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covering the whole of the lower limbs. However, as a whole, a patient with a gait
disorder is not able to receive walking support by the Cybernic Voluntary Control
because the signals that induce a broken walking pattern are not used for the power
assist, and signals from the brain are not transmitted from the injured spinal cord
to the more distant parts of the body and no signal is observed on the paralyzed
muscles in the severest case. In that case, the Cybemnic Autonomous Control can
provide an effective physical support.

The Cybernic Autonomous Control autonomously provides a desired functional
motion generated according to the wearer’s body constitution, conditions and
purposes of motion support. While bioelectrical signals are mainly used in the
Cybernic Voluntary Control, various kinds of information apart from bioelectrical
signals, such as reaction force and joint angle, can be used to provide comfortable
physical support. It can be applied to rehabilitation and walking support for patients
as well as power assist for healthy people, and it enables HAL to be used as
alternate body functions for their handicaps or weakness of muscular power. In
that case, HAL needs to observe a wearer’s conditions and motion intentions from
any motion information instead of his/her bioelectrical signals in order to provide
a suitable support with a suitable moment. HAL-3 with the Cybernic Autonomous
Control successfully enhances a healthy person’s walking, stair-climbing, standing
up from a sitting posture and cycling, synchronizing with his/her body condition
[9]. In that work, floor reaction forces (FRFs) and joint angles are used as motion
information to detect a wearer’s conditions. Posture control, as well as sensing
and recognition for an environment including a wearer are essential technologies
for an entire autonomous physical support, but they remain to be solved. In this
paper, the Cybernic Autonomous Control among the cybernic control systems is
applied to HAL in order to support a paraplegia patient’s walking. Our conventional
Cybemic Autonomous Control algorithm [9] cannot be applied to them directly due
to a variety of body constitutions and handicaps.

Generally, the human intentions in his/her mind are essentially independent from
the physical interactions between a body and an environment. As far as we know,
no current technologies can directly measure and extract the human intentions.
However, we can sometimes guess human intentions in their mind from their
appearance or motion. In addition, we can estimate his/her corresponding intentions
if we observe a motion or an appearance that is closely connected with his/her
intentions. According to conventional work on human transient walking [10, 11],
a center of gravity (COG) shift to one leg is a prior motion to a walk. That motion
is indispensable to swinging a leg and can be observed earlier than a bioelectrical
signal such as myoelectricity, because it is observed before a human starts swinging
a leg, while a bioelectrical signal is observed when the corresponding muscles start
contracting. The COG shift can be used for an early and smart trigger to start
walking support, because the shift is involved in preliminary motions for a walk
and a human does not have to operate any manual switch to start the walking
support. On the other hand, gait stopping is similar to the time-reverse motion
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of the gait initiation and the COG stops at around the center of both supporting
legs. Therefore, this paper proposes an intention estimator that can estimate
his/her walking intentions from the COG shift that is closely connected with his/her
intention.

We define that intention-based support (including walking support) is to provide
physical support for the wearer’s next desired motion that can be predicted based on
the current state or motion induced by his/her intention. In the case of walking, a
human shifts the COG to a supporting leg side before he/she starts swinging a leg.
If HAL can sense the COG shift induced by his/her intention, it can predict his/her
walking start and then start walking support. Our project aims to realize comfortable
walking support for paraplegia patients that reflect the patient’s intentions on the
start and stop of walking, cycle and stride of walking motion, walking direction,
etc. We call the walking support conforming to these various intentions of walking
‘intention-based walking support’. It is hoped that intention-based walking support
improves the usability, safety and reliability of HAL. As the first step, this paper
focuses on three kinds of intentions: the start and stop of walking and the beginning
to swing a leg, and proposes a control algorithm that uses the patient’s residual
physical functions effectively. We need to observe not only the COG shift in the
lateral plane, but also the forward COG shift and bending of the upper body in order
to distinguish the gait initiation from other similar motions such as just stepping or
changing a supporting leg for leg relaxation. However, HAL can understand the
patient’s intention if we instruct the wearer to shift the COG to either of his/her
legs in order to receive physical support for swinging a leg. Therefore, the FRF
can be one type of reliable information that reflects his/her intentions without any
manual interface if a patient can control his/her weight balance in the lateral plane
by holding a walking frame with their own hands.

