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Abstract. We have developed a shoe-type measurement device which is able to 
measure gait information such as step length, width and pressure distribution 
while daily living. We hypothesized that a walking rehabilitation system could 
be realized by combining shoe-type device and comprehensively display which 
showed analytical results for gait with real time operation. In this paper, based 
on the previous researches, real time operation for foot position measurement 
was realized by improving hardware and software. However, measurement er-
ror became larger than that in offline operation. The reason was thought to be 
time difference in synchronization which was necessary to realize wireless 
measurement system. By considering time difference, most measurement errors 
became smaller. In the next research, it would be necessary to decide time     
difference in any communication condition. 
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1 Introduction 

The physician and physical therapist combine a 3D motion analyzer and a force plate 
(a ground reaction force measurement system) to reach an objective judgment of the 
patient's gait at the hospital. However, the use of these devices is complicated, and 
these methods have limitations as to the space required, the number of steps required 
and real-time data collection. Therefore, the use of these devices is limited to the hos-
pital and the rehabilitation site. In addition, these devices cannot give walking guid-
ance for rehabilitation. Therefore, we have been developing a system which assists 
walking rehabilitation [1, 2]. Several kinds of sensors were mounted on rehabilitation 
shoes and certain types of information, such as the step length, walking speed and 
pressure distribution, could be obtained by means of that shoe-type device. A similar 
system, called "GaitShoe," has already been developed [3]. The difference between 
that system and ours lies in the purpose. That is to say, the purpose of that system is to 
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evaluate the walk, whereas the purpose of our system is to give the user information 
about the feet during walking, in addition to evaluating the walk. In our system, the 
information on the feet is transmitted by a wireless system to a signal processing unit, 
and the foot position and pressure distribution are displayed in real time. By looking 
at this display, the physician, physical therapist and patient can understand the present 
condition of the gait. 

2 Outline of Our Measurement Device  

Figure 1 shows the outline of our system. Our device consists of a shoe-type device 
onto which sensor units (gyro sensor, acceleration sensor, ultrasonic sensor and pres-
sure sensor), a wireless module, an electronic tag to collect the data from the shoe-
type device, and a display for the gait information are installed. The shoe-type device 
collects the gait information (step length, step width, pressure, etc.). The collected 
data are sent to a personal computer by a wireless module. The gait information ne-
cessary for rehabilitation is displayed on the screen based on the collected data. The 
doctor, physical therapist and patient can understand the state of the gait based on the 
information shown on the screen. 

With our device, we first measured the foot position during the swing phase (Fig. 
2). By using foot rotational angle based on integrated data of three-axis gyro sensor, 
data of three-axis acceleration sensor were converted into three dimensional accelera-
tion data (x-axis, y-axis and z-axis). And, after integral calculus was executed for x, y, 
and x-axis acceleration data, summation of integrated acceleration data in the direc-
tion of x, y and z-axis were defined as foot position in the x, y and z-axis. However, 
the integral calculus of the data sent by the gyro sensors/acceleration sensors generat-
ed an integral error. Then, we used our device to measure the distance between both 
feet by means of an ultrasonic sensor and a gyro sensor during the double-support 
phase in order to correct the integral error. After obtaining foot rotational angle by 
using gyro sensor, x and y-axis distances between both feet were calculated by trian-
gulation method which was applied to a pair distance data between one ultrasonic 
transmitter and two ultrasonic receivers.  

The gyro sensor was installed at the toe, and was set to measure 300 [deg/s] of foot 
rotation during walking. The acceleration sensor was also installed at the toe, and was 
set to measure 10 [g] of foot acceleration during walking. The maximum values (300 
[deg/s] and 10 [g]) were determined in a preliminary examination. Four ultrasonic 
receivers were arranged on the inside of the shoe, and two ultrasonic transmitters 
were arranged around the heel on each foot, in order to measure a step length of about 
0.6 m during walking. We used eight pressure sensors which were installed on the 
insole, and those sensors were arranged to measure the track of the COP (center of 
pressure) inside the sole. Also, the timing of ground contact of the foot was deter-
mined from the pressure change. IC tags, which were placed at certain spots, were 
used to measure the absolute location and correct the position of the feet. 

First trial manufacture of shoes-type measurement device was developed [4].  
From evaluation in terms of clinical usability, it was found that a physical therapist or 
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physician would be able to evaluate the walk using our first device and walking reha-
bilitation such as increasing step length would be performed by patients themselves. 
Moreover, it was found that our first device measured distance between both feet with 
about 0.05 [m] in the range of 0.1~0.6 [m] during the double-support phase. However, 
there were some cases that distance measurement could not be well done because step 
length was larger than 0.6 [m]. The reason was that number of ultrasonic sensor was 
insufficient to cover necessary area. 

 

Fig. 1. Outline of our measurement system 

 

Fig. 2. Measurement method 

Then, we redesigned and made the second trial manufacture of shoe-type mea-
surement device [5]. Twelve ultrasonic receivers and five ultrasonic transmitters were 
set on both shoes in order to increase measurement area (1 [m] x 1 [m]) according to 
the results of simulation. However, sampling rate for ultrasonic sensors and pressure 
sensors was degraded to 15 [Hz] from 30 [Hz] because that increase number of ultra-
sonic sensors caused increase transmission data. On the other hand, sampling rate for 
acceleration sensor and gyro sensor was increased to 100 [Hz] by separating these  
two sensors from other sensors such as ultrasonic sensors, because 30 [Hz] in first 
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manufacture was not enough to measure acceleration and angle change accurately. 
Moreover, maximum measuring gravity of acceleration sensor increased to 16 [g] and 
maximum measuring rotation increased to 1,500 [dps]. In spite of improvement of 
acceleration and gyro sensor, it became impossible to measure foot position in real 
time operation because of not enough time to make control software [5].  

