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Abstract. This study investigated the human body sway measuring instruments. An accelerometer
and a gyroscope were used to examine patients with postural control related diseases in many
studies. Some studies used either an accelerometer or a gyroscope attached to the head, chest, or
waist to obtain the balance assessment parameters of body sway such as area, direction, etc. The
purpose of this study is to identify the reliability between both sensors in human body sway
analysis by assuming the human body sway as a simple pendulum model, and suggest an optimal
measurement method using the acceleration and the gyroscope. The characteristic differences
between the accelerometer and the gyroscope were illustrated, focusing mainly on the differences
with respect to the position of the sensors. We confirmed that the magnitude, instead of three axis
vector information, may be more useful in the body sway analysis.

Keywords: accelerometer, gyroscope, body sway, magnitude.
1. Introduction

The human body sway, so-called the postural control of body, is an insightful criteria when
investigating several neurological diseases associated with a normal aging process such as
vestibular loss as well as the celebellar pontine angle tumorous disease [1, 2]. A posturography
can assess and provide some evidences to observe and analyze normal and abnormal patients [3].
Several studies in the clinical diagnosis use instruments, such as force plate analysis [4, 5], high
speed camera [6, 7], accelerometer [8,9] and gyroscope [10, 11], for abnormal patient
assessments.

One of the simplest method is to use the accelerometer and the gyroscope because they have
low power consumptions and are able to measure with both non-intrusive static and dynamic
events, such as quiet standing [12, 13]. The acceleration and the angular velocity of body sway
are valuable variables to assess the body sway, and they are measured by attaching the
accelerometer or the gyroscope sensor to the a part of the body [8, 10, 14, 15].

Many studies used a pendulum model or an inverted pendulum as COM above its pivot point
[16, 17]. In general, some motion analysis studies used the inverted pendulum model to represent
the movement of the whole-body center of mass [18-20].

The accelerometer is used to measure specific force of the body frame with the inertial frame
in the body frame coordinates because of its need to subtract the acceleration due to gravity to
obtain the motion induced quantity. A 3-axis accelerometer tells us the orientation of a stationary
platform relative to the earth's surface. Once this platform starts moving, however, it gets more
complicated. When it is accelerating in a particular direction, this acceleration is simply added to
any force it is being provided by gravity, becoming indistinguishable [9, 21-23].

The gyroscope measures the angular velocity, the rate of rotation around a particular axis.
Essentially, the rate of change of the orientation and the same angular velocity are observed at all
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parts of the body [24, 25].

In this paper, we proposed to compare of the characteristics of the accelerometer and the
gyroscope which give different reliabilities depending on the location of the sensor attached to
different parts of the body. The pendulum model was used in this study, assuming that the pivot
of the pendulum is the center of mass (COM) of the human body. Subsequently, the sensors along
with an accelerometer and a gyroscope, were attached to the end of pendulum with three levels
for observing the characteristics of the accelerometer and the gyroscope.

2. Methods

We have simulated the simple pendulum of acceleration and angular velocity to compare with
real experiments. Next, we have analyzed the characteristics between the accelerometer and the
gyroscope, which depend on the position of the attached sensor, and compared their values for the
3-axis vector and its magnitude in sway analysis.

2.1. System configuration

The sensor is composed of a 3-axis gyroscope (ITG-3200, InvenSense, Colorado, USA) and a
3-axis accelerometer (ADXL345, Analog Device, Colorado, USA) [23]. The sensors were
calibrated before use. The gyroscope data and acceleration data were collected in real time using
the LabVIEW program (ver. 2012, National Instruments Coporation, USA) and were analyzed
using Matlab (ver. 2011b, Mathworks, Massachusetts, USA) [26] and all data were transferred to
PC through via wireless Bluetooth.

The first experiment is the simple pendulum one for the comparison of the accelerometer and
the gyroscope and the second experiment is to compare the data of acceleration and the gyroscope
according to sensor position.

