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—AGENT

egiver. According to the walking motion assisting device (1),
the value of a persistent energy input term (C,) contained in a
simultaneous differential equation denoting a second model
configured to generate a second motion oscillator (¢,) is
adjusted so as to limit a landing position (x) of a leg of the
agent in a specified range [X;, X,]. Further, the motion state of
the leg is recognized on the basis of a variation mode of a
second oscillator (§,), and on the basis of the recognition
result, the relative motion between the thigh and crus of the
leg around the knee joint is assisted.
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WALKING MOTION ASSISTING DEVICE

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to a walking motion
assisting device which applies a force from an actuatorto aleg
of'an agent through an orthosis mounted on the leg to assist
the leg in walking motion.

[0003] 2. Description of the Related Art

[0004] There has been proposed a technical approach to
perform a walking training for an agent on a treadmill by
assisting the motions of a leg of the agent through a walking
motion assisting device mounted on the leg thereof (refer to
U.S. Pat. No. 6,821,233, Japan Patent No. 4185108, and
Japanese Patent Laid-open No. 2007-275283).

[0005] However, sometimes in the walking training the
agent cannot lift a leg to step forward, and consequently the
leg is left on the belt of the treadmill and will be moved
backward. In this case, it is quite often that a caregiver has to
help the agent in lifting the leg thereof'so as to step forward or
motions like that, which causes great burden to the caregiver.

SUMMARY OF THE INVENTION

[0006] The present invention has been accomplished in
view of the aforementioned problems, and it is therefore an
object of the present invention to provide a walking motion
assisting device capable of assisting a leg of an agent in
walking motion to alleviate assisting burden or eliminate
assisting necessity by a caregiver.

[0007] The walking motion assisting device of the present
invention comprises: a first orthosis mounted on a body of an
agent; a second orthosis mounted on a thigh thereof; a third
orthosis mounted on a crus thereof;, a first actuator; a second
actuator; and a controller configured to control the amplitude
and the phase of an output from the first actuator and the
amplitude and the phase of an output from the second actua-
tor, respectively. The walking motion assisting device of the
present invention is configured to assist walking motion of the
agent by assisting a relative motion between the body and the
thigh of the agent around a hip joint through the first orthosis
and the second orthosis according to the output from the first
actuator and a relative motion between the thigh and the crus
of the agent around a knee joint through the second orthosis
and the third orthosis according to the output from the second
actuator.

[0008] To attain an object described above, the controller of
the walking motion assisting device according to the present
invention is provided with a motion oscillator detecting ele-
ment configured to detect an oscillation signal varying with
time according to periodical motions of a leg of the agent as
a second motion oscillator; a second oscillator generating
element configured to generate a second oscillator as an out-
put oscillation signal from a second model, which is defined
by a simultaneous differential equation of state variables
denoting a motion state of the agent and generates the output
oscillation signal varying with time at a specific angular
velocity defined on the basis of a second intrinsic angular
velocity and an amplitude corresponding to a value of a per-
sistent energy input term included in the simultaneous differ-
ential equation according to an input oscillation signal, by
inputting the second motion oscillator determined by the
motion oscillator detecting element as the input oscillation
signal to the second model; a first control command signal

Oct. 27,2011

generating element configured to generate a first control com-
mand signal for the first actuator according to the second
oscillator generated by the second oscillator generating ele-
ment; a first state monitoring element configured to calculate
a landing position of a leg with respect to the frontal plane on
the basis of a determined hip joint angle, a determined knee
joint angle, the thigh length and the crus length of the agent
according to a geometrical relationship; an energy adjusting
element configured to adjust the value of the persistent energy
input term so as to limit the landing position of the leg calcu-
lated by the first state monitoring element in a specified range;
a second state monitoring element configured to recognize
the motion state of a leg of the agent according to a variation
mode of the second motion oscillator detected by the motion
oscillator detecting element or a variation mode of the second
oscillator generated by the second oscillator generating ele-
ment; and a second control command signal generating ele-
ment configured to generate a second control command sig-
nal for the second actuator according to the leg motion state of
the agent recognized by the second state monitoring element
to assist the relative motion between the thigh and the crus of
the agent around the knee joint in different modes (First
aspect).

[0009] According to the walking motion assisting device of
the present invention, an oscillation signal varying with time
according to motions of a leg of the agent is detected as a
second motion oscillator. The second motion oscillator is
input into the second model to generate the second oscillator.
A control command signal is generated on the basis of the
second oscillator, and the first actuator is controlled accord-
ing to the control command signal.

[0010] According thereto, the force for assisting the leg
motion of the agent can be controlled with the motion period
or the phase variation velocity of the leg of the agent in
harmony with the motion period or the phase variation rate of
the first actuator.

[0011] The value of the persistent energy input term con-
tained in the simultaneous differential equation denoting the
second model is adjusted so as to limit the landing position of
the leg with respect to the frontal plane of the agent (the foot
position of the leg when the leg transits from the leg floating
state to the leg standing state) in the specified range.

[0012] According thereto, the force for assisting the thigh
motion by the first actuator is adjusted. For example, when the
previous time’s landing position of the leg is behind the
specified range, the value of the persistent energy input term
is increased to reinforce the force for assisting the thigh
motion so as to make the current time’s landing position of the
leg forward than the previous time’s landing position. On the
other hand, when the previous time’s landing position of the
leg is in front of the specified range, the value of the persistent
energy input term is decreased to weaken the force for assist-
ing the thigh motion so as to make the current time’s landing
position of the leg behind the previous time’s landing posi-
tion. Thereby, the burden by a caregiver for assisting the thigh
of the agent in walking motion can be alleviated or elimi-
nated.

[0013] Further, the motion state of the leg is recognized on
the basis of the variation mode of the second motion oscillator
or the second oscillator. On the basis of the recognition result,
the relative motion between the thigh and crus of the leg
around the knee joint is assisted.

[0014] According thereto, in the walking motion of the
agent, the motion between the thigh and the crus around the



US 2011/0264015 Al

knee joint can be assisted appropriately in view of the motion
state of the leg of the agent. Thereby, the burden by a caregiver
for assisting the crus of the agent in walking motion can be
alleviated or eliminated.

[0015] Itshould be noted that one motion state estimated as
a motion state of a leg of a normal subject in view of the
variation mode of the second motion oscillator or the second
oscillator has been recognized as the motion state of the leg of
the agent. In other words, even if the leg of the agent has been
recognized as being in a specific motion state, it is not limited
that the actual motion state thereof is in the specific motion
state.

[0016] In the walking motion assisting device of the first
aspect of the present invention, it is acceptable that the second
state monitoring element is configured to recognize a second
motion state in which the thigh of a leg is moved backward in
a post-phase of a leg floating state and a leg standing state of
the leg as the leg motion state of the agent; and the second
control command signal generating element is configured to
generate the second control command signal for the second
actuator when the leg of the agent has been recognized as
being in the second motion state by the second state monitor-
ing element so as to assist the relative motion between the
thigh and the crus of the agent around the knee joint in the
direction of stretching the knee (Second aspect).

[0017] According to the walking motion assisting device
having the aforementioned configuration, when the leg of the
agent has been recognized as being in the second motion state
(in which the thigh of the leg is moved backward in a post-
phase of a leg floating state and a leg standing state), the
relative motion between the thigh and the crus around the
knee joint in the direction of stretching the knee is assisted.

[0018] According thereto, it is possible to avoid the situa-
tion where it is difficult for a leg to step on the floor or the
balance of the body of the agent is lost when the leg steps on
the floor due to insufficient stretch of the knee even though the
thigh has been shaken backward. Thereby, the burden by a
caregiver for assisting the agent in walking motion to prevent
such situation can be alleviated or eliminated.

[0019] Inthe walking motion assisting device of the second
aspect, it is acceptable that the second state monitoring ele-
ment is configured to recognize separately a second pre-
motion state in which the thigh is ahead of the frontal plane
and a second post-motion state in which the thigh is behind
the frontal plane as the second motion state; and the second
control command signal generating element is configured to
generate the second control command signal for the second
actuator when the leg of the agent has been recognized as
being in the second post-motion state by the second state
monitoring element so as to assist the relative motion between
the thigh and the crus of the agent around the knee joint in the
direction of stretching the knee with a stronger force than the
case when the leg of the agent has been recognized as being in
the second pre-motion state by the second state monitoring
element (Third aspect).

[0020] According to the walking motion assisting device
having the aforementioned configuration, when the leg of the
agent has been recognized as being in the second post-motion
state (in which the leg is behind the frontal plane in the second
motion state), the force for assisting the relative motion
between the thigh and the crus of the leg around the knee joint
in the direction of stretching the knee is increased stronger
than the case when the leg of the agent has been recognized as
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being in the second pre-motion state (in which the leg is in the
second motion state and the thigh is ahead of the frontal
plane).

[0021] According thereto, it is possible to avoid the situa-
tion where a leg is difficult to step on the floor or the balance
of'the agent’s body is lost when the leg steps on the floor due
to insufficient stretch of the knee even though the thigh has
been shaken ahead of the frontal plane. Thereby, the burden
by a caregiver for assisting the agent in walking motion to
prevent such situation can be alleviated or eliminated.
[0022] In the walking motion assisting device of the third
aspect, it is acceptable that the second control command
signal generating element is configured to generate the sec-
ond control command signal for the second actuator when the
leg of the agent has been recognized as being in the second
post-motion state by the second state monitoring element so
as to increase continuously or intermittently the force for
assisting the relative motion between the thigh and the crus of
the agent around the knee joint in the direction of stretching
the knee at least in the initial phase of the second post-motion
state (Fourth aspect).

