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With the aim of improving the detection accuracy of a wireless magnetic position-sensing system using an LC resonant magnetic
marker, a pickup coil with an optimal size (10 mm in diameter X 1 mm thick), as calculated by a previous simulation study, was used and
tested in this paper. Our study confirmed that positional errors were reduced to a submillimeter order in the area within y = 120 mm
from the pickup coil array. On the contrary, in the area outside ¥ = 130 mm from the pickup coil array, the errors increased by about
0.5-2 mm compared to the results for the previous pickup coil size (25 mm in diameter x 2 mm thick). Regardless of the size of the pickup
coil, however, compensation can be made for these positional deviations, including the influence of the mutual inductance between the
LC marker and the exciting coil. After application of the compensation process, the detection results were corrected approximately to

the actual positions of the LC marker.

Index Terms—LC resonant magnetic marker, pickup coil size, position accuracy, wireless magnetic position-sensing system.

I. INTRODUCTION

MOTION-SENSING technique with an accuracy of

better than 1 mm is required for body-motion analysis
in medical treatment and health welfare. A wireless magnetic
position-detection system is one technique that is effective for
such a purpose because it can capture the motion of objects in
unseen areas [ 1]-[7]. To this end, we propose a candidate system
using an LC' resonant magnetic marker (LC marker) [8], [9].
Previous studies have shown that such a system is capable of
repeatable position-detection accuracy of better than 1 mm
provided the system has an adequate signal-to-noise (S/N) ratio.
However, slight positioning errors of a millimeter order from
the actual positions were observed in the local area. To address
this problem, an examination by numerical analysis was carried
out to clarify the cause of the slight errors in detection and to
improve the accuracy of the system [10]. The results indicate
that the slight errors in positional accuracy are caused by the
influence of the size of the marker and the pickup coils. This
is due to the assumption that the marker and the pickup coils
are assumed to be an ideal dipole field and number of points,
respectively. It is also found that a 10-mm-diameter pickup
coil with a wound coil thickness of 1 mm achieves a detection
accuracy of better than 0.1 mm [10]. In this paper, therefore,
a magnetic position-sensing system using pickup coils of that
size is experimentally evaluated.

II. EXPERIMENTS

A. Configuration of the Position Sensing System

Fig. 1 shows the schematic configuration of the
position-sensing system. The system comprises measurement
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Fig. 1. Schematic diagram of proposed wireless motion-sensing system.

apparatuses and a coil assembly that consists of an exciting coil
and a pickup coil array. The exciting coil and the pickup coil
array are positioned at a distance of 285 mm from each other.
The exciting coil consists of 13 turns of polyester enameled
copper wire (PEW) wound around a 390 x 390-mm square
acryl frame, and the pickup coil array consists of 25 pickup
coils placed at intervals of 45 mm on an acrylic board.
Fig. 2(a) and (b) shows the previously used pickup coil and the
new pickup coil. The previous pickup coil had 40 turns of PEW
wound around an acrylic bobbin 25 mm in diameter and 2 mm
thick, and the new one has 100 turns around a bobbin 10 mm in
diameter and 1 mm thick. The LC marker consists of a Ni-Zn
ferrite core (3 mm in diameter and 10 mm long) with 250 turns
of wound coil and a chip capacitor (470 pF), representing an
LC series circuit designed for a resonant frequency of 306 kHz.

In a previous study, for reference, the procedure of numer-
ical analysis for obtaining the optimal size of the pickup coil
is as follows. First, the linkage flux generated by the exciting
coil across the marker assumed by the solenoid coil is calcu-
lated. Then, the marker coil current is obtained from the induced

0018-9464/$26.00 © 2011 IEEE
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=] -2 mm

(@ (b)

Fig. 2. Dimensions of the pickup coils (figures show only the coil winding
part). (a) Diameter: 25 mm; width: 2 mm (used in previous study). (b) Diameter:
10 mm; width: 1 mm (used in this study).

voltage calculated by d®/dt (here, t = 1/ f,.) as well as the mea-
sured impedance of the marker coil. Second, the linkage flux
generated by the marker coil across each pickup coil is calcu-
lated, and the induced voltage of each pickup coil is obtained.
Finally, a calculation of the inverse problem using the obtained
induced voltages yields a solution. Here, the averaged magnetic
flux of 100 points of a cross section of a coil (both the marker
and the pickup coils) is calculated so as to take into consid-
eration the area of the marker and pickup coil. The influence
of the coil depth (axial length) also is taken into consideration.
The calculation of the magnetic flux is made in accordance with
Biot-Savart’s law.

B. Position-Sensing Procedure

When voltage is applied to the exciting coil, the LC marker is
strongly excited at its resonant frequency by electromagnetic in-
duction. However, the induced electromotive force detected by
the pickup coils includes both the electromotive force resulting
from the exciting field and that from the LC marker field, as they
have the same frequency component. To extract the LC marker
contribution, the reference electromotive force, which is called
“background voltage” in this paper, is first measured without the
LC marker. Next, the electromotive force with the LC marker
is measured. The LC marker voltage V ,; can then be obtained
by subtracting the electromotive force without LC' marker from
the electromotive force with it.

The position and orientation of the LC marker is calculated
by solving an inverse problem, which requires knowing the
values of the flux density at more than six known locations
in order to determine both the position and orientation of
the LC marker as the magnetic flux source (six degrees of
freedom). Twenty-five values were used in this study. To solve
this problem, the flux density generated from the LC marker
is considered to be a magnetic dipole field. Based upon this
assumption, the position and orientation of the LC marker is
calculated using the nonlinear method of least squares, which
are optimized using the Gauss—Newton method [11] (see our
previous papers [8] and [9] for details). In this paper, as shown
in Fig. 1, the position and orientation of the LC marker are
expressed as polar coordinates.

