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Abstract - Human walking motion shows various information including involuntary behaviors such as walking patterns, ground 
conditions, health conditions, as well as conscious actions such as system control and communication. Such information can be used 
to establish interface with ubiquitous network systems. Therefore, human walking motion detection plays a key role for such 
interface. Human motion including walking motion can be analyzed with the motion capturing systems. However, those systems 
require spatial hardware such as sensors and cameras, and special environments for the measurement. Therefore, it is not suitable 
for the everyday life. Video image analysis is also proposed to trace the human motion as an alternative approach. However, this is 
not suitable for the daily use, either. This paper proposes a new approach towards the estimation of human walking motion using 
wearable small acceleration sensors and several other sensors, which can be used in everyday life. Compared to the typical 
approach using the motion capturing system to capture and track human motion, this paper discusses the feasibility of the 
proposed approach using the walking motion simulation..  
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I. INTRODUCTION 
 
 Gesture recognition technique enables humans to 
interface with the machine and interact naturally without 
any mechanical devices [1]. Gestures can originate from 
any bodily motion but commonly originate from the face or 
hand [2][3]. This study focuses on the human walking 
motion to be used as an interface to the system. Human 
walking motion shows various information including 
involuntary behaviors such as walking patterns, ground 
conditions, health conditions, as well as conscious actions 
such as system control and communication. How to 
capturing the human motion is the key to use it as an 
interface. Tracing walking motion in this study is no 
exception.  In addition to the objective to trace the walking 
motion, motion capturing in mobile use is the critical 
requirement in this study. Motion capturing techniques 
based on the image processing are often used for this 
purpose. However, it is not suitable to use in this study.  
 This study proposes an approach using small 
acceleration sensors to detect human walking motion and to 
analyze the status and condition of walking motion. First, 
this paper overviews the typical motion capturing approach. 
Then the proposed approach is presented, including model 
building, simulation, and method behind the calculation. 
The results of the experiments are also presented to show 
the feasibility of the proposed method.  
 

II. MOTION CAPTURING OVERVIEW 
 
 Motion capture system traces human motion and builds 
computer simulation model. Originally developed and 

applied in medical analysis for athletes, the motion 
capturing system now are used to build human behavior for 
computer graphics characters, too.   

 

 
 

Figure 1. Motion capturing system overview 
 

 Figure 1 shows a snapshot of a typical motion 
capturing system which is called KinemaTracer [4]. The 
snapshot show video clip, 3D model, analytical tools, graph 
views, etc. 
 The basic procedure of KinemaTracer includes Data 
acquisition, Reconstruction of 3D representation, Model 
matching, and Kinematic extraction. Motion capturing can 
be achieved as shown in Figure 2. Color markers attached 
to the joints of the subject human body shown in the video 
images at the left side of the figure corresponds to the joints 
of the ball-stick model on the right hand side of the figure. 
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Tracing the trajectory of the markers, the ball-stick model, 
or kinetic model behaves precisely the original motion of 
the human subject.   
 

 
 

Figure 2. Motion capturing for walking motion 
 

   

 
 

Figure 3. Motion capture using 4 video cameras 
 

 A motion capturing system such as KinemaTracer 
requires the special environment for measuring the human 
motion using the installed cameras as shows in Figure 3. 
Before the motion capturing measurement, a series of 
preprocessing is required. For example, calibration of the 
system using a control object is required each time before 
the measurement. Colored markers need to be attached to 
the joints of the human subject. The human subject wears 
tight clothes so that the video camera could trace the body 
motion in a precise manner. All of these requirements may 
be accepted for the experimental purposes. However, this 
kinds of system are not suitable for daily use.  
 To reduce the burden on the subject, an alternative 
approach to motion capturing without the colored markers 
has been reported [5-9]. For example, a markerless motion 
capture of human subjects using multiple calibrated 
cameras has been reported. It uses articulated shape models 
such as super-quadrics to represent the humans. The 
markerless motion capture procedure consists of estimating 
the human body model parameters for the human subject, 
initializing the pose for a set of frames, and tracking the 

pose for the complete sequence. However, it is not suitable 
for applying to the human interface applications because of 
the application environment just like the motion capturing 
system.  
 This study proposes an approach to motion capturing 
for mobile use with small acceleration sensors and applied 
it to build a locomotion model for biped walking. The next 
sections briefly overview of this approach.  
 

III. LOCOMOTION MODEL FOR BIPED WALKING 
 
 Motion capturing can cover the whole movement of 
the human body. However, this study focuses on the 
walking motion because its objective is to propose an 
approach to human interface system. Therefore, the target 
portion of the body in this study can be regarded as biped 
walking portion of the human body.  

