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Abstract: Problem statement: Jaw movement analysis, as a clinical aid, canigeoan objective
basis for understanding and diagnosing jaw muskeletal disorders. Therefore, the use and
development of devices for quantitatively measudng analyzing jaw movement have become more
common and popular in the clinic. Many types of jaacking devices have been developed, but most
of them are still not handy and easy to be usgxproach: To improve the handiness and utility of the
jaw movement analysis devices, we developed a sittapbe used jaw tracking prototype by using a
new ultra-miniaturized Inertial Measurement UniM{) named WB-3. The WB-3 IMU was
composed by 3-axis gyroscope, 3-axis acceleronsatdr3-aixs magnetometer, which can not only
measure the acceleration and angular speed of jawemment, but also can measure mouth opening
angle. The IMU’s extremely reduced weight and salewed it to be easily adhered to mandible
during normal tests without physical restrictiontl® subjects. A preliminary experiment for jaw
movement analysis during free chewing of three sypfefood with different shapes and hardness was
evaluated. A group of 15 healthy subjects aged f@ir36 years old kindly participated in the
experimentResults: The parameters of chewing time, chewing frequepower spectrum density of
jaw’s angular speed and acceleration, cumulatis&idution function of jaw’s acceleration and mouth
opening angle were presented. The experimentaltseslearly showed that the subjects used less
chewing time, less chewing frequency, less accéderaumulative distribution and energy to eat soft
food; higher values were found in the case of Haotl and there was no significant difference in
mouth opening angle while eating these three fodimclusion: Our jaw movement analysis
prototype using IMU WB-3 was proved to be a valndl daandy method for jaw movement and pattern
analysis which may be used clinically as an assisigstem for dental therapy.
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INTRODUCTION Therefore, the use and development of devices for
uantitatively measuring and analyzing jaw movement

The analysis of jaw movement has long been useaas recently become more common and popular in the

as a measure for clinical diagnosis and treatmént o.jiic (Naeije and Hofman, 2003).
prosthodontics, orthodontics and oral surgery. Sagh Conventional mechaﬁical methods. such as JMA
the Temporomandibular Joint and Muscle Disorders stem of Zebris Compan usuaII' use special
(TMJDs), between 5 and 15% of people in the United®” hani h r'? g d y pec
States experience pain associated with this diseasgccnanisms put on the head in order to capture jaw
(Kuska, 2005). The goal of jaw movement analysis fo movement. These mechanisms are a litle bulky and
this disease has been to provide an objective basis Make the patients feel not natural during the reuti
clinical diagnosis or to monitor the progress ofivac tests. Conventional optical methods for jaw moveimen

treatment methods. The extent to which jaw trackingnalysis usually have adverse effect due to theepe
provides a useful research tool, a diagnostic aida ~ Of metal clutches in the patient's mouth. Theséchis
therapeutic  monitor clearly depends on wisat i disturb the physiology and influence the jaw movetne
being measured, how the process is carried oundwyd ~Conventional magnetic methods have utilized a
the information is important (Sobolewat al., 2005; permanent magnet and magnetic field sensors, but
Otakeet al., 2006). these methods have the inherent limitation that the
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system provides only the position of the point seur we also used a bi-axial gyro IDG300 (InvenSense).
and then obtain rotations and accelerations byrhe IDG300 size is 6.0x6.0x1.5 mm, the
successive derivations which introduce more noiseneasurement range is *500 deg Seand the
(Yabukamiet al., 2002). In most cases, the systems thatensitivity is 2.0 mV deg sec’. The IMU also

have been described are relatively bulky, Wemv contains a 3-axis magnetometer HMC5843 whose size
not handy, complicated to be used and expensivig 4.0x4.0x1.5 mm and full scale is +4 Gauss with a
(Flavelet al., 2002; Kitamura, 2006). noise level less than two bits. Unlike all other

Our aim, therefore, is to develop evaluation toolsprototypes and commercial IMUs available todays thi
and methodologies to overcome the limitations @& th mixed configuration allows our IMU to obtain allett8

existing devices and improve the affectivity andaxis of the gyros in one planar layer.

handiness of tools for jaw movement analysis. is th Our IMU also contains a STMicroelectronics 32 bit
study, we present a simple to be used jaw trackingnicrocontroller STM32F103CB for embedded signal
prototype which uses a new ultra-miniaturized andelaboration and data exchange. The communication
inexpensive Inertial Measurement Unit (IMU) namedpetween PC and IMU is performed by using CAN BUS

WB-3 for jaw movement analysis. The IMU’s extremely at 1 Mb set. Data are acquired at 100 Hz and stored
reduced Welght and size allows it to be eaSlly sethéo on a persona| Computer for post_processing.

