=1,

thig)
~Lign SO, — G,) —

Loiride = Liign S,

where /.4 is a defined stride.

Fig. 5 shows the coordinate system of CoGRF when legs
are placed back and forth. This coordinate system is different
from the coordinate system shown in Fig. 2. That is, the
representative FRF measuring point of a toe of the back side
leg, and representative FRF measuring point of a heel of the
forth side leg are placed at different points from the points on
the coordinate system shown in Fig. 2. In that coordinate
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system, CoGRF in sagittal plane is calculated as follows.
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where C, is COGRF in sagittal plane when legs are placed
back and forth; 7 is the length of the sole which is defined
as the distance between representative FRF measuring points
of heel and toe in the same sole.

In the sagittal plane, the threshold which determines
whether CoGRF is in the single leg stance leg polygon or not

is defined as follows.
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Proposed phase determination for stair ascent uses (8), and
the threshold of CoGRF in lateral plane that is the same as
walking assistance. Fig. 6 shows the follow chart of the phase
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determination. The phase determination determines three
phases in stair ascent, that is, L,R,,, D, and LR, When
the height of landing area is lower than the height of a step,
the determination determines that wearer is walking.

III.  AUTOMATIC CONTROL FOR STAIR ASCENT ASSISTANCE

In stair ascent, movements of wearer are different between
phases. In swing phase, joints of the swing leg are flexed
voluntarily to land the foot on the upper step. In double stance
phase, joints of the leg on the lower step are extended to keep
the leg in extended position for weight bearing, and joints of
the leg on the upper step are flexed to move the CoGRF into
the stance leg polygon of upper leg. In single stance phase,
the hip joint is rotated to keep the CoGRF in the supporting
leg polygon, and the knee joint is extended to lift up the body
[6).
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: f -5
2(0,0) Cx (1,0) 0.0y Cx (1,0)
Fig. 5. The coordinate system of COGRF when legs are placed back and forth.
When left leg is forth (Left). When right leg is forth (Right). This coordinate
system is different from the coordinate system shown in Fig. 2. That is, the
representative FRF measuring point of a toe of the back side leg, and
representative FRF measuring point of a heel of the forth side leg are placed
at different points from the points on the coordinate system shown in Fig. 2.

Start

Lyl

Y
Phase

Lise R

Yes
No
4

I

HFotridel No

D

X

wNo

_<\r/

U—
/\t
j

A

faote + [atristc!

Yes

Pitaye s~ L Ry

i

No o 5 el -
¥ Laote F Hatrse! Yes
1 ]

Walking

Phase v~ Dy

Phase L wollu

End

Fig. 6. The follow chart of the phase determination for stair ascent. Where

switched into walking assistance.

We propose an automatic control method for assisting
stair ascent, which is based on the movement of each phase.

step s the predefined height of a step; “Walking” means the control method is

The method consists of three algorithms: gravity
compensation in the swing phase, assistance of weight
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bearing in the double stance phase and assistance of upward
movement in the single stance phase,

The movement of swing leg and the movement of stance
leg on the lower step are the same as in walking. Thus,
gravity compensation and assistance of weight bearing
proposed in previous study could be used for these
movements. In this method, we propose an automatic control
for assisting upward movement in the single stance phase.

When wearer moves upward, a following load is applied
to the knee joint

(Phase = LR,

w _{(1 -CO)M
B (Phase =L, R,)

9
oM ®
where W is applied load to the knee joint; M is the wei ght
of the wearer.

To lift wearer’s body up, flowing knee joint torque is
generated.

=Wegl (10)

where T; is generated knee joint torque; g is acceleration

of gravity; / is distance between knee joint and center of
gravity (COG) in sagittal plane.

As shown in Fig. 7, the force vector from the COG and the
force vector from the CoGRF are placed at the same point
[7.

Thus, in single stance phase, / is defined as distance
between CoGRF in sagittal plane and knee joint.

In that case, knee joint torque. 7k is calculated as

Wg{ hamiSI(E, + 0, —6,)

Lol )

1n

= |

stridel

DC, +

Fig. 7. The force vector from the COG and the force vector from CoGRF
during moving upward. These vectors is considered to be in the same
distance from the knee joint in the sagittal plane.

Proposed assistance of upward movement generates knee

joint torque as follows.

= Guprk (12)
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where 7, is automatic generated torque for an upward

movement assistance, G,,,, is the gain that adjusts the torque
based on the body function of wearer,

IV. EXPERIMENTS

An automatic control of the HAL for stair ascent
assistance based on the proposed method was verified by
experiments on flat area and stairs. Fig. 8 shows the
environment of experiment. A step of the stair was 12 [cm]
high, 72 [cm] wide, and a depth of 27 [cm].

The subject is a healthy male, 65 [kg] in weight, 166 [cm]
in height, and the shoes size is 27 [cm]. The subject started
walking voluntarily from 1.5 [m] away from the stairs. When
arrived in front of the stairs, the subject started stair ascent.
By this experiment, the validity of following three methods
is examined.

A. Phase determination based on height of landing areas
The subject moved over flat area during walking and
climbed up stairs during stair ascent. The proposed method
was verified by comparing the heights of landing areas
between walking and stair ascent. The Comparison is done
by determining the significance difference using t-test. The
heights were defined as the calculated height by using (2) at
the moment of the phase was transited from a single stance
phase to double stance phase.

B. CoGRF-based Phase determination

The phase was transited from double stance phase to
single stance phase when CoGRF was in the stance leg
polygon of the next single stance leg. The proposed method
was verified by tracking the trajectory of CoGRF during the
experiments. The trajectory was calculated based on the
landed area of a stance leg.

Fig. 8. Environment of experiment. The stair was used for rehabilitation
training. For the safety of the subject, touching the handrail was allowed.
Though, using the handrail to move upward was not allowed.

A landed area of stance leg was defined as the position at
the moment when the phase was transited from a single
stance phase to double stance phase. It is the same value as
the distance from the starting point of the movement. And
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can be obtained by integrating absolute value of Istride.

C. Automatic Control For Stair Ascent Assistance

The proposed automatic control generated torque for
assisting movement of each phase. The effectiveness is
examined by measuring the transition between calculated
torque (8) and commanded torque.

V. RESULT

A. Phase determination based on height of landing areas

We verified the phase determination. Fig. 9 shows
transition of # during the experiment. Points in Fig. 9 shows
the heights of landing areas. Table 1 shows mean values and
valiances of the heights of landing areas during walking and
stair ascent. P-value is calculated by t-test. The heights of
landing areas during stair ascent are significantly higher than
during walking.

B. CoGRF-based Phase determination

We verified the phase determination. Fig. 10 shows
landed areas and the trajectory of CoGRF with time from
17.5 [s] to 19.5 [s]. Dashed lines show the thresholds to
determine the phase based on CoGRF. Boxed areas in Fig.
10 shows the areas, that is, phase determination based on
only CoGRF in lateral plane could not determine the correct
phase. The trajectory of CoGRF was gone through the area.

C. Automatic Control For Stair Ascent Assistance

We verified the validity of assist torque. Fig. 11 shows
transition of the generated torque and the calculated torque
by (8) of right knee joint with time from 17.5 [s] to 19.5 [s].
During assisting upward movement, maximum commanded
extension torque was measured. That was 39.4 [Nm]. The
proposed method switched the upward movement assistance
to the weight-bearing assistance when required torque for
upward movement assistance was less than limited torque
for weight-bearing assistance.

VI. DISCUSSION

A range of activity is considered to be closely related to
activity of daily living ability levels [8].

As a result of experiment, we verified that our proposed
method generated appropriately assist for each movement
phases. It indicates that, the method is applicable for walking
and stair ascent assistance.

TABLE 1
MEAN VALUES AND VALIANCES OF THE HEIGHTS OF LANDING AREAS
Walking Stair ascent P-value
0.0440£0.012 0.122+0.006 p <0.001
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Height [m])
<

15
Time 5]
Fig. 9. Transition of / during the experiment. Points in the figure show the

heights of landing areas. The heights of landing areas during stair ascent are
significantly higher than during walking.

Fig. 10. Landing areas and the trajectory of CoGRF with time from 17.5 [s]
to 19.5 [s]. Circle points show the CoOGRF during Lot Row , rectangle points
show the CoGRF during Dst and triangle points show the COGRF during
LowRst, The gray area shows the defined stance leg polygon. Boxed areas
shows the areas, that is, phase determination based on only CoGRF in lateral
plane could not determine the correctly phase. Dashed lines show the
threshold to determine the phase based on CoGRF.

30

Torque [Nm]

-100 . , 5

17.3 18 8.5 19
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Fig. 11. Transition of the generated torque and the calculated torque by (8)

of right knee joint with time from 17.5 [s] to 19.5 [s]. Generated torque for

upward movement assistance is in white area, for gravity compensation is in

gray area, and for weight bearing assistance is in dark gray area.