The purpose of this study is that HAL helps a patient with paraplegia walk in a
standing posture. Based on our conventional work, two additional functions should
be developed for this purpose. First, HAL should generate suitable bipedal walking
according to the patient’s body constitution. Reference trajectories for each joint
support should be designed in a different way because bioelectrical signals are not
observed from a patient with paraplegia. The reference motions consist of swinging
the wearer’s leg, supporting his/her weight and shifting his/her weight from one
leg to the other. Second, HAL should provide walking support according to the
patient’s intentions that are estimated from the wearer’s COG shift. To achieve the
two functions mentioned above, this paper takes the following approaches:

(1) To achieve bipedal locomotion partially based on walking patterns of a healthy
person.

(ii) To estimate the wearer’s intentions from his/her COG shift that is observed by
the FRF.

(iii)) To synchronize support motions with estimated wearer’s intentions: walk start,
stop and the beginning to swing a leg.
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Section 2 explains the assumptions and approach of this study. Section 3
introduces the robot suit ‘HAL-5 Type-C’ used in this experiment. Section 4
describes the proposed algorithm for walking support and intention estimation.
Section 5 shows experimental results and verifies the performance of the proposed
algorithm in HAL-5 Type-C. Finally, Section 6 gives the conclusions.

2. ASSUMPTIONS AND APPROACH

In this paper, a proposed algorithm is applied to walking support for a paraplegia
patient called ‘participant A’ in this paper. He has sensory and motor paralysis on
both legs, especially the left leg because of spinal cord injury (SCI) caused by a
traffic accident. He gave informed consent before participating and the experiments
were conducted under the inspection of physical therapists. He can keep a standing
posture and slowly walk by himself with two canes. In this case, we cannot measure
proper bioelectrical signals to estimate his intention during walking because of the
disorder of neural transmission. We, therefore, use the FRF instead of bioelectrical
signals in this experiment. The FRF reflects his weight shift during walking and
standing. It should be noted that he can control his balance holding a walking
frame and that our algorithm can estimate his intentions from his FRF. That is,
our algorithm synchronizes the physical support with his intentions through his
controlled weight balance not by using manual controllers such as a joystick, but
by using the FRF during walking and standing. The reference patterns for the
patient are extracted from a healthy person’s walk. The healthy person’s walking
motion could be suitable for the patient if he/she has the same body constitution as
the healthy person. The extracted walking motion, however, should be adjusted
according to the patient’s body constitution and handicap conditions, e.g., the
walking cycle and amplitude of each joint trajectory in swinging a leg.

3. ROBOT SUIT HAL

In the experiment, HAL-5 clinical type (HAL-5 Type-C) made for participant A
was used. Figure 2 shows an overview of HAL-S Type-C and Fig. 3 shows its
system configurations. As in the case of the conventional type of HAL (HAL-3),
HAL-5 Type-C consists of power units, exoskeletal frames, sensors and a controller.
Power units are attached on each hip and knee joint, and actuate each joint by their
torques. Springs are attached on the ankle joints so that the wearer’s ankle joints
could come back to a normal angle even if no external forces affect the joints. The
spring action contributes to avoiding collisions between the toe of the swing leg and
the floor. The exoskeletal frames are fixed to the wearer’s legs with molded plastic
bands and transmit the torques of the power units to his/her legs. There are angular
sensors and FRF sensors to measure motion information of HAL-5 Type-C and a
wearer to enable intention estimation for the wearer. Potentiometers as angular
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Figure 2. HAL-5 Type-C developed for walkmg support.of a paraplegia patient. Total weight is
15 kg. (a) Back view. (b) Side view.
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Figure 3. System configurations of HAL-5 Type-C.

sensors are attached to each joint to measure the joint angles. FRF sensors utilizing
a semiconductor-type pressure sensor are implemented in shoes. Figure 4 shows
the appearance of the shoes of HAL-5 Type-C with built-in FRF sensors. The
weight of the wearer including HAL-5 Type-C is transferred onto the sensor unit and
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Figure 4. Built-in FRF sensors utilizing a semiconductor-type pressure sensor. These sensors can
measure the distribution of load between the toe and heel parts during walking and standing because
two sensors are built in the front and rear of the sole.

