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Background: Measurement of bite force plays a crucial role in assessment of the masticatory system. With a growing in-
terest in detecting occlusal irregularities, bite force sensors have garnered attention in the biomedical field.
This study aimed to introduce a hydrogel bite force sensor, based on hydroxyethyl-cellulose-fructose-water
(HEC-F-water), for premolar and molar teeth, and to evaluate it using optical profilometry, infrared spectrosco-
py (FTIR), and Instron Tension testing system, with 2.5 cm (1 inch) margins at top, bottom, right, and left.
Material/Methods: We fabricated 20 HEC-F-water hydrogel samples sized with surface of 1x1 cm, with 2 different widths = 1 mm
and 5 mm. The samples were characterized using optical profilometry and FTIR and their electrical characteris-
tics were determined using an impedance analyzer. Aluminum (Al) electrodes, fabricated using Cutting Plotter,
were used to form a HEC-F-water-based transducer, which was used for bite force sensing. The Instron ten-
sile testing system was employed, utilizing 3D printed models of the upper and lower jaw, to simulate biting.
Forces in the range between 40 N and 540 N were exerted upon the transducer, and the output change in the
electrical signal was measured.
Results: The study determined the transfer function between bite force and capacitance. The fabricated sensor exhib-
ited a sensitivity of 3.98 pF/N, an input range of 500 N, output range of 2 nF, and accuracy of 95.9%.
Conclusions: This study introduces an edible bite force sensor employing an edible hydrogel as a dielectric, presenting a nov-
el avenue in the development of edible sensorics in dentistry.
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Introduction

In recent years there has been growing interest in development
of bite force sensors in biomedical engineering [1]. Human bite
force is the force applied by the masticatory muscles in den-
tal occlusion [2]. It is the result of all the forces acting on in-
dividual teeth due to various components of the masticatory
system. The magnitude of bite force reflects the coordination
between the upper and lower jaws, teeth, temporomandibu-
lar joint, and muscular system [3]. Bite force is used to investi-
gate various aspects related to the dentition, occlusal factors,
dentures and implant therapy, temporomandibular diseases,
orthognathic surgery, and neuromuscular modifications [4].
It is also used to evaluate the therapeutic effects of prosth-
odontic devices [5].

Bite force sensors can be used to improve the diagnosis and
treatment of oral diseases. The development of wireless bite
force measurement devices allows for more accurate and quan-
titative measurement methods, helping dentists find effective
strategies for treating occlusal diseases [6]. Additionally, wear-
able bite force measurement systems, such as mouthguard-
type sensors, provide valuable monitoring of bite force in con-
ditions like bruxism [7]. Furthermore, the use of electrochemical
sensing technology in bite force detection allows for non-in-
vasive and speedy diagnosis of common oral diseases [8-10].

Over the years, a range of devices with different designs and
working principles have been used to measure bite force. These
devices can be either mechanical, electrical, or a combination
of both [11]. Mechanical devices were the earliest form, with
the first device, called the gnathodynamometer, being devel-
oped in the 17t century [12]. Later, other devices were invent-
ed or modified, including lever-spring, manometer spring and
lever, and micro metered devices [13]. Currently, electronic de-
vices are commonly used due to their accuracy and precision.
These devices utilize load cells (transducers) to convert force
into electrical energy, and they can measure a wide range of
forces (50-800 N), with an accuracy of 10 N and a precision of
80% [14]. Advancements in sensor technologies have paved
the way for development of more sophisticated and reliable
bite force sensors that provide quantitative data on the mag-
nitude and distribution of forces during biting and enable pre-
cise evaluation and diagnosis of various orofacial conditions
[6,7,15-17]. The use of wireless bite force measurement de-
vices with stress sensor systems has shown promise in diag-
nosing and treating occlusal diseases [6]. Depending on the
effect used to convert force information into interpretable sig-
nals, force sensors are divided into converters that utilize the
piezoresistive effect, piezoelectric effect, strain gauge convert-
ers, pressure detectors, and pressure-sensitive thin films [13].
In addition to these types of force sensors, capacitive force
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Bite sensors commonly use a variety of materials. One com-
mon material is a hydrogel and a dielectric elastomer, which
can easily conform to the surfaces of teeth and capture dy-
namic bite forces [18]. These biomaterials are biodegradable
and sustainable [21]. Additionally, sensors for measuring bite
force can be made from an elastomer [22], carbon-polymer
composite [23], and a bite block [24]. In the past few decades,
hydrogels have become more and more prevalent in a wide
range of fields, such as drug delivery, tissue engineering, and
wound care [25,26]. More precisely, HEC is one of the most
widely used commercial soluble cellulose derivatives, with the
ability to form gels, as it is highly hydrophilic. Key to the pre-
viously mentioned applications is that a three-dimensional
polymeric network forms the hydrogels and can absorb large
amounts of water, while retaining structural integrity [27]. The
edible hydrogels are suitable for mechanical responsive wear-
able sensors. Using this type of hydrogel, which can fit to the
contour of teeth and gums, wearable bite force sensors were
developed. These sensors measure and monitor biting forces
during eating, speaking, and clenching and provide valuable
insights into oral health, especially bruxism (teeth grinding)
[28]. An edible hydrogel-based bite force sensor can be inte-
grated into a biofeedback system for dental rehabilitation, pro-
viding real-time force feedback to patients with temporoman-
dibular joint disorders [29].