The assistance is expected to present effectual movement
and sensory stimulation, those are considered to augment
brain plasticity and enhance motor function. Several studies
verified that training with that information presented from a
robot enhanced motor function of a subject [9-12]. In
addition, it was reported that voluntary movement promotes
brain plasticity [13]. Therefore, we expect that he could
acquire a wider range of activities than using wheelchair.
Furthermore, by simply repeating using it, the patients’
moving ability that is commonly considered being difficult
to be enhanced, will be effectively improved.

Though we performed the experiment with a healthy male
subject, clinical trials should be performed for application of
moving assistance for CP patients. Because it was expected
that he adjusted a movement involuntary. He could not
completely mimic the movement of a CP patient. And, for
assisting daily movement, stair descent assistance should be
developed. When HAL could assist daily movement of CP,
they will be able to move to anywhere.

VII. CONCLUSION

In this study, we proposed an automatic control method
for stair ascent assistance, and verified the effectiveness of
the proposed method. To determine phase transition in stair
ascent, we proposed a phase determination method based on
height of a landing area, CoGRF of lateral plane and COGRF
of sagittal plane. Our proposed automatic control method
assists the motion of each phase. Experimental results
showed the method was applicable for assisting walking and
stair ascent. In the experiments, the method could determine
the phase and generated torque for appropriate movement
assistance of each phase during stair ascent. The phase
determination could also determine the height of a landing
area and switch the control into walking assistance
seamlessly. This movement assistance method would help to
acquire the range of activity of CP patients.
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Visual Feedback System Showing Loads on Handrails
for Gait Training

Ryotaro Sabe, Tomohiro Hayashi, Yoshiyuki Sankai

Abstract—Patients with walking difficulties need support
devices such as a walker or a cane. However, the support
devices sometimes restrict their activities of daily living
(ADL). In order to improve the patients’ ADL, it is desired
that they use the support device that does not restrict their
activities as much as possible. The patients need gait training
to reduce the dependence on the support device and to switch
to a device with fewer restrictions. The purpose of this study
is to develop a new visual feedback system that helps the
patient receiving gait training to recognize their dependence
on the support device. The developed system measures the
load that the trainees applied on the handrails, and shows
this load graphically by using a display monitor. The
walking experiment was carried out with able-bodied
subjects in order to ensure that the developed system can
give the load feedback to the subjects and they could control
the loads on handrails. The experiment was performed in the
two cases in which the load information was shown to the
subjects, and the load information was not shown to them.
During the experiment, the subjects were instructed to
adjust the load in accordance with the reference load
indicated by the graphical user interface of the developed
system. As a result, the subjects could adjust the load to the
reference load more appropriately when the load
information was given to them. The result, therefore,
suggests that the developed system is able to help trainees to
be aware of and control the load supported by their arms.

1. INTRODUCTION

Walking is an important part of the activities of daily living
(ADL). The patients with walking difficulty need support
devices such as walkers or canes to maintain their posture and

support their body weight instead of their impaired lower limb.

With the help of the support device, the patients can improve
their ADL. However, the support device sometimes also
restricts their common daily activities. In order to improve the
patients’ ADL effectively, it is desired that they use the
support device that does not restrict their activities as much as
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possible. The patients need gait training to reduce the
dependence on the support device and to switch to a device
with fewer restrictions. If the patients can reduce the loads
applied on the handrails of support devices from their upper
limbs, the dependence on support devices can be reduced.
Therefore, it is important for the patients to practice walking
in an effort to reduce the loads on the handrails, and switch
support devices from such as walkers to canes as shown in Fig.
1.

For the gait training, the trainees need to know whether
their body movement is appropriate or not. Commonly,
trainers such as a physical therapist (PT) observe the trainee’s
movement and teach them to walk appropriately. Some
information on the body movement, however, is difficult to
assess correctly by the observation. Moreover, such
information is also difficult to show quantitatively to the
trainees verbally. To solve these problems, there are a lot of
systems that give a feedback to the trainees [1]-[8]. However,
to the best of our knowledge, there is no visual feedback
system that can measure the loads on handrails and show them
to the trainees objectively in the actual training scene. If such
kind of system is developed, it would help patients to reduce
the degree of dependence effectively and help them to switch
the support devices to that with fewer restrictions in daily
living.

The purpose of this study is to develop a feedback system
that can indicate the loads on handrails applied by the trainees
visually. In addition, the developed feedback system is
assessed in a walking experiment with able-bodied subjects to
ensure whether they can recognize and control the loads by
using the system.

II. DEVELOPMENT OF A FEEDBACK SYSTEM

A. System Configuration

Figure 2 shows an overview of the system. The developed
feedback system consists of the measurement unit and the
display unit. The system has been designed to be attached to a
commercially available walker. Two measurement units are
respectively attached to the right and left handrails of the
walker for measuring the loads on handrails. The display unit
is mounted at the center of the walker for showing the loads
using a graphical user interface (GUI).

The details of the both units are described in the following
subsections.

Body Weight Support

Restrictions on body movements csused by suppart devices H

Fig. 1: Gait training process for improving the patients’ ADL from the standpoint of the restrictions on body movements caused by support devices.

Measurenent unit Display unit

Visual feedback of the load on the handrails

Display unit

Measurement unit

Subject

Walker

Strain: &
Coefficient: C s
Distance : Dc - Dr + De

Distance : Dr

Fig. 2: The developed system for giving the feedback of the loads on handrails to the trainee during gait training. The trainee can know the loads information

by looking at the display unit.

B.  Measurement unit

The handrail of the walker can be considered as a cantilever
beam. On the assumption that the load from the patient is
exerted on a point on the handrail, the load on the cantilever
beam is shown as

F=c< M
D

where F is the load on the handrail; C is strain coefficient; &
is the strain of the cantilever beam; D is the distance from the
load to the point where the strain is measured.

If & and C are obtained, F can be calculated. In this study,
strain gauges and distance sensors were used to obtain them.
Figure 3 shows a schematic of the measurement unit. We
adopted the two-active gauge method for strain measurement
in order to minimize temperature drift. Two strain gauges

were aftached to the top and bottom surfaces of each the right
and left handrail. The developed measurement unit can
measure the Joad caused by a weight suspended from the
handrail with an accuracy of =5 N.

In order to obtain the distance D, the center of the load on
the handrail need to be detected. In this study, we assumed that
the center of the load is located at the center of the hand
grasping the handrail. Dc in Fig. 3 is the distance from the
anterior end of the grasping hand to the center of the load. In
order to detect the anterior end of the hand, a distance sensor
using infrared light was attached at each head of the handrail.
To detect the grasping hand clearly, the reflection module was
put just ahead of the band as shown in Fig. 3. The distance
measured by the distance sensor is indicated as Dr in Fig, 3.

The measured strain is amplified and filtered by an analog



- €6¢ —

Analog Amplifiers
Filter Circuit
A/D board

Micro Controller

~
Trainee’s  Reflection )
arm module Distance
sensor
i Strain
gauge
(affixed to the top and
Handrail bottom of the handrail)
L The center of the hand
L grasping the handrail

Fig.3: Schematic of the measurement unit on the handrail.

preprocessing circuit and converted into digital signals with
100 Hz sampling frequency. The processed signals are
transmitted to the display unit via wired Ethernet using the
user datagram protocol.

C.  Display unit )

A tablet PC is used as the display unit. It receives the load
signals from the right and left measurement units and shows
them on its display.

The tablet PC was mounted on the walker by using a
monitor arm. The monitor arm is designed to be able to adjust
the height and angle of the display of the tablet PC in
accordance with each trainee’s height.

Fig. 4 shows the GUI screen for showing the load
information on the tablet PC. The green bars displayed at the
right and left sides on the screen indicate the loads on the right
and left handrails respectively. The displayed loads are
updated in real time. One step of the bar corresponds to 10N.
The threshold value can be chosen for the right and left
handrails and inputted into the GUI by the trainer. When the
Joad exceeds the threshold value, the color of the bar graph is
changed to red as shown in Fig. 4. By using the different
colors, the display unit helps trainees to recognize whether the
load exceeds the threshold or not. The range of the load can
also be adjusted on the GUL

In order to reduce influence of noise, the measured load
signals are smoothed through a moving average (MA) filter.
The window size of the MA filter is set to 100 ms. The
smoothed load signals are shown on the display to trainees
during training.

Load on left handrails  Load on right handrails

Load> 0N

U] : @
[ Threshold of the Load

Load <O N

Fig. 4: Graphical User Interface for showing the loads to the trainee while
walking. The threshold of the loads and the range for showing loads can be
adjusted by using this GUL The value of the load becomes plus and bar graph
extends up when the trainee pushes down the handrails, and the load
becomes minus and bar graph extends down when the trainee pulls up the
handrails.

1II. EXPERIMENTS

A. Outline

The experiment with five able-bodied subjects was carried
out in order to ensure whether the subjects are able to control

the loads on handrails by using the developed feedback system.

The subjects were instructed to adjust the loads in accordance
with the reference load indicated by the GUI during the
experiment. Error rates between the reference load and the
measured load were calculated to evaluate the accuracy of the
adjustment of the loads on handrails.

