2011 IEEE International Conference on Rehabilitation Robotics
Rehab Week Zurich, ETH Zurich Science City, Switzerland, June 29 - July 1, 2011

A Lower-Limb Power-Assist Robot
with Perception-Assist

Yoshiaki Hayashi

Dept. Advanced Technology Fusion,
Saga University, Saga, Japan
hayashi@me.saga-u.ac.jp

Abstract— In order to assist the motion in the daily lives of
physically weak persons such as elderly persons, many kinds of
power-assist robots have been developed. In the case of some
physically weak persons, the ability to perceive the environment
is sometimes deteriorated also. A method of perception-assist has
been proposed to assist not only the user’s motion but also the
user’s interaction with an environment, by applying the
modification force to the user’s motion if it is necessary. In this
paper, the perception-assist for a lower-limb power-assist
exoskeleton robot is proposed. In the daily life, the walking is
very important for persons to achieve desired tasks. Basically, the
robot assists the user’s muscle force according to the user’s
motion intention which is estimated based on EMG signals. If the
robot has found problems which might lead the user to
dangerous situation such as the falling down, the robot tries to
modify the user's motion in addition to the ordinal power-assists
to make the user walk properly. Since the user might fall down
by the effect of the additional modification force of the
perception-assist, the robot automatically prevents the user from
falling down by considering ZMP (Zero Moment Point). The
effectiveness of the proposed method has been evaluated by
performing experiments.
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L

Some persons have difficulties in living an independent life
because of a disease or a decline of muscle force. Power-assist
robots are useful to help physically weak persons such as
elderly persons live an independent life and are also expected
to be applied to various fields [1]-[15]. In the power-assist
robots for physically weak persons, it is important to assist the
user’s motion automatically according to the user’s intention.
The power-assist robots are able to estimate the user’s motion
intention based on bio-logical signals like electromyogram
(EMG) [7, 8]. However, in the case of some elderly or
physically weak persons whose motor ability is deteriorated,
the ability to perceive the environment is sometimes
deteriorated also. In such case, even though the user expands
the motor activity range by using the power-assist robot, the
user might not be able to perceive the risks associated with
their own motions correctly and be involved in an unexpected
accident. Therefore, it is sometimes necessary for the power-
assist robot to have the ability of the perception-assist as well
as the ability of the ordinary power-assist. The power-assist
robot with perception-assist has been proposed to keep
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monitoring the interaction between the user and the
environment using its own sensors, and tries to modify the
user’s motion automatically by adding additional force only if
any problems are found in the user’s motion. For example, in
the case of upper-limb power-assist robots, the user achieves
tasks using various tools. If the robot judges the tool motion is
wrong or dangerous, the robot automatically tries to modify the
tool motion by adding additional force to the user’s hand [16]-
[20]. In the perception-assist, sensors such as stereo cameras
and/or laser range finders are necessary to monitor the
interaction between the user and the environment.

In this paper, the perception-assist for a lower-limb power-
assist exoskeleton robot is proposed to make elderly and/or
physically weak persons walk properly and safely in a daily
living environment. If a person whose ability to perceive the
environment is deteriorated misidentifies a bump, the person
might stumble on the bump and fall down because of the
spatial misconception, which could result in serious damage.
To prevent a user away from an unexpected accident, the
proposed power-assist robot observes the interaction between
the user and the environment in front of the user and modifies
the user’s motion as necessary by adding the modification force
automatically, although the robot always performs the ordinary
power-assist normally as well. However, the user might lose
his/her balance and fall down by the effect of the additional
modification force of the perception-assist because it is
automatically generated regardless of the user's motion
intention. Consequently, the perception-assist is carried out
considering ZMP (Zero Moment Point) [21] to keep stable
walking in the proposed method.

In this study, the proposed perception-assist method is
applied to a 2DOF lower-limb power-assist exoskeleton robot
and the effectiveness of the proposed method is evaluated by
performing experiments.