[0023] According to the walking motion assisting device
having the aforementioned configuration, when the leg of the
agent has been recognized as being in the second post-motion
state, the force for assisting the relative motion between the
thigh and the crus of the agent around the knee joint in the
direction of stretching the knee is increased continuously or
intermittently at least in the initial phase of the second post-
motion state.

[0024] According thereto, it is possible to avoid the situa-
tion where the force for assisting knee to stretch when the leg
is moved ahead of the frontal plane varies abruptly, and con-
sequently, the motion of the leg of the agent becomes discon-
tinuously due to the abrupt force variation, which makes it
difficult for the agent to land the leg on the floor or makes the
agent lose the balance of the body when landing the leg on the
floor. Thereby, the burden by a caregiver for assisting the
agent in walking motion to prevent such situation can be
alleviated or eliminated.

[0025] Inthe walking motion assisting device of the second
aspect, it is acceptable that the first control command signal
generating element is configured to generate the first control
command signal for the first actuator when the leg of the agent
has been recognized as being in the second motion state by the
second state monitoring element so as to decrease the force
for assisting the relative motion between the body and the
thigh of the agent around the hip joint according to an angular
velocity of the hip joint at least in the initial phase of the
second motion state (Fifth aspect).

[0026] According to the walking motion assisting device
having the aforementioned configuration, the force for assist-
ing the relative motion between the body and the thigh of the
agent around the hip joint is attenuated according to an angu-
lar velocity of the hip joint at least in the initial phase of the
second motion state (particularly when the leg is still in the leg
floating state). According thereto, the floor reaction force can
be prevented from becoming excessively stronger when the
leg in the second motion state lands on the floor, and conse-
quently to prevent the agent from losing balance due to the
floor reaction force. Thereby, the burden by a caregiver for
assisting the agent in walking motion to prevent such situa-
tion can be alleviated or eliminated.

[0027] Inthe walking motion assisting device of the second
aspect, it is acceptable that the second control command
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signal generating element is configured to generate the sec-
ond control command signal for the second actuator when the
leg of the agent has been recognized as being in the second
motion state by the second state monitoring element so as to
decrease the force for assisting the relative motion between
the thigh and the crus of the agent around the knee joint in the
direction of stretching the knee according to an angular veloc-
ity of the knee joint at least in the initial phase of the second
motion state (Sixth aspect).

[0028] According to the walking motion assisting device
having the aforementioned configuration, the force for assist-
ing the relative motion between the thigh and the crus of the
agent around the knee joint in the direction of stretching the
knee is attenuated according to an angular velocity of the knee
joint at least in the initial phase of the second motion state
(particularly when the leg is still in the leg floating state).
According thereto, the floor reaction force can be prevented
from becoming excessively stronger when the leg in the sec-
ond motion state lands on the floor, and consequently to
prevent the agent from losing balance due to the floor reaction
force. Thereby, the burden by a caregiver for assisting the
agent in walking motion to prevent such situation can be
alleviated or eliminated.

[0029] In the walking motion assisting device of the first
aspect, it is acceptable that the second state monitoring ele-
ment is configured to recognize a first motion state in which
the thigh of a leg is moved forward before or after the leg is
transited from a leg standing state to a leg floating state or
after the leg is transited from the leg standing state to the leg
floating state as the leg motion state of the agent; and the
second control command signal generating element is con-
figured to generate the second control command signal for the
second actuator when the leg of the agent has been recognized
as being in the first motion state by the second state monitor-
ing element so as to assist the relative motion between the
thigh and the crus of the agent around the knee joint in the
direction of bending the knee (Seventh aspect).

[0030] According to the walking motion assisting device
having the aforementioned configuration, the relative motion
between the thigh and the crus of the agent around the knee
joint in the direction of bending the knee is assisted when a leg
of the agent has been recognized as being in the first motion
state (in which the thigh of'the leg is moved forward before or
after the leg is transited from a leg standing state to a leg
floating state or after the leg is transited from the leg standing
state to the leg floating state).

[0031] According thereto, it is possible to avoid the situa-
tion where it is difficult to continue the walking motion when
the end portion of the leg is dragged on the floor due to the
insufficient lifting amount of the end portion of the leg (for
example, the foot) from the floor caused by insufficient bend-
ing of the knee while the thigh is shaken forward. Thereby, the
burden by a caregiver for assisting the agent in walking
motion to prevent such situation can be alleviated or elimi-
nated.

[0032] In the walking motion assisting device of the sev-
enth aspect, it is acceptable that the second control command
signal generating element is configured to generate the sec-
ond control command signal for the second actuator when the
landing position of the leg calculated by the first state moni-
toring element is smaller than a lower limit of the specified
range so as to increase the force generated when the leg of the
agent is determined as being in the first motion state by the
second state monitoring element for assisting the relative
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motion between the thigh and the crus of the agent around the
knee joint in the direction of bending the knee stronger than
the case when the landing position of the leg calculated by the
first state monitoring element is equal to or greater than the
lower limit of the specified range (Fighth aspect).

[0033] According to the walking motion assisting device
having the aforementioned configuration, it is possible to
avoid the situation where the end portion of the leg lands on
the floor at an earlier time due to insufficient lifting amount of
the end portion of the floating leg from the floor caused by
insufficient bending of the knee of the floating leg being
shaken ahead, and consequently to cause the landing position
of'the leg behind the specified range. Thereby, the burden by
a caregiver for assisting the agent in walking motion to pre-
vent such situation can be alleviated or eliminated.

[0034] In the walking motion assisting device of the sev-
enth aspect, it is acceptable that the second state monitoring
element is configured to recognize an intermediate motion
state from the second motion state to the first motion state as
the leg motion state of the agent; and the second control
command signal generating element is configured to generate
the second control command signal for the second actuator
when the leg of the agent has been recognized as being in the
intermediate motion state by the second state monitoring
element so as to make zero the force for assisting the relative
motion between the thigh and the crus of the agent around the
knee joint (Ninth aspect).

[0035] According to the walking motion assisting device
having the aforementioned configuration, the force for assist-
ing the relative motion between the thigh and the crus of the
agent around the knee joint knee is controlled to be equal to
zero when the leg of the agent has been recognized as being in
the intermediate motion state (transition state from the second
motion state to the first motion state). According thereto, it is
possible to avoid the situation where the walking motion of
the agent becomes discontinuous or the balance is lost when
the stretch or bending of the knee of the landing leg is hin-
dered by the assisting force. Thereby, the burden by a car-
egiver for assisting the agent in walking motion to prevent
such situation can be alleviated or eliminated.

[0036] In the walking motion assisting device of the sev-
enth aspect, it is acceptable that the second state monitoring
element is configured to recognize an intermediate motion
state from the second motion state to the first motion state as
the leg motion state of the agent; and the second control
command signal generating element is configured to generate
the second control command signal for the second actuator
when the leg of the agent has been recognized as being in the
intermediate motion state by the second state monitoring
element so as to alter continuously or intermittently the force
for assisting the relative motion between the thigh and the
crus of the agent around the knee joint (Tenth aspect).
[0037] According to the walking motion assisting device
having the aforementioned configuration, the force for assist-
ing the relative motion between the thigh and the crus of the
agent around the knee joint is controlled to alter continuously
or intermittently when the leg of the agent has been recog-
nized as being in the intermediate motion state. According
thereto, it is possible to avoid the situation where the walking
motion of the agent becomes discontinuous or the balance is
lost due to the abrupt variation of the force for assisting the
stretch or bending of the knee of the leg landing on the floor.
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Thereby, the burden by a caregiver for assisting the agent in
walking motion to prevent such situation can be alleviated or
eliminated.

[0038] It is acceptable that the walking motion assisting
device of the first aspect further includes a treadmill, wherein
the controller is provided with an intrinsic angular velocity
setting element configured to set the second intrinsic angular
velocity higher as a running speed of the treadmill detected by
the first state monitoring element becomes faster when the
agent is performing the walking motion on the treadmill
(Eleventh aspect).

[0039] In the walking motion assisting device of the first
aspect, it is acceptable that the first state monitoring element
is configured to detect a walking speed or a walking period of
the agent; and the controller is provided with an intrinsic
angular velocity setting element configured to set the second
intrinsic angular velocity higher as the walking speed of the
agent detected by the first state monitoring element becomes
faster or the walking period thereof detected by the first state
monitoring element becomes shorter (Twelfth aspect).
[0040] According to the walking motion assisting device
having the aforementioned configurations, the angular veloc-
ity of the second oscillator (first temporal differentiation
value of the phase) and consequently the second intrinsic
angular velocity, upon which the angular velocity of the
assisting force from the first actuator is determined, can be set
according to the walking speed or the walking period of the
agent. Thereby, the walking motion of the agent can be
assisted having the phase or the angular velocity of the walk-
ing motion of the agent in harmony with the phase or the
angular velocity of the walking motion assisting device.
[0041] In the walking motion assisting device of the first
aspect, it is acceptable that the motion oscillator detecting
element is configured to detect an oscillation signal varying
with time according to periodical motions ofa leg of the agent
as a first motion oscillator; and the controller is provided with
a first oscillator generating element configured to generate a
first oscillator as an output oscillation signal from a first
model, which generates the output oscillation signal oscillat-
ing at a specific angular velocity defined on the basis of a first
intrinsic angular velocity by entraining to an input oscillation
signal, by mutually inputting the first motion oscillator deter-
mined by the motion oscillator detecting element as the input
oscillation signal to the first model; and an intrinsic angular
velocity setting element configured to set an angular velocity
of a second virtual oscillator as the second intrinsic velocity
according to a virtual model denoting a first virtual oscillator
and a second virtual oscillator which oscillate at a second
phase difference while interacting with each other on the
basis of a first phase difference denoting a correlation
between the phase polarity of the first motion oscillator
detected by the motion oscillator detecting element and the
phase polarity of the first oscillator generated by the first
oscillator generating element so as to approximate the second
phase difference to a desired phase difference (Thirteenth
aspect).

