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ABSTRACT

Background: Measurement of masticatory force has long been used to understand
the biomechanics of chewing and assess the therapeutic effects of prostheses. This
study aimed to design, fabricate and use a simple, portable and efficient electric
circuit to reliably and reproducibly measure the masticatory load. Also, the results
obtained by using this device were compared in a small population.

Methods: Using a standard pressuresensitive sensor, an electrical circuit was
designed and fabricated. After ensuring the function of device with minimum
error, the masticatory loads of 100 subjects selected via nonrandom sampling,
were measured and recorded at the right and left posterior regions, anterior
regions of both jaws and the right and left quadrants of the maxilla and
mandible. Data were analyzed using SPSS 16 and analytical and descriptive
statistical tests.

Results: Significant correlations were found between
1. Males and females in terms of the mean masticatory force

2. Bilateral masticatory force and unilateral masticatory force (right and left)
and

3. Masticatory load at the posterior regions and the masticatory force at the
anterior regions of both jaws Comparison of the masticatory force among
different groups in terms of craniofacial morphology revealed no significant
differences.

Conclusion: The designed device had adequate accuracy. It has unique
properties such as an external sensor, which is replaceable and can be
disinfected and also a digital port. It has the ability to measure maximum and
sub-maximum masticatory loads and the possibility to depict them in a graph.
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INTRODUCTION

The magnitude of masticatory force is an indicator of functional status of
the masticatory system. The effect of chewing efficiency and bite force on
oral health-related quality was evaluated in the field of geriatric and implant
dentistry (1,2). Measuring the masticatory force of individuals has been widely
used to understand the biomechanical principles of masticatory muscles and
outcomes of prosthodontics treatments (3). Also, the masticatory force is
very important for diagnosis and treatment of dysfunction and behavior of
the stomatognathic system (4).

Masticatory force can be measured by two methods:

1. Directly, by placing a suitable load transfer tool in-between the two dental
arches and

2. Indirectly, using physiological variables related to the masticatory force.
Borelli in an experimental study in 1681 designed a gnathodynamometer for
measuring masticatory forces for the first time. Since then, many scientists
have investigated this topic and lever-manometer-springlever and micrometer
devices have been designed for this purpose (5,6). The strain-gage is the
most commonly used recording device for masticatory forces (7,8). This
sensor is capable of measuring forces that bend it within the sensor’s range
of flexibility from 446 to 1221 N (9). Dental prescale is another measuring
device made of a pressure sensitive foil (PSF) in the form of a horseshoe and a
computerized monitoring system for data analysis. Supersensitive electronic
devices are now used for this purpose. They are accurate enough to measure
conventional forces. Previous studies have evaluated the effects of several
factors such as craniofacial morphology (10-12), gender weight and height
and pattern of occlusal contacts on masticatory loads. Gender differences
are the most effective on masticatory loads. According to most researchers,
masticatory forces are higher in males compared to females. This difference
is probably due to the difference in muscle strength or size of teeth in males
and females (13). However, in the study by Abu Alhaija et al, in 2010 no
difference was reported in the masticatory forces between males and females.

This study aimed to design and manufacture a simple, low-cost, applicable
device with acceptable precision and quality for measurement of masticatory

loads. Considering the lack of an applicable device for direct measurement
of masticatory loads and also absence of any study on direct measurement
of masticatory forces in our country,we designed and used adevice on
a small Iranian population to record the mean value of masticatory load
and analytically assess the correlation of masticatory load with physiological
conditions.

METHODS

The Flexiforcesensor A401 (Tekscan Inc., South Boston, USA) was used in
this study. The dimensions of this sensor are shown in Table 1. This sensor
is capable of measuring all types of loads and thus, it is considered as a
strain-gage (for measuring sensor flexural loads) and also as a load cell (for
measuring vertical loads applied to the sensor). Thus, it can absorb all types
of loads applied from the teeth to sensor during mastication and displays
interactions quantitatively in Newton (N) using a designed circuit (Table 1).

Table 1
Dimensions of the sensor used in the designed device

Thickness 0.208 mm (0.008 in.)
Length 56.8 mm (2.24in.)
Width 31.8 mm (1.25in.)

Sensing Area 25.4 mm (lin.)

Pin Spacing 2.54 mm (0.1in.)