Optical profilometry, a technique employed in a range of dis-
ciplines including dentistry, captures three-dimensional infor-
mation. By means of topographical scans, surface profiles are
obtained, allowing examination of alterations in surface mor-
phology [30]. This non-invasive and highly effective method is
a valuable tool in acquisition of surface profiles from diverse
samples, and can be seamlessly incorporated into various re-
search processes [31].

FTIR spectroscopy plays a crucial role in defining the inherent
characteristics and operational features of sensors based on
hydrogels. It is widely used for examining alterations in the
structure of hydrogels that occur upon dehydration, thereby
assessing the extent to which water binding occurs within the
hydrogel network [32]. Moreover, it facilitates identification of
protein aggregation, allowing detection of protein species of
high molecular weight [33]. FTIR spectroscopy is also used in
bite force sensors [13].

This study aimed to introduce a hydrogel bite force sensor,
based on Hydroxyethyl-cellulose-fructose-water (HEC-F-water),
for premolar and molar teeth, and to evaluate it using opti-
cal profilometry, infrared spectroscopy (FTIR), and the Instron
Tensile testing system.
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Figure 1. Fabrication of the transducer: (A) Pattern for the electrodes designed in the Cutting Plotter software; (B) Sample of
Hydroxyethyl-cellulose-fructose-water, from which all transducers were made. Software used: Auto CAD mechanical, Microsoft

Power Point & Author photograph.

Material and Methods

Ethics Statement

This study was a laboratory-based investigation focused on
manufacture and evaluation of an edible hydrogel bite force
sensor. No patients were involved, and no patient data were
used, rendering the study exempt from the need for ethics ap-
proval. This exemption aligns with the guidelines and regula-
tions for research of this type.

Fabrication and Characterization of the Hydrogel

For the capacitor electrodes, an aluminum conductive strip was
chosen, cut using a Cutting Plotter device (model CE6000-60
Plus, Tokyo, Japan, Graphtec) to eliminate human influence on
the process of making the capacitor plates. Figure 1A shows
the Cutting Plotter software pattern, which, after being cut
out, is fixed onto an organic dielectric hydrogel, HEC-F-water.
The cut capacitor electrodes were sized 0.9 cm by 0.9 cm, a
contact strip measuring 0.3 cm in width and 5 cm in length is
added to the electrodes for ease of measurement, and HEC-
F-water was used for the dielectric material.

The hydrogel is shown in Figure 1B. The elasticity of this ma-
terial was tested using compression attachments, as well as
those with tooth models on them.

We dissolved 42 g of fructose (Aldrich — USA) in 50 g of wa-
ter, heated the mixture to 90°C, and then added 21 g of HEC
(Natrosol 250HHR Aqualon, Ashland Chemicals). After 30 min
of agitation, a translucent gel was obtained. The solution was
then heated to 98°C to evaporate 40 g of water. After passive
cooling to room temperature, a yellow-brown, cohesive, adhe-
sive gel was obtained and used as a dielectric material, with-
out any additional treatment.

The relative permittivity (¢) of HEC-F-water was assessed by
measuring the capacitance of a copper plate capacitor with
a distance of 1 cm between plates before and after addition
of the dielectric material. The area of the copper plates was
a=4 cmxb=4 cm (clearly indicating a=b >> 1 cm). A value of
67 was obtained at room temperature of 25°C and humidity
of approximately 50%.

This value for relative permittivity is in the expected bounds
as the hydrogels main property of water retention gives it the
value of relative permittivity of below 80 (relative permittiv-
ity of water [34]).

After determining the relative permittivity, the density of the
material was calculated by preparing samples of the same
length and width but with 2 different heights. Specifically,
the length and width of the material were 10 mm, while the
heights of the material were 1 mm and 5 mm. Five samples
were prepared for each height, as shown in Figure 2A and 2B.
Figure 2C shows the size confirmation of each sample, whilst
Figure 2D represents the setup for mass measurement. The
sample with height 5 mm had a mass of 0.64 g, whereas the
shorter samples had a mass of 0.24 g.

