This item was submitted to Loughborough's Research Repository by the author.
Items in Figshare are protected by copyright, with all rights reserved, unless otherwise indicated.

Development of an ultra-miniaturized inertial measurement unit for jaw
movement analysis during free chewing
PLEASE CITE THE PUBLISHED VERSION
http://dx.doi.org/10.3844/jcssp.2010.896.903
PUBLISHER
© Science Publications
VERSION
VoR (Version of Record)
PUBLISHER STATEMENT
This work is made available according to the conditions of the Creative Commons Attribution 3.0 Unported
(CC BY 3.0) licence. Full details of this licence are available at: http://creativecommons.org/licenses/by/3.0/
LICENCE
CC BY 3.0
REPOSITORY RECORD
Lin, Zhuohua, Massimiliano Zecca, Salvatore Sessa, Hiroyuki Ishii, and Atsuo Takanishi. 2019. “Development
of an Ultra-miniaturized Inertial Measurement Unit for Jaw Movement Analysis During Free Chewing”.
figshare. https://hdl.handle.net/2134/17564.

Journal of Computer Science 6 (8): 896-903, 2010
ISSN 1549-3636
© 2010 Science Publications

Development of an Ultra-Miniaturized Inertial Measurement Unit for
Jaw Movement Analysis during Free Chewing
Zhuohua Lin, Massimiliano Zecca, Salvatore Sessa, Hiroyuki Ishii and Atsuo Takanishi
Department of Modern Mechanical Engineering,
School of Advanced Science and Engineering, Waseda University, Tokyo 168-8480, Japan
Abstract: Problem statement: Jaw movement analysis, as a clinical aid, can provide an objective
basis for understanding and diagnosing jaw musculoskeletal disorders. Therefore, the use and
development of devices for quantitatively measuring and analyzing jaw movement have become more
common and popular in the clinic. Many types of jaw tracking devices have been developed, but most
of them are still not handy and easy to be used. Approach: To improve the handiness and utility of the
jaw movement analysis devices, we developed a simple to be used jaw tracking prototype by using a
new ultra-miniaturized Inertial Measurement Unit (IMU) named WB-3. The WB-3 IMU was
composed by 3-axis gyroscope, 3-axis accelerometer and 3-aixs magnetometer, which can not only
measure the acceleration and angular speed of jaw movement, but also can measure mouth opening
angle. The IMU’s extremely reduced weight and size allowed it to be easily adhered to mandible
during normal tests without physical restriction to the subjects. A preliminary experiment for jaw
movement analysis during free chewing of three types of food with different shapes and hardness was
evaluated. A group of 15 healthy subjects aged from 21-36 years old kindly participated in the
experiment. Results: The parameters of chewing time, chewing frequency, power spectrum density of
jaw’s angular speed and acceleration, cumulative distribution function of jaw’s acceleration and mouth
opening angle were presented. The experimental results clearly showed that the subjects used less
chewing time, less chewing frequency, less acceleration cumulative distribution and energy to eat soft
food; higher values were found in the case of hard food and there was no significant difference in
mouth opening angle while eating these three foods. Conclusion: Our jaw movement analysis
prototype using IMU WB-3 was proved to be a valid and handy method for jaw movement and pattern
analysis which may be used clinically as an assistant system for dental therapy.
Key words: Inertial measurement unit, jaw tracking, mastication analysis
Therefore, the use and development of devices for
quantitatively measuring and analyzing jaw movement
has recently become more common and popular in the
clinic (Naeije and Hofman, 2003).
Conventional mechanical methods, such as JMA
system of Zebris Company, usually use special
mechanisms put on the head in order to capture jaw
movement. These mechanisms are a little bulky and
make the patients feel not natural during the routine
tests. Conventional optical methods for jaw movement
analysis usually have adverse effect due to the presence
of metal clutches in the patient's mouth. These clutches
disturb the physiology and influence the jaw movement.
Conventional magnetic methods have utilized a
permanent
magnet and magnetic field sensors, but
these methods have the inherent limitation that the

