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Food texture is one of the most important factors
in determining the personal palatability of foods, so
food companies require food texture measurement and
evaluation in developing novel food products. How-
ever, instruments are not fast enough or strong enough
to imitate human mastication. To measure the tex-
tures of different foods, this study proposes a sensor
stand that uses a rod-type actuator. The target speed
and force of the sensor stand are 100 mm/s and 100 N,
respectively. A food texture sensor that imitates the
structure of a human tooth is attached to the sensor
stand. The sensor stand and a desktop computer make
up the measurement system. Using the system, the
fundamental characteristics of the sensor stand with
the texture sensor are demonstrated. Verification ex-
periments confirm that the sensor stand satisfies the
target values of speed and force. Experiments on ac-
tual food items also demonstrate the effectiveness of
the measurement system in evaluating food textures.

Keywords: food texture, texture measurement, rod-type
actuator, mastication, food evaluation

1. Introduction

When people chew their food, they perceive its taste,
aroma, and texture, and these enable them to recognize
the flavor and palatability of what they are eating. This
makes the measurement and evaluation of taste, aroma,
and texture important in food development. To measure
taste components, Toko developed a method for measur-
ing taste [1,2]. The instrument that uses this method is
commercially available and has been used by food de-
velopers the world over [3]. Regarding aroma, some de-
vices that measure it have been reported [4,5]. On the
other hand, the palatability of foods is determined mostly
by texture [6, 7], and texture actually contributes more to
taste than does aroma. To add texture to food, some de-
vices that provide a user with a food texture have been
reported [8, 9]. These trials are interesting, but since con-
sumers generally prefer to eat foods with pleasant tex-
tures, texture is a significant factor in determining the
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sales of food items. Food companies need ways of mea-
suring and evaluating food textures.

In food texture measurement, major instruments con-
sist of a load cell and a motorized slider. The motorized
slider imitates the motion of chewing. The instruments
use a probe to measure the time-series force or pressure in
two compressions of the food. The texture profile analysis
(TPA) determines the physical properties from the mea-
surement data [10, 11]. Although the TPA is effective in
the evaluation of texture, the characteristics of the instru-
ments are different from those of the motion of human
mastication. One of the different characteristics is speed.
Humans chew hard foods slowly and soft foods relatively
quickly. In fast chewing, the speed rises to 74 mm/s [12].
On the other hand, the compression speed of the instru-
ments is 10-20 mm/s. Due to the low speed, the instru-
ments cannot recreate the motion of human mastication.
Kinumatsu et al. have developed an instrument that moves
the probe at the speed of 100 mm/s [13]. Akimoto et al.
have proposed a measurement device using a free-running
probe and Sakurai et al. have developed a swing-arm mea-
surement device [14,15]. Although these devices were
capable of raising the speed to 100 mm/s, they did not
use the measurement data in the high-speed compression
for texture evaluation. When foods were viscous, the re-
flected force to compression depended on the speed of
the probe. In addition to the speed, the measurement of
hard foods such as carrots and rice crackers requires suf-
ficient compression force. Depending on the size of the
sample, a force of 100 N may be required to compress
the food [11]. Shimada et al. measured the dynamic bite
force of the molar teeth during mastication and the force
was within 100 N [16]. The measurement and evaluation
of texture require the same compression speed and force
as those of human mastication.

This study proposes a device that imitates the motion
of human mastication. We design and produce a moving
device that uses a rod-type actuator as a sensor stand. The
target speed and force of the sensor stand are 100 mm/s
and 100 N, respectively. We have also developed a food
texture sensor that imitates the structure of the human
tooth and periodontal membrane [17,18]. The texture
sensor has a range of over 100 N and a sampling fre-
quency of 10 kHz, so the sensor stand is suitable for the
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Fig. 1. Structure and components of sensor stand.

characteristics of the texture sensor. In the following sec-
tions, the structure and components of the sensor stand
and texture sensor are explained. A measurement system
is also included. The fundamental characteristics of the
sensor stand with the texture sensor are revealed through
experiments using the measurement system. Finally, the
effectiveness of the sensor stand is discussed.

2. Measurement System Using a Rod-Type
Electric Actuator

2.1. Sensor Stand with Rod-Type Electric Actuator

The structure of the sensor stand is shown in Fig. 1. The
sensor stand consists of an actuator, an actuator driver, a
desktop computer with a motion controller board, and a
stand. The actuator is a rod-type electric actuator having
a step motor (LEY16D, SMC Co., Tokyo, Japan) [19].
Two electric actuators are used according to the applica-
tion. One is used for high-speed motion over 100 mm/s;
the other is used for high force motion over 100 N. The
difference between them is the lead length of the screw
shaft. The lead lengths of the former and latter are 10 and
2.5 mm, respectively. The actuators can be mounted to
the stand quickly. They have a 100-mm stroke and a po-
sitioning repeatability of £0.02 mm. A motion controller
(SMC-4DL-PE, Contec Co., Ltd., Osaka, Japan) which
is embedded into a desktop computer drives the actuators
via an actuator driver (LECPA, SMC Co., Tokyo, Japan).
The motion controller and the actuator driver are common
devices for the two actuators.