III. RESULTS AND DISCUSSION

Position sensing by the LC marker was performed as follows.
After positioning the LC marker so that the cylinder axis was
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Fig. 3. Position detection results displayed in the 2y plane for systems using
both sizes of pickup coils.

parallel to the y-axis, the LC marker was swept from y = 50
to 200 mm in 10-mm steps, and from z = 0 to 80 mm in
20-mm steps along a grid pattern in the zy plane at z = 0 mm.
Movement of the LC marker was performed by a precision
three-dimensional-axial manual scanner with a positioning ac-
curacy of better than 0.1 mm. In order to make the S/N ratio
of both sizes of pickup coils approach the same level, when
using the 25-mm-diameter pickup coils, 60 Vo_, was applied to
the exciting coil. When using the 10-mm-diameter pickup coils,
84 Vo, was applied to it.

Fig. 3 shows the experimental results in the 'y plane for both
sizes of pickup coil. Each point represents 10 measurements at
each LC marker position, with squares showing actual position,
crosses showing use of the 10-mm-diameter pickup coil, and
circles showing use of the 25-mm-diameter pickup coil. Good
repeatable accuracy of within 1 mm was obtained at less than
1y = 150 mm. However, as the distance of the LC marker from
the pickup coil array increases to beyond 150 mm, the positional
deviation between the actual position and the detected position
of the LC marker increase, and the scatter of repeatable accu-
racy is spread due to the drop in the S/N ratio.

From a comparison of the results for both pickup coils, in the
area within y = 120 mm from the pickup coil array, the detected
positions using the 10-mm-diameter pickup coils improved to
a millimeter order along the y-axis to the actual positions. On
the other hand, the detection results for the area outside y =
130 mm became slightly worse than that for the system using
the 25-mm-diameter pickup coils.
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Fig. 4. Position detection results displayed in the 2y plane for systems using
both size pickup coils. The six points, encircled by dotted lines in Fig. 3, have
been magnified. (a) (0, 50, 0). (b) (0, 120, 0). (c) (0, 200, 0). (d) (80, 50, 0).
(e) (80, 120, 0). (f) (80, 200, 0).

According to the simulation result obtained in our pre-
vious study taking into consideration the actual sizes of both
the LC' marker (¢4 mm X 10 mm) and the pickup coils
(¢25 mm X 2 mm), deviations in the millimeter order from the
actual position of the LC marker were clearly calculated. In
addition, an increase in the tendency to deviation was confirmed
in the area within 120 mm from the pickup coil array, the same
as in the experiments. The simulation result also indicated that
a minimal positional error of less than 0.1 mm can be obtained
by using a pickup coil measuring 10 mm in diameter and 1 mm
thick [10]. Several points, encircled by dotted lines in Fig. 3, are
magnified as shown in Fig. 4(a)—(f) to confirm the difference.
Whereas the amount and tendency of the deviation are dif-
ferent for each point, detected positions using 10-mm-diameter
pickup coils are improved, ranging from 1 to 3 mm, except for
Fig. 4(e) and (f). It was found that the detection error using the
10-mm-diameter pickup coils increased about 0.5-2 mm in the
area outside y = 130 mm. The relation between the detection
error and the distance of the LC marker from the pickup coil
array is shown in Fig. 5. Each point shows the difference
between the averaged value of 10 measurements and the actual
position of the LC marker. The inequality of the detection error
is reversed at y = 120 mm. The cause of the error tendency is
assumed to be the difference in the ratio of solid angles seen
from the LC marker with respect to the pickup coil array.

Regardless of the size of the pickup coils, however, compen-
sation can be made for these positional deviations, including
the influence of the mutual inductance between the LC marker
and the exciting coil. The main factor for the deviations has al-
ready been found—the impedance change in the exciting coil
due to the resonance of the LC marker disturbing the strength

IEEE TRANSACTIONS ON MAGNETICS, VOL. 47, NO. 10, OCTOBER 2011

T T T T T
[ O M M M
H PR R S

O 25¢ x2mm
7 104 x Imm

[ . .
17T

~ Pickup-coil:

101010

Deviation from actual position [mm)]

120 140 160 180 200
y-axis [mm]

Fig. 5. Relation between detection error and distance of the LC' marker from
the pickup coil array. Each point shows the difference between the averaged
value of 10 measurements and the actual position of the LC marker.

[ actual position,
77 ¢ 1% 104 xImm compensated
E L S R S
BBl B
LR SHEE R NE S
L B R - S S -RE S-S L
BB R By
150 [ 3L+ g it Lol Ll gL gy
FEE SRR SRR N -
£ diligidbidiliai g
2z o o [ .
F (BB R
R R
IR HE A [ I
L S R
A R IO A S IR N A B
B B B B B
ERREF SRR R SR
L - B SEN LI S < B
Silibilibilinilid
AR AT AR A B B
S A L A
0 10 20 30 40 50 60 70 80

Xx-axis [mm]

Fig. 6. Compensated detection results made using 10-mm-diameter pickup
coils and taking into consideration the mutual inductance between the exciting
coil and the LC' marker.

of the exciting field. A compensatory method that takes into
consideration this mutual inductance has been established in
the process of positional calculation in order to correct the de-
tected position. The compensatory procedure is as follows. The
impedance change in the exciting coil resulting from the mutual
inductance is calculated by using an equivalent circuit. Next, the
electromotive force of the pickup coils within the LC' marker
is compensated for according to the impedance change. After
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the compensation, the inherent position and orientation of the
LC marker can be recalculated. The recalculated results for a
10-mm-diameter pickup coil based upon this compensation are
shown in Fig. 6. From Fig. 6, the detection results are corrected
approximately to the actual positions of the LC marker. How-
ever, there are still deviations of a submillimeter order, which are
considered to be caused by the volume effect of the coil wind-
ings (resulting from the lamination layers of the coil) and ma-
chining accuracy resulting from the use of acrylic resin in the
coil components.