To evaluate the feedback system, the experiment consists of
the following two trials: a) in which both the loads on
handrails and reference loads were shown to the subjects and
b) in which only the reference load was shown to the subjects.

B. Reference Load and Evaluation of Ervor Rates
The reference load was given to the subjects as follows.

3<r<8
13<7<18

W(£) = 50u(t —3)

2)
W, (1) = ~50u(s ~13) ¢
where Wd(z) is the reference load; u(?) is a step input; 7 is

elapse time. Here, the time interval 3 = ¢ = 8 is described as

the plus interval, and the time interval 13 < ¢t 18 s
described as the minus interval. In order to evaluate the
developed feedback system in both cases in which subjects
adjust the loads by pushing handrails and by pulling handrails,
the reference load was set to +50 N and -50 N.

The error rate was evaluated by root means square error
(RMSE) as

RMSE = \/% Y wo-w, (z)]z ®

where W(¢) is the loads on handrails; T is the total time spent
on showing each reference load. The reduced RMSE means
that subjects can adjust the loads appropriately in accordance
with the reference load.

C. Protocol

The walking experiment was carried out with 5 able-bodied
subjects in their 20s from AS1 to ASS5. The range for showing
loads was preliminarily selected from -100 N'to 100 N. At first,
the subjects were instructed to fix the reflection modules on
handrails and positioned the tablet PC according to their
height. After finishing this procedure, subjects were instructed
by the GUI to start walking and to adjust the loads to the
reference load indicated by the GUI. Preliminarily, they were
instructed not to be conscious of the loads at the block time
when 0=¢<3, 8<¢=<13 and 18<¢=21. They were also
instructed to walk in a straight line at comfortable speed. The
trial b) was carried out 10 times for each subject, and after that,
the trial a) was also carried out 10 times for each subject. In
order to exclude the effect of practice to the system in the trial
b), the result of the loads on handrails was not given to the
subjects during the walking experiment. The same reference
load was used during the 20 times walking experiment in order
to remove effects upon the RMSE caused by the difference of
the reference load.

IV. RESULTS

Figure 5 shows the representative result of the walking
experiment. From the result, we verified that variance of the
load data was reduced by giving the load feedback to AS1 at
the plus interval. We also verified that the variance was
reduced with the developed system at minus interval. The
result of RMSE are shown in Table 1 and Fig. 6. From the
results, we verified that the average of the RMSE was 50 N at
plus interval, and 23 N at minus interval in the trial b). We also
verified that the average of the RMSE was 17 N at plus interval,
and 19 N at the minus interval in the trial a). From this we
verified that the RMSE was reduced when the load
information was shown to the subjects by using the developed
feedback system during the walking experiment.

A statistical test was performed to verify whether there is a
significant difference between the cases in which the feedback
was applied to the subjects and in which the feedback was not
applied to them. Since the samples are paired, the dependent
t-test for paired samples is used as a statistical test. A
significance level of the t-test was set to 5%. As a result, the
value of # was 5.31 at plus interval and 4.37 at minus interval.
Because the value of ¢ is 3.25 when the significance level of
the t-test is set to 1 %, we verified that there was a significant
difference in the RMSE of the load data both at the plus
interval and the minus interval.

V.DISCUSSION

The patients with walking difficulties need support devices
in their daily lives because they have difficulty of assisting
their own body weight. Hence practicing to reduce the loads
on handrails during gait training is beneficial for reducing the
dependence on support devices and improving their ADL.

In this study, we developed the new feedback system for
gait training. The developed system measures the loads on the
handrails of the walker and show that load information to
trainees by using the tablet PC.

As the result of the walking experiment with five
able-bodied subjects, we verified that both the variance and
the RMSE of the load data were reduced in the trial a). By
applying the dependent t-test for paired samples, we also
verified that the average of RMSE was significantly minor
when the load information was shown to the subjects. These
results clearly indicate the advantage of the developed
feedback system for the trainees to control the loads on
handrails appropriately during gait training.

In the walking experiment, considering the both cases in
which the trainees pull up handrails and the trainees push
down handrails in order to support their own body, we chose
reference load -50N and 50N. From results, the variance at the
minus interval was less than that at the plus interval in the trial
b). Additionally, the RMSE produces the same results as the
variance’ result. These results mean that subjects could adjust
the load more appropriately when -50N was indicated as the
reference load by the system. The reason js considered to be
that people are used to hold something with their hands while
walking, but they are unaccustomed to push something by
their hands at a certain amount of force while walking in daily
living.

Confining the reference load to 50N and -50N in the
walking experiment remains a matter of debate, because the
pressure feeling differs in subjects. Thus, about the walking
experiment, we did not quantitatively investigate the links
between the reference load and the RMSE. However, with
respect to the feedback system, we confirmed that the system
could show the load information to the subjects and they could
control the load more appropriately with the developed
system.

In this study, the efficacy of the developed feedback system
was verified by the walking experiment with able-bodied
subjects. In future research, we plan to evaluate the efficacy of
the load feedback by carrying out the experiment with the
patients who have walking difficulties. It is important for
patients to reduce the load in accordance with the reference
load during gait training in an effort to reduce the dependence
on support devices and switch support devices to the ones with
fewer restrictions. Therefore, adjusting the reference load is
believed to be linked to the degree of difficulty of gait training.
We plan to investigate the way to adjust the value of reference
load to the patients’ grade of severity in future research.
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minus interval was calculated between t=13 and t=18.
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Table 1: Result of the RMSE of the loads at the plus interval and the minus interval

Plus Interval
Asip Left  RMSE (N} RMSE [N]
Right  without Feedback  with Feedback
1 56 17
55 18
43 16
2 39 17
53 19
3 47 17
26 17
4 25 20
87 16
5 66 18
Average 50 17
Standard
deviation 177 12

Minus Interval

Asp Left  RMSE N} RMSE [N]
Right without Feedback  with Feedback

1 21 17

21 18

1 25 22

23 21

26 17

3 20 18

26 21

4 22 19

22 21

5 22 21

Average 23 19

Standard 22 17
deviation

Plus Interval Minus Interval

70

T T T T

T standard deviation

RMSE [N|

without with thout with
Feedback  Feedback  Feedback  Feedback

Fig. 6: Result of the RMSE during walking experiment. The bar graphs
indicate the average of the RMSE in each case.

VI. CONCLUSION

In this research, we developed a new feedback system for

showing how much load a trainee is applying on handrails
during gait training. The developed system was ensured in the
walking experiment. The system effectively gives feedback of
the load information to the able-bodied subjects and assists
them to adjust the load appropriately in accordance with the
reference load indicated by the system. This feedback system
would help the patients with walking difficulties to improve
their gait and improve their ADL.

1
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{61
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Wearable Parallel Processing Based High-Resolution High-Speed
Electroencephalogram Monitoring Integrated System

Alexsandr L Tanov, Hiroaki Kawamoto and Yoshiyuki Sankai

Abstract — Daily use of electroencephalogram (EEG) could
increase the effectiveness for medical applications. However,
current brain monitoring technologies lack one or more
characteristics necessary for daily use, such as portability,
responsiveness or versatility. In this study we developed a
portable prototype for high resolution real-time EEG
monitoring fully integrated system. The prototype is composed
of 112 custom made hybrid capacitive-resistive electrodes and up
to 7 reference electrodes. The electrodes are connected together
by using a flexible, elastic grid which is attached to an adjustable,
link based mechanical headgear. Real time processing was
performed using a mobile Compute Unified Device Architecture
(CUDA) platform for massive parallel processing of the data.
Experiments to test the capabilities of the prototype were
performed. The first experiment consisted of monitoring the
frontal lobe when applying visual stimulus using a lamp. When
the lamp was turned on weak alpha waves were detected, while
when the lamp was turned off alpha waves were detected. The
second experiment consisted of monitoring the entire motor
cortex while moving the right hand. At rest, strong mu-rhythm
signals were detected over the entire scalp above the motor
cortex whereas when moving the right hand mu-rhythm signals
above the left motor cortex area were weakened. Both
experiment results matched known brain activity phenomena
d rating basic ing capabilities of the prototype.
Furthermore we showed that our system has high pertability,
usability and capable of high responsiveness on high resolution
conditions. The concepts introduced in this paper can not only
improve EEG monitoring technologies but also contribute to
other areas of wearable computing.

1. INTRODUCTION

RAIN activity monitoring technologies are fundamental

tools in the treatment of neurological disorders,
rehabilitation techniques, assistive device interfacing
methods[1]-[3] and are becomes increasingly important in
social and entertainment aspects of wearable computing.
Depending on the patient or situation, constant monitoring
during daily life is  desirable or  required.
Electroencephalography (EEG) monitoring has been
traditionally suggested for daily brain activity monitoring as
compared to Magnetic Resonance Imaging (MRI) or
Magnetoencephalography (MEG) it is a much cheaper,
smaller and versatile solution.
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Several EEG technologies are available commercially[4].
Systems such as the BCI2000[5] and the G.Tec (Guger
Technologies, Austria) are widely used in medical and
academic facilities. Such systems are capable of high spatial
and temporal resolution. However these products rely on
passive resistive electrodes requiring the user to perform skin
preparation and lose signal quality with time[6]. Moreover
such devices are used as nonwearable computer peripherals,
as the headgear and electrodes are connected through a series
of cables to a standalone Analog-Digital Converters (ADC)
unit which is connected to a host personal computer (PC).
This design limits the motion freedom of the user and
application scope of the system due to the low portability and
usability.