INTRODUCTION
The analysis of jaw movement has long been used
as a measure for clinical diagnosis and treatment of
prosthodontics, orthodontics and oral surgery. Such as
the Temporomandibular Joint and Muscle Disorders
(TMJDs), between 5 and 15% of people in the United
States experience pain associated with this disease
(Kuska, 2005). The goal of jaw movement analysis for
this disease has been to provide an objective basis for
clinical diagnosis or to monitor the progress of active
treatment methods. The extent to which jaw tracking
provides a useful research tool, a diagnostic aid, or a
therapeutic monitor clearly depends on what is
being measured, how the process is carried out and why
the information is important (Soboleva et al., 2005;
Otake et al., 2006).
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system provides only the position of the point source
and then obtain rotations and accelerations by
successive derivations which introduce more noise
(Yabukami et al., 2002). In most cases, the systems that
have been described are relatively bulky, heavy or
not handy, complicated to be used and expensive
(Flavel et al., 2002; Kitamura, 2006).
Our aim, therefore, is to develop evaluation tools
and methodologies to overcome the limitations of the
existing devices and improve the affectivity and
handiness of tools for jaw movement analysis. In this
study, we present a simple to be used jaw tracking
prototype which uses a new ultra-miniaturized and
inexpensive Inertial Measurement Unit (IMU) named
WB-3 for jaw movement analysis. The IMU’s extremely
reduced weight and size allows it to be easily adhered to
the mandible during normal tests without physical
restriction to the subjects. A preliminary experiment for
jaw movement analysis during free chewing of three
types of food with different shapes and hardness was
elaborated to evaluate the system validity.
This study is organized as follows. “Materials and
Methods” part presents the WB-3 Inertial Measurement
Unit, the experimental setup and the experimental
protocol. The experimental analysis of the results is
presented in the “Results”. Discussion and Conclusion
follow.

we also used a bi-axial gyro IDG300 (InvenSense).
The IDG300 size is 6.0×6.0×1.5 mm, the
measurement range is ±500 deg sec−1 and the
sensitivity is 2.0 mV deg−1 sec−1. The IMU also
contains a 3-axis magnetometer HMC5843 whose size
is 4.0×4.0×1.5 mm and full scale is ±4 Gauss with a
noise level less than two bits. Unlike all other
prototypes and commercial IMUs available today, this
mixed configuration allows our IMU to obtain all the 3
axis of the gyros in one planar layer.
Our IMU also contains a STMicroelectronics 32 bit
microcontroller STM32F103CB for embedded signal
elaboration and data exchange. The communication
between PC and IMU is performed by using CAN BUS
at 1 Mb sec−1. Data are acquired at 100 Hz and stored
on a personal computer for post-processing.
Experimental setup: The experimental setup is shown
in Fig. 2. One WB-3 IMU was adhered to subject’s
mandible in order to measure the jaw movement while
freely chewing three different foods: marshmallow,
biscuit and almond, shown in Fig. 3, whose weights
were 8.0±1.0, 7.0±0.1 and 4.3±0.4 g, respectively. The
experimental foods were chosen from the everyday
living to represent different hardness of foods. The
subject was instructed to lean his head on the wall
during chewing the food in order to minimize the
influence of head’s movement.

MATERIALS AND METHODS
WB-3 Inertial Measurement Unit (IMU): Our group
recently developed a new IMU named WB-3, which is
very compact and lightweight (size 26 × 20 × 8 mm and
weight 2.9 g)-at present the smallest and, lightest in the
world at the time of its development (Zecca et al., 2009;
Sessa et al., 2009). A picture of the new IMU is shown
in Fig. 1. The IMU is composed by the following
sensors: 3-axis accelerometer LIS3LV02DL; 2-axis
gyroscope IDG300; 1-axis gyroscope LISY300AL and
3-axis magnetometer HMC5843. The IMU’s
characteristics have been summarized in Table 1.
All the sensors have 12 bit resolution. The
LIS3LV02DL (STMicroelectronics) is a 3-axis
accelerometer, whose small size (4.4×7.5×1 mm) and
high performance characteristics are fully compatible
with the requirements of jaw movement tracking. The
sensitivity with a full-scale = ±2 g (1 g = 9.8 m sec−2)
and bandwidth = 40 Hz is about 0.001 g, with noise
level less than one bit. The LISY300AL
(STMicroelectronics) is a miniaturized 7.0×7.0×1.9 mm
z-axis gyro sensor. Its full-scale is ±300 deg sec−1 with a
bandwidth of 88 Hz and a sensibility of 3.3 mV deg−1
sec−1. In order to measure 3-axes angular velocities,