IV. CONCLUSION

With the aim of improving the detection accuracy of a wire-
less magnetic motion-sensing system using an LC' resonant
magnetic marker, and to confirm the validity of the simulation
made in a previous study, the size of the pickup coils were
experimentally examined. It was found that the optimal size
of the pickup coil, which was deduced by the simulation,
improved the detection accuracy of the system to a millimeter
order. Therefore, the optimal size of the pickup coils varies as
the LC marker size varies. However, slight errors in position
detection remain. As mentioned above, the errors are thought
to be caused by the volume effect of the coil windings and the
machining accuracy of the coil components. In order to realize
the system having a positioning accuracy of a submillimeter
order, further studies are needed to resolve these issues.
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Fuzzy FES controller using cycle-to-cycle control for repetitive movement
training in motor rehabilitation. Experimental tests with wireless system
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A prototype of wireless surface electrical stimulation system
combined with the fuzzy FES controller was developed for
rehabilitation training with functional electrical stimulation
(FES). The developed FES system has three features for
rehabilitation training: small-sized electrical stimulator for
surface FES, wireless connection between controller and .
stimulators, and between controller and sensors, and the fuzzy
FES controller based on the cycle-to-cycle control for repefftive ;
training. The developed stimulator could generate moﬁbpha§ic ;
or biphasic high voltage stimulus pulse and could out
stimulation pulses continuously more than 20 hours wit

T he repetmve movement therapy mediated
stimulation also has the potential to facilitate

“ment t mmg of the paralyzed limbs has been applied. One of
the therapeutrc effects is motor relearning, which is reacquisi-
tion of p eviously learned motor skills after central nervous
‘ system' njury. ‘In general, assistance provided by therapists
s requlred to perform repetitive execution of identical or
_similar movements of the limbs in the rehabilitation training.
~ On the other hand, several large-scale robotic systems have
been developed to reduce the workloads for the therapists
and improve repeated training for patients [6]. However,
these equipments are large and expensive, which are installed
in hospitals or rehabilitation centers, and therefore generally
unsuitable for home rehabilitation and daily exercise.

For motor rehabilitation with FES, surface electrical stim-
ulation would be useful because of its noninvasive nature.
However, the electrical stimulator for surface FES is usually
required to generate high stimulation intensity pulses, which
leads to an increase of size and power consumption of the
stimulator. In addition, wired connection between control-
ler and stimulators and between controller and sensors are

angle contrcl and knee ﬂexron and {
maximum angles reached their targets wrth ‘small number
of cycles and were controlled stably in the stimulation cycles
after reaching the target. The fuzzy FES controller based on the
cycle-to-cycle control worked effectively to reach the target
angle and to compensate drfference in muscle propertles
between subjects. The developed wrreless surface FES system
would be practical in clinical applications of repetitive
execution of similar movements of the limbs for motor
rehabilitation with FES.

Keywords: Cycle-to-Cycle Control, Functional Electrical sometimes cumbersome and can obstruct the movement of
Stimulation, Rehabilitation, Surface Electrical Stimulation, the limb. Therefore, this study focused on miniaturizing the
Wireless System electrical stimulator and on removing the connection code

using wireless technology.

In training with FES for rehabilitation, repetitive move-
ments of limbs have to be controlled appropriately by stimulat-
Functional electrical stimulation (FES) can be an effective ing the relevant muscles. Closed-loop FES control is required
method of assisting or restoring paralyzed motor functions  to suppress variations of initial position and muscle response,
caused by spinal cord injury or cerebrovascular disease. FES  and muscle fatigue in the exercise and to derive benefit from

introduction
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the rehabilitation. Tracking control of joint angles of the lower
limb is a difficult problem because of nonlinearity and signifi-
cant time delay, both affecting the responses of the musculo-
skeletal system to electrical stimulation. For this purpose, the
fuzzy FES controller based on the cycle-to-cycle control [7-9]
was modified and implemented in the wireless FES system
for rehabilitation in this study. The cycle-to-cycle control is
a control method for restoring cyclic movements such as gait
by using FES [10-11]. Each muscle contraction is controlled
by single burst of stimulation pulses with constant pulse am-
plitude, pulse width and frequency to induce joint movement
reaching the target joint angle, in which the stimulation burst
duration is regulated.

The purpose of this study is to show the effectiveness of the
wireless FES system in which the fuzzy cycle-to-cycle control
was implemented for repetitive movement control through
control tests with neurologically intact and hemiplegic sub-
jects. In this paper, the wireless surface electrical stimulation
system combined with the fuzzy FES controller based on the
cycle-to-cycle control was developed. The developed wireless
feedback FES system was examined in knee joint control. First,
the maximum knee extension angle control stimulating one
muscle was performed to find the basic performance of the
closed-loop control with the wireless system with neurologi-
cally intact subjects and hemiplegic subjects. Then, the maxi-
mum knee flexion and extension angle control was performed
as a preliminary test of controlling a sequence of movements
stimulating two muscles with neurologically intact subjects.