By contrast, systems such as the Epoc headset (Emotiv
Systems, Australia) or the Mindwave headset (Neurosky Inc.,
USA) have been developed targeting entertainment
applications. These systems are characterized by having high
portability and wearability. However, due to the fixed
mechanical design they lack the versatility required for several
medical and academic applications. Moreover, the limited
onboard processing power limits maximum number of
channels a headset can have and an external PC is still
required for several applications. Furthermore the lag
originated from the wireless connection between the PC and
the headset is an issue when real-time processing is required.

From an end-user point of view, brain activity monitoring
requires a device with high usability and portability that
minimizes the impact on daily life of the end-user. From a
professional point of view, a device should provide high
spatial and temporal resolution for high responsiveness and
signal reliability, it should be strong against noise sources and
it also should be flexible enough to provide the opportunity
for a wide range of applications over the same platform. A
common device that can be used by both professionals and
end-users would streamline application development as well
as increase data consistence. However such device would also
require high usability, portability from the end-user
requirements as well as the high versatility and reliability from
the professional requirements. In previous researches the
authors have developed a hybrid capacitive-resistive electrode
for bioelectrical signal capable of signal quality comparable
with commercial electrodes achieving high reliability while
also achieving high usability as no skin preparation is required
and the signal does not degrade with time[7][8]. Furthermore,
while mobile Central Processing Units (CPUs) are not fast

enough to perform data collection and frequency analysis
simultaneously and in real time of a large number of sensors at
high sampling frequencies, the parallel nature of EEG
monitoring is compatible with the concepts of parallel
processing using Graphic Processing Units(GPUs). Other
researchers have already demonstrated the signal processing
capabilities and significant performance advantages of GPUs
using Compute Unified Device Architecture (CUDA)[9][10].
By integrating our hybrid electrodes with a mobile, onboard
GPU based data processing system using a modular design, a
novel wearable all in one EEG monitoring device that
provides simultaneously high usability, portability, versatility
and reliability can be achieved.

In this study we develop a novel integrated EEG monitoring
system combining capacitive bioelectrical measurement and
parallel computing technologies. A portable high-resolution
EEG monitoring headgear composed of up to 112 sensing
electrodes and up to 7 reference custom hybrid
capacitive-resistive electrodes was developed. In order to
record and analyze the massive amount of data from the
headgear, a CUDA based wearable processing system was
developed providing real-time signal analysis for each sample
at 1 kHz sampling rates.

II. MATERIALS AND METHODS

A. Hardware Development

In this study hybrid resistive-capacitive electrodes that we

previously developed were used as EEG sensors[7][8]. EEG
recordings are performed throughout active resistive contact
with when the electrodes are capable of electromechanical
contact(resistive mode). However, in the case of poor contact
conditions, the electrodes capacitive couple with the scalp in
order to perform the readings(capacitive mode). Fig.1 shows
the equivalent circuit when the electrodes are in use. This
model also includes noise from capacitive sources as

R R R
V==V, +=—V, . +=%V, 1
Y 2 ”

where V,,, is the bioelectrical signal voltage, V;, is the
electrode input voltage, ¥, is the total noise source voltage at
the skin-electrode surface, V. is the total noise source voltage
on the electrode board, Z,; is the skin-electrode interface
impedance, R, is the electrode input impedance, 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, when it is large enough to make the
sensor electrode to capacitive EEG signals but low enough to
reject capacitive noise signals from the environment. Input
impedance is optimized using

- VHV d
T Vs 8,427

@

where & is the dielectric constant in vacuum, g, is the relative
dielectric constant to the material, 4 is the electrode lead
sensing area nearest to the skin, fis the frequency of the target
signal and d is the distance between the skin and the electrode
lead.Based on this model and assuming a maximum 1 mm
distance between the electrode and the scalp, an electrode
measuring 14 mm?, with total sensing area of 8 mm?, and input
impedance of 1 TQ was developed. Noise frequency spectrum
measurement experiments were performed for both resistive
and capacitive modes by placing two electrodes face to face
on differential input. The results are shown in Fig. 6, Chapter
3.

119 hybrid electrodes were used to assemble a headset, as
shown in Fig. 2 and Fig. 3. The headset is composed of two
main elements. The first element is a variable link mechanism
designed using statistical head anatomical data provided by
the Japanese National Institute of Advanced Industrial
Science and Technology (AIST)[11]. The flexibility provided
by using an articulated link mechanism allows the headset to
fit on wide range of head geometries. The second element is
an elastic net which is attached to the link mechanism. The
elastic net is responsible for keeping the link mechanism
closed when worn due to the elastic force towards the inside to
the headset as well as being the docking place for the
electrodes.

The electrodes are placed as shown in Fig. 4. This
placement method is fully compatible with the International
10-20 Method for EEG electrode placement. The electrodes
are divided in 7 groups of 16 measurement channels and 1
reference for a total of 112 channels and 7 references. The
option for having using only one reference electrode for all
measurement channels is also available. Each electrode group
is connected to a differential input capable 16 channel 16 bit
ADC module as shown in Fig. 5. All electrodes and modules
can be freely added or removed based on the user's need. All
modules are connected through USB 3.0 to a dual core Intel
Atom Based mother-board with a CUDA capable Nvidia Ion 2
chipset.

Skin-Electrode Electrode

Interface

Human Body

Vies

To Target
Device

Common Ground

Yz

Fig. 1. Electrode equivalent circuit
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Headset with 119 hybrid electrodes

Wearable ADC modules with motherboard
Fig. 2. EEG monitoring integrated system

Link mechanism
i

Elastic Grid

Fig, 3. Headset link mechanism and elastic grid

All the ADC modules, the mother-board and the battery are
located in a wearable backpack. The headset weighted 745 g
and the backpack weighted 1.80 kg. Data can be stored locally
and visualized through an external display or PC.

B. Signal Processing System

EEG signals were recorded as a differential signal between
a channel electrode and a reference electrode. Signal is
amplified, filtered and sampled at 1 kHz at the 16 bit ADC
modules. ADC modules simultaneously send the data to the
motherboard CPU which stores the data on the memory. Using
a different thread, the CPU sends the signal processing
instructions and to the GPU.

R:reference electrodes

0~F:main electrodes
N:unused slots

Group 3

Fig. 4. Electrode placement method

Electrodes ADCmodule {7 modules)

7 References

* " _Differential 16bit
Amplifier  Filker

—P-

112 channels

Motherboard

CUDA instructions

Nvidia ION intel Atom
GPU Results Py

Video output if
display available

Raw Data Result Data
Database  Database

3D EEG maps and Control GU!

Fig. 5. Hardware elements and data flow diagram

In this preliminary study we demonstrate the capabilities of
wearable GPU based processing for EEG monitoring by
performing real time Fast Fourier Transforms (FFT) for all
channels in real time on the GPU. Ideally, in our approach, we
would perform a FFT based on the Cooley-Tukey algorithm
for each channel using a separate GPU thread. However, due

to the limitations on number of cores available in the used
mobile GPU, we used the minimal recommend 32 CUDA
threads, each thread performing the FFT from 4 channels.
Because our system had only 112 channels, for code
simplicity, we created an additional 16 dummy channels
group with duplicated data from real channels to bring the
total number of channels to 128. Channel data acquisition and
result output is performed using the GPU direct memory
access features. Each FFT was performed using the latest
1024 data samples for each channel, after each sampling cycle
finished. FFT results are mapped on a human head 3D model
for showing EEG signal strength at a chosen frequency at any
point of the user's head. The 3D map can be visualized
alongside the control graphical user interface for system by
plugging in an external monitor or remotely accessing the
systems.

C. EEG Monitoring Experiments

Two standard experiments monitoring EEG signals from
different areas of the scalp were performed for device testing.

The first experiment consists in measuring brain activity
changes above the frontal lobe due to visual stimuli. Previous
studies have shown that when visual stimulus is weak, such as
when the eyes are closed are the subject is in dark places, it’s
possible to record strong signals in the alpha band (8-13Hz)
on the scalp area above the frontal lobe of the human
brain{12]{13]. In this experiment we perform EEG recordings
by placing the participants on a dark room. A lamp was
positioned in front of the participant and is used as an external
source of light and visual stimuli. The lamp was turned on and
off every 15 seconds during the total experiment time of 120
seconds.

