accelerate and pivot quickly in any 
direction. 

another inspiration is cuttlefish, 
which have two undulatory fins 
and one siphon that acts as a 
thrust-vectored jet. Fast changes in 
undulation frequency and amplitude, 
reversal of wave direction, and 
counter-propagating waves enable 
cuttlefish to execute on-the-spot, 

tilted, 360° yaw turns, and to swim 
backwards into a hole. Cuttlefish can 
climb almost vertically, head down or 

up, using their fins plus siphon to gain 
extra vectored propulsive power. 

Knifefish are an example of a single-
fin design. Their fin carries counter-
propagating waves, allowing 
knifefish to execute precision 
manoeuvres while hunting prey that 
is hiding in the sand. Studying the 
hydrodynamics of these fins revealed 
that horizontal counter-propagating 
waves generate both horizontal and 
vertical forces, allowing the knifefish 
to translate and rotate quickly in 
all directions. Current underwater 
robots do not yet use counter-

propagating waves, Figure 3, but this 
strategy will greatly enhance the 
already considerable manoeuvrability 
of undulatory-fin robots. 

Underwater Sensing  
Surveillance requires robots to 
navigate through changing and 
unpredictable environments without 
getting lost. distributed sensing – 
multiple robots sharing information 
in a swarm – is particularly suited for 
indeterminate and dynamic tasks, 
such as prospecting and tracing 
plumes, when the robots must find 
their way without the benefit of maps.  

Fish schools are an example of 
collective intelligence through 
distributed sensing. Golden Shiners 
school in shallow water and seek 
out patches of shade in which to 
hide. With increasing school size, 
the time that each fish gets to spend 
in the shade increases dramatically. 
This collective intelligence emerges 
when the individual fish implement 
two simple rules: ‘when I am in the 
shade, I slow down’ and ‘I follow 
my conspecifics’. The same studies 
also show that individual fish do not 
respond to gradients, yet the entire 
school does track light gradients 
effectively. only rudimentary 
cognition is required to track and find 
a patch of shade when fish operate in 
schools. 

an analogous engineering application 
is the tracking of underwater plumes, 
either for prospecting or to identify 
sources of pollution. Here again, 
mapping of gradients is difficult and 

Figure 2: Bio-
inspired designs 
are ideally suited 
to execute tasks in 
complex 
underwater 
environments. 
Depicted are: 
surveying harbour 
walls, ship hulls 
and wind farms; 
hydrographic 
mapping of the 
seafloor; seismic 
and sound 
measurements; 
aquatic life 
monitoring on coral 
reefs. 

Figure 3: Left: 
Swim tests with 
the Galatea robot. 
Right: new 
prototype of 
Galatea robot. 

Fish schools are an example of 
collective intelligence through 
distributed sensing
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even counter-productive because 
turbulence often mixes and breaks 
up plumes. Current engineering 
implementations, developed for 
example by Wei li in California, 
are nominally bio-inspired by the 
way in which individual moths 
track pheromone trails in air. The 
recognised advantages of distributed 
sensing by a source-tracing swarm 
are yet to be implemented in robots. 
Control algorithms are already being 
tested in computer simulations. 

Bio-informed Design 
Neither mimicry nor inspiration 
is a sound engineering strategy. 
Undulatory propulsion and 
distributed sensing show that 
fundamental biological physics can 
inform engineering in a systematic 
way, leading to unexpected new 
mechanisms and algorithms. an 
exciting frontier is the ability of 
simple organisms to function in 
noisy environments with an apparent 
dearth of sensory information 
and processing power. Current 
thinking in biology and robotics 
stresses that limited resources are 

best used to integrate multiple low-
resolution modes of perception, 
and thus dispense with the need 
for high-resolution sensors and 
mental maps. Such insights are 
already reflected in the multi-modal 
control strategies developed by 
Campolo and his collaborators for a 
robotic fly. The design of swimming 
robots is currently focused on 
propulsion systems controlled by 

functionally separate sensors, Figure 
3. Meanwhile, biologists at the 
University of Chicago have shown 
that fish in fact integrate sensing 
and propulsion in their fins, which 
will probably be the future of bio-
informed mechanical swimmers. 
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