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Abstract. The present study aimed to determine the numeric
projection of the function of the mandible and muscle system
during mastication. An experimental study was conducted
on a healthy 47 year-old subject. On clinical examination no
functional disorders were observed. To evaluate the activity
of mastication during muscle functioning, bread cubes and
hazelnuts were selected (2 cm? and 1.2/1.3 c¢m in diameter,
respectively) for condyloid processing. An assessment of
the activity of mastication during muscle functioning was
determined on the basis of numeric calculations conducted
with a novel software programme, Kinematics 3D, designed
specifically for this study. The efficacy of the model was veri-
fied by ensuring the experimentally recorded trajectories were
concordant with those calculated numerically. Experimental
measurements of the characteristic points of the mandible
trajectory were recorded six times. Using the configuration
coordinates that were calculated, the dominant componential
harmonics of the amplitude-frequency spectrum were identi-
fied. The average value of the dominant frequency during
mastication of the bread cubes was ~1.16+0.06 Hz, whereas
in the case of the hazelnut, this value was nearly two-fold
higher at 1.84+0.07 Hz. The most asymmetrical action during
mastication was demonstrated to be carried out by the lateral
pterygoid muscles, provided that their functioning was not
influenced by food consistency. The consistency of the food
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products had a decisive impact on the frequency of mastication
and the number of cycles necessary to grind the food. Model
tests on the function of the masticatory organ serve as effec-
tive tools since they provide qualitative and quantitative novel
information on the functioning of the human masticatory
organ.

Introduction

One of the basic functions carried out by the stomatognathic
system is the collection and grinding of food. Mastication
is considered to be the initial phase of food digestion (1-3).
Mastication occurs as a result of the force-movement field,
and is carried out via a complex interaction between muscle
systems, teeth, lips, cheeks, the palate, salivary glands and
the temporomandibular joints (4-7). Correct mastication
should proceed on both sides of the dental arch openings,
since one-sided mastication is the source of an uneven load
of the temporomandibular joints (8-10). An important element
of mastication which determines the appropriate mechanical
grinding of food are the teeth, located in the maxilla and
the mandible (11-14). From a mechanical point of view, the
predominant tasks of the teeth are biting, grinding and
crushing. Each type of tooth is adapted to different functions:
The incisors are used for bitting and cutting, the canines for
tearing food (15), and the premolars and molars for crushing
and chewing food. In the initial phase of mastication, food
introduced into the oral cavity is ground, mixed and moistened
with saliva, which is supplied to the oral cavity via salivary
glands. The duration of mastication proceeds until the moment
when food, adequately ground and moistened with saliva, is
formed into smaller bites and then swallowed. The ability
to grind is an individually variable feature and has a crucial
impact on the later phase of digestion, taking place in further
sections of the alimentary tract (16). A significant influence on
the efficacy of this physiological activity is the stomatognathic
muscle system, which occurs as a result of the complex, peri-
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odical abduction and adduction movements of the mandible.
Trajectories made by the incisors in a single mastication
cycle resemble in their shape a deformed ellipse (17-19).
Additionally, in each cycle it is possible to distinguish the
abduction movement, the scope of which depends on the size
of the bite and the consistency of the fragmented food (20-26).
Lundeen and Gibbs (27) reported that if the fragmented food
was characterized by hardness, then the scope of the lateral
shifts of the mandible increase. In addition, the hardness of
the bites has a decisive impact on the number of mastication
cycles; the harder the food, the more cycles are required in
order to obtain an adequate consistency for swallowing (28). In
the initial phase of crushing, the alimentary bite decreases the
distance between the antagonistic teeth. When this distance is
~3 mm, the cusps of the mandibular teeth are located nearly
directly under the cusps of the maxillary teeth. This is the
starting point for the second phase, consisting of trituration of
the morsel of food. This stage depends strictly on the topog-
raphy of the cusps and the geometry of the tooth slopes and
furrows. Mandibular movement, responsible for grinding food,
proceeds until the cusps of the mandibular teeth are in contact
with the maxillary teeth furrows. Initial research suggested
that antagonistic teeth do not come into contact during masti-
cation (29), although in later investigations the presence of
contact was demonstrated (30,31). The frequency of contact
between the teeth increases with the gradual grinding of a
food morsel, and contact occurs in the final mastication cycles
immediately prior to swallowing (32).

For the purpose of the present study, an experiment was
conducted which aimed to identify a numeric reflection of the
movement of the mandible and of the stomatognathic muscle
system during mastication.

