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(57) Abstract: An energy efficient biped robotic system with passive-dynamic locomotion includes a body having a frame An
energy recapture mechanism is suspended within the frame The energy recapture mechanism includes a load, a mechanical energy
storage mechanism that interconnects the load and the frame, and a guide means secured to the load and the frame A mechanical
energy input mechanism interconnects the load with an electric energy generating mechanism An output means transfers the gener-
ated electric energy to an energy storage device The robot also includes a leg connected to the body portion The cyclical movement
of the leg dumng passive-dynamic locomotion is transferred to the load through the mechanica energy storage mechanism, and the
resulting oscillatory movement of the load is transferred by the mechanical energy input mechanism to the electric energy generating

mechanism.



WO 2008/147615 A1 | NI DA 000 0000010000 000

Published:
—  with international search report



10

15

20

25

30

WO 2008/147615 PCT/US2008/061700

ENERGY EFFICIENT ROBOTIC SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS

1. This application claims priority on U.S. Application Serial Number 11/753,715 filed May 25,

2007, the contents of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION
2. FIELD OF THE INVENTION
[0001] The present invention relates generally to an energy efficient robotic system, and
more specifically, to an energy efficient robotic system with passive-dynamic locomotion.
3. DESCRIPTION OF THE RELATED ART
[0002] Various types of robotic systems are known that mimic human functions, such as
locomotion, talking, manipulating an object or the like. Human walking is a complex function
involving the coordinated activity of the foot, ankle, leg and hip, as well as the arms and brain.
One example of a robotic system that has the ability to walk and a human-like form is a bipedal
robot. The bipedal robot requires precise actuators and sophisticated control strategies, in order
to mimic human walking by actively controlling every joint angle in the leg and foot, so that the
center of mass of the robot remains as level as possible. However, this type of controlled gait is
much less efficient than an actual human walking gait. As a result, the bipedal robot requires
greater energy expenditure, as compared to that of a walking comparably sized human.
[0003] More recently, it has been demonstrated that walking with a less smooth gait, where
the center of mass rises and falls in an oscillatory manner with each step, provides a significant
increase in movement efficiency, thereby reducing the energy output level to one more
comparable with human walking. An example of a robotic system with an oscillatory gait is a
passive-dynamic walker. The passive-dynamic walker is a simple machine that models the leg
portion of the robot as a passive mechanical structure, and utilizes the dynamic motion of the
robot’s swinging limbs to propel the machine. The early passive-dynamic walkers relied on the
force of gravity to walk down an inclined surface. More recently, passive-dynamic walkers have
been developed which utilize at least one active power source that enables the machine to walk
on level ground. The gait of the passive-dynamic walker is remarkably humanlike, and
resembles an up/down motion of the center of mass as the foot strikes the surface and then

pushes upward off the surface. Since the passive-dynamic walker does not rely primarily on
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constantly energized controllers and actuators to control joint angles, it uses less energy than a
comparable bipedal robot.

[0004] The control capabilities of robotic systems have increased in recent years. However,
the energy storage capability of most robotic systems remains a fundamental limitation.
Although the previously described passive-dynamic walker requires less energy than a dynamic
robotic system, the passive-dynamic walker robotic system is still limited by the power
requirements. Thus, there is the need in the art for a passive-dynamic robotic system that
incorporates a renewable energy source in order to increase the efficiency of the energy usage of

the robotic system.

SUMMARY OF THE INVENTION

[0005] Accordingly, the present invention is an energy efficient biped robotic system with
passive-dynamic locomotion. The system includes a body portion having a frame. An energy
recapture mechanism is suspended within the frame. The energy recapture mechanism includes
a load, a mechanical energy storage mechanism interconnecting the load and the frame, and a
guide means secured to the load for guiding movement of the load with respect to the frame. A
mechanical energy input mechanism interconnects the load with an electric energy generating
mechanism for generating electric energy from a mechanical motion of the load. An output
means transfers the generated electric energy to an energy storage device. The robot also
includes a leg connected to the body portion. The cyclical movement of the leg during passive-
dynamic locomotion is transferred to the load through the mechanical energy storage
mechanism, and an oscillatory movement of the load resulting from the cyclical movement of the
leg is transferred by the mechanical energy input mechanism as a mechanical energy input to the
electric energy generating mechanism to generate electric energy. The generated electric energy
is transferred to the energy storage device for use by the robotic system.

