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Abstract—Many types of jaw tracking devices have been

developed for the analysis of functional jaw movenm, but
most of them are still not handy. To improve the hadiness of
the jaw movement analysis devices, we have develdpesimple
jaw-tracking prototype by using a new ultra-miniaturized
Inertial Measurement Unit (IMU) named WB-3. The IMU'’s
extremely reduced weight and size allows it to beasily
attached to mandible during normal tests without plysical
restriction to the subjects. The preliminary resuls of jaw
movement analysis during free chewing with three fyes of
food of different shapes and hardness are presented group
of 9 healthy subjects aged from 21 to 36 years olkindly
participated in the experiment. Chewing time, chewig
frequency, Power Spectrum Density (PSD) of jaw’s aular
speed and acceleration, mouth opening angle wereatvated.
The results clearly show that the subjects used kschewing
time, chewing frequency and energy to eat soft fopchigher
values were found in the case of hard food; and the was no
significant difference in mouth opening angle whileeating
these three foods. Our jaw movement analysis protgpe using
IMU WB-3 was proved to be a valid and handy methodor
mastication movement and pattern analysis that maye used
clinically as an assistant system for dental therap

l. INTRODUCTION

The analysis of jaw movement has long been useal
measure for clinical diagnosis and treatment
prosthodontics, orthodontics, and oral surgery.e@ftthe
goal has been to provide an objective basis fograiaing
musculoskeletal disorders of the jaws or to monifoe
progress of active treatment methods. The extenthich
jaw tracking provides a useful research tool, glistic aid,
or a therapeutic monitor clearly depends on whabeimg

measured, how the process is carried out, and Wby t

information is important [1, 2].

Therefore, the use and development of devices
guantitatively measuring and analyzing jaw moveniesd
recently become more common and popular in thécdidj.

automatization and the robotic assistance of meéedica

treatment.

Conventional optical methods or mechanical mettods
jaw movement analysis, however, usually have advers
effect due to the presence of metal clutches inptitéent's
mouth. These clutches disturb the physiology afidence
the jaw movement. Conventional magnetic methodse hav
utilized a permanent magnet and magnetic field @snsut
these methods have the inherent limitation thatsysem
provides only the position of the point source #reh obtain
rotations and accelerations by successive derivatwhich
introduce more noise. The detection of just onenthoi
position is not sufficient to characterize the tneent of jaw
movement as a rigid body [4]. Moreover, in mostesashe
systems that have been described are relativeky baéavy
or not handy, complicated to attach, and experisivé].

Our aim, therefore, is to develop evaluation toais
methodologies to overcome the limitations of thésting
devices and improve the handiness of tools for jaw
movement analysis. In this paper, we present alsifagv-
tracking prototype which uses a new ultra-miniatedi and
inexpensive Inertial Measurement Unit (IMU) named®\&/
for jaw movement analysis. The IMU’'s extremely reed
weight and size allows it to be easily attachedthe

aSmandible during normal tests without physical iietm to

Ofthe subjects. A preliminary experiment for jaw mament
analysis during free chewing with three types ofdfoof
different shapes and hardness was elaborated loagvdhe
system validity.

. MATERIALS AND METHODS

A. WB-3 Inertial Measurement Unit (IMU)

Our group recently developed a new IMU named WB-3,
fofvnich is very compact and lightweight (size 26 xx28mm
and weight 2.9g) — at present the smallest, lighteghe
world [7, 8]. A picture of the new IMU is shown Fig. 1.

These analyses represent a significant step towtvds The MU is composed by the following sensors: 3saxi



accelerometer LIS3LV02DL; 2-axis gyroscope IDG3@9; the jaw movement while freely chewing three diffare

axis gyroscope LISY300AL; and 3-axis magnetometefoods: marshmallow, biscuit and almond, shown ig. B,

HMC5843. The IMU’'s characteristics have beenwhose weights were 8.0 + 1.0g, 7.0 £ 0.1g and 40344,

summarized in TABLE 1. respectively. The experimental foods were chosem fthe
everyday living to represent different hardnesfoofls. The
subject was instructed to lean his head on the duiing

‘ chewing the food in order to minimize the influencé
head’s movement. It is important to notice thas ttonstraint
can be easily removed by using two IMUs, one on the
mandible for the measurement, and one on the head f
movement compensation.