The second experiment consists in measuring brain activity
changes above the motor cortex that are due to hand and finger
motions. When the participants’ intention of movement is
small, such as when the subject is at rest, it’s possible to record
strong signal on the 10 Hz u-rhythm frequency range, in the
area above the motor cortex of the human brain. On the other
hand, when the participant is moving one hand, u-rhythm gets
weaker above the motor cortex opposite to the hand[14][15].
In this experiment we perform EEG recordings by placing the
participants on a dark and sifent room with the eyes closed.
The subject stayed motion less for 30 seconds and then moved
the right hand on a finger tapping movement, for another 30
seconds. This cycle was repeated 2 times for each experiment
for a total experiment time of 120 seconds.

In order to evaluate the impact of the use of the GPU, both
experiments were performed with and without using the
CUDA features described in Section 2.2. The experiments
were performed with 2 participants, each experiment was
performed 3 times.

III. RESULTS

A. Hybrid Electrodes

The noise spectrum in the 1-100 Hz band is shown in Fig. 6.

The results show that noise is bellow 3 pV/Hz'? for both
resistive and capacitive modes. As EEG signals are in the

order of 10-100 pV and commonly used signals oscillate in
the 10-40 Hz band, the results show that our hybrid electrodes
are reliable enough for EEG measurements.

B. EEG Monitoring Experiments

For the first experiment, the developed system was capable
to record the data on both participants as expected from the
results of previous researches. All electrodes showed strong
signals when the light was turned off whereas a weak signal
was recorded when the light was on. Fig.7 shows a sample
spectrogram with the data collected by electrode 0 on group 0.

For the second experiment, the developed system was also
capable to record the data on both participants and the results
matching previous researches. For both participants, when the
participant is performing the finger tapping motion, the
electrodes C, D, E, F located on group 1 (Fig. 4) of the system,
above the left motor cortex, recorded alpha band signals
weaker than the when the participant was at rest. Fig. 8 shows
the sample spectrogram for electrode C in group 1.

When experiments were executed with the CUDA features
described in Section 2.2, the system was able to record data
from all 112 channels at 1 kHz and perform FFTs for all
channels after each sampling without delay or data loss. On
the other hand, without using the CUDA features, thus
allocating all the stress entirely on the CPU, the system took
400 ms to finish the FFTs for all channels and was unable to
keep up with the 1 kHz sampling rate.

IV. DISCUSSION

The experiments have shown that our electrodes were
capable of recording both alpha waves and p-rhythm without
the need for skin preparation and that the results from our
system are matched known brain activity phenomena. Our
noise frequency analysis shows that our hybrid electrodes
have a noise level below 3 pV/Hz'?, performing at similar
levels to commercially available electrodes[8][16]. Both
experiments suggest our system provides the high reliability
required by professionals and end-users.

———Fybrid Electrode in Capacitive Mode
ive Mods

Noiss Donsity [iv/Hz' /2]

10
Frecuency [Hz]
Fig. 6. Noise frequency spectrum
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With our hybrid electrodes removed the need of skin
preparation, the wearability of the system was further
increased by using a novel mechanism the allows the
placement of over a hundred EEG electrodes over the users
scalp simultaneously, thus reducing the time for wearing our
119 electrode system to up to 5 minutes, similar to the time
required for 1-16 electrode systems[4]. Quick and easy
electrode placement is fundamental for daily life usage, as it
gives the user time to perform other activities while also it
does not require specialized staff or training for correctly
wearing the system. Furthermore, the lack of conductive gel
and the problems associated with it such as signal degradation
over time are completely avoided rendering battery capacity
the only limiting factor for long continuous monitoring
sessions. Using hybrid capacitive-resistive electrodes
provided a high usability required by end users while also
increasing the reliability of the system without reducing the
spatial resolution of the sensor network.

The experiments have shown that our GPU based signal
processing algorithm is powerful enough to perform FFTs for
each channel after each sampling is finished, at 1 kHz

sampling rate. While sampling at 1 kHz is a common practice,
performing FFTs for each sampling at this rate is excessive
considering the relatively low frequency EEG bioelectrical
signals oscillate. However in this study, by showing that our
system can perform heavy calculations at very fast rates, we
show that our system perform in real time under heavy load by
using algorithms optimized for parallel processing. On a
realistic application scenario we can reduce the FFT execution
and use the GPU processing power for other parallelizable
tasks, such as neural networks[17]. Offloading signal
processing to the GPU using CUDA not only allowed us to
perform frequency analysis at real time but also freed the CPU
for writing data to the hard-disk as well as displaying a fully
interactive GUI with a 3D map of the EEG signals over the
scalp. The high speed data processing allowed us to support a
high spatial and temporal resolution which increase the
reliability of the signal while leaving the CPU free for user
interaction contributing in increasing the usability of the
system. Furthermore, using a mobile GPU allowed us to have
all these advantages in a wearable package, achieving a

system with high portability and removed the need to have an
external host PC, creating an all-in-one integrated system.

The data transfer between the electrodes and the GPU
equipped mother-board was performed by seven 16-channel
modules. This modular design allows users to add or remove
at will. Taking advantage of this design professional users can
perform experiments and development using high-density
sensor networks, whereas when supplying the EEG
monitoring system for the end user they can easily reduce
hardware and optimize the system for the target application
while still maintaining system consistence, thus reducing costs
but offering a high application flexibility. In this study our
system was a proof-of-concept prototype, thus also containing
not optimized off-the-shelf parts, such as the motherboard
containing the GPU. With the popularization of GPGPU
capable System on Chip devices such as the Tegra 3 (Nvidia
Corporation, USA) processor, further miniaturization and
increase in power efficiency can be achieved in the near
future.

EEG signals are used extensively on sleep disorder
diagnosis and treatment, assistive device control and
neurorehabilitation[1]-[3]. The effectiveness of some of these
applications can be dependent on the frequency at which the
patient uses EEG monitoring systems and is able to provide
feedback to oneself as well as to the medical staff. While
testing our new integrated system on a clinical environment is
required, our tests with healthy participants suggest that the
techniques in this study are a step forward in to increasing the
impact of EEG technologies have in the medical field.
Furthermore, the techniques introduced in this study can be
extended towards other fields of wearable computing, robotics
and medicine.

V. CONCLUSION

In this study we developed a novel integrated EEG
monitoring system combining capacitive bioelectrical
measurement and parallel computing technologies. A portable
high-resolution EEG monitoring headgear composed of 112
sensing electrodes and 7 reference custom hybrid
capacitive-resistive electrodes was developed. In order to
record and analyze the massive amount of data from the
headgear, a CUDA based wearable processing system was
developed providing real-time signal analysis.

In future works we plan to optimize the hardware modular
design of our system towards the creation of a EEG
monitoring platform that can easily be customized by the users
according to their needs as well as testing the device on
clinical environments. We also extend the CUDA algorithms
beyond real-time frequency analysis into a software platform
for rehabilitation training feedback and assistive device
interfacing as well as applying its principles to other wearable
computing applications.
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Walking Assistance for Cerebral Palsy with Robot Suit HAL

Takumi TakETOMI,” Yoshiyuki SaNkar®

Abstract The purpose of this study is to propose a method of a walking assistance by using an exoskeletal
system “Hybrid Assistive Limb (HAL) " for cerebral palsy (CP) patients who cannot stand up and watk due to the
abnormal generation of the bioelectrical signals (BES) in their lower limbs associated with the brain disease, and
to verify the effectiveness of the proposed method through a clinical trial. HAL was developed to support the
voluntary movement of the wearer based on the BES. The proposed method consists of two algorithms, that is, an
assistance of voluntary movement in the swing phase and an assistance of weight bearing in the stance phase. The
assistance of the voluntary movement determines the rotational direction of the actuator from the ratio of the
abnormal BES by using sigmoid function during the swing phase. On the other hand, the assistance of the weight
bearing adjusts automatically the stiffness and viscosity of the joint during the stance phase. In the clinical
walking trial with a 3-meter walk using parallel bars, we confirmed that HAL including the proposed method
achieved the patient's walking assistance. Especially, the assistance of the voluntary movement in the swing
phase produced his leg-swing based on the BES signals. As a result, the walking speed, cadence and stroke width
of the patient with HAL during this trial are 1.6 m/min, 114 steps/min and 0.14 m, respectively. In conclusion, we
have proposed the method of the walking assistance method and thus, confirmed the effectiveness of the proposed

method.

Keywords : biomedical signal processing, motor function support, cerebral palsy, robot suit.
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A New Voluntary Exercise using Robot Suit for Patients Having Difficulty
in Active Movement
—Clinical Application to Severe Paraplegic Patients—

Tomohiro Havasm,” Koichi Iwatsukl,™ Masato Hasecawa,” Miki Tacamy,” Yoshivuki Sangar™

*

Abstract The importance of voluntary exercise and sensory input in rehabilitation training after spinal cord
injury {SCI) or cerebrovascular disease has been demonstrated by recent studies. However, the voluntary
exercise is an impossible task for severe paraplegic and hemiplegic patients who cannot move their lower limbs
by themselves. The purpose of this study is to verify whether these patients can perform a new voluntary
exercise by using a robot suit which generates walking motion in place of the wearer's paralyzed muscles by
detecting their voluntary bioelectrical signals. Two severe SCI patients who can barely produce neuromuscular
activation but cannot move their lower limb participated in this study. Experimental results demonstrated that
the robot suit was able to detect their voluntary neuromuscular activities via bioelectrical signals and provide
stepping and walking motion having appropriate temporal relationship with the voluntary activities. In addition,
the proposed voluntary exercise using the robot suit can significantly promote neuromuscular activities of the

target muscles more than passive exercise.