[0006] One advantage of the present invention is that an energy-efficient bipedal robotic
system is provided that relies on passive-dynamic locomotion. Another advantage of the present
invention is a robotic system is provided that includes a portable, renewable energy source. Still
another advantage of the present invention is that a robotic system is provided that includes a
rechargeable battery that utilizes the cyclical motion of the robot during locomotion to recharge
the battery. A further advantage of the present invention is that the passive-dynamic bipedal
robot is energy efficient since it recaptures energy that would otherwise be lost. Still a further

advantage of the present invention is that the passive-dynamic bipedal robot combines both a
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spring-based mechanical energy storage device with a generator-based electric energy
regeneration device.

[0007] Other features and advantages of the present invention will be readily appreciated, as
the same becomes better understood after reading the subsequent description taken in

conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] FIG. 1 is a side view of an energy efficient robotic system, according to the present
inventions.
[0009] FIG. 2 is a front view of the energy efficient robotic system of FIG. 1, according to
the present inventions.
[0010] FIG. 3 is a perspective view of the energy recapture mechanism for the energy
efficient robotic system model of FIG. 1, according to the present inventions.
[0011] FIG. 4 is a top view of the energy recapture mechanism system of FIG. 1, according
to the present inventions.
[0012] FIG. 5 is a front view of another example of the energy efficient robotic system,

according to the present inventions.

DESCRIPTION OF THE PREFERRED EMBODIMENT(S)

[0013] Referring to FIGS. 1-5, an energy efficient robotic system is illustrated. In this
example, the robotic system is a powered, biped mobile robot 10, and in particular a passive-
dynamic walking robot. The passive-dynamic walking robot 10 experiences vertically oriented
cyclical or oscillatory variation during locomotion along a surface.

[0014] The robotic system 10 includes a body portion 12. The body portion 12 provides a
housing. In this example, the body portion 12 has a box-like shape; however, the shape is non-
limiting. The body houses a control mechanism 14 for controlling the functionality of the robot.
For example, the control mechanism is a controller which includes a processor, a memory and
input/output devices. The body portion 12 also houses an energy recapture mechanism, to be
described, which provides a predetermined level of operational power for the robot. The body
portion 12 includes a frame support structure 16. For example, the frame support structure may
include an upper frame member 18, a lower frame member 20, and side frame members 22
interconnecting the upper frame member 18 and lower frame member 20. In another example,

the frame support structure 16 may also include cross members 24 interconnecting a front frame
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section 26 with a rear frame section 28, and each of the front frame section and rear frame
section includes an upper frame member 18, lower frame member 20 and side frame members
22. It should be appreciated that other structural examples are contemplated.

[0015] The robotic system 10 also includes an arm 30. An upper end of the arm is
operatively connected to the body portion 12. The arm 30 may include individual bar members
that are interconnected via joints or actuators. The lower end of the arm 30 may be operatively
connected to a hand (not shown). The hand may include a plurality of interconnected hand
members that operatively perform a particular operation.

[0016] The robotic system 10 also includes a leg 32, and preferably two legs, extending
downwardly from the body portion. It should be appreciated that the legs 32 support the body
portion 12 while standing, and facilitate locomotion of the robotic system 10. Each leg 32
includes a plurality of leg members 34 interconnected by a knee joint 36. The upper end of a
first leg member 34a is operatively attached to the body portion 12, similar to the hip joint in a
human. The lower end of a second leg member 34b is operatively connected to a foot portion
34c via an ankle joint 38 that is similar to the ankle joint in a human. The foot portion 34c is in
contact with a surface during locomotion.

