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We have developed a prototype for a walking-
assistance apparatus that serves as a next-generation
vehicle or a movable neuro-rehabilitation training ap-
pliance for the elderly or motor palsy patients. Our
prototype uses a novel spatial parallel link mechanism
with a weight-bearing lift. The flat steps of the ap-
paratus move in parallel with the ground; the appa-
ratus supports complete leg alignment, including the
soles of the feet, and assists walking behavior at the
ankle, knee, and hip joints simultaneously. To esti-
mate the walking phase of each leg of the user, pres-
sure sensors were attached under the thenar eminence
and the heel of the sole and the pressure variation at
each sensing point was measured. To determine the di-
rection in which the user is walking, a pressure sensor
was attached to the flexible crural link. To adapt to
the variations in the user’s walking velocity, the stride
length and walking cycle while walking with the appa-
ratus were compensated for using the concept of the
walking ratio (the stride length times the walking cy-
cle is constant). The apparatus can therefore be con-
trolled in response to the user’s intent. We developed a
control method for the apparatus by using impedance
control, taking into account the dynamics of the appa-
ratus and the user’s legs, as well as the assist ratio for
the user. By adjusting the natural angular frequency
of the desired dynamic equation for the user, our ap-
paratus assists walking according to the user’s desired
response. Motor palsy patients and those with weak
muscles can walk with the assistance of the apparatus.
Patients who have ambulation difficulty can also use
the apparatus with a weight-bearing lift that we devel-
oped. Using the apparatus with this lift helps prevent
stumbling and enables walking movement to be input
to the brain’s motor area. The validity of the weight-
bearing lift is confirmed from the results of measured
% Maximum Voluntary Contraction (%MVC).
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1. Introduction

Japan has experienced a rapid growth in its elderly
population in recent years. As people age, their muscle
strength tends to decrease. Even if they can walk by them-
selves, they therefore fatigue easily and their walking mo-
tion differs from that of a healthy person. As a result, they
are more susceptible to stumbling or falling. With such
accidents, they experience a lapse in confidence and may
also sustain serious injuries; this can decrease their qual-
ity of life.

Various walking chairs [1, 2] proposed thus far as sub-
stitutes for wheelchairs negotiate stairs, steep hills, nar-
row streets, and so on. For the elderly to ease the infir-
mities of old age or for motor palsy patients, however, it
is important for them to walk independently. If they use
these proposed devices frequently and lose the opportu-
nity for walking, the elderly age greatly and motor palsy
patients find it difficult to recover. An assistive cart [3]
is effective for such users as training patients to walk on
flat ground, but it is necessary for them to be taught and
made to grasp the best walking motion as individuals. An
assistive cart is also not adequate for use on stairs and
steep hills. Some methods for raising subject’s leg by only
pressing in the upper calcaneus in his/her palsied foot [4],
and by giving electro stimulation to subject’s muscle [a]
are developed. These devices are small and light-weight
but, inputting directly to the muscle excessively is fatigu-
ing for users and risks the danger of injury.

We have developed a walking-assistance apparatus for
the elderly or motor palsy patients that promotes inde-
pendence and helps them regain muscle strength. Until
now, walking equipment was generally used for walk-
ing support. The use of such equipment, however, tires
users quickly because equipment is fixed to the joints of
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(a) Conventional structure (b) Proposed structure

Fig. 1. Comparison of conventional structure and our pro-
posed structure for walking-assistance apparatus.

the knees and ankles and the patients must turn unnatu-
rally to swing their legs forward when using such equip-
ment. Fig. 1(a) illustrates walking-support equipment
with a joint drive system of the type that is worn [5-7].
Such walking-support equipments supports the knee and
hip joints, which needs an especially large torque during
walking but does not support the ankle joint. During long
periods of walking, fatigue appears in the Tibialis Ante-
rior (TA) muscle, causing stumbling and dorsiflexion of
the ankle [8]. Ikehara therefore developed a device sup-
porting the torques of knee and ankle joints transmitted
through flexible shafts [9]. Inoue developed a device [10]
that achieves three-joint motion assist by a 1-DOF linkage
mechanism alone. Individual users, however, have their
own best walking motion, which varies according to the
stride length, making it is necessary to adjust the lengths
of links in individual cases.

Neuro-rehabilitation, which repairs the neural circuit
by directly inputting walking movement to the legs, has
recently attracted attention, and numerous training ma-
chines have been developed (e.g., [11]). Most of these ma-
chines, however, require users to remain stationary during
use.

To address the needs and problems above, we de-
veloped a walking-assistance apparatus to serve as a
next-generation vehicle or a movable neuro-rehabilitation
training appliance [12]. Our study is to develop a walking-
assistance apparatus that supports the entire leg, includ-
ing the ankle, knee, and hip joints, while walking, and
to assist walking behavior at these joints simultaneously.
In our previous study, we confirmed that this apparatus
can decrease the activity of the frontal plane muscles by
40%, and that the TA is hardly fatigued even if the user
walks for 1 h [12]. We also developed an apparatus as a
training device for neuro-rehabilitation exercise in walk-
ing for patients who cannot walk or have gait problems.
We performed experiments with the prototype and con-
firmed its effectiveness using electromyography (EMG)
measurements.

