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Abstract— In order to evaluate the efficacy of rehabilitation 
for persons with hemiplegia, a therapist usually makes judg-
ment by directly observing posture changes, walking speed, 
activities not only in hospital, but also during daily living. 
Therefore, quantitative assessment of activities is most desir-
able. From this viewpoint, we have developed a device for 
ambulatory monitoring of posture changes, walking speed and 
activity scenario and evaluated its measurement accuracy by 
simultaneous recordings of a digital video camera. In order to 
investigate its applicability to a patient’s activity monitoring, 
we have further developed a new monitoring system which can 
display static and dynamic motion pictures as well as detailed 
angle changes of the trunk, thigh and calf. This system makes a 
therapist to easily understand the patient’s motion during 
training in rehabilitation center and activities during daily 
living. By evaluation on 6 patients with hemiplegia, the pa-
tients’ motions were successfully monitored during walking in 
the rehabilitation center and daily living at their own home. 
The results clearly demonstrated that the system could detect 
detailed motion characteristics, indicating that the system 
appears useful for evaluating quantitatively the efficacy of 
rehabilitation. 

Keywords— Wearable monitoring system, Posture changes, 
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I. INTRODUCTION 

Importance of activity monitoring is well recognized in 
the fields of health care, gerontology and rehabilitation. For 
example, in the field of gerontology, it is one of the key 
subjects for the elderly to maintain their activity in daily life 
in high condition to avoid becoming bedridden. Therefore, 
an objective measurement of activity is essential [1].  

Activity monitoring is also well recognized as being use-
ful in the field of rehabilitation. In order to evaluate the 
efficacy of rehabilitation, a therapist must evaluate motion 
characteristics during standing-up, walking, and so on. 
However, the therapist must usually make assessments 
subjectively using direct observation. Therefore, quantita-
tive assessment of activities is most desirable. One method 
employed is to make recordings using a 3D motion capture, 
but the range over which such recording is possible is usu-

ally limited and data analysis is complicated. Therefore, 
these methods are generally not useful in rehabilitation.  

Some wearable instruments capable of monitoring activ-
ity using accelerometer, gyro-sensor, and so on, have been 
developed [2~8]. But, it is difficult for the therapist to 
evaluate the patient’s posture changes from the data ob-
tained from these devices. Therefore, the wearable system 
has not yet become practical in rehabilitation field. 

On the other hand, we developed a portable device meas-
uring the trunk, thigh and calf angle to the gravitational 
direction to improve of quality of life for the elderly persons 
[9]. At the beginning of development, we used miniature 
electromagnetic inclinometers to measure angles, but had 
problems with limited measurement range and inertial arti-
facts of the weight built in the sensor. To solve these prob-
lems, we used the accelerometer and gyro-sensor for angle 
measurement [10], and developed our system to measure 
the posture changes together with walking speed including 
the slowness of elderly persons (50 cm/s or less) with high 
precision (r=0.99) [11~13]. 

In order to investigate its applicability to a patient’s ac-
tivity monitoring, we have been carrying out the clinical 
evaluation in rehabilitation center [11~13]. In this study, we 
have further developed a new monitoring system which can 
display motion pictures as well as detailed angle changes. 
By evaluation on 6 patients with hemiplegia, the patients’ 
motions were monitored during walking in rehabilitation 
center and daily living at their own home. 

II. SYSTEM OVERVIEW 

Fig. 1 shows the outline of the sensor system for moni-
toring posture changes on sagittal plane together with walk-
ing speed. Lower part shows the block diagram of sensor 
unit. The accelerometer, gyro-sensor, amplifier, Micro SD 
card, transmitter, Battery, CPU, and so on, are installed in 
the sensor unit, and this unit is attached on the subject’s 
trunk, thigh and calf, respectively. The patient’s motion in 
the rehabilitation center is monitored using the telemetering 
system and their activity during daily living at home is re-
corded using micro SD card. 
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Fig. 1 Outline of the monitoring system 

Firstly, it discriminates among postures from walking, 
sitting, lying and standing using the angle changes on the 
sagittal plane calculated from low frequency signals 

(DC~0.5 Hz) of the accelerometers of each part. Specifi-
cally, each posture is determined using the angle thresholds. 
In the static posture such as standing, sitting and lying, the 
angle to the gravitational direction of each part is obtained 
from these low frequency signals of the accelerometers. On 
the other hand, to calculate the angle changes in the trunk, 
thigh and calf during dynamic posture such as walking with 
high precision, angular velocity outputs (0.1~10 Hz) of the 
gyro-sensors of each part are integrated. The initial angle 
value is obtained from the sensor signal of accelerometer 
just before walking. Using the thigh and calf angles in heel 
contact and off and subject’s leg length, walking speed for 
one walking cycle is calculated using the two link gait 
model. We previously reported details of calculation meth-
ods described above and its measurement accuracy [10~13]. 

Upper part of Fig. 1 shows the outline of data display for 
the therapist. Firstly, activity scenarios are displayed as 5 
color bars (standing, walking, sitting, lying and standing-up 
and sitting down). The detailed angle changes, walking 
speed and motion pictures can be displayed by clicking the 
bar of activity scenario. These make a therapist to easily 
understand the patient’s activity and motion characteristics. 

III. SUBJECTS AND METHODS 

4 subjects with hemiplegia (50~85 yrs) had measure-
ments of posture changes during walking in the rehabilita-
tion center. Posture change and walking speed were meas-
ured during 10 m-walking. The posture changes of subjects 
were also recorded using a digital video camera.   

2 subjects with hemiplegia (80, 84 yrs) had measure-
ments of activities during daily living at home after leaving 
the hospital. The measurement are carried out for two hours 
after home visiting rehabilitation, and activity scenarios, 
posture changes, walking speed were evaluated. The lower 
limb sensors were fixed on the paralyzed side.  