2.2. The simulation of the pendulum

A pendulum is a weight suspended from a pivot that swings freely. They either swing
continuously (idealized pendulums) or stop after a short period (real pendulums) [27-29].

Figure 1 illustrates a simple gravity pendulum, a weight with the mass (m), hanging on a
theoretical massless rope, suspended from a pivot.
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Fig. 1. A simple pendulum and the axis information of sensor

The oscillatory motion of the simple gravity pendulum is called the simple harmonic motion.
Normally, the oscillation of the pendulum at an angle (6) is shown in the equation below:
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The symbol 8 is the angle between the rope and the normal line that is perpendicular to the
pivot surface, g is gravity force, m is the mass of weight, and L is the length of the light wire.

In case of small angles (small displacements), the pendulum oscillation motion can be derived
using Eq. (2).

Small angle (0) = 6:

S=16, 2

where S is the amplitude of the pendulum oscillation, L is the length of the light wire, and 6 is the
angle between the rope and the normal line.

2.2.1. Acceleration

From Eq. (2), the small angle at t = 0 is defined. For example, if the initial angle is 5 degrees
as illustrated as Figure 1, then the harmonic motion can be defined by:

0 = 0,45 cos(wyt), 3)

where 0,,,, 1s the angular amplitude of the motion (the maximum value of the angular position
0), and w is the angular frequency or angular velocity.
Base on Figure 1 and Eq. (3), the period of swing cycle (T) is found using Eq. (4):

T=2T[\/Z, @)
g

where T is the period of a swing cycle, L is the length of the rope, and g is the gravity force.
From Figure 1 and Eq. (3), the acceleration of the pendulum is derived using Eq. (5):

S = Sycoswyt, (5)

where S is the amplitude of the initial condition and w, is the angular velocity of the initial
condition at t;.
Consequently the velocity (v) and the acceleration (a) can be defined by:

ds

v = Fri —SowoSinwyt, (6)
dv

a=—= —Spwicoswot, (7

where v is the velocity, a is the acceleration, S is the amplitude of the initial angle, and w), is the
angular velocity at initial condition.

In case of the simple pendulum oscillation under damped situation (see Figure 2), Eq. (1) and
Eq. (7) can be rewritten as:

2 2
the = % (se_(%)tcos(wt + ¢))). (8)

From Eq. (5) and Eq. (8), the amplitude of the pendulum under damped situation is calculated
[35, 36] by:
()t
s = <se 2m/)"cos(wt + d))), )
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where s is the amplitude, b is a damping coefficient, m is mass, w is the angular velocity, t is
time, and ¢ is the phase.

Simulation of the pendulum with damping factor

~Gr)e

Amplitude(S)

Time(second)
Fig. 2. The simulation oscillation of the pendulum under the damping fact.
Sy is the first amplitude at the initial position, S; is 2nd amplitude at t,,

2.2.2. Angular velocity

An object rotating around an axis, such as a spinning wheel, has an angular velocity which can
be measured in revolutions per second (RPS) or degrees per second (°/s). From our sensor, the
simple pendulum is rotation around z-axis of the gyroscope.

As shown in Figure 3 the angular velocities of the x- and y-axis can be measured but z-axis
will have a constant value because of the unchanging angle of the axis. If the pendulum starts its
swing from initial angle at any degree we can define the angular velocity with Eq. (7) and Eq. (9).
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Fig. 3. The experiments of the three gyroscope sensors attached to in experiments and axis information

2.3. The characteristics of the sensor according to sensor position

The pendulum model with 3-levels of sensors was in free fall from the initial angle at
45 degrees against the pivot surface. It underwent a free swing down by inertial gravity until it
stopped. The accelerometer and gyroscope data at three different positions were measured from
the initial fall of the pendulum. The LabVIEW program was used to collect data from 3-sensors
with three separate channels, including the 3-axis acceleration and 3-axis angular velocity data as
shown in Figure 4 and Figure 5. The baud rate of Bluetooth was 57,600 bits per seconds. The
accelerometer and gyroscope data were saved in text files. They were analyzed using Matlab (ver.
2011b, Mathworks, Massachusetts, USA).
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Fig. 4. The position of sensors attached on pendulum and the axis information in real experiments

o

Fig. 5. LabVIEW program colleaing the transferred data via Bluetooth in real time
2.4. The magnitude of 3-axis vector

The 3-axis vector values were combined with the magnitude or scalar values. We expected
that the signal of the magnitude could give the proportional information as 3-axis vector value
[30, 31].

