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- A remote control system to operate a manipulator
arm by the HAL (Hybrid Assistive Limb) robot suit is
examined in the application of in-cell equipment main-
tenance. In this integrated system the operator wears the
exoskeletal-structured HAL and the operator’s move-
ment is transferred through HAL's computer system to a
slave-type manipulator arm. The system includes a bio-
electrical signals (BES) control scheme and a position
control scheme. In the former scheme, sensors attached
to the skin on the operator’s arms detect faint BES when
the operator makes a movement. The signals are pro-
cessed and analyzed by a computer to determine the
operator’s intention. The computer then calculates the

1. INTRODUCTION

Management of radioactive waste, including the spent
fuel from the nuclear fuel cycle containing plutonium
and minor actinide isotopes, is a pressing issue because
of well-founded concerns over long-term safety, radio-
toxicity, and heat generation. The development of minor
actinide processing technologies therefore is receiving
increasing interest because it could help to reduce the
volume of radioactive waste destined for geological dis-
posal, enhance proliferation resistance of the nuclear fuel
cycle, and increase the efficiency of natural resource uti-
lization.! Conversion of transuranic {TRU) elements such
as plutonium, neptunium, americium, and curium into
nuclear reactor fuels is considered to be one of the op-
tions in both existing and future nuclear fuel cycles, and
the Japan Atomic Energy Agency (JAEA) is implement-

*E-mail: kitamura.akihiro@jaca.go.jp
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necessary assistive power and the power units generate
adequate power to each joint of the HAL suit to assist the
operator. To evaluate the effectiveness and usefulness of
the system, remote handling experiments were designed
using mockup equipment, and the performance of remote
operation conducted by the two schemes mentioned above
was compared with that by the more conventional three-
dimensional mouse control scheme. Of these three con-
trol schemes, the BES control scheme clearly outperformed
the others in executing direct-contact tasks of in-cell equip-
ment maintenance with small operation time and small
variation.

ing research on the thermal properties of minor actinide
oxides.2-5

Fabrication of low-decontaminated TRU fuels on the
large scale requires more remote operability and mainte-
nance performance than conventional glove-box-type
processing due to the high radiation exposure. The fuel
fabrication equipment is also expected to have high pre-
cision. To meet the above demands, the Advanced Nu-
clear System Research and Development Directorate of
JAEA proposed a module-type in-cell fuel fabrication
equipment system. The repairing and maintenance scheme
of the system currently considered consists of three stages®:

1. Replace the out-of-order module in the main pro-
cess cell

2. Decontaminate and disassemble the module in
the maintenance cell.

3. Repair the module using the glove box in the
maintenance room.
DEC. 2013
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To confirm the adaptability of this proposed equip-
ment system, representatives of in-cell equipment such
as pressing machine, pellet inspection equipment, and
powder analyzer were designed and fabricated. A series
of mockup experiments were made to confirm the pro-
cess of replacing the out-of-order module in the main
process cell.” A similar prototype assembly for nuclear
fuel reprocessing has been described elsewhere 59

There is an important need for remote operating sys-
tems in a number of industrial settings, including haz-
ardous, toxic, or constricted workspaces that are mostly
inaccessible for humans. Currently in Japan, the most
urgent need for a remote operating system is in the cleanup
of the Fukushima nuclear power plant. Several prototype
remote operating systems have been developed: the Auto
Blaster system of Tharr developed for bridge mainte-
nance,!? the HydrCat of Lorenc et al. for removing coat-
ings from structures in marine and nonmarine industries,'!
the crawling robots of Ross et al. for buildings or storage
tanks,'2 and a large robotic paint-stripping system intro-
duced by Schmitz for aircraft maintenance.'> Remote
operating systems implemented in maintenance, decom-
missioning, and waste management of nuclear fields in-
clude teleoperated manipulators developed by the Oak
Ridge National Laboratory and the University of Tennes-
seel; a vitrification facility dismantlement project un-
dertaken at West Valley, New York'S; remote glove-box
size reduction performed by JAEA (Ref. 16); robotics
research and development conducted by the Commissar-
iat 2 PEnergie Atomique et Aux Energies Alternatives'7;
and a waste packaging robotic welding and inspection
system demonstrated by the Idaho National Laborato-
1y.18.19 Recently, CYBERDYNE announced that the robot
suit HAL (Hybrid Assistive Limb) invented by Sankai
Laboratory of the University of Tsukuba could be used in
dismantling the Fukushima nuclear plant. The suit is de-
signed to assist workers who need to wear cumbersome
personal protective clothing and to provide better shield-
ing against radiation 202!

To execute remote operational tasks in an efficient
manner, it is necessary to select the correct type of remote
control terminals for specific task requirements. Button-
or switch-type controllers transfer the programmed move-
ments to the robotics and are widely used in repetitive tasks.
Joystick controllers apply potentiometric, inductive, or
photoelectric sensing systems and/or switches to trans-
late joystick motion into an output signal and are used for
steering, positioning, and speed control. Master-slave—
type controllers transmit the motion from the master part
to the slave part and are adequate for posture control and
material handling. A three-dimensional (3-D) mouse trans-
forms its movements by pushing, pulling, and/or twisting
to the robotics and is used in a variety of fields including
computer-aided design applications, 3-D modeling, ani-
mation, 3-D visualization, and product visualization. The
appeal of a3-D mouse overa conventional mouse and key-
board is the ability to pan, zoom, and rotate 3-D imagery
NUCLEAR TECHNOLOGY
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simultaneously, without stopping to change directions using
keyboard shortcuts or a software interface.

Although these controllers are used for a variety of
tasks, transferring the sensitive intention of the operator
to the slave arm is still a very challenging field to be
explored. In the current study, a remote control system is
introduced to operate a manipulator arm for in-cell equip-
ment maintenance by the robot suit HAL. The system
includes a bioelectrical signals (BES) control scheme
and a position control scheme. In the former, sensors
attached to the skin of the operator’s arm detect faint
BES when the operator makes a movement. The signals
are processed and analyzed by a computer to determine
the operator’s intention. The computer then calculates
the necessary assistive power and the power units gen-
erate adequate power to the HAL suit to assist the oper-
ator. In the position control scheme, the slave arm traces
the path of the operator’s movements as in the BES con-
trol scheme, but no assistive power is supplied. To eval-
uate the effectiveness and usefulness of such a remote
control strategy, remote handling experiments were un-
dertaken using a mockup of the equipment found in the
main process cell. The performance of the remote oper-
ation conducted by the present two control schemes was
compared with that by the more conventional 3-D mouse
control scheme.

Ii. SYSTERM COMFIGURATION

The master-slave-type manipulation system inte-
grated in this study consists of the HAL robot suit and a
manipulator arm. An operator who wears HAL controls
the posture and movement of HAL. A manipulator arm is
controlled by HAL and performs the intended tasks in the
workspace remotely. A Mitsubishi PA-10 robot arm was
chosen as the slave manipulator arm (Fig. 1); it has seven
degrees of freedom (DOF) and an open control architec-
ture and is manufactured by Mitsubishi Heavy Industries
(MHI). The four-layer control architecture is made up of
the robot arm, servo controller, motion control card, and
upper control computer.

In a highly radioactive environment, components of
the robot arm are required to have adequate radiation
resistance,?? in particular the ac servo motor, cables, elec-
tronic devices, and position sensors.23-26 Although such
modifications have not been implemented or tested here,
a mobile robot with dual robot arms that provides en-
hanced radiation protection, including anticontamination
measures, has been recently developed by MHI (Ref. 27),
and thus the test results achieved in the current study are
not expected to differ qualitatively.

HAL is a powered exoskeletal robot suit created by
Sankai Laboratory of the University of Tsukuba to ex-
pand and improve the physical capabilities of humans 28-32
The HAL we utilized in this study is an upper limb type
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Fig. 1. Bystem overview of the integrated master-slave manip-
ulation system. Exoskeletal robot suit HAL invented
by Sankai Laboratory of the University of Tsukuba and
PA-10manufactured by MHI are utilizéd as master arm
and slave arm, respectively.

and consists of frames to support. the operator’s upper
body, power units (actuators including motors) installed
at joints of elbows and shoniders, sensors to detéct the
BES on the operator’s skin surface, angle sensors, pos-
ture sensors, force sensors, wireless LAN, batteries, and
a computer to control the system. The HAL exoskeleton
powers the flexion /extension joints at the sibow and wrist
viaade motor with hacmonic drive placed directly onthe
joints. The torque of the power units is converted from
HAL 10 a wearer’s limb through the mold fastening equip-
ment, To assist the motion of an operator and to perform
force feedback, HAL uses two DOF in a shoulder joint
and one DOF in an elbow joint,?%

Since intensive bilateral data communication be-
tween the HAL system and the PA-10 system is indispens-
able, thie following protocols are adopted for processing
the data between the systems:

1. To synchronously equate the disection and the
movement of the end effectors of HAL and PA-10, the
position coordinate data of the end effectors are adopted
instead of the joint angle data of HAL and PA-10; the
length of the arm components and the joint structures of
HAL and PA-10 aze different {the ranges of rotating mo-
tion as well), so one-to-one correspondence of the pos-
ture of HAL and PA-10 is not possible. The position
coordinate data capture scheme makes bilateral commu-
nication accurate even though the structures of the mas-
ter and slave arms are not equivalent.

2. For collision control swrategy, a relative coordi-
nate value of the migration length of the end effector was
used instead of the absolute coordinate value of the end
effector position. The reason for choosing this scheme is
to remove the possibility of large movement of the end
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effector that might occur in the absolute coordinate value—
based control scheme (if error is included in the received
data), This collision avoidance mechanism enhances the
sensitivity of the end effector movements as well.

3. Forthe interactive communications between HAL
and PA-10 systems, a user datagram protocol {UDP} is
adopted instead of transmission control protocol (TCP),
because UDP has shorter transfer time and smaller data
reception than TCP.

When the operator wearing a HAL suit moves his or
her arm, the posture information of HAL is transferred to
a control system to move the manipulator arm instanta-
neously. In addition to such tight integration of the HAL
and manipulator arm mechanisms, the system can also
treat BES in the control loop, which plays a vital role in
remote operation®**; hereafter we refer to this as the
BES control scheme.

