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Abstract This study extends and updates a chapter in the
book edited by Joao Cruz entitled Ocean Wave Energy:
Current Status and Future Perspectives, Cruz (Ocean wave
energy: current status and perspectives, Springer, Berlin,
2008). It outlines laboratory techniques and results from the
first work on wave energy, which led to the Edinburgh duck.
It then describes some of the work done on later devices
at Edinburgh University. Some of the results and ideas for
power conversion, component testing, and installation may
be relevant to other wave energy designs and may help future
generations of wave inventors to save time and avoid expen-
sive mistakes.

Keywords Wave energy · Test-tank · Wavemaker · Long-
spine duck · Desalination · Hurricane · Digital hydraulics

1 Wave energy at the University of Edinburgh

In the autumn of 1973, the western economies were given the
rare chance of a ride in a time machine and saw what the world
would be like when there was no longer cheap oil. Most peo-
ple thought it looked rather uncomfortable, but a few very
powerful people made a great deal of money by exagger-
ating the crisis. Others, who had previously been regarded
as eccentric, increased their efforts to develop what were
then called alternative, and are now called renewable, energy
sources. Still others set out to destroy what they saw to be a
threat. In 1973, the main fear was a shortage of fossil fuels.
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In 2016, the growing fear is what fossil fuels are doing to the
climate, especially to ice in the Arctic.

Waves were only one of many possible sources, and there
are many possible ways in which waves can be harnessed.
There are floats, flaps, ramps, funnels, cylinders, airbags,
and liquid pistons. Devices can be at the surface, the sea
bed, or anywhere between. They can face backwards, for-
wards, sideways, or obliquely and move in heave, surge,
sway, pitch, and roll. They can use oil, air, water, steam, gear-
ing, or electromagnetics for generation. They make a range
of different demands on attachments to the sea bed and con-
nections of power cables. They have a range of methods to
survive extreme conditions but perhaps not quite enough.

Their inventors, myself included, invariably claim at first
that they are simple and, after experience with the dreadful
friction of reality, discover that this is not totally true when
they come to test in the correct wave spectra with a Gaussian
distribution of wave amplitudes. An easy way to detect begin-
ners is to see if they draw waves the same size on both sides
of their device.

Appeals to simplicity are widespread and have a strong
appeal to non-engineers and, particularly, to political
decision-makers and investors. However, it is hard to find
any field of technology in which what is inside the box does
not get steadily more complicated as it gets faster, lighter,
cheaper, more powerful, and more efficient. The complica-
tions are all introduced for good reasons and, if the necessary
hardware is properly researched, will produce good results.
Who would abandon railways for wheel barrows because of
the smaller number of wheels? Only a simpleton.

Many inventors of wave power devices, going back to
Girard pere et fils in 1799, start with heaving floats. Apart
from a brief flirtation with oscillating water columns, so did
I. But I had the advantage of a workshop in which I could
make any mechanical or electronic instrument that I was able
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to design and there was a narrow tank that I could borrow.
As so often in physics and engineering, a full understanding
of all the energy flows leads to a full understanding of the
problem and points to suitable solutions.

It was necessary to make something against which a float
could do work that could be accurately measured and com-
pared with the energy transfers from incoming, transmitted,
and reflected waves. While the Girards proposed the use of
a ship of the line, I thought that it would initially be cheaper
to begin with a length of 100 mm by 25 mm varnished balsa
wood, just fitting inside the 300 mm width of a small wave
tank. Rotating bearings are much nicer than translating ones.
However, if they are at the end of a long arm, they give a good
approximation to a translating constraint. If you grind a 70-
degree cone on the end of a length of tool steel and use it to
punch the end of a light alloy or brass rod you get a beautiful
socket into which you can place a 60-degree conical-point
screw with friction acting at a very short radius. Grease will
slow, if not stop, corrosion long enough for plenty of tests.
The first heaving buoy model is shown in Fig. 1a.

For the power measurement, I used two very strong bar
magnets in a magnetic circuit which excited two coils wound
like an oversize galvanometer movement and linked together
in a parallelogram using the same spike bearings pulled by
elastic bands into cones in the end of a strut. The parallel-
ogram could be coupled to the float with another strut and
elastic band. These acted like a universal joint with very low
friction and no backlash.