Wireless surface electrical stimulation system

The wireless surface electrical stimulation system consists
of three parts: the fuzzy FES controller implemented on the
PC, surface electrical stimulator and sensor. For wireless
communication between the controller and the stimulator
and between the controller and the sensor, a 2.4 GHz wire-
less transceiver module (WCU-241, K2-denshi) was used.
The stimulus data determined by the fuzzy FES controller is
transmitted to the stimulator through the wireless transceiver
modules. The stimulator generates electrical stimulation
pulses immediately after receiving the stimulus data. The data
was composed of stimulus voltage, stimulus pulse width and
monophasic/biphasic pulse type. The current system can send
the stimulus data of up to 4 channels together. The sensor data
are digitized by a 10 bit A/D converter with 40 Hz of sampling

6, servor|n-1] Fuzzy

«_rf "1 Controller e
Hnw:({”" 1 J E-OAF
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frequency in the wireless transceiver module and transmit-
ted to the fuzzy FES controller through wireless transceiver
module as feedback signal. It is possible to receive the sensor
data of up to 4 channels simultaneously. The topology of wire-
less communication is the point-to-point connection between
the controller and the stimulator and between the controller
and the sensor, in which the original protocol (the packet con-
sisting of the data of Preamble, Address, Payload and Cyclic
Redundancy Check) is used. The bit rate and the latency of
the transceiver module are up to 250 kbit/s and about 2ms,
respectively.

Electrical stimulator consists of the wireless transceiver
module, the boost converter and the stimulation pulse gen-
erator. The boost converter stores electric charges in a tank
capacitor and generates high voltage pulse required for the
surface electrical stimulation (maximum output voltage:
128V). The stimulator generates monophasic or biphasic
pulse. The maximum stimulation frequency was 520 Hz. In
usual FES control, stimulation pulses with a constant stimu-
lation frequency smaller than about 100 Hz are used. High
frequency stimulation pulses are sometimes used in research
work as a doublet or a triplet [12-13], in which stimulation
frequency is about up to 300 Hz. The overall size of the pro-
duced stimulator was 70 x 55 x 30 mm. The stimulator’s power
is supplied by 4 AAA batteries. The electrical stimulator could
output stimulation pulses continuously more than 20 hours
(monophasic pulse train, frequency: 20 Hz, pulse width:
0.3ms, pulse amplitude: 80 V).

Outline of fuzzy FES controller based on cycle-
to-cycle control

The block diagram of the fuzzy FES control for repetitive
movement is shown in figure 1. Output of the fuzzy controller
was automatically adjusted by two parameters: error-based
output adjustment factor (E-OAF) and sensitivity-based
factor (S-OAF). Therefore, the burst duration of stimulation
pulses of a current cycle TB[n] is regulated by the following
formula:

TB[n]=TB[n-1] + ATB[n]

where TB[n-1] is the stimulation burst duration for the
cycle just before the current one and ATB[n] is the output of
the fuzzy controller adjusted by the 2 factors.

The fuzzy controller was designed as multi-input single-
output (MISO) controller with two inputs of ‘error’ and

S-OAF j—ry

A4

9°%B

Musculo-
skeletal
system

9!1“13:( [’n}

+ 4 TE{/?}’

TB[n-1]

Figure 1. Block diagram of the Fuzzy FES control for repetitive movement. S-OAF, sensitivity-based output adjustment factor; E-OAF, error-based
output adjustment factor; 0., target maximum angle; 0, maximum joint angle produced by TB; 0 ,, joint angle change produced by TB.
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‘desired range. The ‘error’ was defined as the difference
between the target angle and the maximum angle elicited
by the burst stimulation pulses. The ‘desired range’ was
defined as the difference between the target angle and the
angle at the stimulation onset. The E-OAF is determined
by the error of the cycle just before the current cycle, which
increases the output value of the controller if the error is
large, and decreases if the error is small. The S-OAF is de-
termined by joint angle production ratio that is defined as
the ratio of joint angle change to stimulation burst duration,
0,,/TB, which means sensitivity of the muscle to electrical
stimulation.

figure 2 shows an example of input and output member-
ship functions of the fuzzy controller for knee extension
angle control. Input membership functions were expressed by
triangular and trapezoidal fuzzy sets. The membership func-
tions of the ‘error’ and ‘desired range’ comprised 7 and 3 lin-
guistic terms, respectively, and that of the output variable was
expressed as 11 fuzzy singletons. The membership functions
of the E-OAF comprised 5 linguistic terms, and the output
variable was expressed as 5 fuzzy singletons. The membership
functions of the S-OAF comprised 3 linguistic terms, and the
output variable was expressed as 3 fuzzy singletons.

The fuzzy inference was accomplished by using the Mam-
dani method. Center of gravity (COG) was used in the de-
fuzzification process. Parameter values of the fuzzy controller
were determined based on control results and values obtained
in our previous studies [7-9], which were fixed during the
experiments.
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Knee extension angle control with
neurologically intact subjects and hemiplegic
subjects

Experimental methods

The vastus muscles were stimulated through surface elec-
trodes (SRH5080, SEKISUI PLASTICS), and maximum knee
extension angle was controlled by the surface electrical stimu-
lation system (figure 3). Two neurologically intact subjects
(subject A, B) and two hemiplegic subjects caused by cerebral
apoplexy (subject C: 76-year-old right sided hemiplegic male
patient, subject D: 38-year-old left sided hemiplegic male
patient) participated in the experiments. Subjects’ consent to
participate in the experiment was obtained.