[0042] According to the walking motion assisting device
having the aforementioned configuration, the oscillation sig-
nal varying with time according to the leg motion of the agent
is detected as the first motion oscillator. The first motion
oscillator may be identical to or different from the second
motion oscillator. By inputting the first motion oscillator into
the first model, the first oscillator is generated. Thereby, the
second intrinsic angular velocity, upon which the angular
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velocity of the assisting force from the first actuator is deter-
mined, can be defined on the basis of the phase difference
between the first motion oscillator and the first oscillator (first
phase difference).

[0043] Thereby, the walking motion of the agent can be
assisted having the phase or the angular velocity of the walk-
ing motion of the agent in harmony with the phase or the
angular velocity of the walking motion assisting device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0044] FIG. 1 is a structural view of a walking motion
assisting device according to an embodiment of the present
invention.

[0045] FIG. 2 is a block view illustrating a controller of the
walking motion assisting device.

[0046] FIG. 3 is a flow chart illustrating a control process of
the walking motion assisting device.

[0047] FIG. 4 is a flow chart related to the adjusting the
value of a persistent energy input term.

[0048] FIG. 5is a flow chart related to the determination of
motion states and generation of control command signals.
[0049] FIG. 6A to FIG. 6C are views related to calculation
of a floor landing position.

[0050] FIG. 7A and FIG. 7B are views related to the deter-
mination of motion states and generation of control command
signals.

[0051] FIG. 8A to FIG. 8F are views related to the motion
states of an agent.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0052] An embodiment regarding a walking motion assist-
ing device of the present invention will be described with
reference to the drawings. Hereinafter, codes “L.” and “R” are
used to differentiate a left side and a right side of legs or the
like. If it is not necessary to differentiate the left side and the
right side or a vector has both of the left and right components,
the codes are omitted. In addition, symbols “+” and “-"" are
used to differentiate a flexion motion (forward motion) and a
stretch motion (backward motion) of a leg (in particular, a

thigh).
[0053] (Configuration of Walking Motion Assisting
Device)
[0054] The walking motion assisting device 1 illustrated in

FIG. 1 is provided with a first orthosis 11, a second orthosis
12, a third orthosis 13, a first actuator Al and a second actua-
tor A2. As illustrated in FIG. 2, the walking motion assisting
device 1 is further provided with a first motion state sensor S1,
a second motion state sensor S2 and a controller 2.

[0055] The first orthosis 11 is provided with a waist sup-
porter 111 configured to support the waist of an agent (human
being) from the backward and a band 112 configured to be
wrapped around the abdomen for fixing the waist supporter
around the waist. The waist supporter 111 is made from rigid
resin having appropriate hardness and flexibility. A first base
member made from metal is fixed on both lateral sides of the
waist supporter 111, and the first actuator Al is mounted on
each of the first base members.

[0056] The second orthosis 12 is composed of a band con-
figured to be wrapped around the thigh of the agent. A first
link member 141 is attached to the second orthosis 12 for
transmitting the output from the first actuator A1 to the second
orthosis 12. The first link member 141 is made from hard resin
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and formed into a substantially rod shape. The first link mem-
ber 141 is disposed outside of the thigh of the agent in the
lateral direction. A lower end of the first link member 141 is
fixed with a second base member made from metal, and the
second actuator A2 is mounted on the second base member.

[0057] The third orthosis 13 is provided with a band 131
configured to be wrapped around the crus of the agent and a
sandal 132 configured to be mounted to the foot. The sandal
132 is mounted to the foot through wrapping a band around
the instep of the foot and a band around the ankle of the agent,
respectively. A second link member 142 is attached to the
band 131 and the sandal 132 for transmitting the output from
the second actuator A2 to the band 131 and the sandal 132,
respectively. The second link member 142 is made from hard
resin and formed into a rod shape or a long and narrow plate
shape. The second link member 142 is disposed outside of the
thigh of the agent in the lateral direction.

[0058] It is acceptable that the second link member 142 is
free to stretch or bend at a joint disposed in the middle. It is
acceptable that at least a lower end of the second link member
142 is fixed to a plate supporting the bottom of the sandal 132
or integrated with the plate. The lower end may be made from
metal. It is acceptable that the third orthosis 13 is provided
with only the band 131 or the sandal 132.

[0059] The controller 2 is composed of a computer (having
a CPU, a ROM, a RAM, an I/O circuit, an A/D conversion
circuit and the like) housed in the waist supporter 111 of the
first orthosis 11. The controller 2 is configured to perform an
arithmetic process according to a software and data read out
from an appropriate memory so as to control the motion of the
first actuator A1 and the second actuator A2 on the basis of the
output signals from the first motion state sensor S1 and the
second motion state sensor S2, respectively.

[0060] The controller 2 is provided with a motion oscillator
detecting element 210, a first oscillator generating element
220, an intrinsic angular velocity setting element 230, a sec-
ond oscillator generating element 240, a first control com-
mand signal generating element 250, a first state monitoring
element 260, an energy adjusting element 270, a second state
monitoring element 280, and a second control command sig-
nal generating element 290. Each element is configured or
programmed to perform the arithmetic process which will be
described hereinafter. A part of or the entire part of each
element may be composed of a common hardware resource.

[0061] The first actuator Al is provided with a first motor
MOT1 and a first reduction mechanism G1. The performance
of the first motor MOT1 and the reduction rate of the first
reduction mechanism G1 are controlled by the controller 2,
respectively. An output from the first motor MOT1 after being
reduced by the first reduction mechanism G1 corresponds to
the output of the first actuator Al. The output of the first
actuator A1 is transmitted to the waist of the agent via the first
orthosis 11 and to the thigh of the agent via the first link
member 141 and the second orthosis 12.

[0062] The second actuator A2 is provided with a second
motor MOT2 and a second reduction mechanism G2. The
performance of the second motor MOT2 and the reduction
rate of the second reduction mechanism G2 are controlled by
the controller 2, respectively. An output from the second
motor MOT2 after being reduced by the second reduction
mechanism G2 corresponds to the output of the second actua-
tor A2. The output of the second actuator A2 is transmitted to
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the thigh of the agent via the second orthosis 12 and to the foot
and the crus of the agent via the second link member 142 and
the third orthosis 13.

[0063] The first motion state sensor S1 is disposed at each
of'both lateral sides of the agent’s waist and is composed of a
rotary encoder configured to output signals according to the
hip joint angle 6,. The hip joint angle 8, denotes a relative
angle between the body and the thigh of the agent, and fur-
thermore, an angle of the thigh with respect to the frontal
plane (which divides the body of the agent into back and front
portions, including the positions of right and left hip joints)
(referto FIG. 6A). The hip joint angle 8, is defined as positive
when the thigh is in front of the frontal plane and defined as
negative when the thigh is behind the frontal plane. In addi-
tion, when a rotor angle of the first motor MOT1 constituting
the first actuator Al is used as a basis for calculating the leg
angle, a hall element disposed in the first motor MOT1 which
is configured to output signals according to the rotor angle
may be adopted as the first motion state sensor S1.

[0064] The second motion state sensor S2 is disposed at
each of both right and left lateral sides of the agent’s knee
jointand is composed of a rotary encoder configured to output
signals according to the knee joint angle 0,. The knee joint
angle 0, denotes a relative angle between the waist and the
thigh of the agent or a flexion angle of the knee joint (refer to
FIG. 6A). In addition, when a rotor angle of the second motor
MOT?2 constituting the second actuator A2 is used as a basis
for calculating the leg angle, a hall element disposed in the
second motor MOT?2 which is configured to output signals
according to the rotor angle may be adopted as the second
motion state sensor S2.

[0065] (Functions ofthe Walking Motion Assisting Device)
[0066] The description will be given on the method of
assisting the agent in walking motion by the walking motion
assisting device 1 having the aforementioned configuration.
As illustrated in FIG. 1, the agent may have a walking motion
on a treadmill. The body weight applied to the leg of the agent
may be alleviated with the body of the agent lifted by a lifter
or through holding handrails by the agent.

[0067] Firstly, on the basis of the output from the first
motion state sensor S1, the motion state detecting element
210 detects the first motion oscillator ¢, and the second
motion oscillator ¢, (FIG. 3/STEP 002). The first motion
oscillator ¢, corresponds to the oscillation signals denoting
an angular velocity variation mode of the right and left hip
joints of the agent (d6,,/dt, dO,./dt). The second motion
oscillator ¢, corresponds to the oscillation signals denoting
an angle variation mode of the right and left hip joints of the
agent (0,7, 0,5).

[0068] The motion state detecting element 210 receives the
output signals from the first motion state sensor S1 every
sampling period or every computation period and calculates
the hip joint angle and the hip joint angular velocity which is
a first order temporal differentiation of the hip joint angle for
the agent.

[0069] The first motion oscillator ¢, and the second motion
oscillator ¢, may be the same, such as both are equal to the hip
joint angle or the hip joint angular velocity. It is acceptable
that the first motion oscillator ¢, is the hip joint angle and the
second motion oscillator ¢, is the hip joint angular velocity. It
is acceptable that an arbitrary combination of the hip joint
angle, the hip joint angular velocity, the knee joint angle, the
knee joint angular velocity, the shoulder joint angle and the
shoulder joint angular velocity at right and left sides of the
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agent is detected as the first motion oscillator ¢, and the
second motion oscillator ¢,. It is also acceptable that the floor
reaction force applied to right and left legs of the agent is
detected as the first motion oscillator ¢, and the second
motion oscillator ¢,.