Moving the float generated a nice velocity signal in one of
the coils. This could be amplified and fed back to the second
coil with polarity chosen, so as to oppose the movement.
Changing the gain of the amplifier would change the damping
coefficient. A high gain made it feel as if it was in very thick
honey. If the amplifier feedback connections are such that it
delivers an output current proportional to the input voltage,
then temperature changes in the galvanometer coils do not
change the calibration.

From calculus, we know that the position of an object is
the time integral of its velocity history plus some constant.
If the signal from the velocity coil is put into an operational
amplifier circuit connected as an integrator, we get an accu-
rate position signal. If the parallelogram is moved backward
and forward between the jaws of a vernier gauge, the inte-
grator output signal will be a square wave. The field-effect
transistor operational amplifiers of 1973 had low enough off-
set currents to allow this position signal to be read on a digital
voltmeter. The force was calibrated by making the pushrod
drive the pan of a weighing machine.

Measuring the waves could be done with a light float
made from expanded polystyrene foam mounted on a swing-
ing arm. A pair of microammeters, coaxial with the linkage
bearings, with their needles glued to the float arms, gave a
very clean velocity signal from even the smallest waves. Inte-
grating float velocity gave an even cleaner wave-amplitude
signal. The float took an average measurement across the
width of the tank and, therefore, was insensitive to cross

Fig. 1 In the beginning was a vertical heaving float
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waves which are nearly always present. It could measure
waves down to 0.01 mm which we could not even see, far
less than the meniscus hysteresis of resistive-wire gauges
which we later had to use for very steep waves.

To calculate the power, you just multiply the instantaneous
force signal by the instantaneous velocity signal, which will
give you an offset sine wave at twice the wave frequency.
You then take a long-term average with a low-pass filter.

This equipment allowed the measurement of model effi-
ciency. The first result for the vertical heaving balsa wood
float in Fig. 1a was disappointing—only 15% whatever
adjustments were made to the damping coefficient. Some
of the energy was reflected, but most went straight past the
model. However, the depth of the hinge was very easy to
adjust. If it was pushed down, so that the movement was
along a slope as in Fig. 1b, the performance shot up to 50%,
much higher than most people would have predicted.

A vertical flap hinged below the water as in Fig. 1c could
also be coupled to the dynamometer. This showed an effi-
ciency of about 40% with 25% being transmitted on to the
beach and 25% sent back to the wave-maker. It looked as
though the horizontal motion of a wave, which almost all
new wave inventors ignore, was better than the vertical one.
Despite rich vocabularies of nautical terms, we have no word
in any language for this movement of a wave.

The borrowed narrow tank had a commercial hinged-flap
wave-maker with amplitude set by a crank radius and fre-
quency set by a mechanical variable-speed mechanism. One
problem was that there was no way to make mixed seas. How-
ever, a more serious one was that the drive to the flap was
rigidly fixed by the crank eccentricity, so that the flap reflected
waves just like a rigid vertical cliff. Test tank beaches are
not perfect, and the first designs of any wave device are
likely to reflect a substantial fraction of the incoming waves.
It was even worse, because the amplitude of a wave cre-
ated by a hinged flap for a given angular movement depends
on the square of the depth of the hinge, and this would be
increased during the crest of any reflection and reduced dur-
ing the trough, together with some Doppler shifting. Even if
we could not make irregular waves with the spectrum of our
choice, the tank reflections would make one with a spectrum
of their own. Trying to make a regular wave could lead to
amplitude variations of three to one and power variations of
nine to one.

The vertical flap showed that it was wrong to allow the
model to transmit waves behind. Was it possible to make a
model with a front but no back? Figure 1d shows an attempt,
code-named Kite. This showed an efficiency of 70% and very
low onward wave transmission. Figure 1e shows the model
code-named Tadpole, which was meant to allow the circular
motion of water particles to continue but had the same result.
However, waves are very good at sending energy to the next
volume of water with almost no loss: the idea of allowing

Fig. 2 Jamie Taylor’s photograph taken in 1976 which convinced peo-
ple who really knew about waves that high efficiency could be achieved

the water motion to continue in the way it would do in the
absence of a model was powerful. Could the circular backs
of Fig. 1d, e be combined with a front shape which allowed
the decaying orbital motion of water particles to take place
just as it would in the open sea?