The subject seated in the chair (GT-30, OG Giken) and
relaxed his legs during experiments. To maintain the sitting
position, the trunk of hemiplegic subject was fixed to the chair
with band. The sitting position of the neurologically intact sub-
jects was determined by themselves and that of the hemiplegic
subject was determined by adjusting the back of the chair in
the forward and backward direction for appropriate knee joint
movement. Consequently, the initial joint angle was about 65°
in neurologically intact subjects and about 80° in hemiplegic
subjects (0° means full knee extension). The target angle was
30° (range of knee extension angle was about 35°) for neu-
rologically intact subjects and was 70° or 65° (range of knee
extension angle was about 10° or 15°) for hemiplegic subjects.
The target angle was determined based on the maximum
knee extension angle developed by electrical stimulation. The
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Figure 2. Input/Output membership functions of the fuzzy controller. Input membership functions were expressed by triangular and trapezoidal
fuzzy sets. The membership functions of the ‘error’ and ‘desired range’ comprised 7 and 3 linguistic terms, respectively, and that of the output
variable was expressed as 11 fuzzy singletons. The membership functions of the E-OAF comprised 5 linguistic terms, and the output variable was
expressed as 5 fuzzy singletons. The membership functions of the S-OAF comprised 3 linguistic terms, and the output variable was expressed as 3
fuzzy singletons. S, small; M, medium; L, large; NL2, negative large 2; NL1, negative large 1;NL, negative large; NM, negative medium; NS, negative
small; Z, zero; PS, positive small; PM, positive medium; PL, positive large; PL1, positive large 1; PL2, positive large 2.
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Figure 3. Experimental setup of the knee extension control.
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values of fuzzy membership functions for neurologically in-
tact subjects were determined in previous experiments with
other subjects [8,9]. The values of fuzzy membership func-
tions for hemiplegic subjects were determined after adjusting
their values of neurologically intact subjects from the results
of preliminary experiments.

In one experimental session, 100 cycles were performed
with neurologically intact subjects, and 35 cycles were per-
formed with hemiplegic subjects to reduce physical load.
The knee joint angles were measured with an electric goni-
ometer (M180, Penny & Giles). The output signal of the
goniomenter was digitized by a 10 bit A/D converter with
40 Hz of sampling frequency. Pulse width and pulse fre-
quency was fixed at 0.3 ms and 20 Hz, respectively. Stimulus
pulse amplitude was determined so as to develop target
joint angle without pain before the experiment. Initial value
of TB was 0 s.

Results

An example of control results with a hemiplegic subject (Sub-
ject C) was shown in figure 4. Stimulation burst duration TB
increased as the number of cycles increased, and then the
maximum extension angle was reached to the target angle at
the 4th control cycle. In the first few cycles, the value of E-
OAF was large, which shows the E-OAF worked effectively in
early cycles in order to reach the targets with small number of
cycles. The value of S-OAF was large at the most cycles, which
shows the S-OAF compensated for the weak muscle response
of this subject.

For evaluating control results, settling index (SI), mean er-
ror (ME) and mean variation (MV) were calculated (table 1).
SI was defined as the number of cycles that were required to
reach the target joint angle with absolute error that was less
than or equal to 3°. ME was mean value of the absolute error
between the target angle and the produced maximum exten-
sion angle in cycles after reaching the target. MV was mean of

Copyright © 2010 Informa UK Ltd.

the difference in controlled joint angles between two consecu-
tive cycles after reaching the target. The number in parenthe-
ses in table 1 shows the result for the first 35 cycles that is the
same evaluation condition as the hemiplegic subjects. As seen
in table 1, SI was 3-5 cycles, ME was less than 1° for all tri-
als and MV was approximately 1°. The evaluation indices for
the hemiplegic subjects showed similar values as those for the
neurologically intact subjects.

The developed system performed well in the knee exten-
sion control with all subjects. However, there were some
cases that the value of S-OAF did not change dynamically
to the change in the sensitivity. Figure 5 shows relationship
between the sensitivity and the S-OAF of each cycle after
reaching the target in the knee extension angle control. The
value of sensitivity was about between 20° and 50°/s in the
hemiplegic subjects and about between 50° and 90°/s in
the neurologically intact subjects. The value of sensitivity
in the hemiplegic subjects was small compared to those of
neurologically intact subjects, because muscle responses
to electrical stimulation were weak with the hemiplegic
subjects. The controller used in the experiments adjusted
output values (TB) by the S-OAF for subject A (0.7-1.0) and
C (1.2-1.5). For Subjects B and D, values of the S-OAF were
about 1.0, which shows little adjustment by the S-OAF The
role of the S-OAF is to compensate variation of the muscle
properties between subjects, change in muscle response and
muscle fatigue. In the control tests, parameter values for the
S-OAF were determined based on the previous results [8].
That is, for paralyzed subjects, considering weak muscle
responses to electrical stimulation, values of sensitivity for
the input membership function (M) were set between 10°/s
and 70°/s with 40°/s for the center. Those sensitivity val-
ues were similar to those for a neurologically intact subject
whose muscle responses were considerably weak [8]. Since
the adjustment of the S-OAF was little with one hemiplegic
subject and one neurologically intact subject compared with
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Figure4. Anexample of control results of the maximum knee extension
angles (Subject C trial 2).

the change in sensitivity, the modification of the S-OAF will
be necessary.

