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Abstract—Monitoring of posture change in sagittal plane and
walking speed is important for evaluate the effectiveness of
rehabilitation program or brace. We have developed a wearable
device for monitoring human activity. However, in the previous
system, there still remain several drawbacks for practical use
such as accuracy in angle measurement, cumbersome cable
arrangements, and so on. In order to improve these practical
drawbacks, a new sensor system was designed, and its
availability was evaluated. The results demonstrated that the
accuracy of this system showed superior to that of the previous,
and this system appears to be a significant means for
quantitative assessment of the patient’s motion.

I

I. INTRODUCTION

II. OUTLINE OF THE SYSTEM
Fig. 1 shows the outline of the sensor system for
monitoring posture change in sagittal plane together with
walking speed. The previous “four units” [10] are combined
into two units, i.e., a trunk unit and lower limb sensors.
Moreover, the gyro-sensor is installed in all of the three
sensor units in order to improve the accuracy in measuring the
angle during posture change and walking speed.
The trunk unit consisted of a 12ch data logger and a sensor
unit for measuring trunk angle change. The lower limb
sensors were specially designed as a knee supporter type, into
which two sensor units were installed. These arrangements
resulted in considerably simplifying the cumbersome cable
assembly for practical monitoring.

N order to evaluate the effectiveness of rehabilitation
program or brace, physical therapist must assess the motion
characteristics during standing up, walking, sitting up, and so
on. However, they must usually assess these activities
subjectively using direct observation. Therefore, quantitative
assessment of activities is important.
Some ambulatory activity monitors have been developed
[1~9], but these devices could not simultaneously measure
Trunk Unit
the posture changes in sagittal plane and walking speed 㧔65x120x22 mm3, 160 g㧕
Thigh sensor
required especially in the fields of rehabilitation. Some
㧔26x41x8 mm3, 10 g㧕
methods also need complicated analysis such as wavelet
transformation.
Given this background, we have developed a wearable
system for monitoring angle changes of trunk, thigh and calf
Lower limb sensors
in sagittal plane together with walking speed [10], and
Calf sensor
reported its usefulness in the rehabilitation field [11~12].
㧔23x23x6 mm3, 5 g㧕
However, in the previous system, there still remain several
drawbacks for practical use as follows: (1) A subject had to
carry all of four units, i.e., three sensor units (trunk, thigh and
calf) and a data logger, and had to wear cumbersome cable
arrangements. (2) As the gyro-sensor was installed only in
the thigh unit, the accuracy in measuring dynamic posture and
Battery
walking speed was not sufficient. In order to improve these
Accelerometer
practical drawbacks, a new sensor system was designed and
Gyro-sensor
its accuracy was evaluated. Using the new system, we also
carried out the quantitative assessment of the patient’s motion
Accelerometer
CF Card
during rehabilitation programs.
Gyro-sensor
(128 MB)
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Recording channel: 12 [ch]
Recording interval: 0.04 [s]
Recording time: 24[h]
AD converter: 10 [bit]
Fig. 1. Outline of the sensor system.

Fig. 2 shows the algorithm for calculating angle of trunk,
thigh and calf in sagittal plane. From the high frequency
signal (0.5~25 Hz) of accelerometer, the motion acceleration
A is calculated. Using this value, the system discriminates
between static and dynamic posture.
In the static posture, the angle to the gravitational direction
of each part șa is obtained from the low frequency signal
(DC~0.5 Hz) of the accelerometer.
In the dynamic posture, the angle change is obtained by
integrating the gyro-sensor signal. The reference output of
gyro-sensor Gref and the initial angle value și are obtained
from the sensor signals just before the dynamic posture.

Accelerometer

Calculation of motion acceleration A
using 0.5 Hz high-pass filter
NO

A>0
YES

Calculation of angle to the
gravitational direction șa
using 0.5 Hz low-pass filter
Static posutre

Gyro-sensor

Dynamic posture

Calculation of angular velocity Z :
(Gyro-sensor output - Gref)/sensitivity

Detecting reference Gref

III. SUBJECTS AND METHODS
Detecting initial angle value și
using șa just before dynamic posture
Calculation of angle change:

Fig. 2. Algorithm for calculating angle in sagittal plane.
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Fig. 3. Experimental setup for evaluating accuracy of angle changes and
walking speed measurement.
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IV. RESULTS AND DISCUSSION
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Fig. 4 shows typical recordings of the angle changes in
sagittal plane during standing up, sitting up and bending
forward in three healthy subjects. Definitions of each angle
(ș1, ș2 and ș3) are schematically shown at the top of the figure.
In these recordings, each line denotes the angle obtained from
the sensor output, while the plots denote those obtained from
four markers (0.03 s intervals). As shown in these recordings,
the angles measured by the sensor system coincide well with
those obtained from four markers.