2. Walking-Assistance Method

We propose a walking-assistance method in which flat
steps structurally follow the sole of the foot. That is, the
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Fig. 2. Trajectory of flat step of apparatus.

user places the legs on flat steps and is assisted by the
walking movement of the entire leg from the sole of the
foot, as shown in Fig. 1(b). Key joints and corresponding
procedures used in walking are as follows:

a) Hip joint: swings back and forth parallel to the di-
rection of walking movement.

b) Knee joint: swings in a back-and-forth direction.
c) Ankle joint: swings in a back-and-forth direction.

Specifically, the apparatus we developed supports the
back-and-forth swinging above, which influences the di-
rection of movement. As shown in Fig. 2, flat steps are
designed to remain parallel to the ground so that the three
joints can be supported simultaneously. In the stance
phase of walking, the flat step rests on the ground, while
in the swing phase, the flat step is driven according to the
lowest position of the sole of each foot. Because pos-
ture is controlled when the user stands, this helps prevent
stumbling by equipping the apparatus.

3. Designing Walking-Assistance Apparatus

3.1. Application of Spatial Parallel Link Mecha-
nism

We propose a spatial parallel link mechanism to enable
the walking-assistance method to be applied. This mecha-
nism connects two parallelograms lengthwise on the front
and the side of the user. As shown in Fig. 3, the flat
step maintains translational motion in the three degrees
of freedom (DOF) of the user. As shown in Fig. 4, this
mechanism is applied to the walking-assistance appara-
tus; the structure links the parallelograms corresponding
to the femoral and crural parts of the leg. To appropri-
ately consider twisting of the ankle, we use a flexible link
and spherical joints, as indicated in Fig. 4. This link is
constructed from a stainless steel plate and rubber to bend
and twist with moderate elasticity without buckling be-
cause the bending strength of the flexible link has strength
equivalent to the aluminum square pipe utilized for other
crural links [12]. This makes it durable enough to be pli-
able in the direction of the link length and strong enough
to maintain proper posture.
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Fig. 3. Three DOFs supported by spatial parallel link mech-
anism shown for right leg.
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Fig. 4. Flexible link and spherical joints in mechanism en-
abling twisting, shown for right leg.
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3.2. Selection of Actuator

As mentioned above, the bending strength of the flex-
ible link is almost the same as the aluminum square pipe
utilized for other crural links, so calculation error can be
ignored by modeling the flexible link as rigid. The cal-
culation model of the apparatus is therefore studied as a
two-dimensional model without taking into account the
influence of the flexible link in this paper.

Angle variations at each joint (while an able-bodied
person is walking) are described in various studies
(e.g., [13,14]). In this paper, we use the values defined
in [14] and the walking cycle for an able-bodied person as
1.08 s/step. By using angle variation data for each joint,
i.e., hip, knee, and ankle, we calculated a user’s trajec-
tory with the leg model shown in Fig. 5(a) by using direct
kinematics. In contrast, the leg model for the apparatus is
defined as shown in Fig. 5(b). The trajectory for the flat
step of the apparatus is defined as follows:

1) The trajectories of the heel and the toe (i.e., the
thenar eminence) for the user are determined as
shown by the thick line in Fig. 2.

2) The trajectory for which the z-coordinate in Fig. 5(a)
is lower, i.e., more downward, than the other is se-
lected in each walking phase.

3) In Fig. 5(a), the x-coordinate of the selected tra-
jectory, i.e., for the thenar eminence or the heel, is
shifted as shown in Fig. 6. When the z-coordinate of
the heel trajectory is lower than that of the toe tra-
jectory in the same walking phase, for example, the
targeted point on the flat step in this walking phase
is defined by shifting the length of /3; from the point
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Fig. 5. Leg models for user and apparatus.

on the heel trajectory, as illustrated in Fig. 6(a). In
contrast, when the z-coordinate of the toe trajectory
is lower than that of the heel trajectory in the same
walking phase, the targeted point on the flat step is
defined by shifting the length of /3, from the point
on the toe trajectory, as illustrated in Fig. 6(b).

4) The center of the hip joint of the apparatus is defined
as the same point that forms the center of the hip
joint of the user. The shifted trajectory is input at the
targeted point on the step of the apparatus, as shown
in Fig. 5(b) and the apparatus is thus controlled ac-
cording to the trajectory.