I asked a computer-minded Ph.D. student, Peter Buneman,
to help while I struggled with a slide rule and drawing board.
We converged on the same shape shown in Fig. 1f, code-
named Duck. Its efficiency was measured at 90%, which even
we did not believe despite many calibrations cross-checked
by Jim Leishman from the National Engineering Labora-
tory, Gordon Goodwin from the Department of Energy and
Brian Count from the CEGB, then the big English electric-
ity monopoly. Later, photographs by Jamie Taylor in Fig. 2
allowed visual proof that the calibrations were correct. It is
a one-second exposure of a duck model on a fixed mounting
in a narrow tank. The two wires are connections to part of
an electromagnetic dynamometer, which is absorbing power.
Waves are approaching from the right. Drops of a neutrally
buoyant tracer fluid consisting of a mixture of carbon tetra-
chloride (a nasty green-house vapour, now illegal) and xylene
with titanium oxide pigment have been injected to show the
decaying orbits of wave motion.

The amplitude of the incoming waves can be measured
from the thickness of the bright band on the right. Nodes and
antinodes due to the small amount of reflection are evident.
However, the thickness of the bright band to the left of the
model is largely due to the meniscus, as is confirmed by the
very small orbits of tracer fluid in this region.

As the energy in a wave is proportional to the square of
wave amplitude, we can use the photograph to do energy
accounting. If nodes and antinodes show that the reflected
wave is one-fifth of the amplitude of the input, it would
have one twenty-fifth, or 4%, of its energy. This means that
96% has gone into the movement of the test model. The
dynamometer showed that just over 90% of the power in the
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full width of the tank had been absorbed by the power takeoff,
leaving 6% losses through viscous skin friction and vortex
shedding. We joked that the rate of improvement might slow
because of some impenetrable barrier around 100%.

One should be careful about such jokes. Budal and Falnes
(1975) in Trondheim had found that point absorbers in wide
tanks or the open sea could absorb more energy than was
contained in their own geometrical width, just as the signal
from a radio aerial does not depend on the wire diameter.
The terms ‘capture width’ and ‘capture width ratio’ replaced
efficiency for solo devices in wide tanks. The Falnes Budal
findings were simultaneously and independently confirmed
by David Evans at Bristol and by Nick Newman and Chiang
Mei at MIT.

Because absorbing energy from waves was the whole
objective and making waves was very similar to absorbing
them, it seemed an obvious step to build a wave-maker with
the same control of force and velocity as an absorbing model.
The motors available then had too much brush friction to
allow the use of current as a control, so a force-sensing strain
gauge was built into a drive arm. A tachogenerator measured
the velocity. The displacer was the same shape as a duck but
with a hollow cylindrical interior to avoid the large verti-
cal buoyancy force. The shape was rather expensive to make
in the large numbers planned for a wide tank and later ver-
sions used flaps with a textile rolling-seal gusset to maintain
a ‘front with no back’. Either design allowed the generation
of very accurate waves even with 100% reflecting models
and gave repeatability and stability to one or two parts per
thousand.

Force-sensing does not suffer the phase lag, 90◦ at about
8Hz, of the meniscus of a wire wave gauge. It takes an aver-
age measure across the entire wave-maker. It provides a stiff
drive path, so that high loop gains can be achieved. Using
force and velocity to control energy and giving that energy
to the water at the right frequency, we allow the water to
choose the shape of wave that it likes to transmit that energy
even if what are called ‘evanescent modes’ have the wrong
waveform close to the wave-maker. The chief design prob-
lem is getting rid of any friction that could corrupt the force
measurement. Many more absorbing wave-makers (1300 and
counting) have been sold by a spin-off company, Edinburgh
Designs, run by Matthew Rea.1