2.2. Food Texture Sensor

The food texture sensor consists mainly of a probe, a
linear slider, a spring, and a circuit board [18]. Fig. 2 is
a schematic drawing and a photo of the sensor structure.
The probe is a cylindrical shape with a 10 mm diameter.
It was made by a 3D printer from acrylonitrile-butadiene-
styrene resin, but it has a cylindrical magnet within it.
There is a spring at the bottom of the probe, and the ends
of the spring are fixed to the probe and the base plate. The
spring determines the vertical position of the probe based
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Fig. 2. Structure of texture sensor and its prototype.
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Fig. 3. Sensor stand with rod-shaped electric actuator and
texture sensor.

on an external force to the probe. The linear slider limits
the motion of the spring to the vertical direction. The cir-
cuit board has two magnetoresistive elements and is con-
nected to an amplifier circuit which amplifies their output
voltages 59.4 times. The amplifier circuit is connected to
the desktop computer via an A/D conversion board. The
A/D conversion board converts the amplified voltages to
16-bit digital data with the sampling frequency of 10 kHz
and sends the data to the computer. The computer cal-
culates the acting force F on the sensor’s probe from the
voltages of the magnetoresistive element by using the fol-
lowing calibration equation.

ey

€1 C €3 C4

F=C0+—+—2+—+—2

Vi Vv 1 V2 V2

where ¢; (i =0,...,4) are coefficients determined by a

calibration, and v; and v; are the amplified voltage of the
magnetoresistive elements.

2.3. Measurement System

The sensor stand with the food texture sensor is shown
in Fig. 3. The height of the top of the actuator is 460 mm;
the area of the base plate of the stand is 120 x 300 mm.
The computer controls the actuator and obtains measure-
ment data from the food texture sensor. Although the
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procedure of the control and the measurement depends
on the physical properties of the target food, for a snack
food such as a french fry, the food texture sensor com-
presses the snack to the compression rate of 80% or 90%.
In this case, the food texture sensor measures the heights
of the top and bottom surfaces of the food by contact and
the computer determines the stroke length of the actua-
tor based on the thickness of the food as calculated from
the initial heights. After that, the computer compresses
the food twice, based on the stroke length and the set
speed. Some parameters such as hardness and springi-
ness are calculated from the measured force data attained
through the TPA analysis. For crisp and brittle foods, such
as crackers or potato chips, a single compression is used,
and the hardness is calculated from the peak of the mea-
sured force data.

3. Experiment

3.1. Speed and Compression Force of Sensor Stand

The target speed of the movement of the sensor stand
was over 100 mm/s. First, a fundamental experiment veri-
fied that the sensor stand satisfied the target speed. In this
experiment, a laser distance sensor was put on the base
plate of the stand and the displacement of the tip of the
probe on the texture sensor was measured. The computer
set three speeds for the motion controller, 1000, 5000, and
10000, and it made the movement of the tip of the probe
50 mm. The speed was calculated from the time inter-
val and the measured displacement of the movement. The
relationship between the set speed and the test speed is
shown in Fig. 4. The line represents the regression line of
the test data. The relation was linear and the coefficient of
determination was 0.99.

Second, to confirm the compression force of the sensor
stand, we performed the following experiment. A force
sensor (MINI 8/40-A, BL Autotec, Ltd., Kobe, Japan)
was attached to the sensor stand. The force sensor had
a stainless steel probe with a cylindrical shape 10-mm in
diameter and a measurement range of over 150 N. In the
experiment, the probe touched a wooden block. After a
preparatory press with a displacement length of 0.01 mm,
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Fig. 6. Relationship between time and force in two com-
pressions.

the sensor stand cumulatively compressed the block four
times with a displacement length of 0.02 mm. The re-
lationship between displacement and force is shown in
Fig. 5. The force after three and four compressions was
over 100 N.

3.2. Fundamental Experiment Using Measurement
System

The measurement system, in which the sensor stand
had the food texture sensor on the tip of the actuator, com-
pressed a urethane sheet. The urethane sheet was 5 mm in
thickness and had an Ascar-C hardness of 30. The spring
constant of the spring in the sensor was 5.9 N/mm. The
measurement system compressed the urethane sheet two
times with the sensor at a speed of 10 mm/s and a stroke
length of 6.0 mm. The initial gap between the probe sur-
face of the sensor and the sheet was about 2.5 mm. The
relationship between time and the force measured by the
sensor is shown in Fig. 6. The peaks were approximately
20 N and the wave shapes were nearly identical. The mea-
surement system compressed a urethane sheet one time at
six different speeds: 10, 20, 30, 40, 50, and 60 mm/s. The
other conditions were the same in the above experiment.
The measured forces with the different speeds are shown
in Fig. 7. The faster the speed, the sharper the shape of
the force data. The peak of force increased as the speed
increased because the viscosity of the urethane sheet in-
creased the reaction force.
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Fig. 8. Probe and slider of food texture sensor testing sam-
ple in acrylic resin tube.

