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Abstract: On the human face, the lips are one of the most important anatomical elements, both
morphologically and functionally. Morphologically, they have a significant impact on aesthetics, and
abnormal lip morphology causes sociopsychological problems. Functionally, they play a crucial role
in breathing, articulation, feeding, and swallowing. An apparatus that can accurately and easily
measure the elastic modulus of perioral tissues in clinical tests was developed, and its measurement
sensitivity was evaluated. The apparatus is basically a uniaxial compression apparatus consisting
of a force sensor and a displacement sensor. The displacement sensor works by enhancing the
restoring force due to the deformation of soft materials. Using the apparatus, the force and the
displacement were measured for polyurethane elastomers with various levels of softness, which
are a model material of human tissues. The stress measured by the developed apparatus increased
in proportion to Young’s modulus, and was measured by the compression apparatus at the whole
region of Young’s modulus, indicating that the relation can be used for calibration. Clinical tests
using the developed apparatus revealed that Young’s moduli for upper lip, left cheek, and right cheek
were evaluated to be 45, 4.0, and 9.9 kPa, respectively. In this paper, the advantages of this apparatus
and the interpretation of the data obtained are discussed from the perspective of orthodontics.
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1. Introduction

On the human face, the lips are one of the most important anatomical elements
morphologically and functionally [1]. Morphologically, they have a significant impact
on aesthetics [2], and abnormal lip morphology causes sociopsychological problems [3].
Functionally, they play a crucial role in breathing, articulation, feeding, and swallowing.
Although it is desirable for the lips to be able to close without an excessive tension in the
perioral muscles, various factors can cause the upper and lower lips to be in a constant
state of separation, which is called lip incompetence [4]. Incompetent lip has been reported
to be associated with oral breathing, tonsillar hypertrophy, allergic rhinitis, maxillofacial
morphology, malocclusion, and laxity of perioral muscles, and causes various problems
such as gingivitis and exacerbation of periodontal disease due to a dry mouth. Malocclu-
sions that yield lip incompetence include maxillary protrusion, mandibular protrusion, and
bimaxillary protrusion. These malocclusions can be corrected by orthodontic treatment
by retraction of the upper and lower anterior teeth and myofunctional therapy for the
perioral muscles.

Teeth are constantly exposed to pressure from perioral soft tissues such as the lips,
cheeks, tongue, and superior pharyngeal constrictor, and the pressure balance influences
the determination of the labiolingual position of the dentition [5].
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Studies on the objective evaluation for the lip’s closure function have been dominated
by two approaches: morphological and functional evaluation. A morphological evaluation
includes analyses using cephalograms [6,7], 3D imaging [8], and MRI imaging [9], while
a functional evaluation includes an electromyography of the perioral muscles [10] and a
measurement of maximum lip closure force [11]. We focused on reports in the fields of
sports science and physical therapy that state that the muscle tension is related to muscle
stiffness [12].

There are many reports concerning the measurement of the elastic modulus for various
parts of the human body [13-37]. For example, Pailler-Mattei et al. showed a dramatic
decrease in Young’s modulus of skin with aging using an indenter approach [13]. They
pointed out that a decrease in the density of collagen and elastic fibers is associated with
the decrease in the elastic modulus. Their measurement method is basically a uniaxial
compression, which gives the stress—strain curves for the skin tissues. Besides the mechani-
cal measurements, Diridollou et al. developed a method to determine Young’s modulus
for suctioned skin using an ultrasound [14]. The advantage of this method is that there is
little variation in the measured values. In recent years, the measurement of the stiffness
of human skin tissue using elastography has also been actively performed [15-19]. Also,
there is a method using a composite of polymer film and a metal electrode, which has been
successfully applied in practical use. When strain is applied to this device, the capacitance
changes and parameters reflecting the elastic modulus of the muscle can be quantified.
Although it is suitable for measuring at a large strain, the problem is that the measured
values vary depending on the direction or the adhesion strength of the sensor attached
to the muscle. Thus, a device and its methodology to determine Young’s modulus for
soft tissues, such as perioral tissue easily and reproducibly, have not been established yet.
As mentioned above, the conventional methods of evaluating the softness and tension of
perioral tissues require large-size equipment, making it difficult for patients to accept the
examination. For this reason, it has been extremely difficult to collect medical data through
examinations at university hospitals. If the softness of the perioral tissues of patients could
be evaluated quickly and easily at the chairside during examinations, a vast amount of
data on various patients could be accumulated, and this field could be greatly advanced.
Furthermore, if the device developed in this study can be miniaturized, it could be used like
a wearable device that can measure the tension and activity of each region of the perioral
muscles in real time [38,39].