Knee flexion and extension control with
neurologically intact subjects

Based on the results of the previous section, the range of val-
ues of input and output membership functions of the S-OAF
were expanded, and the number of terms were increased in
order to adapt to changes in these muscle responses. The max-
imum knee flexion and extension angle control was examined
as a sequence of movements stimulating two muscles with

18-
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’ \\
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I i sl
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Figure 5. Evaluation results of sensitivity and S-OAF in knee extension
angle control.

Table 1. Evaluation results of knee extension control.

Subject range of Max. knee extension control

extension SI (cycle) ME (deg) MYV (deg)
A35° 5 0.8 (1.2) 1.0 (1.4)
B 35° 3 0.7 (0.7) 0.9 (1.0)
C 10° (trial 1) 3 0.6 0.8

C 15° (trial 2) 4 0.8 0.8

D 15° 3 0.9 1.0

‘The number in parentheses shows the result for the first 35 cycles that is the same
evaluation condition as the hemiplegic subjects.

neurologically intact subjects because of safety for hemiplegic
subjects in positioning during control.

Experimental methods

The maximum knee flexion and extension angles were con-
trolled in one cycle stimulating the hamstrings and the vastus
muscles by the surface electrical stimulation system with 7
neurologically intact subjects (figure 6). Subject’s consent to
participate in the experiment was obtained. The subject sat on
the equipment keeping his position by his upper limbs. The
initial knee joint angle (neutral position) was approximately
30° and target angles were 45-70° for knee flexion and 10° for
extension (the maximum angle of knee extension is defined
as 0°). Starting condition for each control cycle was when the
difference of knee joint angle between two consecutive cycles
is less than 0.3° for the 20 consecutive samples after 6 sec-
onds from the time when the maximum extension angle was
detected in the previous control cycle. The hamstrings were
stimulated first and then the vastus muscles were stimulated
after detecting the maximum flexion angle.

Pulse width was fixed at 0.2 ms. Other electrical stimula-
tion condition and the measurement method of knee joint
angle were same as the experiment of knee extension control.
Initial value of TB is 0 s and 35 cycles were performed in
each control session. Three control sessions were performed
for each subject with the time interval between 20 min and
30 min.
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Figure 6. Experimental setup of the knee flexion and extension control.

For the hamstrings, the fuzzy model of the S-OAF was
changed to have 7 linguistic terms for input membership
function and 7 singletons for the output variable. For the vas-
tus muscles, the fuzzy model of the S-OAF was changed to
have 4 linguistic terms for input membership function and 4
singletons for the output variable.

Results

Both maximum joint angles were controlled with five subjects,
but sufficient knee flexion angle was not produced by the elec-
trical stimulation with two subjects. One example of control
results is shown in figure 7. The maximum flexion and exten-
sion angles reached their targets with small number of cycles (3
for the flexion and 4 for the extension, respectively) and were
controlled stably during the stimulation cycles after reaching
the target. As shown in the case of knee extension control, the
E-OAF worked effectively in early cycles and the burst duration
was adjusted appropriately by regulating the value of S-OAF
(about 1.2 for flexion and about 0.8 for extension, respectively)
to compensate for different muscle responses.

For evaluating control results, SI, ME and MV were cal-
culated (table 2). SI was 3-5 cycles, ME was less than 4° for
flexion control and less than 2° for extension control. MV was
less than 5° for flexion and less than 2.5° for extension.

Discussions

The developed wireless surface electrical stimulation system
combined with the fuzzy controller performed well in the knee
angle controls. The system realized reaching the target within
about 5 cycles. In most of trials, the mean error after reaching
the target was less than about 3°, and the mean variation after
reaching the target was less than about 3°. These control results
were similar to the results in our previous reports [9], which
were obtained by using previous wired stimulation system.
In addition, under the condition of the longer control cycles
than the previous report [9], the maximum knee extension

Copyright © 2010 Informa UK Ltd.

angle was controlled stably with neurologically intact subject.
Therefore, the wireless surface electrical stimulation system
combined with the fuzzy controller was considered to func-
tion effectively as a closed-loop controller.

The developed system worked well with hemiplegic sub-
jects in the knee extension control. Although the muscle re-
sponse produced by the electrical stimulation with the hemi-
plegic subjects was weak compared to those of neurologically
intact subjects, the ability of fuzzy FES controller based on
the cycle-to-cycle control is considered to be appropriate to
reach the target angle and to compensate difference in muscle
properties between subjects. Therefore, the developed system
is expected to be practical in clinical applications.

Stimulation burst duration (TB) was adjusted appropri-
ately, and the knee joint angle was controlled stably by the
fuzzy controller with two parameters of the E-OAF and the S-
OAF in both control tests. For large error between the control
angle and the target angle in early cycles, the E-OAF worked
effectively to reach the target with small number of cycles in
all subjects. After reaching the target angle, the E-OAF was
small because the error of the obtained knee joint angle was
small. In contrast, the S-OAF worked to compensate for the
different muscle responses during all the stimulus cycles
automatically based on the value of sensitivity. These results
showed that both of the E-OAF and S-OAF would be effective
in controlling the repetitive execution of similar movements
for rehabilitation.

In the knee extension angle control, the value of S-OAF
did not change dynamically to the change in sensitivity with
some subjects. Therefore, the range of values of input and
output membership functions of the S-OAF was expanded
and the number of terms was increased, and then the knee
flexion and extension angle control was examined. Figure 8
shows the sensitivity and the S-OAF of each cycle after reach-
ing the target obtained in the knee flexion and extension angle
control. The value of the S-OAF changed dynamically as the
sensitivity changed. It may be better to expand the range of the
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Table 2. Evaluation results of knee flexion and extension control.