Figure 5. Rotation directions of each lower leg joint. Angle and angular velocity data shown in this
paper shall be subject to a rule that flexion of a joint is a positive rotation and extension is a negative
one, when the angles of each joint in an upright posture are set to the zero angles.

measured by the pressure sensors. These sensors can also measure the distribution
of load between the toe and heel parts during walking and standing because two
sensors are built in the front and rear of the sole. In addition, a computer and
batteries are attached on a wearer’s waist, and motor drivers and other electrical
circuits for the signal processing are allocated on each power unit. Compared with
HAL-3 (Fig. 1b), HAL-5 Type-C is improved for daily use since there is no large
backpack on the user’s back and the width of the power units in the back view
becomes thin enough to pass through narrow spaces as shown in Fig. 2. Figure 5
shows angles and rotation directions of each joint described in this paper.

4. CONTROLLER DESIGN

In this section, we explain the controller for the walking support system. Walking
motion in this work shall be considered to consist of three functions including
swinging a leg, landing and supporting a body as shown in Fig. 6. In this paper,
we call each span of three functions the swing phase, landing phase and support
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Figure 6. Three functions in walking motion: swing phase, landing phase and support phase. Tyaj; is
a temporal threshold to switch the walking support to the standing posture support. If a wearer wants
to stop walking in their tracks, they just have to stop weight shifting for Ty.;; seconds.

phase. In the swing phase, the patterns extracted from a healthy person’s walk are
applied as the reference patterns of the proportional and derivative (PD) control
for the corresponding joints of a wearer. The reference patterns are used for the
corresponding leg’s control synchronizing with the wearer’s intention estimated by
our proposed algorithm. In the landing phase, we realize the leg function for a foot
landing by not tracking reference patterns, but by applying constant-value control.
Based on our conventional work [12], we found that the knee joint of a wearer
at landing is apt to be flexed by his/her own weight and much torque beyond the
torque tolerance is needed to compensate for the knee bend. Therefore, the knee
joint has to be extended earlier than the reference pattern by constant-value control.
In the support phase as well as the landing phase, the leg is supported by constant-
value control in order to support the weight by one leg. The following sub-sections
explain the details of the controller algorithm.

4.1. Reference pattern generation

As mentioned above, a swing leg in the swing phase is supported by applying
reference walking patterns measured in a healthy person’s walk. The reference
patterns are generated in the following process:

(i) To measure angle data of the hip and knee joints in a healthy person’s walk.

(i1) To divide a sequence of the measured walk pattern into patterns of each step
and then average the walk patterns.
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(iii) To divide the averaged pattern into three phases and extract a pattern in the
swing phase.

First, we measure a healthy person’s walk to acquire the angle data of hip and knee
joints during walking. In this experiment, we measure the normal walk of a man in
his 20s, who has a similar body constitution, including height, weight and length of
legs, to participant A. Second, a sequence of the measured walk pattern is divided
into patterns in each step and then the patterns averaged. At this stage, we should
pay note that habits of walking and asymmetry between the right and left leg step
are not strongly reflected in the extracted patterns. Figure 7a shows walking patterns
in one step averaged in this experiment. Finally, the averaged walking patterns are
divided into patterns in the swing, landing and support phases. The swing phase
is between the moment when the foot leaves the floor and the moment when the
thigh is fully flexed. The landing phase continues until the moment when the foot
of the swing leg contacts the floor and the support phase continues until the moment
when one step finishes. The walking patterns extracted from a healthy person’s
walk are shown in Fig. 7b—d. Namely, Fig. 7b shows the reference angle patterns
in the swing phase used in this walking support. The PD controller to drive a leg
swing needs reference angular velocity patterns as well as the angle patterns and
the angular velocity patterns are generated by differentiating the angle patterns with
respect to time. In addition, the time scales of the reference patterns are linearly
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Figure 7. Reference walking patterns of joint angle. (a) Patterns in one cycle of walking. (b) Patterns
in the swing phase. (c) Patterns in the landing phase. (d) Patterns in the support phase.
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Table 1.
Reference values in one cycle of walking support