Materials and methods

Subject. An electronic facebow (Zebris IMA20, Zebris
Medical GmbH, Allgiu, Germany) was used to record spatial
movements of the mandible during food mastication. Recording
of the mandible movements, reflecting mastication, were
carried out in a 47 year-old healthy person in whom, during
clinical examination, no functional disorders in the mastica-
tion muscle system were observed. The study was conducted
in the Laboratory Diagnosis and Treatment of Dysfunction,
the Department of Prosthodontics of the Pomeranian Medical
University. The patients involved were all volunteers. Men
with similar parameters (height and weight) aged between 34
to 47 years old (average 39.83 years old) with full dentition and
without any dysfunction within the masticatory system were
selected. Only one 47 year-old healthy person, during clinical
examination, was observed to lack a single tooth mandibular
tooth no. 36. Routine clinical testing demonstrated the presence
of composite filling in all molars and insignificant abrasion of
the cusps and incising edges of the other teeth. The degree
of loss of dental hard tissues were determined to be I°and II°
according to the Martin scale (33). Contact between the
antagonistic teeth occurred in the correct triads with the occlu-
sion type protected by the canines. In addition, no occlusion
obstructions were observed, such as premature contact during
dynamic occlusion. The subject did not report any disorders of
the teeth or any other elements of the stomatognathic system.
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The only reported disorder was periodical teeth occluding,
which occurred as a method for relieving stress in moments
of emotional excitement. The present study was approved by
the Ethics committee of the Pomeranian Medical University,
Szczecin (no. KB-0012/30/13). All patients gave written
informed consent to testing.

The mandibular kinematics. The formal basis of carrying
out model researches on mandible kinematic movements
were incisor and candylar process trajectory Trajectories on
the condyloid process and incisor heads were recorded with
an electronic Zebris JMA facebow following the placement
of a portion of food in the oral cavity. Completion of the
measurements was determined by the moment, in which total
fragmentation finalized by swallowing occurred. Clinical tests
were carried out 6 times per portion of bread (2 cm? cube) and
hazelnuts (1.2/1.3 cm in diameter). Based on the trajectories
of the condyloid processes and incisors, the configuration
coordinates of the spatial model for the mandibular kine-
matics were calculated on the basis of which length and spatial
orientation the mastication muscles were located. The first
stage of the model research is to calculate the configuration
coordinates of the numerical model of the lower jaw (Fig. 1A).
These calculations are carried out on the basis of data
recorded by an electronic facebow Zebris JIMA. Formulated
verification criteria, confirming compliance trajectory of the
incisors (pts. C Fig. 1A) and the heads of the condylar process
(pts. AiB, Fig. 1A), calculated numerically and registered
in a clinical trial confirms the correctness of the mandible
numerical model. A model verified in this way is still used for
the numerical calculation of the average change in stomato-
gnathic system muscles length. A numerically calculation
of the average change in length of masticatory muscles can
be experimentally verified only by taking measurements on
pictures taken using X-ray imaging techniques: magnetic reso-
nance imaging or computer tomography. Such verification can
be useful for planning the therapy for patients with disabilities,
for instance after condylar jaw fracture.

Mathematical and Engineering techniques such as auto-
mation and robotics were used. As a result configuration
coordinates of the mathematical jaw model were calculated
(Equation 1). In addition, the spatial configuration of the jaw
was calculated (Equation 2) and it was used as a reference for
the identification of accidental points of the jaw representing
the movable muscle attachments in the stomatognathic system
(Equation 3). The knowledge of the Cartesian coordinates
imitating (at any point in time) the spatial position of the
movable muscle attachments allowed us to determine the
average change in length (Equation 4) and the spatial orienta-
tion of the muscle fibres (Equation 5). It should be emphasized
that the authors of the present study did not come across any
other similar approach to the kinematics of the lower jaw and
the muscles during the review of the Literature.

In order to improve the numeric calculations, original
Kinematics 3D software version 10.5.60 (WinJaw Evaluation
software, Zebris Medical GmbH) was developed, in which
mastication was mathematically reflected for the bread and
hazelnuts. This program provides all the necessary informa-
tion about the kinematics of the mandible and masticatory
muscles registered in clinical trials, which can be verified by
experimental research. For example, we can see how changing
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one factor, (eg. muscle length) affects other movement param-
eter characteristics for the patients lower jaw. The first stage of
the examination was done on the basis of the registered inci-
sors trajectory (point C, Fig. 1A) and the mandibular condyles
(points A and B, Fig. 1A) that calculates the coordinates of the
configuration of the jaw. On this basis it is possible to further
assess the changes in length of the muscle fibers of the masse-
ters (Fig. 1B).

In computer simulations for the mathematical description
of the human body movement, kinematic chains with an open
structure are most often used. Movement of the biomechanism
reflecting the functioning of the mastication muscles may be
modelled using the Cartesian or polar coordinates. In addi-
tion, as is the case with technical systems, the position and
orientation of particular biosegments is described with respect
to an immovable reference system. From a mechanical point
of view, two kinematic tasks may be distinguished: A simple
task, which is the identification of trajectories on which typical
biomechanical points move based on present configuration
coordinates, and the so-called reverse task, which consists in
the identification of the configuration coordinates (Cartesian
coordinates) that reflect the trajectories of characteristic
biomechanical points. No matter which kinematic task is the
object of the model tests, during their solution, it is necessary
to have a kinematic model that is formulated accordingly. In
the present study, spatial mandibular movement was projected
using an open kinematic chain with a configuration of variable
in time.

