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Abstract - For assisting human motion, assistive devices
working as muscles would be useful. A robot suit HAL (Hybrid
Assistive Limb) has been developed as an assistive device for
lower limbs. Human can appropriately produce muscle
contraction torque and control joint viscoelasticity by muscle
effort such as co-contraction. Thus, to implement functions
equivalent to human muscles using HAL, it is necessary to
control viscoelasticity of HAL as well as to produce torque in
accordance with operator's intention. Therefore the purpose of
this study is to propose a control method of HAL using Biological
and Motion Information. In this method, HAL produces torque
corresponding to muscle contraction torque by referring to the
myoelectricity that is biological information to control operator's
muscles. In addition, the viscoelasticities of HAL are adjusted in
proportion to operator's viscoelasticity that is estimated from
motion information by using an on-line parameter identification
method. To evaluate the effectiveness of the proposed method,
the method was applied to a swinging motion of a lower leg.
When this method was applied, HAL could work like operator's
muscles in the swinging motion, and as a consequence, the muscle
activities of the operator were reduced. As a result of this
experiment, we confirmed the effectiveness of the proposed
method.

Index Terms - robot suit, viscoelastic properties, impedance
control, on-line parameter identification, myoelectricity.

1. INTRODUCTION

Assistive devices that can work as motor organs would be
useful for assisting or enhancing human motion. We have
developed a robot suit HAL (Hybrid Assistive Limb) as an
assistive device for operator’s lower limb [1-3].

In order to use HAL as operator's muscles, HAL has to
work as a torque generator like muscles. It is necessary that
HAL detect operator's intention to produce muscle torque
voluntarily, in order to produce torque. It is useful to use
biological information such as myoelectricity to detect
operator's intention [2, 4]. Additionally, the operator cannot
only produce the muscle torque, but also control joint
viscoelasticity by muscle effort such as co-contraction of the
flexor and extensor [5, 6]. The joint stiffness is adjusted for
different motions. When the operator needs a high joint
viscoelasticity, it is useful to increase a viscoelasticity of an
actuator of HAL for assistance. Hence, it is also necessary to
control viscoelasticity of HAL adaptively by referring to
operator's joint viscoelasticity. It is necessary to estimate

operator’s viscoelastic properties using motion information
because it is difficult to measure them directly.

Therefore, the purpose of this study is to propose a control
method of the robot suit using Biological and Motion
Information to use the robot as operator's joint muscles.

In this paper, the proposed method is applied to HAL
Mark three (HAL-3) [2, 3] in the case of swinging motion of
the lower leg. Fig. 1 shows the configuration of HAL-3. It
consists of exoskeleton frame with actuators for knee and hip
joints in each leg. The angle of each joint is measured with a
potentiometer attached to the joint. To prevent hyperextension
or hyperflexion, every actuator is equipped with mechanical
limiters.

II. CONTROL METHOD OF HAL BY REFERRING TO OPERATOR'S
BIOLOGICAL AND MOTION INFORMATION

A. Actuator Control based on Biological Information

In this section, we describe a method to produce torque
corresponding to muscle contraction torque by actuators of
HAL using the myoelectricity.

To detect myoelectricity, two sensor units are attached on
operator’s skin near the flexor and the extensor driving the
targeted joint as shown in Fig. 2. The sensor unit consists of
two electrodes and an instrumentation amplifier. Two signals
of myoelectricity from the flexor and extensor are filtered and
amplified. The myoelectric activity FE(f), which is an
amplitude envelope of myoelectricity, is defined as follows:
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where m is the measured myoelectricity. This equation is
applied to both the flexor and extensor of the targeted joint.
The myoelectric activity is calculated online.
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Fig. 1 Configuration of the robot suit HAL-3.
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Then, the estimated muscle torque & is given by
A= flex — A pex
)
=(acE.(t)+b,)~(asE (1) +by)

where E;(f) and E, () are the myoelectric activities of the
flexor and extensor respectively, a; a., by and b, are
conversion coefficients from myoelectric activities to the
contraction torque. By using estimated muscle torque, the

torque 7, which HAL produces is given by
Ty =0y fl 3)

where ¢, is a gain parameter.