The next task was to widen the band of high efficiency and
move it to longer wave periods, equivalent to having a smaller
device. This was done by Jamie Taylor who used systematic
variations of the hub depth, ballast position and power takeoff
damping for various duck shapes. We built a sliding mounting
with a clamp and adjustable stop, which allowed one person

1 Unpublished Edinburgh wave power project reports can be down-
loaded from the folder /Wave energy/Old reports at http://www.
homepages.ed.ac.uk/shs.

to remove and reinstall a model to the exact position using
only one hand in three seconds. Installation is likely to be
harder, slower, and more expensive at larger scales. The mod-
els had tubes running through them into which stainless steel
rods of various lengths could be inserted to adjust ballast.
They had Aeroflex moving-magnet torque-motors at each
end. One gave a velocity signal which could be processed
by analogue operational amplifier networks built by David
Jeffrey to give an opposing torque. This could implement
variable damping, torque-limiting, positive or negative spring
and inertia, indeed any power takeoff algorithm we could
specify. Glenn Keller built an accurate gyro simulator.

Analogue multipliers needed for power calculations can
perform a useful job with large input signals. The usual trans-
fer function is 0.1 (A × B). With 10 volts on both inputs
giving 10 volts output, an error of 100 millivolts is only 1%
and would be tolerable. However, if A and B are only 1 volt,
the product is 0.1 volts and the error is 100%. The solution is
to arrange a system of pre-amplifiers and post-attenuators on
a double-bank rotary switch before and after the multiplier
and manually adjust gain and attenuation, so that the two
input signals do not quite clip. Modern digital electronics
offers a complete solution.

To measure waves, we used a pair of heaving-floats on
mountings which could be clamped to each other at distances
of one quarter or three quarters of a wavelength. The pair
could slide along ground stainless steel rails aligned paral-
lel to the calm water surface. This rail alignment had been
done with a capacitance proximity sensor and fine adjust-
ment screws with everything finally locked by a metal-filled
epoxy putty. The sensor was just sensitive enough for us to
pretend that the rails followed the curvature of the earth rather
than being quite straight. By sliding the pair of gauges to the
position which maximized the difference of their outputs, we
could put one gauge on a node and the other on an antinode.
Half the sum gave the amplitude of the incoming wave and
half the difference gave the amplitude of any reflection.

If we set a very high damping coefficient, the model would
be locked almost stationary and would reflect nearly all the
incoming energy like a cliff with an antinode at its front sur-
face. If we set the damping to zero, it would move violently
but still reflect with a node at the front. It was easy to find the
best match, because David’s electronics (Jeffrey et al. 1976)
could calculate the instantaneous efficiency and Jamie would
know immediately if his choice of damping, hub-depth, or
ballast position was good or bad. He would have acceptably
accurate measurements for a new test after about 40 seconds.
This is much better than saving lots of data for subsequent
processing.

Playing with different damping settings showed that wave
devices were like loads on transmission lines which should
be matched to the line impedance. A mismatch by a factor
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of two either way was tolerable but more than this would
progressively lose much more output from reflections.

By integrating the velocity signal with a very low drift
operational amplifier, we could get a good position signal and
we could combine either polarity of this with the damping
feedback signal to get positive or negative spring. Although
this needed a small investment of energy back to the model, it
was repaid with large interest, widening the efficiency band
and moving it to longer waves. Rapid changes with rapid
results make for rapid progress. Jamie Taylor pushed the
performance band from a peak at a wavelength of four duck
diameters to fifteen diameters with creditable performance
at twenty-five.

David Jeffrey built two more electronic systems which
turned out to be immensely useful and should be copied by
others, perhaps using computer graphics. We had nearly sixty
signal sources from wave gauges and the model that could
be sent to thirty signal destinations, such as meters, signal
processors, and oscilloscope displays. Getting any connec-
tions confused could negate an entire experiment and waste
days of work. David built a pin-board matrix with signal
sources along the top and destinations along the left verti-
cal. Any source could be connected to any destination by the
insertion of a pin at the corresponding intersection of row
and column. A new experiment could be planned, set up, and
checked in about a minute with first results a minute later.