To select the actuator, the necessary angular velocity of
each joint of the apparatus was calculated by tracking the
walking movement of an able-bodied person [14]. The
walking cycle was divided into 20 phases and coordinates
of the trajectory for the flat step in each walking phase
were calculated. Using these results, the values of each
angle of the hip and knee joints of the apparatus were cal-
culated using inverse kinematics, i.e., angular velocities of
each joint in each walking phase were calculated from the
difference of the angle. Referring to Fig. 5(a), the average
length of each part of the leg were calculated from ref-
erence [b] as follows: Japanese person’s average height:
166 cm; thigh length: /; = 395 mm; shank length: I, =
404 mm; ankle joint to ground length: /4 = 67 mm; dis-
tance from the heel to the line drawn perpendicularly from
the center of the ankle joint to the line drawn from the
thenar eminence to the heel: /37 = 120 mm; and distance
from the thenar eminence to the line drawn perpendicu-
larly from the center of the ankle joint to the line drawn
from the thenar eminence to the heel: /3 = 120 mm.
The apparatus was modeled defining the length of each
link set at a maximum /z; = 400 mm, Iz =490 mm, and
lp3 = 65 mm.

Figure 7 shows the angular velocity of each human
joint and the hip and knee joints of the apparatus in each
walking phase. Based on these results, both actuators
must output an angular velocity of up to 6 rad/s during
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walking. The angular velocity of the knee joint is lower
in the apparatus than it is in the human, so the utilization
of the parallel link mechanism reduces the output angular
velocity of the actuator.

We also calculated the necessary output torque of the
apparatus from the force that the human outputs at the
thenar eminence while walking. Referring to Fig. 8, our
calculation method is as follows:

1) We obtain the value of joint moment 7, (T, ={Tp-nip

Tp-knees Tp-ankle M e R3) from [14], which descried
graphs of each human joint, i.e., hip, knee, and ankle,
in response to the walking phase.
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2) The force that human outputs at the thenar eminence
is calculated as force vector f, as follows:

Fp=UDT e =1 )
where J;f is a pseudo-inverse Jacobian matrix and J,
is a Jacobian matrix that relates each human joint
angle to its corresponding thenar eminence position.
Fig. 9 shows calculated force vectors and target tra-
jectory. Note that this force is output in the stance
phase and is utilized for pushing the foot off the
ground.

3) fa is the necessary output force for the apparatus and
is defined using Eq. (1). Each joint torque of appara-
tus T, is calculated as follows:

T=I"f0 fo=Fp - . ... Q@
where J is a Jacobian matrix for the apparatus.

Calculated results are shown in Fig. 10. To achieve the
torque required to walk normally, the knee joint actuator
must output a force of up to 262 Nm. Based on these
results, as summarized in Table 1, each actuator’s rating
power and gear ratio are selected by considering the nec-
essary torque and angular velocity. The efficiency of the
gear for the actuator is 75%. The apparatus can drive over
80% of the necessary torque, and the maximum angular
velocity required for an able-bodied person to walk can
be achieved. Fig. 11 shows a prototype of the structure.

3.3. Apparatus Control Method

The torque of each actuator was calculated and con-
trolled using a PID controller. The control deviation of
the flat step is defined as X, and the electric current in-

put value is defined as I;,,. Xj, and I;,, are expressed as
follows:

K; .
Xip= <K,, + ?> (Xs—X)—K;X
L, =KJI"X;, +G

3)
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Table 1. Maximum output data of actuator for joints of apparatus.

M . Ratio with Max
ax output 0 output torque and
Joint Rated power[W] Gear ratio Pulley ratio Total ratio angular velocity tgf;jeo[lll\tﬁﬁ] n;::essar(}l/ Max
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Hip 150 126/1 36/36 126/1 6.30 215.46 110
Knee 150 126/1 36/36 126/1 6.30 215.46 82
0
[ | [ . [ [ Gyro sensor
—o-Target Trajectory (For slope)
|1 o Output force N——
T -0.2 P Actuator for hip joint
=N N (Rating power: 150[W])
N
s 04 Direction of Actuator for knee joint
§ movement (Rating power: 150[W])
5 0.6 ‘v Flexible link
< I and Pressure sensor
Q L For turning around
= 08 o N & ( ity )
> i ~1;‘E Ultrasonic sensors
I [ K \; E (For stairs)
-1 o o - . Flat step
I SO0[N] Pressure sensors
-1.2

-06 -04 -02 0 02 04
Horizontal direction x [m]

Fig. 9. Target trajectory for flat step and output force vector.
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Fig. 10. Joint torque of apparatus exerting human’s force.

where X is the target value; X is the actual measurement
value at the center of the flat step; K,, K;, and K; are
the gains of PID control; J is the Jacobian matrix from
the center of the body to the center of the flat step; K
is the diagonal matrix for the proportional coefficient of
the torque-electrical current; and G is weight compensa-
tion taken into account because of the variation in weight
caused by swing and stance phases.

It is also necessary for the control law to consider in-
ertial forces and output forces created by a user. Because
the comfort level differs with the user, however, appara-
tuses must be fine-tuned for individual users. We use the
above control law to tune necessary parameters.
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Continuous
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Fig. 12. Example of apparatus utilized as vehicle and self-
contained system.