Swing phase Landing phase Support phase
Bhres (rad) Fig. 7b 0.0 0.0 (-0.7)
Ghrer (rad/s) time derivative of Fig. 7b 0.0 0.0
Qk,ef (rad) Fig. 7b —0.052 _ —0.052
Bxref (rad/s) time derivative of Fig. 7b 0.0 0.0

shortened or lengthened so that the walking cycle could be adjusted to a wearer’s
intentions or a wearer’s body constitution.

On the other hand, a swing leg in the landing phase is supported by constant-
value control for the preparation of patient’s weight support. The reference angle
and angular velocity in the landing and support phases are empirically set. Table 1
shows reference values in each phase of walking support. In this table, et and Gy
show the reference angle and angular velocity of a hip joint, respectively, and Gy.s
and Byer show the reference angle and angular velocity of a knee joint, respectively.
In addition, the hip and knee joints should be straightened through the landing and
support phase in order to support the wearer’s weight by one leg. Therefore, the
reference angle of hip joint in the landing phase is O rad. Table 1, however, shows the
reference angle of the knee joint is not 0 rad but —0.052 rad. This over-extension of
the knee joint can prevent the knee joint from bending due to the impact of landing a
foot and gravity. In general, it is quite harmful for a human to extend the knee joint
excessively, but HAL does not extend wearer’s joints beyond the range of motion
since the fastening equipment of HAL made of rigid plastic has the little flexibility
and mechanical limiters at the knee joints prevent the joints from extending more
than that angle. HAL controls the joint angle to keep the reference values in the
support phase until the end of the single leg support phase when the foot of the
opposite side swing leg touches on a floor. After the foot of the swing leg makes
contact with the floor, the reference hip joint angle of the supporting leg switches
from 0.0 to —0.7 rad shown in parentheses in Table 1. This hip extension contributes
to the smooth weight shift from the current supporting leg to the following one.
The reference angular velocity of both joints in the landing and support phase is
consistently 0.0 rad/s through one cycle of walking support.

4.2. Intention estimator

Estimation of a patient’s intentions contributes to providing not only comfortable
support, but also safe support, because an inconformity between the robot suit
motion and the patient motion results in his stumbling or falling. Instead of
bioelectrical signals used for the control of the conventional HAL, the FRF is used
for intention estimation of participant A who can control his weight balance using
two canes with his hands. The FRF reflects the position of the COG and the COG
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could be reliable information for intention estimation. For example, a leg could
leave the floor and work as a swing leg safely if it does not support his/her weight.

HAL estimates which leg supports the wearer’s weight when the wearer begins
to swing the right or left leg and when he/she wants to stop walking. At first, for
example, the right leg is considered to be the support leg when the foot contact
condition:

fmn > am or )]
Ja > an, 2)

is satisfied, where fi1, and f;, are the FRFs of the right foot heel side and toe side,
respectively. In addition, oy, and oy, are thresholds to detect a landing of the right
foot. In general, condition (1) is applied in advance of (2) since a healthy person
puts the heel of the swing leg on the floor in advance of the toe. Patients with leg
paralysis, such as participant A, however, have a foot weighed down and may put
the toe of the swing leg on the floor in advance of the heel. Condition (2) is effective
in detecting the landing in cases of paraplegia patients. On the other hand, the left
leg is considered to be the support leg when the foot contact condition:

Jfn>on or 3)

S > o, ) 4

is satisfied, where fj;, and f;, are the FRFs of the left foot heel side and toe side,
respectively. In addition, o, and oy, are thresholds to detect landing of the left foot.