In this study, we developed an apparatus that can measure the elastic modulus of
perioral tissue using an elastic material made of polyurethane, as a model material of
bi-ological tissues, for the final purpose of quantifying lip closure function. Polyurethane is
a material that can reproduce a very wide range of softness and is widely used as a material
similar to human skin in the field of medicine, including as a medical training model for
suturing [40,41], facial plastic surgery [42], and chest tube insertion [43]. This apparatus
is specially designed so that the stress can be dispersed to the displacement sensor for
measuring the restoring force of soft materials with low elasticity.

2. Experimental Procedures
2.1. Synthesis of Polyurethane Elastomers

Polyurethane (PU) elastomers were used as a model material for perioral tissues. In
this material, the elastic modulus can be controlled by either the number of cross-linking
points or the network density. The number of cross-linking points and the network density
can be controlled by the amount of cross-linking agent and the amount of plasticizer con-
centration, respectively. In this study, the plasticizer concentration varied while keeping
the cross-linking density in order to vary the elasticity of polyurethane elastomers. The PU
elastomers were synthesized by the prepolymer method. The prepolymer was synthesized
by two kinds of polypropylene glycols (PPG), two-arm PPG with a molecular weight of
M., = 2000 (Fujifilm Wako Pure Chemical Co., Osaka, Japan) and three-arm PPG with a
molecular weight of M, = 3000 (Fujifilm Wako Pure Chemical Co., Osaka, Japan), and
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tolyrene diisocyanate (Fujifilm Wako Pure Chemical Co., Osaka, Japan) of a chain extender.
For the PU elastomer, cross-linking points were created by the three-arm PPG. The pre-
polymer, linear polypropylene glycols, and plasticizer were mixed by a mechanical mixer
(MAZERUSTAR KK-250S, Kurabo Industries Ltd., Osaka, Japan) for several minutes. The
plasticizer is dioctyl phthalate (DOP, Fujifilm Wako Pure Chemical Co., Osaka, Japan). The
weight concentration of DOP, which was defined as the ratio of DOP to the matrix, varied
from 70 to 83 wt.% to control the elasticity of the PU elastomers. The molar ratio of -NCO
to -OH groups in the prepolymer was constant at 2.01 (=[NCO]/[OH]), in order to be the
final molar ratio of 1.0. After mixing, the mixed solution was poured in an aluminum mold
and was cured on a hot stage at 100 °C for 30 min. The sample was in a disk shape with a
diameter of 40 mm and a thickness of 20 mm.

2.2. Mechanical Measurements by a Compression Apparatus

The stress—strain curve was measured for the PU elastomers at room temperature
using a uniaxial compression apparatus (EZ-Test EZ-SX, Shimadzu Co., Kyoto, Japan)
with a load cell of 500 N. The measurements were carried out at a compression speed of
60 mm/min below a strain of approximately 0.16. The stress is apparent stress, which
was calculated from ¢ = F/S; F is the load and S is the area of the cross-section of the PU
elastomer without deformation. At low strains, the stress was proportional to the strain
for all the elastomers with various plasticizer concentrations. Young’s modulus for the PU
elastomers was determined from the initial slope of the stress—strain curve. The mean value
and the standard error of Young’s modulus averaging over three measurements for one
sample were presented in the graphs.