Optical profilometry of the sample was performed using an
Optical Profilometer, model HRM300 (Huvitz). Magnification of
25x was used to capture two-dimensional and three-dimen-
sional photographs of the sample surface, revealing micro-scale
surface roughness and potential issues in the contact between
the capacitor electrodes and the dielectric material. In addi-
tion to use in optical profilometry, FTIR has also been used to
analyze the molecular content of the material.

Fabrication of the Bite Force Transducer

The structuring of the sensing element, the transducer, was
done by sticking the aluminum electrodes on both sides of the
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Figure 2. Samples for optical profilometry, FTIR and tensile tests: (A) Prepared samples with thickness of 5 mm; (B) Prepared samples
with thickness of 1 mm; (C) Width of the cut materials; (D) Setup for mass measurements. Software used: Panasis, Microsoft
Power Point & Author photographs.
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Figure 3. Sample of the fabricated sensing element with terminals. Author photograph

dielectric material (cut samples of HEC-F-water). The sensing
element is shown in Figure 3.

We engage in eco-friendly practices, and we remain resolutely
dedicated to minimizing our ecological footprint throughout
the entire development process of our devices.

Testing of the Sensor

In this subsection, the methods of characterization of the or-
ganic transducer are presented, followed by a description of
the calibration experiment, determination of the elastic limit
of the transducer, and tests of sensitivity, accuracy, reproduc-
ibility, and validation are described. Furthermore, the transfer
characteristic of the converter, as well as the input and output
range of the sensor, have been determined (fitted).

To apply a uniform vertical force for compression, a tensile
testing machine (model 34SC-2, Instron) was used (Figure 4A),
which is an integral part of all measurements in the study. To
simulate the biting process, 3D printed fixtures were added to
the tensile testing machine. These fixtures were modeled us-
ing AutoCAD Mechanical 2023 software, to simulate the part
of the jaw with molar and premolar teeth.

The transducer part of the sensor was tested on the Instron
machine for stretching and compression. The process of bit-
ing involves a vertical force and a complex torque mechanism.
In the measurement process, the biting tests are performed
with only vertical force present, due to the restrictions of the
equipment used. Several tests were conducted to determine
the input force range at which the transducer operates with-
out disturbances, as well as the output capacitance range in
relation to the obtained input range. The transfer characteris-
tic of the transducer was then determined by fitting the curve.

The sensitivity of the sensor, defined as the ratio of the input
range to the output range, was also calculated. Finally, the
accuracy of the entire sensor, including the transducer part
and the hardware, was measured to determine the deviation

from the real applied force given by the Instron machine, com-
pared to the force displayed on the serial monitor, which was
based on the fitted curve. Repeatability was tested by apply-
ing force and observing the capacitance over time, repeating
this process 3 times.

Figure 4B-4D illustrates the arrangement of 3D-printed attach-
ments on the compression and elongation machine. The at-
tachments are positioned to create a realistic occlusion. These
attachments were designed and 3D-printed. Figure 4B-4D de-
pict the occlusion from different sides. The figures depict the
main instrument used, while for repeatability, HIOKI impedance
analyzer (model IM3590, Japan, Tokyo, manufacturer HIOKI)
was used, in the time sweep mode with time step of 6 ms, at
a fixed frequency of 100 Hz.

Results

Results of Infrared Spectroscopy and Optical Profilometry

The density of the sample was determined and is presented
in Figure 5, where 2 different types of samples, with different
thickness, were analyzed. One group had a thickness of 5 mm,
and the second group had 1 mm thickness. From Figure 5, it
can be observed that the density of the hydrogel is not homo-
geneous, but the average density values of the samples in the
form of a quadrilateral prism were approximately equal, with
differences of around 0.0005 g/(mm)3. Optical profilometry is
shown on Figure 6, where the surface uniformity and surface
itself of the hydrogel is shown. Moreover, optical profilometry
was done to see if there were substantial irregularities on the
surface of the hydrogel, which can lead to unexpected varia-
tions in the results. FTIR results are shown in Figure 7.

Initial Conditions for Sensor Testing
This subsection presents results of experiments conducted

to test the converter part of the sensor, as well as the hard-
ware component. For the minimum value, a force of 40 N was
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Figure 4. Compression test setup (A) Instron machine; (B-D) View of the 3D printed jaw fixture added onto the Instron machine.
Author photographs.
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Figure 5. Measurement of the density of the hydrogel. Software
used: Graph Pad Prism.

Figure 7. FTIR spectroscopy results. Software used: FTIR
fabricated software.

Figure 6. Optical profilometry results: (A) Two-dimensional profilometry image of the dielectric hydrogel; (B) Three-dimensional
surface approximation of the dielectric hydrogel. Software used: Panasis, Microsoft Power Point.

chosen due to significant variations in the output variable be-
low that force value. The maximum force value selected was
540 N, as above that force, 100% of the samples were de-
stroyed. It should be noted that 60% of the samples were de-
stroyed — dielectric perforation occurred with a force of 250 N.