Second, for example, HAL estimates the intention that a wearer wants to swing
the right leg when swing start conditions:

fm < Bn and (5
S < Brs )
are satisfied, where By, and B, are thresholds to detect the moment when each part

of the right foot leaves the floor. On the other hand, HAL estimates the intention
that a wearer wants to swing the left leg when swing start conditions:

JSn < Bn and @)

S < Bus ®

are satisfied, where By, and B; are thresholds to detect the moment when each
part of the left foot leaves the floor. In this study, the following two constraint

conditions are added to the above conditions for more stable estimation of the
wearer’s intentions:

(i) Do not start to swing a leg unless the foot of the opposite side leg is on the floor.
(ii)) Do not swing the same leg sequentially.

HAL estimates the intention that a wearer wants to stop in his/her tracks if a
certain time has passed before the swing start conditions (5) and (6) or (7) and (8)
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are satisfied. In the walking support, HAL stops the sequential walking support and
helps a wearer come back to the standing posture when the condition:

teur — b > Tyaiv OF )
tewr — ) > Twait, (10)

is satisfied, where f,,, t. and 4 are the current time and the time when the last right
or left foot touched the floor. In addition, Ty is a temporal threshold to switch
the walking support to the standing posture support. At this moment, the reference
angles of all joints are almost zero; therefore, the backward leg is replaced around
the forward leg if a load on the backward leg becomes almost zero by his/her weight
shift. We set Ty, = 5.0 s in this experiment.

4.3. Control architecture

Bipedal locomotion using a patient’s legs is achieved by tracking control and by
phase synchronization of motion support with the patient’s intention. This control
consists of the PD control using reference walking patterns based on a healthy
person’s walk as shown in Fig. 7a in the swing phase and the constant-value control
in the landing and support phase. Figure 8 shows a block diagram for this tracking
control and phase synchronization. The human intention estimator (HIE) located
in the upper-left part in Fig. 8 has the FRF as input for the estimation algorithms
described in Section 4.2. Three blocks under the HIE are a library of the reference
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Figure 8. Block diagram for tracking control and phase synchronization. The HIE has the FRF as
input for the estimation algorithms described in the previous section. Three blocks under the intention
estimator are a library of the reference patterns in three walking phases, and the reference values in the
landing and support phase. The intention estimator allocates these references to the two legs during

walking. The ordinary PD control blocks are shown on the right side of the intention estimator and
the library. :
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patterns in the swing phase, and the reference values in the landing and support
phase. The HIE allocates these references to the two legs during walking. There
are six ordinary PD control blocks on the right side of the HIE and the library. The
upper three blocks are controllers for the right leg and the lower ones are for the left
leg. The command voltages 7, and 7 to the power units on both legs are calculated
by:

T, = K (Cires — ;) + K (Cebes — 6,) (11)
and
71 = Ki(Cifres — 0)) + Ki(Cies — 6)), (12)

where 6, and 0, are the actual wearer’s leg joint angles, 0, and 6, are angular
velocities, and subscripts r and 1 mean right and left, respectively. In addition,
Orr and O are the reference joint angles and the reference angular velocities,
respectively. These variables including 7, and 7, have two elements that correspond
to two joints: the hip and knee joint. 7., ), 8;, 0}, 0,, 0,, 0. and omf are given as

follows:
wela] ==la]
v=la] omla] e=[a] o-[R) e
b= am] o= [3) @

where subscripts rh, rk, Ih and 1k mean right hip joint, right knee joint, left hip joint
and left knee joint, respectively. On the other hand, K; and K are feedback gains of
the joint angle errors, and ﬁr and K; are feedback gains of the joint angular velocity
errors. The different feedback gains are used in the swing, landing or support phase
independently by adopting this control architecture. In addition, C, and C, are gains
to the reference joint angles and angular velocities. These gains can adjust a joint
flexion and a stride length in a wearer’s supported walk. In this experiment, we set
C, larger than C, in order to avoid collisions of the left leg, which has a more severe
paralysis, with the floor in the swing phase. K, K, ﬁ,, f(,, C; and C, are diagonal
matrices which are given as follows:

K — kyn O K= [k, O ’
0 Ky 0 o |
X =I2 0 = X :12 0 (16)
K — th A K]: Ih A
r | 0 krkd ’ | 0 klk_ ’
_ FCrh 0 i _ _Clh 0 i
Cr—_o ca’ C= 0 o 17)
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Moreover, the PD gains of swing leg control ky, ki, 12.1,, 121},, ke, ki, I:f,k and I‘élk
were determined based on frequency responses and step responses of the hip and
knee joints. The procedure is described in the Appendix.

The control flow for the walking support is as follows. At first, HAL supports a
wearer’s standing posture. Once the conditions shown in (5) and (6) are satisfied,
HAL starts the PD control for the swing phase in the right leg and for the support
phase in the left leg. On the other hand, HAL starts the PD control for the swing
phase in the left leg and the support phase in the right leg once the conditions
shown in (7) and (8) are satisfied. The PD control for a swing leg continues until
HAL finishes the reference swing patterns. After that, HAL runs the constant-value
control for the landing phase until the condition shown in (1) or (2) is satisfied in
a case of the right leg and until the condition shown in (3) or (4) is satisfied in a
case of the left leg. The other leg continues the control for the support phase. After
HAL detects a contact between the foot of the swing leg and the floor, HAL runs the
constant-value control for the support phase on both legs and continues the control
until the next swing start conditions are satisfied. If the conditions are not satisfied,
the two legs are kept at the final posture of the step. However, the reference angles of
all joints are almost zero in this phase, therefore a backward leg is replaced around a
forward leg if the load on the backward leg becomes almost zero by his/her weight
shift. Thus, a wearer can come back to the standing posture. This algorithm can
synchronize walking support with human intentions at a walk start instance, a walk
stop instance as well as at the beginning of leg swing during walking. In addition to
the walking support, HAL compensates for viscosity and static friction of the power
units [3].

5. EXPERIMENT

The participant A is a 57-year-old male SCI patient who has incomplete sensory and
motor paralysis on the left leg, especially on the left lower thigh. He is diagnosed
with an incomplete SCI; the sixth and seventh thoracic vertebra (T6 and T7) are
damaged. While he has good voluntary control of the upper body and limited
voluntary control of both legs, he has little voluntary control of the muscles below
the left knee joint. His deep sensibility, including angle sensitivity, remains partially
intact in his lower thigh; however, tactile, pain and temperature sensitivities are lost.
Normally, he can walk quite slowly with limping by using two canes with both his
hands. During walking, however, he always feels anxious that his knee joint will
suddenly and involuntarily bend during sustaining his weight as a support leg, his
leg will not swing forward due to involuntary control of hip and knee flexor muscles,
and he will stumble or fall down due to collisions of his ‘drop foot’ with the floor
or the other side support leg during swinging a leg. He has trouble lifting his own
leg against gravity, since he experiences significant difficulty climbing up stairs. In
addition, he has stiffening of his left knee joint and sometimes spasticity of his left
lower thigh muscles. He participated in our experiments more than 3 years after



1456

Participant A with HAL-5

Figure 9. Experimental setting.

sustaining a SCI as a result of a traffic accident. During his admission to hospital,
he received regular physical therapy for about 6 months. However, he stopped it
after he left the hospital because he could not recognize any improvement in his
body functions.

