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Abstract

Objective : To evaluate the capability for gait cycle detection using a tri-axial accelerometer and
gyroscope in hemiplegic patients.

Materials & Methods : Twenty hemiplegic patients participated in this study. The sensors
were placed on the tibial tubercle of the affected knee. We divided the patients into groups
according to Brunnstrom stage to evaluate whether the sensors can detect gait cycle irrespective
of the degree of paralysis. To evaluate whether errors and delay times seen in signals of the sen-
sors were too pronounced for a hemiplegic patient’s gait, we asked 5 hemiplegic patients, who had
errors and delay times, to walk with functional electrical stimulation (FES) from signals of only
the sensors and compared walking speed and step cadences for walking with and without stimula-
tion.

Result : Outputs of the sensor signals had some errors and were behind the output of heel sen-
sor signals. The total number of steps was 912. The total number of errors was 20 (2.0%).
Average delay time was 0.058 sec (N=20). There were no significant differences among
Brunnstrom stages in terms of appearances of errors and average delay times (»>0.05 ; Kruskal-
Wallis rank-sum test). Five patients who were asked to walk with FES from signals of the sen-
sors had faster walking speed and fewer steps than when walking without FES (p<0.05 ;
Wilcoxon signed rank test).

Conclusion : Although errors and delay times were observed in the output of the sensor signals,
patients who were asked to walk with FES from the sensor signals could obtain a better walking
ability.

Key words : functional electrical stimulation (FES), gait cycle detection, hemiplegia, accel-
erometer
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electrical stimulation (FES) system, which can provide
active gait correction.

In 1961, Liberson et al. were the first to use FES to
correct foot drop in hemiplegic patients. They stimulat-
ed the peroneal nerve electrically via electrodes attached
to the skin at the head of the fibula and used a stimulator
controlled by a switch in the heel of the shoe on the af-
fected foot?.

of foot drop has been studied®”. We have also used an

Since its introduction, FES for correction

FES system with a heel sensor to correct foot drop®.
Although some researchers have recently reported
gait cycle detection using an accelerometer instead of a
heel sensor and succeeded in detecting gait cycle’ ',
practical applications of FES using accelerometers for
hemiplegic patients have not been reported. Recent
studies have been reported on an alternative gait cycle
detection system involving a heel sensor. Jasiewicz et
al. reported on gait cycle detection using a tilt sensor
placed on the knee and the foot, and using an accelerom-

eter placed on the foot'".

Shimada et al. reported gait
cycle detection using a tilt sensor placed on the lateral
thigh, and using an accelerometer placed on the lateral
thigh'”. They reported that a tilt sensor was not suit-
able for gait cycle detection of hemiplegic patients but an
accelerometer did enable such gait detection. By plac-
ing an accelerometer and a gyroscope on the tibial tuber-
cle of the affected knee, we consider that we can detect
gait cycle and stimulate the peroneal nerve at the same
time and at a single site without the need for shoes to be
worn. We carried out FES by using the signals of a tri-
axial accelerometer and a gyroscope for hemiplegic pa-
tients and inspected whether errors of a tri-axial acceler-
ometer and a gyroscope have a detrimental influence on
the gait of hemiplegic patients.

The purpose of this study is to evaluate whether a tri-
axial accelerometer and a gyroscope mounted on the
knee can detect the gait cycle of hemiplegic patients and
can improve the gait of hemiplegic patients without hav-

ing a detrimental influence.

Methods

Subjects

Twenty hemiplegic patients (14 males, 6 females) par-
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Fig. 1.

A tri-axial accelerometer and a gyroscope
fixed on one base (2.0 X 1.4 cm).

ticipated in this study. They have suffered chronic
stroke (more than 6 months having passed since the on-
set), and could walk by themselves using walking assis-
tance tools and AFO. The average age was 66 years old
(range, 41-84 years).
Brunnstrom stage.

follows : Stage 3 : 5 patients, Stage 4 : 5 patients, Stage

We classified them in terms of the
The numbers in each stage were as
5: 7 patients, and Stage 6 : 3 patients. They were asked
to walk at least 30 m at their normal self-selected pace
on a flat floor. They were permitted to use tools to as-
sist in walking and AFO. The local ethical committee
approved the study and all subjects participating in the

study provided informed consent.

Devices

A tri-axial accelerometer (Hitachi Metals H48D,
4.8%x4.8x1.5 mm) and a gyroscope (Murata ENC-03R,
4.0x8.0x2.0 mm) were fixed on one base (2.0x1.4 cm)
and were fixed on the tibial tubercle of the affected knee
using a belt (Fig. 1).
affected sole as a control signal (Click BP, Tokyo Sensor
Co., 35x17x4 mm).
walk) and collected signals from the accelerometer, the

A heel sensor was placed on the

We asked patients to walk (first

gyroscope and the heel sensor. The collected signals
were sent to a data logger (Hioki 8430 Memory Hilogger)
by wire online. A data logger recorded these signals ev-

ery 10 msec.