Several methods are available to attach the Flexiforce sensor to the circuit.
One way is to attach it to a load-voltage circuit according to the manufacturer’s
instructions. If shear forces are required to be applied or the sensor needs to
be placed on sharp edges, it must be covered with a flexible coat to prolong
its service life. For this purpose, a flexible, compressible plastic shield with
1.5 mm thickness was used on both sides of the sensor. Thus, the device tip
can be replaced or disinfected whenever required. Figure 1 shows the device
components.

One important property of this device is its calibration ability. Calibration
was done to signify the output as the measurement unit of our choice (N).
For sensor calibration, the following steps were followed according to the
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manufacturer’s instructions: A specific mass was weighed using iBalance 500
(My Weigh Inc.,) digital scale. The respective mass was then placed on the
sensor of the designed device in such way that its entire weight was applied
to the sensor. The displayed output number was recorded. This process was
repeated with other masses of different weights within the measuring limits of
the sensor (at least 5 masses of different weights). Due to the linear function
of the sensor, a suitable ratio was determined between the input and output
loads of the device. By programming this ratio on a programmable IC, the
figure displayed on the LCD of the device would be the equivalent of the
applied load in N. Also, the diagram of the applied load can be plotted on
the LCD to record the amount of load at each time point. The accuracy of
the linear function of the sensor is shown in Diagram 1.
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Figure 1) The linear correlation of electric current with load

The level of reproducibility of the device was evaluated by using test-retest
reliability that is measured of reliability obtained by administrating the same
test over a period of time to a group of individuals. We calculated data from
10 persons repeated in 2 weeks. The level of agreement was 0.83 and p value
for paired-T test was 0.75 that can be considered almost perfect.

To compare the masticatory forces between males and females, considering
the mean difference of masticatory force between them reported by Koc
et al, in 2011 [14] N1-N2=35.6-28.2=(7.4), the standard deviations (SD) of
the two groups (S1=11.9, S2=10.6), power of 90% and 95% confidence
interval (CI), the sample size was calculated to be 50 subjects in each group.
A total of 100 subjects were selected among patients presenting to Shahid
Beheshti School of Dentistry using non-random convenience sampling.
These subjects had the following inclusion criteria: no history of a systemic
disease, no specific asymmetry, no history of maxillofacial trauma or surgery,
no temporomandibular joint (TM]) problem, no history of bruxism,
tooth mobility or orthodontic therapy, no anterior or posterior crossbite,
permanent dentition and vital first molars without occlusal restorations or
crowns. At the tested areas, patients did not have any removable denture or
implant-supported prosthesis (fixed or removable). The mentioned criteria
were ensured using a questionnaire filled by the subjects and also direct
observation for evident confounders.

Method and objectives of the study were thoroughly explained to all
participants and written informed consent was obtained. Age, gender, the
dominant hand, facial height and Angle’s class of occlusion were recorded
(14,15). With the patient in a seated position and occlusal plane parallel to
the horizontal plane, the sensor was placed in the patient’s mouth in-between
the following teeth in an orderly fashion: 1. Occlusal surfaces of the maxillary
right first molar and mandibular right first molar; 2. Occlusal surfaces of the
maxillary left first molar and mandibular left first molar; 3. Occlusal surfaces
of the maxillary and mandibular right and left first molars (by placing two
sensors at both sides simultaneously); 4.Incisal edges of the maxillary and
mandibular anterior teeth. The patients were asked to press their teeth in
maximum intercuspation. By doing so, the maximum masticatory force in
right and left molars, simultaneously at both sides and also in the anterior
segment was measured and recorded. After every 10 measurements, the
functions of the device and sensors were tested using a mass with a specific
weight and they were exchanged if defective. The manufacturer claims that
the sensor is capable of tolerating one million cycles of load measurement;
however, high loads and non-standard conditions decrease its functional life.
Eventually, 10 subjects were randomly selected and their masticatory forces
were measured by the second examiner. Considering the high agreement
between the test results, these results were generalized to the entire
understudy population.

Data were analyzed using SPSS (16). Descriptive statistics including the mean
and SD values were used for reporting the data; and analytical statistics
namely independent t-test, ANOVA and paired ttest were applied to assess
the factors affecting the masticatory forces
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RESULTS

This study was performed on 50 males and 50 females. The females had a
mean age of 38.6 + 11.4 years (range 20-58 years). The males had a mean
age of 39.6 + 11.8 years (range 22-59 years). The mean force measured at
the right side was 636.5N in males and 484.8N in females. These values for
the left side were 625.5N in males and 480.4N in females. The maximum
masticatory forces in males and females were compared using t-test; which
revealed a significant difference in this regard (P=0.000).