Keywords : robot suit, rehabilitation training, voluntary exercise, sensory input, spinal cord injury.
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Bioelectrical signals such as electrooculograms (EOGs) and electroencephalograms (EEGs) have many medical applications.
Wet electrodes are used widely to acquire these signals; however, their use has several limitations. Other researchers have
proposed dry contact electrodes, but they do not solve all of the problems associated with wet electrodes; on the other hand
noncontact capacitive coupling electrodes have poor noise performance and are large and complex. In this paper, we present a
hybrid electrode that is capable of both capacitive and resistive recordings at lower noise levels, with a smaller hardware footprint.
The sensor was designed by optimizing the sensor input impedance value using a new electrode equivalent circuit that contained
noise sources. Experiments were performed to investigate the frequency response, noise spectrum, motion artifacts, standard
alpha and beta EEG signals, and eyelid and eyeball EOG measurements, We verified that our electrodes are capable of
bioelectrical measurements at noise levels comparable to wet electrodes.

Keywords : bioelectrical sensing, capacitive sensing, electrode, EEG EOG

1. Introduction

Bioelectrical signals that originate from the brain activity, such
as electroencephalogram (EEG) signals, and those that originate
from the eye movement, such as the electrooculogram (EOG)
signals, are very important in several fields of medicine™®. Wet

. tesistive electrodes such as the Vitrode (Nihonkohden, Japan) or

the electrodes used in the GTec electrode cap (GTec Medical
Engineering GMBH, Austria) are used widely to perform these
measurements. However, the use of wet electrodes has major
drawbacks such as the requil for skin preparation and the use
of conductive gels™, Dry resistive electrodes have been developed
to increase sensor performance and usability‘s’(”. Dry electrodes
involve an active resistive contact with the user’s skin, which
eliminates the need to use a gel and the problems associated with
its use. Skin preparations such as body hair removal and cleaning

. may be required because constant electromechanical skin contact

remains a requirement.

By contrast, noncontact electrodes have been proposed that are
capable of achieving capacitive coupling between the electrode
lead and the user’s skin, thereby removing the need for skin
preparation and electromechanical contact with the skin, which
facilitates high usability®?, However, ultra-high input
impedances (10°-10"* Q) are required by the design. The
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
required to reduce the noise. Furthermore, complex low noise
bootstrapping techniques are required to avoid drift due to the bias
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current from the input. These disadvantages indicate that capacitive
electrodes are considerably larger, noisier, and more expensive
than conventional electrodes.

Daily life bioelectrical monitoring requires a sensor that gives
the potentially high usability of capacitive coupling electrodes
while retaining the high sensor performance of conventional
electrodes. Our research is focused on the development of a novel
sensing method that is capable of recording bioelectrical signals in
both a resistive contact mode and a capacitive coupling mode at
similar noise levels o ¢ ially available electrodes. Previous
studies only considered human body-electrode coupling in their
designs, which maximized the input impedance. We also propose
the use of noise source coupling in the sensor model. This model
allows us to optimize the electrode impedance so that it is
sufficiently high to record bioelectrical signals but low enough to
reject external electrical noise, as required.

The aim of this study was to develop a novel electrode that
combined the capabilities of both the capacitive and the resistive
electrodes by optimizing the electrode input impedance using an
original sensor equivalent circuit. Our electrode had to maintain a
low noise characteristic that was comparable to commercially
available wet electrodes during EEG and EOG measurements. Our
electrode also needed to be small enough for high-resolution EEG
recordings but easier to use than conventional electrodes.

First, we designed a novel sensor circuit model based on the
consideration of the electronic components and the subject, which
also accounted for the noise sources and their capacitive couplings
with the system. Using this model, we developed an optimal
original hybrid electrode that was capable of resistive contact and
capacitive coupling sensing with an input impedance of 1T,
which is about 10*~10° times smaller than that proposed in other
studies ), After optimizing the system, the circuit complexity
was significantly reduced and the size of the sensor was
minimized. This also allowed us to build the first portable

Hybrid Resistive-Capacitive Electrodes for Electroencephalograms and Electrooculograms (Alexsandr Igorevitch Ianov et al)

128-channel high-resolution EEG headset based on capacitive
coupling electrodes. We collected the frequency response, noise
spectrum, motion artifacts, and EEG and EOG bioelectrical data
using our electrodes, which we compared with commercial
electrodes. The results showed that our original hybrid electrodes
had a similar noise spectrum to commercial electrodes and a lower
noise spectrum than the electrodes proposed in other studies. They
were also capable of recording signals with a correlation
coefficient of >0.8 in the resistive contact and capacitive coupling
modes.

2. Sensing Method Theory

We designed our hybrid resistive capacitive electrode such
that it could function as a resistive contact electrode if
electromechanical contact with the skin was not possible. Thus,
the electrode collected bioelectrical signals via capacitive coupling
if electromechanical contact was not possible. Capacitive sensing
measures bioelectrical signals using the AC coupling between the
electrode lead and the skin. Figure 1 shows the equivalent circuit
for our proposed electrode containing a human body, the
electrode-skin signal collection interface, the electrode circuit, and
noise sources. The total electrical current.in the electrode input is
given by equation (1) as the sum of the currents from the noise
sources and the current from the bioelectrical signal, i.e.,

AR AW A AW A
R, Z, z, z

el set

&)

where ¥, is the bioelectrical signal voltage, 7}, is the electrode
input voltage, V; is the total noise source voltage at the
skin-electrode surface, ¥, is the total noise source voltage on the
electrode board, Z,; is the skin-electrode interface impedance, R,
is the electrode input impedance, Z,; is the noise input impedance
at the skin-electrode interface, and Z,. is the noise input impedance
on the electrode board. We can assume that the values for Zy,;, Z,g.;,
and Z,, are very large; therefore, we can simplify equation (1) as

R R, R
Vm =ZV"° .;.E":Vmj +Z:V”s ................................ )

where Z,; is represented as

Zy=(R," +C2mf)"
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Fig. 1. Resistive-Capacitive Hybrid Electrode Equivalent
Circuit
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where C,; is the capacitance, R,,; is the resistance between the
electrode and the skin, and f7is the signal frequency.

From equation (2) and (3), we can infer that the collected signal
is highly dependent on the impedance of the electrode-skin
interface and the total input impedance of the circuit, while the
input impedance of the electrode should be considerably higher
than the impedance at the electrode-skin interface. When our
electrode is in the resistive contact mode, C,,; —0 50 Z,; is highly
dependent on Ry When our electrode is in the capacitive
coupling mode, however, R,,.; —® so Z,; is highly dependent on
Ciir From equation (3), we may assume the presence of noise
sources in the surroundings that are comnected via capacitive
coupling to the input of the circuit. The impedance between the
noise source and the electrode input is usually much higher than
the impedance of the electrode-skin interface. Therefore, signals
from the electrostatic noise sources may be amplified as well as or
beiter than the bioelectrical signals if the electrode input impedance
is excessively high. The effects of noise om the ultra-high
impedance input may be strong if the electrode makes recordings
using capacitive coupling sensing because Z,; is already very high.
Therefore, the input impedance should be set to a minimal value,
which is sufficiently high to allow bioelectrical signals to be
recorded.

A common ground signal between the body and the circuit is
produced using a low impedance interface, such as that found in
conventional electrode systems. Better signal noise ratios are
obtained by maintaining a robust resistive ground®909,

3. Hardware

3.1  Electrode Design To measure the EEG and EOG
signals used by medical applications, our electrode needed to
measure signals with frequencies ranging from 3 Hz to 100 Hz{9¢7,
The capacitive coupling mode requires a higher impedance than
the resistive contact mode; therefore, the minimal circuit input
impedance requirement is the input impedance used for the
capacitive coupling measurements.

The capacitance of the skin-electrode interface in the capacitive
coupling mode is given as

ei

C =486 g @

where &, is the dielectric constant in vacuum, &, is the relative
dielectric constant to the material, 4 is the electrode lead area

. nearest to the skin, and d is the distance between the skin and the

electrode lead. As discussed in the previous section, we do not
need to calculate the noise signal components in equation (2)
because setting the input impedance at a minimal value also
allows us to perform noise signal minimization. Given that
R,;— in the capacitive coupling mode and by inserting
combining equations (2), (3), and (4), we define the circuit input
impedance as follows (5).

T d
Vi £6427f

®)

In the capacitive mode and based on the equivalent circuit
described in Fig. 1, our electrode is a first-order high-pass filter
with a theoretical cut-off frequency that is derived as follows:

1
F =
-l " 2aRC,

‘sel

O]
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Fig. 2. Developed Electrodes and Vitrodes

where C,,; can be calculated from equation (4), and R is the input
impedance of the operational amplifier used in the electrode
design.