 

 
 

Figure 4. Biped locomotion model 
 
 Biped walking locomotion model could be built from 
the conventional motion capturing method as shown in 
Figure 4. The left picture in the figure shows the model of 
the whole body. The middle picture in the figure shows the 
leg portion of the model for locomotion model. The right 
picture in the figure shows the geometrical representation 
of the locomotion model.  
 The goal of this study is to build the biped walking 
locomotion model without using the motion capturing 
system like KinemaTracer. Figure 5 shows the flow of 
walking motion detection in this study. The lower flow in 
Figure 5 shows the basic approach to build the locomotion 
model using the motion capturing system. In the mean time, 
this study proposes a small acceleration sensor approach, or 
sensor-based approach instead of using the motion 
capturing method. The upper flow in Figure 5 shows the 
proposed approach in this study.  
 The next section covers the overview of the sensor-
based walking motion detection, describes how to 
implement this approach.  
 
IV. OVERVIEW OF THE SENSOR-BASED WALKING 

MOTION DETECTION 
 
 This section covers the overview of the sensor-based 
walking motion capturing approach proposed in this study. 
Instead of using the motion capturing system based on the 
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Figure 5. Sensor-based walking motion detection 

video images, this proposed method uses small acceleration 

sensors attached to the human body so that the walking 
motion could be status could be recognized in a daily use.  
 
  

 
Figure 6. Sensor-based walking motion detection 

 
 Figure 6 shows the schematic image of the use of the 
wearable equipment based on the sensor-based approach. 
Considering the mobile use, the equipment is designed to 
be wearable, which is composed of touch sensors installed 
inside of the pair of shoes and a belt porch with a small 
acceleration sensor and PIC microcomputer. For 
experimental purposes, the porch is connected with the 

walking stick, which is equipped with two small 

acceleration sensors and a touch sensor at the end point.  
 

 
Figure 7: process flow 

 
 Figure 7 shows the process flow of the sensor-based 
approach.  Streaming data transmitted from the sensors are 
processed by the PIC microprocessor, and post-processed 
by the PC connected with a serial connection. Locomotion 
model simulation using MATLAB [10] is executed based 
on the calculated data in the PC. This simulation is 
implemented to evaluate the data. Therefore, it is not 
required by the user interface purpose in a mobile 
environment.  

Figure 8 shows the circuit diagram of the control board 
in the belt porch. The interval time of data transmission 
between the control box and PC is set at 0.1 sec at the speed 
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of 9600 bps in the experiment.  small acceleration sensor 
used in the experiment is KMX-52-1050, of which 
measuring range is +/- 2G, which is measured by the A/D 
converter of PIC16F819. The touch sensor was recorded as 
1 bit digital signal.  

 

 
 

Figure 8: circuit diagram 
 

 
 

Figure 9: control box 
 
 Figure 9 shows the photo image of the inside of the 
control box.  
 

 
 

Figure 10: control box 
 
 Figure 10 shows the snapshot of the GUI window for 
the serial data transmission.  Start, stop, time reset, and data 
saving can be controlled by this program.   
 

 
Figure 11: acceleration sensor data 

 
 Figure 11 shows an example of acceleration sensor 
data which was obtained during walking motion.  
 

 
V. RESULTS AND DISCUSSION 

 
A. Data acquisition and analysis to recognize walking 
status 
 Three healthy male subjects were recruited from 
undergraduate students for the experiments. The test task 
was to walk 5.20 m on the five different conditions, 
including flat floor, up/down slope, and up/down staircase.   
 Flat floor: The subject was asked to walk at a constant 
speed for 5.20 m. However, the walking speed depends on 
each subject. Before and after the walk, 2 sec. pause was 
taken so that the measurement detects the start and end of 
the walk.  
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Figure 12. Acceleration graph for walking on a flat floor 

 
 Up/Down stairs: The subject was asked to walk 
up/down the stairs in the same manner as the flat floor 
walking. In addition to the one-step walk on each stair, two-
step walk for each stair was also performed. The stair used 
in this experiment was 2.90m horizontal length for 1.85 
total high for 10 steps.  
 Up/Down slope: The subject was asked to walk 
up/down the slope in the same manner as the flat floor 



T ITO: WALKING MOTION ANALYSIS USING SMALL ACCELERATION SENSORS 
 

IJSSST, Vol. 10, No. 3                                                                                                ISSN: 1473-804x online, 1473-8031 print 
 

69

walking. The slope used in this experiment was 5.20 m 
horizontal length and 0.35 m height. 
 