the mandible during normal tests without physical

restriction to the subjects. A preliminary expentér  Experimental setup: The experimental setup is shown
jaw movement analysis during free chewing of thregn Fig. 2. One WB-3 IMU was adhered to subject’s
types of food with different shapes and hardness wamandible in order to measure the jaw movement while
elaborated to evaluate the system validity. freely chewing three different foods: marshmallow,
This study is organized as follows. “Materials andpjscuit and almond, shown in Fig. 3, whose weights
Methods” part presents the WB-3 Inertial Measuremenyere 8.0+1.0, 7.0+0.1 and 4.3+0.4 g, respectivehe
Unit, the experimental setup and the experimentabxperimental foods were chosen from the everyday
protocol. The experimental analysis of the resists |iving to represent different hardness of foods.eTh
presented in the “Results”. Discussion and Conelusi sybject was instructed to lean his head on the wall
follow. during chewing the food in order to minimize the

influence of head’s movement.
MATERIALSAND 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 x 20 x 8 nmd a
weight 2.9 g)-at present the smallest and, lighteste
world at the time of its development (Zeatal., 2009;
Sessat 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 z
LIS3LV0O2DL (STMicroelectronics) is a 3-axis
accelerometer, whose small size (4.4x7.5x1 mm) an
high performance characteristics are fully compatib
with the requirements of jaw movement tracking. The
sensitivity with a full-scale = +2 g (1 g = 9.8 racs)
and bandwidth = 40 Hz is about 0.001 g, with noise
level less than one bit. The LISY300AL
(STMicroelectronics) is a miniaturized 7.0x7.0xinén
z-axis gyro sensor. Its full-scale is +300 deg Sedth a
bandwidth of 88 Hz and a sensibility of 3.3 mV deg
sec™. In order to measure 3-axes angular velocitiesFig. 2: Experimental setup
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Qig. 1: Inertial measurement unit WB-3
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Table 1: Main characteristics of the sensors in 8VB-

LIS3LV02DL IDG300 LISY300AL HMC5843
Category Accelerometer Gyro Gyro Magnetometer
Axis 3-axis 2-axis 1-axis 3-axis
Range +2 (9) +500 (deg séc +300 (deg s€d) +4 (gauss)
Resolution 12 bits 12 bits 12 bits 12 bits
Bandwidth 40 Hz 140 Hz 88 Hz 40 Hz
Linearity +2% <1% +0.8% +0.1%
Noise level <1 bit <2 bit <2 bit <2 bit
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Fig. 3: Three experimental foods ; .
Experimental protocol: Thirteen male and two female
subjects (age range of 21-36 years) with healthy 0 | ,
1 23 456

masticator systems and complete dentition partiegha 7 8 9 10 11 12 13 14 15
in the study after providing informed consent. Each Subject
subject ate the food by following the order:

Chewing time (norm.)
—

Fig. 4: Normalized chewing time for 3 different fitm
Marshmallow— biscuit— almond averaged on the 3 trials for each subject

Each food was tested 3 times. Therefore, 9 trialThese parameters are related to the masticator
were organized for each subject (3 foodsx3 tim&s). efficiency and pattern while chewing different feod
the beginning of each trial, subject put the fonside  The Fast Fourier Transformation (FFT) for accelerat
the mouth and kept mouth closed. A trial was defitte  and angular speed was calculated with EEF 8192
start chewing the food and stop at swallowing dolen  samples and frequency resolution fres = f/[FFTsize =
food. Subjects were instructed to chewing the food400 Hz/8192 = 0.0122 Hz. The PSD was estimated in

freely as usual as their regular eating habits. using the following formula:
All the data were sampled at frequency f = 100 Hz
and saved as Comma Separated Value (CSV) and then (FFTCxonj (FFT))/FFTize

loaded in MATLAB® (The Math Works, Inc.) for

further processing and analysis. Acceleration The frequency range chosen for the evaluation was
components, angular speed components and magne@icl-5 Hz to take into account only the voluntary
components were filtered and smoothed by using aovements. The CDF of acceleration |a] was cakxlilat
10th order bandpass IR Butterworth filter lwit as CDF(jla|) = P(< |a]) evaluated for X = 95%
cutoff frequenciesf = 0.05 Hz, {; = 5 Hz, to remove  (CpF,,). The orientation estimate of IMU for
bias and physiological tremor (lbanet al., 2006;  caiculating the mouth opening angle is based on the
Veluvoluet al., 2007). In this way only the data due t0 gxtended Kalman Filter algorithm by fusing the data

the voluntary jaw movement were analyzed. from gyroscope, accelerometer and magnetometer
(Marinset al., 2001). From Fig. 4-16, (norm.) indicates
RESULTS that each subject's data have been normalized g0 hi

average value of biscuit in order to remove theatfbf

The details about the experimental evaluation Weryter-subject anatomical difference. The normaiizat
presented. In particular, the following variable®r&v \5)ues are summarized in Table 2.