[0017] The locomotion of the robotic system 10 can take on various forms. One example is
passive-dynamic walking, whereby the leg 32 is kept straight and the arms 30 swing in counter-
opposition to the legs 32. The passive-dynamic robot utilizes a simple power source, such as
gravitational power or other type of minimal actuation, in order to keep any additional energy
input to a minimum. For example, only the ankle joint 38 utilizes an actuator, in order to
minimize energy usage. As the robotic system 10 moves, each foot 34c is lifted alternately off
the ground surface, in a side-to-side motion. The foot placement is utilized to minimize the side-
to-side impact and to assist in balance of the robotic system 10. The resulting motion of the
robotic system 10 is oscillatory, with a substantially vertical component. It should be
appreciated that a controller may control the step-by-step movement of the robot’s feet 34c
through sensors that detect contact with the surface during locomotion. In addition, the
controller may utilize the concept of learning, in order for the robotic system 10 to adapt to
various surfaces during locomotion.

[0018] The energy recapture mechanism 40 is a device that uses the oscillatory movement
of the robotic system 10 during locomotion and converts it to electric energy to contribute to
operating the robotic system 10. The energy recapture mechanism 40 is suspended from the
frame support structure 16 within the body portion 12, in order to maximize displacement during
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locomotion, and thus energy recapture. The energy recapture mechanism 40 may be positioned
close to the center of mass of the robotic system 10, so as to provide additional stability to the
mechanically oscillating energy recapture mechanism 40.

[0019] The energy recapture mechanism 40 includes a load 42 or mass. In this example, the
load 42 is an energy storage device such as a battery. Another example of an energy storage
device is a fuel cell, a capacitor, a flywheel, or another type of power source. As shown in FIG.
3, the load may be integral with a plate.

[0020] The energy recapture mechanism 40 also includes at least one mechanical energy
storage mechanism 44, such as a spring or the like. Various types of springs are suitable, and the
spring can be positioned in various locations. For example, the spring 44 has one end attached to
the load 42, and a second end attached to the frame support structure 16. In another example,
there is an upper spring, and a lower spring. The upper spring 44 has one end attached to the
load 42, and a second end attached to an upper frame member 18. Similarly, the lower spring 44
has one end attached to the load 42, and a second end attached to a lower frame member 20.
Other examples of springs or spring positions are available.

[0021] The energy recapture mechanism 40 also includes a guide means 46 for smoothly
directing and stabilizing the movement of the load 42. The guide means 46 preferably
minimizes friction resulting from the movement of the load. In an example, the guide means 46
is a vertically oriented rod 48 extending between the upper frame member 18 and the lower
frame member 20. A bushing 50 interconnects the load 42 with the vertical rod 48, and
facilitates the vertical movement of the load 42 along the length of the vertical rod 48. The
energy recapture mechanism 40 may include a linear transducer 52 for measuring the vertical
movement of the load 42 along the vertical rod 48 as a result of movement of the robotic system.
Another example of a guide means is a rod 48 as previously described, and a wheel slidably
coupled to the rod. Other examples of slidable connections are contemplated within the scope of
this invention.

[0022] The energy recapture mechanism 40 includes an electric energy generating means
54, such as a generator, geared dc motor, or the like. In this example, a generator 56 is fixedly
mounted to the upper frame member 18. A toothed beam 58 interconnects the load with a pinion
gear 62 on the generator 56. The movement of the toothed beam 58 that results from the
oscillatory movement of the load 42, turns the pinion gear 62 mounted on the generator housing,
in order to transform the mechanical energy into electricity. It should be appreciated that other
mechanisms, such as a belt, magnets oscillated through coils, or the like, could be used to couple
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the oscillating mass to a power transformation system to reclaim the mechanical energy for
storage and later re-use. Further, these mechanisms can be used to maximize the energy
harvesting efficiency of the energy recapture mechanism 40 and tune the mechanical reactance
of the mass’s oscillation to match the needs of a particular robotic motion. In addition, the
locomotion, such as walking gait, of the robot may be additionally optimized to maximize the
mechanical, electrical, or combined efficiency of the system. The efficiency allows the system
to advantageously take into account both the power required for robotic system locomotion and
the power transferred to the load and therefore recovered for re-use.