[0070] The left hip joint angular velocity d6,,/dt and the
right hip joint angular velocity d6, z/dt, which are compo-
nents of the 2 dimensional vector ¢,, vary periodically in
reversed phase according to periodical motions of the left
thigh and the right thigh, which are 2 symmetrical body
portions of the agent in the lateral direction, with respect to
the waist respectively. Similarly, the left hip joint angle 6,
and the right hip joint angle 6, 5, which are components of the
2 dimensional vector ¢,, vary periodically in approximately
reversed phase according to periodical motions of the left
thigh and the right thigh with respect to the waist respectively.
[0071] Thereafter, on the basis of the respective output
from the first motion state sensor S1 and the second motion
state sensor S2, the first state monitoring element 260 detects
the hip joint angle 6,=(0,;, 0, z) and the second motion oscil-
lator 0,=(0,,, 0,) (refer to FIG. 3/STEP 004 and FIG. 6A).
[0072] Subsequently, the first oscillator generating element
220 generates the first oscillator §,=(§, ;, &, z) by inputting the
first motion oscillator ¢, detected by the motion oscillator
detecting element 210 into a first model (FIG. 3/STEP 006).
[0073] The first model generates an output oscillation sig-
nal oscillating at a specific angular velocity defined on the
basis of a first intrinsic angular velocity w,=(w,;, ®,z) by
mutually entraining to an input oscillation signal. The first
model is expressed by Van der Pol equation (010).

(dzﬁlL/dlz)zx(l—Ele) (d&12d0)-0°8 11 +8(E1-E1p)+
Ky

(81 /dr) =Y (1-E12")(d5 1rd0)-01 2" E 12 +2E 1r-E12)+

Kz (010)
[0074] Wherein, y: a positive coefficient set in such a way
that a stable limit cycle is be drawn from the first oscillator &,
and the first order temporal differentiation value (dg,/dt)
thereof'in a plane of “§, —(d%,/dt)”; g: a first correlation coef-
ficient for reflecting the correlation of the right and left legs in
the first model; and K;: a feedback coefficient. The first
intrinsic angular velocity w, can be set arbitrarily in a range
deviated not far away from the angular velocity for determin-
ing the phase variation mode of the motions of the walking
motion assisting device 1.
[0075] The first oscillator &,=(§,;, §,z) is calculated
according to the Runge-Kutta method. The first oscillator &,
has the property to oscillate periodically with an angular
velocity defined on the basis of the first intrinsic angular
velocity w, while harmonizing with an angular velocity of the
first motion oscillator ¢, varying with time at a period sub-
stantially the same as the motion period of the agent accord-
ing to the “mutual entrainment” which is one of the properties
of the Van del Pol equation.
[0076] In addition to Van der Pol equation (010), the first
model may be expressed by an arbitrary equation which gen-
erates an output oscillation signal varying with time at an
angular velocity in harmony with an angular velocity of the
first motion oscillator ¢, through the mutual entrainment to
the first motion oscillator ¢, serving as an input oscillation
signal.
[0077] According to the first model, even the first motion
oscillator ¢, substantially does not vary with time when the
motions of the legs of the agent have stopped, it is possible to
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generate the first oscillator &, oscillating or with the phase
varying at the angular velocity determined according to the
first intrinsic angular velocity o, .

[0078] Then, the intrinsic angular velocity setting element
230 sets a second intrinsic angular velocity w, on the basis of
the first motion oscillator ¢, detected by the motion oscillator
detecting element 210 and the first oscillator §; generated by
the first oscillator generating element 220 (FIG. 3/STEP 008).
The set value of the second intrinsic angular velocity in the
current time is used as the first intrinsic angular velocity o, of
the first oscillator §, in the next time (refer to the equation
(010)).

[0079] In detail, for each of the left and right components,
the first phase difference 80, denoting the correlation
between the phase polarity of the first motion oscillator ¢, and
the phase polarity of the first oscillator §, is obtained accord-
ing to the relational expression (021).

80, =[dr-86(¢y, §1),
80(@,, E1)=sen(E,) {sgn(¢,)-sgn(d& /dn},

sgn(6)=—1(6<0), 0(6=0) or 1(6>0) (021)

[0080] The second phase difference 86, is obtained accord-
ing to a virtual model on a condition that the first phase
difference 80, is constant over previous 3 walking periods.
According to the virtual model, the correlation between a
virtual motion oscillator 6, and a virtual auxiliary oscillator
0,, is denoted by the relational expressions (022) and (023).
The second phase difference 80, is obtained from the rela-
tional expression (024).

(d0,/d1)=0,—€ sin(6,,-6;) (022)
(d0, /dD)=w,~€ sin(,-6,,) (023)
86 ,=arcsin[(w;,—-w,,)/2¢€] (024)
[0081] Wherein, e: correlation coefficient of the virtual

motion oscillator 8, and the virtual auxiliary oscillator 6,,;
m,,: angular velocity of the virtual motion oscillator 0,,; and
w,,: angular velocity of the virtual motion oscillator 6,,.
[0082] Subsequently, the correlation coefficient € is set in
order to minimize the difference (80,-00,) between the first
phase difference 86, and the second phase difference 86,. In
detail, for each of the right and left components, the correla-
tion coefficient € at the time {t,| i=1, 2, . .. } when ¢,=0 and
d¢,/dt>0is set sequentially according to the relational expres-
sion (025).

€ty )=t { Wt )- V1) et~}
Vit 1)=(1/2){00, (1:,.1)-06,(1)} (025)

[0083] Wherein, n=(1;, M) stands for a coefficient denot-
ing the stability of a potential V=(V,,, V, ) for approximat-
ing each of the right and left components of the first phase
difference 86, to each of the right and left components of the
second phase difference 80,, respectively.

[0084] In order to minimize the difference (86,-96,)
between the first phase difference 66, and the second phase
difference 80, for each of the right and left components, under
the condition that the angular velocity w,, of the virtual aux-
iliary oscillator 0,, is constant, the angular velocity m, of the
virtual motion oscillator 6, is calculated on the basis of the
correlation coefficient € by using the coefficient a=(a.,, az)
denoting the system stability according to the relational
expression (026).



US 2011/0264015 Al

()0 ([4e(6)°~ {0, (1)0,,(1,)*] P xsinfaresin{
(@000, 1))/26(2)}-00,(1)]) (026)

[0085] Subsequently, for each of the right and left compo-
nents, the angular velocity w,, of the virtual auxiliary oscil-
lator 0, is set as the second intrinsic angular velocity , on
the basis of the angular motion oscillator 8,,. Specifically, in
order to approximate the second phase difference 80, to the
desired phase difference 88, for each of the right and left
components, the angular velocity ,=(®,,;, ®,,z) of the vir-
tual auxiliary oscillator 6, is set according to the relational
expression (027) by using the coefficient p=(f;, fz) denoting
the system stability.

,,(1)=Bfdt ([Ae(t,’~{0,(6)-w,, (O} Dxsin[arcsin{o,

(t:)-0,,(0))/2€(1;) }-36¢]) (027)
[0086] Thereafter, the energy adjusting element 270 adjusts
the value of the persistent energy input term &, (FIG. 3/STEP
100). The persistent energy input term C, and the adjusting
method of its value will be described hereinafter.
[0087] Subsequently, on the basis of the second motion
oscillator ¢, detected by the motion oscillator detecting ele-
ment 210, the second intrinsic angular velocity w, set by the
intrinsic angular velocity setting element 230, and the persis-
tent energy input term T, set by the energy adjusting element
270, the second oscillator generating element 240 generates
the second oscillator §,=(E,; ., 557, Ears» G2x_) according to
the second model (FIG. 3/STEP 010).
[0088] The second model is defined by a simultaneous dif-
ferential equation of plural state variables denoting a motion
state of the agent, and generates, on the basis of an input
oscillation signal, the output oscillation signal varying with
time according to an amplitude corresponding to a value of
the persistent energy input term C, included in the simulta-
neous differential equation and the angular velocity deter-
mined based on the second intrinsic angular velocity w,.
[0089] The second model is defined by a simultaneous dif-
ferentiation equation represented by, for example, the equa-
tion (030).

Tz (g /A= Cor~ A WLz, So0 LR Eore—

A Vp 1 (0045020 K o407,

Tz (duy Jdty=c; Cop ~utp +wp 1, Bop W g Eor—
vy 1 (0o 45(027)K o407,

Ty re(Atig, /Ay =Cr, Cops—tRs ¥ WRir+ Sor s P WRe/R-_EoRi—
AgVRy 102+ (02 2)K o285

T g (dug /dty=cp_Cop_~tip +Wr_i1_Sor +Wp_ipsEopi—
hgVr_t/1(@2p) 5 (@2 2)Ko42r,

T @v/d)=—v+E5,(i=L+ L~ R+,R-),
By =H uty=115,)=0(u;<ut ) or u(uZ 1), or

Eofouy=u/(1+exp(-u/D)) (030)

[0090] The simultanecous differentiation equation (030)
contains therein a state variable u, denoting the behavior state
(specified by amplitude and phase) to each of the flexion
direction (forward direction) and the stretch direction (back-
ward direction) of each thigh, and a self-inhibition factor v,
denoting adaptability of each behavior state. Moreover, the
simultaneous differentiation equation (030) contains therein
a coeflicient c, related to the persistent energy input term Cy,.

[0091] ““¢,,”isa firsttime constant for defining the variation
feature of the state variable u,. T,; is represented by the rela-
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tional expression (031) using a w-dependant coefficient t,,)
and a constant y=(y,, yz) and varies dependent on the second
intrinsic angular velocity ,.