The block diagram of the whole master-slave system
is depicted in Fig. 2. The human operator block refers to
the operator, while the HAL block refers to HAL itself,
including its contro! system. The cybernic master arm
joints block corresponds to the operator's arm joints and
the power units embedded in HAL. The slave arm block
here represents the robot arm PA-10. In the human oper-
ator block “controller of human” corresponds to the
operator’s recognition and decision and “musculoskel-
etal system” corresponds to the operator’s intention of
movement and resulting musculoskeletal movement.

The operator’s movement is transmitted as torque,
Thumans 10 the cybernic master arm joints. The resulting
posture information, i.e., joint angle data 8,,, is sent to the
HAL systemto generate the movement of PA-10, X, by
calculating forward kinematics FK. Simultaneously, 8,
is sent back to the operator with force feedback 7, com-
posed of 7o (described below) and Ty The result-
ing movement of PA-10, Xs, is traced back to the system
and the deviation of Xm and X is evaluated by calculat-
ing inverse kinematics /X, and an adequate torque 7y that
minimizes the deviation of Xm and Xs is determined in 4,
and corresponding force feedback gain is then processed
via Kp. Similarly, the force applied at the tip of the end
effector, Fs, is captured by the force sensor: torque 7x
necessary to avoid overload is calenlated in J75 and the
corresponding force feedback gain is processed via Kf.

In the BES control scheme, sensors attached to the
skin on the operator’s arms detect faint BES transmitted
from the brain to muscle tissue when the operator makes
a movement. The signals V are processed and analyzed
by a computer to determine the operator’s intention. The
computer successively caleulates the necessary assistive
power 7y, for HAL. This value is combined with the
aforementioned force feedback gains to determine the
optimum assist 10rque Toya; and the power units gener-
ate suitable power to sach joint of the HAL suit to.assist
the operator.

VOL. 184
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Fig. 2. Block diagram of the integrated system. Notation used in the figure is described in the text,

Furthermore, the present controi loop includes vi-
sual feedback: the operator can observe either directly or
indirectly (through cameras or computer-aided graphics
on monitors) the workspace to make necessary adjust-
ments to the movement of the PA-10.

The speed of HAL's actions (detection, calculation,
and generation) exceeds the time of musculoskeletal ac-
tions, and therefore, significantreductions of the system’s
control loop latency and the operator’s workload are at-
tained. In the position control scheme, the slave arm traces
the path of the operator’s movements and the force feed-
back is reflected from the slave arm as in the BES control
scheme; however, no assist torque is generated from the
HAL system.

11k EXPERIMENTAL SETUP

To evaluate the efficiency and usability of the inte-

. grated HAL and PA-10 system, remote maintenance ex-

periments were undertaken using mockup equipment,
consisting of a pressing machine, pellet inspection equip-
ment, and powder analyzer. Of these, the pressing ma-
chine may be considered the most complex in terms of
the number of modules and maintepance mechanisms
that must be performed, so it was chosen as the most
rigorous test in the current study.

Basic remote handling units of the pressing machine
are the pins to lock and unlock the hanger for equipment
removal and reinstallation; connectors to engage lines
for supply of gas, liquid (which is similar to the gas
supply connector and therefore omitted from this test
NUCLEAR TECHNOLOGY
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bed), and electricity; and bolts o fasten and unfasten
modules and submodules in various places (Fig. 3). The
sequence of the remote operational tasks required in the
removal and reinstallation of a module is as follows:

Removal of modules:

1. Unlock two lefe-side lock pins to disconnect the
module equipment and the framed hanger by moving
down the lock pins from a horizontal position.

2, Unlock two right-side lock pins to.disconnect the
module equipment and the framed hanger by moving
down the lock pins from a horizontal position.

3. Remove the framed hanger from the module equip-
ment by moving up the crane?

4. Disengage the compressed gas supply connector
by pressing and moving down the connector.

5. Disengage the electricity supply connector by
pressing and moving down the connector.

6. Attach an impact driver to the manipulator arm
by closing the gripper.?

7. Insert the cusps of the impact driver to the bolt to
unfasten the bolt by shifting the robot arm.

8. Detach the impact driver from the manipulator
arm by opening the gripper.’

“Tasks using the ¢rane were not performed in this experiment,
bSince we have not made 2 tool-exchanging equipment, actual
remote operations for exchange of the tool were not performed.
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Pellets pressing machine module

Upper ram bolt

Upper ram stopper

Hoolc fever
for pressing machine
removal

Fixation bolt i b
for pressing machine module

Lock pin

Air and electricity connectors
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Lock pins (four places)

Holsting attachment

Peliets transfer module

Fixation bolt
e fO fiNE @xChange
madule

Hanger

for line exchange maodule
Electricity supply connector
Lower ram stopper

Lower ram balt

Line exchange module

Fig. 3. Access points in mockup equipment required for remote operation. Basic remote handling units are the pins to lock and
unlock the hanger for equipment removal and reinstaliation; connestors (o engage lines for supply gas, liquid, and
electricity; and bolts to fasten and unfasten modules and submodules {exchange module) in varicus places.

9. Holdthe submodule (a line-exchange equipment)
by inserting the end effector of the arm to the hanger of
the submodule.

10. Detach the submodale {the line-exchange equip-
ment} from the module equipment by lifting up the arm.

11. Remove the submodule to a repair shop by mov-
ing out the arm.

12. Connect the framed hanger to the module equip-
ment by bringing down the crane.®

13, Separate the module equipment by lifting up the
crane®

“See footnote a on p. 313,

314

14. Transfer the module equipment to the repair celt
by moving out the crane.®

Reinstallation of modules:

15. Locate the repaired module equipment to the set
position by shifting the crane.®

16. Reinstall the repaired module equipment by
bringing down the crane”

17. Locate the repaired submodule (the line-exchange
equipment} to the set position by shifting the arm.

18. Reinstall the repaired submodule {(the line-
exchange equipment) by bringing down the arm.
DEC. 2013
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19. Engage the compressed gas supply connector by
supporting the flange of the connector from the bottom
and moving up the bottom part of the connector.

20. Engage the electricity supply connector by sup-
porting the flange of the connector from the bottom and
moving up the bottom part of the connector.

‘When bringing down the module equipment with the
framed hanger (process 12 in removal of modules), the
lock pins are automatically locked by a systematic mech-
anism. Thus, we do not need to lock the pins by remote
arm operation. Disengaging and engaging the electric
connector were found to be the most difficult among
these tasks, because the system is designed for a nuclear
use with a complex set of holes and corresponding pins
with tight tolerances. The tasks of removal and seinstal-
lation of the submodule were also found to be difficult,
requiring delicate control and sharp movements to
accomplish,

The required goals in this in-cell remote equipment
maintenance development were that the replacement of
the module should be completed within 6 h and that the
execution of an individual task can be performed repeat-
edly. The time taken to transfer the module by crane and
to exchange the tool by remote robot arm is also in-
cluded. By excluding these tasks, the time requirement
for removal and reinstaliation tasks to be completed by
the remote robot arm is reduced to ~1 h. Several iden-
tical modules are meant to be ready for use. Thus, when
one module equipment is out of order, an already re-
paired module is ready for replacement, and we ignore
the repairing time for out-of-order module equipment.

The three control schemes we have adopted for eval-
uation in this study are as follows,

1. BES controf scheme;: The operator wears the HAL
suit and moves his or her arm to control the remote robot
arm. As the operator’s arm moves, the position of the end
effector of the robot arm traces the path. After the posi-
tioning of the end effectoris settled, a cyber glove is used
to open and close the end effector of the arm to operate the

object with additional adjustment, as necessary, by move-.

ment of the operator’s arm. BES signals are processed and
anatyzed by a computer to determine the operator’s inten-
tion. The necessary assistive power is calculated by the
computer and the adequate power is generated by the power
units (see details in Sec. ).

2. Position control scheme: The operator wears the
HAL suit and moves his or her arm to control the remote
robot arm as in (1). In this scheme, however, the optimal
assistive power is not generated to agsist the operator.

3. 3-D mouse control scheme: The operator moves
the controller cap of the 3-D mouse to control the remote
robot arm. In the current study, a SpaceNavigator from
3Dconnexion was used 3¢ By leaning the controller cap
to the left, right, forward, or back, the end effector (grip-
NUCLEAR TECHNOLOGY
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per) of the robot arm simultaneously moves to left, right,
forward, or back, or by pulling the controller cap up or
down, the end effector (gripper} of the arm simulta-
neously makes the same movement. Increase pressure to
go faster and make large movements or reduce pre G
1o go slower and make fine adjustments. After the posi-
tioning of the end effectoris essentially complete, abatton-
type controller is used to open {release) and close (grip}
the end effector to manipulate the object along with any
further adjustments, as necessary, by 3-D mouse control.

V. RESULTS AND DISCUSSION

To evaluate the performance of the integrated HAL
and PA-10 system directly, a remote handling experiment
in the vicinity of the test bed with direct observation was
first conducted, as shown in Fig, 4. A cyber glove was
worn by the operator, for (open and close) manipulation
of the end effector (Fig. 5). The experiment was per-
formed by the BES control scheme. Using this control
scheme, far less time was taken to perform a number of
individual tasks in comparison with the more conven-
tional schemes:

1. Time required to ingert the bolt was found to be
~Bs.

2. Time required to remove the submodule equip-
ment was found to be ~20 s,

3. Time required to disengage the supply gas con-
nector was found to be ~7 s; time required to engage the
supply gas connector was found to be 17 s,

4. Time required to disengage the electrical connec-
tor was found to be ~9 s; time required to engage the
electrical connector was found to be 24 5.

Fig. 4. Remote handling experiment in the vicinity of the test
bed with direct observation.
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Fig. 5. The cyber glove used for end effector (gripper) manip-
ulation, The cyber glove possesses 5 DOF but is here
restricted to 2 DOF for the purpose of grip and release.

it was confirmed that the system convincingly con-
trols the end effector of the slave arm and manipulates sen-
sibie tasks, such as handling the unstable thin hanger of
the submodule equipmentand treating the tight connectors.