[0023] The energy recapture mechanism 40 may also include a damping element 64, such as
a shock absorber or another type of adaptive mechanically reactive mechanism. The damping
element 64 includes various properties or qualities. These properties or qualities may be static or
dynamic. Further, these properties or qualities may be selected or adjusted or tuned to
accommodate the environment of the energy efficient robotic system 10, the activity level, a
system state, or the like. For example, the type of damping system is selected to adapt
oscillations of the load to the intended use of the energy efficient robotic system 10. An example
of a quality is the Q-factor of the load oscillation. In another example, the resonance of the load
oscillation may be mechanically adjusted to approximate the frequency of motion induced by
locomotion, such as walking or running or the like. In still another example, a user may
adaptively modify the energy recapture mechanism in real time to accommodate variations in the
load, gait or gait cycle or the like, for example, due to changes in speed or surface. In a further
example, a user may tune the damping element 64 in real time, to further accommodate
variations in the load. In still a further example, a predetermined property or quality may be
adaptively updated in response to changes. A learning process may be used, whereby a response
to a predetermined event is learned and saved for use in similar circumstances.

[0024] It should be appreciated that the electric output of the generator 56 can be used for
other purposes, such as recharging a battery, or providing additional electric power to the robotic
system 10 or for another purpose.

[0025] In operation, as the robot walks, the step of the robot induces some vertical
oscillatory motion at the robot’s center of mass. This results in the transfer of the oscillatory
movement and the transfer of the oscillatory forces on the center of mass, to the load 42. The
spring loading of the load generates a periodic upward movement, that when tuned to the
frequency of the robotic system steps, will facilitate the unweighting of the robot’s other leg, to

permit increased walking efficiency, similar to that of human locomotion in a similar condition.
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This occurs through mechanical energy stored in the spring instead of requiring the expenditure
of electrical energy from the electric energy generating means or an electrical energy storage
device. It should be appreciated that the vertical oscillatory movement can be amplified by
spring 44 characteristic selection.

[0026] The resulting linear movement of the beam 58 drives the pinion gear 62, in order to
drive the generator 56. The generator 56 produces electric energy, which may be returned to the
battery of this example or transferred to another electric energy storage device, for later use by
the system, or for another use by the robotic system 10. It should be appreciated that electric
power generation is dependent on the weight of the load 42 and the vertical displacement of the
load 42. Further, the overall efficiency of the robot’s energy utilization and duration of the
useful charge may be increased through energy storage.

[0027] In this example, the center of mass of the robot is oscillatory in a substantially
vertical plane, as shown at 68. Typically, power is not supplied through every phase of the
walking cycle. It is contemplated that the battery may be positioned inside the body portion 12,
or otherwise connected to the frame support structure 16. Further, the oscillating object may be
another suitable mass, such as the limb of the robot or another lever arm or the like.

[0028] It should be appreciated that the oscillatory motion may be another type of
oscillatory or rotary motion that is non-vertical. For example, the energy recapture mechanism
captures rotational motion, and the oscillatory motion drives the generator rotationally. In
another example shown in FIG. 5, the locomotion is a side-to-side or bidirectional, oscillatory
gait, as shown at 70. This type of gait induces a side-to-side or substantially horizontal
oscillation of the battery along a horizontal plane. As shown in this example, the energy
recapture mechanism can also have a substantially horizontal orientation. Any of these motions
can be similarly coupled to the generator, in order to increase the energy efficiency of the robotic
system 10.

[0029] The robotic system 10 may include other components or features necessary to carry
out its functions. For example, the springs may be tuned adaptively to maximize the oscillations
for different motions, thus improving the energy gain. Similarly, the robotic system could
include a plurality of smaller energy recapture systems positioned in various locations on the
robot where oscillations occur for an extended period or motion. For example, if the limbs of the
robot performed an oscillatory wiping function, an energy regeneration system acting at a joint
and tuned to take advantage of the wiping frequency, could potentially reduce the energy used to
perform the wiping task. Other energy reductions can further be accomplished by optimizing the

7
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use of mechanical springs to amplify small energy inputs to move a large wiping arm, and by
reclaiming energy and storing it for later use. In another example, the robot may include wheels,
and the motion is similarly recaptured. In still another example, rotational movement may be
obtained using an energy recapture mechanism that operates rotationally to transform the
mechanical energy into electricity.

[0030] The present invention has been described in an illustrative manner. It is to be
understood that the terminology which has been used is intended to be in the nature of words of
description rather than of limitation.