Max. knee flexion control Max. knee extension control
Subject SI+ 8D (cycle) ME # 8D (deg) MYV = 8D (deg) SI(cycle) £ SD ME # SD (deg) MV 1 SD (deg)
E 4.0+1.0 2.3+0.1 2.9+0.2 3.7+0.6 1.3+£0.2 1.2+0.3
F 2.7+£0.6 3.3+£0.5 3.7+1.1 3.3+£0.6 0.9%0.1 1.1+0.2
H 3.0+0.0 1.3£0.2 1.6+04 3.0+£0.0 0.9+0.2 1.3+0.4
] 4010 23%1.3 34+1.6 2.7+1.6 1.4+0.5 1.7+0.8
K 37106 21212 29217 3.0£0.0 1.5+0.1 2.020.1
Average 3.5+0.8 2.3+0.9 29+1.2 3.1+0.5 1.2+0.3 1.5£0.5
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0% 5 10 15 20 25 36 35 gravitational effect. For optimal movement control, it is re-
Cycle Number quired to modify by using directly measured muscle activity
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Figure 7. An example of control results of the maximum knee flexion The developed wireless surface FES system by using the
and extension angles (Subj. K, 1st trial). wireless transceiver module is expected to improve ease of use.
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However, the wireless communication has problems such as
delay and interference. The delay of wireless communication
between the wireless modules used in the developed system
was small (2ms) enough compared to the sampling period of
ADC (25ms) and the stimulus period (50 ms). Therefore, it
is considered that the influence of the delay of the wireless
communication on the performance of the cycle-to-cycle
controller was small in this system. The interference in wire-
less communication was not caused in the experiments using
the wireless transceiver module for the 2.4 GHz (Industrial,
Scientific and Medical: ISM) band. However, the interference
problem does not always cause in the wireless communica-
tion. It is necessary to deal with the problem of the wireless
communication by modifying the communication software
including time management within each module, the retrans-
mission processing and so on.

The setting of the goniometer for movement measurements
is not so easy for rehabilitation training because of limited at-
tachment position and requirement of complicated calibration
process. The measurement of movement using wearable sensor
such as a gyroscope and accelerometer [14] would be suitable
for clinical application of feedback FES control system.

Conclusion

In this study, the small surface electrical stimulator was de-
signed, and then the wireless surface FES system combined
with the fuzzy controller based on the cycle-to-cycle control
was developed. In order to show the effectiveness of the wire-
less FES system implemented the fuzzy cycle-to-cycle control
for repetitive movement control, the developed wireless FES
system was examined in knee joint controls with neurologi-
cally intact and hemiplegic subjects. The developed system
performed well in the knee joint angle controls adjusting
stimulation burst time appropriately as a closed-loop control-
ler with both hemiplegic subjects and neurologically intact
subjects, which shows that the wireless FES system can real-
ize stable control. The wireless surface electrical stimulation
system would be practical in clinical applications of repetitive
execution of similar movements of the limbs for motor
rehabilitation with FES.

Copyright © 2010 Informa UK Ltd.
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Abstract: Chemically durable microspheres containing
yttrium and/or phosphorus are useful for intra-arterial radio-
therapy. In this study, we attempted to prepare yttrium phos-
phate (YPO4) microspheres with high chemical durability.
YPO, microspheres with smooth surfaces and diameters of
around 25 um were successfully obtained when gelatin drop-
lets containing yttrium and phosphate ions were cooled and
solidified in a water-in-oil emulsion and then heat-treated at

1100°C. The chemical durability of the heat-treated micro-
spheres in a simulated body fluid at pH = 6 and 7 was
high enough for clinical application of intra-arterial radio-
therapy. © 2011 Wiley Periodicals, Inc. J Biomed Mater Res Part B:
App! Biomater 99B: 45-50, 2011.
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INTRODUCTION

Intra-arterial radiotherapy of malignant liver tumors has been
performed using radioactive yttrium-containing micro-
spheres. Yttrium-89 (®9Y) is a nonradioactive isotope with a
natural abundance of 100%; neutron bombardment activates
8% to form the P-emitter °°Y, which has a half-life of 64.1 h.
When radioactive microspheres 20-35 um in diameter are
injected into a target organ, they are trapped inside small
blood vessels in the tumor, blocking the nutritional supply to
the tumor and delivering a large, localized dose of short-range,
highly ionizing B-rays. The B-rays penetrate only about 2.5 mm
in living tissue, thus causing little radiation damage to neigh-
boring healthy tissues. These microspheres show high chemical
durability, and the radioactive °°Y remains essentially within
the microspheres and does not affect neighboring healthy tis-
sues. The radioactivity of °°Y decays to a negligible level within
21 days after neutron bombardment. Therefore, the micro-
spheres become inactive soon after the cancer treatment.

So far Y,03-Al,05-Si0, (YAS) glass microspheres
(TheraSphere®)®~® and yttrium-containing resin microspheres
[SIR—Sph‘C:x‘es@)&8 have yielded good results in clinical tri-
als.>*? They have been used clinically to treat metastatic
liver carcinoma and unresectable hepatocellular carcinoma in
various countries including the United States, Canada, China,
Australia, New Zealand, Singapore, and European coun-
tries.!>?® The Y,05 content in TheraSphere® is 17 mol %,?°

Correspondence to: M. Kawashita; e-mail: m-kawa@ecei.tohoku.ac.jp

and the yttrium content in SIR—Spheres® is speculated to be
small because SIR-Spheres® have relatively low specific
radioactivity around 50 Bg/microsphere compared with
TheraSphere® (around 2500 Bq/microsphere).12¢ The
radioactivity of these microspheres decays significantly
even before cancer treatment is started because of the
short half-life. Therefore, the development of chemically
durable microspheres having a higher yttrium content is
desirable. We have developed dense Y,03 microspheres,3°
hollow Y,0s microspheres,®! and porous Y,0; micropar-
ticles®? with high chemical durability in vitro.