Protocol

The signals recorded in the data logger were trans-
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ferred to a computer via an SD card for processing using
Neural Network Learning (MATLAB Neural Network
Toolbox). The use of Neural Network Learning (NNL)
enables detection of gait cycle by using only a tri-axial
accelerometer and a gyroscope by means of converting
their signals into signals showing swing and stance phas-
es, like the signals of a heel sensor. After establishing
NNL, we asked patients to walk (second walk), with data
NNL train-
ing was performed for each subject separately : in other

processed by NNL, and collected data again.

words, signals were recorded and the results of NNL
were rewritten one by one.

The data obtained from the second walk were com-
pared with the data obtained from the heel sensor, which
was used to provide a control signal. We converted the
data into a graph and counted the number of errors. If
the graph signals of NNL were different from the graph
signals of the heel sensor, this was counted as an error.
In addition, delay times were observed in the output of
the tri-axial accelerometer and the gyroscope compared
with the output of the heel sensor. We measured the
duration of the delay times.

To investigate whether errors and delay times seen

with the tri-axial accelerometer and the gyroscope were
too pronounced for a hemiplegic patient’s gait, 5 patients
who had errors and delay times were asked to walk with
FES and without FES from only tri-axial accelerometer
and gyroscope signals on a 10-m course. We compared
walking speed and steps of hemiplegic patients. The
Brunnstrom stages of these 5 patients were as fol-
lows : Stage 3 : 2 patients, Stage 4 : 2 patients, and Stage
5:1 patient. Selected patients were those who did not
require AFO for their walking.

For walking with FES, the sensors were placed on the
tibial tubercle of the affected knee again and we stimulat-
ed tibialis anterior and peroneal nerve using surface elec-
trode (Pulsecure Pro®). We compared walking speed
and steps with FES and without FES. Requirements for
FES walking were data studied by NNL, surface elec-

trode, and converter (total size 7x10%3 cm).

Results

Twenty patients completed the program. We com-
pared the signals of the accelerometer and gyroscope

with the signals of the heel sensor. Typical graph exam-

Output signals of a heel sensor and an accelerometer and a gyroscope

66 years old male

-------- heel sensor

accelerometer
& gyroscope

57 years old male
"""" heel sensor

accelerometer
& gyroscope

Fig. 2-2

Fig. 2. The solid line shows heel sensor signals.

The dotted line shows tri-axial accelerometer and gyroscope signals

processed by NNL. We can see that the line representing signals of an accelerometer and a gyroscope follows the line

representing signals of a heel sensor in Fig. 2-1.

The arrow in Fig. 2-2 shows an error.

We can see different signals

between the line representing an accelerometer and a gyroscope and the line representing a heel sensor.
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Table. The ratio of the error detection with regard to The result of a 10-m course walking test
Brunnstrom Stage .
misec Walking speed Steps -

Brunnstrom Stage 3 4 5 6 06 . 28 —
Steps 212 231 328 141 * [
errors 6 7 7 0 ] =T
Average (%) 159 353 193 0 ]

Delay times with regard to Brunnstrom Stage

(sec) | 03 ‘
0.25
0.2
0.15
0.1 I
0.05 \:

Brunnstrom Stage

Fig. 3. This graph shows delay times appearing in
signals from an accelerometer and a gyroscope with
regard to Brunnstrom stage. No significant difference
in delay times was found among Brunnstrom stage
groups (p>0.05, Kruskal-Wallis rank-sum test).

ples are shown in Fig. 2-1 and 2-2 (Fig. 2-1 is a good pat-
tern and Fig. 2-2 is a failed (appearing errors) pattern).
If the signals of the tri-axial accelerometer and gyroscope
did not follow the signals of the heel sensor, it was count-
ed as an error. The total number of calculated steps was
912.

The total number of errors was 20 (2.2% of total
steps). Thirteen patients did not have any errors and 7
patients had 20 errors. With regard to the Brunnstrom
stage, the numbers of steps in each stage were as fol-
lows : Stage 3:212, Stage 4 :231, Stage 5:328, and
Stage 6 : 141, and the percentages of errors were as fol-
lows : Stage 3 : 1.59%, Stage 4 : 3.53%, Stage 5 : 1.93%,
and Stage 6 : 0% (Table).

ferences among Brunnstrom stages in terms of the ap-

There were no significant dif-

pearance of errors (p>0.05; Kruskal-Wallis rank-sum
test).
erometer and the gyroscope was not affected by the de-