All measurements were performed at 100 Hz, as prelimi-
nary measurements showed that the highest sensitivity was
achieved at that frequency.

Input and Output Range

A step size of 100 N was chosen, and measurements were
conducted in the range of 40 N to 540 N. Measurements were
conducted on 3 samples, and the obtained values were aver-
aged at the same compression forces, after which the range
was calculated. An input variable range of 500 N was obtained,
where the minimum and maximum values were taken from
this subsection as the starting and ending force boundaries.

The range of the output variable, capacitance, was found to
be from Cmin=0.14 nF for Fmin=40 N to Cmax=2.13 nF for
Fmax=540 N. A capacitance range of 1.9 nF was obtained, or
Cmax/Cmin=15.6 for Fmax/Fmin=13.5. Figure 8 illustrates the
relationship between these 2 variables, while Table 1 presents
the average values and standard deviations for each mea-
sured data point.

In Table 1, more significant variations in capacitance values
can be observed at the minimal force of 40 N, where the rela-
tive standard deviation is 1.91%. As the applied force increas-
es the relative standard deviation decreases, where at the ap-
plied force of 340 N it achieves a minimal value of 0.27%; after
that, there is an increase in relative variability. The graph in
Figure 8 shows that the characteristic is relatively linear in the
range from 140 N to 440 N, but this range is not sufficiently
large for a bite force converter.
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Figure 8. Capacitance of the sensing element as a function of
applied force. Software used: Graph Pad Prism.

Obtaining the Transfer Characteristic

After defining the range of input and output value variations,
it is necessary to obtain an appropriate transfer characteristic
within the observed range. The third-order polynomial, which
was used to fit the measured points and is shown in Table 1,
has the lowest mean absolute error of 24.9 pF, over the whole
range from 40 N to 540 N. Table 2 shows the value of the
mean absolute fitting error with different orders of polynomi-
als. As can be seen in Table 2, with the increase in polynomi-
al order, the error decreases, but this comes at the cost of a
higher probability of overfitting. Therefore, a third-order poly-
nomial was chosen. The fitted curve can be seen in Figure 9.

Transfer relation between the input force F and the output ca-
pacitance C is shown in (1).

C=-4.03x107°x+0.0363xF?-4.363xF+2582 (1)
The inverse equation, which determines the force value based

on the measured capacitance, is represented by Equation 2.
Specifically, this equation will be implemented in portable

Figure 9. Third-order polynomial fit. Software used: Graph Pad
Prism.

readout electronics, based on the Arduino Nano Every (de-
scribed in the next subsection).

F=1.44x107x(*-0.0005%xC?+0.67x(*-25.09 (2)

When analyzing the measured points shown in Figure 8, be-
tween 140 N and 440 N a seemingly linear characteristic can
be noticed. This range was fit with Equation 3, with an R? of
0.9973. This was tested and displayed in Figure 10.

(C=5.733xF+582.6 (3)

This characteristic has a mean absolute error of 31.7 pF. This
value is higher than the previously mentioned mean absolute
error of 24.9 pF obtained from the third-order polynomial.
Moreover, the mean absolute value of 31.7 pF is the result of
fitting in a narrower range (140 N and 440 N) than that of the
third-order polynomial fit. This can be useful for the narrowed
range, but for the readout electronics we used the third-order
polynomial, as it fully describes the behavior of the transduc-
er in the range of interest.

Table 1. Representation of mean values and standard deviations for measurement points.

Force [N] 40 140 240 340 440 540

Average value of capacitance [nF] 0.1359 0.2493 0.7704 1.3246 1.9756 2.1267

Standard deviation of capacitance [nF] 0.0026 0.0030 0.0063 0.0036 0.0099 0.0124
Table 2. Mean absolute error of fitting in relation to the polynomial order.

Order of the polynomial 1 2 3 4

Mean absolute error of fitting of the 1232 1232 249 23.1

capacitance results [pF]

This work is licensed under Creative Common Attribution-
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Figure 10. Linear fit in the range between 140 N and 440 N.
Software used: Graph Pad Prism.

Figure 11. Schematic diagram of readout electronics. Software
used: Microsoft Power Point.

Table 3. Deviation of measured force from the specified value and display of measurement error.

Administered force [N] 40 240 340 440 540
Estimated fore N] 423 4122 %1 s s 547
CEmorN] 23 1:2 n 72 6 7
Cemortel s8 09 80 s1 35 13

Since the average bite force is 140-440 N, this fit can be an al-
ternative to the previously shown third-order polynomial ex-
plained above. If the linear transfer curve is used in the read-
out electronics, and the force applied is higher than 440 N or
less than 140 N, there will be a significant deviation between
the measured and actual force values.