Gyroscope (X-Y)

Gyroscope (Z)

Accelerometer | Magnetometer l

Fig. 1 Inertial Measurement Unit WB-3

TABLE I. MAIN CHARACTERISTICS OF THE SENSORS IM/B-3
LIS3LV02DL IDG300 | LISY300AL | HMC5843 Fig. 2 Experimental setup
+2 +500 +300 +4 % ;
Range ] [deg/s] | [degs] [Gauss]
Resolution 12+1bit 12+1bit 12+1bit 12+2bit|
Bandwidth 40 Hz 140 Hz 88 Hz 40 Hz
Linearity +2% <1% +0.8% +0.1%
Noise <1bit <2bit <2bit <2bit
level

All the sensors have 12 bit resolution. The LIS3R10Q
(STMicroelectronics) is a 3-axis accelerometer, sehemall i i
size (4.4 x 7.5 x 1mm) and high performance charistics o 0 |00 m 0 s 0 |50 w0 10 w0 @02
are fully compatible with the requirements of jawvament A .
tracking. The sensitivity with a full-scale = +2AQ =
9.8m/) and bandwidth = 40Hz is about 1mG, with noise
level less than one bit. The LISY300AL
(STMicroelectronics) is a miniaturized 7.0 x 7.@.2mm z- . . .
axis gyro sensor. Its full-scale is +300deg/s \aithandwidth Nine male subjects (age range of 21-36 years) with
of 88Hz and a sensibility of 3.3mV/deg/s. In order healthy masticatory systems and complete dentition
measure 3-axes angular velocities, we also usedaaiad ~ Participated in the study after providing informednsent.
gyro IDG300 (InvenSense). The IDG300 size isEach SUbJeCt\ a_te ,th? food by following the order:
6.0x6.0x1.5mm, the measurement range is + 500degls r_narshmallowE b|scu!t E almond; ea_ch food was_tested 3
the sensitivity is 2.0mV/deg/s. The IMU also contan 3- times. Therefore, 9 trials were organized for eswhject (3
axis magnetometer HMC5843 whose size is 4.0 x 4.0 fods x 3 times). At the beginning of each trialbject put
1.5mm and full scale is +4Gauss with a noise léagd than the food inside the mouth and kept mouth closettiahwas
two bits. Unlike all other prototypes and commertiaUs ~ defined to start chewing the food, and stop at lsweng
available today, this mixed configuration allows MU to ~ down the food. Subjects were instructed to chewtiney
obtain all the 3 axis of the gyros in one plangeta foods freely as usual as their regular eating babit

Our IMU also contains a STMicroelectronics 32 bit  All the data were sampled at frequency f = 100Hd an
microcontroller STM32 Cortex for embedded signalSaved as CSV (Comma Separated Value), and theaddad
elaboration and data exchange. The communicatimeea = MATLAB® (The MathWorks, Inc.) for further procesgin
PC and IMU is performed using a CAN BUS at 1Mb/atsd and analysis. Acceleration components, angular dspee
are acquired at 100Hz and stored on a personaltemfpr ~ COmponents and magnetic components were filteretl an

Fig. 3 Three experimental foods

C. Experimental Protocol

post-processing. smoothed by using a 10th order bandpass IR Butiehw
filter with cutoff frequencies = 0.05Hz, § = 5Hz, to
B. Experimental Setup remove bias and physiological tremor [9, 10]. lis ttvay

. . N only the data due to the voluntary jaw movementewer
The experimental setup is shown in Fig. 2. One WB'%nalyzed.

IMU was attached to subject’s mandible in ordemiasure



. EXPERIMENTALEVALUATION

The following sections present the details abowd th
experimental evaluation. In particular, the follogi
variables were calculated and analyzed: ChewingeTi@T);

Chewing Frequency (CF); Power Spectrum Density (PSD

of jaw's x-axis angular speed, and acceleration module

|a]; Mouth Opening Angle (MOA). These parameters ar
related to the masticatory efficiency and patterhilev
chewing different foods. The Fast Fourier Transfation
(FFT) for acceleration and angular speed was catledilwith

FFTs,e = 8192 samples and frequency resolution fres =
0.0122Hz. The PSD was

fIFFTsize = 100Hz/8192
estimated in using the following formula: (FFT
conj(FFT))/FFTL,. The frequency range chosen for the
evaluation was 0.1 — 5Hz to take into account cthig
voluntary movements. The orientation estimate otJINé
based on the Extended Kalman Filter algorithm Isynig the
data from gyroscope, accelerometer and magnetorfietgr

In the following figures (norm.) indicates that basubject’s
data have been normalized to his average valuesaoidibfor

an easier visual comparison of the scales. The aloration
values are summarized in TABLE II.

