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Abstract:

In this paper, we propose a novel acoustic sensor system to evaluate crispness by

focusing localization of biting sounds and its spatial spread. With mimicking bone conduction
mechanism in human, our system consists of 1) acrylic teeth to bite food, 2) an acrylic bone to
propagate sounds (vibrations) generated by food, 3) two acoustic emission (AE) sensors to obtain
the vibrations. From left and right sensor outputs, this system localizes sound sources in biting
and obtains their spatial spread. Although such features have never been used to estimate texture
in food, we show they clearly classify four characteristic crispy foods by experiments.
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1. Introduction

Since Crispness is one of the essential properties to
many familiar foods like croquette, serial, potato chips,
and so on, evaluation of crispness is of large interest in
food science field. Today, sensory test has been widely
used for it, however, the method is not objective and its
results are influenced by external environments such as
temperature, humidity, appetite of the subjects.

Since Vickers® 3 showed that auditory information
is as important as taste or tactile one, many research
have attempted to evaluate crispness by acoustic prop-
erties generated by foods, such as amplitudes, height of
peaks, number of bursts®, frequency characteristics?,
fractal dimension®). Most of them are based on monau-
ral recorded sounds.

In this paper, we focus on localization of sounds and
its spatial spread, which are much important sensa-
tion in binaural hearing. In order to obtain them, we
mimic bone conduction mechanism in human because it
is well known that bone conductive sounds contribute
to auditory sensation as well as air conductive sounds
in mastication” *). So, our sensor system consists of
1) acrylic teeth, 2) an acrylic bone, 3) two acoustic
emission (AE) sensors as ears, and from binaural sensor
outputs, this system localizes sound sources in biting
and obtains their spatial spread. Although such fea-
tures have never been used to estimate texture in food,
we show they clearly classify four characteristic crispy
foods by experiments.

2. Sensor System

2.1 Bone Conduction-like Acoustic Sen-
sor System

Fig.1 shows our sensor system. The vibrations of biting
sounds are detected from teeth and propagate through
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jawbone then ears sense the vibrations. Using the time
lag and the differences of strength of sounds between
both ears, we can calculate values related with spatial
spread.

ears

= I N

bone
teeth

Fig. 1: The concept of bone conduction-like sensor

2.2 Sensing Spatial Spread of Biting
Sounds

In our system, spatial information in mastication is
detected by the Spatio-Temporal Gradient methods?.
Here, we describe its principle simply.

Assume that food produces a vibration around only
one tooth (Fig.2(a)). Then, the vibration propagates
from the tooth, through the bone and arrived at left and
right sensors. Since the different path length yields time
lag and different attenuation, the waveform observed at
the sensors are written by
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different path length

stimulus stimuli

(a) (b)

Fig. 2: The concept of sound source localization (a)
single stimulus and its different path length. (b) multi
stimuli

where T and £ denotes time difference and intensity dif-
ference, respectively. By the first order approximation,
these equations deform to

fr®) = (&) +Tf(t)+EF), (3)
fu(t) =2 f(t) —7f(t) —&£F(2) (4)

The sum and difference of both side are
f+(t) = fr(t)+ fut) = 2f(2), (5)

f-@) = fr@)-fot) =2rf(t) +2££(t). (6)
Then, replacing f(t) with fi(t), we obtain

£ Eafy €L (7)

By minimizing the square of errors as

gy = fr o — £fy —7fy P, (8)

we obtain the optimal estimation of 7 and &, and localize
the sound source in biting. Moreover, the minimum
value of J.es represents suitableness for the model, (1),
(2).

When two or more sounds are generated at different
teeth, independently (Fig.2(b)), sensor outputs are not
satisfied with the model, (1) and (2). Then, the mini-
mum of J. takes a large value. Therefore, the spatial
spread of sounds (hardness to localization) is estimated
by
Jres

O TR

(9)

2.3 Fabrication

To reduce standing waves on the bone, we install shock
absorber between the bone part and aluminum support
rod. Rubber sheet between teeth and the bone makes
it easy for teeth to vibrate with foods. Their sizes are
shown in Table.1

Fig.4 shows our sensor unit. This unit consists of
four of the followings, bone conduction-like sensor sys-
tem, automatic stage, amplifier and A/D translation
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Fig. 3: Sensor system

region materials size

jawbone acrylic 15mmx 15mmx500mm

teeth acrylic Smmx 15mmx Imm

contact rubber sheet | 47mmx 15mmx lmm

support unit | aluminum Smmx smmx600mm
silicon rubber | 53mmx100mmx 70mm

Table. 1: Size of materials

machine. An automatic stage moves up and down,
then food is crushed and vibration is detected by bone
conduction-like sensor system. The signal is amplified
about three hundred times and A/D translation is car-
ried out before being taken in PC.