In the comprehensive mockup experiment, a course
of tasks is repeated in triplicate using each control scheme
{HAL with BES control scheme, HAL with position con-
trol scheme, and 3-D mouse conirol scheme). The oper-
ator inthe remote operation booth with monitors providing
instant feedback information is shown in Fig. 6, InFig. 7,
remote operation times reguired to complete the series of
tasks for mockup equipment are shown. The required
goals were attained in all three control schemes. As can
be seen from Fig. 7, the times to complete the total re-
mote operation task by the HAL system with the BES and
the position control schemes were both smaller than that
by the 3-D mouse control scheme, In the HAL system
with the BES control scheme, the time © complete the
total task was about two-thirds that of the 3-D mouse
control scheme, The varjation of the time to complete ail
the tasks was also smaller in the BES control scheme.
Although the varistion of the time to complete the tasks
becomes smaller as the operator gains experience, this
index explains the effectiveness of the control schemes
to some extent.
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Fig. 6. The remote operation booth in the comprehensive test.
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each experiment.

Results from individual tasks are shown in Table L
We observe that in almost all cases, the times and the
varfances to complete individual tasks were smaller in
the HAL system with BES control scheme. The variance
of time taken to disengage the electrical supply connec-
tor {which has many sockets and is tighter than the air
supply connector, as mentioned earlier) by this control
scheme was about one-fourth of that by the 3-D mouse
control scheme. Very small variations of the time were
also observed for the tasks of detaching and removing the
line-exchange equipment and of éngaging the electrical
supply connector in the BES control scheme. These re-
sults suggest that the HAL system with BES control
scheme iy an improvement on the man-machine interface
and is better suited to the current experimental conditions
than other, more conventional methods,

In terms of operability, the following features were
found from this experiment: )
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TABLE 1
Average Times and Variances to Complete Individual Remote Operations in Three Control Schemes
Control Scheme
HAL with HAL with 3-D Mouse
BES Control Position Control Control
Remote Procedure (s) (s) (s)

Removal of modules

Unlock two left-side lock pins 28 (8)* 28 (25) 53 (18)

Unlock two right-side lock pins 58 (21) 68 (8) 65(17)

Disengage the cc d gas supply cc 71 (11) 78 (12) 72(17)

Disengage the electricity supply connector 25 (5) 34(7) 58 (20)

Insert the cusps of the impact driver to the bolt 74 (20) 86 (40) 94 (24)

Hold the submodule (line-exchange equipment) 32(4) 46 (5) 50 (3)

Detach the submodule 5(2) 5(0) 13 (12)

Remove the submodule to a repair shop 5(1) 6(2) 17(1)
Reinstallation of modules

Locate the repaired submodule 10 (3) 11(7) 17 (4)

Reinstall the repaired submodule 32 (20) 35(37) 34(22)

Engage the compressed gas supply connector 57(12) 81(17) 81(8)

Engage the electricity supply connector 29 (8) 52 (36) 63(17)
Overall 426 (38) 529 (83) 619 (87)

3Parentheses indicate variances.

1. In the 3-D mouse control scheme, the operator
must operate three axes of direction simultaneously, de-
pending on the mission situation. To operate the 3-D
mouse properly, the operator must practice to gain skills
in controlling the fingertip manipulation for the three
axes direction, and it takes time to become used to it. It
should be noted here that the operation of a manipulator
arm in only one axial direction is, however, simple and
gives sharp movement. Also, the lack of force feedback
from the slave arm inhibits the performance of the oper-
ator because extreme caution is necessary to avoid
collision/accidents during operation.

2. On the other hand, in using the exoskeletal-
structured HAL system, one can operate the remote arm
intuitively through a continuous feeling of the force feed-
back in the operator’s arm and provide the necessary
compliance for force feedback in direct-contact opera-
tion. In the position control scheme, however, the char-
acteristics of the slave arm impedance and that of the
HAL itself are superimposed, and these impedances are
transferred directly to the operator. This drawback debil-
itates the operability of the system. In other words, the
operator’s discomfort and fatigue increases through the
continued use of the HAL system.

3. Using the system with the BES control scheme,
the HAL system reacts before the operator’s full arm
displacement occurs and therefore helps to ameliorate
the above disadvantages. In the BES control scheme,
NUCLEAR TECHNOLOGY
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even if the superimposed characteristics are transferred
to the HAL system, the system cleverly removes these
burdensome impedance characteristics, because in this
scheme the operator is not required to move his or her
arm but only to express the intention of action, to gener-
ate the assistive power of HAL. As a result, the efficiency
of the operation is enhanced.

Through a thorough examination, the following items
were recognized by the operator for the HAL with BES
control scheme:

1. Smooth movement of the operator’s arm s realized.

2. Oneness is obtained because the slave arm moves
synchronously with the operator’s arm.

3. Focus on the task during operation could be
achieved while being less conscious of collision avoidance.

4. Appreciation of tiredness can be realized by ad-
justing the assist ratio and is valuable information from a
health physics point of view.

5. Adequate movement is realized for large-space
movement and sensitive procedures.

6. The operator could move around during opera-
tion because it is not necessary to sit or stand in one
place. This helps to relieve operator stress and mitigate
irritation.
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7. Active use of BES in the impedance control sys-
tem enhances an intuitive operational feeling.

V. CONCLUSION

A remote control system to operate a manipulator
arm by the HAL robot suit is examined for the purpose of
in-cell equipment maintenance. Two control schemes, a
BES control scheme and a position control scheme, have
been implemented. In the BES control scheme, sensors
detect the operator’s BES, a computer analyzes the in-
tention of movement and calculates the necessary assis-
tive power, and the power units generate power to provide
HAL to assist the operator. Performance of the two
schemes was evaluated in comparison with a more con-
ventional 3-D mouse control scheme using mockup
equipment.

Among these three control schemes, the BES control
scheme outperformed the others in terms of the amount
of time taken to complete a series of equipment mainte-
nance tasks, with small variance. In addition, the system
appropriately reflected the operator intention and satis-
factorily generated suitable power to assist the operator.

In conclusion, the experimental test results suggest
that through the power-assisted design of the HAL suit
mechanism, the BES control scheme of the system has
very promising performance, offering a significant im-
provement over more conventional counterparts. Further-
more, the system provides flexible features that facilitate
the remote maintenance of in-cell equipment that re-
quires precision and dexterity.
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Abstract— Since patients with extracorporeal pulsatile arti-
ficial hearts are always exposed to thromboembolie risk, medi-
cal staff is forced to regularly conduct visual observation of
adherent thrombi inside the artificial heart over the long term.
In order to reduce the burden o medical staff and lish
objective and continuous thromibus monitoring, the purpose of
this study was to propose an thrembus itering
system using multiple optical emitters and detectors for an
extracorporeal pulsatile artificial heart, and design its attach-
ment for accurate measurement. The proposed system moni-
tors thrombi by distinguishing 4 difference in the light absorp-
tion and scattering characteristies between the thrombus and
the whole blood, on the external surface of the artificial heart
without blood contact, To accurately menitor adherent throm-
bi inside the artificial heart over a wide area, the system needs
to firmly attach multiple optical s and det s to the
surface of the artificial heart., An attachment including an
inner cover and an outer cover was designed. The inner cover
where multiple optical emitters and defectors can be arrayed
was designed based on the external shape data of an extracor-
poreal pulsatile artificial heart which were obtained by using a

‘3D scanner. The outer cover was designed to attach the inner

cover to the external surface of the artificial heart. The outer
cover connects to the inner cover via spring mechanism, firmly
attaching the inner cover to that of the artificial heart by the
spring force when the outer cover is closed. The result of an
installation test using the prototype attachment showed that
the. measurement error due to the instaliation was less than

‘2% and has little influence on the thrombus monitoring. We

conclude that the attachment has the capability o firmly fix
the measurement points for accurate monitoring.

T

Keywords— Att: t design, ic thrombus moni-
toring system, multiple optical emitters and detectors, extra-
corporeal pulsatile artificial heart

L INTRODUCTION

The number of patients who require heart transplantation
is increasing yearly. However, the chronic lack of donor
hearts greatly restricts the wider implementation of heart
transplantation in heart failure patients. As such, the devel-
opment of artificial hearts has progressed remarkably. There
are extracorporeal pulsatile artificial hearts for relatively-
short usage as a type of artificial heart. One of serious com-~
plications in patients with extracorporeal pulsatile artificial

hearts is thrornboembolism during the chronic phase [1-3].
The thromboembolism occurs if an adherent thrombus col-
lapses inside the artificial heart and enters the blood stream
as thromboemboli (see Figure 1). Therefore it is highly
desirable to noninvasively and continuously monitor ‘the
adherent thrombus over the long term

At present, to monitor the thrombus, medical staff regu-
larly conducts visual observation of the thrombus on the
inside surfacc of the artificial heart, However, this visual
observation not only takes time, but also is discontinuous
monitoring and lacks objectivity. Several research groups
including ours have reported optical methods and optical
measurement systems for noninvasively and continuously
detecting thrombus formation or thromboemboli in artificial
hearts [4-7]. However, the measurement areas in these
studies are limited to. the inside of blood circulation tubes
connected to the artificial heart and are not the inside sur-
face of the artificial heart. .

In the present study, we utilized the knowledge from the
above previous studies that thrombus formation or a throm-
boembolus is detected by a difference in the light absorption
and scattering characteristics between the thrombus and the
whole blood. The purpose of this study was to propose an
antomatic thrombus monitoring system using multiple opti-
cal emitters and detectors for the detection of adherent
thrombi on the inside surface of an extracorporeal pulsatile
artificial heart, and design its attachment for accurate meas-
urement.