[0031] Many modifications and variations of the present invention are possible in light of
the above teachings. Therefore, within the scope of the appended claims, the present invention

may be practiced other than as specifically described.
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CLAIMS

1. An energy efficient biped robotic system with passive-dynamic locomotion
comprising:

a body portion, wherein the body portion includes a frame;

an energy recapture mechanism suspended within said frame, wherein said energy
recapture mechanism includes a load, a mechanical energy storage mechanism interconnecting
said load and said frame, a guide means secured to said load for guiding movement of said load
with respect to said frame, a mechanical energy input mechanism interconnecting said load with
an electric energy generating mechanism for generating electric energy from a mechanical
motion of the load, and an output means for transferring the generated electric energy to an
energy storage device;

a leg connected to said body portion, wherein a cyclical movement of said leg during
passive-dynamic locomotion is transferred to said load through the mechanical energy storage
mechanism, and an oscillatory movement of said load resulting from the cyclical movement of
said leg is transferred by said mechanical energy input mechanism as a mechanical energy input
to said electric energy generating mechanism to generate electric energy, and the generated

electric energy is transferred to said energy storage device for use by the robotic system.

2. The robotic system as set forth in claim 1 wherein said robotic system includes an

arm operatively connected to said body portion.

3. The robotic system as set forth in claim 2 wherein said arm swings in counter

opposition to said leg during locomotion.

4. The robotic system as set forth in claim 1 wherein said frame includes a front
frame section and a rear frame section, each having an upper frame member, a lower frame
member, a side frame member interconnecting said upper frame member and said lower frame

member, and cross members interconnecting the front frame section with the rear frame section.

5. The robotic system as set forth in claim 1 wherein said oscillatory motion is

vertically oriented.
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6. The robotic system as set forth in claim 1 wherein said energy recapture

mechanism is horizontally oriented, and the oscillatory motion is horizontally oriented.

7. The robotic system as set forth in claim 1 wherein said energy recapture
mechanism captures rotational motion, and the oscillatory motion drives the energy generating

mechanism rotationally.

8. The robotic system as set forth in claim 1 wherein said load and said energy

storage device are a battery.

9. The robotic system as set forth in claim 1 further comprising two legs, wherein
each leg includes two leg members interconnected by a knee actuator, and a lower end of said

second leg member is interconnected to a foot by an ankle actuator.

10. The robotic system as set forth in claim 9 wherein the spring loading of the load
during locomotion generates a periodic upward movement that alternately unweights each of the

legs to increase walking efficiency.

11. The robotic system as set forth in claim 1 wherein said mechanical energy storage

mechanism is selectively tunable.

12. The robotic system as set forth in claim 1 wherein said guide means is a vertically
oriented rod extending between said upper frame member and said lower frame member, and

said load moves with respect to said guide means.

13. The robotic system as set forth in claim 1 wherein said electric energy generating
means is a generator, and a toothed beam interconnects said load with a pinion gear operatively

connected to said generator.
14. An energy efficient biped robotic system with passive-dynamic locomotion

comprising:

a body portion, wherein the body portion includes a frame;
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an energy recapture mechanism suspended within said frame, wherein said energy
recapture mechanism includes an energy storage device, a spring interconnecting said energy
storage device and said frame, a guide means secured to said energy storage device for guiding
movement of said energy storage device with respect to said frame, a mechanical energy input
mechanism interconnecting said energy storage device with an electric energy generating
mechanism for generating electric energy from a mechanical motion of the energy storage
device, and an output means for transferring the generated electric energy to said energy storage
device;

a pair of legs connected to said body portion, wherein a cyclical movement of said legs
during passive-dynamic locomotion is transferred to said energy storage device through the
spring, and an oscillatory movement of said energy storage device resulting from the cyclical
movement of said leg is transferred by said mechanical energy input mechanism as a mechanical
energy input to said electric energy generating means to generate electric energy, and the electric

energy is transferred to said energy storage device for use by the robotic system.

15. The robotic system as set forth in claim 14 further comprising an arm operatively
connected to said body portion, wherein said arm swings in counter opposition to said legs

during locomotion.

16. The robotic system as set forth in claim 14 wherein said frame includes a front
frame section and a rear frame section, each having an upper frame member, a lower frame
member, a side frame member interconnecting said upper frame member and said lower frame

member, and cross members interconnecting the front frame section with the rear frame section.