Finally, with the decreased range of the linear fit, shown in
Figure 10, the saturation zones below 140 N and above 440
N are not encompassed with the fit, which gives a greater er-
ror and lower reliability of accurate measurements in those re-
gions. The sensor’s transfer characteristic was validated through
the calculation and comparison of the mean absolute error.

The saturation zone below 100 N can be tied to the roughness
and imperfections shown from optical profilometry (Figure 6B).
The force below 100 N is not high enough to create a signif-
icant difference in the overall capacitance of the transducer,
as the contact points are defined from the occlusion points
shown in Figure 4B-4D [33]. On the other hand, the satura-
tion zone above 450 N is the direct consequence of the de-
struction of the transducer.

In conclusion, the third-order polynomial was chosen as the bet-
ter fit due to its ability to describe the saturation zones, cover-
ing the whole range of the manufactured bite force transducer.

The obtained sensitivity was 3.98 pF/N, which represents the
ratio between the output and input range of the sensor.

Readout Electronics

With the goal of having an easy-to-use, cost-effective, and
portable way to read the applied bite force, as well as to pave
the way for such a gadget in medical application, an electri-
cal circuit with readout electronics was developed (Figure 11).

The readout electronics consists of an Arduino Nano Every, onto
which a voltage divider has been added, where one of the ca-
pacitors is the bite force transducer, and the other one is the
internal capacitance of the pin, according to the manufactur-
er’s datasheet, which equals approximately 25 pF.

The Arduino Nano Every was programmed to convert the mea-
sured capacitance into force, using a lookup table made from
equation (2).

To test the accuracy of the transducer and the portable read-
out part, the whole system was hooked up to the Instron ten-
sile testing system. The applied forces were between 40 N and
540 N, with a step of 100 N, and after each step the value on
the serial monitor of the readout electronics was read. Finally,
the equivalent error was calculated as the absolute value of the
subtraction of the administered force from the Instron tensile
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Figure 12. Simulation of real-life applications: (A) Repeatability test; (B) Chewing simulation test. Software used: Graph Pad Prism,

Microsoft Power Point.

testing system and the estimated force shown on the serial
monitor. This error encompasses the variability of the trans-
ducer, the error of fitting, and the conversion error (Table 3).

The results were validated by comparing the administered force
and the force measured by the readout electronics. The aver-
age absolute measurement error was 10.78 N, while the de-
viation expressed in percentage was 4.1%. This value is rela-
tively low, although there was a larger deviation compared to
the fitting of the measured capacitance dependence on the
specified force (Table 2). When analyzing only the approxi-
mated linear range between 140 N and 440 N, the error was
4.3%. The sensor’s functionality was validated via the previ-
ously described deviation percentage.

Repetition Testing

After defining and fully characterizing the bite force transduc-
er and its readout electronics, it is necessary to determine if
there is a need to change the transducer after every attempt
of measurement or if there is an acceptable number of fails
during bite force measurement. Repeatability was observed
through two experiments. The first experiment involved apply-
ing and holding a constant force for 2 min, followed by step-
wise increases. The results of this experiment are shown in
Figure 12A. The results of the second experiment, which simu-
lated chewing by rapidly changing the force from 200 N to ap-
proximately O N, are displayed in Figure 12B. We used a HIOKI
impedance analyzer (model IM3590, Japan, Tokyo, manufac-
turer HIOKI) to perform these tests.

In Figure 12A, the repeatability test is shown for 3 averaged
samples. There is a certain presence of noise at constant force
values, which could be due to vibrations and slight variations
in the action of the force-applying device. However, the mean
values of each cycle at constant force do not deviate significant-
ly (around 40 pF), and this is within the capacitance margin of

error obtained from the previously determined transfer curve.
Gradually increasing the force and longer durations of holding
a specific force value reduces the transient period to reach a
relatively constant capacitance value, which was not the case
in Figure 12B. It is important to note that in the third cycle of
repetition, larger changes in capacitance occurred compared
to the previous 2 cycles, where the capacitance value de-
creased at 140 N. The relaxation time of the sample was not
measured, and data collection began only after reaching the
specified force level.

In the stress simulation this was not the case, and measure-
ments were taken immediately after the device was activat-
ed. The reason for this was to observe the settling time, which
is the time it takes to reach a 90% value in the steady state.
On average, this settling time was 4.8 s. The settling time in-
creased after each force action, and significant variations in
capacitance were observed after 3 cycles. In the third cycle
there was a high error in comparison to the value in the trans-
fer curve; this could be associated with the pre-destruction of
the material, as well as the previously shown inhomogene-
ity in Figure 5. In the fourth cycle, sample rupture occurred.