Coordinate X of the flat step is calculated by direct
kinematics from the encoder value 0, which is attached
to each motor; control signal X;, is obtained from track-
ing error X; — X with control gains K, K;, and K;. The
torque required by each joint is calculated by multiply-
ing X;, with the transposed Jacobian matrix J7. Electri-
cal current input value I, takes into account the weight
compensation obtained for each motor driver. Motors are
controlled through motor drivers according to the value of
I;,. As a result, the apparatus can assist the user by sup-
plying force according to the deviation of I;,,. Our control
system has the SH-4 board as shown in Fig. 12. The oper-
ating system of the computer is ART-Linux with a control
interval of 1 ms. We used three lithium-ion batteries as
the power supply for the apparatus as shown in Fig. 12.
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Fig. 14. Walking wearing apparatus during double stance phase (0.07 s/photo).

3.4. Estimating Walking Phase, Slope Angle, and
Stair Distance

The user receives assistance power via a sandal at-
tached to the flat step with Velcro tape. The minimum
necessary dorsiflexion angle of the ankle joint during
walking is ensured by the motion of the flat step, because
the target trajectory of the flat step is designed from the
minimum height of the trajectories of the heel and thenar
eminence during walking. In the later stage of the stance
phase, plantar flexion of the ankle joint is promoted by
moving the flat step backward as well as the user’s instep,
which is constrained with the sandal. Visual observations
by a third person and videos during walking in the pilot
study apparently confirmed heel contact and heel off.

The left and right link mechanisms are connected with
a square pipe as shown at left in Fig. 13. During walk-
ing wearing the apparatus, the connected square pipe is
twisted slightly by the inertia of the legs, preventing an
inclined flat step. When, for example, the walking phase
is at the end of the swing phase, the toe of the flat step
is directed upward and the heel of the flat step contacts
the ground easily. In contrast, to realize heel off, the front
of both flat steps is curved gently upward. Fig. 14 shows
walking wearing the apparatus during the double stance
phase. As shown in Fig. 14, the left flat step is inclined
slightly according to the measured data of the sole pres-
sure sensor as shown in Fig. 26, as will hereinafter be
described in detail. It was confirmed that the user can
achieve heel contact. From the seventh picture from the
left in Fig. 14, using the curved flat step enables the user
to heel off.

To estimate the walking phase of the user’s leg, pres-
sure sensors were attached under the thenar eminence and
the heel and the pressure variation at each sensing point
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was measured. The sensor was constructed by sandwich-
ing pressure-sensitive conductive rubber 0.5 mm thick
within thin copper sheet. Its output voltage was 0-5 V,
which is obtained using a partial pressure circuit. Because
the sensor is attached to the insole of the shoe, pressure
can only be measured with footgears such as a sandal.
Fig. 15 illustrates pressure conditions under the thenar
eminence and the heel in the walking phase. The stance
phase is estimated by dividing the walking phase into the
four distinct steps shown in the figure. By specifying the
target value of the step according to each phase, control
corresponds to the behavior of the user, which in turn im-
proves safety. In the case of a system malfunction or an
emergency, a direct stop switch was also incorporated into
the apparatus.

To determine the direction in which the user was walk-
ing, pressure sensors were also attached to the flexible
crural link. Given the parallel link mechanism, a gyro
sensor attached to the back of the apparatus measured the
slope angle of the surface on which the user was standing.
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Fig. 16. Photos of the apparatus and weight bearing lift.

To measure the distance between flat steps and stairs,
ultrasonic sensors were attached to the toe and heel of the
flat step. If the foot in the swing phase is about to hit the
edge of a stair, the sensor detects it and hitting the stair is
prevented. The user can thus walk on stairs without fear
of stumbling or falling.

3.5. Weight-Bearing Lift for Movable Neuro-
Rehabilitation Training

Users, including the elderly, who can walk indepen-
dently can use the apparatus independently. In contrast, it
is difficult for those with ambulation difficulty or unable
to walk independently to use the apparatus independently
because such users are more likely to stumble, making it
necessary to support the user’s posture. A weight-bearing
lift is effective for using apparatus power effectively. As
shown in Figs. 16 and 17, we developed a weight-bearing
lift with two arms, A and B, that can bear the combined
weight of the user and the apparatus. As shown in Fig. 16,
this lift is controlled with a joystick that specifies where
the helper or the user wants to go.

Arm A bears the weight of the apparatus (Fig. 17) since
the apparatus is fixed on arm A. The weight-bearing lift
has wheels so that the apparatus and lift can be used while
moving. A helper controls the weight-bearing lift from
behind at a speed suitable to the patient’s needs. Arm A
bears 150 kg, which is more than sufficient to support the
apparatus’s total weight of 20 kg. The arm has actuators
that can be adjusted to the height of the apparatus.

Arm B bears the weight of the patient and is attached to
arm A. The patient wears a harness hung from a hook at
one end of arm B, which was designed to bear a weight of
up to 100 kg and can be adjusted to the patient’s height,
i.e., up to 180 cm.