A calibration exercise is necessary in order to obtain the
conversion coefficients in (2). For the calibration, HAL has
outputted steady torque pattern as a reference torque, and the
operator putting on HAL has produced torque to compete
against the reference torque without producing co-contraction
as far as possible. The calibration exercise has been
individually performed to the flexor and extensor of the joint.
To obtain values of the conversion coefficients, a conventional
least-square method has been applied. One of the results of the
calibration exercise is shown in Fig. 3. The conversion
coefficients apparently depend on operator's physical
condition and the attached location of the sensor unit. Hence,
the calibrating motion must be carried out, whenever the
operator put on HAL.

B.  Musculoskeletal Model of Operator's Lower Limb
Working with HAL

We have constructed a musculoskeletal model of
operator's lower limb equipped with the exoskeleton-actuator
of HAL for estimating viscoelastic properties of operator's
joint muscles and for controlling the properties of HAL.

In this study, muscles acting on a joint are regarded as one
muscle group. Fig. 4 shows a model of muscle group around
operator's knee joint as an example. The muscles in the group
can respectively produce torque toward the contracting
direction, but cannot produce it toward the extending
direction. Thus, the muscle group needs two torque generators
corresponding to the two directions.

Viscoelastic properties of the muscle group can be
represented as a combination of a viscous element and an
elastic element. We have assumed that the operator can
modify the viscosity and elasticity with time. Hence, the two
elements are defined as time-varying parameters.
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Fig. 2 Process of measuring myoelectricity.
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Fig. 3 One of the results of the calibration exercise.

Operator’s leg with HAL is regarded as a multilink
pendulum system to construct the musculoskeletal model. Fig.
5 shows the musculoskeletal model of operator’s lower leg as
an example. The motion equation of the i-th link of the model
is expressed as follows:

1.6, +(D; +R;)6; +K;: 0; + Migl; sin 6; =7, + 11 +0; 4)
where @is angle of a joint, / is total inertia around the joint, D
and K are respectively the viscous and elastic coefficients of
operator’s muscle group, R is the viscous coefficients of the
actuator of HAL, M is the mass of operator’s leg link equipped
with exoskeleton-actuator of HAL, g is the gravitational
coefficient, / is the distance between the joint and the center of
mass of operator’s leg link with the exoskeleton, 7 is torque
produced by the actuator of HAL, & is muscle torque produced
by the operator, o is the total interaction torque between
adjacent links and suffix i is joint id. The parameters D and K
are defined as time-depending parameters.

D. Method to Control Viscoelastic Properties of HAL

In this section we describe a method to control
viscoelastic properties of HAL. In this study, actuator torque
7, to control viscoelastic properties is determined based on
impedance control method. 7, of i-th joint is given by

Fig. 4 Model of operator's muscle group around knee joint. Arrows in this
figure mean contraction directions.
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Fig. 5 Configuration of the musculoskeletal model of operator's lower leg
equipped with HAL.

Ti¢ =Oi; (—D,-é,-—K,-Q,-) (5)
where «,¢ is a gain parameter.
In order that HAL works as muscles, the torque
7 produced by its actuator is expressed as follows.

T =Tig +Tiy +Tic. (6)
where 7, is the torque to compensate mechanical impedance
depending on exoskeleton-actuators of HAL [7, §]. Although
it is difficult to compensate all mechanical impedance of HAL
absolutely, applying the compensation torque can sufficiently
reduce the load derived from the impedance in actual use.

Substituting (6) into (4) gives

(1,’ — I )(9, + (1 + aqi¢ )Diéi + (1 + (2174 )K,' 9,‘ + M,'gl,' sin 9,‘ (7)

=(l+aiu)pti +0oi.
This equation suggests that HAL produces actuator torque as
if it amplified operator’s muscle torque and viscoelastic
properties according to the gain parameters ¢, and ¢;¢. In
consequence, the proposed method would reduce loads on
operator’s muscles.

C. Estimation of Viscoelastic Properties of Operator’s
Muscle

In this section, we describe a method to estimate
viscoelastic properties of operator’s muscle group in real time
in order to control viscoelastic properties of HAL. We take
operator's lower leg as an example to describe the method to
estimate operator’s viscoelastic properties.