In this study, we developed two form factors for our hybrid
electrode. Our developed electrodes are shown in Fig. 2. Electrode
Type L is a large electrode with a circular 30 mm diameter stainless
steel lead, which was based on the Vitrode D design. Type L was
designed for low-density sensor networks with maximum comfort
in mind. Electrode Type S is a small electrode with two 4 mm?
cooper leads, which was designed for high-density sensor
networks. Type S has the smallest electrode lead area, and hence,
it also has the lowest capacitance in the capacitive coupling mode.
During the design of the preamplifier circuit board, therefore, we
assume a minimal electrode lead area 4 of § mm®. We want ¥}, to
be as close as possible t0 Vj.; therefore, we assume that ¥,/ V3, is
1. We also assume that ¢, is close to 1 because air is an insulator,
which can be considered as the worst-case scenario. When
designing an electrode to record signals with a minimal frequency
of 3 Hz that works up to 1 mm from the skin in the capacitive
coupling mode, we calculated that a minimal input impedance R,
of approximately 0.85 T is required.

An instrumentation amplifier with an input impedance of 1.00
TQ was used in the design of our electrode. An instrumentation
amplifier was used because it offers a very reliable and easily
configurable circuit in a single small package. The selected
amplifier also had an input bias current of 10 pA. In the capacitive
coupling mode, the bias current can produce an undesirable DC
drift if a path is not available, which may even lead to signal
distortion during long-term measurements. A bias current path was
created using two back-to-back Schottky diodes, which were
connected in series to a grounded resistor. This limited the offset
to an absolute value of 0.13 V, which provided a path for the bias
current while maintaining the input impedance value. The
theoretical cutoff frequency calculated using formula (6) is 2.3 Hz.

3.2 Data Collection System The developed electrode
data recording and evaluation system included three stages. In the
first stage, a second instrumentation amplifier receives analog
signals from two electrodes and outputs the amplified difference
‘between them. The second stage is responsible for conditioning
the signal for the AD converter. The second stage used an
eighth-order Butterworth bandpass filter and a voltage level
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Fig. 3. Data Collection System Diagram
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Fig. 4. Developed Electrodes and Vitrodes

converter. If necessary, the filter could be bypassed using a switch.
The final stage involved a 16-bit AD converter connected via an
SPI channel to a microcontroller. Signal sampling was performed
at 4 kHz. Data was transferred from the controller to a laptop
computer via a class-2 Bluetooth v3.0 connection using the
Host-Controller Interface protocol. This system is compatible with
the hybrid electrodes and the commercially available Vitrode
electrodes for simultaneous comparative recordings. The common
ground was connected to a clean exposed body area of the user via
a stainless steel plate. Each sensor was connected to the system
using a 1-m long cable. A block diagram of the data recording
system is shown in Fig. 3.

A method for reducing motion artifacts due to head movements
and external forces applied to the electrodes was used to increase
the signal robustness. An electrode pair was mechanically coupled;
therefore, the relative motion between the electrode pair records
similar motion artifact signals as common mode noise. Common
mode noise is cancelled by the differential amplifier in the first stage
of the measurement system. The mechanical coupling structure for
electrode Type L is shown in Fig. 4.

Headsets were developed for both types of electrodes. A headset
for electrode Type L is shown in Fig 5 (a), which uses the
mechanical coupling structure shown in Fig. 4 to place electrodes
on the user’s head. The measured areas are above the frontal lobe
of the brain to generate low-resolution EEG measurements and
near the user’s eyes for EOG measurements. A second headset was
developed as a prototype for a portable high-spatial-resolution
EEG recording system. The assembled headset used 128 Type S
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Typel Sensor‘,case for EEG

Type L Sensor case for EOG
(a) Low Spatial Resolution Type L Headszt

Headset with 128 Type S sensors

A
Wearable Controller
(b) 128 Channel High Spatial Resolution Type L Headset

Fig. 5. Developed headsets

electrodes, as shown in Fig. 5 (b).
4. Evaluation Experiments and Results

4.1 Frequency Response Evaluation In this experiment,
we measured the frequency responses of our electrodes in the
resistive contact mode and the capacitive coupling mode. The
experimental setups are shown in Fig. 6. The electrode made
direct contact with a metal signal plate attached to a function
generator (WF1946B, NF Corporation, Japan) when measuring
the resistive contact mode signals. To determine the capacitive
mode responses, the electrode and the metal signal plate were
separated by a 1 mm thick insulating rubber layer. The filters used
in the data collection system shown in Fig. 3 were bypassed in this
experiment to facilitate direct measurements of the electrode
frequency responses.

Figure 7 shows the results for the Vitrode and the hybrid
electrode in the resistive mode and capacitive mode, as well as the
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Fig. 7. Frequency Response for the Developed Electrodes
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theoretical frequency responses of the electrode in the capacitive
mode. The results show that the frequency response of our
electrode in the resistive mode was identical to that of Vitrode F.
As both electrodes directly connect the substrate to the amplifier,
there was no phase or gain change in the target frequency band.
Our results showed that the experimental cutoff frequency of
2.7 Hz was close to the theoretical cutoff frequency of 2.3 Hz. The
results also showed that the hybrid electrode and the model
behaved in a very similar manner to a first-order high-pass filter,
as predicted by our model. The difference in the cutoff’ frequency
was attributed to the assumptions of our model, which only
considered the ideal electronic components of the systern. When
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developing the electrode, we added new resistive and capacitive
features on the basis of the high-impedance input bias current
escape path circuit described in Section 3.1 and the printed circuit
board pattern and materials. The resultant input impedance was a
combination of the amplifier input impedance and the impedance
from the new elements. The difference in the input impedance
created a difference in the cutoff frequency.

Our model was not a perfect representation of the entire system;
however, 2.7 Hz was very close to the target cutoff frequency and
it was an adequate value for applications in the 3—100 Hz band,
which are discussed in this paper.

4.2 Electronic Noise Evaluation The noise levels
attributable to the electronic sources of the electrode were
measured by connecting the inputs of two electrodes. Resistive
contact mode measurements were performed by directly shorting
the inputs of the two electrodes. Capacitive coupling mode
measurements were performed by placing the inputs face to face,
separated by only a 1 mm thick insulating rubber layer. The
experiment setup is shown in Fig. 8. The noise spectrum of the
Vitrode F wet Ag/AgCl electrodes was also measured in a manner
similar to that used for our electrodes in the resistive mode.

The noise spectrum obtained is shown in Fig. 9. The Vitrode
and the hybrid electrode in the resistive mode had very similar

Shield Box

Face-to-Face

Monitor PC

Insulator
(only on Capacitive Coupling Mode})

Fig. 8. Sensor Noise Spectrum Evaluation Experiment
Set-up Diagram

noise spectrum characteristics in the 10-100 Hz band because
they were both resistive contact-type electrodes and they were
electrically coupled better with the substrate than the environment.
In the 1-10 Hz band, however, our hybrid electrodes had about
1 pV/Hz”2 less noise than the Vitrode because our electrode was
an active, pre-amplified type of electrode whereas the Vitrode was
a passive electrode®®,

Because the Vitrode F is a passive electrode, it was more
susceptible to displacement currents due to chemical degradation
of the Ag/AgCl gel and electrostatic effects in the 1-m-long
cable that connected the electrode lead to the amplifier and the
measurement system.

However, the hybrid electrode in the capacitive mode was about
0.3 and 1 pV/Hz"® noisier than the other two cases. According to
the model shown in Fig. 1 and equations (2} and (3), the relative
value of the impedance value was lower in the capacitive mode
when coupling the environmental noise sources (Z,. and Z,.;)
compared with the impedance of the coupling with the signal
source (Z,;) in the resistive contact mode. This condition allowed
the electrode to couple the enviromment noise sources better.
However, our new optimal impedance electrode design indicated
that the noise levels were at least two times smaller than the
weakest bioelectrical signals considered in this study and 4—6
WV/Hz' smaller than the capacitive coupling electrodes proposed
in other studies™.

This low noise characteristic in the resistive and capacitive
modes was comparable to that of conventional electrodes, and it
showed that our electrode was a viable sensor for detecting EEG
and EOG signals.

4.3 Motion Artifact Evaluation We evaluated the
potential use of our electrodes in real-world applications and the
effectiveness of the mechanical coupling method proposed in
Session 3.2 by recording motion artifacts when the participant
moved his head. In this experiment, the participant changed the
pitch angle of the head by +£45° every 1s for 10 s, before resting
for another 10 s.