Table 2 shows the mean maximum masticatory force measured by the device
in different areas of the mouth and in subjects with different craniofacial
morphologies (normal, short, long).

Comparison of the masticatory forces among subjects in different craniofacial
groups using ANOVA revealed that the forces at the mentioned areas were
not significantly different among the three groups (P=0.630 for the anterior
segment, P=0.192 for the right side, P=0.150 for the left side and P=0.189 for
the bilateral posterior areas). Analysis of data with paired t-test showed that
the bilateral masticatory force was significantly higher than the unilateral

force at the right or left side (P=0.00).

Table 2

The maximum mean masticatory force measured by the device
in different areas of the mouth and in subjects with different
craniofacial morphologies.

Mean maximum masticatory force (N)

Anterior
segment 268.64
Areas of Left
f 555.17
measurement | Pposterior
of maximum Right
masticatory force = posterior 560.69
Bilateral
posterior 570.99
Anterior Left Right Bilateral
segment  posterior  posterior  posterior
‘ | Long face 271 577 564 575
Craniofacial
morphology Normal 270 557 563 569
Short face 280 554 561 579
DISCUSSION

Considering the difference in tools for measuring masticatory forces in
previous studies and absence of a gold standard for this purpose, this study
aimed to design, manufacture and use a simple, portable and efficient
electric circuit to reliably and reproducibly measure the masticatory force.
Also, we compared the results in a small population.

The obtained results revealed that males had a significantly higher masticatory
force than females, which confirms previous findings in this regard (17).
However, Abu Alhaija et al, in 2010 found no significant difference in
maximum masticatory forces of men and women. It appears that the effect of
gender on the difference in the masticatory forces is attributed to the higher
muscular strength in men (18); which per se is due to anatomical differences
between the two sexes (19).

The more posterior the position of the converter in the mouth, the higher
the masticatory force (20). Our results showed that the masticatory force in
the posterior areas was significantly higher than that in the anterior segment;
which is in line with the results of previous studies (21). Also, the bilateral
masticatory force was significantly higher than the unilateral force, which is
also in agreement with previous findings in this respect (22-25).

In the current study, no significant difference was noted in the load generated
by the jaws and muscles among the three groups of normal, long and short
facial height. Based on the results, the mean difference in loads measured
in the posterior areas of both jaws in the three above mentioned groups
was much higher than the mean load in the anterior regions of the jaws.
The difference in jaw force in the posterior areas between the long face and
short face individuals was greater than the difference in load in the anterior
segments between the two mentioned groups. Pereira et al, in 2007 showed a
reverse correlation between the masticatory force and angle of the mandible.
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Other studies have shown that long face individuals have lower masticatory
force (26-28). Researchers have stated that the masseter is thicker in short
face compared to normal or long face individuals. It appears that short face
individuals apply higher masticatory forces.

Significant difference in maximum masticatory load depends on several
factors relating to the physiological and anatomical characteristics. Aside from
these, the accuracy of the masticatory force is influenced by physiological
characteristics of the load measuring device. Shinogaya et al, in 2000-2001
compared the occlusal force measured by a pressure sensitive film (PSF)
and that measured by the conventional unilateral strain-gauge and reported
that the maximum masticatory force recorded by the strain gauge was at 6-
7 mm open bite on the mandibular models while in PSF with a thin foil
diameter (0.97 mm), maximum masticatory force was recorded in maximum
intercuspation. They stated that masticatory force measurement systems
using a thin, pressure-sensitive film (0.1 mm thickness) are superior to those
using a strain-gauge because in the former systems the masticatory force may
be measured in a position close to intercuspation; which better simulates the
clinical setting. On the other hand, these systems allow simultaneous study
of load distribution in all areas of the dentition system. Tortopidis et al, in
1999 used acrylic appliances next to the metal surface of the strain gauge
converters to minimize the risk of tooth fracture when applying maximum
pressure to the converter (29). Moreover, when the patient bites on the hard
metal surface of the converter, some unusual movements are generated due
to the neuromuscular reactions preventing the application of maximum
force. Acrylic splints provide a softer surface and allow the generation of
maximum masticatory force. In the current study, a sensor with 3.2mm
thickness was used (0.2 mm original thickness of the sensor equal to the
thickness of a paper sheet a plastic shield added for protection and infection
control). This sensor was highly flexible and thus, there was no need to
use an acrylic splint. On the other hand, due to the insignificant thickness
of sensor, we may state that the measurements were close to the range of
maximum intercuspation.