Discussion

This study focused on the development and characterization
of an innovative transducer for measuring bite force. This
transducer utilizes a capacitive sensing mechanism. To ob-
tain a functional transducer based on a capacitor, it is neces-
sary to select a dominantly elastic dielectric material that will
be placed between the capacitor electrodes, as well as suffi-
ciently thin capacitor electrodes that will not offer significant
resistance to deformation or strain. In addition to the afore-
mentioned requirements, it is necessary for the materials to be
edible or non-harmful to the human body. The design incorpo-
rates a unique combination of materials, including an organic
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dielectric material known as HEC-F-water hydrogel, which is
placed between thin aluminum capacitor electrodes. The selec-
tion of these materials is motivated by the desire for elastici-
ty, biocompatibility, and the ability to conform to non-uniform
surfaces. High water retention and elasticity are key attributes
of HEC hydrogels. Moreover, aluminum electrodes exhibit high
temperature stability as well as bendability, which is favorable
during biting. Contrary to the apprehension regarding the sus-
ceptibility of aluminum to damage, it is widely recognized for
its remarkable corrosion resistance properties. Therefore, the
main risk involves the hydroxyethyl-cellulose-fructose-water
(HECWH) material, which can undergo deterioration under
the applied forces. By emphasizing that the aluminum com-
ponent is not subject to the destructive forces, this effective-
ly alleviates any potential worries or concerns that may arise.
Aluminum is commonly used in dentistry [35]. The fabrication
of the transducer involved precisely cutting materials using a
device called a Cutting Plotter, ensuring that the process could
be reproduced accurately. The dielectric material was subject-
ed to various techniques to determine its relative permittivi-
ty, density, and surface roughness. These techniques includ-
ed optical profilometry and FTIR. The present study showed
the relationship between the force applied to the transduc-
er and the resulting change in capacitance, as well as the cal-
ibration and characterization of the chosen materials, which
establish the foundation for understanding the potential ap-
plications of the device, its limitations, and opportunities for
future enhancements.

In the literature, the new bite force measuring device has been
validated and found to have high accuracy and reproducibili-
ty, making it suitable for patients undergoing mandibular re-
construction. Moreover, a self-powered bite force sensor has
been proposed for wearable bite force measurement systems,
offering the potential for a mouthguard-type monitoring sys-
tem. Intraoral sensors have been tested in dentistry, neurology,
physical medicine, and rehabilitation, showing potential for ap-
plications in healthcare and wellness [6]. A recently developed
bite force sensor has demonstrated inter- and intra-examiner
reliability, making it a reliable device for measuring bite force.
Furthermore, force sensors based on the strain gauge effect
consist of a flexible pressure-sensitive element and a strain
gauge. When pressure or strain changes, it leads to a variation
in the electrical resistance of the material (element), enabling
the coupling of these 2 quantities. These sensors have high
sensitivity and precision and a wide measurement range. They
are compact and lightweight, allowing for use in the oral cavi-
ty. An example of a force sensor based on this principle is the
Dentoforce 2 converter. Although these sensors convert force
values quite accurately, the rigid surface of the converter pre-
vents the sensing element from fully conforming to the tooth
surface [13]. Force sensors based on the piezoresistive effect
are also used. The piezoresistive converter is composed of a
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silicon monocrystal material and an integrated circuit. When
a silicon monocrystal detects force, it undergoes a change in
resistance, thereby altering the output signal. These sensors
have fast dynamic response and good stability, precision, and
sensitivity [13]. In addition to the aforementioned transducers,
a force-sensitive resistor (FSR) can also be used [14].

Combined use of these converters has certain advantages [13].
Also, the so-called IDDK (force transducer with a load fork)
has found wide application. It was successfully used in many
studies to analyze bite force, and can measure forces up to
1 kN [13,20]. These state-of-the-art bite force sensors use a
range of techniques and designs. Some sensors utilize strain
gauges or load cells integrated into dental prostheses, allow-
ing direct measurement of the force exerted on the dentition.

Differences in density or heterogeneity of the medium can af-
fect the repeatability of measurement; for example, an increase
in the water content in the dielectric material alters its prop-
erties and vice versa. We used a thickness of 5 mm for the di-
electric material, as the 1-mm thickness group had a higher
standard deviation than 5-mm ones.

The absorbance had a relatively narrow peak in the function-
al group region between 3500 cm™ and 3300 cm™, indicating
the presence of an OH group in the tested sample. This func-
tional group region coincides with HEC hydrogel FTIR [36]. In
contrast to the known functional group region, the finger-
print region shows the individual characteristics of the hy-
drogel. Quantification of sensor properties was performed to
gain a clearer understanding of the sensor’s behavior in a real
environment. This result highlights a limitation of the mate-
rial, and it should be modified to be used as a force conver-
sion element in the sensor. However, the maximum bite force
recorded is around 570 N, while the average bite force is ap-
proximately 200 N [37-39].