Weight borne by the user, Amy a8 [N], is calculated
as follows:

lrcos@
h
where f is the tension measured using the spring balance

(Fig. 15), [ is the length from the arm B fulcrum point to
the point where the user is positioned, and /; is the length

Ampynang = f 4
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Fig. 17. Mechanism of the weight bearing lift.

from the arm B fulcrum point to the point connected to
the spring balancel]

The weight-bearing lift enables the patient to feel safer
while using the apparatus because the apparatus is fixed
on arm A and the patient is supported by arm B, thus pre-
venting the patient from stumbling or falling.

4. Compensation Method for Adapting to
Various Walking Velocities

4.1. Walking Ratio

For the elderly and others who can walk without assis-
tance, it is important to promote walking as an exercise
to maintain good health. Therefore, we propose utilizing
our apparatus as a next-generation vehicle for such exer-
cise and for leisure, as shown in Fig. 12, although we note
that many of these locations may have varying slopes or
stairs. To successfully use our apparatus as a vehicle, it
should be able to be adapted to various walking veloci-
ties. We therefore propose a new compensation method
that uses walking ratio a, represented as follows:

Ip .
afm [m/step/min] . . . . . . . . . . (5

where [ [m] is the stride length and p [s/step] is the walk-
ing cycle. The value of a is generally 0.006 m/step/min,
as detailed in reference [13].

Using this equation, we have developed three control
methods that adapt to different walking velocities. Here,
we keep p in the range of 1.08 to 2.16 s/step, because
1.08 s/step is the average value recorded for able-bodied
persons, as noted above. The maximum value of / is cal-
culated from the target trajectory for each user, which was
calculated from the data of each length between the joints
of the user and each item of angle variation data [14] by
using direct kinematics. The three control methods are as
follows:

(a) [ is measured during walking using the apparatus,
and the target value of p, which is calculated from
Eq. (5), is compensated for
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120a

P= (6)

lmeasured .

(b) p is measured during walking using the apparatus,
and the target trajectory is compensated for by mul-
tiplying it by the ratio of target value /, which is cal-
culated from Eq. (5) and its maximum value.

l:ﬂ N )

Pmeasured

(c) If the user wants to walk faster or slower, the time
of double stance phase, T [s] is varied according to
the requested walking cycle. The time of the double
stance phase, T, which is measured for the user, and
the adequate value of p are therefore calculated from
the linear relationship between the variation of 7 and
p. Target p and [ values are compensated for using

Eq. (5.

120a
p:aTmeasured+ﬁ, = P . ... (8

The target value for ideal walking Xy = {Xu Xay

XdZ}T € R3 was determined along the calculated ideal tra-
jectory as mentioned in Section 3.2 and shown in Fig. 16,
according to the user’s walking phase. In this paper, for
simplification of the program and smooth transition be-
tween the different walking phases, the original point of
the control model for the apparatus was constantly defined
as the center of the hip joint of the apparatus; correspond-
ing to the hip joint of the user, regardless of the walking
phase. Furthermore, when Xy-con, Was the compensated
for trajectory taken into account the influence of the walk-
ing ratio a for X4, X4-comp Was determined as follows:

l
T 0 0

Xd-cnmp = g 1 0 X, € R3
0 0 1

where [; is the targeted maximum stride length, which
is the distance between both foot at the start of the dou-
ble stance phase in the calculated trajectory, as shown in
Fig. 18, and [ is control target stride length, which is cal-
culated by Eq. (7) or (8). In this experiment, the control
method was utilized with Eq. (3), and then the control tar-
get value was X g-comp-

4.2. Experiments

To confirm the validity of each compensation method
noted above, /, p, and velocity while walking with the
apparatus were measured. Subjects were interviewed re-
garding the impression of assisted power for each of the
compensation methods. Test subjects were two healthy
males, 23 and 25 years old, recorded as Subject A and
Subject B, with prior experience in walking with the ap-
paratus. Subjects were given instructions to walk 12 steps,
i.e., 6 walking cycles. The first 4 steps were accelerated,
the middle 4 steps were at maximum speed that subjects
felt most suitable, and the final 4 steps were decelerated.
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Fig. 18. Sample of ideal target trajectory and targeted stride
length.

4.3. Experimental Results

The measured data of /, p, and the walking velocity of
the two subjects are shown in Figs. 19, 20, and 21, re-
spectively. Comparing the results of these figures, similar
tendencies are observed in the three graphs. Without com-
pensation, the results vary little. Results of compensation
method (a) show that the stride length is longer than that
obtained using other results; it also varies little, however.
The target of [ is constant, so therefore / cannot be dimin-
ished by the user.

The walking cycle of compensation method (b)
shows almost the same pattern as that of compensation
method (c). The target of / is diminished, however, ac-
cording to p, so walking velocity also decreases. Re-
sult ranges of compensation method (c) are the largest of
the four studied conditions. Method (c) also shows the
best overall opinion on the basis of interview results. We
therefore concluded that method (c) is the most effective.
When it is adopted in the control program, however, the
variation range of T for each subject must be measured
and the relationship between T and p grasped previously.
In future work, we plan to study the relationships accord-
ing to age, gender, weight, and other such dimensions.