Patient

Fig. 1 Adherent thrombi and thremboemboli which induce thromboembo-
lism in the extracorporeal pulsatile artificial heart,
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1. MATERIALS AND METHODS

A. Propose of an awtomatic thrombus monitoring system

In the present study, we target the NIPRO-ventricular as-
sist device (VAD; formerly Toyobo-VAD, NIPRO Corp.,
Osaka, Japan) {1] as an extracorporeal pulsatile artificial
heart. The NIPRO-VAD is a pneumatically-driven artificial
heart, being widely used in Japan, For the VAD, an auto-
matic thrombus monitoring system is proposed as shown in
Figure 2. The proposed system consists of an optical sens-
ing unit attached around the VAD and monitoring software
installed on a personal computer (PC) with Bluetooth radio
wave technology. The optical sensing unit has the following
four components: (i} multiple optical emitters and detectors
for a wide measurement area, (i} & microcontroller driving
the emitters and the detectors and measuring optical intensi-
ties from the detectors, (i) a Bluetooth module for wire~
lessly transferring the measurement data to the PC, and (iv)
an attachment for fixing the other three components around
the VAD. In the present, we focus on the attachment and
describe the attachment design in the following section.

e Ciptical Senslog Uit

s
MutlgieOpticat |
Fanfttereand Detectors

i Microosotiative

PCwith
Mostioring Sofiware
{a) b)
Fig. 2 Conii of the proposed ic thromt
system, {a) Generation areas of adherent thrombi in the NIPRO-VAD, as

the monitoring target. (b) The optical seasing unit covers the VAD, wire-
Tessly transmitting the measurement datg to the PC.

I
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@ ®

Fig. 3 Design of the attactunent. (3) Overall view. (b) Cross-section view.

Frimes §

(3] (é}

Fig. 4 Design procedure of the inner cover. {a} Scan of the external surface
of the NIPRO-VAD by a 3D scanner. (b) The scanned surface data saved
as the STL format, (¢} The surface dats imported into 30 CAD software,

(d) Final design by the soRware.

B. Design of the attachment

In clinical practice, the NIPRO-VAD is put in a special
belt bag worn at the waist of the artificial patient. Therefore
the size and shape of the attachment must be considersed to
put the VAD with the attachment in the bag. Furthermore,
the attachment must be easily removable for medical treat-
ments (e.g., replacement of the VAD) as needed. To accu-
rately monitor adherent thrombi inside the artificial heart
over a wide area, the system needs to firmly fix the multiple
optical emitters and- detectors 1o the external surface of the
VAD.

The designed attachment consists primarily of an outer
cover, a stopper, two frames, spring mechanism using three
springs, and an internal cover (see in Figure 3). The outer
cover conngets to the inner cover via the spring mechanism,
firmly attaching the inner cover to the external surface: of
the VAD by the spring force when the outer cover is closed
by the stopper.

The inner cover is expected to incorporate the multiple
optical emitters and detectors, and must fit the external
surface of the VAD for stable measurement. The inner cov-
er was designed by design procedure as shown in Figure 4.
Firstly, the external shape data of the VAD were obtained
by a 3D scanner (PIX-30, Roland DG Corp., Shizuoka,
Japan), being saved as standard triangulated language (STL)
format. Secondly, the STL data was imported to 3D com~
puter-aided design (CAD) software (SolidWorks 2011,
Dassault Systémes SolidWorks Corp., Concord, MA, USA).
Finally, the inner cover where multiple optical emitters and
detectors can be arrayed was designed as shown in Figure
4(d).
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C. Pratotype Attachment

Figure 5 shows a prototype of the designed attachment.
The parts of the prototype attachment are mainly plastic,
being produced by using a 3D printer (Dimension BST
1200, Stratasys Ltd., Minneapolis, MN, USA). These parts
are black color to shade the optical detectors from ambient
light for accurate measurement. The two plastic frames
fitting the conter metal ring of the NIPRO-VAD [see Figure
2(a)] are closed by the magnet force of two small neodymi-
um magnets embedded in the frames. At the space between
the outer cover and the inner cover, both the micracontroller
and the Bluetooth module of the optical sensing unit can be
placed. The attachment size is restricted to the minimum
necessary for covering the external surface of the VAD.
Thus the VAD with the attachment can be put in the belt
bag.

D, Installation test using the prototype attachment

In order to evaluate the installation error of the prototype
attachment, an installation test using the attachment was
performed in a mock circulatory loop that assumed a real
operating environment.

The mock circulatory loop was constructed as shown in
Figure 6(a). This mock circulatory loop consisted of a res-
ervoir, Tygon tubing, and the NIPRO-VAD with the proto-
type attachment. The mock circulatory loop was fifled with
bovine whole blood as the working fluid. The acid-citrate-
dextrose solution was previously injected into the blood for
anticoagulation, The hematocrit of the blood was adjusted
to 40 % by blood draw and injection of saline through the
port of the circulatory loop. The beating rate and the stroke
volume of the VAD were set to about 60 bpm and 30 mi,
respectively.

In the attachment, a photodiode and a phototransistor
wete incorporated in the inner cover to monitor a generation
area of adherent thrombi on the internal surface of the VAD
[sec Figure 6(bY]. The distance between the photodiode and
the phototransistor was 4.5 mm which cnabled the light
propagation area to include the blood layer of the VAD. If
the attachment does not fit the VAD, the output of the pho-
totransistor must change because of the installation error
whenever the attachment is removed and attached. The
photodiode has the wavelength of 803 nm, which is known
as the isosbestic point [8]. Since the optical absorption ratio
of hemoglobin equals to-the ratio of oxyhemoglobin at the
wavelength of 805 nm, the output of the phototransistor is
not affected by the oxidization state of the blood during the
test. In the initial state, the optical power of the photodiode
was adjusted so that the output of the phototransistor was
1.0 V. The output data were measured at 100 Hz sampling
frequency by a 16-bit resolution analog-to-digital card
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[ADA16-32/2(CB)F, CONTEC Co.,
being saved in a PC.

During the test, an installation trial was carried out 10
times. At one time, the average value of the output data for
10 s was recorded | minute later afier the attachment was
removed and attached.

Ltd., Osaka, Japan}

Fig. 5 Appearance of a prototype of the designed attachment. (2) Unat-
tached status, (b) The frames fitting the center metal ring of the NIPRO-
VAD. (c) Top view. {d) Side view.
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Fip. 6 System configuration of the fnstallation test. () Mock cireulatory
toap fifled with bovine whole blood. (b) A photediods and & phototransis-
tor incorporated in the inner cover,
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m. RESuLTS

Through the installation test, the average and the stand-
ard deviation of the 10 trials were 1.001 V and 0.007 V,
respectively. The maximum installation error was less than
2% compared with 1.0 V as the initial value when the aver-
age value was 0.987 V. Furthermore, the output of the pho-
totransistor didn’t change while the room light was repeat-
edly turned off and on during the test.

1v. Disscusion

Adherent thrombus formation is a critical issue in the ex-
tracorporeal pulsatile artificial heart. A method for monitor-
ing an adherent thrombus is needed in order to ensure safe
and effective medical treatment.

In the present study, we proposed an automatic thrombus
monitoring system for an extracorporeal pulsatile artificial
heart, and designed its attachment for accurate measure-
ment.

To evaluate the installation error of a prototype of the de-
signed attachment, an installation test using the prototype
attachment was performed. As a result, the measurement
error due to the installation was less than 2%. Generally
speaking, the size of the adherent thrombus observed by
medical staff is more than several square millimeters at best.
Therefore when such an adherent thrombus is generated in
the light propagation area on the internal surface of the
NIPRO-VAD, the output of the phototransistor is expected
to- change significantly because the adherent thrombus in-
fluences the light propagation. Therefore we suppose that
the install error has little influence on thrombus monitoring.

At present, to monitor the adherent thrombus in the ex-
tracorporeal pulsatile artificial heart, medical staff is forced
to regularly conduct visual observation of adherent thrombi
inside the artificial heart over the long term. Moreover, this
visual observation is discontinuous monitoring and lacks
objectivity. Several research groups have reported optical
methods and systems for noninvasively and consciously
detecting thrombus formation or thromboemboli in artificial
hearts [4-7]. However these studies focused on detecting
thrombus formation and thromboembolus on the external
surface of blood circulation tubes connected to the artificial
heart. Therefore, to the authors® knowledge, this is the first
report of an automatic thrombus monitoring system which
focuses on detecting an adhere thrombus inside the extra-
corporeal pulsatile artificial heart on the external surface of
the artificial heart. In the present study, we focus on the
adherent monitoring system for the NIPRO-VAD. However,
the procedure of the attachment design is simple and can be
applied to other extracorporeal pulsatile artificial hearts.

v. CONCLUSIONS

In the present study, we proposed an automatic thrombus
monitoring system, designing its attachment for accurate
measurement by using a 3D scanner and 3D CAD software,
prototyping the attachment by using a 3D printer. The result
of an installation test using the prototype attachment
showed that the measurement error due to the installation
was less than 2% and has little influence on the thrombus
monitoring. Therefore, we conclude that the attachment has
the capability to firmly fix the measurement points on the
predetermined positions for accurate monitoring.

The further development of the thrombus monitoring sys-
tem will contribute toward the safety of the patients and the
reduction of the burden on medical staff.
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Most patients with thoracic ossification of the posterior longitudinal ligamest (OPLL) exhibit delayed recovery of gait dysfunction
after spinal injury. The hybrid assistive limb (HAL) is a new robot suit controlling knee and hip joint motion by detecting very weak
bioelectric signals on the surface of the skin. This study is to report the feasibility and benefits of patient-assistive HAL walking
rehabilitation for facilitating locomotor function after spinal surgery. The patient was a 60-year-old woman with thoracic OPLL,
and lier motor and sensory parilyses did not improve after spinal surgery, indicating severe impairment in the paretic legs. The
subject underwent 6 HAL sessions perwerk for § weeks, consisting of a standing and sitting exercise and walking on the ground with
HAL. Clinical outcomes were evaluated before and after HAL training and 1 year after surgery. The subject improved considerably
4s a result of HAL training. Subsequently, her walking ability recovered rapidly, and she was able to walk unaided six months after
surgery. This case study suggests that HAL training is a feasible and effective option to facilitating locomotor finction and the early
HAL teaining with physiotherapy may enhance motor recovery of pitients with residual paralysis after surgery.