In physics, the motion of objects can be described by terms such as distance, displacement,
acceleration, etc. These terms are associated with particular mathematical quantities with fixed
definitions. The mathematical quantities can be divided into two categories: a vector and a scalar.
Scalar are the quantities that are described by a magnitude or a numerical value, while vectors are
the ones described by not only a magnitude but also a direction.

From the pendulum model simulation of acceleration and angular velocity, all 3-axis
acceleration and angular velocity values are in vector scales. However, the data for each axis could
give different information. Thus the magnitude, which is in a scalar scale, of 3-axis acceleration
and angular velocity was calculated by using Eq. 10 [32]:

A= TTy i (10

where A is the magnitude of 3-axis vectors. Thus x, y and z are the data of either acceleration or
angular velocity in the 3-axis.

3. Results
3.1. The simulation of the pendulum

The accelerations between the accelerometer in y-axis and the simulation with the weight of
0.024 kg, the length of 0.6 m, and the initial angle of 5 degrees were compared, which is illustrated
in Figure 6 and 7.

2866 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2014, VOLUME 16, ISSUE 6. ISSN 1392-8716



1382. THE CHARACTERISTIC COMPARISON OF THE ACCELEROMETER AND THE GYROSCOPE IN THE MEASUREMENT OF HUMAN BODY SWAY.
KANITTHIKA KAEWKANNATE, GYU CHEOL HAN, SUNG MIN KiM, SO0 CHAN KiM

Acceleration Ay

Acc(m/sz)
o

L L L L L L
0 5 10 15 20 2 30 £
1)

a)

Simulation

Acc(m/s?)
°

-0.5

L 1 L L L L
0 5 10 15 20 25 30 3B
s)

b)
Fig. 6. The comparison of a) the measurement data from the accelerometer and b) the simulation data
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Fig. 7. The comparison of a) the measurement data from the gyroscope and b) the simulation data

As a result, we found that our sensor, a combination of the accelerometer and the gyroscope
could give an exact value closer to the ideal simulation by the comparing of the peaks of amplitude
and phase as showed in Figure 6 and 7.

3.2. The characteristics of the sensor according to sensor position

Figure 8-10 illustrate the difference between the characteristics of the accelerometers and the
gyroscopes as the experimental results.

We found that both of the accelerometer and the gyroscope gave different information
depending on 3-axis. However, in comparison of the position of the sensor attached, the
acceleration gave a different information that is dependent on the distance of the sensor attached
far from the pivot. In contrast, the gyroscope gave the same information but did not involve the
distance of sensor attached and pivot (see Figure 8 and 9). As shown in Figure 10, the comparison
of angular velocity of the z-axis of the gyroscope at three different positions are giving the same
information.
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Fig. 8. The comparison of the 3-axis acceleration at three different positions
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Fig. 9. The comparison of the 3-axis gyroscope at three different positions
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Fig. 10. The comparison of the angular velocity on the z-axis of gyroscope
sensor at three different positions
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3.3. The magnitude of 3-axis vector

We represented 3-dimensional vectors of the accelerometer and the gyroscope in forms such
as the magnitude or length. The magnitude can be described as the length of a vector as showed
in Eq. (10).