Fig.h is photo of our experiment system taken from the
front and Fig.6 is dental enlargement.
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Fig. 4: Block diagram

3. Feature Extraction

3.1 Frequency Decomposition

The signals we had detected were decomposed into four
frequency ranges in order to analyze easily. In fact,
Frequency decomposition is performed in our cochlea.
We used following formula as a filter.

Hw) = o (10)

400, 800, 1200 and 1600 (Hz) were used as the wp/2w
and 400(Hz) was applied as the Aw/27 (Fig.7).

3.2 Feature values

To evaluate crispness, we calculate following four kinds
of features.




Fig. 6: Dental enlargement

1) average of @Q1:

This value is shown as Q; = ;A?—l This
means whether approximation is appropriate or
not. Crispy food may present high value.

2) differential variance of 7:

Ti—Ti-1)? ;
AT =/ —’*——E(Nl) This value shows spread of

position of destructions. When single stimulus is
applied this value decreases because the time lag 7
is constant.

3) average frequency of signal:

0 500 1000 1500 2000 2500 3000
Frequency[Hz]

Fig. 7: Using band range
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% to calculate th average fre-
quency of signal. This really means average of w?
not w, however, if we get Asin(wt + ¢), the dif-
ferentiation of this single frequency signal is given
Aw cos(wt + ¢) and this formula is filled.

4) average frequency of power:

We get average frequency of power using

s 2
J i_ff'?tl)ljt' If the destruction is caused with short

We use

duration, this value increases and long duration de-
creases.
1), 2) and 3) is calculated in each band and 4) is carried
out, for the original signal.

4, Experiments and Results

4.1 Principal Component Analysis for
Crispy Foods

The following four foods were prepared as crispy ones.
(a) cracotte

(b) apple

(c) potato chip

(d) pocky

In order to bite foods, we drove teeth only down-
ward with the speed 5cm/s. After detection of biting
sounds, we calculate the thirteen features described the
previous subsection. Then we performed the principal
component analysis(PCA) by them. Fig.8 shows the re-
sult, in which each sample is plotted in the PC1-PC2
space because the total power of PC1 and PC2 achieve
63% to the whole one. It shows that the four foods are
clearly classified in the feature space. PCl and PC2
nearly corresponds to localized sensation and variation
of sound sources, respectively.
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Fig. 8: The result of PCA with four crispy foods. The
ellipse is drawn by variation respectively



4.2 Evaluation of the Feature Space

We prepared two foods to verify whether our feeling of
texture is matched with the result in section 4.1. Wafer
and Ebisenbei were examined by the same way as previ-
ous section. Fig.9 shows the result of wafer. They plot-
ted between the cracotte and the potato chip. Compare
with our feeling, the points they were plotted are appro-
priate positions. Ebisenbei also shows same result.
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Fig. 9: The result of wafer plotted on feature space

4.3 Two Croquettes

We want to know the differences of the same food ex-
cept process. Hence, delicious croquettes (cooked by
well-known store) and defrosted croquettes were pre-
pared and examined. Fig.10 shows the result of two
classes and mean values. It’s obvious that the direction
of the difference between delicious one and defrosted
one parallels to the difference between the cracotte and
the apple. Take account of the relationship between the
cracotte and the apple, it can be said that the defrosted
croquette is wetter crispy food than delicious one.
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Fig. 10: the comparison of two croquettes
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5. Conclusion

In this paper, we proposed a novel acoustic sensor sys-
tem to evaluate crispness of foods. Since our system
mimics bone conduction mechanism in human, minute
vibration of foods are detected by teeth, and transmits
to left and right sensors through bone. The two sen-
sor outputs give us the localization and spatial spread
information as well as our binaural audition. By exper-
iments, we showed such features clearly classified four
characteristic crispy foods.
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