1. Introduction Robotic therapy is becoming increasingly common for
gait rehabilitation after stroke or spinal cord injury; using an
exoskeleton robotic device (e.g. Lokomat, LOPES exoskele-
ton robot) or a robotic device with foot-driven plates (e.gs

Gait Trainer GT I, Haptic Walker) [4-6]. The robot suit

Decompression is the primary treatment for patients with
compressive myelopathy due to thoracic ossification of the
posterior longitudinal ligament (OPLL) and ossification of

the ligamentum flavum (OLF), but surgical outcomes vary.
Studies of postoperative clinical outcomes of thoracic OPLL
indicate that most patients exhibit delayed recovery of motor
weakness in the lower limbs and gait dysfunction after
surgery [1, 2], Gait dysfunction is the most important negative
surgical outcome, being a clinical deficit of spinal myelopathy
31

hybrid assistive limb (HAL) is @ new robot suit to assist
voluntary control of knee and hip joint motion by detecting
very weak bioelectric signals on the surface of the skin [7].
“The HAL suit is a hybrid control system comprising cybernic
voluntary contrel (CVC) and cybernic autonomots control
(CAC) subsystems and has power units and force-pressure
sensorsin the shoes (8, 9]. The power units consist of angular

+ Power unit
= Angular sensor
actuator

+ Force-prassure
sensor

{a}
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()

Fiours X Newly-developed wearable robot suit; hybrid assistive limb (HAL). The HAL suit has power units and force-pressure sensors in
theé shoes. The power units consist of angular sensors and actuators on bilateral hip and knee joints (a). Muscle action potentials are detested

through the electrodes on the anterior and posterior surface of the thigh ({b), (¢)). Assist levels and force-p

monitor {d).

sensors and actuators on the bilateral bip and knee joints
(Figure 1). The HAL suit can support the wearer’s motion by
adjusting the level and timing of assistance {7]. HAL training,
using muscle activity, has the potential to intensify the
feedback by evoking by an appropriate motion more strongly
than standard robot training [9]. HAL training has been
shown to improve gait speed or cadence for chronic stroke
and incomplete spinal cord injury (8, 9]. However, no studies
have attempted to clarify the feasibility of rebabilitation
with HAL for patients with residual paralysis after spinal
decompression for thoracic OPLL or OLE

This case was markedly improved locomotor function
by training with HAL, although recovery did not start
until 7 weeks after spinal decompression of thoracic OPLL.
“Therefore, we report a case of patient-assistive HAL walking
rehabilitation from an early stage for facilitating locomotor
functions for patients with severe residual paralysis.

2, Case Presentation

A -60-year-old woman {body mass index: 3LLkg/m?) pre-
sented with onset of pain and numbness in her right lower
limb and gait disturbance. The diagnosis was cervico-thoracic
OPLL. After 15 months, her symptoms had gradually pro-
gressed, showing motor and sensory paresis of the lower
limb and urinary disturbance. Magnetic resonance imaging
showed areas of OPLL extending from T2 to T8 and T9/T10
OYL (Figure 2). Because of progressive myelopathy, she un-
derwent posterior decompression surgery two times, How-
ever, she showed aggravation of myelopathy after the second

are shown on a¥

L

Fraure 2: Thweighted imaging showed areas of
OPLL ummdmg from T2 to T8 and T9/T10 OYL.

surgery, complete motor and sensory paralysis below T4, and
urinary retention. She then underwent anterior decompres-
sion surgery to remove the OPLL. Active movement of her
toes was weak at | day after surgery, She underwent physical
therapy (PT) with pharmacological and high atmospheric
pressure oxygen inhalation therapy. However, her motor and
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Conventional PT

Walking
Standing
Sitting
Bed

Conventional PT + HAL training  Conventional PT

{b)

©

(d)

Freurs 3: Improvement time course of activity of the patient in a schematic view (a). Although she underwent conventional physical therapy
(PT), she was still bedridden 7 weeks after surgery. Locomotor functions of the patient improved considerably by intervention of the robot
suit hybrid assistive limb (HAL) training, Subsequently, the walking ability recovered rapidly (arrow). When she put on the HAL af baseline,
she could stand for only few seconds with assistance from three tree therapists (b). However, she could wallc in the parallel bars at 12 iveeks

after surgery (c} and could walk independently 1 year after surgery {d).

sensory paralyses did not improve. She was still bedridden
7 weeks after surgery and at risk. of disuse syndrome. We
decided to use HAL in addition to the conventional PT such
as muscle strength exercises and range of motion exercises.
Before participating in walking exercise using HAL, the sub-
ject provided informed consent, and the study was approved
by the Ethics Committee of the Kagoshima University Faculty
of Medicine.

Clinical assessments were carried out at the initial eval-
uation (at 7 weeks after final surgery) and 8 weeks and 8
months after HAL intervention (15 weeks and 1 year after
surgery, resp., Table1). After the initial evaluation, the sub-
ject underwent 6 HAL sessions of 70 minutes per week
for 8 weeks. Sessions consisted of a standing and sitting
exercise, and walking on the ground with HAL. Standing
and walking training started in parallel bars with HAL, A
typical 70-minute HAL training session proceeded as follows:
preparation of electrodes, putting on the HAL suit, and
computer setup (15min); HAL training (40min, including
rest time); taking off the HAL suit and electrodes (15 min).
Three therapists implemented the training. The HAL suit
has a hybrid control system comprising the CVC and CAC,
The CVC mode of the HAL suit can support the patients
voluntary motion according to the voluntary muscle activity
and the assistive torque provided to each joint [9]. This study
used the CVC mode, which aliows the operator to adjust
the degree of physical support to the patient’s comfort and
gradually reduce supportas training progresses. After theend
of HAL intervention, the patient underwent conventional PT

Taste L Baseline and clinical assessment during follow-up period.

7 weeks 15 weeks
(baseline) {end of After year
: HAL)

MMT (U/L) 5/1-2 5/3-4 51475,
JOA score 8 1 13
ASIA classification C D D
1}SIA score {lower 23 34 2
limbs)

WISCHIT 4] 8 20
FIM motor score 22 40 83

MM T: Manuel muscle testing. JOA: Japan orthopedicassociation (maximum
score: 17). ASIA: American spinal injury associatiop, WISCE Walking index
for spinal cord injury (score range 8 10-20).-FIM: Functional independence
measuze (maximum score: 91). .

without HAL in another hospital, and she was discharged 10
months after surgery.

Locomotor functions of the patient improved consid-
erably by the intervention of HAL training. Subsequently,
her walking ability recovered rapidly and she was able to
walk independently six months after surgery. Figure 3 shows
the improvement time course of activity of the patient in-a
schematic view. At 15 weeks after surgery, she was able to sit
without back support and transfer to a wheelchair indepen-
dently. She could walk in parallel bars without HAL, althotigh
rocking of the knee was observed while standing. At 1 year

after surgery, she was able to walk independently with a T-
cane.

3. Discussion

This case report describes the feasibility of facilitating loco-
motor functions with HAL training for patients with residual
paralysis after spinal surgery. Matsumoto et al. [10} reported
improvement in 36.8% of patients but deterioration in 8.4%
after spinal surgery for thoracic OPLL in a retrospective
multicenter study of 154 Japanese hospitals. The present
patient was operated on 3 times and showed aggravation of
her lower limb myelopathy after surgery. Although recovery
did not start until 7 weeks after surgery, her locomotor
function markedly improved by combining training with
HAL, suggesting that HAL training facilitated recovery of
locomotor functions. The HAL may facilitate rehabilitation
by providing postural support and assisted voluntary muscle
activity during ambulation.

HAL is a robotic device with potential rehabilitation
applications that are dependent on the physical support it
can provide [9]. A patient’s recovery of locomotor functions
may be due to changes in plasticity of the spinal cord and
supraspinal centers. Appropriate sensory inputs, such as
maximum weight loading, facilitating proper trunk posture,
and hip extension, are essential for maximizing functional
recovery [11]. Sensory input evoked HAL-induced motion
may affect the central nervous system, resulting in recovery
of locomotor functions. Furthermore, the visual feedback of
watching a display indicating the center of gravity and range
of motion of the lower limbs may also affect the central
nervous system. HAL rehabilitation can be implemented
safely and effectively for early mobilization and gait training
for patients with residual paralysis after spinal surgery.

This study had a clear limitation in that the HAL training
was started relatively soon after surgery. However, even if
this patient was still in the recovery period, her locomotor
function markedly improved by combining training with
HAL. HAL training at an early stage may be necessary to
prevent disuse syndrome such as muscle weakness in the
lower limbs or joint contracture. The subject may also have
experienced improved motivation for rehabilitation by HAL
training use from an early stage, because she had been
bedridden for 7 weeks after surgery. The findings from this
case report suggest that HAL training for voluntary control
of leg joint motion from an early phase is a safe and effective
option for restoring locomotor functions in patients with
residual paralysis after spinal surgery.

4. Conclusion

We concluded that for patients of thoracic OPLL, the early
HAL training with physiotherapy may enhance motor recov-
ery after surgery. Early mobilization using HAL may be also
advocated to prevent post surgery complications, such as
contractures and deep vein thrombosis.
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Development of Noise Resistant Hybrid Capacitive-Resistive
Electrodes for Wearable Robotics, Computing and Welfare*
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Abstract—Myoelectrieal signals have many applications in
medical, sports, wearable robotics and computing fields. Wet
electrodes are widely used to acquire these signals, In contrast,
dry contact electrodes and capacitive pling
electrodes have been developed, However, their use has several
limitations. In this research, we developed a hybrid electrode
that is eapable of both capacitive and resistive recordings by
optimizing the sensor input impedance value using a new
electrode noise model that contained noise sources. We extend
this design so that noise originated during real usage, such as
meotion artifacts and noise from electric motors is also measured
and removed from the sensor output. In experiments, noise
analysis and experiments were performed by measuring
myoelectrical signals from both upper and lower limbs in
realistic situations, including weight lifting, robot arm control,
and walking on a treadmill. As the results, we verified that cur
electrodes were capable of bioelectrical measurements at noise
Ievels comparable to wet electrodes In realistic situations and
with high correlation coefficients between both types of sensors.

1. INTRODUCTION

Bioelectrical signals generated by muscle activity, known
as myoelectricity, have become an important source of
information about movement intention. Myoelectrical signals
have been useful for interfacing with physically assistive
devices, such as the Robot Suit HAL [1-3], and prosthetic
limbs [4-5]. Applications on other areas of human life, such as
entertainment industry and virtual reality are also gathering
attention [6-7]. However, for such fields, high usability is a
requirement alongside high performance.