Before measurement, we acquired permission from the 
ethical review board at the hospital and the informed con-
sent had been obtained in each patient. 

IV. RESULTS AND DISCUSSION 

Fig. 2 shows typical recordings of the angle changes of 
trunk, thigh, knee and calf before and after rehabilitation in 
male patient using T-cane and MAFO (62 yrs, paralyzed 
side: right, rehabilitation: 21 days). The patient had meas-
urement during 10 m-walking before and after rehabilitation 
program. From these results, the range of knee angle 
changes obtained after rehabilitation became larger than 
those obtained before rehabilitation, and cyclic angle 
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changes of trunk, thigh and calf were also detected. These 
results show that the subject could control the gait by flex-
ion and extension of the knee after rehabilitation, indicating 
that the efficacy of rehabilitation program could be evalu-
ated by the quantitative data obtained from the system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Typical recordings of the angle changes of trunk, thigh, knee and 
calf during walking before and after rehabilitation 

Fig. 3 shows analytical results for a long-term rehabilita-
tion in male patient with non-cane and non-brace (56 yrs, 
paralyzed side: right). Each plot denotes the average value 
during 10 m-walking after rehabilitation. Each plot denotes 
the average value during 10 m-walking after rehabilitation. 
20 walking cycles were accumulated in standard deviation: 
SD of the thigh angle in heel contact. 

From these results, the walking speed became faster by 
57 rehabilitation days and then keeping about 0.7 m/s. 
Therefore, the performance of walking could improve and 
keep by the rehabilitation. The range of thigh angle changes 
became larger by the rehabilitation, therefore joint motion 
improved. SD of the thigh angle in heel contact, i.e., repeat-
ability of motion was getting worse by 57 days while the 
walking speed was increasing, but those were improving 
with keeping walking speed by 71 days. It is demonstrated 
that the present system appears useful for quantitative 
evaluation of the efficacy for a long-term rehabilitation.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3 Analytical results for a long-term rehabilitation 

Fig. 4 shows typical recordings of the activity scenario, 
stick picture during sitting, and the thigh angle change and 
walking speed during walking in female subject with hemi-
plegia (84 yrs, paralyzed side: right), in 13 and 34 days after 
leaving the hospital. From these results, the subject was 
almost living with sitting and lying position. In 13 days 
after leaving the hospital, cyclic thigh angle change and 
walking speed were not detected, showing that the subject’s 
gait was unstable. But, in 34 days, cyclic angle changes and 
stable speed-up and slowing-down in walking speed, were 

-10

-5

0

5

10

-20

-10

0

10

20

150

160

170

180

190

-30
-20
-10

0
10

0 5 10 15 20 25

-10

-5

0

5

10

-20

-10

0

10

20

150

160

170

180

190

-30
-20
-10

0
10

0 5 10 15 20 25time [s] 

Tr
un

k 
 

an
gl

e 
[d

eg
] 

Th
ig

h 
 

an
gl

e 
[d

eg
] 

K
ne

e 
an

gl
e 

[d
eg

] 
C

al
f 

an
gl

e 
[d

eg
] 

(B
ef

or
e 

re
ha

bi
lit

at
io

n)
 

(A
fte

r r
eh

ab
ili

ta
tio

n)
 

 

Trunk angle  

Thigh angle  

Calf angle  (+) (-) 

-10

-5

0

5

10

-20

-10

0

10

20

150

160

170

180

190

-30

-20

-10

0

10

0 5 10 15 20 25

-10

-5

0

5

10

-20

-10

0

10

20

150

160

170

180

190

-30

-20

-10

0

10

0 5 10 15 20 25

Tr
un

k 
 

an
gl

e 
[d

eg
] 

Th
ig

h 
 

an
gl

e 
[d

eg
] 

K
ne

e 
an

gl
e 

[d
eg

] 
C

al
f 

an
gl

e 
[d

eg
] 

Heel off 

Heel contact  

time [s] 

Knee angle  

Heel off 

Heel contact  

0.3

0.4

0.5

0.6

0.7

0.8

40 45 50 55 60 65 70 75

0.3

0.4

0.5

0.6

0.7

0.8

40 45 50 55 60 65 70 75

-30

-20

-10

0

10

20

40 45 50 55 60 65 70 75

0

1

2

3

4

W
al

ki
ng

 
sp

ee
d 

[m
/s

] 
Th

ig
h 

 
an

gl
e 

[d
eg

] 
SD

 o
f t

hi
gh

 a
ng

le
 

 in
 h

ee
l c

on
ta

ct
 [d

eg
] 

50 60 70 40 

0.4 

0.6 

0.8 

0.7 

0.5 

0.3 
20 

-20 

10 

-10 

-30 

0 

0 

2 

4 

3 

1 

Rehabilitation length [day] 

Heel contact 

Heel off 



4 

detected. From stick pictures, detailed posture in sitting 
position could be evaluated, indicating that the system ap-
pears useful for evaluating activities during daily living and 
the efficacy of home visiting rehabilitation. 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 4 Typical recordings of the activity scenarios and the thigh angle 
change and walking speed during walking in daily living at patient’s home 

V. CONCLUSIONS 

In this study, we have developed a new monitoring sys-
tem which can display motion pictures as well as detailed 
angle changes of the trunk, thigh and calf. By evaluation on 
6 patients with hemiplegia, the patients’ motions were suc-
cessfully monitored not only in rehabilitation center, but 
also during daily living. These results clearly demonstrated 
that the present system could detect detailed motion charac-
teristics, indicating that the system appears useful for evalu-
ating the efficacy of rehabilitation using quantitative data. 
Further investigations will be needed through measurements 
for a longer period of time in many patients. 
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