Table 4 shows the comparison between 3 different capacitive
bite force sensors, including the one presented in this paper.
In comparison to the capacitive bite force sensor reported by
Cheng et al. [18], the developed bite force sensor was tested
on premolars and molars, with high sensitivity and accuracy.
Although the range of change at the output is the same (500
N), the linear range of the transfer curve is lower than that
of the bite force sensor reported by Cheng et al. Additionally,
the bite force sensor presented in this paper is biodegradable
and biocompatible, unlike the flexible MLCC (multilayer ceram-
ic capacitor) type bite force sensor reported by Lin et al. [19].

Table 5 provides an overview of the characteristics observed
in the proposed bite force sensor. The converter has adequate
input and output range, sensitivity, accuracy and repeatability.
Its reproducibility has room for improvement, considering the
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Table 4. Comparison of different realizations of capacitive bite force sensors.

Range of
change at the
output

Developed capacitive
bite force sensor

Application

Characteristics

Presented bite force Single use on the 500 N
sensor in this paper first and second

premolars and first

molars
Cheng et al Multiple use, high 500 N
developed bite force repeatability, whole
sensor dentition
Lin et al developed Multiple use, force 590 N

distribution on the
first molar

bite force sensor

Biodegradable, Biocompatible, Fast response. /
Linear transfer curve over the range between

140 N and 440 N. Output of the transfer curve is
capacitance

Accuracy of 4.1% and sensitivity of 3.98 pF/N

Biocompatible, simultaneously measures bite [18]
force from various regions of dentition

Linear transfer curve over the whole range of

applied forces

Output of the transfer curve is relative change of

voltage

Matrix type, flexible MLCC (multilayer ceramic
capacitor) type, Linear transfer curve over the
whole range of applied forces

Output of the transfer curve is voltage

Table 5. Table of measured characteristics of the proposed bite
force sensor.

Maximum input value of force 540 N
Minimum input value of force 40N
Maximum output capacitance 21 nF
value
Minimum output capacitance 0.1 nF
value
Range of change of the input 500 N
value
Range of change of the output 2 nE

value

Third-degree

polynomial
Sensitivity 3.98 %
Mean absolute error is
Accuracy

4.1%

necessity of carefully selecting the sampling location of the
hydrogel for obtaining the transducer material. Furthermore,
the third-order transfer characteristic is not an optimal solu-
tion in terms of stability, but it was chosen as a compromise
to reduce measurement errors. If the operating range of the
converter is reduced to the interval of 140 N to 440 N, a lin-
ear characteristic can be achieved by fitting a first-order poly-
nomial. However, this range should be expanded for stress
force measurements.

The presented characteristics of a capacitive bite force trans-
ducer show promising results, and can be compared to sen-
sors and transducers based on other physical laws. Other sen-
sors employ piezoresistive, piezoelectric, or optical principles
to convert mechanical force into electrical signals, enabling
non-invasive measurements.

Advances in wireless and miniaturization technologies have
facilitated the integration of bite force sensors into wearable
devices, providing real-time monitoring and long-term data
collection. These innovative bite force sensors have already
demonstrated potential in several biomedical applications.
For instance, in prosthodontics, bite force sensors have been
used to optimize the design and fitting of dentures, ensur-
ing proper occlusion and preventing discomfort or damage to
oral tissues. In orthodontics, these sensors enable orthodon-
tists to monitor the effects of orthodontic appliances on bite
force distribution, aiding in treatment planning and evaluation.

Additionally, in rehabilitation medicine, bite force sensors con-
tribute to the assessment and therapy of temporomandibular
joint disorders and orofacial pain conditions. The state-of-the-
art sensors have shown good potential in prosthodontics, or-
thodontics, and rehabilitation medicine. With continued ad-
vances in sensor technology and data analysis techniques, the
future of bite force sensors in biomedical engineering appears
promising, offering opportunities for personalized diagnos-
tics, remote monitoring, and enhanced treatment outcomes.

The importance of environmentally responsible, edible elec-
tronics in the design of bite force sensors lies in their potential
to address concerns related to environmental sustainability,
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biocompatibility, and consumer safety. By utilizing renewable,
edible materials, such as biodegradable polymers or natural
extracts, in the fabrication of these sensors, we can minimize
the ecological footprint associated with their production, use,
and disposal. Moreover, incorporating edible components in
bite force sensors ensures their compatibility with the human
body, reducing the risk of adverse reactions or complications.
This makes them particularly suitable for applications in den-
tistry and oral healthcare, where direct contact with oral tis-
sues is necessary. Furthermore, the use of edible electronics
opens up possibilities for innovative applications, such as dis-
posable or ingestible sensors, which can be easily digested or
eliminated after use. By embracing green, edible electronics
in bite force sensor design, we not only address the pressing
need for sustainable and biocompatible technologies but also
unlock novel opportunities for personalized diagnostics, remote
monitoring, and non-invasive healthcare interventions. Edible
materials have been the studied by many research groups, and
have become an obvious target for incorporation in bite force
sensors. With their high elasticity and durability, hydrogels, if
made edible, present a relatively fruitful avenue for exploration.