2.3. Mechanical Measurements by the Indentation Apparatus Developed

Photographs representing the new indentation apparatus developed in this study are
shown in Figure 1. The indentation apparatus consists of a force sensor and a displacement
sensor (Figure 1a). The load cell and the amplifier for the force measurement (Kyowa
Electronic Instruments Co., Ltd., Kyoto, Japan) were used for measuring the force applied.
The displacement was measured by a strain gage using a method of cantilevered spring,
which is widely used for the mechanics of displacement detection. The displacement
sensor also has a function of dispersing the restoring force received from the object. The
spring constants for the force sensor and the displacement sensor were determined to
be 4.8 x 103 and 33 N/m, respectively, using the respective relationship between the
force and displacement. The displacement can be adjusted by changing the length of a
guide (1~3 mm) made of plastics (Figure la). The plastic guide restricts the maximum
displacement of the displacement sensor, allowing the sensor to move to a set value. When
the displacement sensor reaches a set value, force transfer occurs through the plastic guide.
The diameter ¢ of the attachment plate mounted on the force sensor varied from 5 to 9 mm
(Figure 1b). The force and displacement were measured by pressurizing the PU elastomers
with the self-weight (=0.39 kg) of the developed apparatus, i.e., the measurement was
performed without adding an additional force by hand (Figure 1c). First, the plastic guide
was attached to the indentation apparatus; then, the apparatus was held with one hand
and put on the PU elastomer or perioral tissues. While completing the measurement, it is
important to set the indentation apparatus perpendicular to the surface of the elastomer.
In the indentation method, the force sensor is often actively pressed into an object to be
measured. In this case, the data scatters greatly depending on the experimental conditions,
such as the contact condition and/or angle between the object and the apparatus, even
though the indentation speed was controlled electrically. Needless to say, this significantly
reduces the reproducibility of stress—strain curves. Figure 1d represents a photograph
for PU elastomers with plasticizer concentrations of 70 and 80 wt.% when stress was
applied by the self-weight of the apparatus. Load and displacement data were recorded
by a computer using a software (TK-HS100P Ver. 1.20.1) via USB communication every
0.05 s. Figure le shows the time response of force and displacement for PU elastomers



Materials 2024, 17, 3654

40f13

Model elastomer

with a plasticizer concentration of 70 wt.% when three indentation tests were carried out
in approximately 3 min. Similar curves of both force and displacement were observed at
three runs, indicating that the test has high reproducibility even though indentation was
completed by hand. The data also showed that the mechanical properties of the soft PUs
were largely restored to their original state within this time. When the apparatus is applied
to the skin, not only is the force sensor in contact with the skin, but so is the displacement
sensor. In other words, the skin is pressurized in a certain plane. The values are almost
the same, even though the perpendicularity of the indentation to the skin varied slightly
with different examiners. The average value and error of the results of three different
measurements are shown in the graph.
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Figure 1. Photographs of the appearance of the (a) apparatus developed and for (b) force and
displacement sensors. Views of (c) force measurement for a PU elastomer and of the (d) deformation
of elastomers with Young’s moduli of 44 kPa (left) and 10 kPa (right). (e) Time response of force and
displacement for PU elastomers with a plasticizer concentration of 70 wt.% when three indentation
tests were carried out in approximately 3 min.

3. Results and Discussion

Figure 2a shows the stress—strain curves for PU elastomers with various plasticizer
concentrations measured by the uniaxial compression apparatus. The stress ¢ increased
with the strain ¢, and a region satisfying Hooke’s law (o = Eg, E: Young’s modulus) was
observed at strains below 0.03 for all the elastomers. Figure 2b exhibits the relationship
between Young’s modulus and the plasticizer concentration for PU elastomers. Young’s
modulus linearly decreased with the plasticizer concentration. PU elastomers with Young’s
moduli from 5.3 kPa to 44 kPa can be obtained by controlling the plasticizer concentration.
It is natural that the absolute value of Young’s modulus depends on the compression
speed. However, the fact must remain that Young’s modulus decreases as the plasticizer
concentration increases. Therefore, the absolute value of Young’s modulus of perioral tissue
may be changed by changing the compression speed; however, its order of softness will
not be changed. The deformation of elastomers with plasticizer concentrations of 70 and
80 wt.% can be seen in Figure 1d. This method developed here is similar to the principle
of durometer used in the hardness of rubber (Shore hardness). Since the deformation
is constrained around the measuring area, a theoretical equation is required to obtain
the absolute value of Young’s modulus. In this study, we attempted to easily determine
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Young’s modulus from the magnitude of force by creating a calibration curve between
the force, measured by the developed apparatus, and Young’s modulus, measured by a
compression test. In general, a power-law relationship between the Shore hardness and
Young’s modulus or the storage modulus (at several 10 Hz) can be observed in rubber
materials, and it has been reported that these physical properties can be obtained from
displacements measured by a durometer. For example, the hardness of rubber measured
by a pneumatic tester can be scaled by Young’s modulus [44—-46].
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Figure 2. (a) Stress—strain curves and (b) the relationship between Young’s modulus and the plasticizer
concentration for PU elastomers synthesized in this study.