Traditionally, wet electrodes have been widely used to
perform  myoelectrical measurements. Because  the
measurements rely on a passive and resistive electrical contact
point, using wet electrodes has major drawbacks such as the
requirement for skin preparation and the use of conductive
gels [8]. Dry resistive electrodes have been developed to
increase sensor performance and usability [9-10]. The dry
electrodes rely on active resistive contact with the user's skin
surface. Active sensing eliminates the need to use the
conductive gels and the problems associated with its use.
However, skin preparations such as body hair removal and

cleaning may be required b constant electromechanical
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skin contact is still required for bioelectrical sensing. In order
to eliminate this requirement, noncontact electrodes that are
capable of achieving capacitive coupling between the
electrode lead and the user’s skin have been proposed [11-15].
However, ultra-high input impedance is required. Ultra-high
impedance input is highly susceptible to any electrostatic
noise that originates from the surroundings. Therefore, robust
shielding, isolation, and current leakage prevention
techniques are mandatory to reduce the noise. Furthermore,
complex low noise bootstrapping techniques are necessary to
avoid drift due to the bias current from the input. These
disadvantages make capacitive electrodes larger, noisier, and
more expensive than conventional electrodes.

In order to solve the problems of the previous bioelectrical
measurement technologies, we focused in combining the
properties of both dry and noncontact electrodes in to a new
hybrid resistive-capacitive electrode by optimizing its input
impedance so that it is sufficiently high to record bioelectrical
signals but low enough to reject external electrostatic noise
[16]. However, previous studies consisted of only
proof-of-concept basic experiments performed at ideal
conditions. Noise from real life situations such as motion
artifacts or near high-power devices such as electrical motors
are still an issue [13]. In order to solve these problems, the
sensor must be designed not only to sensitively measure
bioelectrical signals but also to sense and subtract external
electrostatic noise from the sensor output.

The aim of this study is to develop a novel hybrid
resistive-capacitive electrode using an original sensor based
on a circuit model using optimized input impedance for
bioelectrical signals while also measuring high frequency
noise and removing it from the sensor output. In this study, we
focused on a novel extension to our bioelectrical measurement
model [16] by actively measuring electrostatic noise and
canceling it. This new model allowed us to develop a new
electrode design with two inputs, one for electrostatic noise
and one for bioelectrical signals, at different input impedance
settings which are locally processed using analog circuits.
Noise analysis and myoelectricity measurements on lower and
upper limbs showed that our electrode maintained a low noise
level that was comparable to the noise level maintained by
commercially available wet electrodes on both resistive and
capacitive modes.

II. MATERIALS AND METHODS

A. Measurement Principles

Bioelectrical recordings are performed throughout active
resistive contact with the skin when the electrodes are capable

978-1-4673-6357-0/13/$31.00 ©2013 |IEEE 4249

of electromechanical contsct(resistive mode), In the case of
poor electromechanical contact conditions, the electrodes
measure bioelectrical signals by capacitive coupling with the
skin{capacitive mode). The model for our hybrid electrodes
contains two built in sensing leads, onc for the bicelectrical
signals and one for electrostatic noise. The sensor output is
given as the difference of potential of both sensing leads as

K}urzy;‘ wr/in“_é\' )

where ¥, is the sensor output, F,, is the bioelectrical
signal with noise and ¥, v is noise originated from motion
artifacts or pulses from nearby electrical devices. Figure 1
shows the equivalent cirevit when the electrodes are in use.
This model also includes noise from capacitive sources as

R E R
2!— Vuc + ?Pm Vm‘a‘ + —éL VI{!:"S @
ne nsel sei

where s is the bioelectrical signal voltage, Vg is the
total noise source voltage at the skin-clectrode surface, ¥, is
the total noise source voltage on the electrode board, Z is the
skin-glectrode interface impedance, R, is the electrode input
impedance, i.¢., the input impedance of the bioelectrical
sensing lead, Z,,, is the noise input impedance at the
skin-electrode interface, and Z,, is the noise input impedance
on the electrode board, This noise can be significant if the
electrodes are in capacitive mode. However it can be
minimized when the sensor input impedance is optimal. Based
on our previous studies [16], we define the input impedance
optimal when it is just large enough to allow the sensor
clectrode to capacitively sease Dioelectrical signals. With
these settings the sensor input impedance is low enough to
reject low frequency capacitive noise signals from the
environment. Optimal input impedance is caleulated using

rotu _d
. .
Ves 6,6,A427f
where ¢ is the dielectric constant in vacuum, & is the
relative diclectric constant to the material, 4 is the electrode
Iead sensing arca nearest to the skin, fis the frequency of the

target signal and  is the distance between the skin and the
electrode lead.
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Figure 1. Elecirode squivalent circuit

Similar equations are used when calculating the input
impedance R,y of the electrostatic noise electrode lead, but in
this case, designing the lead so it can sense only high
frequency noise signals over bioelectrical and low frequency
noise signals.

B. Developed Hardware and Noise Evaluation

Based on the proposed eleetrode model and assuming a
maximum 3 mm distance between the electrode and the skin, a
cireular electrode lead with 38mm diameter and signal input
impedance of 1 T4 was developed. Furthermore, in similar
fashion the noise electrode lead is designed. Under these
conditions a 1 mom thick ring shaped electrode lead with outer
radius of 40 mm is designed. Noise input impedance R, y is
also set to 1 MY, so that only noise signals with frequency
above the myoeleetrical frequency spectrum are measured. In
resistive contact mode the area of the leads has little effect on
the input impedance and low input impedance contact are
enough to measure bioelectrical signal. Because of that the
noise sensing lead is electrically isolated using a thin fayer of
plastic coating. Without the coating, in resistive contact mode,
very similar bioelectrical signals would be collected by both
the bioelectrical and noise sensing leads, canceling each other
during the differential preamplifier stage at the electrode. A
High Pass Filter cirenit is also implemented by using
traditional circuits in order to eliminate undesirable offset
voltages that can appear due to the difference in potential
between both clectrode sensing leads. Furthermore,
back-to-back diodes are also attached to the leads in order to
reduce the effects from input bias current.

In order to further increase sensor robustness, shielding
was implemented as shown in Figure 2 by making using of
inner layers of the sensor printed cireuit board, in which the
electronic components as well as most of the circuit pattern is
located in the component layer and the sensing leads in the
solder layer, The assembled electrode is shown in Figure 3,

The developed electrode data recording and evaluation
system is shown in Figure 2, and it includes three stages. In the
first stage, a second instrumentation amplifier reseives analog

Companent Layer Slaatronic Compsaents

inner Layers Built-inActive Shields

Solder ta Bloelectrigity Sensing Battars
older Layer
HNaiseSensing Puttern

Wstrumentation Signal

Conditioner

AD Convarter

Developad
Electeoades

¢ Cormen Bround

Figure 2. Measurement system diagram
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signals from two clecirodes and oufputs the amplified
difference between them. The second stage is responsible for
conditioning the signal for the AD converter. The final stage
involved a 16-bit AD converter connected via an SPI channel
to & microcontroller, Signal sampling was performed at 1 kHz.
Data was transferred from the controller to a laptop computer
via a Bluetooth connection. This system is compatible with the
hybrid  electrodes  and  the  commercially available
Vitrode(Nihonkohden,  Japar) wet  electrodes  for
simultaneous comparative recordings. The common ground
was connected to # clean exposed body area of the user via a
stainless steel plate. Bach sensor was connected to the system
using a 1 meter long cable. Noise frequency spectrum
measurement experiments were performed for both resistive
and capacitive modes using this system by placing two
electrodes face to face on differential input,

C. Upper Limbh Myoelectrical Measurement

Lifting objects and moving the arms are important actions
when using wearable robotic devices [1-2]. In this study we
evaluate the performance of our enhanced hybrid electrodes
through a two-part experiment. First part is defined by
measuring myoelectrical signals when lifting up and letting
down various weights and second part is defined by
performing robot arm control using myoelectrical signals.

For the first part of the experiment, myoelectrical signal
measurements are performed under various loads. The
participant leaves his arm at rest for 5 seconds, slowly starts
lifting the Joad for 3 seconds and then slowly {et the load down
for another 5 seconds untif the arm returns to rest position for
the final 5 seconds. Loads of 2.5 kg, 5.0 kg, 7.5 kg and 10 kg
were used in this part of the experiment. Simultaneous
measuremients on both resistive and capacitive mode as well
as using standard Vitrode wet electrodes were performed. For
both experiments the hybrid electrodes were attached to the
biceps of the participant as shown in Figure 4. Methods for
attaching the Vitrode wet electrodes and the developed hybrid
electrade in both resistive and capacitive modes are shown in
Figure 5. The ground electrode was attached to the abdomen
of the participant. Electrodes in capacitive mode were
separated from the skin through & lmm cotton shirt.
Correfation coefficients between data collected fiom wet
electrodes and hybrid electrodes in resistive and capacitive
modes are calonlated nsing Pearson's calculation method.

The second part of the experiment verifies the operation of
the hybrid electrodes near electrical appliances by performing
simple robot arm control experiment. While leaving the arm at
est, the robotic arm(Jaco by Kinova, Canada) also stayed ata
resting position. By lifting the arm in to a 45-degree position,
the myoelectrical signals from the biceps switch on the robotic
arm, also rotating it 45-degree, Each movement was repeated
two times for 10 seconds. The participant's arm was in contact
with the robotic arm through the entire experiment. Electrodes
were placed in capacitive mode over the arm similarly to the
previous weight lifting experiment. Only capacitive mode was
measured as it was the weakest to noise and the high
correlation coefficient with wet elecirodes was confirmed
using the results from the first part of the experiment.

Biceps Myoelectricity
Measurement Pair

> Common Ground

Quadriceps Myoelectricity
Measurement Pair

Figure 4, M, ares used in this study

Figure 3. Electrode placement methods: standard vitrode, hybrid
electrode resistive mode, hybrid electrode capacitive mode

D. Lower Limb Myoelectrical Measurement

Measurement of myoelectrical signals while walking is a
fundamental procedure in lower limb to evaluate walking
ability accurately in rehabilitation treatments [3]. In this study
we evaluate the performance of our enhanced hybrid
clectrodes during walking by measuring myoelectrical signals
from the quadriceps when the participant walks on a treadmill.
The participant walks at a constant speed of 1.2 m/s on a
treadmill for a period of 20 seconds. The hybrid electrodes
were attached to the quadriceps of the participant as shown in
Figure 4, The ground ¢lectrode was attached to the abdomen
of the participant. Simultancous measurements on both
resistive and capacitive mode were performed. Electrodes in
capacitive mode were separated from the skin through a 2.2
mm jeans pants, The correlation coefficient between data sets
acquired from both resistive and capacitive modes was
calculated.

