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Figure 6. Joint part detection and mode of dynamic motion in each Phase: (a) walking, (b) standing
up and (c) going up stairs.

are performed reacting to the FRFE. Therefore, it would be effective to determine
Phase-shift timing from the FRF.

3.3.1. Walking. We focus on the condition of the left FRF for Phase-shift timing
of the right leg. During walking the right leg swings (Phase 1 starts) when the rear
part of the left foot contacts with the ground surface (Fig. 5a). At this time, we
should be able to detect the FRF at the rear part of left foot and this detection can be
used as an indication for the start of Phase 1. On the other hand, Phase 2 starts when
the right foot contacts with the ground surface while the ground contact part of the
left foot shifts to the front. As the result we should be able to detect the increasing
in FRF at the front part of the left foot and use it as the indicator for the start of
Phase 2. Based on these characteristics of the FRF, we set thresholds for FRF at
the front and rear part of the left foot (Vj¢, Vi) which indicate the ground contact.
If the FRF value at the front part of the left foot ( fir) exceeds the threshold of the
FREF at the front part of the left foot (Vj), Phase 1 shifis to Phase 2. Subsequently,
if the FRF value at the rear part of the left foot (fi;) exceeds the threshold of the
FRF at the rear part of the left foot (Vj;), Phase 2 shifts to Phase 1. We use the same
method to determine the Phase-shift timing of the left leg based on the FRF of the
right foot. The flow chart of the Phase Sequence in walking power assist for the
right leg is shown in Fig. 7a.
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3.3.2. Standing up. 'We use the condition of the FRF at the rear part of the right
foot (fir) and the right hip joint (a) in order to determine Phase-shift timing for
standing up motion. As shown in Fig. 5b, when the upper body is slightly bent
forward from the sitting position (Phase 2 starts), f;; is detected. At this time, this
detection can be used as an indication for the start of Phase 2. Phase 3 starts when
fir exceeds approximately 80% of the maximum value. The hip and knee joints
are extended in Phase 3. Finally, the standing up motion settles down in Phase 4
as the standing position. Based on these characteristics of FRF, we set thresholds
for FRF at the rear of the right foot which indicate the condition for the shifts to
Phase 2 and Phase 3, respectively. If f;, exceeds the threshold (V;;), Phase 1 shifts
to Phase 2. Subsequently, if f;; attains 80% of the maximum value (Vi) which is
obtained from previous data of motion without the power assistance, Phase 2 shifts
to Phase 3. Finally, if the right hip joint angle (a,) attains the predefined threshold
(Vi), Phase 3 is changed into Phase 4. The flow chart of the Phase Sequence in
standing up power assist is shown in Fig. 7b.

3.3.3. Going up stairs. 'We use the condition of FRF at the front part of both feet
and the right hip joint for the determination of Phase-shift timing of the right leg.
As shown in Fig. 5c, during the going up stairs motion, the right leg is lifted up
(Phase 1 starts) when the front part of the left foot contacts with the stair surface. At
this time, we should be able to detect the FRF at the front part of the left foot and this
detection can be used as an indication for the start of Phase 1. Phase 2 starts when
the right hip joint angle attains the maximum value. Phase 3 starts when the right
foot contacts with the ground surface. As a result we should be able to detect FRF
at the front part of the right foot and use it as the indicator for the start of Phase 3.
Based on these characteristics of the FRF and joint angle, we set thresholds for the
FREF at the front part of the left and right foot (Vis, Vi) and the right hip joint angle
(V). If the FRF value at the front part of the left foot ( fir) exceeds the predefined
threshold (Vjs), Phase 1 starts. Subsequently, if the hip joint angle value (ap,) attains
the threshold (V,y,), Phase 1 shifts to Phase 2. If the FRF value at the front part of
the right foot ( f;f) exceeds the predefined threshold (Vir), Phase 2 shifts to Phase 3.
We use the same method to determine the Phase-shift timing of the left leg based on
the FRF at front part of both feet and the left hip angle. The flow chart of the Phase
Sequence in going up stairs power assist is shown in Fig. 7c.

4. EXPERIMENTAL VERIFICATION
4.1. Method

The power assist experiments described in this section were performed with the
Phase Sequence control defined in Section 3. In these experiments, power assist was
performed for the active mode in each Phase by using HAL-3. The assist torque in
each active mode was adjusted according to each Phase on the basis of the wearer’s
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feedback suggestions. The assist torque pattern of each active mode is generated
as a rectangular wave. Each threshold of the FRF for the Phase shift is determined
based on the exoskeleton performance without any power assist. On the other hand,
we set the threshold angles depending on the height of the chair or the stair used in
this experiment. There is certain range for the thresholds necessary to transit Phases
successfully. We determined the thresholds so that they could fall within this range.
If the height of the chair or the stair was slightly different, Phases were successfully
transited by using the thresholds.