Figure 3 exhibits the time response of the force and the measured displacement for
PU elastomers with a plasticizer concentration of 70 wt.% at various diameters of the
force sensor, presented as a function of the set values of displacement. The force for all
elastomers increased simultaneously with indenting the sensors in the elastomer, and it
became almost constant within several seconds. Although the data fluctuated immediately
after the displacement reached a set value, there was a stable region where the data were
almost constant for approximately 10 s, which was used as the average force. When the
indenter was removed from the elastomer, the force was completely recovered to the
original value. A similar response to the force was observed for displacement. Thus, the
measured displacement was equal to the set value when the diameter was small and the
displacement was shallow. The measured displacement did not reach the set value when
the diameter was large and the displacement was deep, e.g., ¢ =9 mm and d = 3 mm.

Figure 4 indicates the average force and average displacement as a function of the
plasticizer concentration at various set values of the displacement as a function of the
diameter of force sensor. The force decreased with the plasticizer concentration at all
conditions, and it increased with increasing the diameter of the force sensor or increasing
the displacement. The decrease in stress was significant at lower plasticizer concentrations
and at deeper displacements. The decrease in stress was relatively small at higher plasticizer
concentrations. The measured displacement was equal to the set value, indicating that
the self-weight of the apparatus is enough to deform these elastomers. The average
displacement for only an elastomer with a plasticizer concentration of 70 wt.% at d = 3 mm
and ¢ = 9 mm did not reach the set value, which is due to the insufficient self-weight
of the apparatus; this data was not dealt with in analyses hereafter. At a condition of
d =3 mm and ¢ = 5 mm, the force showed slightly high values at a plasticizer concentration
of 83 wt.%. At this condition, the distance between the tip of the force sensor and the
table under the elastomer was a few millimeters, that is, the elastomer is very thin. The
relatively high value of the force might be an influence on the table, which does not show
elastic deformation. In the measurement of the elastic modulus of human skin tissues,
there should be an influence of bone under the skin tissues. The deformation of the bone is
negligibly small compared to that of the skin tissues. Accordingly, at a deep indentation,
the part that is deformed by stress is the skin tissue, and the skin tissue between the bone
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and the force sensor becomes very thin under the stress. This is similar to the indentation
of PU elastomers sandwiched between the table and force sensor, as described above. For
an accurate measurement of the indentation experiment for skin tissues, such as the slight
and anomalous increase in the force, as seen in the force at a plasticizer concentration of
83 wt.%, it should be analyzed carefully.
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Figure 3. Time response of force (tops) and displacement (bottoms) for PU elastomers with a
plasticizer concentration of 70 wt.% at various diameters of the force sensor, indicated as a function
of the set values of displacement.
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Figure 4. Average force (a—c) and average displacement (d—f) as a function of the diameter of the
force sensor for PU elastomers with various plasticizer concentrations.

Figure 5 shows the relationship between the average force and the diameter of the force
sensor at various displacements for PU elastomers with various plasticizer concentrations.
The Fs was observed to increase with the displacement from 1 to 3 mm. This is because
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the restoring force by the elastomer increases as the distance between the top of the force
sensor and the displacement sensor increases. The force increased with the diameter of the
force sensor at all conditions, and it increased with displacement. The Fs was observed
to increase with the diameter from 5 to 9 mm. This is because the restoring force, due to
the elastomer, increases as the area of the deformed part increases. The Fs was observed
to increase with Young’s modulus from 5.3 to 44 kPa. This is because the restoring force
by the elastomer increases as Young’s modulus of the deformed part increases. The force
applied to elastomers can be divided into two forces; one is a force received by the force
sensor Fs and another is a force received by the displacement sensor Fg,

Fs+Fy = Wg (1)