Then, in this paper, we made the measurement system which could be performed 
in real time operation and investigated the measurement accuracy of our system. 

3 Experiment  

3.1 Redesigned Device 

Photograph of device was shown in figure 3. Seven ultrasonic receivers were set on 
the toe, two were set on the side and three were set on the heel of the shoe. Five ul-
trasonic transmitters were set on the heel of the shoe. Eight pressure sensors were set 
on the insole for each shoe. Wireless data transmitter, signal processing unit with 
A/D and battery were set in the black box on the toe. Gyro sensor and acceleration 
sensor which were separated from the black box were set under the black box of the 
toe. The acceleration sensor and gyro sensor was sampled at 100 [Hz], while other 
sensors were 30 [Hz]. Data were inputted into a computer wirelessly and all data 
were synchronized.  

 

Fig. 3. Photograph of the second trial manufacture 

To decrease measurement error when measuring distance by using ultrasonic sen-
sors, the particle filter (PF) was used. In the particle filter, after comparison between 
all measurement data, most probable data was estimated from the view point of like-
lihood function, and making weight to all data and distance was measured. This PF 
method was expected to have smaller measurement error than the LSM (Least squares 
method, which was used in the previous research [5]) because that the PF method 
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calculated the distance stochastically from all data and therefore this method could 
absorb discrepancies in ultrasonic data. Moreover the PF method was expected not to 
be influenced by initial value because that distance was decide from using many mea-
surement data while the LSM used only two measurement data. 

3.2 Experimental Method 

In order to investigate effectiveness of our proposition, measurement error of distance 
was calculated.  

Measurement error of distance between both feet was evaluated for our device dur-
ing walk. Experimental setup was shown in figure 4. Subjects were three young stu-
dents who had no physical disorder. Subject was asked to walk straightly for about 
four steps within measurement area. Subject wore our shoe-type measurement device 
to measure distance between both feet. Also, motion of our device was measured by a 
motion capture system. This motion capture system was composed of eight infrared 
cameras and infrared reflection markers were set on toe and heel of shoe. Sampling 
rate of motion capture system was 60 [Hz]. Trial was repeated three times for each 
subject. Then, both feet distance was measured for over ten steps for each subject. In 
addition, measurement was performed in real time operation.  

 

Fig. 4. Experimental setup for measuring distance error during walk 

3.3 Experimental Results 

Results were shown in figure 5. Vertical axis shows average measurement error in 
[m]. The legend shows that blue bars indicate the results of offline method in previous 
research [5] and red bars indicate the results of real time operation method in this 
experiment. Left two bars, middle two bars and right two bars show the results of 
distance between both feet, distance in x-direction and distance in y-direction, respec-
tively. Definition of distance between both feet, distance in x-direction and distance in 
y-direction are shown in figure 6.  

From this graph, measurement error in distance between both feet was 0.038±0.015 
[m] and there was not so big difference between offline method and real time operation 
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method. However, measurement error in x-direction was 0.055±0.019 [m] and that in  
y-direction was 0.072±0.042 [m]. These measurement errors in real-time operation  
method became worse than those in offline method.  

 

Fig. 5. Difference of measurement error between offline method and real time operation method 

 

Fig. 6. Definition of distances in experimental environment 

One reason why measurement errors in real time operation method became larger 
than those in offline method was hypothesized to be the time difference in synchroni-
zation between ultrasonic sensors of left foot and right foot. From the data analysis, 
there was 0.12 [ms] of time difference on average between both feet during walking 
experiment, although time difference was designed to be almost zero theoretically. 
This time difference meant about 0.04 [m] in distance calculated from sound velocity. 
This time difference was thought to cause bigger errors in real time operation.  

Then, distance was tried to be corrected by considering distance difference of 0.04 
[m] for all data obtained by ultrasonic sensors. Figure 7 shows the results. The blue 
bars indicate the results without any consideration and these bars were the same as the 
red bars in figure 6. While, red bars in figure 7 indicate the results after considering of 
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0.04 [m] for the blue bars in figure 7(that is red bars in figure 6, without any consider-
ation). From figure 7, measurement errors for both feet and y-direction became small-
er but measurement error in x-direction did not decrease. The reason was thought to 
be that distance in x-direction was small and time difference was not so big. However, 
because distance in y-direction was relatively big and time difference was relatively 
big, consideration of time difference became effective. In this experiment, walking 
area was small and communication environment for data transmission did not change. 
Therefore, more detailed investigation for this time difference consideration was 
thought to be necessary.  

 

Fig. 7. Influence of time difference correction on measurement error 

4 Conclusion 

In this paper, we introduced our shoe-type gait measurement device. Based on the 
previous research, we made a system which could measure gait information in real 
time operation. However, measurement error in real time operation method became 
bigger than that in offline method. We hypothesized the reason of deterioration was 
time difference between both feet in order to realize real time operation. Then, in 
order to confirm hypothesis, most of measurement errors became smaller if time dif-
ference was considered.  

In the next research, we would like to find a method in which time difference was 
decided in any kind of communication environment.  
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