II. LOWER-LIMB POWER-ASSIST ROBOT

The lower-limb power-assist exoskeleton robot used in this
study is shown in Fig. 1. Each limb of the robot consists of two
DC motors with encoders to measure the hip and knee joint
angles, An encoder to measure the ankle joint angle, two tactile
switches in the heel and the toe to know whether the sole
contacts with the ground, links for thigh and shank, and a foot
holder. The robot is attached to the torso, thigh, shank, and foot
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Fig. 1 Lower-limb power-assist exoskeleton robot.

Table I Range of motions of lower limb

Type of motion Human [deg] robot [deg]
Hip flexion 130 120

Hip extension 30 20
Knee flexion 140 110

Knee extension 0 0

of the wuser. Hip flexion/extension motion and knee
flexion/extension motion of the user can be assisted by the
robot. The range of motion of each joint is shown in Table L.
As shown in Table I, the range of motion of each joint of the
robot is slightly smaller than the physiological range of motion
in order to ensure the safety.

The laser range finder (URG-04LX, HOKUYO
AUTOMATIC CO., LTD.) is attached near the knee joint of
the robot. In addition, the encoder is installed to measure the
rotation of the axis of the laser range finder. The laser range
finder is used to recognize the environment in front of the user
in x-z plane as shown in Fig. 1.

1. POWER-ASSIST

The controller of the robot consists of the power-assist part
and the perception-assist part. Each motor torque is the sum of
calculated torques in each part. In this section, the power-assist
part is explained in detail.

The skin surface electromyogram (EMGQG) is used to predict
the user’s motion intention and assist the user’s motion in real-
time in accordance with the user’s motion intention, since it
directly reflects the user’s motion intention [7]. Seven channels
of EMG signals per leg are measured and used as input signals
to the robot. Each channel mainly corresponds to one muscle.
The locations of EMG electrodes are shown in Fig. 2. Since the
raw EMG signal is not suitable for the control input, a feature
of the EMG signal is extracted. We chose to use the Root Mean
Square (RMS). The RMS calculation is written as

(1)

where N is the number of samples in a segment, v; is the
voltage at /™ sampling point. The number of samples N is set to
be 300 and the sampling time is 500usec (the sampling
frequency is 2 kHz) in this study. The relationship between the
seven RMS values and the generated vector of joint torques is
implemented as shown in eq. (2).
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where 7, ,,, and 7 ,,, are torques for hip flexion/extension and
knee flexion/extension, respectively. ch; represents the RMS
value of the EMG signal measured in channel i. wy, is the
weight value for ;" EMG signal to estimate the hi
flexion/extension motion and wy, is the weight value for ;'
EMG signal to estimate the knee flexion/extension motion. The
relationship between each joint torque and the RMS values of
the EMG signals is changed depending on the user’s lower-
limb posture. Therefore, the weights of the matrix in eq. (2) are
adjusted in real time according to the user’s lower-limb posture
by using a neuro-fuzzy modifier which is shown in Fig. 3 [7].
This adaptation technique with neuro-fuzzy modifier enables
the controller to adjust itself to be suitable for any posture of
any person. wy,; and wy; are adjusted as follows by using neuro-
fuzzy modifier as shown in Fig. 3.

Wij = Wio,j X CWg 3)
Wy = Wio, j X CW;

where wyy; and wyy are the initial weight values. CWy; and
CWy; are changed according to the user’s lower-limb posture in
order to adjust the relationship between each joint torque and
the RMS values.
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Fig. 4 Bump detection.

IV. PERCEPTION-ASSIST

In the perception-assist part, the robot judges whether the
user’s motion is in danger at first. The user is able to move
his/her body according to his/her motion intention by the assist
of the robot. However, if the user has problems in his/her
ability to perceive the environment, the user might not be able
to recognize the danger of own motion correctly. Therefore, if
the robot judges the user’s motion is dangerous, the robot needs
to modify the user’s motion automatically. In order to realize
the perception-assist, the robot is required to understand not
only the motion of the user but also the interaction between the
user and the surrounding environment. In the case of lower-
limb power-assist robots, the robot needs to prevent the user
from falling down during walking, ascending, descending, or
standing up. Specifically, a user who has problems in the
ability to perceive the environment might overlook or
misunderstand a bump and stumble on it. Although a healthy
person might be able to recover the own balance, a user who
needs the help of the power-assist robot might fall down. For
this reason, the robot needs to be careful with the user’s
interaction with the environment.