He gave informed consent before participating. All procedures were approved
by the Institutional Review Board and the experiments were conducted under the
inspection of physical therapists. The aim of HAL support is to help his leg swing
forward without a limp and sustain his weight (65 kg) since he can stand with two
canes by himself. This support contributes to stabilizing his walk by pushing the
swing leg forward, by avoiding collisions of the swing leg with the floor and by
preventing sudden knee bends. In this experiment, he walked a straight line in one
direction on the flat and non-slippy floor in the laboratory. This walking support was
conducted 16 times, and he was required to start walking from a standing posture
and stop walking at his own convenience. In each trial, he walked 5-7 m using
12-18 steps. Moreover, he was supposed to maintain his own stability by holding a
walking frame with his arms and a staff supports the walking frame for the sake of -
patient’s safety as shown in Fig. 9, since he experienced walking support embedded
with the proposed intention estimation algorithm for the first time.

5.1. Experimental setup

In this experiment, the thresholds to detect the moment when the foot leaves the
floor or contacts on the floor expressed as ah, @, O, @1, Brns Brts B and Py are
finally set to 50 N based on the participant’s weight and his impression after some
trials. On the other hand, the feedback gains for the joint control ky,, ki, 12,,,, 1211,,
ke, ki, I@,k and I::lk, the gains to the reference joint angle and velocity errors ¢, Cr,
cn, and ¢y and a time span for swinging the leg are adjusted through some trials
reflecting the participant’s impression. The time span for swinging a leg is finally
set to 0.9 s.
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5.2. Results

Figures 10 and 11 show the FRF data and phase transitions on each leg during
walking support. In both figures, one leg performs as the support leg up to a ‘Toe
off” moment when (6) or (8) is satisfied, and then the leg performs as the swing leg
for 0.9 s and the leg begins to support his weight as the support leg from a ‘Heel on’
moment when (1) or (3) is satisfied shortly after the start of the landing phase. In
addition, Fig. 12 shows the FRF data on both legs and the phase transitions at the
start of walking support. The FRF of the heel part is almost zero since participant A
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Figure 10. Result of FRF-based intention estimation on the right leg. Data in two steps of the right
leg during one walking support for participant A is used. The upper two graphs show the right leg
FRF data and the lower one shows right leg phase transition automatically determined through HAL’s
intention estimator. The right leg performs as the support leg until a “Toe off” moment (1.4 s) when
the FRF on the right toe is below the toe-off threshold By, then the leg performs as the swing leg for
0.9 s and finally the leg begins to support his weight as the support leg from a “Heel on” moment
(2.4 s) when the FRF on the right heel exceeds the heel-on threshold oy, shortly after the start of the
landing phase. Afterwards, the support phase was performed until the next “Toe off’ moment (4.1 s)
and the support phase starts from the next ‘Heel on’ moment (5.1 s) again after the swing and landing
phase.
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Figure 11. Result of FRF-based intention estimation on the left leg. Data in two steps of the left leg
during one walking support for participant A is used. It is the data from the same walking support and
in the exact same period as Fig. 10. The upper two graphs show the left leg FRF data and the lower
one shows left leg phase transition automatically determined through HAL’s intention estimator. The
left leg supports his weight as the support leg from a ‘Heel on’ moment (1.1 s) when the FRF on the
left heel exceeds the heel-on threshold ajy until a “Toe off” moment (2.7 s) when the FRF on the left
toe is below the toe-off threshold By, then the leg performs as the swing leg for 0.9 s and finally the leg
begins to support his weight as the support leg again from the next ‘Heel on’ moment (3.8 s) shortly
after the start of the landing phase. Afterwards, the support has been performed until the next “Toe
off’ moment (5.5 s). :

