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Abstract - This paper presents a study on the implementation

of a wearable sensor system for quantitative human motion
analysis and the application of the captioned sensor system to
humanoid robot control. A human motion analysis system based
on the wearable sensor system has been constructed, which is
considerably inexpensive compared with the conventional 3D
motion analysis system based on high-speed camera. Since
conventional camera-based system requires costly devices, vast
space as well as time-exhausted calibration experiments, the
wearable sensor-based system is much low-cost because it is free
of those cost factors. The gyroscopes (ENC-05EB) and two-axis
accelerometers of ADXL202 are incorporated in the system. The
former are taking care of angular velocity measurement of body
segments, and the latter are designated to measure accelerations
of leg in every single human motion cycle. The current human
motion analysis system has been applied in a leg motion
(including foot, shank and thigh, etc.) motion analysis. To
facilitate the calculation of the gait phases which is fed by the
data of sensors output, a fuzzy inference system (FIS) has been
developed and incorporated into the sensor system. A digital filter
has also been introduced to eliminate the noises from the output
of FIS, which enhances the robustness of the system effectively.
Experimental studies have been conducted by utilizing the
current wearable sensor-based system in a humanoid robot "RI"
control. The result shows the reliability of the system.

Index Terms - human motion analysis; wearable sensor
system; gaitphases; humanoid robot.

I. INTRODUCTION

Now the standard method for human motion analysis is the
optical motion analysis using high-speed camera to record
human motion. The integration of three-dimension motion
measurement using multi-camera system and reaction force
measurement using force plates has been successfully devoted
to tracking human body parts and performing dynamics
analysis of their physical behaviors in a complex environment
[1][2]. However, the optical motion analysis method needs
sizeable work space and high-speed graphic signal processing
devices, and as we all know, for this analysis method, the
devices are expensive, and the initial calibration experiments
and offline analysis of recorded pictures are very complex and
time-consuming. Therefore, this method is only limited in
laboratory research, and can't be used for daily applications.
Moreover, human body is composed of many highly flexible
segments, and the up-body motion of human is especially
complicated for accuracy calculations.

Thus, the cheaper and more comfortable gait analysis
device, several sensor combinations, including force sensitive
resistors, inclinometer, goniometers, gyroscopes and
accelerometers, were proposed to perform gait phases analysis
[3]. Many researchers have used single accelerometer or multi-
accelerometer combination to make human gait phase
detection or assessment of daily physical, and these studies
may find applications in clinical and robotics research
[4][5][6][7]. Gait phases detection from accelerometer data
was implemented to distinguish between stance and swing
phase [8], but the large disturbances in the acceleration signal
may affect the real time precision in the clinical application.
The quantitative analysis of human motion was also
investigated in [9], and by using assembled multi-axis
accelerometer sensors, a measurement system was made to
estimate the three-dimensional position and orientation of a
body segment, but the large estimate errors from offset error in
the accelerometer and inaccuracy in the orientation of the
individual accelerometer's active axis, make this system never
suitable for quantitative body segment motion analysis in
biomechanical applications.

In [10], K. Tong and H. M. Grant proposed a measurement
device using two gyroscopes, one placed on the thigh and the
other on the shank, which can estimate knee rotation angle
during walking. This system can detect different phases of
human walking, but the quantitative analysis for leg motion
was not finished in this study. Ion P.1. Pappas al. in [11] used a
detection system consisting of three force-sensitive resistors,
which measure the force loads on a shoe insole, and a
miniature gyroscope chip which measures the rotational
velocity of the foot. The system detects accurately and reliably
the four gait phases in real time, but it was just designed for
the application of functional electrical stimulation.

In this paper, a motion analysis system for the leg segments
quantitative motion analysis of human walking are introduced,
Moreover, the motion analysis sensor system have been used
for a humanoid robot control. This motion analysis system is
the combination of three gyroscope-chips that measure multi-
axis rotational velocities of the foot, shank and thigh, and a
two-axis accelerometer-chip that can output two-direction
accelerations around ankle during walking. Based on this
sensor system, a fuzzy inference system (FIS) is developed to
analyze the outputs of sensors, which can estimate a gait phase
analysis result. To get the clear gait phases change points of
human walking, a digital filter is used to remove noises from
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the outputs of the fuzzy inference system. Finally,
experimental study on leg motion analysis is conducted, and
the motion results of the wearable sensor system are used for a
humanoid robot control.