In this paper, the robot detects bumps and prevents the user
from falling down and stumbling by the perception-assist
during walking. However, although the robot tries to modify
the user’s motion in addition to the ordinary power-assists to
walk properly, the motion modification is automatically
generated regardless of the user’s intention. For this reason, the
user might lose his/her balance and fall down by the effect of
the additional modification force of the perception-assist. To
prevent such case, the robot takes into account ZMP in the
perception-assist algorithm.

A. Environmental sensing

The laser range finder is used to recognize the environment
in front of the user. A bump in front of the user is detected by
the laser range finder and the distances from the user’s toe to
the bump and the height of the bump are calculated. The robot
is careful with the user’s motion so that the user does not
stumble on the bump.

The measured points from the laser range finder are shown
in Fig. 4. As shown in Fig. 4, each vector is calculated based on
these adjacent measured points. Then, &, which is the angle
between these vectors and the horizontal vector can be
calculated. The robot estimates whether there is a bump or not
based on 6. When the absolute value of 6, is small enough, the
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Fig. 5 User posture.

robot judges that the ground is flat. On the other hand, when
the absolute value of 6 is large enough, the robot judges that
there is a bump in front of the robot. When the absolute value
of 6, is middle, the robot judges that the ground is slope. These
threshold values are defined experimentally. If the robot detects
a bump, the distance from the user’s toe to the bump and the
height of the bump are recorded. The scanning time and the
angular resolution of the laser range finder are 80 msec and
0.36 deg, respectively.

B. ZMP

In order to prevent the user from losing his/her balance and
falling down by the effect of the additional modification force
by the perception-assist which is given regardless of the user’s
intention, the robot takes into account ZMP. The user’s body is
modeled as shown in Fig. 5. The supporting leg is found by
tactile switches located in both soles. Then, the posture of the
user’s body region is ¢ calculated using the joint angles of the
supporting leg as follows.

eb = esp,h _esp,k + gsp,a (7)

where 6, is the angle of upper body region, 6,,,, 6,and 6,
are the angles of hip, knee and ankle joint of the support leg,
respectively. G, Gxand 6,,,are the angles of hip, knee and
ankle joint of the swing leg. The positions of each joint are
calculated as follows

Xk =Lysinby, , )
Zgpk =Ljcosb,,
Xp =Xg —Lysinby, )
zp = ZSp,k + L//‘ CoS HSP,H
Xewk = Xp + Lf sin HSW,H (10)
Zsw,k = Zh _Lf cos gsw,H
Xsw,a = Xsw,k + Ll Sin(gsw,H - gsw,k) (1 1)
Zsw,a = Zsw,k Ll COS(HSW,H - 9sw,k)

where L; and L, are the lengths of the shank region and the
femoral region, respectively. x and z are the positions of each
joint. The sp represents the supporting leg, sw represents the
swing leg, a, k and & represent ankle, knee and hip joint,
respectively. In addition, 6, ;= Oy) - O, O™ G - 65 The
positions and accelerations of the center of gravity (COG) of
upper body, thigh and shank are calculated from (7) to (11).
ZMP is calculated is written as

733



S Tmax
<2
N
o |
2 0— |
2 | | \
< ~Tmax : : : |
I T 5 .
'I : 1 Direction of
| I I movement
::I i |
I
I \feet—»
| |
| o ! d,\uﬂ‘ d.\uﬁr | dy !
: Xe,zmp
Fig. 6 Perception-assist area based on ZMP.
~——hip joint @~ hipjoint
1 Kknee ioint i _—knee joint
: V' ] :
] O, T '
] ?grdclélonal “n additional
T / 't orce
E Ah E
! bump |H i bump
%> ~
A 777 v
virtual Al virtual
wall (a) wall (b)

Fig. 7 Virtual wall area.

n n
Zmi (z; +8)x; —Zmijc'izl-
_ =l i=1
n
Zmi(éi +8)
i=1

where x.,, is the coordinate of ZMP in the horizontal direction,
m; is the mass of each human body part and robot, x; is the
position of the COG of each part in the horizontal direction, z;
is the position of the COG of each part in the vertical direction
and g is the acceleration of gravity. The weight and the position
of the COG of each body part are decided based on [22]. The
perception-assist is performed considering x.,,,.