It is considered that the assisted muscle’s activation level during adequate power
assist motion is reduced compared to the activation level of the motion without the
power assist. However, the muscle’s activation level during power assist motion
with a time-delay of Phase switching is increased compared to that of the motion
without the power assit. The muscle’s activation level during each Phase is defined
using the average myoelectric signal:

s+ Ty
=7 E(1)dt, (1)
P Yt

where E(z) is the calibrated myoelectric signal and is a quatitative value related
to the joint torque generated during the isometric contraction of the muscle; #; and
T, represent the start time and the period of each Phase. The effect of the power
assist was evaluated by comparison between the muscle’s activation level with and
without the power assist. The wearer was a normal 28-year-old male. Assist torque
values were practically measured from the electric current consumed by the drive

motors.

4.2. Experimental results

4.2.1. Walking. Thresholds of the FRF at the front and rear part of each foot for
Phase shift were set as 640 and 180 N, respectively. The assist torques of the hip
joint on the active modes on Phases 1 and 2 were 8 N, respectively. Figure 8a shows
the joint angles, myoelectric signals and assist torques for the hip and knee joint,
and the FRF in the front and rear parts of both feet during walking with power assist.
The relation between the hip joint angle and the assist torque indicates smooth Phase
shift. Figure 9a shows the averages of the muscle’s activation levels at the hip flexor
in Phase 1, and the hip extensor in Phase 2, during 10 steps of the right leg with and
without power assist, respectively. It is obvious that the muscle’s activation levels
with the power assist are reduced compare to those without power assist.

4.2.2. Standing up. Thresholds for shifting to Phases 2, 3 and 4 were set as 60 N,
350 N and 0.1 rad, respectively. The assist torques of the hip and knee joints on the
active modes of Phases 1 and 2 were 24 N, respectively. Figure 8b shows the joint
angles, myoelectric signals and assist torques for the hip and knee joint, and the
FRF at the rear parts of the right foot during standing up with power assist. The
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Figure 9. Comparison of the muscle activation levels for each Phase with and without the power
assist.

behavior of the hip and knee joint angles is similar to that without the power assist
(Fig. 5b). Figure 9b shows the averages of the muscle’s activation levels at the hip
flexor and the knee extensor in Phase 2, and the hip and knee extensor in Phase 3,
during standing up with and without power assist 10 times, respectively. It is clear
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that the muscle’s activation levels with the power assist are reduced relative to those
without power assist.

4.2.3. Going up stairs. Thresholds for shifting to Phases 1, 2 and 3 were set as
160 N, 0.9 rad and 160 N, respectively. The assist torques of the hip joint on the
active modes of Phase 1 were 16 N. Those of the hip and knee joints on Phase 3
were 12 and 20 N, respectively. Figure 8c shows the joint angles, myoelectric
signals and assist torques for the hip and knee joint, and the FRF at the front part
of both feet during going up stairs with power assist. It is clear that each Phase is
shifted by using the predefined thresholds for the FRF at the front part of both of
the feet and the hip angle. Figure 9c shows the averages and standard deviations
of the muscle’s activation levels at the hip flexor in Phase 1, and the hip and knee
extensor in Phase 3, during 10 steps of the right leg with and without power assist,
respectively. It is clear that the muscle’s activation levels with the power assist are
reduced relative to those without power assist.

4.3. Discussion

For each task, the hip and knee angle joints with powerassist as shown in Fig. 8 were
similar to those of motions without power assist as shown in Fig. 5. It is obvious that
the Phases for each task were successfully transited and the tasks were realized. The
activation levels of the muscles assisted in active mode were significantly reduced
relative to the activation levels without the assistance (Fig. 9). This fact indicates
that the antonomous motions generated by an exoskeleton robot effectively move
the human’s leg without any time-delay in Phase swiching. Therefore, we confirmed
that the Phase Sequence method based on the modes of muscle activity is effective
as an assist method by using autonomous motion of the exoskeleton robot HAL-3.

In the case of walking, we performed the assist including the active mode for
the hip joint necessary to move forward and confirmed the feasibility. The assist
including the passive and free mode for the knee joint was not performed. Further
research should focus on adapting the power assist for the passive mode and the free
mode by using the impedance control method [12].