17. The robotic system as set forth in claim 14 wherein said oscillatory motion is

vertically oriented.

18. The robotic system as set forth in claim 14 wherein said energy recapture

mechanism is horizontally oriented and the oscillatory motion is horizontally oriented.

19. The robotic system as set forth in claim 14 wherein said energy recapture
mechanism captures rotational motion, and the oscillatory motion drives the energy generating
mechanism rotationally.

11
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20. The robotic system as set forth in claim 14 wherein each of said legs includes two
leg members interconnected by a knee actuator, and a lower end of said second leg member is

interconnected to a foot by an ankle actuator.

21. The robotic system as set forth in claim 14 wherein said energy storage device is a

battery.

22. The robotic system as set forth in claim 14 wherein the spring loading of said
energy storage device during locomotion generates a periodic upward movement that alternately

unweights each of the legs to increase walking efficiency.

23. The robotic system as set forth in claim 14 wherein said spring is selectively

tunable.

24. The robotic system as set forth in claim 23 wherein said spring is adaptively

updated in real time.

25. The robotic system as set forth in claim 14 wherein said guide means is a
vertically oriented rod extending between said upper frame member and said lower frame

member, and said load moves with respect to said rod.

26. The robotic system as set forth in claim 14 wherein said mechanical energy input
mechanism is a toothed beam, and said electric energy generating means is a generator, and said
toothed beam interconnects said energy storage device with a pinion gear operatively connected

to said generator.

27. An energy efficient biped robotic system with passive-dynamic locomotion
comprising:

a body portion, wherein the body portion includes a frame having a front frame member
and a rear frame member, each having an upper frame member, a lower frame member, a side
frame member interconnecting said upper frame member and said lower frame member, and
cross members interconnecting the front frame member with the rear frame member;

12
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an arm operatively connected to said body portion;

an energy recapture mechanism suspended between said upper frame member and said
lower frame member, wherein said energy recapture mechanism includes an energy storage
device, at least one upper spring disposed between said energy storage device and said upper
frame member, and at least one lower spring disposed between said energy storage device and
said lower frame member, a guide means secured to said energy storage device for guiding
movement of said energy storage device with respect to said frame, a mechanical energy input
mechanism interconnecting said energy storage device with an electric energy generating
mechanism for generating electric energy from a mechanical motion of the load, and an output
means for transferring the generated electric energy to said energy storage device;

a pair of legs connected to said body portion, wherein a cyclical movement of said legs
during passive-dynamic locomotion is transferred to said energy storage device through the
springs, and the oscillatory movement of said energy storage device resulting from the cyclical
movement of said leg is transferred by said mechanical energy input mechanism as a mechanical
energy input to said electric energy generating means to generate electric energy, and the electric

energy is transferred to said energy storage device for use by the robotic system.

28. The robotic system as set forth in claim 27 wherein said arm swings in counter

opposition to said legs during locomotion.

29. The robotic system as set forth in claim 27 wherein said oscillatory motion is

vertically oriented.

30. The robotic system as set forth in claim 27 wherein said oscillatory motion is

horizontally oriented.

31. The robotic system as set forth in claim 27 wherein said energy recapture
mechanism captures rotational motion, and the oscillatory motion drives the energy generating

mechanism rotationally.

32. The robotic system as set forth in claim 27 wherein said guide means is a
vertically oriented rod extending between said upper frame member and said lower frame

member, and said load moves with respect to said rod.
13
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33. The robotic system as set forth in claim 27 wherein said mechanical energy input
mechanism is a toothed beam, and said energy generating means is a generator, and said toothed
beam interconnects said energy storage device with a pinion gear operatively connected to said

generator.

34. The robotic system as set forth in claim 27 wherein the spring loading of said
energy storage device during locomotion generates a periodic upward movement that alternately

unweights each of the legs to increase walking efficiency.

35. The robotic system as set forth in claim 27 wherein said energy storage device is a
battery.

36. The robotic system as set forth in claim 27 wherein said spring is selectively
tunable.

37. The robotic system as set forth in claim 36 wherein said spring is adaptively

updated in real time.
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