Fig. 1: Inertial measurement unit WB-3

Fig. 2: Experimental setup
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Table 1: Main characteristics of the sensors in WB-3
LIS3LV02DL
Category
Accelerometer
Axis
3-axis
Range
±2 (g)
Resolution
12 bits
Bandwidth
40 Hz
Linearity
±2%
Noise level
<1 bit

IDG300
Gyro
2-axis
±500 (deg sec−1)
12 bits
140 Hz
<1%
<2 bit

LISY300AL
Gyro
1-axis
±300 (deg sec−1)
12 bits
88 Hz
±0.8%
<2 bit

HMC5843
Magnetometer
3-axis
±4 (gauss)
12 bits
40 Hz
±0.1%
<2 bit

Fig. 3: Three experimental foods
Experimental protocol: Thirteen male and two female
subjects (age range of 21-36 years) with healthy
masticator systems and complete dentition participated
in the study after providing informed consent. Each
subject ate the food by following the order:
Fig. 4: Normalized chewing time for 3 different foods,
averaged on the 3 trials for each subject

Marshmallow → biscuit → almond

These parameters are related to the masticator
efficiency and pattern while chewing different foods.
The Fast Fourier Transformation (FFT) for acceleration
and angular speed was calculated with FFTsize = 8192
samples and frequency resolution fres = f/FFTsize =
100 Hz/8192 = 0.0122 Hz. The PSD was estimated in
using the following formula:

Each food was tested 3 times. Therefore, 9 trials
were organized for each subject (3 foods×3 times). At
the beginning of each trial, subject put the food inside
the mouth and kept mouth closed. A trial was defined to
start chewing the food and stop at swallowing down the
food. Subjects were instructed to chewing the foods
freely as usual as their regular eating habits.
All the data were sampled at frequency f = 100 Hz
and saved as Comma Separated Value (CSV) and then
loaded in MATLAB® (The Math Works, Inc.) for
further processing and analysis. Acceleration
components, angular speed components and magnetic
components were filtered and smoothed by using a
10th order bandpass IIR Butterworth filter with
cutoff frequencies fc1 = 0.05 Hz, fc2 = 5 Hz, to remove
bias and physiological tremor (Ibanez et al., 2006;
Veluvolu et al., 2007). In this way only the data due to
the voluntary jaw movement were analyzed.

(FFT⋅ conj (FFT))/FFTsize
The frequency range chosen for the evaluation was
0.1-5 Hz to take into account only the voluntary
movements. The CDF of acceleration |a| was calculated
as CDF(|a| ) = P(X ≤ |a| ) evaluated for X = 95%
(CDF95%). The orientation estimate of IMU for
calculating the mouth opening angle is based on the
Extended Kalman Filter algorithm by fusing the data
from gyroscope, accelerometer and magnetometer
(Marins et al., 2001). From Fig. 4-16, (norm.) indicates
that each subject’s data have been normalized to his
average value of biscuit in order to remove the effect of
inter-subject anatomical difference. The normalization
values are summarized in Table 2.

RESULTS
The details about the experimental evaluation were
presented. In particular, the following variables were
calculated and analyzed: Chewing Time (CT); Chewing
Frequency (CF); Power Spectrum Density (PSD) of jaw’s
x-axis angular speed ωx and acceleration module |a|;
Cumulative Distribution Function (CDF) of jaw’s
acceleration module |a| and Mouth Opening Angle (MOA).