X

(12)

zmp

C. Fall prevention assist

The robot performs fall prevention assist based on the
results of environmental sensing and calculated ZMP.

When the robot estimates there is no bump in front of the
user, the robot evaluates the user’s walking based on x.,, in
order to prevent the user from falling down in addition to the
ordinary power-assist. If x.,, is located in an undesired area,
the robot automatically generates additional hip joint torque to
change the location of x.,, to the safe area by activating the
upper body of the user. The area in which the robot generates
the additional hip joint torque in addition to the power-assist is
defined as shown in Fig. 6 so that x.,,, is moved to center of the
support polygon. Because the mass of the upper body region is
larger than other regions and the movement of the mass of the
upper body is the most effective way to change ZMP, the
additional hip joint torque (i.e., the perception-assist torque) is
generated at the hip joint motor of the support leg. In Fig. 6,
Tnar 1S the amount of the maximum hip joint torque which is
defined to protect the user from the injury. The perception-
assist torque for walking-assist is calculated using eq. (13).
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z-I’I’IaX (Ax

Tyalk =4 deri (13)

(dsafe <

Sgn X z-1’1’121)( > (

< dsafe + dcri)
< dsafe +dey)

Axzmp =X, ZMP ~ Xzmp
Sgn = Sgn(szmp)

where x, zp is the center position of the support polygon, dy.
and d,; are shown in Fig. 6. 7, dy. and d,; are
experimentally defined.

When the robot detects a bump, a virtual wall area is
generated in front of the bump as shown in Fig. 7(a). It assumes
that the first point which is judged as a bump by the environ-
mental sensing is the origin. The virtual wall area is shown by
the trapezoid represented by 4/, Ah and H in Fig. 7 (a). Here, H
means the height of the bump, Al, Ah are the experimentally
defined parameters as shown in Fig. 7(a). In the experiments to
define A/ and 4k, some subjects walk at normal speed (about
1.4m/sec) [23]. Then, we defined A/ and Ak as minimum values
in which the subjects could overcome the bump. The location
of the toe of the user’s swing leg is calculated using eq. (11). If
the user’s foot enters the virtual wall area as shown in Fig. 7(a),
the robot judges the user might stumble on the bump and
generates the additional motion modification force along the
virtual wall in addition to the power-assist force to avoid the
collision with the bump. The additional motor torque generated
by the effect of the additional motion modification force (i.e.,
the perception-assist torque) is written as follows.

[

where 7,4 is the additional hip joint torque, 7. is the
additional knee joint torque, J is Jacobian matrix and f;,, is the
additional motion modification force generated along the
virtual wall. The amount of f,,, is related with Al and 4h. The
amount of f,,, was defined based on the change of ZMP and the
feeling of the subjects at the same time when A/ and 4k are
defined. Note that 7,4 and 7.4 are generated without the
user’s intention. Therefore, another hip joint torque must be

Th,add

14
Tk add (14

:|:JTfadd



Fig. 9 Experimental condition.

added to cancel the undesired effect of the ZMP change caused
by the additional force so that the user does not lose his/her
balance and fall down by the effect of the perception-assist.
Based on eq. (12), 7.4 Which is the torque to cancel the effect
of the change of ZMP is calculated as follows.

_ z-h,add xt,cog sm '9SW,H - Zt,cog Cos esw,H
fbody - :

dt,cog . Xb,cog sin gb ~ Zb,cog cos Hb (15)
_ Tk,add . X,cog Sln('gsw,k - esw,H ) + Z],cog COS(st,k - wa,H)

Xp,cog SINOy = Zpy oo COSG,
z-Cam:el = fbody x db,cag (16)

where d, ., is the length between hip joint and the COG of the
femoral part, dj.,. is the length between knee joint and the
COG of the leg part and d}, ., are the length between hip joint
and the COG of the body part. x,, .., and z,, ., are the position of
each body part (p=t:femoral part, /:leg part, b:body part).