TABLE II. NORMALIZATION VALUES OF EACH SUBJECT
Subject CT CF PSD PSD|a| MOA
(s) (Hz) ((deg/sf) | (m/S)) (deg)
1 31.2 1.57 3.0e+03| 3.1e-02 284
2 43.9 1.35 3.9e+03| 3.2e-02 34.2]
3 32.6 1.66 1.3e+03 2.7e-02 20.5]
4 195 1.74 1.6e+03 3.5e-02 25.2
5 27.0 1.46 1.1e+03 2.8e-02 17.8
6 21.6 1.89 2.0e+03| 3.0e-02 2438
7 37.4 1.62 2.5e+03| 3.1e-02 313
8 22.7 1.55 1.2e+03 2.6e-02 21.1
9 24.7 1.72 3.1e+03| 3.0e-02 29.7

A. Chewing Time

As expected, most subjects proved to be usuallygusi
less time in chewing marshmallow than chewing aldyas
shown in Fig. 4 and Fig. 5. Only subject #9 happetaoebe
using more time for marshmallow than almond, he stdls
using less time for biscuit than almond, though.
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Fig. 4 Chewing time for 3 different foods, averagecdhe 3 trials for each
subject.

2 marshmallow
— Il biscuit
E I almond
815 ]
= \
%)
g
= 1 : I l 7
&n T
=1
z
P
505

0 . n

1 2 3 4 5 6 7 8 9

Subject

Fig. 5 Normalized chewing time for 3 different fepcdveraged on the 3
trials for each subject.

As shown in Fig. 6, the chewing time for soft food
averaged on all subjects’ trials is significantyver than in
case of the hard food. It is apparent that eatofgfeod is
easier than hard food.
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Fig. 6 Normalized chewing time for 3 different fapdveraged on all
subjects’ trials for each food.

B. Chewing Frequency

The chewing frequency was analyzed from the PSD of
jaw's angular speed about x-axis whose rotation mase
salient than y and z-axis’s rotation during masitica In Fig.

7, only subject #1's PSD of jaw's angular speeduabeaxis

in one trial is shown, but similar results appeacase of the
other subjects as well. The curves of all the fobdd one
maximum peak which was related to the highest P&Dev
It means that the subject usually had one primgojecfor

mastication which cost most energy. We used thguéracy
of this peak as the chewing frequency for each.food
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Fig. 7 Power Spectrum Density (PSD) of the x-axigudar speed 4 for
the subject #1 in trial #1.



As we can see in Fig. 8 and Fig. 9, most subjeetew subjects used more rotation energy when eating food
using higher chewing frequency when eating almofidy  than soft food. Moreover, Fig. 13 shows that subjesed
subject #9 happened to be using higher frequeney fosignificantly more energy when they were eatinglHaod.
marshmallow. Subject #2 and #3 had almost equivalen

values in eating all the three foods. Fig. 10 ¢jesinows that
subjects used significantly higher frequenciesating hard
food than soft food. This may indicate that thejscis used
more energy in higher frequency for chewing thedfdo
order to chop and swallow down the food effectively

25 marshmallow
Il biscuit
T I almond
g 2 . |
< =T . B pc |
= - &l
515 . : *
E _
o
o L
E
Do
5 0.5
0‘, | — |1 - Y
1 2 3 4 5 6 7 8 9

Subject

8 Chewing frequency for 3 different foods, imged on the 3 trials for
each subject.
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Fig. 9 Normalized chewing frequency for 3 differémds, averaged on the
3 trials for each subject.
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Fig. 10 Normalized chewing frequency for 3 diffearéoods, averaged on
all subjects’ trials for each food.

C. Power Spectrum Density (PSD)of Angular speed
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Fig. 11 Power Spectrum Density (PSD) of the x-arigular speedy for 3
different foods, averaged on the 3 trials for emdhiect.
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Fig. 12 Normalized Power Spectrum Density (PSOhefx-axis angular
speed  for 3 different foods, averaged on the 3 trialsdach subject.
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Fig. 13 Normalized Power Spectrum Density (PSDOhefx-axis angular
speed  for 3 different foods, averaged on all subjeaigls for each food.