calculated and analyzed: Chewing Time (CT); Chewing

Frequency (CF); Power Spectrum Density (PSD) ofsiaw Chewing time: Most subjects proved to be usually using
x-axis angular speedy, and acceleration module |aj; less time in chewing marshmallow than chewing althon

Cumulative Distribution Function (CDF) of jaw's as shown in Fig. 4. Only subject 9 and 10 hapgene
acceleration module |a] and Mouth Opening Angle MO 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) PSR[(deg sec)? PSD|a] [(m s€d)? CDF|adsy(m sec?) MOA (deg)
1 31.2 1.57 8.0e+03 3.15 1.70 17.1
2 43.9 1.35 1.1e+04 2.67 1.22 18.5
3 32.6 1.66 3.5e+03 7.59 1.89 11.0
4 19.5 1.72 4.2e+03 4.75 1.42 13.2
5 27.0 1.46 3.0e+03 4.62 1.34 8.5
6 21.6 1.89 5.5e+03 4.00 1.30 12.8
7 37.4 1.62 6.7e+03 4.43 1.38 10.8
8 22.7 1.55 3.2e+03 4.68 1.34 11.6
9 24.7 1.72 8.5e+03 5.34 1.48 15.9
10 42.0 1.22 3.5 e+03 1.87 0.92 10.6
11 17.5 1.68 1.1 e+03 3.64 1.21 7.5
12 20.1 1.75 4.1 e+03 3.89 1.29 12.5
13 33.1 1.72 3.7 e+03 5.51 1.47 11.9
14 45.8 1.44 1.1 e+04 4.35 1.40 16.9
15 335 1.40 3.8 e+03 3.70 1.23 8.5
p=0.01 20 Marshmallow
I I Il Biscuit
p=0.01 p=<0.01 - B Almond
L5 | | | E 15
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| Subject
0
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_ _ S _ Fig. 7. Normalized chewing frequency for 3 diffetren
Fig. 5: Normalized chewing time for 3 different fim foods, averaged on the 3 trials for each subject
averaged on all subjects’ trials for each food

Chewing frequency: The chewing frequency was

s S analyzed from the PSD of jaw’s angular speed akeout
— axis (i.e., on the sagittal plane) whose rotatioasw
6 Almon

more salient than y and z-axis’s rotation during
mastication. In Fig. 6, only subject 1's PSD of jaw
angular speed about x-axis in one triadhiewn,
but similar results appear in case of the othejestb 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 primaryecycl
25 for mastication which cost most energy. We used the
Frequency (Hz) frequency of this peak as the chewing frequency for

PSD o, [(deg sec™' Y’ Hz|

each food.
Fig. 6: Power Spectrum Density (PSD) of the x-axis  As we can see in Fig. 7, most subjects were using
angular speed, for the subject 1 in trial 1 higher chewing frequency when eating almonds. Only

subject 9, 10 and 11 happened to be using higher
They were still using significantly more time for frequency for marshmallow. Subject 2 and 3 had atmo
almond than for biscuit, though. As shown in Figtte  equivalent values in eating all the three foods.
chewing time for soft food averaged on all subjects Fig. 8 clearly shows that subjects used signifigan
trials is significantly (p<0.01) lower than in caskthe  higher frequencies in eating almond than marshmwallo
hard food. It is apparent that eating soft foodasier or biscuits (p<0.01). This may indicate that thbjsats
than hard food. used more energy in higher frequency for chewirg th
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food in order to effectively chop and swallow dothe =~ Cumulative Distribution Function (CDF) of
food. There is no significant difference betweenacceleration |a: The CDF of jaw's acceleration
marshmallows and biscuits. module |[a] is shown in Fig. 13. Most subjects used

) higher CDhgsy, for hard food, which may indicate that
Power Spectrum Density (PSD) of angular speed:  gypjects used bigger force in chewing hard food.
The averaged PSD of jaw's angular speed aboutx-axi
(on the sagittal plane) for all subjects is showifrig. 9. - p=0.01
Most subjects used more rotation energy when eating - ' <001 p<0.01 |
hard food than soft food. Only subject 10 happeteed f 10 |
use more energy for marshmallow. Figure 10 shows

that subjects used significantly (p<0.01) more tiota
energy when they were eating hard food.

Power Spectrum Density (PSD) of acceleration |al: 2 0is

The averaged PSD of jaw's acceleration modules|a| i

shown in Fig. 11. Most subjects used more trarsiati "

energy for hard food excluding subject 5 who used Niarshmallow  Biscuit Alitigai

more translation energy for marshmallow. Figure 12 ) ) )
clearly shows that there was significant differencefd- 10: Normalized Power Spectrum Density (PSD) of

1.5

Mean PSD @, (norm.)