The assist torque in each Phase was determined based on feedback suggestions
from the wearer. We estimated the effectiveness of the assist by using the muscle’s
activation level. The reduction of the muscle’s activation level differed according to
the Phases. We have developed a method to adjust the assist torque on the basis of
the muscle’s activation level as a controlled variable [13]. The controller adjusting
the assist torque in each Phase will provide more comfortable power assist for the
wearer. Moreover, it is important to secure the safety of users of HAL. We have to
note the risk of falling over caused by tripping, etc. We have studied the autonomous
posture control method to prevent falling in parallel with the power assist methods.

In the near future, we will develop an autonomous motion assist method that
applies the posture controller. Considering individual variations, we will use this
method depending on the users of the HAL. In the case of a normal user, the
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thresholds for Phase-shift timing are determined based on the motion analysis data
of individual users of the HAL. It is not necessary to measure the basic EMG signal
because the FRF value and joint angle are used as indications for Phase-shift timing.
The thresholds for the Phase-shift timing are determined according to individual
users. However, it is convenient to use the EMG signal in order to analyze the
muscle’s condition during different motions or estimate the effectiveness of the
assist. In the case of a handicapped user, the motion assist should be performed
according to the standard motion. The standard motion has to be statistically
determined based on motion analysis data of a number of normal persons. We plan
to report on this issue in the near future.

5. CONCLUSIONS

In this research we proposed an assist method on the basis of autonomous motion of
an exoskeleton robot. In order to perform tasks (walking, standing up and going up
stairs) autonomically, we used Phase Sequence control, which generates a task by
transiting some simple basic motions called Phases. Tasks were divided into some
Phases during the tasks performed by a normal person. The joint moving modes
were categorized into active, passive and free modes based on the characteristic
of the muscle force conditions. The autonomous motion which HAL generates in
each Phase were designed according to one of the categorized modes. FRFs and
joint angles were adopted to transit each Phase. Power assist experiments were
performed by using autonomous motion with a focus on the active mode. The
experimental results showed that the muscle activation levels in each Phase were
reduced. With this, we confirmed the effectiveness of the proposed assist method.
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Virtual impedance adjustment in unconstrained motion
for an exoskeletal robot assisting the lower limb
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Abstract—The objective of this paper is to establish the criteria for adjusting the virtual impedance
of an exoskeletal robot for .the lower limb in order to minimize the operator’s physical stress in
unconstrained motion. The exoskeletal robot HAL (Hybrid Assistive Limb)-3 which we developed
for assisting the motor function of the lower limb was used for experiments in this research. To
accomplish the objective (i) the physical parameters around the joint of HAL-3 were identified and
(ii) the relationships between the virtual impedance values and the physical stress of operators were
examined through experiments for swinging motions of the lower leg. The physical stress was
evaluated with myoelectricity, the musculoskeletal moment of the operator and the operator’s feelings
during the experimental motion. As a result, we found that the physical stress tended to decline with
the decrease of virtual inertia and virtual Coulomb friction, and to increase slightly with the decrease
of virtual gravitational moment. The decrease of virtual viscous friction made the physical stress
increase gradually after it declined to a trough during the positive virtual viscous friction. Based
on the results, we could establish the criteria for adjusting the virtual impedance for minimizing the
operator’s physical stress in unconstrained motion.

Keywords: Assist; virtual impedance; physical stress; parameter identification; unconstrained motion.

1. INTRODUCTION

Exoskeletal robot suits aimed at supporting the works of labor or the movements of
aged persons have the ideal form to assist a human’s motion, and they are expected
to be used in many fields such as labor-intensive industries, welfare and medicine.
In particular, it is likely that exoskeletal robots for assisting the motor function of
the lower limb will be very useful for supporting a human’s locomotion in the work
area or living space [1-3]. ;