To linearize (4), some parameters are defined as

D’=D+R
K’ =K+G(6) (8)
6(0)= {(szll slin 0)/6 ((Z i 0)
fed = O).

By regarding the sum of 7, ¢ and o as the input of the
lower leg system, we can express the state-space form of the
system (1) as follows.

HEAN I T
di\e) \=K1 -1 )\ @) )" o
xl(t)
o(t)=(10
=000
u(t)=7(t)+u@)+ o).
We applied the Delta-Operator dto the discrete-time form
for realizing high sampling rate. For the state-space form

written as (9), the discrete-time form in is given by

5[2((];))}[_1?71 _Dl'/zj(z((?)}[(l—;;:(/2(2))/1]”(]{) (10)

k
o(k) =1 0)[2 ((k))J

The solution of (10) for 8(k) gives
(k) = o" (k) X(k)

X(k)=[e,=D'/I e, —K'[T T;/(21) 1/I] (11)
o(k)=[66(k)/E(S) 6(k)/E(S) du(k)/ES) u(k)/E(S)]
where E(0) is a state variable. When X(k) is defined as an
estimated parameter vector, the prediction error e(k) is given
by

e(k) = 0(k) = B(k) = 0(k) - 9(k) X (k) . (12)

By using weighted least-squares method, the update
formula of the estimated parameter vector to minimize e(k) is
derived as follows.

VO (k+1D)—0" (k+1)X (k)
" p+o” (k+DP(k)(k+1)
T
Pk +1)= P(k)—P(qu)(k+1)q) (k+1)P(k) (13)
pip+o (k+DPE)o(k+1)}
P0)=51  (5>0)

where p is a forgetting factor (0 << p < 1) and I is the unit
matrix of 4x4.

To obtain parameters of the viscoelasticity of the muscle
group, we should identify invariant parameters M, g, / and R in
(4) before the estimation of the parameters of viscoelasticity.
If the operator does not activate his muscles, the motion of

operator’s lower leg equipped with HAL can be expressed as
follows.

X(k+1)=X(k)+ Pk )p(k +1

16 +(D+R)6+Mglsinf=7. (14)
Additionally, the link model of the exoskeleton frame for the
lower leg with the actuator of HAL is expressed as follows.
1,60 +RO+M,gl, sin@=1 (15)
where I, is inertia around exoskeleton-actuator of HAL, M, is
the mass of the exoskeleton with the actuator, and [, is the
distance between the knee joint and the center of mass of the
exoskeleton-actuator. Parameters in (14) and (15) have been
beforehand identified [7-9].
To control the viscoelastic properties of HAL according to
(5), it is necessary to know the angular velocity of the joint. In
this study, the state observer is adopted. Applying a state
observer to (10) gives

§[x1(k)j=[ 0o 1 J[xl(k)j+[ 7/(21) ju(k)
xk)) =K/ -DJI)\x2(k)) \(1-DT4/(21))/T (16)
gl(k)] 5
o(k)—0(k
+[g2(k){ ()-6(k)}
where g; and g, are observer gains. These gains must be
adjusted to keep stability of the state observer because the
lower leg model shown in (4) is designed as a time-varying
system. In addition, it is desirable that a time constant of the
state observer remains smaller than the electromechanical
delay [10] in order to ensure tracking performance of the
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parameter estimation. We have, therefore, predefined the time
constant of the state observer. Then, stable eigenvalues A, and
A, for the observer have been defined for satisfying predefined
time constant. Two observer gains have recursively been
updated. The updating forms of observer gains are
(k)= =4, = D'(k)/1(k)
g2(k)=21 4> — g1(k) D'(k)/I(k).

III. EXPERIMENTS

an

To evaluating the proposed method, it was applied to a
swinging motion of a lower leg. The operator putting on HAL
sat on a chair that has enough height to prevent his foot from
grounding. The operator swung his right lower leg up and
down. The operator was asked not to actuate other joints
except the right knee. We have assumed a combination of foot
and lower leg as one link, because ankle joints have been
locked. From the above conditions, o in (4) can be ignored.