II. METHODS AND MATERIAL

A. Introduction ofSensor System
As shown in Fig. 1, three gyroscopes are used for the angular

velocity measurement of leg segments, which respectively are
attached on the foot, shank and thigh to measure their angular
velocities ( co,,2 and 03 ). In the local coordinates of three
segments, the active axis of the gyroscopes is along y-axis, and
the z-axis is along bone direction. A two-axis accelerometer is
attached on the side of shank to measure the two-direction
accelerations along tangent direction of x-axis (at) and radial
direction of z-axis ( a, ). In this system the data of
accelerometer is fused for cycle system calibration, through
supplying initial angular displacement of the attached segment.
B. Hardware System Design
As shown in Fig. 2, the wearable sensor system includes an

eight-channel data recorder, a gyroscope and accelerometer
combination unit and two gyroscope units. The two gyroscope
units are attached on the foot and thigh respectively, and the
gyroscope and accelerometer combination unit is located on
the shank, which is near to ankle. The data recorder can be
pocketed by the subject.

Sensor unit 3:
Single-axis
gyroscope sensitive
to v- Ditch velocity

Sensor unit 2:
Single-axis gyroscope
and two-axis
Accelerometer for shank

Y Sensor unit 1:
||| w+ _ ~ _ _l Single-axis gyroscope

sensitive to y- pitch

Toe joint V_lvelocity

Fig. 1 Position and coordinates of the sensor units

Fig. 2 Hardware system of the sensor system

The multi-channel data-recorder is special designed for the
second wearable sensor system. A micro-computer PIC
(16F877A) is used in the design of the pocketed data recorder,
and sampling data from sensors can be saved in a chip of
SRAM which can keep recording for five minutes. The off-line
motion analysis can be performed by feeding the data from the
SRAM through RS232 communication to personal computer.
These sensor units integrate the micro sensor chips (gyroscope
chip and accelerometer chip) and conditional circuits to
measure the leg segments' motion. Since gyroscope (ENC-
03J), accelerometer-chip (ADXL202) and PIC system are
devices with lower working current, the second wearable
sensor system is powered by using a small battery of 300mAh
(NiMH 30R7H).

C. Gait Phases Analysis
In this paper, a normal walking gait cycle is divided into

four different gait phases, i.e., stance, toe-rotation, swing, and
heel-rotation. The definition of the gait phases is given as
followings (as shown in Fig. 3). The stance phase is defined as
the period when the foot contacts with the ground with its
entire length. The toe-rotation phase is defined as the period
following the stance phase during which the front part of the
foot is in contact with the ground and its heel rotates around
toe joint. The swing phase is defined as the period when the
foot is lifted apart from the ground in the air. Finally, the heel-
rotation phase is defined as the period after the swing phase
which begins with the first contact of the foot with the ground
(usually the heel, but not necessarily), then the front part of
foot rotates around heel's contacting point, and ends when the
entire foot touches the ground [12].
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Fig. 3 Transition of the four gait phases

Based on the gait phase analysis during human walking,
we find that the rotational angular velocities of the shank and
thigh are near to zero at the transition point between the swing
phase and heel-rotation phase. Therefore, the accelerometer
can be used for inclination measurement with respect to
gravity acceleration, when shank's radial direction ar is only
affected by the gravity acceleration's projection. Hence, we
can make cycle calibration by measuring initial angular
displacement of the attached segment.

D. Rules designedfor Gait Phases Detection
Physics sense analysis of every phase is performed to

prepare design rules for the gait phase detection algorithm.
When the motion measurement device is worn on the leg, it is
supposed that the subject is viewed from the lateral side and
anticlockwise rotations are considered positive. The y- axis is
the active axis of the gyroscopes, and the z-axis is along bone
direction. The symbols xo, 02 and 03 represent the rotational
velocity of foot, shank and thigh around y- axis respectively. A
two-axis accelerometer is attached on the side of shank to
measure the two-direction accelerations along tangent
direction of x-axis ( at ) and radial direction of z-axis ( ar)
Physics senses of each phase can be defined as following:

1). Ifo 0=°AND e2<0 ANDC 3 <0 ANDaz9.8ANDatzO
Then 'Stance Phase';