On the other hand, phosphorus-31 (3'P), found at a natural
abundance of 100%, can also be activated by neutron bom-
bardment to form the B-emitter 32p which has a half-life of
14.3 days. Microspheres containing a high phosphorus content
are therefore expected to be effective for cancer treatment,
similar to yttrium-containing microspheres.3*3* Previously, we
attempted to prepare yttrium phosphate (YPO4) microspheres
by a high-frequency induction thermal plasma melting method
and found that they showed high chemical durability in vitro3°
However, they lost a certain amount of phosphorus to form
Y,05, and their surfaces were rather rough owing to the loss
of phosphorus from volatilization at the higher synthesis tem-
peratures (above 10,000°C). It is feared that the rough surfa-
ces of the microspheres would damage blood vessels. In this
study, we attempted to prepare YPO, microparticles with a
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FIGURE 1. XRD patterns of samples before and after heat treatment
at different temperatures.

smooth surface and investigated their structure and in vitro
chemical durability to evaluate their potential as a radioactive
source in intra-arterial radiotherapy.

MATERIALS AND METHODS

Sample preparation

A precursor precipitate containing yttrium and phosphate
ions was obtained by the following solution precipitation
process.>® Equimolar (8.4 mM) amounts of yttrium nitrate
(Y[NOgz]s: Wako Pure Chemical Industries, Osaka, Japan) and
phosphoric acid (HzPO4: Wako Pure Chemical Industries,
Osaka, Japan) were dissolved in 300 mL of pure water
Aqueous NaOH solution (56 mM, 150 mL) was added to the
Y(NOs)3~-H3P0O, solution under stirring for 20 min, resulting
in an opaque solution. This opaque solution was centrifuged
at 4000 rpm for 5 min and decanted to obtain white precip-
itates. The precipitates were washed several times with
pure water. Then, 2.5 mL of 0.1M nitric acid aqueous solu-
tion was added to 10 g of the white precipitates to obtain a
stable sol solution.3® Gelatin (0.5 g; APH-250, Nitta Gelatin,
Osaka, Japan) was dissolved in 5 mL of the sol solution. The
resultant solution was dropped into 50 mL of corn oil
(Wako Pure Chemical Industries, Osaka, Japan)} at 30°C and
stirred at 1000 rpm for 10 min to obtain a water-in-oil
emulsion. The emulsion was cooled in an ice bath to solidify
the gelatin-containing water droplets. The solidified droplets
were filtered and washed with cold ethanol and then freeze-
dried for 6 h in a freeze dryer (FD-1000; Tokyo Rikakikai
Co., Tokyo, Japan). Finally, the freeze-dried samples were
placed in an alumina boat, heated to various temperatures
(700—1500°C) at a rate of 5°C/min in a SiC or MoSi, elec-
tric furnace, and kept at the given temperature for 1 h.

Structural analysis

The shapes of the microspheres were observed using a
scanning electron microscope (SEM; VE-8800, Keyence,
Tokyo, Japan). The precipitated phase was examined with a
powder X-ray diffractometer (XRD; RINT-2200VL, Rigaku
Co., Tokyo, Japan) using the following settings: X-ray source,
Ni-filtered CuKo radiation; X-ray power, 40 kV, 40 mA; scan-
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ning rate, 26 = 2°/min; and sampling angle, 0.02°. The
structure of the heat-treated microspheres before and after
an in vitro chemical durability test was investigated by Fou-
rier-transform infrared spectroscopy (FT-IR; FT/IR-6200,
JASCO, Tokyo, Japan) with a diffusive reflection attachment
(DR-PRO410M, JASCO, Tokyo, Japan). For the FT-IR diffusive
reflection spectroscopic measurement, potassium bromide
(KBr) powder was mixed with the samples. The sample con-
tent in KBr pellets was around 0.5 wt %.

In vitro chemical durability test
A simulated body fluid (SBF) with ion concentrations of Na*
142.0, K+ 5.0, Mg®* 1.5, Ca®* 2.5, CI” 147.8, HCO3 4.2, HPO;~
1.0, and SO;~ 0.5 mM was prepared by dissolving reagent-
grade NaCl, NaHCOs, KCl, K;HPO,-3H,0, MgCl,-6H;0, CaCl,
and NaySO, (Nacalai Tesque, Kyoto, Japan) in ultrapure water
and buffering to pH 7.40 with tris(hydroxymethyl) aminometh-
ane ([CH;OH]3CNH;) and 1M HCl (Nacalai Tesque, Kyoto, Ja-
pan) at 36.5°C3” Then, the pH value of the SBF was adjusted
to 6 (SBF-6) or 7 (SBF-7) by further addition of 1M HCL

The microspheres (0.025 g) heat-treated at 1100°C were
soaked in 10 mL of SBF-6 or SBF-7 in a polypropylene bot-
tle at 36.5°C for various periods up to 21 days. The pH
value of a normal body fluid is maintained at around pH 7,
but this value is liable to fall to around pH 6 near a cancer

Before heat

_treatment 700°C

1500°C

o
3

FIGURE 2. SEM photographs of samples before and after heat treat-
ment at different temperatures.
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