T 1241z =020 (02 =Y1,T 1, =T 1 =(H(02r)/

WrR)-YR (031)

[0092] “t,,”isasecond time constant for defining the varia-
tion feature of the self-inhibition factor v,. “w,” is a negative
second correlation coefficient denoting the correlation
between the state variables u, and u, denoting the motions of
the right and left legs of the agent toward the flexion direction
and the stretch direction as the correlation of each component
of the second oscillator &,. “A;” and “Ag” are compliant
coefficients. “k,” is a feedback coefficient related to the sec-
ond motion oscillator ¢..
[0093] “f,”isalinear function of the second intrinsic angu-
lar velocity m, defined according to the relational expression
(032) using the positive coefficient c. “f,” is a quadratic
function of the second intrinsic angular velocity w, defined
according to the relational expression (033) using the coeffi-
cients ¢y, ¢, and c,.

Jiles)=ca, (032)
L(02)=cowrte 1 0pter0,” (033)

[0094] The second oscillator &,, equals to zero when the
value of the state variable u, is smaller than a threshold value
u,,; and equals to the value of u, when the value of the state
variable u, is not smaller than the threshold value u,,,. In other
words, the second oscillator &, is defined by a sigmoid func-
tion fs (refer to the equation (030)). According thereto, if the
state variable u;, denoting the behavior of the left thigh
toward the forward direction increases, the amplitude of the
left flexion component &,;, of the second oscillator &,
becomes greater than that of the left stretch component &5, _;
if the state variable vy, denoting the behavior of the right
thigh toward the forward direction increases, the amplitude of
the right flexion component &, 5, of the second oscillator &,
becomes greater than that ofthe right stretch component &, _.
[0095] Further, if the state variable u; _ denoting the behav-
ior of the left thigh toward the backward direction increases,
the amplitude of the left stretch component &,; _ of the second
oscillator &, becomes greater than that of the left flexion
component &,; , ; if the state variable uz— denoting the behav-
ior of the right thigh toward the backward direction increases,
the amplitude of the right stretch component &, of the
second oscillator &, becomes greater than that of the right
flexion component &,, . The motion ofthe leg (thigh) toward
the forward or backward direction is recognized by, for
example, the polarity of the hip joint angular velocity.
[0096] Thereafter, on the basis of the second oscillator &,,
the first control command signal generating element 250 gen-
erates a first control command signal v, =(1, ;, M, z) according
to, for example, the relational expression (040) (FI1G. 3/STEP
012).

M1z X2+ Eoz %82 M1~ X+ E2r Y-SR (040)

[0097] Theleftcomponentm,; ofthe first control command
signal 1), is calculated as a sum between a product of the left
flexion component &,;, of the second oscillator £, and the
coefficient ,;, and a product of the left stretch component
&, of the second oscillator &, and the coefficient “—y; .
The right component 1), , of the first control command signal
1, is calculated as a sum between a product of the right flexion
component &,, of the second oscillator £, and the coefficient
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Yz, and a product of the right stretch component £,;_ of the
second oscillator £, and the coefficient “~y,_”.

[0098] Thereafter,acurrentl,=(I,,,1, z)suppliedto each of
the first actuators Al disposed at the right and the left sides
respectively from the battery is adjusted by the controller 2 on
the basis of the first control command signal 1),. As a result,
the torque tq,=(tq,, tq,z) for assisting the relative motions
between the waist (the first body part) and the thigh (the
second body part) around the hip joint via the first orthosis 11
and the second orthosis 12 is adjusted. The torque tq, is
denoted by, for example, tq,=G, I,(t) (wherein, G, is a ratio
coefficient) on the basis of the current I;.

[0099] As to be described hereinafter, the second control
command signal generating element 290 generates a second
control command signal (FIG. 3/STEP 200).

[0100] Thus, a current 1,=(I,,, 1,z) supplied to each of the
second actuators A2 disposed at the right and the left sides
respectively from the battery is adjusted by the controller 2 on
the basis of the second control command signal 1,. As a
result, the torque tq,=(tq,;, 1q,z) for assisting the relative
motions between the thigh (the second body part) and the crus
(the third body part) around the knee joint via the second
orthosis 12 and the third orthosis 13 is adjusted. The torque
1q, is denoted by, for example, tq,=G,-1,(t) (wherein, G, is a
ratio coefficient) on the basis of the current I,.

[0101] Thereafter, whether or not operation termination
conditions such as an operation switch is switched from ON
to OFF, an abnormal motion is detected and the like are
satisfied is determined (FIG. 3/STEP 014). If the determina-
tion result is negative (FIG. 3/STEP 014 . . . NO), the series of
the aforementioned processes are performed repeatedly. On
the other hand, if the determination result is positive (FIG.
3/STEP 014 . . . YES), the series of the aforementioned
processes are terminated.

[0102] (Adjusting Method of the Value of the Persistent
Energy Input Term)

[0103] Descriptions will be given on the adjusting method
ofthe value of the persistent energy input term C, contained in
the simultaneous differentiation equation (030) denoting the
second model (refer to FIG. 3/STEP 100). When the opera-
tion is initiated (at the time when the operation switch is
switched from OFF to ON), the persistent energy input term
T, 1s set at the initial value of “0”.

[0104] Firstly, the first state monitoring element 260 deter-
mines whether or not the step of the agent has been counted up
(FIG. 4/STEP 102). The count up of a step means that the
transition of either leg of the agent from the leg floating state
to the leg standing state has been made.

[0105] The step is counted up according to a sensor signal
indicating that the agent has landed the floating leg (leg
floated from a walking floor) on the floor, for example, the left
hip joint angular velocity dO, ,/dt or the right hip joint angular
velocity d0, /dt of the agent has been shifted from increasing
to decreasing at the flexion side (front side), the level of
output signals from the pressure sensor disposed at the sole
has surpassed the threshold value, the vertical acceleration
component applied to the agent denoted by the output signals
from an acceleration sensor disposed at the waist or the like
has been shifted over the threshold value, and the like.

[0106] When it is determined that the step of the agent has
been counted up, in other words, one leg in the floating state
has been landed on the floor (FIG. 4/STEP 102 . . . YES), the
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first state monitoring element 260 calculates the landing posi-
tion x with relation to the frontal plane of the leg (FIG.
4/STEP 104).

[0107] The landing position X is calculated on the basis of
the determined values of the hip joint angle 6, and the knee
joint angle 0,, the thigh length [, and the crus length I, ofthe
agent according to the geometrical equation (100) (refer to
FIG. 6A). The thigh length [, and the crus length L, of the
agent are input through an interface such as an operation
panel into the controller 2 and stored in memory.

x=L, sin 0,+L, sin(0,-6) (100)

[0108] Thereafter, whether or not the landing position x of
the agent is smaller than the lower limit x, of a specified range
is determined by the energy adjusting element 270 (FIG.
4/STEP 106). When it is determined that the landing position
x of the agent is smaller than the lower limit x, ofthe specified
range (FIG. 4/STEP 106 . . . YES), the energy adjusting
element 270 sets the value of the persistent energy input term
L, with an increment of T, (>0) for the leg to transit from the
leg floating state to the leg standing state until next time (FIG.
4/STEP 108). As illustrated schematically in FIG. 6B, when
the stepped distance of the leg toward the front side is not
sufficient, the shaking amplitude of the thigh toward the front
side is increased so as to compensate the insufficient amount.
[0109] Moreover, the second control command signal gen-
erating element 290 sets the coefficient knee_bst for specify-
ing the strength of the force for assisting the motion of the leg
to transit from the leg floating state to the leg standing state
around the knee joint until next time with an increment ofa (n:
natural number; 8>0) (FIG. 4/STEP 110). As illustrated sche-
matically in FIG. 6B, when the stepped distance of the leg
toward the front side is not sufficient, the lifted amount of the
crus is increased by increasing the flexion of the knee joint so
as to compensate the insufficient amount.

[0110] On the other hand, when it is determined that the
landing position x of the agent is not smaller than the lower
limit x, of the specified range (FIG. 4/STEP 106 . . . NO),
whether or not the landing position x of the agent is greater
than the upper limit x, of the specified range is determined by
the energy adjusting element 270 (FIG. 4/STEP 112).

[0111] When it is determined that the landing position x of
the agent is greater than the upper limit x, of the specified
range (FIG. 4/STEP 112 . . . YES), the energy adjusting
element 270 sets the value of the persistent energy input term
L, witha decrement of T, (>0) for the leg to transit from the leg
floating state to the leg standing state next time (FIG. 4/STEP
114). As illustrated schematically in FIG. 6B, when the
stepped distance of the leg toward the front side is excessive,
the shaking amplitude of the thigh toward the front side is
decreased so as to compensate the excessive amount.

[0112] Subsequently, the energy adjusting element 270 per-
forms a limiting process on the updated persistent energy
input term L, (FIG. 4/STEP 116). Specifically, when the per-
sistent energy input term C, is smaller than the lower limit of
an allowable range, the persistent energy input term C, is
compensated to fall within the allowable range, such as equal
to the lower limit. When the persistent energy input term L, is
greater than the upper limit of the allowable range, the per-
sistent energy input term C,, is compensated to fall within the
specified range, such as equal to the upper limit. When the
persistent energy input term C, falls within the allowable
range, the persistent energy input term T, is maintained
unchanged.
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[0113] When it is determined that the step of the agent has
not been counted up (F1G. 4/STEP 102 ... NO), or the landing
position x falls within the specified range [x;, X,]| (FIG.
4/STEP 106 . . . NO and FIG. 4/STEP 112 . . . NO), the
persistent energy input term L, is maintained unchanged.

[0114] (Generation Method of the Second Control Com-
mand Signal)
[0115] Descriptions will be given on the generation method

of the second control command signal m, for the second
actuator A2 (refer to FIG. 3/STEP 200).

[0116] Firstly, the motion state of a leg of the agent is
recognized by the second state monitoring element 280 on the
basis of the variation mode of the second oscillator &, (FIG.
5/STEP 202).