Here, the force Wg was calculated to be 3.8 N, which is a multiple of the mass of the
apparatus, W (=0.39 kg), and the acceleration of gravity, g (=9.8 m/s?). The Fs should be
proportional to the diameter of the force sensor as explained by the following equation:

Fs = 4¢ (2)

Here, the o5 and ¢ stand for the stress acting on the force sensor and the diameter of
the force sensor. The Fs was well fitted by Equation (2), and the o could be determined. On
the other hand, the F4 was calculated from Equation (1), and it is indicated as dotted lines
in Figure 5. The F4 decreased as the diameter of the force sensor at all conditions increased,
and it increased with the decreasing displacement. At low plasticizer concentrations (high
Young’s modulus), the Fs showed high values and the slope of the curves of Fs vs. ¢ was
also high. At high plasticizer concentrations (low Young’s modulus), the Fs showed low
values and the slope was also low.
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Figure 5. Relationship between the average force and the diameter of force sensor at various
displacements for PU elastomers with various plasticizer concentrations. Schematic illustrations
represent the deformation of elastomers around the force sensor when pressurized by the apparatus.
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The force measured without the displacement sensor is also shown in Figure 5. It
should be noted that the force was almost constant, even though the diameter of the force
sensor largely increased in spite of the plasticizer concentrations. Furthermore, the value
of the force was approximately 3.6 N, which is 0.2 N smaller than that for the weight of
the apparatus (=3.8 N). The small difference is due to the restoring force by the elastic
deformation of the PU elastomers. These facts strongly indicate that the force measured
without the displacement sensor hardly reflects the restoring force due to the deformation
of PU elastomers occurring independently of the plasticizer concentration. This is rather
similar to the mechanical response when the apparatus is placed on an object without
any accompanying elastic deformation, e.g., a perfect solid. On the other hand, the force
with displacement sensor showed a square dependence on ¢, as shown in Equation (2),
which is the mechanical response when the apparatus is placed on an object with an elastic
deformation. Thus, it is clear that the mounting of the displacement sensor enables the
measurement of the restoring force of PU elastomers. In this experiment, the diameter of
the force sensor was set to be 9 mm at the maximum. The force received from the elastomers
increased with the diameter of the sensor, which is appropriate for the measurement with
high accuracy. However, the diameter should be less than 10 mm since there is a distribution
of an elastic modulus in the plane for the measurements of perioral tissues.

Figure 6 represents a schematic illustration representing the deformation and mechan-
ical response of PU elastomers when the apparatus was placed on the elastomer. Without
the displacement sensor, the force sensor deeply sinks into the elastomer. The force mea-
sured was almost independent of the diameter of the force sensor, as shown in Figure 5.
This is not strange, although there is a part in the elastomer that is largely deformed by
the indenter (Figure 6a). This can be understood as an effect of stress dispersion. In the
presence of a displacement sensor, the force sensor sinks into the elastomer, similar to the
case without the displacement sensor. However, the deformation of the elastomer around
the force sensor is different. The elastomer within the circle of the displacement sensor is
deformed by the force sensor (Figure 6b), which gives a general relationship between force
and displacement. Actually, the force increased with the diameter of the force sensor and
it decreased with the plasticizer concentration, as shown in Figure 5, which is a typical
response of the restoring force by deformation for soft materials.

(@) (b)

Displacement Force sensor
sensor

Force sensor

Polyurethane Polyurethane
elastomer elastomer

= | .

Figure 6. Schematic illustrations representing the deformation and mechanical response when a
stress was applied by the indenter without (a) and with (b) a displacement sensor.

The general indenter test for human skin tissues is mechanically similar to the mea-
surement in this study; however, most of them measure the force while increasing the
displacement by indentation [13,20]. As mentioned above, the stress—strain curve often
scatters greatly depending on the experimental conditions, even if the indentation speed
is controlled electrically. This disadvantage makes it impossible to simply compare data
obtained from different measurers and subjects. Although the mechanics are slightly com-
plicated by mounting the displacement sensor, it acts to enhance the restoring force of the
soft material due to deformation.
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Figure 7 shows the relationship between the stress measured by the apparatus de-
veloped in this study and Young’s modulus is determined by a uniaxial compression
apparatus for PU elastomers with various plasticizer concentrations. Errors were obtained
when the data of o5 in Figure 5 were fitted using the least squares method according to
Equation (2). The o increased in proportion to Young’s modulus at all displacements,
meaning that Young’s modulus for an object can be calculated from o at any displacement
studied here. However, the slope of the lines increased as the displacement increased,
suggesting that Young’s modulus can be determined accurately at high displacements.
Thus, the optimum displacement for measuring Young’s modulus for perioral tissues in
clinical tests was determined to be 3 mm.

