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ABSTRACT
In this paper, the designs of two oscillating
wave energy converters (WEC), using a
mechanical motion rectifier (MMR) as the power
takeoff system (PTO), are presented. The
mechanical motion rectifier transfers the
bidirectional
input
buoy
motion
into
unidirectional generator rotation. The first design
is a single body point absorber oscillating in
heave, and the mechanical motion rectifier is
designed as a conventional rack pinion system
with two one-way bearings. The second design is a
two-body self-reacting WEC, and the MMR is
realized with a ball screw and a gearbox which
rectifies the bidirectional input motion into
unidirectional output rotation. The preliminary
lab test for the rack pinion based PTO and the
ocean test for the single body WEC are also
presented.
Key Words: Wave Energy Converter, Mechanical
Motion Rectifier, One-way Bearing
INTRODUCTION
The total useful wave energy around
the
world is estimated to be 2-8 TW (1012W). To
harvest a small portion of it can make a significant
contribution to the worlds high energy demand.
The first attempt of harvesting energy from ocean
waves can date back to 1799 [1]. Hundreds of
concepts have been designed and prototyped
since then [2-6]. The research and development of
wave energy converters (WEC) has been very
active in recent years. It is estimated that there
are more than one hundred ongoing WEC projects
in different stages around the world [7]. Generally,
WECs can be categorized into three main
categories: oscillating water columns, oscillating
bodies and overtopping devices based on the
working principle [7]. One of the most important
mechanisms in the design of WECs is the power

takeoff system (PTO), which transfers the
mechanical energy extracted from waves to
electricity. As Falcao [7] pointed out, the PTO “is
possibly the single most important element in
wave energy technology, and underlies many
(possibly most) of the failures to date”.
There are three types of PTOs that have been
widely used in different projects in the past
decades. The first type of PTO is the air turbine,
which is widely used in the oscillating water
column. One of the most famous and widely used
air turbines is the wells turbine [8, 9]. Invented in
the 1970s, it is able to rectify the bidirectional
flow motion into one directional blades rotation.
Another popular PTO is the hydraulic system,
which has the advantage of transferring the large
force or moment exerted on the buoy into
electrical energy. In addition, a gas accumulator
can be included in the hydraulic system to store
the kinetic energy and smooth the irregular
output power. However, the losses accrued during
fluid transmission greatly reduce the efficiency of
the PTO. The third type of PTO that has been used
in the WEC is the electro-magnetic system, which
usually consists of a moving translator and a
stator. The system requires a large physical
dimension when it is used in the WEC. This makes
the magnet heavy and unwieldy, decreasing the
efficiency of the overall system.
In this paper, In this paper we introduce the
mechanical motion rectifier (MMR) as the PTO
design for the WEC. The bidirectional input
motion can be converted into unidirectional
output rotation by using two one-way bearings in
the conventional rack pinion or ball screw system.
In addition, a flywheel is easy to integrate in the
system and helps to store the kinetic energy and
smooth the irregular output power, in the same
function as the gas accumulator used in hydraulic
system. The first prototype is a single body point
absorber oscillating in heave, and the MMR is
achieved using a conventional rack pinion system

MMR. The second design is a two-body selfreacting WEC, and the MMR is achieved with a ball
screw and a gearbox which rectifies the
bidirectional input motion into unidirectional
output rotation. The preliminary lab test for the
rack pinion based PTO and the ocean test for the
single body WEC are also presented.
The rest of the paper is organized as follows.
Section 1 is the introduction of the MMR. Section 2
presents the design and prototype of the single
body WEC. Section 3 shows the lab and ocean test
for the single body WEC. Section 4 shows the
design of the two-body self-reacting WEC using a
ball screw. The conclusion and future work are
presented in Section 5.
MECHANICAL MOTION RECTIFIER
The mechanical motion rectifier (MMR) is a
mechanism which converts bidirectional input
motion into unidirectional output rotation by
using two one-way bearings as shown in Figure
[1].
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the non-MMR system. Li et. al [11] later designed
an MMR based regenerative shock absorber. They
found that the efficiency of the MMR system is
much higher than the conventional regenerative
shock absorbers in oscillatory motion. The
working principle of the MMR is shown in Figure
1.
The dynamics of the MMR is piecewise linear
due to the engagement and disengagement of oneway bearings. When the MMR system is used in a
vibration system for energy harvesting, the
reaction force from the MMR and electricity load
can be written as a piecewise force as following,
𝑚 𝑥̈ + 𝑐𝑒 𝑥̇ 𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡
𝐹𝑀𝑀𝑅 = { 𝑒
0
𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑚𝑒𝑛𝑡
where, 𝑚𝑒 is the equivalent mass due to the
rotational inertia in the MMR system; 𝑐𝑒 is the
equivalent damping due to the electricity load.
The details about the modeling of the MMR system
can be found in [12, 13].
DESIGN AND EXPERIMENTAL RESULTS OF A SINGLE
BODY OSCILLATING WAVE ENERGY CONVERTER
WITH A RACK PINION BASED MECHANICAL MOTION
RECTIFIER
A single body wave energy converter with
mechanical motion rectifier has been designed
and fabricated by Liang et. al [12] in 2014. The
overall design is presented in Figures 2 and 3. The
buoy is floating on the surface of the wave and
oscillates under the wave excitation. The shaft is
connected with the racks and is fixed on the
seabed. The oscillation of the buoy is converted
into the bidirectional rotation of the pinion.
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Figure 1. Working principle of mechanical motion
rectifier. The bidirectional input motion is converted
into unidirectional output rotation through two oneway bearing.