*To whom correspondence should be addressed. E-mail: lee@golem kz.tsukuba.ac.jp
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The states of the leg in some motions, such as walking or standing up, can
be divided into two types, depending on whether the foot contacts the floor or
not, as shown in Fig. 1. The former is defined as constrained motion and the
latter as unconstrained motion in this paper. To realize effective assistance of
the lower limb with an exoskeletal robot, it is required to not merely amplify the
moment around the human’s joints of the lower limb, but also to adjust the virtual
impedance of the robot suitable for various motion types. Focusing attention on the
adjustment of virtual impedance in unconstrained motion, since a human can swing
the lower limb with a minimum amount of moment by using inertia and gravitational
moment (4], the virtual impedance of exoskeletal robots needs to be adjusted
properly so that the physical stress is minimized. A number of studies related
to exoskeletal robots for the lower limb have been performed [1-3]; however, so
far the study of the impedance adjustment has been superficial. Researchers who
studied impedance adjustment of robots assisting a human’s work have reported
tracking control properties of human—robot systems analyzed for different values of
the robot impedance [5] and a method for adjusting the impedance in positioning
control of robot which assists the worker’s operation [6]. The impedance properties
of humans and robots in positioning the upper limb along the desired point or
trajectory were discussed. However, a human’s motion includes non-voluntary
movement (like an unconstrained leg in walking) as well as voluntary movement.
Therefore, in order to assist the motion of the lower limb with an exoskeletal robot,
the properties in unconstrained motion should be considered.

The purpose of this paper is to establish the criteria for adjusting the virtual im-
pedance of an exoskeletal robot for the lower limb in order to minimize the opera-
tor’s physical stress in unconstrained motion. Section 2 introduces the exoskeletal
robot. HAL (Hybrid Assistive Limb)-3 which was used in the experiments. Sec-
tion 3 explains the parameter identification around the joint of HAL-3, the exper-

Figure 1. Constrained motion (left) and unconstrained motion (right) of the lower limb.
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imental setups and the evaluation methods for the experimental results. Section 4
examines and evaluates the relationships between the virtual impedance values and
the physical stress of the operators through experiments for unconstrained motions
of the lower leg. Section 5 discusses the experimental results.

2. HAL-3
2.1. Hardware configuration of HAL-3

Figures 2 and 3 show the hardware configuration and the structure of the exoskele-
ton-type power assist system HAL-3 used in the experiments. It consists of a three-
link, two-joint mechanism corresponding to the human lower limb. The joints of
the exoskeleton are powered by actuators composed of DC servo motors and gears,
and controlled in torque control mode according to an operational signal from a
control computer. Mechanical constraints attached to joints keep the joint angle
of the exoskeleton within human anthropometric boundaries. Potentiometers are
attached to the center of the exoskeletal joint axes so as to measure the angle of
joints and force sensors are mounted at the exoskeletal frame to measure the force
applied by the operator to the exoskeleton of HAL-3. Myoelectric electrodes are
attached on the operator’s skin for measuring the myoelectric signal of the flexor
and extensor muscles of the joint. In this paper, experiments focused on the motion

Back Pack—
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- Power Supply Circuit
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Figure 3. Exoskeletal structure of HAL-3.

around the knee joint were carried out, so the angle of the knee joint, the force
applied by the operator’s lower thigh, and the myoelectricity at the biceps femoris
as flexor muscle and vastus medialis as extensor muscle of the knee joint were
‘measured as the required data for the evaluation of the experimental results. The
measured data were fed to the control computer at a sampling rate of 1 kHz.

2.2. Identification of dynamic parameters of the exoskeleton of HAL-3

The dynamic parameters of HAL-3’s exoskeleton, such as inertia moment, viscous
~ friction coefficient, gravitational moment and Coulomb friction, were identified
before the experiments in order to adjust the virtual impedance. The motion
equation around the knee joint of the exoskeleton is expressed as (1):

d%e (1) dé () . . do(z)
i + Dy, 5 + Mgl sinf(t) + C, s1gn( ar )

= Ta(t), (l)

h

where I, Dn, Mygly and C, represent inertia moment, viscous friction coefficient,
gravitational moment and Coulomb friction around the knee joint of the exoskele-
ton, respectively, 6(z) is the angle of the knee joint, sign(df(z)/dt) is the sign of the
angular velocity, and 7,(z) is the torque generated by the actuator. Equation (1) can
be expressed by:

Q)X = 1,(t), 2
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where:
_ d?6(z) do(r) . . dé()
Q(t)_[ P dr sm9(t)51gn(———dt )], 3)
X =[lh Dy Mngh CiI". 4)

When X (t) and ¢ represent the matrix of unknown parameters to be identified
and the error between estimated torque calculated with X () and measured torque,
respectively, 7,(¢) is expressed as:

n.() = QOX@) +e = 1,0) +¢, 5)

where 7,(¢) is estimated torque. Based on the condition to minimize the squared
) .
error £~ as:

aJ ()
—~ =90 6
D.4(3) ©
J@) = e = (@) - QOXO) (O — 2OX©), %
unknown parameters X () are found as (8): _
X®) = (Q0"0) Q@) w)). ®)

In the experiments for parameter identification, the actuator was driven in sinusoidal
patterns with frequencies of 0.33, 0.67 and 1.33 Hz, which gave better experimental
results in the preceding trials [7]. Angular acceleration and angular velocity
were calculated from the smoothed difference values of angle data. In total,
10 experiments were performed, and parameters were found as the mean values
of experimental results. Table 1 summarizes the mean values of the identified
parameters of HAL-3’s exoskeleton.

