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Abstract—This paper proposes an algorithm to estimate human intentions related to walking in order
to comfortably and safely support a paraplegia patient’s walk. Robot Suit HAL (Hybrid Assistive
Limb) has been developed for enhancement of a healthy person’s activities and for support of a
physically challenged person’s daily life. The assisting method based on bioelectrical signals such as
myoelectricity successfully supports a healthy person’s walking. These bioelectrical signals, however,
cannot be measured properly from a paraplegia patient. Therefore another interface that can estimate a
patient’s intentions without any manual controller is desired for robot control since a manual controller
deprives a patient of his/her hand freedom. Estimation of a patient’s intentions contributes to providing
not only comfortable support but also safe support, because any inconformity between the robot
suit motion and the patient motion results in his/her stumbling or falling. The proposed algorithm
estimates a patient’s intentions from a floor reaction force (FRF) reflecting a patient’s weight shift
during walking and standing. The effectiveness of this algorithm is investigated through experiments
on a paraplegia patient who has a sensory paralysis on both legs, especially his left leg. We show that
HAL supports the patient’s walk properly, estimating his intentions based on the FRF, while he keeps
his own balance by himself.

Keywords: Robot suit; paraplegia; walking support; intention estimation; floor reaction force.

1. INTRODUCTION

People may have muscle rigidity, relaxation, involuntary muscle contractions and
sensory paralysis due to cerebral paralysis, stroke, spinal cord injury, muscular
dystrophy and post-polio syndrome. Even if people do not suffer from these
physical problems, aging brings various complications on their motility. Most

*To whom correspondence should be addressed. E-mail: cybernoid @ golem kz.tsukuba.ac.jp
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people who have problems on the lower limbs due to these symptoms or aging
are unable to walk and, at worst, are bedridden all day long. Moreover, this
situation depresses a patient’s feelings, e.g., bedridden patients lose their will to
life. Caregivers including the patient’s family also have problems looking after them
once a person has motility troubles. To relieve these problems and to support the
patient’s independent life, it is important to provide them with a safe and convenient
transportation device.

A wheelchair is now used in most cases as a transportation device for patients
with gait disorder. It is convenient for the patients because they can move easily as -
long as enough muscular power remains in their upper body. Even if a patient has
weakness of the arms, a motorized wheelchair could be used. However, wheelchairs
have some problems relating to the user’s environment and the user’s posture. In
particular, wheelchair users are apt to keep a sitting posture for a long time and have
less opportunity to exercise their own lower bodies. That may cause a decrease in
not only muscular power of the lower body with paralysis, but also residual physical
functions. This problem could be solved if a patient with paraplegia could walk on
his/her own legs as a healthy person does. Therefore, a device which helps a patient
walk in their standing posture would be one of the solutions since the patient can
locomote with their legs receiving physical support.

Several devices for walking support have been developed. In our study, a
wearable-type robot ‘Robot Suit HAL’ (Hybrid Assistive Limb) has been developed
in order to physically support a wearer’s daily activities and heavy work. HAL-1,
utilizing DC motors and ball screws as shown in Fig. 1a, was developed as the first
prototype of HAL [1] and it enhanced the wearer’s walking ability by amplifying the
wearer’s own joint torque. After developing some prototypes, HAL-3 (Fig. 1b) was
developed toward a more suitable system to be used in actual daily life [2, 3]. These
robot suits have a power unit on each hip and knee joint, and they support functional
motions of the lower limbs with multiple joints simultaneously. After that, HAL-5
(Fig. 1c), demonstrated at the 2005 World Exposition in Aichi, was developed for
whole-body support. It assists human motions involving the wearer’s upper-body
activities such as carrying heavy loads. Meanwhile, ‘RoboKnee’ [4] and ‘Wearable
Walking Helper’ [5] have been developed to support knee motion by using linear
actuators. However, it is difficult for these two devices to support a patient with
paraplegia since these devices cannot support multiple joints in the lower limbs
simultaneously. As an exoskeleton to assist soldiers, disaster relief workers and
other emergency personnel who need to move long distances on foot, Kazerooni et
al. [6, 7] have developed ‘BLEEX’ that supports a human’s walking while carrying
heavy loads on his/her back. This exoskeleton is not designed for welfare purposes,
and it is too large and heavy (75 kg including the exoskeleton weight and maximum
payload) for patients to handle as their own supporting devices in actual daily life.

To provide effective physical support according to each wearer’s condition, it
is necessary to strongly focus on the control algorithm as well as mechanisms of
supporting devices. HAL has a cybernic control system that is a hybrid control
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(a) HAL-1(1999). (b) HAL-3(2001). (c) HAL-5(2005).

Figure 1. Representative conventional robot suits we have developed. (a and b) HAL supports the
wearer’s lower-body motion. (c) HAL supports the whole-body motion. A 20-kg load is carried on a
single arm.

algorithm consisting of a ‘Cybernic Voluntary Control (Bio-Cybernic Control)’ and
‘Cybemnic Autonomous Control (Cybernic Robot Control)’. The cybernic control
system can provide suitable physical support to wearers in various conditions
such as a healthy person, a physically challenged person, etc., by using the two
algorithms as complementary controls. The features of each control algorithm are
described below.

The Cybernic Voluntary Control provides physical support according to the pa-
tients’s voluntary muscle activity. The power units of HAL generate power assist
torque by amplifying the wearer’s own joint torque estimated from his/her bioelec-
trical signals and the support motions are consequently controlled by signal adjust-
ment. This control was used for power assist of a healthy person’s activities [8],
e.g., walking and standing up from a sitting posture, and we confirmed the Cy-
bernic Voluntary Control successfully supported a wearer’s motion. Bioelectrical
signals, including myoelectricity, are useful and reliable information to estimate a
human’s motion intentions because the signals are measured just before correspond-
ing visible muscle activities. Thus, the wearer receives physical support directly by
an unconscious interface using the bioelectrical signals, which much more easily
realize operation than manual controllers such as a joystick. HAL can physically
support patients with some handicaps on their lower limbs as well as healthy peo-
ple because HAL supports functional motions with multiple joints simultaneously,