This means that the utility of the tri-axial accel-

gree of paralysis.
Outputs of the tri-axial accelerometer and the gyro-

38 %345
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Fig. 4. The left graph shows walking speed (m/sec) of
5 patients with FES from signals of the sensors and
without FES (barefoot). The average walking speed
was 0.544 m/sec in cases without FES and 0.578 m/sec
in cases using FES. The right graph shows number
of walking steps of 5 patients with FES from signals of
the sensors and without FES (barefoot). The average
number of walking steps was 23.6 in cases without
FES and 22.0 in cases using FES. Patients who were
given FES could walk faster and take fewer steps than
those with barefoot (»<0.05; Wilcoxon signed rank
test).

scope signals were behind the outputs of heel sensor sig-
nals. The average delay time was 0.058 sec (N=20).
With regard to the Brunnstrom stage, average delay
times were as follows : Stage 3:0.0907 sec, Stage 4:
0.0275 sec, Stage 5 : 0.038 sec, and Stage 6 : 0.0976 (Fig.
3). There were no significant differences among
Brunnstrom stages in terms of average delay time
(»>0.05; Kruskal-Wallis rank-sum test).

To investigate whether the errors and delay times
seen with the tri-axial accelerometer and the gyroscope
were too pronounced for a hemiplegic patient’s gait, 5 pa-
tients who had errors and delays were asked to walk with
FES and without FES from only tri-axial accelerometer
and gyroscope signals on a 10-m course. All patients
selected for a 10-m course test were the patients who did
not have to equip AFO, and all patients were compared
their walking speed and steps in their bare foot with
those in FES. Patients with FES from signals of only
the tri-axial accelerometer and gyroscope had faster
walking speed and fewer steps than patients without FES
(p<0.05 ; Wilcoxon signed ranks test) and they did not
stumble (Fig. 4).
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Discussion

A heel sensor has generally been used to detect gait
cycle. However, some faults with heel sensors have
been discussed. A heel sensor that is used on a daily
basis has problems with durability and a long electric
wire is needed to connect the heel sensor to the stimu-
lator. Recently, FES system using a heel sensor without
an electric wire has been developed””. However, a heel
sensor is not suitable for the Japanese lifestyle where
one needs to take off their shoes'® and a sensor and a
stimulator had to be set up on separate place. If we can
detect gait cycle near stimulation point, the detection of
gait cycle and the stimulation of muscle and nerve will be
possible at one place and FES device may be able to be
smaller.

In this study, we used NNL to analyze gait cycle detec-
tion. Kostov et al. reported that sensor signals were re-
corded using a pressure sensor installed in the insoles of
a subject’s shoes and a goniometer attached across the
joints of the affected leg in a subject with spinal cord in-
jured. The machine-learning techniques used were
adaptive logic network and inductive learning algo-
rithm'.

used to construct FES controllers to control the timing of

Tong et al. reported that neural networks were
stimulation. Two subjects with incomplete spinal cord
injury were recruited, using different numbers of sensors
in the sensor set and different numbers of data points
from each sensor. The result showed that the neural
network controllers can maintain a high accuracy'. Al-
though we used network system similar to theirs, some
errors and delay times were observed in this study.
Some reasons for these errors can be considered. We
used same the sensors throughout this study and put the
sensors on the same position by marking to avoid dislo-
cation. And the signals of sensors were sent to a data
logger by wire exactly as it was. So there seems to be
no possibility of the sensors causing errors. However,
the signals were filtered with 10 Hz for recording a data
when the signals were sent to a data logger and a data
logger recorded these signals every 10 msec. So we
expect that the cause of errors is due to processing time
of the signals ; filtering of the signals or interval of re-

cording the signals.

A tri-axial accelerometer has been used for gait analy-

19,20)

sis recently Such studies suggest that accelerome-

ters are reliable for assessment. Although gait analysis
using a tri-axial accelerometer has been carried out, clin-
ical validity of using a tri-axial accelerometer and NNL
for hemiplegic patients has not been reported. So as-
suming various margin of errors with using an acceler-
ometer, processing a data, and using NNL have not been
evaluated either. We want to compare the influence of
errors and delay time for FES walking with a convention-
al device. However literatures of evaluating delay time
and clinical assessment together have not been reported
as far as we search.

In the current case, although there were some errors
and delay times, there were no significant differences
among Brunnstrom stages in terms of average delay
times and appearance of errors. In addition, by using
FES from the signals of an accelerometer and a gyro-
scope, the gait ability of hemiplegic patients was im-
proved without any troubles. However, the size of our
FES system was relatively big (7 cmx10 cm X3 cm) and
honestly, it was not comfortable for hemiplegic patients
to use for daily outfit yet. There is a room for improve-
ment in the size of our FES system, We are trying to re-
duce the size to a minimum. An accelerometer and a
gyroscope have potential for the development of compact

FES systems.
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