40
35 E
30
25

20

Stress o (kPa)

15

10

0 1 1 1 1 1 1
0 10 20 30 40 50 60

Young's modulus E (kPa)

Figure 7. The relationship between the stress measured by the apparatus developed in this study and
Young’s modulus determined by a uniaxial compression apparatus for PU elastomers with various
plasticizer concentrations at various displacements.

Young’s modulus of perioral tissues for subjects who were healthy males in their 20s
was measured using the apparatus developed in this study. The restoring force by the
perioral tissues, lips, and cheek, of the subjects was measured. During the measurement,
the subject was lying on their back, making a relaxed state for perioral tissues so that the
back teeth were in contact and the mouth was not completely closed. The self-weight
of the apparatus was applied to the tissue perpendicularly to its surface. In our clinical
tests, the time interval between the measurements was kept at approximately 1 min. The
interval is considered to be enough for the tissue to recover to its original state, since
the force was recovered to the original value when removing the force typically within
~2 s. Figure 8a exhibits the time response of the force and the measured displacement for
upper lip measured at ¢ =9 mm and d = 3 mm. Three measurements were performed in
approximately three minutes. The responses of both force and displacement for perioral
tissues were similar to those of PU elastomers, as shown in Figure 3. This means that the
similar procedures of measurement and analysis used in PU elastomers can be applied
in perioral tissues. Figure 8b shows the time response of the force and the measured
displacement for perioral tissues measured at the same condition mentioned above. The
data indicated that the mechanical properties of the perioral tissues were restored to almost
their original state within this time. Figure 8c shows the relationship between the average
force and the diameter of the force sensor at a displacement of 3 mm for upper lip, left
cheek, and right cheek. At all perioral tissues, the force increased with increasing the
diameter of the force sensor and with increasing the displacement, as well as the results of
indentation for the PU elastomers. Although a displacement of 3 mm was relatively deep,
the actual displacement completely reached the set value also for the perioral tissues. It
was also found that the Fs could be well fitted by Equation (2) with high values for the
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correlation coefficient, as shown in Figure 5. The force measured without the displacement
sensor is also shown in Figure 8c. The force for perioral tissues was found to be almost
constant, even though the diameter of the force sensor largely increased, which was similar
to the result of PU elastomers. Using a similar manner as shown in Figure 5, the values of
o for these perioral tissues were determined to be 31, 13, and 16 kPa, respectively. Hence,
the values of Young’s modulus were also evaluated to be 45, 4.0, and 9.9 kPa, respectively.
According to a sensory evaluation of tactile sense, the upper lip was stiffer than the right
and left cheeks, which was consistent with the experimental values. The result where
Young’s modulus of the upper lip was several times higher than that of the cheeks can be
attributed to the influence of hard teeth behind the lip. The limitation of the measurement
with this apparatus is that when the object to be measured is extremely soft, the influence
of the substrate under the object will be more prominent. This problem is a phenomenon
that is generally found in indentation tests of soft materials, which cannot be avoided in
principle and is a limitation of this apparatus. We are currently investigating what part
of the measurements in clinical tests where this problem could lead to inaccuracies in
Young’s modulus. On the other hand, there was no difference in softness between the left
and right cheeks according to the tactile sensory evaluation, although the experimental
values showed a difference of 5.9 kPa. This apparatus enables the measurement of small
differences in softness that cannot be sensed by tactile sense by fingers. The reason for the
difference in Young’s modulus between the left and right cheek tissues is still unknown.
We recognize empirically that there is an asymmetry in muscle tension on the left and
right sides of the face. Actually, it has long been noted that the temporalis muscle and
the masseter muscle, one of the perioral muscles, are asymmetrical, and that the masseter
muscles tend to be more variable than the other muscles [47]. However, numerical values
have not been clarified yet due to underdeveloped methodologies for measurement and
a lack of clinical data. Using the apparatus developed in this study, we aim to measure
Young’s modulus of each muscle around the lips to establish a criterion for cosmetics,
such as apparent symmetry, and for eating functions, such as biting. As mentioned in the