Chewing time: Most subjects proved to be usually using
less time in chewing marshmallow than chewing almond,
as shown in Fig. 4. Only subject 9 and 10 happened
to be using more time for marshmallow than almond.
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Table 2: Normalization values of each subject
Subject
CT (sec)
CF (Hz)
1
31.2
1.57
2
43.9
1.35
3
32.6
1.66
4
19.5
1.72
5
27.0
1.46
6
21.6
1.89
7
37.4
1.62
8
22.7
1.55
9
24.7
1.72
10
42.0
1.22
11
17.5
1.68
12
20.1
1.75
13
33.1
1.72
14
45.8
1.44
15
33.5
1.40

PSDωx [(deg sec−1)2]
8.0e+03
1.1e+04
3.5e+03
4.2e+03
3.0e+03
5.5e+03
6.7e+03
3.2e+03
8.5e+03
3.5 e+03
1.1 e+03
4.1 e+03
3.7 e+03
1.1 e+04
3.8 e+03

PSD|a| [(m sec−2)2]
3.15
2.67
7.59
4.75
4.62
4.00
4.43
4.68
5.34
1.87
3.64
3.89
5.51
4.35
3.70

CDF|a|95% (m sec−2)
1.70
1.22
1.89
1.42
1.34
1.30
1.38
1.34
1.48
0.92
1.21
1.29
1.47
1.40
1.23

MOA (deg)
17.1
18.5
11.0
13.2
8.5
12.8
10.8
11.6
15.9
10.6
7.5
12.5
11.9
16.9
8.5

Fig. 7: Normalized chewing frequency for 3 different
foods, averaged on the 3 trials for each subject

Fig. 5: Normalized chewing time for 3 different foods,
averaged on all subjects’ trials for each food

Chewing frequency: The chewing frequency was
analyzed from the PSD of jaw’s angular speed about xaxis (i.e., on the sagittal plane) whose rotation was
more salient than y and z-axis’s rotation during
mastication. In Fig. 6, only subject 1’s PSD of jaw’s
angular speed about x-axis in one trial is shown,
but similar results appear in case of the other subjects as
well. The curves of all the foods had one maximum
peak which is related to the highest PSD value. It
means that the subject usually had one primary cycle
for mastication which cost most energy. We used the
frequency of this peak as the chewing frequency for
each food.
As we can see in Fig. 7, most subjects were using
higher chewing frequency when eating almonds. Only
subject 9, 10 and 11 happened to be using higher
frequency for marshmallow. Subject 2 and 3 had almost
equivalent values in eating all the three foods.
Fig. 8 clearly shows that subjects used significantly
higher frequencies in eating almond than marshmallow
or biscuits (p<0.01). This may indicate that the subjects
used more energy in higher frequency for chewing the

Fig. 6: Power Spectrum Density (PSD) of the x-axis
angular speed ωx for the subject 1 in trial 1
They were still using significantly more time for
almond than for biscuit, though. As shown in Fig. 5, the
chewing time for soft food averaged on all subjects’
trials is significantly (p<0.01) lower than in case of the
hard food. It is apparent that eating soft food is easier
than hard food.
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food in order to effectively chop and swallow down the
food. There is no significant difference between
marshmallows and biscuits.

Cumulative Distribution Function (CDF) of
acceleration |a|: The CDF of jaw’s acceleration
module |a| is shown in Fig. 13. Most subjects used
higher CDF95% for hard food, which may indicate that
subjects used bigger force in chewing hard food.

Power Spectrum Density (PSD) of angular speed:
The averaged PSD of jaw’s angular speed about x-axis
(on the sagittal plane) for all subjects is shown in Fig. 9.
Most subjects used more rotation energy when eating
hard food than soft food. Only subject 10 happened to
use more energy for marshmallow. Figure 10 shows
that subjects used significantly (p<0.01) more rotation
energy when they were eating hard food.
Power Spectrum Density (PSD) of acceleration |a|:
The averaged PSD of jaw’s acceleration module |a| is
shown in Fig. 11. Most subjects used more translation
energy for hard food excluding subject 5 who used
more translation energy for marshmallow. Figure 12
clearly shows that there was significant difference
(p<0.01) in PSD of acceleration while eating these three
foods of different hardness. The hard food (almond)
costs most translation energy for mastication.