dl ,cog

After the user’s foot is lifted over the bump, the robot
estimates whether the top surface of the bump has enough
space to place the user’s foot on it. If the top surface of the
bump has enough space to place the user’s foot on it, the robot
takes the additional perception-assist torque away from the user
and performs the normal power-assist. In the case that the top
surface of the bump is too narrow, if the robot recognizes the
ground ahead on the bump, the robot performs another
perception-assist to overcome the bump as shown in Fig. 7(b).
Meanwhile, if the robot cannot recognize the ground ahead on
the bump, the robot tries to turn back the user’s foot because
the robot cannot find the space to place the user’s foot on it
safety. Thus, the robot takes into account ZMP to prevent the
user from losing his/her balance and falling down in any case.

The flowchart of the perception-assist is shown in Fig. 8.
The robot performs the perception-assist in accordance with the
flowchart shown in Fig. 8 in addition to the power-assist
represented in eq. (2).

V. EXPERIMENTS

In order to verify the effectiveness of the proposed method,
experiments were carried out. In the experiments, a young male
subject walked on the treadmill as shown in Fig. 9.

For the first experiments, a bump (width of about 300mm,
height of about 200mm) was prepared in front of the subject.
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Fig. 10 Experimental results.

After the subject walked on the treadmill 10 seconds, the
subject moved his foot to stumble on the bump on purpose in
order to verify the effectiveness of the proposed method. The
robot generates the perception-assist torque to prevent the
subject from stumbling on the bump when the subject’s foot
enters in the virtual wall area. In the experiments, the robot did
not generate the perception-assist force during 10 seconds from
the beginning.

The experimental result with the perception-assist force
without taking into account ZMP is shown in Fig. 10(a) and
that with taking into account ZMP is shown in Fig. 10(b). In
the both cases, the subject was able to place his foot on the
bump without stumbling. However, in the case of Fig. 10(a) in
which the robot assisted the subject without taking into account
ZMP, the subject lost his balance by the unintended additional
force from the perception-assist, and ZMP moved backward
opposite to the direction of movement at 4-5 seconds.
Meanwhile, in the case of Fig. 10(b) in which the robot assisted
the subject with taking into account ZMP, the subject kept his
balance even though there was the additional force from the
perception-assist, and ZMP was stable. In the experiments, the
robot generated larger additional force by the perception-assist
than usual (f,. which was defined experimentally) in order to



verify the effectiveness of the proposed method because the
subject was a young healthy male as remarked above.

For the second experiments, another bump (width of about
30mm, height of about 40mm) was prepared in front of the
subject. This bump was narrower and lower than the bump in
the first experiments. The first experiment situation is the case
that the user cannot lift up his foot up to a height of a bump
although the user can recognize the bump. The second
experiment situation is the case that the user might not be able
to recognize a bump because the bump is small. In this
experiment, after the subject walked on the treadmill 10
seconds, the subject placed the right foot on the bump on
purpose. Although the subject stepped on the bump during
walking, the robot avoided it by the additional force by the
perception-assist. Also in these experiments, the robot did not
generate the perception-assist torque during 10 seconds from
the beginning.

The experimental result is shown in Fig. 10(c). In this case,
the robot recognized the bump at about 2 seconds, and then

generated the perception-assist force to lift up the subject’s foot.

In addition, the robot recognized the width of the bump is
narrow to place the foot on it after about 5 seconds, and then
the robot generated the another additional force so that the
subject stepped over the bump. During the experiments, the
robot took into account ZMP to prevent the subject from falling
down. These experimental results show that the proposed
perception-assist with taking into account ZMP can prevent the
user from falling down.

VI. CONCLUSION

In this paper, the perception-assist for a lower-limb power-
assist exoskeleton robot is proposed to assist the walking of the
elderly or physically weak persons. In the proposed perception-
assist, the power-assist robot observes the environment in front
of the user and modifies the user’s motion as necessary to
prevent a user from falling down, while the robot performs the
ordinary power-assist simultaneously. In addition, the proposed
method performs the perception-assist taking into account ZMP
to keep stable walking. The experimental results which were
carried out by the healthy young man showed the effectiveness
of the proposed method.
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