Floystrand et al, in 1982 introduced a small recorder using a semi-conductor
in the form of a silicon sheet as a sensor, which was relatively reliable for
measurement of loads between 10 and 1000N. The mechanism of action of
all modern devices is measurement of masticatory force based on electrical
resistance and most of them are capable of recording forces in the range of
50 to 800N with 10N accuracy and 80% precision. Ferrario et al, in 2004 and
Kogawa et al, in 2006 measured the masticatory forces using a strain gauge
converter measuring 4mm in height, 5mm in width and 7mm in length.
Calibration of the device was done at room temperature (25 °C) between 0O
and 3500N with + 2% error. Most masticatory forces were measured to be
in the range of 446N to 1221N. The device designed and manufactured in
the current study is capable of measuring loads between 0 and 1200N with
very high accuracy and low (3%) error rate. This device has a main body that
analyzes the data sent from the sensor and also shows the load applied to
the sensor on its touch display. Also, this device is capable of plotting the
force/time diagram and maximum force (Figure 2). A software program was
designed for this device to save the data in a computer and retrieve them
whenever required.

Measurement of bite force can also be used for comparison of different
prosthetic treatment modalities. Compared changes in bite force and
masticatory efficiency between subjects with shortened dental arch and those
rehabilitated with implant-supported restoration for first molar. They stated
that there is significant differences between two groups at baseline and at 6
weeks after restoration. However the mean maximum bite force at 3 month
were statistically insignificant (30,31). Tripathi et.al measured the mean
maximum bite force in 160 dentulous and edentulous individuals who had
received treatment for missing teeth by fabrication of a complete denture.
Mean maximum bite force were 41.3 + 13.9 and 4.43 + 2.4 Kg, respectively
(p<0.001) in both groups, the bite force was significantly higher in males
and subjects with square facial form (32). Gongalves et al assessed the
influence of prosthetic type over the masticatory efficacy. They delivered 3
different prosthesis types (removable denture, implant-supported removable,
and partial implant-borne fixed prosthesis) to each of twelve patients and
calculated maximum bite force after each 2 months. Maximum bite force and
masseter muscle thickness during chewing increased significantly after both
implant-borne prosthesis.

The device manufactured in this study has the following applications:

1. Measuring, recording and saving the masticatory forces of patients
presenting to dental clinics
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2. Comparing the status of the masticatory system before and after
orthodontic treatment

3. Comparing toothsupported and implantsupported prosthetic
treatments and describing the quality of each treatment by measuring
the patient’s masticatory force

4. Help determine the proper site of implant placement
5. Help determine the number of implants required for edentulous areas

6. Determining the masticatory force in removable and fixed partial
denture treatments

7. Determining the change in masticatory forces of individuals with
increased age

8. Determining the masticatory forces of subjects with nocturnal bruxism
and assessment of changes after its treatment

9. Determining and comparing the masticatory forces of subjects with
rheumatoid arthritis at the time of diagnosis, disease progression or
treatment

10. Determining and comparing the masticatory forces of subjects with
muscular dystrophy at the time of diagnosis, disease progression or
treatment

11. Determining the masticatory forces of patients before and after ortho-
surgery

12. Improving the current treatment plans

When measuring the masticatory forces, confounding factors such as bruxism
also play a role and we cannot state with certainty that subjects apply the same
masticatory force to the sensor during measurement as in actual mastication.
Thus, this method is only capable of measuring maximum bite force. This
issue indicates the need for further investigations to achieve the actual
pattern of chewing in different individuals when measuring masticatory
forces at the maximum and lower levels to obtain results specific for each
subject. Analyzing these data can resolve many issues related to the diagnosis
of masticatory conditions. Considering the absence of a standard device for
measuring the maximum masticatory force, we used standard weights for
initial calibration and ensuring the diagnostic potential of the device after
clinical examinations. The results showed that the device maintained its
calibration in different individuals.

CONCLUSION

- The designed and manufactured device had adequate precision and
functional life with unique properties such as having an external, replaceable
and disinfectable sensor, digital outlet and the ability to measure the
maximum and lower masticatory forces and plotting their diagram.

- Despite the limited number of samples in this study, the results showed that
bilateral masticatory forces in the posterior areas were higher than unilateral
forces and those in the anterior regions. Different craniofacial patterns did
not cause differences in maximum masticatory forces and men had a higher
masticatory force than women.
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