Recordings were made in the resistive contact and capacitive
coupling modes with the Type L electrodes and Vitrode F
electrodes using the headset shown in Fig. 5 (a). The Vitrode F
electrodes were attached to the skin areas that had been cleaned
with alcohol to remove any sweat and skin oils, in accordance with
the manufacturer’s instructions. Skin preparation was not required
for our hybrid electrode in the resistive or capacitive modes.
Resistive contact mode data were acquired when the developed
electrodes were in direct contact with the skin of the participant.
Capacitive coupling mode data were acquired when the developed
electrode was isolated from the skin of the participant using a
1 mm thick insulating rubber layer. The electrodes were located in
the EOG recording area of the headset. The data obtained are
shown in Fig. 10. Our developed electrode produced no motion
artifacts in the resistive contact or capacitive coupling modes,
the commercially available electrodes recorded spikes

—Hybﬁd Electrode in Cal'aacil:ive Mode
—— Hybrid Electrode in Resistive Mode
= Vifrode
i % R
2,107 peledachin
z‘ ‘Vﬁ\ {\ J 1
) | i
2 I '
2 ST h
K . )
N
|
107 N
10’ 10! 10°
Frequency [Hz]

Fig. 9. Sensor Noise Spectrum

with every head movement.

Thus, the mechanical coupling of multiple electrodes eliminated
the relative motion between them and contributed to eliminating
the motion artifacts in recordings made by Vitrode electrodes, as
reported in other studies™®. Furthermore, the Vitrode electrodes
still recorded motion artifacts even when they were mechanically
coupled because Vitrode electrodes are passive wet electrodes.
The signals transmitted through the cables from passive electrodes
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are high impedance signals that are susceptible to noise. During
head movements, the Vitrode cables also moved and this affected
the coupling configuration with the environment, which produced
noise. By contrast, our electrodes output a buffered low impedance
signal, which was robust against cable motion artifacts.

44 EOG Recording Experiments  Eyeball and eyelid
movement recordings were made using Type L elecirodes in the
resistive contact and capacitive coupling modes. The resistive
contact and capacitive coupling mode recordings were made in a
similar manner to the experiment described in Section 4.3.
Simultaneous recordings with Vitrode F were made for comparative
purposes. The Vitrode F electrode pair was positioned as close as
possible to our developed electrodes, where the center of each
Vitrode electrode was 30 mm from the center of the nearest
developed electrode. The Vitrode F electrodes were attached to
skin areas that had been cleaned with alcohol to remove any sweat
and skin oils, in accordance with the manufacturer’s instructions.
No skin preparation was required for our hybrid electrode in the
resistive or capacitive modes. However, the electrode was isolated
from the skin using a I-mm-thick rubber layer during the
capacitive mode experiments.

Pearson’s correlation coefficient p for the data collected from
the hybrid electrode and Vitrode F was calculated as follows:

. Sx3y

XY =0 i
; Latd n
n 2 L] 2
.
2 _ \i=d 2 _\i=0
;X’ n ;Y’ n

where 7 is the number of samples, X; is a sample from our hybrid
electrode, and Y; is a sample from the Vitrode F electrode.

During eyelid movement recordings, the participant blinked at a
frequency of 1 Hz, according to a metronome. The datasets obtained
are shown in Fig. 11. The calculated correlation coefficient for the
data collected from our electrodes in the resistive contact mode
and Vitrode F was 0.94, while the correlation coefficient for data
collected from our electrodes in the capacitive coupling mode and
Vitrode F was 0.92.
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Fig. 11. Eyelid EOG Recordings

During eyeball movement recordings, the participant moved his
eyeballs up and down at a frequency of 0.5 Hz, according to a
metronome. The datasets obtained are shown in Fig. 12. The
calculated correlation coefficient for the data collected from our
electrodes in the resistive contact mode and Vitrode F was 0.95,
while the correlation coefficient for the data collected from our
electrodes in the capacitive coupling mode and the Vitrode F was
0.90.

4.5 Low Resolution EEG Recording Experiments The
10-20 Hz band bioelectrical signal recording capacity of our
hybrid electrodes was tested by performing alpha and beta band
EEG recording experiments. The three types of electrodes were
placed over the skin, as described in Section 4.4. A pair of Type L
electrodes was positioned, using the headset shown in Fig. 5, near
the forehead and near points F3 and F4 in the International 10—20
Electrode Placement System®. The correlation coefficient for the
data obtained using the hybrid electrode and the Vitrode was
calculated using equation (7).

EEG signals were measured while the participant kept their
eyes open for 30 s when beta waves were predominant, and they
were then closed for another 30 s when the alpha waves were
predominant. Figure 13 shows the spectrograms of the recorded
data and a binary version that only shows signals >1 dBmV, for
all three types of measurements. The spectrograms clearly show
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that our electrodes measured strong beta bands during the first
30 s and strong alpha bands during the last 30 s of the experiment.
The calculated correlation coefficient for the data collected from
our electrodes in the resistive contact mode and Vitrode F was
0.90, while the correlation coefficient for the data collected from
our electrodes in the capacitive coupling mode and Vitrode F was
0.84. The results show that our Type L electrodes delivered a
performance that was comparable to that of conventional electrodes
when sensing EEG signals.

4.6  High Resolution EEG Recording Experiments

Using the high-resolution headset and Type S electrodes shown
in Fig. 6, we repeated the experiments reported in Section 4.5. The
observed electrode position and placement conditions were the
same as those used in the previous section. Simultaneous readings
were also performed using Vitrode electrodes, and the correlation
coefficient between the data derived from the hybrid electrode and
the Vitrode was calculated using equation (7).

The EEG recording protocols used in Section 4.5 were also
used in this experiment. Figure 14 shows the spectrograms of the
data collected using all three types of electrodes and binary
versions for signals >1 dBmV. As in the previous experiment, the
hybrid Type L electrode was also capable of recording strong beta
band signals during the first 30 s of the experiment and strong
alpha band signals during the second 30 s of the experiment. The
calculated correlation coefficient for the data collected from our
electrodes in the resistive contact mode and Vitrode F was 0.86,
while the correlation coefficient for the data collected from our

002 1 electrodes in the capacitive coupling mode and the Vitrode F was
0.85.
-0.03 . 5 I
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5. Discussion

EOG and EEG signals are used extensively for sleep disorder
diagnosis and treatment, assistive device control, and
neurorehabilitation™®. The effectiveness of some of these
medical applications is highly dependent on the frequency at
which the patient uses the equipment. One of the main obstacles in
the spread of these technologies is the difficulty of placing
electrodes and performing measurements during daily life because
of the requirements for skin preparation and the electromechanical
contact probl iated with c ional electrodes™ .
From a usability perspective, our electrodes are easier to use than
any commercially available electrodes. As shown in Sections
4.3—4.6, skin preparation is v and our electrodes can
even measure bioelectrical signals in covered body areas were
electromechanical contact is impossible. Furthermore, future
medical applications may require that patients regularly use
high-resolution headsets and measurement devices similar to the
one in Fig. 5, and devices equipped with our electrodes can be
placed on in a fraction of the time of conventional devices. This
high usability has the potential to increase reliability. If electrodes
are easier to use, the probability of human error is reduced. This
higher usability makes our electrodes a significant step toward the
popularization of wearable sensors and computers during daily
life.

The experimental results presented in Sections 4.1 and 4.2
support our electrode impedance optimization method and our
optimal model in terms of its noise and frequency utility. The
optimization results showed that the noise levels were 4—6 pV/Hz'?
lower than those reported by other studies. Our optimized design
allowed us to develop an 8 mm?® capacitive coupling electrode,
which was four times smaller than electrodes developed in other
studies. This smaller size allowed us to develop the first portable

o

64

128-channel high-resolution EEG headset based on capacitive

ling el The frequency response results were very
close to the theoretical values; however, the observed difference
suggested that the resulting ioput impedance in the actual
electrode is slightly lower than the target value. This was not a
problem for the applications described in this paper; however,
some commercial and medical situations require very high levels
of relisbility or industral standard definitions, so a full
understanding of the electrode impedance may be required. An
ephanced model that includes resistive and capacitive elements
using additional board components and boerd design feawures, and
different materials, may be introduced in future works.

The observed correlation coefficients for the EOG experiments
presented in Secton 4.3 were all asbove 0.90. However, the
correlation coefficients in the EEG experiments in Sections 4.3
and 4.6 were between 0.84 and 0.90. The EEG readings had lower
correlation coefficients becanse they were 10-100 times weaker
than the EOG signals. Weaker signals had a larger effect on the
random thermal noise shown in Fig. 9, which reduced the
correlation between the two different readings. Another factor was
the di between the electrodes. Previous studies have shown
that a 30-mm distance between the centers of the two electrodes
during simultaneous recordings was sufficient to produce different

signals™ and a lower correlation.

6. Conclusion

In this study, we developed an electrode that combined the
characteristics of capacitive and resistive electrodes by optimizing
the electrode input impedance using an original sensor equivalent
circuit. Our electrode maintained a low noise level that was
comparable to the noise level maintained by commercially
available wet electrodes during EEG and EOG measurements. Our
electrode was small enough for high-resolution EEG recordings
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and easier to use than conventional electrodes.

In future studies, we intend to increase the accuracy of our
electrode model and expand the design to other bioelectrical
signals. Our sensor will help increase the usability and reliability
of electrodes and promote the popularization of medical and
wearable devices in daily life.
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