Table 1.
Identified parameters around the knee joint of the exoskeleton
(means % SD of 10 trials)

Parameters Identified values
Inertia moment 0.17 £0.001
(kgm?)

Viscous coeff. 3.13+£0.08

(N m/(rad/s))

Gravitational moment 3.31 £0.004
(N m)

Coulomb friction 0.57 £ 0.02

(Nm)
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3. EXPERIMENTAL DETAILS

In this paper, the experiments were performed in two steps: (i) the virtual impedance
values around the knee joint of HAL-3 were adjusted individually and (ii) the virtual
impedance values were adjusted properly based on former experimental results.
The relationships between the physical stress and the virtual impedance were then
analyzed.

3.1. Experimental system composed of the operator and HAL-3

The equation of motion of the operator’s lower thigh including the exoskeleton of
HAL-3 can be expressed as:

d— (r) ( )

(Is + In) + (Ds(u(#)) + Dn)

+ (Msgl + Mygly) sin6 () +

Ca Sign<%£—l> = 1a(t) + (), ®

where I;, D, and Mgl represent inertia moment, viscous friction coefficient and
gravitational moment around the knee joint of the operator, respectively, u(z) is the
muscle activation at the knee joint of the operator, and 7, () is the torque generated
by the muscles (musculoskeletal moment). Note that I, Dy, Mygly and C, are
previously identified parameters (Table 1). In (9), we assumed the stiffness by
the operator’s muscles is very small in comparison with other parameters. When
compensating torque is generated by actuator as:

d*o(t do
2 = U~ WSR2 + (D~ DY + (M~ M)gihsing
dg
+(Ca— € sign ( d(t))_ (10)

Substituting 7,(¢) from (10) into (9) results in the experimental motion expressed
as (11):

2
s + Iv)d o) + (Ds(u(?)) + Dv)_Q + (Msgls + M, gly) sin8(¢)

+C sign ( di))—rm(t), (1D

where I,, D,, M,gl, and C, represent virtual impedance which can be chosen by
the experimenter.

Figure 4 depicts the configuration of the overall experimental system. The
operators were seated on a firm platform so as to be able to swing his/her lower
thigh stably for a long time. An experimenter could browse the measured data
such as the angle of the joint and adjust the experimental settings with a palm-top
computer through a wireless LAN.
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Figure 4. Schematic overview of the experimental system.
Table 2.
The set values of the virtual impedance
Virtual impedance Set value Tolerance
I, (kgm?) 0.170 to —0.020 —0.020
Dy (N m/(rad/s)) 3.128 to —0.782 -0.391
Mgl (Nm) 3.310to —0.828 —-0.414
Cy (Nm) 0.560 to —0.140 -0.070

3.2. Settings of experimental condition

In the experiments, the operators were instructed to swing their lower thigh
according to the same boundary values and frequency so that we could evaluate
unconstrained motions under the same conditions.. The boundary values of the
knee joint angle and frequency for unconstrained motion were set to 0.5 rad and
1 Hz, respectively [7]. Figure 5 depicts the myoelectricity at the flexor and extensor
muscles, the musculoskeletal moment calculated based on the measured force, and
the angle of the knee joint measured in the experiments.

Experiments were performed in two steps. In the first step, the virtual impedance
‘around the knee joint of HAL-3 was adjusted individually in 10 steps as shown in
Table 2. The operator swung his/her lower thigh for 10 min, and the experimental
trials were performed in sets of 10 steps 5 times for an operator and for virtual
impedance. In the second step, the virtual impedance was adjusted properly at once,
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based on the results of the former experiments, and the operators swung his/her
lower thigh as in the first experiments.

The operators were three unimpaired persons who were 28 (A), 22 (B) and 21 (C)
years old, respectively. They had break times between trials so that muscular fatigue
did not have an influence on the motions of the operators and the myoelectricity [8].