The second system was a display of two oscilloscopes.
One had a long-persistence phosphor, while the second had
a storage tube which used electrostatic technology to retain
a trace for about an hour. The conventional oscilloscope
time-base was replaced by one which was locked to the wave-
maker drive frequency. Phase is of vital importance in many
areas of energy research but vital in work on waves. The
sweep time was exactly the full wave period but also the start
of the trace was always at an upward zero crossing of a wave,
the crest always at 25% of the screen width and the trough
always at 75%. We could also plot any variable against any
other.

When the long-persistence tube showed that the tank con-
ditions were steady, the press of a button would write the next

trace to the storage tube. The conditions could be changed
for the next test and the next trace written. Provided we could
finish a series within the tube storage time we could build up
families of curves, and take Polaroid photographs such as the
ones in Fig. 3.

This shows torque-to-angle diagrams for variations in
damping, torque limit, and reactive loading with negative
spring. The area inside the loop measures useful work. These
diagrams are analogous to pressure-volume indicator dia-
grams for steam engines.

Another very useful commercial instrument was a transfer-
function analyzer which combined a very accurate, crystal-
locked low-frequency signal generator with two digital
voltmeters giving the in-phase and quadrature magnitudes
of signals at that frequency or at harmonics of it.

The control desk allowed two people to sit in comfort
within reach of every control knob and with eyes at wave
level. It is shown in Fig. 4. Some people think that this pho-
tograph was contrived, but this was the actual working setup
used every day. Despite enormous advances in digital com-

Fig. 4 The all-analogue tank control-bench with direct-reading effi-
ciency calculation, pin board, transfer-function analyzer, and wave-
locked pair of oscilloscopes

Fig. 3 Families of Lissajous plots of duck torque against angle for variable damping, variable amounts of negative spring giving reactive loading,
and a selection of torque limits. These are from actual oscilloscope photographs of signals from tank models
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puting power since 1976 and wonderful data collection and
analysis software, I have never since worked with such a
fast and convenient tank control system as one using entirely
analogue electronics. The Jeffrey circuit diagrams can be
downloaded from Jeffrey et al. (1976). I advise tank testers
to copy the interface on the screens of the computers of today.

Until then, all data analyses had been performed with the
Hewlett Packard HP 65 hand-calculator which had a mag-
netic strip reader that could store programmes with as many
as 64 steps. To work with multiple spectra, we went to the
dreadful expense of £7000 to get a Tektronix 4051 computer
which had an enormous memory of 16k, a graphics display
and even a cassette tape reader for programmes and data.
This cost the annual salaries of three research associates but
allowed measurements of every possible wave and model
signal in realistic wave spectra.

If the large forces from waves are to do useful work, there
must be some reaction path to oppose them. By now, we knew
enough about wave forces to realize that providing this with
a rigid tower for the largest Atlantic waves in deep water
would be very expensive and we wanted a way in which
the structures would never be stressed to any level above
that which would arise at their economic power limit. We
wanted something that would experience large forces and
high relative velocities in small waves but not in large ones.
If the reaction frame could move 27 m in a 30-m wave the
ducks would think that, yet again, they were in 3-m waves
working at the optimum power limit.

The only solution for deep water seemed to be a spine
long enough to span many wave crests to get stability but
with joints that could flex before the bending moments could
cause any damage. We needed to know how such an elas-
tic and yielding system would behave. We built the nearest
approximation to replicate a short section of a very long spine
in a narrow tank. It was a mounting called a pitch-heave-surge
rig, shown in Fig. 5, which allowed the support stiffness,

Fig. 5 The hundred year wave with maximum possible steepness
achieved by selection of the phases of a mixed sea hitting a duck on a
locked pitch-heave-surge rig

damping and inertia to be set to any desired value but also
to yield at forces above a chosen value. It could also be used
to drive a model in calm water to measure the relationship
between force and velocity, so as to give hydrodynamic coef-
ficients of damping and added mass.