D. Power Spectrum Density (PSD) of Acceleration

The averaged PSD of jaw's acceleration modules|a] i
shown in Fig. 14 and Fig.15. All the subjects usedre
translation energy for hard food. Fig 16 clearlpwh that
there was significant difference in PSD of acceienawhile

The averaged PSD of jaw's angular speed about s-axpating these three foods of different hardness.|iing food,

for all subjects is shown in Fig. 11 and Fig.12] &le

almond, cost most energy for mastication.



based on subject’s fixed hyoid biomechanics, whéets to
a regular eating habit in mouth opening that has telation
to the food of different hardness.

Fig. 14 Power Spectrum Density (PSD) of accelematiodule |a| for 3
different foods, averaged on the 3 trials for emdhject.

Fig. 17 Mouth opening angle range for 3 differenids, averaged on the 3
trials for each subject.

Fig. 15 Normalized Power Spectrum Density (PSDjaafeleration module
|a| for 3 different foods, averaged on the 3 tfal®ach subject.

Fig. 18 Normalized mouth opening angle range fdifférent foods,
averaged on the 3 trials for each subject.

Fig. 16 Normalized Power Spectrum Density (PSDjaafeleration module
|a] for 3 different foods, averaged on all subjedtds for each food.

E. Mouth Opening Angle
: Fig. 19 Normalized mouth opening angle range fdifférent foods,
The averaged mouth opening angle range was also averaged on all subjects’ trials for each food.

evaluated, as shown in Fig. 17 and Fig. 18. In Figand Fig.
18, there were no significant regular patterns ajutn
opening angle in chewing these foods among alstitgects. [V. CONCLUSIONS

Fig. 19 further shows that the_re was no signifia.ﬁﬁtergnce With the diffusion of more and more advanced taoid
(p>>0.05) of thg mouth_opgnlng angle range fon‘ngaiﬂne_se technologies in clinical diagnosis and treatmerit, is
three foods. This may indicate that mouth openingleais fundamental to develop more efficient and handyiatavor



systems for routine tests. In this paper, we presethe use
of an ultra-miniaturized Inertial Measurement UB-3

(Sec. 2.A) as a tool for jaw movement analysis. &kieeme
lightweight and its extreme high performance makB-3V
suitable for this application. Moreover, WB-3 dilgc

#19700389 and by Waseda University Grant for Specia
Research Projects (No. 266740).

The authors would like to express their thankshe t
Italian Ministry of Foreign Affairs, General Dirextte for
Cultural Promotion and Cooperation, for its supptot

acquires accelerations and rotations at high frecyethus
providing smooth and virtually noise-free data. @oencial
systems, instead, acquire target's position and digain
rotations and accelerations by successive derivatwhich
introduce more noise.

As a preliminary test, we applied WB-3 to subject’s
mandible with minimal physical restriction to suttj¢Sec. 2.
B). We used this system to evaluate the jaw movésnen
during free chewing with three types of food offeliént
shapes and hardness. The preliminary results 83¢roved
that several parameters extracted from the IMUts ddlow
a clear masticatory efficiency and pattern analgsisong
these three foods of different hardness. Moredhesse data
also could show different jaw movement patterns ragno
different subjects which may contribute to a furtresearch
on human’s diet habits.

(1]

(3]

The experimental results clearly show that the extibj
used less chewing time, chewing frequency and grtergat
soft food; higher values were found in the casbasfl food.
However, there was no significant difference in thou
opening angle while eating these three foods.

(4]

It is important to notice that the subject wasrinsted to (5]

lean his head on the wall during chewing the foodrder to
minimize the influence of head’s movement. Thisstraint

can be easily removed by using two IMUs, one on thés]
mandible for the measurement, and one on the head f

movement compensation. -
Our jaw movement analysis prototype using IMU WB-3

was proved to be a valid and handy method for jaw

movement and pattern analysis that may be usedaljnas

an assistant system for dental therapy.

(8]
In the future, more experiments and analysis wél b
focused on chewing different shapes and weightfood.
Moreover, the experiments on patients who had desean
masticatory systems are needed to further evahurateverify [9]

the system validity
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