2). If co>0 AND 02 >0 AND C3 >0 Then 'Swing Phase';

If co1<0 AND ar#0 AND at#O Then If the case is before the
'Swing Phase' of the same walking cycle Then 'Toe-rotation
Phase' Else 'Heel-rotation Phase'

E. Design ofa Digital Filter
In this section, a digital filer designed for the outputs of FIS

is presented. The inertial sensors are sensitive to the
environmental noise, which makes it difficult to detect the

Fig. 4 Theory of the digital filter

gait phases precisely using a simple algorithm in a micro-
computer. To get the decided gait phases change points of
human walking, a digital filter is employed to remove noise
results from the fuzzy inference system. The inertial sensor
system's signals are recorded at a frequency of 100Hz, and the
normal human walking period is about 1.5 sec, so in the results
of FIS the pulse interrupts with period of no over 0.05 sec can
be confirmed as the errors pulses in the gait phase detection. A
digital filter was designed to filter the error pulses in the
results of FIS. The symbols R(i) and Rf(i) represent the output
result of FIS and last filtered results on the i-th sampling cycle
(i=2,3,4...), and k represents the noise pulse swing value.
Then the rule of the filter is designed as follows. If the
absolute value of R(i-1) subtracted by R(i+3) is far no more
than k, and one of the absolute value among R(i) subtracted
by R(i-1) , R(i+1) subtracted by R(i-1) and R(i+2) subtracted
by R(i-1) is larger than k, then the value of R(i), R(i+1) and
R(i+2) is set as the same value as R(i-1), because in this case
the 50ms sampling range (from i-1 to i+3) must be added in a
noise pulse (see Fig. 4).

III. EXPERIMENT ON HUMAN MOTION ANALYSIS

The experiment of the sensory system for leg motion
analysis is implemented in the following three steps. Firstly,
the sensor devices are worn on the subject's leg to measure 2D
motion of the foot, shank and thigh, and the sensors' data are
saved in the pocketed data recorder. Secondly when the human
motion record is finished, the data in the data recorder will be
fed into personal computer through serial port RS232, then
leg-motion data is prepared for the offline motion analysis
computing. Finally, the leg motion analysis can be performed
to estimate the leg segments' angular displacements.

A. Gait Phase Analysis
When the experiments data are recorded in the hard-disk of

personal computer, the off-line analysis is made to analyze the
gait during walking (Fig. 5 and Fig. 6). The inertial sensors
output signals are easy to be disturbed by external noises of
testing environment, and the static float of the inertial sensors
can also decrease the precision of the measurements in the
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case of long time testing. Therefore, a fuzzy inference system
(FIS) is proposed to improve precision of the detection of gait
phase. The fuzzy system is robust to the noise from the inertial
sensors. We design the fuzzy inference system by the aid of
MATLAB software. The two gyroscopes' outputs and the
accelerometer's two-axis outputs are defined as the four inputs
of the FIS, and the output of FIS is a value of gait phases.

In the design of fuzzy inference system, Mamdani fuzzy
inference method is used in the inference engine. Every fuzzy
input has three fuzzy sets: negative, zero and positive, and
every fuzzy set is defined as saw-tooth function. In the same
way, the output of FIS is defined as four fuzzy sets to de-fuzzy
inference results in the Mamdani method. As shown in Fig. 7,
the four output ranges is named as: stand, toe-r, swing, and I Ti-200 6
heel-r respectively, and the human walking can be separated
into four phases. Fig. 7 Gait phase analysis result of a subject

Angular velocity of foot, shank and thigh
E Foot

B. Quantitative leg motion Analysis
Shank We define the walking cycle (walking cycle number k

4 -------- -- ----,-- --- ------ Thigh 1, 2....) as the period from one stance phase of the foot to the
f1 11 ' ? next stance phase of the same foot. In every walking cycle, the

2 --------L------- ----L- - -X-- -s-------s-- -----X- time points of gait phases transition from stance phase to toe-
rotation phase, toe-rotation phase to swing phase, swing phase
to heel-rotation phase and heel-rotation phase to stance phase

2 F-----r----r -------T-r------ e defined as 74(k) , T42(k) , T43 (k) and T44(k)
'VI1i1 | |l |respectively. The loop frequency of the phase record is 100

4----------- ----------Hz, i.e., equal to the sensors sampling frequency, and the
sampling time points is defined as an integer value i (i = 1, 2,
3....). The foot angular displacement 0(i) can be calculated

-81 using (1) and (2), because the angular velocity of the foot
1 200 300 400 5 600 700 8 9 (w(i)) can be measured using the wearable sensor system.