3.3. Measurement Example of Viscoelastic Food

Many foods have both elastic and viscous character-
istics. The measurement system gives a food sample a
stroke-constant compression. In this case, one of the sim-
ple physical models of food is the Voigt model. The Voigt
model consists of the sum of an elastic term and a viscous
term as the following equation using stress p and strain €.

de
p—E£+T]Z,............(2)

where E is a modulus of elasticity and 7 is a viscosity. If
the stroke length, i.e., strain, in the measurement is con-
stant, the elasticity term is also constant. On the other
hand, the viscosity term depends on the speed of the com-
pression strain. By using the variety of the compression
speed, the measurement system with the food texture sen-
sor obtained the differences in the viscosity term.

An experiment to verify the differences in the vis-
cous term was performed as follows. The food sample
was a sweet rice dumpling (Kushi-dango, Consumers Co-
operative Kobe, Kobe, Japan). Because of the repetitive
compressions, the sample was put into an acrylic resin
tube 30 mm in diameter, 2 mm in thickness, and 60 mm
in length as shown in Fig. 8. The sample was pink in
color. Because the deformation remained after compres-
sion, we made the surface of the sample flat. The length
of compression was constant at 5 mm. The compression
speeds were 1, 10, 20, 30, 40, and 50 mm/s. The relation-
ships between the speed of compression and the force are
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shown in Fig. 9. Although the increment of the force to
the speed was not linear, the force increased as the speed
increased.

3.4. Example Measurement of Hard Food

To confirm the effectiveness of the high force of the
sensor stand, the measurement system measured a rice
cracker as an example of hard food. The rice cracker
(Atsuyaki, Kingodo, Co., Tokyo, Japan) is shown in
Fig. 10. It was about 80 mm in diameter and about
9 mm in thickness. The texture sensor compressed the
area indicated by the dashed line by a length of 7 mm
from the point of the contact position and at a speed of
10 mm/s. The relationship between time and force is
shown in Fig. 11. The compression force rapidly rose
to about 55 N and the rice cracker broke at about 0.5 s.
After that, the texture sensor compressed the fragments of
the rice cracker and detached them at about 0.7 s.

4. Discussion

The rod-type electric actuator using a step motor was
mounted on the sensor stand. Based on human mastica-
tion, the target speed and force were 100 mm/s and 100 N,
respectively. After the measurement system was readied,
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the performances of the sensor stand and the system were
verified.

The speed and force of compression were tested first.
Fig. 4 shows that the relationship between the setting and
measured speeds was linear and that they had a high de-
termination coefficient. The maximum speed was over
100 mm/s. The measurement system can set the speed by
using the linear relationship. Fig. 5 shows that the sensor
stand with the force sensor compressed the wooden block
at a force of over 100 N. Fig. 5 also indicates the linear
relationship between the displacement of 10 um and the
force. Hence, the sensor stand satisfied the target values
of speed and force.

The measurement system measured the reflected force
from the urethane sheet in the two compressions. The
two wave shapes and peaks in Fig. 6 correspond. This
two-compression measurement was frequently used in the
TPA. The result revealed that the sensor stand was capable
of stable movement. The higher speeds made the sharper
slopes seen in Fig. 7. The starting times of slope of 10,
20, 30, 40, 50, and 60 mm/s were 0.27, 0.14, 0.11, 0.09,
0.08, and 0.07 s, respectively. Although the starting times
should be proportional to the speed, the relation was not
proportional because the actuator required time to accel-
erate to the set speed. In general, if the sensor stand at-
tains a higher speed, the initial distance between the tip
of the sensor probe and the sample should be properly de-
termined based on the acceleration time. In Fig. 7, the
waves of 50 and 60 mm/s have almost the same shape.
After the sensor probe touches a sample, the force from
the sample is reflected to the actuator, and its speed de-
creases. For measurements, the most suitable speed of
compression should be confirmed in advance.

Figure 9 shows the effects of speed in the experiment
carried out on the rice dumpling. The relationship of the
incrementation of the force to the speed was not linear.
This did not coincide with the Voigt model. Because the
Voigt model has two elements of elastic and viscous terms
and is simple in structure, it might not be sufficiently ac-
curate to express the characteristics of the dumpling. To
identify the structure as a multi-element model, an anal-
ysis using the additional data of the different speeds and
the creep curves is required. The sensor stand can provide
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further analysis with measurement data.

The system also obtained measurement data on the rice
cracker which is a comparatively hard food. Fig. 11 shows
the first fracture at over 50 N and the other two small frac-
tures. The first slope was almost constant. Fig. 5 shows
that the sensor stand is capable of a compression force of
over 100 N, so it clearly has enough force to compress and
fracture comparatively hard foods.

5. Conclusions

This paper has proposed a motion device with a rod-
type actuator. The target speed and force of the sensor
stand are 100 mm/s and 100 N, respectively. Test data
has proven that the sensor stand satisfies the target val-
ues. A measurement system combining the sensor stand
and a texture sensor has also been developed. Through
experiments using a rice dumpling and a rice cracker, the
sensor stand and texture sensor have been proven effec-
tive in the measurement of the viscoelastic characteristics
of food and in the measurement of the hardness of crisp
food.

In the future, the measurement system will be used to
measure and evaluate the textures of various other foods.
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