The 3-axis vector of the accelerometer and the gyroscope express different information for
each perpendicular axis, but the the magnitude from Eq. (10) should be proportional to the 3-axis
vector as shown in Figure 11 and 12. As such, the magnitude (scalar value) of 3-axis of the
accelerometer and the gyroscope are proportional to the 3-axis vector. The magnitude of
acceleration and angular velocity could be used to analyze the human body sway.
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Fig. 11. The comparison of 3-axis accelerations data and its magnitudes: a) the acceleration of x-axis,
b) the acceleration of y-axis, ¢) the acceleration of z-axis, d) the magnitude of 3-axis acceleration

4. Discussion

The aim of this study is to illuminate the realibility of signals between the accelerometer and
the gyroscope which associate with the body sway measurement by using the pendulum model.
Normally in a standing human, there are small sways of the body because a normal person try to
maintain the equilibrium of the body.

Several authors have provided that the body sway of human in quiet standing is like the motion
of an inverted pendulum, and the ankle is the pivot point [16, 17]. Furthermore, several
commercial systems have used either the accelerometer or the gyroscope attached to different
parts of body to analyze body sway of the patient [12, 13]. From this, the questions we are pursuing
are as follows:

First, the signal correction of our sensors to use in analyzing the patient’s body sway by
comparing to the simple pendulum simulation. Even though the sway of human is comparable to
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the movement of the inverted pendulum, we tried to illuminate the real signals from the simple
pendulum experiments to show the realistic outputs of both sensors. From the experiments, it was
similar to the signals from the theory of the pendulum simulation. The results showed that our
sensors are reliable enough and could be used in the body sway analysis by comparing the
amplitude and phase of acceleration and the gyroscope signals. Therefore, the signals from
accelerometer and the gyroscope were showed the decay signals because it’s normally of
oscillation from the pendulum movement.
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Fig. 12. The comparison of 3-axis of angular velocities and the magnitude by:
a) the angular velocity of x-axis, b) the angular velocity of y-axis, ¢) the angular velocity of z-axis and
d) is magnitude from 3-axis angular velocity

Second, the sensors of body sway analysis can be placed on the different parts of a human
body whose movements are being studied. For example, sensor placement need to be placed close
to the center of mass in order to measure body sway. Therefore, either of the accelerometer and
the gyroscope sensors is commonly placed on the sternum, lower back or waist [33]. Next, we
tried to find reliable measurements from either the accelerometer or the gyroscope sensor which
depends on the location to the part of body. We discovered that the gyroscope does not actually
depend on the location of the sensor attached, but the accelerometer does (Figure 8-10). However
the sensor selection for body sway analysis depends on the hypothesis of the researcher.

Third, some studies stated that the results of using the accelerometer (which responds to
gravity) can be distinguished with knowing the magnitude of the acceleration signals along the
sensitive axes. This value is acquired by just wearing only one accelerometer at the waist or torso
[33]. Consequently, it is challenging us to provide the results of magnitude of 3-axis vector of the
acceleration signals and the gyroscope signals which might be proportional to the 3-axis vector.
The results revealed that both the accelerometer and the gyroscope could give values proportional
to the 3-axis vector. It means that the magnitude of 3-axis vector of the accelerometer and the
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gyroscope can be used to analyze the body sway. Figure 11 shows the comparison of 3-axis
acceleration signals and the magnitude (A), and Figure 12 shows comparison of the 3-axis of
gyroscope signals and the magnitude. Both sensors could give the magnitude proportional to the
3-axis vector with the absolute value that are used for Eq. (10).

5. Conclusion

This study aimed to compare the characteristic of the body sway analysis sensors and to find
the optimal sensor that is reliable for the human body sway analysis. The pendulum model was
chosen to simulate the human body sway as its pivot and was presumed to be equal to the COM
of the human body.

Experiments were performed on the accelerometer and the gyroscope attached to the pendulum
on three different positions. The results showed different characteristics between the
accelerometer and the gyroscope. The former was dependent on where the sensor was attached to
the pendulum, while the latter was independent. It can be implied that the gyroscope is more stable
than the accelerometer in case of varying the sensor position.

Finally, the magnitude (scalar) of the 3-axis vector as well as the information of three
individual axis vectors could be useful in the body sway analysis because its magnitudes also
reflect body sway.
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