The rig proved to be ideal for testing the Bristol cylin-
der invented by Evans (1976), Evans et al. (1976) and Clare
et al. (1982). Whereas we had worked for days to discover
the best ballast position and power takeoff settings of a new
model shape, he was able to calculate directly what the val-
ues should be. We already had a 100-mm diameter neutrally
buoyant cylinder which we had used for force measure-
ments. We set the stiffness and damping to his values and
the model achieved almost 100% efficiency immediately.
The Bristol cylinder does this by combining movements in
both horizontal and vertical directions, so that a long wave,
which might be expected to propagate below the cylinder,
is cancelled by the wave generated by the cylinder move-
ments. David Evans suggested that this would also be true
for our duck system and so it was. The long-wave perfor-
mance could be greatly improved by reducing the mounting
stiffness. A demonstration can be seen at 3 min 10 s into the
video which can be downloaded from http://www.youtube.
com/watch?v=_bdeNuRF-yE. Fortunately the correct stiff-
ness values were lower than those that could be supplied by
post-tensioned concrete at full scale.

Jamie Taylor explored the effects of mounting stiffness
and produced a map with two regions of high efficiency sep-
arated by a valley of very low efficiency at a particular heave
stiffness. We called this Death Valley. The angular move-
ments of the duck and its movement relative to the water
surface could be reduced to almost zero in quite large waves.
This could be very convenient for gaining access in small
and medium sea states.

Computers are like bacteria. Once you have one it breeds
others at exponentially increasing rates. The Tektronix was
joined by a Commodore Pet which could generate seas in
which the phases of each component could be combined with
cunning malevolence to produce extreme wave events such
as those as shown in Fig. 6. These are the result of freak waves
hitting the model placed at a series of positions relative to the
nominal break point. It could also trigger flash photographs
at any time with microsecond precision. Figure 7 shows a
sequence taken at intervals corresponding to one second at
full scale. The force records plotted as heave against surge
forces for all the test positions are shown in Fig. 8. It was a
surprise to discover that there was a strong downward and
seaward tendency, the most dramatic production of white
water could occur with quite low forces, and the peak force
occurred during the second wave trough following the instant
of wave breaking. We clocked up half a million year’s worth
of hundred-year waves. Any developer who does not follow
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Fig. 6 The superposition of a set of time series records of the forces
during a freak wave on a duck on a rigid mounting. The records are
taken with the model axis at each of the vertical tick points along
the water line shown in Fig. 5. Note the downward forces and the

larger total force at 130 s—long after the nominal break. ‘Damped’
means the normal operation of the duck power takeoff which had
rather little effect in such large waves. Half the testing was done with
none

this path does not deserve insurance but will certainly need
it badly.

There were always anxieties about whether results from
small models at around 1:100 scale could apply to full scale.
We hired a 1:10 scale tank for a week at a cost ten times that
of the material to build our narrow tank. The results were
within 2% of our narrow tank ones with efficiency slightly
better but, while you could lift a 1:100 scale model with
one hand and make it in a day, dropping a 1:10 scale model
could easily kill somebody. The 1:10 scale tank took twenty
minutes instead of forty seconds to settle. Everything was far
slower and more expensive but, for shapes like those of most
wave devices, no more accurate.

The operators of wave tanks all have ingenious arguments
to show that the size of their tank is ideal. Their effort rises
in proportion to their investment. The cost of building and
operating wave tanks is related to their volume. If we include
the building, the initial cost turns out to be close to the cost
of filling the tank with beer.

The forces waves exert on immersed bodies are compli-
cated but we can gain an insight about scale from the simplest
possible experiment with objects floating in still water. The
two forces we could consider are the Archimedes buoyancy
force and surface tension. The simplest shape we can think
of or make is a cube. Let us consider cubes of different sizes
made of a material with a density half that of water and with
sides increasing from 1 mm.

The surface tension of fresh water at room temperature is
about 0.072 N per metre and will act over a length of four
times the side of a cube. It will be up or down according
to whether the material is wet or not. If a 1-mm cube was
immersed to a depth of half its side, Archimedes would say
that his buoyancy force was 4.89 × 10−6 N. A non-wetted
cube with a side of 1 mm will have an upward surface ten-
sion force of 2.88 × 10−4 Newton. This is nearly 60 times
more than Archimedes so that 1-mm sized insects can hap-
pily walk on water with dry feet. However, the cube law is
very powerful. For a 10-mm cube, the surface tension ratio
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