 
 

Figure 13. Acceleration graph for walking up a stair case 
 

 Figure 12 shows the acceleration graph in the flat floor 
walk and Figure 13 shows that of the stair case walking up. 
The frequencies of each step detected by the touch sensor 
were 0.756 on the flat floor walk, and 0.156 on the stair 
case of one step walk.  
 Figure 14 and Figure 15 show the frequency graph for 
the flat floor walk and the staircase walk. It shows that the 
peak value was observed in vertical axis and walking 
direction at the frequency of 1.40Hz in the flat floor walk, 
whereas the peak value was observed at 0.781Hz and 
0.625Hz in the stair case walk. These values show the 
significant difference between the flat floor walk and the 
staircase walk, which provides a hint to recognize the 
ground condition and status of walking motion.   
 

 
Figure 14. Frequency graph for walking on a flat floor 

 

 
 

Figure 15 Frequency graph for walking up the staircase 
 

B. Locomotion model building 
 This section covers the procedure to build the 
locomotion model. The locomotion model is built by the 
physical measurement data and acceleration data.  
 

 
Figure 16:  Calculation of coordinates for hip, knee and heel 

 
 Figure 16 shows the basic procedure to calculate leg 
coordinates. The distance a and b can be measured, whereas 
the distance c and d can be calculated from the coordinates 
of waist and ankle, then the distance can be calculated from 
the distance c and d.  
 

 
Figure 17:  Hip coordinates calculation 

 
 Figure 17 shows the calculation of hip coordinates. 
Knee coordinates can also be calculated as show in Figure 
18, 19 and 20, considering the data size of Yk and Yb. 
 Figure 21 shows how walking distance is calculated 
using touch sensors, which can be used as the ankle 
coordinates.   
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Figure 18:  Knee coordinates calculation 
 
 

 
 

Figure 19:  Knee coordinates calculation 
 
 

 
 

Figure 20:  Knee coordinates calculation 
 
C. Simulation tool 
 This section covers the simulation tool developed in 
this study to show the walking motion based on the 
locomotion model described in the previous section. To use 
the walking motion status as an interface to the system, it 
does not need the graphical simulation. However, to 
analyze the status of walking motion, this simulation tool 
shows the walking animation based on the results of 
analysis. Therefore, this simulation software is a critical 
part of this study.  
 

 

 
 

Figure 21:  Walking distance estimation 
 
 KinemaTracer software provides a tool to build a 
walking simulation based on the coordinate data recorded 
by the motion capturing procedure. However, the software 
does not provide SDK for customization for the extended 
study. Therefore, this study implemented a simulation tool 
based on a MATLAB program.  
 

 
Figure 22. Procedure for biped walking simulation 

 
 Figure 22 shows the process flow using the tool, which 
is composed of three basic modules, including CSV file 
loader, coordinates calculator and animation generator. 
 The first one is “CSV file loader”, which loads the data 
file obtained from sensors. The data file contains raw data 
which is transferred to the coordinate calculator to generate 
coordinate data for locomotion model animation.  
 The second one is “coordinates calculator”, which 
calculates the coordinates. For example, X, Y and Z of 
waist coordinates are calculated from the data obtained 
from the small acceleration sensor. The knee coordinates 
are calculated from the combination of physical 
measurements of the subject. Figure 15 shows the 
geometric graph of the subject leg, which shows a primitive 
calculation for the coordinates.  
 The third one is “animation generator”, which shows 
walking animation based on the calculation results from 
coordinate calculator module.  
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Figure 23. Biped walking animation by motion capturing 
 

 Figure 23 shows the simulation of the biped walk 
extracted from the flat floor walk by motion capturing, 
which is identical to the simulation of KinemaTracer. This 
means that the simulation of walking motion can be carried 
out in this simulation tool without using KinemaTracer.   

 
 

 
 

Figure 24. Biped walking animation by sensor-based motion analysis 
 
 Figure 24 shows the walking animation based on the 
sensor-based walking motion tracking data when a subject 
walks on the flat floor. The animation is not as smooth as 
that of Figure 23. However, walking status can be 
recognized from this simulation.  
 
D. Discussion  
 
 The proposed method or sensor-based motion detection 
was presented. This section covered the hardware and 
software for this approach. The experimental results were 
presented to show that the data collection can be feasible 
during walking motion, and the walking motion status can 
be recognized.  
 
 

VI. CONCLUDING REMARKS 
 
 This paper proposed a new approach to recognize 
walking status using small acceleration sensors. Compared 
to the alternative approaches using the motion capturing 
system to capture and to track human motion, this paper 
discusses the feasibility of the proposed approach using the 
walking motion simulation. The goal of this approach is not 
merely motion capturing, but to find one of the ways 
towards ubiquitous network interface. The test results show 
that the walking status can be recognized based on the data 

obtained from small acceleration sensors and some 
additional sensors. It is assumed that additional number of 
small acceleration sensors enables to increase the capacity 
of walking status recognition. Future works need to clarify 
that the accuracy of recognition to use as an interface to 
ubiquitous network systems. 
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