Angle in sagittal plane

T i  ³ Zdt

ș1 [deg]

Fig. 3 shows an experimental set up for evaluating
accuracy of the system in measuring angle change and
walking speed. Using CCD camera and capture board,
movements of four markers attached on the subjects were
simultaneously recorded with frame speed of 30 frames per
second.
In front of the video camera, six healthy subjects (aged
from 21 to 75 yrs old) were asked to take several posture
changes, e.g. standing-up, sitting-up, walking, etc. Actual
angle to the gravitational direction was calculated using four
markers mentioned above. Estimated angle obtained from the
system was compared with actual angle for evaluating
accuracy of angle change measurement.
On the other hand, 11 healthy subjects (aged from 21 to 75
yrs old) were asked to walk with various walking speed.
Actual walking speed was calculated from the moving
distance of the marker attached on the subject’s trochanter
major. Estimated speed obtained from the system, was
compared with actual speed for evaluating accuracy of
walking speed measurement.
We also carried out the practical monitoring using 2
patients with hemiplegia (59 and 69 yrs) during rehabilitation
program. Informed consent was obtained in each subject
before the studies were carried out. The signals from each
sensor were recorded continuously from throughout the
rehabilitation program, and posture changes of subjects were
also recorded using a digital video camera. The lower limb
sensors were attached on the paralyzed side, and subjects
used a cane during standing up and walking.
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Fig. 4. Typical recordings of the angle changes in sagittal plane.
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Fig. 7 shows the correlation between the walking speed
obtained from VTR and those from the sensor system in 11
healthy subjects. As shown in this figure, estimated values
from the sensor system coincide well with the actual values
and quite good linear relationship is obtained within wide
range of the walking speed. Marked differences between the
subjects were not observed. The results demonstrated that the
accuracy of this system (r=0.999) showed superior to that of
the previous system (r=0.970) [10]
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Fig. 6. Typical recordings of ș2 and ș3 during walking and the method for
calculating walking speed.
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Fig. 5 shows the scatter diagrams between the angles
obtained from the sensor system and those from the four
markers during posture changes in six subjects. From these
results, fairly good liner relationships are observed in each
three part within wide range of the angle. The results also
demonstrated that the accuracy of this system (r=0.997)
showed superior to that of the previous system (r=0.986)[10],
and the new system could measure not only static, but also
dynamic posture with high accuracy.
Fig. 6 shows the typical recordings of ș2 and ș3 during
walking in healthy male subject (75 yrs). The dashed lines
denote the second of heel contact and heel off obtained from
VTR. From these results, maximum value of calf (ș31) and
minimum value of thigh (ș22) coincide with heel contact and
heel off, respectively. Therefore, using the thigh and calf
angles in heel contact (ș21, ș31) and heel off (ș22, ș32), and leg
length (thigh: L1, calf: L2), walking speed Ve is calculated
using the gait model shown at this figure.
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Fig. 5. Scatter diagrams between the angle obtained from VTR and those
obtained from sensor system during posture change including 6 subjects.

Fig. 7. Correlation between the walking speed obtained from VTR and those
from the sensor system including 11 subjects.
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Fig. 8 shows the recordings of trunk, thigh and calf angle
changes during walking, in the male patient (69 yrs,
rehabilitation: 880 days) with or without brace (MAFO).
From these recordings, in non-brace (left), the thigh was seen
to move backwards with excessive degree (dashed line), in
addition two peak points (plots) were detected. But, in
attaching brace (right), the thigh was seen to move front
evenly (dashed line) and the angle change was also smooth,
and thus, the cadence also improved.
Fig. 9 shows the comparison of the angle changes between
before and after rehabilitation program during walking, in
female patient (59 yrs, rehabilitaion: 790 days) attaching the
brace. As shown in this figure, the fluctuations were seen in
maximum values of each part before rehabilitation, but high
repeatability was seen after rehabilitation (Lines).
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posture changes together with walking speed with high
accuracy. Moreover, the attachment and cable assembly of
the present system was convenient, and the algorithm for
calculating angle changes was also simple. Therefore, the
system could be suitable for practical use in rehabilitation.
On the other hand, it is clearly shown through the practical
monitoring that this system could measure the detailed
motion characteristics as dynamic posture, i.e., trunk, thigh
and calf angle change in sagittal plane. Moreover, it is easy
for the therapist to understand the posture changes in sagittal
plane obtained from the system, and thus we suggest that the
system can be a useful and significant means for quantitative
assessment of the motion during rehabilitation programs,
daily living and so on.
For convenience of subjects, development of telemetering
system between the trunk unit and the lower limb sensors is
preferable. This improvement is now in progress, and
structural details and results of long-term measurement using
this system will be reported soon.
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