To evaluate effectiveness of the proposed method, two
types of experiments were carried out. In the first experiment
(Experiment 1,) no assisting method was applied. HAL
produced only the torque 7. in (6) compensating its
mechanical impedance. In the second experiment (Experiment
2,) the proposed method was applied. Torque produced by the
actuator of HAL in this experiment was calculated according
to (6). The gain parameters «, and ¢y in were defined as 1.0
and 0.5 respectively.

For the experiments, targeted frequency for the swinging
motion was 0.5 Hz. Targeted maximum angles for the
extending direction and the flexing direction were respectively
1.0 and -0.3 radians. However, the operator was not required
to follow “exactly” the targeted angles. The operator could
confirm angle of the joint by a computer display in real time.
For the experiments, multiple rehearsals were carried out
before each experiment. The operator rested sufficiently
between trials to curb the influence of muscular fatigues on his
motions and myoelectricity [11].

A strain of the exoskeleton frame was measured in order
to evaluate force applied to operator’s lower leg by HAL. The
strain gauge was attached to the frame between the fastening
equipment for the lower leg and the actuator of the knee joint
as shown in Fig. 6. When operator's joint is fixed, the obtained
signal is proportional to the actuator torque produced by HAL.
In the swinging motion, the obtained signal is thought to
include influences of dynamics of exoskeleton system of
HAL. However, the influences of dynamics are thought to be
enough smaller than the applied force by HAL. Therefore, in
this paper, we assume that the obtained signal is proportional
to the force applied to operator's leg by HAL. In all
experiments, the strain gauge signal was not used at all for the
control of HAL.

IV. RESULTS

A. Experiment 1 (Without Any Assisting Method)

Fig. 7 shows a typical cycle of the swinging motion
without applying any assistance by HAL. Fig. 7-A shows
transitions of the angle of the knee joint. Increase of the angle
corresponds to the extension of the knee joint, and decrease of

Strain gauge
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Fig. 6 Configuration to measure a strain of the exoskeleton-frame of HAL.

the angle corresponds to the flexion of the joint. To compare
experimental results, we have defined swing-up phase and
swing-down phase. The swing-up phase is defined as the
period in which the angle and angular velocity of the knee
joint are positive. The swing-down phase is defined as the
period in which the angle and the angular velocity of the joint
are positive and negative respectively.

Fig. 7-B shows myoelectric activities. The myoelectric
activity of the extensor has been plotted as positive, and that
of the flexor has been plotted as negative. Myoelectric
activities of the extensor and flexor were approximately 0.1
[V] and 0.04 [V] respectively, whenever operator's muscles
around the knee joint were relaxed in all evaluation
experiments. During swing-up phase, the myoelectric activity
of the knee extensor was predominant and the direction of the
muscle torque was the same as the rotating direction of the
knee joint. This result suggests that the extensor worked as an
agonist. During swing-down phase, the myoelectric activity of
the extensor was predominant, suggesting that operator's
muscle torque was found in the opposite direction of the
rotation of the knee joint. In addition, simultaneous activation
of both the extensor and flexor has been observed in swing-
down phases, which suggests a co-contraction of the extensor
and flexor.

Fig. 7-C shows the strain of the exoskeleton frame. The
strain signal has been defined as positive values, when torque
derived from HAL acts on operator’s lower leg in the
extending direction. During swing-up phases, the strain signal
was found negative. Thus, the force applied to the lower leg
from HAL worked in the flexural direction. During swing-
down phase, the strain signal remained almost positive, which
suggests that the force acted in the extending direction.
Therefore, HAL, which has not produced assisting torque, is
thought to have approximately acted in the direction opposite
to the rotation of the knee joint.

B.  Experiment 2 (Using the Proposed Method)

Fig. 8 shows a typical cycle of the swinging motion in
which the proposed method was applied. For a comparison,
the cycle of swinging motion without any assisting method is
superposed here as dotted lines. Fig. 8-A shows the transition
of the angle of the actuator of the knee joint.

Myoelectric activities around the knee joint are shown in
Fig. 8-B. In this experiment, the myoelectric activity of the
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extensor was smaller than the activity in the case of not
applying assisting method. In addition, the co-contraction of
the extensor and flexor has hardly been observed.

The strain of the exoskeleton frame is shown in Fig. 8-C.
In swing-up phases, the strain signal was approximately
positive. In addition, in the middle of swing-down phase, the
strain signal increased. These results signify the force applied
to the lower leg from HAL worked in the extending direction.