3.3. Method of evaluation of the experimental results

It is likely that the method of evaluation of the the experimental results should in-
clude not merely objective, but also subjective factors since the overall experimental
system is composed of a robot and a human.
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Figure 5. Data of the experimental motion (myoelectricity at the flexor and extensor muscles,
musculoskeletal moment applied to exoskeleton and angle of joint).
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In order to evaluate the experimental results objectively, physical stress in
the experiment was evaluated with the mean value of musculoskeletal moment
calculated based on the measured force as:

o) = f e, D)l dr, (12)
% Jo

and the integral values of myoelectricity normalized with the maximum in the
overall trials for estimating which muscle contributed to the experimental motion
as:

T () = J5(@) [ Jp» (13)
T (1) = Je(@) [ Topnger (14)
where:
Ji(@) = fo Ime(2, )] dt, (15)
Je(i) = / f lme(z, )| dt, (16)
0
.. = max{Je(1), ..., Js(n)}, (17
Jepe = mMax{Je(1), ..., J(n)}. (18)

In (12)(18), » and # represent number of trials for each operator and trial
duration, respectively, Tm(t,i) is the measured musculoskeletal moment, J;_ (i)
is the mean value of the musculoskeletal moment, m¢(t, i) and m.(¢, i) are the
myoelectricity values at the flexor and extensor muscle, respectively, and J,,, (i),
Jm. (i) are the normalized myoelectricity values at the flexor and extensor muscle,
respectively.

The Semantic Differential (SD) method was used for the evaluation of the
operator’s feeling as summarized in Table 3 [6, 9, 10] for the subjective evaluation
of experimental results. In Table 3, operationality was defined as the feeling of
whether an operator could swing the leg according to the his/her intention or not

Table 3.
Evaluation of the operator’s feelings

Mark

-3 -2 ~1 0 1 2 3
Operationality very bad slightly — slightly good very

bad bad good good
Stress level very heavy slightly — slightly light very

heavy heavy light light
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and the stress level as the feeling of ‘light’ or ‘heavy’. As a reference for the feeling
evaluated in the experiments, when the virtual impedance was not adjusted at all, the
marks of the operationality and stress level were set to 2 and —3, respectively. The
operators were well rehearsed so as to understand the meaning of operationality and
stress level in the evaluation before the experiments. The experimental results were
evaluated mainly with the musculoskeletal moment, which reflects the efficiency of
motions.

4. RESULTS
4.1. Basic experiments for adjustment of virtual impedance

Figures 6-8 depict the experimental results of musculoskeletal moment and myo-
electricity at the flexor and extensor muscles respectively. Panels (a)—(d) indicate the
experimental data for adjustment of virtual inertia moment viscous friction, gravita-
tional moment and Coulomb friction, respectively. The results were obtained from
220 trials for each operator, i.e., total of 660 trials.

The amount of musculoskeletal moment and myoelectricity tended to decline
gradually with the decrease of the positive virtual inertia moment and virtial
Coulomb friction in panels (a) and (b) of Figs 6-8.

In particular, the amount of musculoskeletal moment decreased markedly for
operators A and B. In contrast, musculoskeletal moment and myoelectricity had a
tendency to remain steady or increase slightly for the negative values of the virtual
inertia moment and the virtual Coulomb friction, and it is likely that the negative
virtual impedance made the experimental motion unstable.

In the case of the virtual gravitational moment in panel (c) of Figs 6-8, the
amount of musculoskeletal moment tended to increase slightly. The changes of
myoelectricity were divided depending on the operator into the case of rising
slightly and the case of increasing and decreasing in turn. Hence, we could be fairly
certain that the gravitational moment by exoskeleton of HAL-3 did not impede the
operator’s motion and it is possible that the operators could swing their lower thigh
effectively by using the gravitational moment.

The results of experiments for the virtual viscous friction in panel (d) of Figs 6-8
were divided into the case of operator A, and the case of operators B and C. In
the case of operator A, the amount of musculoskeletal moment and myoelectricity
at the extensor muscle rose with the decrease of the virtual viscous friction, and
myoelectricity at the flexor muscle changed irregularly compared to operators B
and C. Thus, it is likely that operator A could not correspond properly to the change
of virtual viscous friction although he tried to let the experimental motion stabilize
by using the muscles. In the case of operators B and C, the decrease of virtual
viscous friction made the musculoskeletal moment and the ‘myoelectricity at the
flexor increase gradually after it declined to a trough at the positive virtual viscous
friction. The amounts of myoelectricity at the extensor muscles of operators A—C
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Figure 6. Experimental results for musculoskeletal moment.