The key mechanism of mechanical motion
rectifier is using two one-way bearings to rectify
the bidirectional motion into unidirectional
rotation
through
the
engagement
and
disengagement of two one-way bearings. It was
first proposed in [10] to harvest energy from the
vibration of railway tracks. The authors found that
the efficiency of the MMR system is higher than

Buoy

Unidirectional
Rotation
Shaft

Figure 2. Overall design of single body wave energy
converter with rack pinion based MMR.

Two one-way bearings are mounted between
the pinions and output shaft in such a way that at
most one one-way bearing is engaged and drives
the output shaft. When the rotation speed of the
output shaft is larger than the rotation speed of
the pinions, both one-way clutches get disengaged.
The detailed design can be found in [12]. The
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Figure 6. Ocean test of the single body wave energy
converter with MMR.
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prototype for the ocean test can be seen in Figure
4.
Figures 5 and 6 show the lab and ocean test
results of the MMR. One can find that the output
power and voltage of the generator is always
larger than zero due to the disengagement of the
MMR system. This indicates that a larger power
output is possible with the design of the MMR. The
largest power in the ocean test was 200W, shown
in Figure 6. The details about the lab and ocean
test of the single body system can be found in [12].

Figure 3. Detail design of single body wave energy
converter with rack pinion based MMR.

The lab and ocean tests for the single body
WEC have verified that the MMR is able to harvest
energy from ocean waves. However, the
experimental results in Figure 6 are not satisfying,
since the power output is not large enough. One of
the main causes for the reduced power is that the
mechanical damping in the conventional rack
pinion system is very large, which significantly
decreases the output power in the generator. As a
result, a new design of the WEC is proposed,
shown in Figure 7. The new design is a two-body
WEC and the energy is harvested through the
relative motion of these two bodies.
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Figure 4. Prototype of single body wave energy
converter with MMR.
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Figure 5. Output power and voltage of MMR in the lab
test.

Figure 7. Overview of two-body wave energy
converter with ball screw based mechanical
motion rectifier.
The MMR is realized with the ball screw and
gearbox shown in Figures 8 and 9. The screw is
fixed within the floating body, while the ball nut is
connected to the submerged body. In this way, the
relative motion of the floating and submerged
body is converted into the relative motion

between ball nut and screw. The design of the ball
nut is illustrated in Figure 8.
In Figure 8, the plate at the very top is
connected with the nut converter through two
connect rods which transfers oscillation of the
buoy to the nut converter. The ball nut converts
the oscillation into the bidirectional rotation of the
screw. The two rods are used to guide the
oscillation with two linear guides and hold the
reaction torque generated in the rotation of the
screw.

possible to create resonance with the incident
wave frequency [14-17]. Secondly, the energy is
extracted through the relative motion of the two
bodies. This makes the mooring to be easier than
the single body system, especially in deep water.
Thirdly, the ball screw used in this prototype has
smaller mechanical damping and a longer life
cycle.

Figure 8. Design of nut converter

Another key design in this system is the
gearbox, which converts the bidirectional screw
rotation into unidirectional rotation of the
generator. As illustrated in Figure 9, the input
shaft of the gearbox is connected with the ball
screw by a coupling. Two one-way bearings are
mounted with the top and bottom bevel gear.
When the input shaft rotates in the clockwise
direction, the top one-way bearing engages and
the bottom one-way bearing disengages.
Therefore, the top gear drives the generator in
counter-clockwise direction through two side
gears. When the input shaft rotates in the counterclockwise direction, the one-way bearing on top
disengages and the one on the bottom engages. As
a result, bidirectional input motion is converted
into unidirectional rotation of the generator.
This new design is different from the single
body design in the following two aspects. First, the
overall design is composed of a floating buoy and
a submerged body. Second, the MMR is realized
with a ball screw and a gearbox. This design is
believed to have the advantages in the following
aspects. Firstly, the dynamics of the two-body
system are different from the single body system.
By adding an additional body underneath, it is

Figure.9 Design of the gearbox

CONCLUSION AND FUTURE WORK
In this paper, the design for two types of wave
energy converters are presented. The first one is a
single body system oscillating in heave with a rack
pinion based mechanical motion rectifier. A 500W
prototype was fabricated and tested. The concept
of using mechanical motion rectifier to harvest

energy from ocean waves is verified. Based on the
single body design, an improved design is
proposed. The improved design is a two-body selfreacting wave energy converter, and the energy is
extracted through the relative motion of the two
bodies. This design is believed to have advantage
on the dynamics and mooring with smaller
mechanical damping and longer life cycle. Future
work includes system optimization, control, as
well as lab and ocean testing of the new design.
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