Some of the strengths of the study are noteworthy. The study
introduces an innovative approach to bite force sensing through
the utilization of a capacitive transducer with an organic di-
electric material. This unique design has the potential to ad-
dress the challenges posed by traditional force sensors and
opens up new possibilities in this field. The detailed charac-
terization of the hydrogel, encompassing parameters such as
relative permittivity, density, and surface roughness, provides
a comprehensive understanding of the chosen dielectric ma-
terial. This knowledge is crucial in optimizing the performance
of the sensor and ensuring its efficacy. The use of a Cutting
Plotter device for precise cutting of aluminum capacitor elec-
trodes ensures reproducibility and eliminates any potential hu-
man influence. This precision in fabrication techniques con-
tributes to the reliability of the study’s findings and enhances
the overall credibility of the research. The present study used
a meticulous approach to ensuring accurate force measure-
ments through a thorough calibration process. The determina-
tion of the transfer characteristic using a third-order polynomi-
al adds transparency to the methodology and strengthens the
reliability of the results. The development of a portable and
cost-effective readout system using an Arduino Nano Every of-
fers practicality for potential applications in medical contexts.
The integration of an easy-to-use electronic circuit enhances
the study’s applicability and widens its potential use in various
settings. The study provides a detailed analysis of measure-
ment errors, including the variability of the transducer, fitting
errors, and conversion errors. This transparency in error anal-
ysis strengthens the reliability of the study, and the reported
low average absolute measurement error underscores the ac-
curacy of the proposed system.

CLINICAL RESEARCH

The present investigation had some limitations and there are
areas for improvement. We acknowledge the restriction of only
applying vertical force during testing, thereby neglecting the
complexities associated with actual biting mechanics, such as
torque. Future studies could explore alternative methods to
simulate force applications that are more representative of real-
world scenarios. With regards to testing, the study conducted
measurements at a frequency of 100 Hz based on preliminary
findings. However, the impact of varying frequencies on the
performance of the sensor remains unexplored. Investigating
the behavior of the sensor across a broader frequency range
could yield valuable insights and enhance our understand-
ing of its capabilities. The observed non-homogeneous den-
sity in the hydrogel, as depicted in Figure 5, may have impli-
cations for the accuracy of the sensor. To address this issue,
it would be beneficial to improve manufacturing processes or
consider alternative materials that can mitigate the variabil-
ity and enhance the reliability of the transducer. The study
highlights a force threshold beyond which 100% of the sam-
ples were destroyed. To extend the lifespan and broaden the
range of applications for the device, it is important to under-
stand the factors contributing to its destruction and explore
potential strategies to increase its robustness. The linear char-
acteristic of the force-to-capacitance relationship is limited to
a specific force range of 140 N to 440 N. Expanding this lin-
ear range or developing a more adaptive transfer character-
istic could greatly enhance the accuracy of the sensor across
a wider range of forces. The study focused on fabrication and
testing under varying compressive forces to advance medical
applications in oral rehabilitation, gnathology, prosthodontics,
and bioengineering.

Conclusions

We introduced and assessed a novel bite force sensing ele-
ment based on a change in capacitance. The sensor has been
fully characterized, and its main functional characteristics have
been defined. The use of HEC-F-water as a dielectric is a pi-
oneering approach towards creating fully edible sensors for
evaluating masticatory function. The presented comprehen-
sive characterization through optical profilometry and FTIR and
Instron tensile testing system highlights the sensor’s robust-
ness and reliability. Future prospects of bite force sensors in
biomedical engineering are promising. With ongoing advanc-
es in sensor technology, there is potential for further minia-
turization, increased sensitivity, and improved durability of
these sensors. Additionally, the integration of bite force sen-
sors with advanced data processing algorithms and machine
learning techniques may provide valuable insights, leading to
personalized diagnostics and treatment approaches. Moreover,
the integration of bite force sensors into Internet of Things
(IoT) platforms may enable remote monitoring and telehealth
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applications, facilitating long-term studies and expanding ac-
cess to bite force assessment. In conclusion, the development
of bite force sensors has opened up new possibilities for pre-
cise and objective evaluation of occlusal forces in various bio-
medical applications.
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