5. Control Method Considering Dynamics and
Assistance Ratio

5.1. Modeling the Apparatus and User

When the user walks with the apparatus controlled us-
ing Eq. (3), the flat step can hardly accompany the motion
of the user’s leg according to the increased walking ve-
locity, because Eq. (3) does not consider the dynamics of
the apparatus and the user. To improve the response of the
apparatus, we therefore developed a control method that
uses impedance control and considers the dynamics of the
apparatus and the legs of a user, as well as the assist ratio
for the user.

First, each link was labeled as shown in Fig. 22, and the
apparatus and the user were modeled in two dimensions,
as illustrated in Fig. 23, by using the following variables:
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o
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Fig. 19. Comparison of measured variation of stride length under condition of each compensation.

—®- - Without compensation
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Walking cycle[sec/step]
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—7/x— Compensated method c)

Walking cycle number
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Fig. 20. Comparison of measured variation of walking cycle under condition of each compensation.
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0.5
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Fig. 21. Comparison of measured variation of walking velocity under condition of each compensation.

Fig. 22. Names of links for modeling.

71 and 7, are torques that must be output at the hip and
knee joints of the apparatus, respectively.

0, and 6, are the angles of the hip and knee joints, re-
spectively, which can be obtained from encoders attached
to the end of each motor.

mp, M, Mg, M, my, and my, represent the respective
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Fig. 23. Apparatus model to make equation (side view).

masses of each link.
myeq is the mass of the user’s leg.

o, 1s the weight-bearing ratio for the user, where
Oy = 1—%,030&%31-

Ip,le,lq,le,1¢, and [, are the respective lengths of each
link.
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Table 2. Data of variables for each part of apparatus.

7, [m] 0.400
1, [m] 0.490
[ g [m] 0.195 -
L ger [m] 0.034 I, [kgm’]| 0113
1 ye- [m] 0.117  m, kel 0374 .

: > 0136
14 [m] 0239  m. [kl 1.883 1o [kem’]
[ g [m] 0.194  m, [kg] 0.554 ~

0| 0.067

1 gp [m] 0.061  m, [ke] 0451 1o [kegnr]
[ gp- [m] 0.041 m [kg] 0.789 ~ B 0212
1 4 [m] 0.074  my, [k 1153 1r [kem] '

Lap,locylodslge, Lo, and Loy, Loc, loq, lge, L, Loy are the re-
spective lengths to the gravity of each link.

Iy, 1., 14,1,,I7, and I, are the moments of inertia of each
link.

Data of variables for each part of the apparatus are
shown in Table 2.

Given the above, the torques of each joint of one leg of

the apparatus while walking are calculated as follows:

T= M(e) 6 +h (67 9) + 8ap (9) + Olon&human (9)

~JT(fa+f)ER L9
where
T= {T[,Tz}T S Rz, 6= {91,92}T S Rz7
| h+L+2RC, ©L+2RC 2%2
M(e) B |: I +2RC, b :| €RT,
; . —2R5291 92 —RS2922 2
7 (6,0) = { o R,

I = m;,lgz,, + mclgc

+ (my +me +my +my + Ohpmeg) 1 +1, + 1,
b = mel, +myls+mpll + oypmyegls + I+ Iy,
R = (melge +mpler +myl. + Otwbmlegle) Ip.

8ap(0) is the gravity compensation for one leg of the
apparatus,

gap<9) =
[{mpley +melge: + (mg +me+my+mp) Iy} Sy
+ (melge +mylyy +mhle) Si2]g Y e R2.

(melge + mflgf + mhle) S128
(10)

0O, is the gravity compensation ratio for one leg, where
0< Ogp < 1.
Zhuman(0) is the gravity compensation for one leg,

o Oy (MieglpS1 + MyegleS12) 8 } c R2

8human (6) =
Olgp awbmlegleSIZg

J:[.’l 12]6R6X2.

J1 € R is the Jacobian matrix from the hip joint of the
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apparatus to the flat step.

Jy € R is the Jacobian matrix from the knee joint of
the apparatus to the flat step.

[ is the force that the user must output in order to walk,
and f, = {f £, . 00 0}" €RC.

[+ is the floor reaction force in the stance phase, f, =
{fo frv £ 00 0}" R,

By using Eq. (9), the dynamics of both the apparatus
and the user while walking can be taken into account. The
value of 0, is also an assistance ratio, determined accord-
ing to the condition of the user’s leg. f, is defined as the
vector at the center of gravity of link 4. As mentioned in
Section 4.2, in this paper, the original point of the control
model for the apparatus was constantly defined as the cen-
ter of the hip joint of the apparatus; corresponding to the
hip joint of the user, regardless of the walking phase. f, is
used to input calculated data using the three graphs (f,
fry» fiz» ordinate: ratio of human weight, abscissa: walk-
ing phase) in [13] and the value of the sum of the weight
of the apparatus and the user. These values for each pa-
rameter change according to the walking phase, especially
during the double stance phase.