HI Resuurs
A, Noise Evaluation Results

The noise spectrum in the 1-500 Hz band is shown in
Figure 6. The results show that the maximum noise is of 11
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pV/HZY, which happens in capacitive modes at lower
frequencies. As myoelecirical signals are in the order of
100-1000 uV and commonly used signals oscillate in the
30-500 Hz band {17], the results show that our enhanced
hybrid electrodes are reliable enough for myoelectrical
measurements.

B. Upper Lim Myoelectrical Measurement

The recorded experiment data for the bioelectrical signal
measurement under varisble load part of the experiment is
shown in Figure 7. From the results the correlation coefficient
between resistive mode and conventional wet electrode mode
was of 0.98. The correlation coefficient between capacitive
mode and wet electrode was of 0.92. It is important to notice
that even though there was constant movement during the
period 5-15 s, no motion artifacts were observed in any of the
trials with any load. The relatively high myoelectrical signal
output observed during the seconds 5 to 7 in all the data sets is
the due to the extra power required to surpass the inertia of
lifting the load from complete rest.

Soime Daneity Desse )
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Figure 6. Electrade noise frequency spectrum
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The high correlation coefficient between the hybrid
electrode in capacitive mode and wet electrodes suggested
that we could use the hybrid electrode for the robot control.
Therefore the second part of the experiment was performed
using only the hybrid electrode in capacitive mode. The
recorded cxperiment ddta for the robot arm control
experiment is shown in Figure 8. The arm weight was enough
to stimulate the biceps and create a signal strong enough to be
used as in a simple trigger algorithm. Moreover, the presence
of an electrical motor near the electrodes did not interfere with
its functionality and no noise was observed.

C. Lower Limb Myoelectrical Measurement

The recorded experiment dafa for the treadmill walking
experiment is shown in Figure 9. The results showed constant
myoglectrical activity in the quadriceps suggesting continuous
Toad. In particular, during the walking process, the load is the
biggest when there is contact of the leg with the floor. From
the results we also can observe that the myoelectrical data
collected by the enhanced hybrid electrode in both resistive
and capacitive mode is mostly overlapping, with a calculated
correlation coefficient of 0.76. No. visible motion artifacts
from leg movements nor electrostatic noise from the treadmill
were observed.

1V. DISCUSSION

One of the key aspects and the breakthrough point of this
paper is the implemientation of the novel dual signal lead
system with a differential preamplifier unit built in the
electrode. Comparing to previous studies from other groups
[12-157 as well as-our own [16], this breakthrough point is
better design choice than applying an analog or digital Low
Pass Filter during signal conditioning because it removes a
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E
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=3
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Figure 7. Myoelectrical signals from biceps while lifting up(5s<t<10s) and letting doven(10s<1<15s) different loads and atrest
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significant amount of noise before the electrical signal enters
our system, avoiding problems caused by the limits on
operational amplifiers power supply as well as signal
distortion and delays from the filters.

The comparative experiments between our electrodes in
both resistive and capacitive mode and standard wet
electrodes have shown that our electrodes were ‘capable of
measuring myoelectrical signals under conditions simulating
real world environments. Measurements performed under the

presence of movement and active electromechanical devices
nearby matched expccted clear recordings that match known
phenomena. Our noise ﬁequency analysis shows that our
hybrid eclectrodes have a noise level below 11 ;J.V/Hz
performing at comparable levels to commercially ava;lable
electrodes as well as other studies [15]. Furthermore the
comparison experimient with commercial electrodes results
from Figure 7 and the high correlation coefficient validate the
effectiveness of our electrodes.
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The single board design which integrates the circuitry,
shielding and sensing leads in a single printed circuit board
allowed us to make a sensor with 4 mm thickness, which is less
than half systems developed in other studies [12-16]. With
further miniaturization of electronic components and the use
of flexible printed circuit boards, more user friendly sensors
can be developed for wearable computing and robotic
applications.

In this paper, we used a single conventional electrode
made of stainless steel in order to create a robust ground
between the user and the electronic system. In order to
maximize the usability of the system, we suggest that while
designing a wearable robotics or computing system, ground
connection should be guaranteed by developing a mechanism
in which the user is always in contact with a conductive
grounded area of the system.

Myoelectrical  signals are used extensively on
rehabilitation both as a diagnosis, evaluation tool and as a
method for interfacing with assistive devices. Rehabilitation
in particular is a medical treatment where user enthusiasm is
important, and one of the key factors in maintain enthusiasm is
keeping the treatment as accessible as possible, including
having an intuitive user interface. The hybrid electrodes
developed in this paper using the extended electrode and noise
model from Figure 2 are prototype sensors that are capable of
measuring bioelectrical signals, regardless of skin contact
conditions from both upper and lower limbs while performing
movements near electromechanical equipments. This
breakthrough is a step towards the prolonged monitoring of
bioelectrical signals in a clinical and home environments
necessary in rehabilitation treatments. Features such as being
able to register myoelectrical signals over clothing, quick
sensor placement and being able to using sensors for very long
periods of time without signal degradation from sweat and
conductive substrate degradation greatly contribute to the
increase of usability. Evaluation of the effects that the
increased usability have on the total treatment through clinical
trials is necessary. Furthermore evaluation of reliability and
wearability over long periods of time, such as an entire day or
week, is also critical for future medical use as well as for
sports and entertainment applications.

V. CONCLUSION

In this study, we developed a novel hybrid
resistive-capacitive electrode using an original sensor based
on an model using optimized input impedance for
bioelectrical signals while also measuring high frequency
noise and removing it from the sensor output. Noise analysis
and myoelectricity measurements on lower and upper limbs
showed that our electrode maintained a low noise
characteristic and bioelectrical sensing performance that was
comparable to commercially available wet electrodes.

In future studies, we intend to further increase the accuracy
of our electrode model and expand the design to specific
applications such as exoskeleton control and virtual reality in
the fields of rehabilitation, sports and entertainment. Our
sensors help increase the usability and reliability of

bioelectrical interfaces and promote the popularization of
medical and wearable devices in daily life.
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Development of Easy Measurement Device for Screening of Arterial Sclerosis of Lower Limbs
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In order to prevent and treat arterial sclerosis, a quantitative measurement method is required. The measurement
results in daily environment give important information for di is and In medical institutions, pulse wave

velocity (PWV) is used for screening of arterial sclerosis. However, a measurement device for daily environment was
yet to be developed. Therefore, the purpose of this research is to develop an easy to use device for PWV measurement
in order to perform the screening index of arterial sclerosis for daily use, and to confirm a relationship between PWV
that measured with our device and the existing index for screening. We proposed using only an electrocardiogram
(ECG) and a photoplethysmogram (PPTG) for the PWV measurement in order to develop an easy to use device. And
the device used wireless communication in order to be the least restraintful as possible. We carried out two experiments
with the device. An experiment is to confirm the measurement accuracy. Another is to confirm the relationship between
the PWV and the existing index. As a result of the experiment of the measurement accuracy on 8 subjects, the average
of the coefficient of variation was 2.34%. And result of the experiment of the relationship on 28 subjects showed a
significant correlation (r=0.707, p<0.001) between the PWV and existing index for screening. Hence, we developed the
easy to use and non-restraint device and the device was able to measure the PWV with high accuracy, conformed by the
high correlation with existing index.

Key Words : Medical and Welfare Assi M t, Signal Prc ing, Pules Wave Velocity, Arterial
Sclerosis
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(b) Positions of electrodes (bottom side of the device)

{a) Appearance of the device
Fig. 4 The sensor device
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3-1 HANEOKIE

3e1°1 REBHE

BI%E L= B ORI E 2 RIET B -0, sPWV DIFS-Z 2R ERET o7, Tu—T ORI FHFIT
Lo TEALT BMEE - BHABOMBL L, GIEOENRMICEIT 28 EOREELOBEETENDS.

EROBHBEL, REEORA 84 (B, 23-258) Ths. HIHUHFIII. ERHCEBROBK L FE
FBRHAL. HUOBEEEEE. 5HULOERE LY, MBI CHIEZITo/. ERIZ - AOSHERELTI0E
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W FIEOWIRBIER 7 ) — = VB B o 2699

O $PWV HlE Tk, NS ROERS w7 LR e =7 RO A Ue. 10 EIORBIHES 52 E
¥ (CV: Coefficient of Variation) ZRDFHE L.

3+1-2 RERER

B S & 0 sPWYV OFEIME L EHAREERE S WRT. B L CHEE D oEREE R #RO L
VRAREEAE, SD NS, OV BETMRE THS.

CV i, At 125 %, Bokds 4.41 %, TN 234 % Ch oo, EEFEOTIRTE LD A S Y= VIO CAVI
13, CV 2 38 UREETHAAEN L ENTHBOZ L hh, sPWV ORI+ &L, (ke RBELLE
OKIETHB. LERST, Fa—T Ol 17 & A To S EOREEILCRET 5RO b-o% K
FICA-5y kL W2 5.