(p<0.01) in PSD of acceleration while eating thissee the x-axis angular speed for 3 different
foods of different hardness. The hard food (almond) foods, averaged on all subjects’ trials for each
costs most translation energy for mastication. food
3 Marshmallow
p=0.01 B Biscuit
1.5 | | —_ Bl Almond
p=0.05 p=<0.01 £
-~ [ I I s 3
E 2 LT
B &
5 =
05
E 0
5’ 1 23 4 5 6 7 8 910 11 1213 14 15
Subject
0
Marshmallow  Biscuit Almond Fig. 11: Normalized Power Spectrum Density (PSD) of
] ] . . acceleration module |a| for 3 different foods,
foods, averaged on all subjects’ trials for each
food p=0.01
2.0 [ j I
23 Marshmallow p=0.01 p=0.01
B Biscuit | [N |
';' 20 B Almond : 1.5
FRE =
= L &
0
1 23 4 8§ 6 7 89 10 11 1213 14 15 0
Subject Marshmallow Biscuit Almond

Fig. 9: Normalized Power Spectrum Density (PSD) ofFig. 12: Normalized Power Spectrum Density (PSD) of
the x-axis angular speedy for 3 different acceleration module |a| for 3 different foods,
foods, averaged on the 3 trials for each subject 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 F19- 16:
3 different foods, averaged on the 3 trials for
each subject

Normalized mouth opening angle range for 3
different foods, averaged on all subjects’ trials
for each food

p=0.01 Mouth opening angle: The averaged mouth opening
15 ! <005 p<0.05 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 openin
angle range for eating these three foods. This may
indicate that mouth opening angle is based on stibje
fixed hyoid biomechanics, which leads to a regular

- . . eating habit in mouth opening that has less raiatio

Maghoalow  Biemi Ao the food of different hardness.

la| CDFyse;, (norm. )

Fig. 14: Normalized 95% Cumulative Distribution DISCUSSION
Function (CDF) of acceleration module |a] for

3 different foods, averaged on all subjects’  \yith the diffusion of more and more advanced

trials for each food tools and technologies in clinical diagnosis and
- BT treatment, it is_fundamental to develop_ more eéfmzl
B Biccuit and handy devices or systems for routine testshim

W= Almond study, we presented the use of an ultra-miniatdrize

Inertial Measurement Unit WB-3 as a tool for jaw
movement analysis. The extreme lightweight and its

extreme high performance make WB-3 suitable fog thi
application. Moreover, WB-3 directly acquires
0.5 accelerations and rotations at high frequency, thus
providing smooth and virtually noise-free data.
Commercial systems, instead, acquire target's iposit

56 7 8 910 1112 13 14 15 and then obtain rotations and accelerations by
Subject successive derivations which introduce more noise.
As a preliminary test, we applied WB-3 to
Fig. 15: Normalized mouth opening angle range for 3ubject's mandible with minimal physical restrictito
different foods, averaged on the 3 trials forsubject. We used this system to evaluate the jaw
each subject movements during free chewing of three types ofifoo
of different shapes and hardness (namely:
Figure 14 clearly shows that there was significantMarshmallows, biscuits and almonds).
difference in CDF of acceleration while eating thes For this preliminary experiment we calculated and
three foods of different hardness. Subjects useth hi analyzed the following parameters, all related He t
acceleration in chewing hard food. masticator efficiency and pattern while chewing
901
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different foods: Chewing Time (CT); Chewing in Waseda University; partial support was also futed
Frequency (CF); Power Spectrum Density (PSD) oby the ASMeW Priority Research C Grant 11, by the
jaw's x-axis angular speedy, (sagittal plan) and JSPS Grant-in-aid for Scientific Research 19700389
acceleration module [a]; Cumulative Distributionand by Waseda University Grant for Special Research
Function (CDF) of acceleration module |a] and MouthProjects (No. 266740).
Opening Angle (MOA). The researchers would like to express their thanks
The preliminary analysis of these parametergo the ltalian Ministry of Foreign Affairs, General
proved that several parameters extracted from thB®irectorate for Cultural Promotion and Cooperatitm,
IMU’s data allow a clear masticator efficiency and its support to RoboCasa. The authors would alsotbk
pattern analysis among these three foods of differe express their gratitude to Okino Industries LT Dpala
hardness. In particular, the experimental resuétarty ROBOTECH LTD, SolidWorks Corp, Dyden, for their
show that the subjects used less chewing time, icigew support to the research.
frequency, acceleration CDF and energy to eat soft Eventually, the authors would like to thank the 15
food; higher values were found in the case of fiaodl.  volunteers who kindly accepted to take part in the
However, there was no significant difference in thou experiment.
opening angle while eating these three foods.
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