Time QiUl1s)
However the gyroscope in the sensor system is a kind of
inertial sensor with static float error, so the integral calculation
in (1) should produce cumulated errors in the whole walking

Two-axis acceleration of shank motion analysis.
20

Rad'ial

-E15 whe O(i) O(i 1A) + (co(i 1) + co(i))At /2 (1)

0(O)-Oo; 1,2,3.... (2)

0 r Based on the gait phase analysis of human walking, the
human motion analysis can be implemented by calculating

< r | body segments' angular displacements using inertial sensors.

-1 --------------- ------- --- --- ------- ------- ------- ------- ------- In (3) and (4), O(j)(k) and o(j)(k) are respectively defined
as the angular displacement and angular velocity of the body
segment in kth walking cycle, and the integral calculations are

-201 performed in every walking cycle, which can decrease the
0 1W0 200 300 4005WT 600 7W0 01 900 cumulated errors in the longtime walking experiments.

Time (IIU1 s)

Fig. 6 Two recorded signals of the accelerometer sensors 0()(k) = O(J 1)(k) + (c(- 1)(k) + c(J)(k))At / 2
(3)

where
T41(k)< j<T43(k) k =1,2.... (4)
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The foot, shank and thigh angular displacements ( 01,
02 and 03 ) can be estimated using (3) and (4), because the
angular velocities ( c1, w2 and w3 ) of the three segments can
be directly measured by the attached gyroscopes, and the cycle
initial calibration angle of each segment can be decided
according gait phase analysis results. As shown in Fig. 8, the
object's leg segments' rotational angles are obtained for the
walking analysis experiment using the wearable sensor system.

IV. HUMANOID ROBOT CONTROL BASED ON THE HUMAN
MOTION ANALYSIS SYSTEM

We developed a small humanoid robot "RI" (height:
330mm and mass: 2kg) for the experimental study. The word
"data" is plural, not singular. In this robot, 12 sets of servo
motor (Kondo Kagaku Co., LTD) is used to make joints of two
legs. As shown in Fig. 9, the human motion is analyzed in
real-time by using a personal computer, and the robot is
controlled through a pair of wireless module. A micro-
computer controller (PIC 16F877A by Microchip Co) is
inbuilt in the robot, which can output the 12-channel pulses for
the drive motors and connect with a wireless module.

In this experiment, utilizing the analysis method introduced
in the former sections of this paper, we want to make the robot
walk in the same phase as human walking.

Angular displacements of foot, shank and thigh

Time (0.01 s)

Fig. 8 Estimation results of leg segments' rotational angles

Robot(RI )

PC

Fig. 9 Humanoid robot control based on human motion analysis

V. CONCLUSION

For human motion analysis and robot control, we have
developed a wearable sensor system. The different motion
analysis sensor combination that reliably identified the gait
phase transitions between stance, toe-rotation, swing, and heel-
rotation, is presented. This wearable sensor system is based on
a set of inertial sensors combination (gyroscope chip and
accelerometer chip). An inference system (FIS) was designed
to improve precision of the detection of gait phase. A digital
filter is implemented to remove noise result from the outputs
of fuzzy inference system. For quantitative human motion
analysis, the motion analysis system can be used for
synchronous analysis of foot motion analysis, shank motion
analysis and thigh motion analysis, in which a new inertial
sensor combination and special data-recorder are designed. In
experimental study, the leg segments (foot, shank and thigh)
angular displacements' detections are finished successfully on
some healthy objects. Moreover, this wearable sensor system
has been applied for a humanoid robot control which can walk
in the same phase as human walking.

According to the new method for human motion analysis, it
is very important to provide statistical information on the
precision and accuracy of the analysis results of our wearable
sensor systems compared to standard method (optical motion
analysis method). In the future, it is necessary to put our
studies to a number of different subjects. Furthermore, it is
important to show that such a device does not affect the gait of
the users. Furthermore, the motion analysis system developed
in this paper will be used for real-time walking control of
humanoid robot in deferent conditions.
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