[0117] The recognition basis will be briefly explained. The
second intrinsic angular velocity w, for specifying the period
of the second oscillator &, is set to approximate the phase
difference 60, between the first motion oscillator ¢, and the
first oscillator &, to the desired phase difference 86, (FIG.
3/STEP 008).

[0118] Therefore, the period of the second oscillator &, is
substantially equal to the period of the first motion oscillator
¢,, and eventually the walking motion period of the agent.
Moreover, the phase difference between the first motion
oscillator ¢, and the second oscillator &, is maintained sub-
stantially constant (for example, the desired phase difference
30,). Thereby, the phase of the first motion oscillator ¢,
denoting the motion state of the agent can be estimated from
the phase of the second oscillator &,. The recognition basis is
explained as the above.

[0119] It is acceptable that the motion state of a leg of the
agent is recognized on the basis of the variation mode of the
first motion oscillator ¢, (the hip jointangular velocity) or the
second motion oscillator ¢, (the hip joint angle) in place of the
variation mode of the second oscillator &,.

[0120] When the second oscillator &, oscillates or has phase
varied as illustrated in the upper section of FIG. 7A, the phase
of the second oscillator §; and the phase of the hip joint angle
0, are assumed identical. The first motion state, the second
motion state and the intermediate motion state are recognized
separately as the motion state of a leg of the agent.

[0121] When the phase p(&,) of the second oscillator &, is
within a duration decreasing from the first reference angle p,
(-mt/2<p,<0) to —-n/2, the motion state of the leg of the agent
is recognized as the first motion state. This duration corre-
sponds to the duration when the hip joint angle 0, varies from
a negative value (the leg standing state or the thigh of the leg
transited from the leg standing state to the leg floating state is
being positioned slightly behind the frontal plane) to the local
minimal value (the thigh is completely shaken to the back-
ward). The first motion state means the motion state where the
thigh of a leg is moved forward before or after the leg is
transited from the leg standing state to the leg floating state or
after the leg is transited from the leg standing state to the leg
floating state (refer to FIGS. 8C and 8D).

[0122] When the phase p(&,) of the second oscillator &, is
within a duration increasing from -m/2 to /2 and then
decreasing from m/2 to the second reference angle p,
(0<p,<m/2), the motion state of the leg of the agent is recog-
nized as the second motion state. This duration corresponds to
the duration when the hip joint angle 6, varies from the local
minimal value (the thigh is completely shaken to the back-
ward) through the local maximum value (the thigh is com-
pletely shaken to the forward) to a value slightly decreased
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from the local maximum value (the thigh is slightly moved to
the backward from the state when the thigh is completely
shaken to the forward). The second motion state means that
the thigh of a leg is moved backward in a post-phase of the leg
floating state and the leg standing state of the leg (refer to
FIGS. 8E and 8F).

[0123] Further, a second pre-motion state and a second
post-motion state are recognized separately as the motion
state of the leg of the agent.

[0124] When the phase p(E,) of the second oscillator &, is
within a duration increasing from —t/2 to the intermediate
reference angle p,, (-/2<p,<0), the motion state of the leg of
the agent is recognized as the second pre-motion state. The
second pre-motion state means the state where the leg is
behind the frontal plane in the second motion state (refer to
FIG. 8C).

[0125] When the phase p(E,) of the second oscillator &, is
within a duration increasing from the intermediate reference
angle p, to /2 and then decreasing from /2 to the second
reference angle p,, the motion state of the leg of the agent is
recognized as the second post-motion state. The second post-
motion state means the state where the leg is ahead of the
frontal plane in the second motion state (refer to FIG. 8D).
[0126] When the phase p(E,) of the second oscillator &, is
within a duration increasing from the second reference angle
p, to the first reference angle p,, the motion state of the leg of
the agent is recognized as an intermediate motion state. This
duration corresponds to the duration when the hip joint angle
0, is slightly decreased from the local maximum value (the
thigh is slightly moved to the backward from the state when
the thigh is completely shaken to the forward) to the negative
value (the leg standing state or the thigh of the leg transited
from the leg standing state to the leg floating state is being
positioned behind the frontal plane). The intermediate motion
state means the state where the leg is transited from the
second motion state to the first motion state (refer to FIGS. 8A
and 8B).

[0127] When the leg of the agent has been recognized as
being in the first motion state (FIG. 5/STEP 204 . . . YES), the
second control command signal generating element 290 sets
the second control command signal 1), for the leg to transit
from the leg floating state to the leg standing state next time to
—C-knee_bst (C>0, knee_bst>0) (FIG. 5/STEP 206). The
knee_bst is a coefficient set greater than normal when the
landing position x of the agent is smaller than the lower limit
of'the specified range (refer to FIG. 4/STEP 106 . . . YES and
STEP 110).

[0128] When the leg of the agent has been recognized as
being in the second pre-motion state (FIG. 5/STEP 204 . . .
NO, STEP 208 . . . YES), the second control command signal
generating element 290 sets the second control command
signal n, for the leg to transit from the leg floating state to the
leg standing state next time to C, (C,>0) (FIG. 5/STEP 210).
[0129] When the leg of the agent has been recognized as
being in the second post-motion state (FIG. 5/STEP 208 . . .
NO, STEP 212 .. . YES), the second control command signal
generating element 290 sets the second control command
signal n, for the leg to transit from the leg floating state to the
leg standing state next time to C,+C,exp(0,-0,)(C,>0) (FIG.
5/STEP 214).

[0130] Thereafter, the second control command signal gen-
erating element 290 adds a dumper term “-k,(d6,/dt)”
according to the knee joint angular velocity (d6,/dt) to the
second control command signal 1, (FIG.5/STEP 216). More-
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over, the first control command signal generating element 250
adds a dumper term “-k; (d0,/dt)” according to the hip joint
angular velocity (d6,/dt) to the first control command signal
N1

[0131] When the leg of the agent has been recognized as
being in the intermediate motion state (FIG. 5/STEP 212 . ..
NO), the second control command signal generating element
290 sets the second control command signal 112 for the leg to
transit from the leg floating state to the leg standing state next
time to 0 (FIG. 5/STEP 218).

[0132] As mentioned in the above, by setting the second
control command signal m, according to the motion state of
the leg, the second actuator A2 can be controlled according to
the second control command signal m, varying as illustrated
in the lower section of F1IG. 7A. It is acceptable to generate the
second control command signal 1, varying not discontinu-
ously as illustrated in the lower section of FIG. 7A but varying
continuously as illustrated in FIG. 7B.

[0133] The second state monitoring element 280 deter-
mines whether or not the step has been counted up and the
knee_bst at the time where the step is counted up has been
greater than 1 (normalized threshold) (FIG. 5/STEP 220).
[0134] When the determination result is positive (FIG.
5/STEP 220 . . . YES), the second control command signal
generating element 290 sets the coefficient knee_bst to transit
from the leg floating state to the leg standing state next time
with a decrement of & (FIG. 5/STEP 222). As illustrated
schematically in FIG. 6C, when the stepped distance of the
leg toward the front side is excessive, the lifted amount of the
crus is decreased by decreasing the flexion of the knee joint so
as to compensate the excessive amount.

[0135] On the other hand, when the determination result is
negative (FIG. 5/STEP 220 . . . NO), the coefficient knee_bst
is maintained unchanged.

[0136] (Effects of the Walking Motion Assisting Device)
[0137] According to the walking motion assisting device 1
fulfilling the aforementioned function, the oscillation signal
varying with time according to the motions of a leg of the
agent is detected as the first motion oscillator ¢, (refer to FIG.
3/STEP 002). BY inputting the first motion oscillator ¢, into
the first model, the first oscillator &, is generated (refer to FIG.
3/STEP 006). Thereby, the second intrinsic angular velocity
®,, upon which the angular velocity of the motion assisting
force tq, (first phase difference) from the first actuator A1 is
determined, can be defined on the basis of the phase differ-
ence 00, between the first motion oscillator ¢, and the first
oscillator &, (refer to FIG. 3/STEP 008).

[0138] Moreover, the oscillation signal varying with time
according to the motions of a leg of the agent is detected as the
second motion oscillator ¢, (refer to FIG. 3/STEP 002).
[0139] By inputting the second motion oscillator ¢, into the
second model, the second oscillator &, is generated (refer to
FIG. 3/STEP 010). On the basis of the second oscillator &,,
the first control command signal 1), is generated, and the first
actuator Al is controlled on the basis of the first control
command signal 1), (refer to FIG. 3/STEP 012)

[0140] According thereto, the force tq; for assisting the leg
motion of the agent can be controlled with the motion period
or the phase variation velocity of the leg of the agent in
harmony with the motion period or the phase variation veloc-
ity of the first actuator Al.

[0141] The value of the persistent energy input term C,
contained in the simultaneous differential equation (030)
denoting the second model is adjusted so as to limit the
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landing position x of the leg with respect to the frontal plane
of'the agent (the foot position of the leg when the leg transits
from the leg floating state to the leg standing state) in the
specified range [x,, x,] (refer to FIG. 4/STEP 108 and STEP
114).

[0142] According thereto, the assisting force tq, from the
first actuator A1 is adjusted. For example, when the previous
time’s landing position of the leg is behind the specified
range, the value of the persistent energy input term C, is
increased to reinforce the force tq, for assisting the thigh
motion so as to make the current time’s landing position of the
leg forward than the previous time’s landing position (refer to
FIG. 4/STEP 108 and FIG. 6B). On the other hand, when the
previous time’s landing position of the leg is in front of the
specified range, the value of the persistent energy input term
C, is decreased to weaken the force tq, for assisting the thigh
motion so as to make the current time’s landing position of the
leg behind the previous time’s landing position (refer to FIG.
4/STEP 114 and FIG. 6C). Thereby, the burden by a caregiver
for assisting the thigh of the agent in walking motion can be
alleviated or eliminated.