1000

800

SIPWV [en/s)
o
=S

A B CDEF G H
Subjects

Fig. 5 Measurement results of stPWV

Table 1 Measurement resulls of stPWV

Subjects Height L §tP’I‘T SIPWV ’
[em] [em] Mean [ms] SD [ms] | Mean [ciiv/s] SD [emis] CV [%]

A 170 1853 3127 13.80 594.4 26.24 4.41

B 182 195.3 3143 6.33 621.6 12.46 2.01

C 176 185.5 2933 4.08 632.7 8.99 142

D 160 1774 257.1 4.03 690.2 10.91 1.58

B 174 188.8 285.9 9.95 661.1 23.77 3.60

F 168 183.9 261.5 6.07 703.6 1641 2.33

G 170 i85.5 2685 5.53 691.2 1451 2.10

H 172 187.1 2424 3.07 772.2 9.65 1.25

3-2 BEREOESLONEHEEORE

3-2+1 HERHFE

PSS LTSGR Lz sPWV A TR OEIROBE S TR 5 2 & 2RIET 51 h O FR AT o 72, SN
BB BIIROE S 2 EEFHIT 5 2 LIERIECHS. 720, KIIRPWY & baPWV ORI, BE
RS A AN T ATIIRBEOTE S O L stPWY &Rl So5ikE fv e, Hlsiguchl, s SoBiRe
SPWV EIEIES LY CAVI 2z, CAVI & sPWV ZIZIERMFICHIIL, Hiled 5o & CHRIEL7. CAVI
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13, haPWV 2AW3EETH Y, B 1O haPWV OFBRICHST 35688 TH 5. CAVIZINRELD A 7 ) —=
LY OEDOREL LTERBECHAShTE T 20,

CAVI OFHlicH, MEIRBRALEE (VaSera, 77 ¥BFUASH) 2AVE. AERTIBLVEMOB)
IROEE & stPWV OREIFEHEE TS Z LB ERTH B2, RBOFECERIC L o THHIH ORI SIdEEA
AT hihotz, 12 L, ME DV T OHREFHBIE ORM: L U THBIEOR MM 18 kPa (135 mmHg)

HUFTHBIL L L. HHNEL B84 22-815) THE. HAHNF I, HBENCEROBKNE T

EBL, HHORBELEL. L S L LOKHE & DIBMITITo 2. CAVI OIS 7tk BIE
ERFORAFRED b LB T8, stPWV L ERICFOHIIITAR. £D, sPWV ik CAVI
BIOEKICHI L. CAVI DFBIL, VaSera DBWRELD R 2 Y — = V AOFHHRIRE TIT 7. sPWV
OFHWFIEL, 381 & FARITIT o7, CAVI & stPWV O ROMBIGRE -~/

3-2-2 REES

[ 6 12 CAVI & stPWV HIGROMGE R, #REIL Ty ML

CAVI & stPWV OHIBMRIKIL, r=0.707 (p<0.001) & 72V, FHEZHMBEAMRER L. HEHRES 0T ULTHSD
ZEnDM, EOERENT SN

900 . L
800 [ ]

—_ r
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E 700k

S ]

é r

= 6001 4

@ b o ©

500 [ 2
b SPPWY = 24.7 CAVI + 529
R I A B PP B
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CAVI

Fig. 6 Relations between CAVI and stPWV

4. HER

FBFETIE, HENZBIRELR S ) —= VHEOHNE EZRT 5720 ORBOME LT/, RRBLE
BdoT, LEEELEIREZ AV sPWV Z3HITE 2. HHUZRICL Y, sPWV ORES+ITHE L
BLUODINREEOH X IZH 95 2 & 2FM T

BB O EERER TR, | T EERERMCOSEORBEICE > T, stPWV RRE2FELRTR
NIk ERESDT. B ORI &5 OERCIRKICRIBOTEE, BRORHICH L TRER RWE
£2 505, i, ERMICHTSEEOREELE LT, A5, LK WEASXOREH, BERETH
RIEZRLORBLARNEEXBND. stPWV O CVIZTEH 234 % ThH Y HHI/hEWVAS, ARFRCrlig L
TR B COEIRIEIC & LEoTNS, SHERIEIFFEEEIC Lo TOEET 220, SHRIEHMNLEK
BB CORMEE T RMELRT L EBUBTHLLEL TS,

SPWV OIIREEDTE S 232 = & 2 RIET 5 ZRRTH, HIBSHRIA r=0.707 DEVHIE% stPWV & CAVI
OMICHER TR L. BEOEFMBTHNSh T AIRELDO R 7 Y —=2 VR TCh S baPWV & CAVI D
BIOBMRSE, r=0.64"9 0 r=088"L DWENHB. LIehoT, stPWV & CAVI OHMBIBRIL, baPWV
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& CAVI OfEBBIR L RIBBE TH Y, WRELAZ V—=0 Zf8E5 L LT stPWV 2V 5 2 &M T& 5 affEtkds
P o3 (Bl

BAREEOM & L OXISEHRORIEER T, HUMGH 2 ERRTEOZ & Ui, Thid, —RIC PWV 23
JEIZH LTI 0™ 55T, CAVI BMIFIH LTI D/ S W EETH A M HTh 5. E~DHK
FEARET AHEMNL, [ENLTNROE S T 505k SENA (R ET0) SBETHET NI
ko TRE2S. FBFRTH, BEALESOHUFBIRELOTFHLIERSROFEIAR CHE LEX, ME
X BAHWIERThRhol. SbiT, MEILAMIERIToRBEIIE, MEROEENMEH OHARECH
HRBEDR BRI B0, M2 MFEHNALECHENEN R DA D TrEERE. IEIC X 3HEETTD
BVBAICE, MEHBSFEREDVATF LR LY HEICTS 2 X TE 5. ERMEHOBAICILLETOM
E#LTH CAVI LT 310, EFMTEOEEITE sPWV ¥ F 0% $MIRE(LO T - BROL-HOBE
L LCERATE3LE10R%. LAL, BLTEIBIREL S HECEbARATHENE, WEREN
BAIH PWV PNBETEDZ LA RIETILERDS. i, MOEEICRS TIRE L Bl sREL
SPWV OBREARDLERDHD L ELI LB,

IARBEDTE & L OXHSBEORIEREIRIE, BN sPWV ORIEE U TRE FIHOBIROE S & stPWV O
BEE R B Iz, EROFERLEMIC Lo THHNFEOBNETDRMo/. LL, stPWV ILLoT,
RS LREEE RV DI LB TEBENE I PREMC L B2 /TS5 Z L i3, DIREHEOBE -
BRIV BIEEL LTEETH S, LIso T, stPWV IOV TTIREHEERE I3 5 HHIRCERIC X 5 #Hll
EOBEBSRUHUZTY, TORELELIELRET A LRSHOBETHS

SPWV ORI RIL, EITABIIRN S ROEOKHEMIRE CTHS. ZORMTH, AESIIRELESEL
RBFUVIRMLD > Th B FEOHBEE LA DN, MOAEEMIRELED A LRV ML Th 2 BIIRCER
MIROFBIZEREE LRV, UL, EF0FMICEIT3 PWV BREWCH ZBEOMBEBGENSHY, MAT
SPWV OBHITIZKENE PWV OB ROBAE TN TS, KEIHRPWV 1%, 10 EHOLOEFREBOSR
EVRZICHET 32 ERBESRTVAED, LaioT, sPWV TIREEE bRV B OBIREL Th-> T
b, sPWV 28452 & CRIBMIC T ORIEZ BB TE 3 LB LIS,

&blz, sPWV HllIC & 0 EROISBARIIRELD R & ) —=> /5585 TH S Al (Augmentation Index)
%2 ABI (Ankle Brachial Pressure Index) ™% X432 LN C&BLEXLLNS. £, sPWV & AlOBRIC
WTHRRB. Al IIRK OO T A —F b EIC, DRBRORFREEZBROBEOHEREE LI bOTHS.
ARIE DRI 1 HFTT PWV & 0 SRR, BERICOHSEE & BIREEORMEO SHEEE LV, DB
REREMEL T, HEBARAT A0, DEERLSOMMMLEL RS, Al & LEROMIE, RkeOE
RO L 72 BT, sPWV DML IZIER UHH AT L LERD. LiesoT, stPWV ORHIESRE S LIC
Al SR EREORME LTS Z L LHETHB LEX OIS, AL, MIRREEOTENTETHS2D,
SIPWV D84 Al OFHIZ Lo THISETE 3L EXONS. KIZ, stPWV & ABI OBRIZ OV Ti<~5. ABI
BRI BB LE O BRI AV ATV B IIIRONAS - EOEETHS. ABIAASWIRY, e - BAZI
LAREOMEETRKE V. HEOHSR - ENELS & baPWV R haPWV OERRNT S (BIIRAEE
BnK) RBFH, baPWV HOMFEMAHHRT 57201, ABLIZ baPWV B L HHAISATHA®, HIEDET
L PWV OFEMICAEL DD, sPWV THELDEEXDBRD. LaL, sPWVIZBWTIZABI 25HA L72<
Th, EEEEHRTEDLELLNS. B - FSIIREHLORITIC K> TEL 5720, BEOWSE - AE
DRI PWV REBTBLELBNS. Th2bb, sPWV BALRORICTETS L5 28 ke x 5T LTt
% PAEFRHTEBLEXLND. ZOREORYOEHITE, KM TEMGRHUNLEL 25,

LROBAET R O AR LT B2 DR N 2 RO EN S L LTEAT 572D
HEMRA 7 T DEBHLETHY, TOTHOsPWV 2 EH - HH - HETZ I LDTEH VAT AOHE
LEOWEMBERLEL2-TL S, VATFMEED -2 LT, Ry hT—2R0 50 FEHRIGH L REE
B RT hE SPWV OHHERSAES L T T ENFATHH L ELOLND.
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ABFETIE, BHNRBIRE(CA S V—=0 7RO NEZHET 272012, B2 HRRY 4175 < JElET
HICE SIHEREREME L. MBLEEROC 70 R, #3HUE B CIRTNREHET, 3l
BRI 2 W LW DHETH 5. R LIBEIC X > THY L stPWV 43 CAVI & FIERICBINREE{LIC
PR HEARBEDEE & LIS T 5 2 L 2R DT, stPWV ORI+ <, stPWV & CAVI A% %
AL

AL CIE, HRFLMEMTREL, sPWV EEMREDTE S L OIEL2 T~ 5%, stPWV kD4R
HRORA L OREMERIE LN DH 52 EBSETHS. £, BEHEON LRI OERIC X
2T, SLIAFHCHALLTVEEROMER LT, HSER-CREEHS X7 b Ll 2 EBOMFERE
HThd. KBHICREMERBNTER VAT AEHEET 5 2 L T, BAN TR RBIRE Lo TE-ehH
BT DDV AT AL EAHREBMEED LN TEB LTS,

B ®

FHHEO— L, XEHFH S a—/UL COE 7uI T 5 T4 3=7 R A - 0 - WRROBEHE) 72
LN, ANEFRSRTARNSSE T 0 /7 b AREFHEE NI 3 REMAZBERNAT 0 YT h) OX
Bz L viTbh.
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