leans on the walking frame for the sake of safety. On the other hand, the FRF of
the toe part reflects the shift of his COG. At first, he stands on his legs with a load
distribution; the right leg supports about 250 N and the left leg supports about 350 N.
After that, he shifts his COG in a direction toward his left side, and finally the right
and left leg begin to perform as the swing leg and support leg, respectively, when (5)
and (6) are satisfied. HAL starts supporting the walk of participant A synchronizing
his intentions. Figures 13 and 14 show joint angles, reference and torques of the,
power units during walking support. Torque data was estimated based on the amount
of current provided to each power unit. From the results of joint angles in these
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Figure 12. Start of walking support by intention estimation. The upper four pictures show the
patient’s weight shift onto his left leg for walk initiation. The upper two graphs below the pictures, the
middle two graphs and the lower two graphs show the right leg FRF, the left leg FRF, and the right and
left leg phase transitions automatically determined through HAL’s intention estimator, respectively.
The FRFs of both leg heel parts are almost zero since participant A leans on the walking frame, while
the FRFs of both leg toe parts reflect his weight shift. At first, he stands on his legs with a load
distribution; the right leg supports about 250 N and the left leg supports about 350 N. After that, he
shifts his COG in a direction toward his left side, and finally the right and left leg begin to perform
as the swing leg and support leg, respectively, when the FRF on the right toe is below the toe-off
threshold 8. HAL starts supporting his walk by synchronizing his intentions.
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Figure 13. Right leg joint angles with reference angles and power unit torques in each phase. Data
in three steps of the right leg during one walking support for participant A is used. His hip and knee
joints follow the reference angles based on a healthy person’s walk most of one cycle of the supported
walk.

figures, his hip and knee joints follow the reference angles most of the time in one
cycle of the supported walk. That means HAL supports his walk based on a healthy
person’s walk as shown in Fig. 7 and he performs a more natural walk with more
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Figure 14. Left leg joint angles with reference angles and power unit torques in each phase. Data

reference angles based on a healthy person’s walk most of one cycle of the supported walk. Compared
to the right leg support shown in Fig. 13, his left hip and knee joints, which have more severe sensory

the same walking support and in the exact same period as Fig. 13. His hip and knee joints follow the
and motor paralysis, require larger torque than his right joints.

in three steps of the left leg during one walking support for participant A is used. It is the data in
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step length than his own normal walk. HAL also successfully reduces the risk of his
stumbling and falling by assisting his hip and knee flexor muscles during swinging
the leg, by lifting up his drop foot, and by assisting his support leg to sustain his
weight and prevent sudden knee bends. On the other hand, the results in Figs 13
and 14 show his joints do not follow the references in the latter part of the swing
phases, especially the knee joint on his left leg which has more severe sensory and
motor paralysis. The knee joint of participant A resists the actuator of HAL since
he was used to receiving physical support. The tracking error will be small after
enough training for relaxation of the knee joint in the swing phase.

6. CONCLUSIONS

In this paper, we have proposed an algorithm to estimate patients’ intentions so that
HAL-5 Type-C could support a patient with paraplegia to walk. The estimation
algorithm based on the FRF reflecting a wearer’s COG control was investigated
through the walking support experiments for an incomplete SCI patient with sensory
and motor paralysis on both legs. The cycle of reference walking patterns was
adjusted for the patient and walking support based on the reference walking was
achieved, synchronizing with a patient’s intentions estimated by the algorithm. We
confirmed that the algorithm successfully estimated a patient’s intentions associated
with the start and stop of walking, and the beginning to swing a leg based on his
weight shift. HAL supported his walk based on a healthy person’s walk and he
performed more natural walk with more step length than his own normal walk.
HAL also reduced the risk of his stumbling and falling by assisting his hip and
knee flexor muscles during swinging the leg, by lifting up his drop foot and by
assisting his support leg to sustain his weight and prevent sudden knee bends. The
proposed walking support can be applied to whoever is able to shift his/her COG by
using upper-body functions, including arms and hands, with any support equipment
such as a walking frame or a cane. However, it remains to be verified whether the
walking support algorithm effectively supports various types of paraplegia patients
who have any problems on the lower body through experiments with other physical
challenged people. It is one of our future works. In addition, in this walking support,
he maintained his balance using a walking frame with his hands as he experienced
the support embedded with the proposed intention estimation algorithm for the first
time, while he can normally walk with two canes. He can shift his weight during
the walking support with the walking frame more easily and smoothly than with
his canes. The walking frame could be replaced with his own canes after he gets
used to receiving HAL’s physical support. In this work, HAL does not stabilize a
patient’s body posture. Another future work is to develop a stabilizing algorithm
and mechanism so that his/her hand regains its own functions.
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