[0143] When the leg landing position X is smaller than the
lower limit x, of the specified range, the value of the persist
energy input term C, is increased greater than the case when
the leg landing position x is equal to or greater than the lower
limit x, (FIG. 4/STEP 106 . . . YES to STEP 108).

[0144] Accordingly, the assisting force tq2 from the second
actuator A2 is reinforced (refer to FIG. 6B). Therefore, it is
possible to avoid the situation where the end portion of the leg
lands on the floor at an earlier time due to insufficient lifting
amount of the end portion of the floating leg from the floor
caused by insufficient bending of the knee of the floating leg
being shaken ahead, and consequently to cause the landing
position x of the leg behind the specified range. Thereby, the
burden by a caregiver for assisting the agent in walking
motion to prevent such situation can be alleviated or elimi-
nated.

[0145] Further, the motion state of the leg is recognized on
the basis of the variation mode of the second motion oscillator
¢, or the second oscillator &, (refer to FIG. 5/STEP 202 and
FIG. 7A). On the basis of the recognition result, the relative
motion between the thigh and crus of the leg around the knee
joint is assisted (refer to FIG. 5/STEP 206, STEP 210, STEP
214, STEP 216, and FIG. 7A).

[0146] Specifically, the relative motion between the thigh
and the crus of the agent around the knee joint in the direction
of bending the knee is assisted when a leg of the agent has
been recognized as being in the first motion state (in which the
thigh of the leg is moved forward before or after the leg is
transited from a leg standing state to a leg floating state or
after the leg is transited from the leg standing state to the leg
floating state) (refer to FIG. 5/STEP 206, FI1G. 7A, FIG. 7B,
FIG. 8A, and FIG. 8B).

[0147] According thereto, it is possible to avoid the situa-
tion where it is difficult to continue the walking motion when
the end portion of the leg is dragged on the floor due to the
insufficient lifting amount of the end portion of the leg (for
example, the foot) from the floor caused by insufficient bend-
ing of the knee while the thigh is shaken forward. Thereby, the
burden by a caregiver for assisting the agent in walking
motion to prevent such situation can be alleviated or elimi-
nated.

[0148] When the leg of the agent has been recognized as
being in the second post-motion state (in which the leg is
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behind the frontal plane in the second motion state), the force
tq, for assisting the relative motion between the thigh and the
crus of the leg around the knee joint in the direction of stretch-
ing the knee is increased stronger than the case when the leg
of the agent has been recognized as being in the second
pre-motion state (in which the leg is in the second motion
state and the thigh is ahead of the frontal plane) (refer to FIG.
5/STEP 210, STEP 214, FIG. 7A, FIG. 7B, FIG. 8C, and FIG.
8D).

[0149] According thereto, it is possible to avoid the situa-
tion where a leg is difficult to step on the floor or the balance
of'the agent’s body is lost when the leg steps on the floor due
to insufficient stretch of the knee even though the thigh has
been shaken ahead of the frontal plane (refer to FIG. 8D and
FIG. 8E). Thereby, the burden by a caregiver for assisting the
agent in walking motion to prevent such situation can be
alleviated or eliminated.

[0150] The second control command signal n, is generated
to increase continuously or intermittently the force for assist-
ing the relative motion between the thigh and the crus of the
agent around the knee joint in the direction of stretching the
knee in the initial phase of the second post-motion state (refer
to the duration illustrated in FIG. 7A where the phase p(§) is
increasing from the intermediate reference value p,). Accord-
ing thereto, it is possible to avoid the situation where the force
for assisting knee to stretch when the leg is shaken ahead of
the frontal plane varies abruptly, and consequently, the
motion of the leg of the agent becomes discontinuously due to
the abrupt force variation, which makes it difficult for the
agent to land the leg on the floor or makes the agent lose the
balance of the body when landing the leg on the floor. When
the leg of the agent has been recognized as being in the
intermediate motion state (transition state from the second
motion state to the first motion state), the force tq, for assist-
ing the motion of the leg around the knee joint is controlled to
be equal to zero (refer to FIG. 5/STEP 218, FIG. 7A, FIG. 8E
and FIG. 8F). According thereto, it is possible to avoid the
situation where the walking motion of the agent becomes
discontinuous or the balance is lost when the stretch or bend-
ing of the knee of the standing leg is hindered by the assisting
force. Thereby, the burden by a caregiver for assisting the
agent in walking motion to prevent such situation can be
alleviated or eliminated.

[0151] When the leg of the agent has been recognized as
being in the intermediate motion state (transition state from
the second motion state to the first motion state), the force tq,
for assisting the motion of the leg around the knee joint is
controlled to alter continuously or intermittently (refer to
FIG. 5/STEP 218, F1G. 7B, FIG. 8E and FIG. 8F). Thus, it is
possible to control the force tq, for assisting the motion of the
leg around the knee joint to alter continuously or intermit-
tently when the leg of the agent has been recognized as being
in the intermediate motion state. According thereto, it is pos-
sible to avoid the situation where the walking motion of the
agent becomes discontinuous or the balance is lost due to the
abrupt variation of the force for assisting the stretch or bend-
ing of the knee of the leg landing on the floor. Thereby, the
burden by a caregiver for assisting the agent in walking
motion to prevent such situation can be alleviated or elimi-
nated.

[0152] When the leg of the agent has been recognized by
the second state monitoring element 280 as being in the
second motions state (the second post-motion state), the
dumper term -k, (d6,/dt) is added to the first control com-
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mand signal 1, according to the hip joint angular velocity
(d6,/dt) by the first control command signal generating ele-
ment 250 (refer to FIG. 5/STEP 212 . . . YES).

[0153] Accordingly, the assisting force tq, from the first
actuator Al is attenuated according to the angular velocity
(d6,/dt) of the hip joint at least in the final phase of the second
motion state. According thereto, the floor reaction force can
be prevented from becoming excessively stronger when the
leg in the second motion state lands on the floor (refer to FIG.
8E), and consequently to prevent the agent from losing bal-
ance due to the floor reaction force. Thereby, the burden by a
caregiver for assisting the agent in walking motion to prevent
such situation can be alleviated or eliminated.

[0154] When the leg of the agent has been recognized by
the second state monitoring element 280 as being in the
second motions state (the second post-motion state), the
dumper term -k, (d6,/dt) is added to the second control
command signal n, according to the knee joint angular veloc-
ity (d6,/dt) by the second control command signal generating
element 290 (refer to FIG. 5/STEP 212 . . . YES and STEP
216).

[0155] Accordingly, the force tq, from the second actuator
A2 is attenuated according to the angular velocity (d0,/dt) of
the knee joint at least in the initial phase of the second motion
state (particularly when the leg is still in the leg floating state,
refer to FIG. 8D). According thereto, the floor reaction force
can be prevented from becoming excessively stronger when
the leg in the second motion state lands on the floor (refer to
FIG. 8E), and consequently to prevent the agent from losing
balance due to the floor reaction force. Thereby, the burden by
a caregiver for assisting the agent in walking motion to pre-
vent such situation can be alleviated or eliminated.

[0156] (Another Embodiment of the Present Invention)
[0157] It is acceptable to assist the walking motion of an
agent which is an animal other than a human being, such as an
ape, a dog, a horse, a cow or the like.

[0158] Thesecondoscillator &, may be generated by setting
the second intrinsic angular velocity w, according to the run-
ning speed of the treadmill (moving speed of the endless belt
contacted by the leg of the agent), the hip joint angular veloc-
ity, the walking speed, or the walking period with the detec-
tion of the first motion oscillator ¢, (refer to FIG. 3/STEP
102) and the generation of the first oscillator &, (refer to FIG.
3/STEP 104) omitted. The treadmill may be a constituent
element of the walking motion assisting device.

[0159] The second motion state (in which the thigh of a leg
is moved forward when the leg is transited from the leg
floating state to the leg standing state) may be recognized as
the motion state of the leg of the agent without differentiating
the second pre-motion state and the second post-motion state.
According to the recognition result, the relative motion
between the thigh and the crus around the knee joint in the
direction of stretching the knee can be assisted (refer to FIGS.
7A and 7B).

[0160] According thereto, it is possible to avoid the situa-
tion where it is difficult for the leg to step on the floor or the
balance of the body of the agent is lost when the leg steps on
the floor due to insufficient stretch of the knee even though the
thigh has been shaken forward. Thereby, the burden by a
caregiver for assisting the agent in walking motion to prevent
such situation can be alleviated or eliminated.

[0161] Thesecondoscillator &, may be generated by setting
the second intrinsic angular velocity w, according to the hip
joint angular velocity, the walking speed, or the walking
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period with the detection of the first motion oscillator ¢, (refer
to FIG. 3/STEP 002) and the generation of the first oscillator
&, (refer to FIG. 3/STEP 006) omitted.

[0162] Specifically, it is acceptable that the first state moni-
toring element 260 is configured to detect the walking speed
or the walking period of the agent; and the intrinsic angular
velocity setting element 230 is configured to set the second
intrinsic angular velocity w, higher as the walking speed of
the agent becomes faster or the walking period thereof
becomes shorter.

[0163] The walking speed of the agent can be obtained by
dividing the sum or the average value of footsteps in one step
or over plural steps by the sum or the average value of periods
of the hip joint angular velocity 6,. It is also acceptable to
measure the belt moving speed of the treadmill with a speed-
ometer disposed in the treadmill and use the belt moving
speed as the walking speed of the agent.

[0164] The walking period of the agent is calculated as the
average value of the periods of the hip joint angular velocity
0,. Itis also acceptable to detect a variation period of vertical
components of a pressure applied to the belt of the treadmill
with a pressure gauge disposed in the treadmill and use the
variation period as the walking period of the agent.