5.2. Impedance Control Method

By adjusting the value of the natural angular frequency
of the desired dynamic equation for the user, as given by
Eq. (10), our apparatus can assist walking according to
the user’s desired response.

Myp+Dap,+Kapo = f1 € R -an
where p, =p—p, € R? is the deviation from the target.

pP= { Dx Dy pZ}T € R3 is the current position of the
flat step.

Py= { Ddx Pdy de}T € R? is the position of the target
varying according to the walking phase of the trajectory.

M, is the desired mass matrix when the user moves,
My = diag[m, m, m;| = diag[mg my my] € R3*3.

K, is the desired stiffness matrix when the user moves,
K, = diaglk, k, k;] = diaglky kg k4] € R¥3.

Dy is the desired damping matrix when the user moves,
D, = diag[d, dy d;] = diagld; d d,] € R¥.

The mass of the user’s leg, m,, was calculated by us-
ing the mass ratio of weight my,q, [13], €.g., in the case
of Subject A, mpynan was 70 kg, and mye = 0.0725 x
Mpyman = 5.075 kg, therefore, my = (1 — Qgp)myjeq = (1 —
0.2) x 5.075 = 4.06 kg.

When Eq. (10) and p = JO + 7@ € R3 are input to
Eq. (9), the output torque of each joint of the apparatus
is expressed as follows, without using p and f;, (note that
the value of @ can be obtained from discrete and filtered

0):
T= M(G) 9 +h (9, 9) + 8ap (9) + Ogh 8 human (e)
~J"[{My(JO+76) +Dyp,+Kup,} + f,]

c R? . (12)
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Table 3. Subject data.

Subject Height [cm] | Weight [kg] | Age Sex
A 172 70 25 Male
B 169 58 24 Male

Table 4. Experiment data of each impedance property.

EXP ] Mg k,{ d,i @,
No. Subject ksl [N/] N sec/m] [rad/sec] ¢
Al 102 40.6 5
A2 199 56.8 7
A3 406 81.2 10
Ad A 406 | 686 105.6 13
A 9145 1218 15
A6 1173 138.0 17
AT 1624 | 1624 20 1
B ]4 336 5
B 165 47.1 7
B3 336 67.3 10
B-4 B 3.36 569 87.5 13
Bss 757 100.9 15
B 972 114.4 17
BT 1346 134.6 20

5.3. Hearing and Trajectory Measuring Experi-
ments

To confirm the validity of our new control method,
we performed hearing and trajectory measuring experi-
ments during assisted walking, which is controlled using
Eq. (11). To adjust the response of the assistance force,
the values of natural angular frequency @, and damping
ratio { of the desired dynamic equation for the user are
defined as follows:

| ka dg
O = —, =
mg ¢ 2/ mgky

Subjects in our experiments were two able-bodied men
with the characteristics summarized in Table 3. The value
of each m,; was calculated from the weight of each per-
son’s leg and assistance ratio @, = 20%. According to
the value of . in the range of 5-20 Hz, k; and d; were
set to a variety of values, as shown in Table 4. Sub-
jects walked in a straight line at a constant velocity with
the same target walking cycle of 1.30 s/step, which was
the value for which both subjects could walk comfortably
while wearing the apparatus.

The results of our experiments are summarized as fol-
lows:

« Subjects did not report feeling the weight of the ap-
paratus in any experiment, so the gravity compensa-
tion and inertia terms for the apparatus were effec-
tive.

« In experiments A-1 and B-1, subjects felt negligible
assistance force, so they had to walk using their own
strength.

« In experiments A-2 through A-6 and B-2 through
B-6, according to the increased value of @, the as-
sistance force also increased.
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« Subjects reported that experiments A-5 and B-5, in
which w. = 15 rad/s, were the easiest to walk.

« Subjects reported that experiments A-7 and B-7, in
which . =20 rad/s, proved difficult to walk because
the assistance force was too strong.

The variations of hip and knee motor currents and volt-
ages of sole sensors were measured during walking, and
then we calculated output torques. From the seven com-
binations that we created, the user chose impedance con-
trol best suited for walking (@, = 15 rad/s). Results com-
pared between targeted and measured torques are shown
in Figs. 24 and 25. Each walking phase was selected from
measured results of each of the sole pressure sensors as
shown in Fig. 26. Targeted and measured results were al-
most the same shape. It can therefore be confirmed that
this apparatus can adequately assist the user’s walking.
Due to the output torque limitation of our current motors
we are unable to achieve our desired torque of 26 N-m. To
remedy this limitation we are considering using a spring
mechanism to achieve our desired torque. Increasing the
size of the motor is counter productive due to the weight
increase of a larger motor and battery.