Section 1, there are several methods to measure the elastic modulus for skin tissues such as
indentation measurement [13,20,21], suction techniques [14,22-26], torsion systems [27-31],
traction [32], extensometry [33-35], and elastic wave propagation [36,37]. A study using
an indentation apparatus by the push-in method reports that Young’s modulus for the
left cheek near the lips and for the center of the left jaw is distributed in a range of
2.653—4.437 kPa, and for the center of the cheek, the left zygomatic region, and the left
cheek near the lips is distributed in a range of 1.649-3.395 kPa [21]. These values of Young’s
modulus were close to the lower values measured with our apparatus. In the literature
on larger muscles, Young’s moduli for medial forearm was identified as 5.1-12.3 kPa by
an indentation test [13], and 129 + 88 kPa by a suction test using an echorheometer [14].
In the future, we plan to measure various tissues of anatomy in clinical tests to validate
Young’s moduli, as we presented in this study. Here, the effect of surface curvature on the
measured value should be discussed. At this stage, we believe that the elastic modulus
can be measured even if the object to be measured has a curved surface. However, the
possibility that curved surfaces may affect the experimental results cannot be completely
eliminated. Extensive experiments on samples with a curved surface are needed to prove
this idea. The reasons why measurements can be made even on curved surfaces are as
follows. Basically, the object being measured with this apparatus is soft, like human skin
tissue. When the apparatus is placed on the skin, the displacement and force sensors sink
into the skin due to the self-weight of the apparatus. Due to this, the area where the force
sensor contacts the surface will be flat, even if the surface is rough. In other words, the
restoring force is measured in this apparatus when a limited area near the force sensor
is deformed. Figure 8e shows the appearance of the skin surface before and after three
indentation tests using an indenter with a diameter of 9 mm at a displacement of 3 mm. In
clinical tests, there was no change in the appearance of the skin surface after the indentation,
meaning that the skin was not damaged by the indentation. The apparatus developed
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here has the following advantages in clinical tests. In general, push-in devices are large
and heavy; however, this apparatus is compact and portable, as shown in Figure 1. Also,
the displacement sensor has roles in not only enhancing the restoring force but also in
dispersing the force applied to the skin, resulting in a painless measurement. We conducted
a clinical test on one patient because we wanted to show in this paper that the newly
developed apparatus could actually be used in a clinical test. The results of a clinical test
on a statistically sufficient number of patients will be presented in a subsequent paper.
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Figure 8. Time responses of (a) force and (b) displacement for perioral tissues measured at ¢ =9 mm
and d = 3 mm. (c) The relationship between the average force and the diameter of the force sensor for
perioral tissues at a displacement of 3 mm. (d) Young’s modulus in vivo for perioral tissues. (e) The
appearance of the skin surface before and after three indentation tests. The indenter was applied to
the circle in (e).

4. Conclusions

We have fabricated an apparatus to evaluate Young’s modulus for perioral tissues
accurately and easily in clinical tests. It was specially designed so that the stress can be
dispersed to the displacement sensor for measuring the restoring force of perioral tissues
with low elasticity accurately. Mechanical measurements for polyurethane elastomers with
various elastic moduli, which is a model material of perioral tissues, were carried out
using the apparatus, and a methodology was developed to convert the measured stresses to
Young’s modulus. An optimized condition was derived, so that the displacement was 3 mm.
In a clinical test, a difference in Young’s modulus between the left and right cheeks could
be detected by the apparatus. This method has the advantage of high reproducibility and
being inspector independent, since the measurement is performed using the self-weight
of the apparatus. We believe that the apparatus developed and the mechanical findings
obtained are powerful tools for evaluating the elasticity of perioral tissues. The present
apparatus is possibly very helpful to predict the difference in the response of perioral tissue
to orthodontic tooth movement in individual cases. Using the apparatus developed in this
study, we aim to measure Young’s modulus of each muscle around the lips to establish a
criterion for cosmetics, such as apparent symmetry, and for eating functions, such as biting.
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