[0165] Theangularvelocity of the second oscillator &, (first
temporal differentiation value of the phase) and consequently
the second intrinsic angular velocity w,, upon which the
angular velocity of the motion assisting force tq, from the first
actuator Al is determined, can be set according to the walking
speed or the walking period of the agent. Thereby, the walking
motion of the agent can be assisted having the phase or the
angular velocity of the walking motion of the agent in har-
mony with the phase or the angular velocity of the walking
motion assisting device.

[0166] Similar to the first control command signal n,, the
second control command signal 1, may be generated on the
basis ofthe second oscillator &, generated as aforementioned.
The second oscillator &, serving as the basis of the second
control command signal 1, may be identical to or different
from the second oscillator §, serving as the basis of the first
control command signal 1, . The second oscillator &, serving
as the basis of the second control command signal ), may be
generated from the second model on the basis of the knee joint
angular velocity (d6,/dt) or the knee joint angle 6, serving as
the second motion oscillator ¢,.

What is claimed is:

1. A walking motion assisting device comprising:

a first orthosis mounted on a body of an agent;

a second orthosis mounted on a thigh thereof;

a third orthosis mounted on a crus thereof;

a first actuator;

a second actuator; and

a controller configured to control the amplitude and the
phase of an output from the first actuator and the ampli-
tude and the phase of an output from the second actuator,
respectively,

the walking motion assisting device being configured to
assist walking motion of the agent by assisting a relative
motion between the body and the thigh of the agent
around a hip joint the first orthosis and the second ortho-
sis according to the output from the first actuator through
and a relative motion between the thigh and the crus of
the agent around a knee joint through the second orthosis
and the third orthosis according to the output from the
second actuator;

Oct. 27,2011

wherein the controller is provided with

a motion oscillator detecting element configured to detect
an oscillation signal varying with time according to peri-
odical motions of a leg of the agent as a second motion
oscillator;

a second oscillator generating element configured to gen-
erate a second oscillator as an output oscillation signal
from a second model, which is defined by a simulta-
neous differential equation of state variables denoting a
motion state of the agent and generates the output oscil-
lation signal varying with time at a specific angular
velocity defined on the basis of a second intrinsic angu-
larvelocity and an amplitude corresponding to a value of
a persistent energy input term included in the simulta-
neous differential equation according to an input oscil-
lation signal, by inputting the second motion oscillator
determined by the motion oscillator detecting element as
the input oscillation signal to the second model;

a first control command signal generating element config-
ured to generate a first control command signal for the
first actuator according to the second oscillator gener-
ated by the second oscillator generating element;

a first state monitoring element configured to calculate a
landing position of a leg with respect to the frontal plane
on the basis of'a determined hip joint angle, a determined
knee joint angle, the thigh length and the crus length of
the agent according to a geometrical relationship;

an energy adjusting element configured to adjust the value
of the persistent energy input term so as to limit the
landing position of the leg calculated by the first state
monitoring element in a specified range;

a second state monitoring element configured to recognize
the motion state of a leg of the agent according to a
variation mode of the second motion oscillator detected
by the motion oscillator detecting element or a variation
mode of the second oscillator generated by the second
oscillator generating element; and

a second control command signal generating element con-
figured to generate a second control command signal for
the second actuator according to the leg motion state of
the agent recognized by the second state monitoring
element to assist the relative motion between the thigh
and the crus of the agent around the knee joint in differ-
ent modes.

2. The walking motion assisting device according to claim

1, wherein

the second state monitoring element is configured to rec-
ognize a second motion state in which the thigh of a leg
is moved backward in a post-phase of a leg floating state
and a leg standing state of the leg as the leg motion state
of the agent; and

the second control command signal generating element is
configured to generate the second control command sig-
nal for the second actuator when the leg of the agent has
been recognized as being in the second motion state by
the second state monitoring element so as to assist the
relative motion between the thigh and the crus of the
agent around the knee joint in the direction of stretching
the knee.

3. The walking motion assisting device according to claim

2, wherein

the second state monitoring element is configured to rec-
ognize separately a second pre-motion state in which the
thigh is ahead of the frontal plane and a second post-
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motion state in which the thigh is behind the frontal
plane as the second motion state; and
the second control command signal generating element is
configured to generate the second control command sig-
nal for the second actuator when the leg of the agent has
beenrecognized as being in the second post-motion state
by the second state monitoring element so as to assist the
relative motion between the thigh and the crus of the
agent around the knee joint in the direction of stretching
the knee with a stronger force than the case when the leg
of'the agent has been recognized as being in the second
pre-motion state by the second state monitoring ele-
ment.
4. The walking motion assisting device according to claim
3, wherein
the second control command signal generating element is
configured to generate the second control command sig-
nal for the second actuator when the leg of the agent has
beenrecognized as being in the second post-motion state
by the second state monitoring element so as to increase
continuously or intermittently the force for assisting the
relative motion between the thigh and the crus of the
agent around the knee joint in the direction of stretching
the knee at least in the initial phase of the second post-
motion state.
5. The walking motion assisting device according to claim
2, wherein
the first control command signal generating element is
configured to generate the first control command signal
for the first actuator when the leg of the agent has been
recognized as being in the second motion state by the
second state monitoring element so as to decrease the
force for assisting the relative motion between the body
and the thigh of the agent around the hip joint according
to an angular velocity of the hip joint at least in the initial
phase of the second motion state.
6. The walking motion assisting device according to claim
2, wherein
the second control command signal generating element is
configured to generate the second control command sig-
nal for the second actuator when the leg of the agent has
been recognized as being in the second motion state by
the second state monitoring element so as to decrease the
force for assisting the relative motion between the thigh
and the crus of the agent around the knee joint in the
direction of stretching the knee according to an angular
velocity of the knee joint at least in the initial phase of the
second motion state.
7. The walking motion assisting device according to claim
1, wherein
the second state monitoring element is configured to rec-
ognize a first motion state in which the thigh of a leg is
moved forward before or after the leg is transited from a
leg standing state to a leg floating state or after the leg is
transited from the leg standing state to the leg floating
state as the leg motion state of the agent; and
the second control command signal generating element is
configured to generate the second control command sig-
nal for the second actuator when the leg of the agent has
been recognized as being in the first motion state by the
second state monitoring element so as to assist the rela-
tive motion between the thigh and the crus of the agent
around the knee joint in the direction of bending the
knee.
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8. The walking motion assisting device according to claim

7, wherein

the second control command signal generating element is
configured to generate the second control command sig-
nal for the second actuator when the landing position of
the leg calculated by the first state monitoring element is
smaller than a lower limit of the specified range so as to
increase the force generated when the leg of the agent is
determined as being in the first motion state by the
second state monitoring element for assisting the rela-
tive motion between the thigh and the crus of the agent
around the knee joint in the direction of bending the knee
stronger than the case when the landing position of the
leg calculated by the first state monitoring element is
equal to or greater than the lower limit of the specified
range.

9. The walking motion assisting device according to claim

7, wherein

the second state monitoring element is configured to rec-
ognize an intermediate motion state from the second
motion state to the first motion state as the leg motion
state of the agent; and

the second control command signal generating element is
configured to generate the second control command sig-
nal for the second actuator when the leg of the agent has
been recognized as being in the intermediate motion
state by the second state monitoring element so as to
make zero the force for assisting the relative motion
between the thigh and the crus of the agent around the
knee joint.

10. The walking motion assisting device according to claim

7, wherein

the second state monitoring element is configured to rec-
ognize an intermediate motion state from the second
motion state to the first motion state as the leg motion
state of the agent; and

the second control command signal generating element is
configured to generate the second control command sig-
nal for the second actuator when the leg of the agent has
been recognized as being in the intermediate motion
state by the second state monitoring element so as to
alter continuously or intermittently the force for assist-
ing the relative motion between the thigh and the crus of
the agent around the knee joint.

11. The walking motion assisting device according to claim

1 further includes a treadmill,

wherein the controller is provided with an intrinsic angular
velocity setting element configured to set the second
intrinsic angular velocity higher as a running speed of
the treadmill detected by the first state monitoring ele-
ment becomes faster when the agent is performing the
walking motion on the treadmill.

12. The walking motion assisting device according to claim

1, wherein

the first state monitoring element is configured to detect a
walking speed or a walking period of the agent; and
the controller is provided with an intrinsic angular velocity
setting element configured to set the second intrinsic
angular velocity higher as the walking speed of the agent
detected by the first state monitoring element becomes
faster or the walking period thereof detected by the first

state monitoring element becomes shorter.
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13. The walking motion assisting device according to claim
1, wherein

an intrinsic angular velocity setting element configured to

the motion oscillator detecting element is configured to
detect an oscillation signal varying with time according
to periodical motions of a leg of the agent as a first
motion oscillator; and

the controller is provided with

a first oscillator generating element configured to generate
a first oscillator as an output oscillation signal from a
first model, which generates the output oscillation signal
oscillating at a specific angular velocity defined on the
basis of a first intrinsic angular velocity by mutually
entraining to an input oscillation signal, by inputting the
first motion oscillator determined by the motion oscilla-
tor detecting element as the input oscillation signal to the
first model; and

set an angular velocity of a second virtual oscillator as
the second intrinsic velocity according to a virtual model
denoting a first virtual oscillator and a second virtual
oscillator which oscillate at a second phase difference
while interacting with each other on the basis of a first
phase difference denoting a correlation between the
phase polarity of the first motion oscillator detected by
the motion oscillator detecting element and the phase
polarity of the first oscillator generated by the first oscil-
lator generating element so as to approximate the second
phase difference to a desired phase difference.

sk sk sk sk sk