Figure 27 shows mean results for three walking cycles
of each measured trajectory of the flat step. Both trajec-
tories, at @, = 20 rad/s, deviated from other trajectories,
and we observed that the walking form collapsed. From
the figure, the future of the trajectory varied for each sub-
ject, but the most effective value of @, remained constant.
We therefore conclude that the intensity of the assistance
force during walking can be adjusted by .. In all exper-
iments, the assistance ratio was o, = 20%, but it was
difficult to confirm whether the value of the assistance
ratio is adequate for the user or not because we did not
measure muscle activity and the adequate value of the as-
sistance ratio is different according to the age, condition,
familiarity with device use or not, usage, and so on. Even
though the assistance ratio of the Lokomat (driven gate or-
thosis) [11] was set to 100 %, muscle activity of the sub-
ject was generated [15]. As future work, we aim to clarify
the relationship between the assistance force, assistance
ratio, and @,.

6. Evaluating Effectiveness of Weight-Bearing
Lift

To evaluate the effectiveness of the developed weight-
bearing lift, the trajectories of the flat step and EMG data
of one leg of the user during walking with the apparatus
and using the weight-bearing lift were measured. The test
subject was a healthy 23-year-old man who was 172 cm
tall, weighed 66 kg, and had prior experience in walk-
ing using the apparatus. He walked with a walking cycle
of 1.30 s/step, which was comfortable for him using the
apparatus and weight-bearing lift. The scenarios of the
experiment are as follows:
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Fig. 24. Comparison between targeted and measured torques of left hip joint during walking.
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Fig. 25. Comparison between targeted and measured torques of left knee joint during walking.
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Fig. 26. Measured results of each of measured sole pressure sensors during walking.
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Fig. 27. Measured trajectory of flat step during walking.

(a) Walking with the apparatus without the weight-
bearing lift.

(b) Walking with the apparatus and using arm A of the
weight-bearing lift, bearing 60% of the apparatus’s
weight (22 kg).

(c) Walking with the apparatus and using both arms A
and B of the weight-bearing lift, bearing 60% of the
apparatus’s weight (22 kg) and 30% of the subject’s
weight (66 kg).

In this experiment, the control method also utilized
Eq. (3), and the control target value was X, i.e., it did
not taken into account the influence of the walking ratio.
The subject walked straight ahead with constant velocity,
taking 10 steps and the trajectory and EMG were mea-
sured. Mean results of measured trajectories are shown
in Fig. 28. In the figure, to compare the height of each
trajectory in the swing phase, the lowest position was de-
fined as the baseline. Evidently, the height of the trajec-
tory in the swing phase increased according to the weight-
bearing condition, but in the final stance phase of condi-
tions (b) and (c), both trajectories were diminished. There
is a possibility that even though the user did not push off
the ground with much strength, his leg may have shifted
from the stance phase to the swing phase.

Measured EMG data was collected from the following
four points on the right leg: tibialis anterior muscle (TA),
medial head of the gastrocnemius muscle (GMH), rectus
femoris muscle (RF), and long head of the biceps femoris
muscle (BFL). The distance between electrodes of the
EMG sensor was 34 mm, the signal amplified by 1000
times was converted from analog to digital with a sam-
pling time of 1 kHz, sent wirelessly, and recorded with a
PC. Integrated EMG (IEMG) at intervals of 0.1 s was cal-
culated from EMG data, and maximum values of IEMG
for each step were averaged. Each average was compared
with the Maximum Voluntary Contraction (MVC), and
thus, the percentage of MVC (%M VC) for each condition
was derived.

Figure 29 summarizes results. For our subject, the cru-
ral muscles (TA and GMH) are used more actively than
the femur muscles (RF and BFL), and the muscle activity
can be decreased using the weight-bearing lift. The activ-
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Fig. 28. Measured trajectory of flat step during walking.
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Fig. 29. Comparison of %MVC data of each condition.

ity of BFL was especially decreased by using both arms of
the weight-bearing lift. By using arm B, the floor reaction
force arising from the user’s weight decreased, because
the user did not have to push off the ground as strongly.
The activity of BFL also decreased. The weight-bearing
lift can therefore be utilized to adjust the user’s load for
training. The behavior of pushing off the ground is, how-
ever, important in rehabilitation. Hence, in the future, we
plan to increase the number of subjects and confirm the
relationship between weight-bearing force and activity of
the BFL; our goal is to show that our apparatus will be
effective in clinical use with motor palsy patients.

7. Conclusions
We have developed a new walking-assistance appara-

tus for use as a next-generation vehicle or as a movable
neuro-rehabilitation device for the elderly or motor palsy
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patients. To adapt to variations in walking velocity, we
have adopted the concept of the walking ratio to control
the apparatus. The dynamics of the apparatus and the abil-
ities of the user have been taken into account in the con-
trol mechanism, and we have suggested a method to ad-
just the assistance force by the natural angular frequency.
For patients who cannot walk independently, the weight-
bearing lift can successfully bear both the apparatus and
the user. Finally, we have confirmed the feasibility of our
weight-bearing lift by measuring %MVC. By using the
lift together while adjusting adequate bearing weight, the
elderly and disabled patients or those requiring rehabilita-
tion can therefore benefit from our apparatus.
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