C. Comparison of Experimental Results

To confirm the effectiveness of the proposed method, in
this section, we compare results of two experiments by
focusing on the swing-up phase and swing-down phase. Fig.
9-A and Fig. 9-B show the mean values of the average
myoelectric activities per each phase. The average myoelectric
activities decreased when the proposed method was applied.
On the other hand, average myoelectric activities of the flexor
in swing-up phases were approximately 0.04 [V]. These
results signify that the operator has not used the flexor and any
assisting method had no effect on the flexor in swing-up
phases. The average myoelectric activities of the flexor in
swing-down phases were approximately 0.8 [V] through all
experiments. This result signifies that the proposed method
had little effect on the flexor during swing-down phases.

Fig. 9-C and Fig. 9-D show the mean values of the
average strain gauge signals per each phase. The average
strain signal was negative in swing-up phases without any
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Fig. 7 A typical cycle of the swinging motion when no assisting method
was applied

assisting method. This result suggests that HAL acted on
operator's knee joint in the flexing direction. In contrast, the
average strain signals in swing-up phases were positive, when
the proposed method was applied. These results suggest that
HAL has effectively acted on operator's knee joint in the
extending direction. Fig. 9-D suggests that HAL has most
strongly acted on operator's knee joint in the extending
direction during swing-down phases when the proposed
method was applied.

V. DISCUSSION

The swinging motion of the knee joint was carried out to
confirm the effectiveness of the proposed method. In swing-up
phases through the experiments, the extensor worked as the
agonist and simultaneously the flexor was relaxed. Therefore
we consider that the role of operator's muscles in swing-up
phases was to produce the voluntary contraction torque to
extend his knee joint. On the other hand, in swing-down
phases, myoelectric activities of extensor were predominant.
In addition, co-contractions of the extensor and flexor were
observed, when the proposed method was not applied.
Therefore, we consider that the major role of operator's
muscles in swing-down phases was to restrain the flexion of
his knee joint appropriately.

In Experiment I, The strain gauge signal was not zero

| -------- Without any assisting method =~ —— With proposed method
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Fig. 8 A typical cycle of the swinging motion with applying the proposed
method. Time-axis of this figure has been tuned so that the phase of the
figure corresponds to those of Fig. 7.
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although we compensated the mechanical impedance of HAL.
It is very hard to completely compensate the mechanical
impedance of practical exoskeleton-actuator system, because
of an error of model parameters, a delay in control and so on.

When the proposed method was applied, HAL extended
operator's knee joint in swing-up phases and acted on
operator's knee joint in the extending direction in swing-down
phases. These workings of HAL are fitting to major roles of
operator's muscles in each phase. Additionally, reductions of
operator's myoelectric activities were observed. Therefore, We
consider that HAL has acted as muscles instead of operator's
muscles appropriately by using the proposed method to
control actuators of HAL.

However, when the proposed method was applied, the
myoelectric activities of the flexor increased as compared to
the case without any assisting method. This result implies also
that the operator produced the muscle torque to flex the knee
joint because HAL has restrained knee flexion more than the
operator has expected. We consider that the gain parameter
oy =0.5 is still too large in this experiment. It will be
necessary to develop a method to adjust the gain parameters
appropriately as a future work.

VI. CONCLUSION

We have proposed the method to control actuators of
HAL by referring to Biological and Motion Information to use
the robot suit as operator’s muscles. In this method, HAL
produces torque corresponding to muscle contraction torque
by referring to the myoelectricity that is the biological
information to control operator's muscles. In addition,

operator's viscoelasticities are estimated from motion
information using an on-line parameter identification method.
The model of operator's lower limb equipped with HAL was
constructed in order to estimate operator's viscoelastic
properties. The viscoelasticity of the actuator of HAL was
adjusted to be proportional to operator's viscoelasticity by
using the impedance control method.

To evaluate the effectiveness of the proposed method, the
method was applied to a swinging motion of operator's lower
leg. The experimental results suggested that the proposed
method is useful to use HAL as operator's muscles. As a result
of this experiment, we have confirmed the effectiveness of the
proposed method.
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