Fig. 10: Normalized Power Spectrum Density (PSD) of
the x-axis angular speed ωx for 3 different
foods, averaged on all subjects’ trials for each
food

Fig. 11: Normalized Power Spectrum Density (PSD) of
acceleration module |a| for 3 different foods,
averaged on the 3 trials for each subject

Fig. 8: Normalized chewing frequency for 3 different
foods, averaged on all subjects’ trials for each
food

Fig. 9: Normalized Power Spectrum Density (PSD) of
the x-axis angular speed ωx for 3 different
foods, averaged on the 3 trials for each subject

Fig. 12: Normalized Power Spectrum Density (PSD) of
acceleration module |a| for 3 different foods,
averaged on all subjects’ trials for each food
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Fig. 13: Normalized 95% Cumulative Distribution
Function (CDF) of acceleration module |a| for
3 different foods, averaged on the 3 trials for
each subject

Fig. 16: Normalized mouth opening angle range for 3
different foods, averaged on all subjects’ trials
for each food
Mouth opening angle: The averaged mouth opening
angle range was also evaluated, as shown in Fig. 15.
There were no significant regular patterns of mouth
opening angle in chewing these foods among all the
subjects. Figure 16 further shows that there was no
significant difference (p>0.05) of the mouth opening
angle range for eating these three foods. This may
indicate that mouth opening angle is based on subject’s
fixed hyoid biomechanics, which leads to a regular
eating habit in mouth opening that has less relation to
the food of different hardness.

Fig. 14: Normalized 95% Cumulative Distribution
Function (CDF) of acceleration module |a| for
3 different foods, averaged on all subjects’
trials for each food

DISCUSSION
With the diffusion of more and more advanced
tools and technologies in clinical diagnosis and
treatment, it is fundamental to develop more efficient
and handy devices or systems for routine tests. In this
study, we presented the use of an ultra-miniaturized
Inertial Measurement Unit WB-3 as a tool for jaw
movement analysis. The extreme lightweight and its
extreme high performance make WB-3 suitable for this
application. Moreover, WB-3 directly acquires
accelerations and rotations at high frequency, thus
providing smooth and virtually noise-free data.
Commercial systems, instead, acquire target's position
and then obtain rotations and accelerations by
successive derivations which introduce more noise.
As a preliminary test, we applied WB-3 to
subject’s mandible with minimal physical restriction to
subject. We used this system to evaluate the jaw
movements during free chewing of three types of food
of different shapes and hardness (namely:
Marshmallows, biscuits and almonds).
For this preliminary experiment we calculated and
analyzed the following parameters, all related to the
masticator efficiency and pattern while chewing

Fig. 15: Normalized mouth opening angle range for 3
different foods, averaged on the 3 trials for
each subject
Figure 14 clearly shows that there was significant
difference in CDF of acceleration while eating these
three foods of different hardness. Subjects used high
acceleration in chewing hard food.
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different foods: Chewing Time (CT); Chewing
Frequency (CF); Power Spectrum Density (PSD) of
jaw’s x-axis angular speed ωx (sagittal plan) and
acceleration module |a|; Cumulative Distribution
Function (CDF) of acceleration module |a| and Mouth
Opening Angle (MOA).
The preliminary analysis of these parameters
proved that several parameters extracted from the
IMU’s data allow a clear masticator efficiency and
pattern analysis among these three foods of different
hardness. In particular, the experimental results clearly
show that the subjects used less chewing time, chewing
frequency, acceleration CDF and energy to eat soft
food; higher values were found in the case of hard food.
However, there was no significant difference in mouth
opening angle while eating these three foods.
It is important to notice that the subjects were
instructed to lean his head on the wall during chewing
the food in order to minimize the influence of head’s
movement. This constraint can be easily removed by
using two IMUs, one on the mandible for the
measurement and one on the head for movement
compensation. In addition this setup would also allow
the measurement of head movements during free
mastication.
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