Identification of configuration coordinates. The xq, yo, Zo
reference system in respect of which calculations are conducted
may be assumed in any manner, and can be located for instance
in the central part of the section connecting the condyloid
process heads of the mandible (point D; Fig. 1A). However,
such a location results in specific difficulties, including
uncertainties during the calculations, such as the substitution
averaging points that define the location of the muscles in
the three dimensional space. For this reason and to eliminate
these issues, it is necessary to introduce an additional xp, yp, zp
coordinate system. This mathematical procedure does not
complicate the numeric calculations and may be interpreted
as an expansion of the model by an additional segment, the
orientation of which remains constant during the mandibular
movements.

The numerical calculations were used with the applica-
tion of the algorithm of Fourier fast transformation. Fourier
spectral analysis is one of the most popular tools to judge the
parameters and properties of the signal by spreading it on the
harmonic amplitude frequency spectrum. Spectral analysis of
signals is widely used as a result of the computer technology
development. Getting faster and optimized algorithms in
numerical methods allow you to perform any analysis of the
spectral signal in a fast and precise way without the knowledge
of the explicit representation of the analytical record. Direct
calculation of the discrete Fourier transform (DFT)requires
N2 multiplication and addition, where N defines the number
of samples analyzed signal. In order to speed up the calcu-
lation, the so-called Fast Fourier Transform (FFT) is used
with the Cooley and Tukey algorithms. Another approved
procedure is a modification of the FFT algorithms, Cooley
and Tukey, which uses the radix-2 algorithm. For an even
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number of samples N, it allows the breakdown of DFT on
the two interleaved smaller size N/2, resulting in a number of
necessary mathematical operations being halved compared to
the classical DFT. Currently, the radix-2 algorithm is the most
common numerical procedure whereby it is possible to reduce
the necessary number of arithmetic operations (N-In(N)). The
shorter computation time of harmonic components achieved is
caused by the elimination of unnecessary intermediate records
performed in the computer's memory.

In the model adopted for the numeric tests, three coordi-
nates define the spatial orientation of the mandible (@5, @,, @),
and the others reflect the lifting movement (q, @,, @,). The
first step in forming a mathematical model of the kinematics
of the jaw is a solution to the simple equation. This stage is
necessary since it provides information with regard to the
structure of the equations, which is used to derive analytical
associations describing the relationships between the configu-
ration coordinates of the model and the recorded trajectories
during clinical examination. The present study is limited only
to specifying the final equations, describing the association
between configuration and Cartesian coordinates (equation 1):

(y.- \'J,\
¢, = arclan| = = J
\ X —Xp
(20 =z, Mcos @, +sing, }]
(".t - -\'n}+ {.“r' - ."n] '
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\ o~ %
—{:" =% )lcos @ +singy I], @ = nrcl-.ml _
(-"» =X ] L {.\'u - _"n]
o= umuni{ bams) {'.‘." —p)leose,
L CF ) ](5“1 @; —Cos {"’1}

@, =arctan [—

Identification of Cartesian coordinates. The factor that deter-
mines the mastication organ functioning is the muscular system
controlled by the central nervous system. In order to determine
the numeric projection of the motor activity of particular muscle
fibres, appropriate mathematical associations must be defined.
These associations are derived on the basis of the identified
configuration coordinates (equation 1). In order to determine,
using theoretical considerations, the scope of the changes in
length and spatial orientation of specific groups of muscles,
the Cartesian coordinates typical of attachment locations must
be determined using the following formula, in which P," is
the vector defining the location of the muscle attachment 'i'
associated with the mandible, for the selected orientation and
location of the mandible; P” is the vector defining the location
of the muscle attachment 'i' associated with the mandible at
the resting position; Py, is the vector defining the location of
point D (Fig. 1); and R the orientation matrix of the mandible
(equation 2):

PT=P,+R P,

The model assumes the resting position of the mandible,
which is a characteristic of opening dental arches. A char-
acteristic feature in the rest position is a jaw-jaw distance, or
alternatively the lack of occlusal contact between opposing
dental arches. A characteristic feature of the resting position is
the downwards shift of the jaw, which results in the opening of
occlusion surfaces of the dental arches. Following the measure-
ment of the distance between the teeth in the resting position,
the resting gap in normal occlusion conditions was previously
determined to be 2-4 mm (34). In addition, in the resting
position the muscle adductors and abductors are in balance,
therefore, muscle function is only balancing the weight of the
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Table I. Extent of the shifts in the measurement points of the mandible presented as the mean + standard error.

A, Mastication of bread (n=6).

Right condyloid process Left condyloid process Incisors
Item X (mm) y (mm) 7 (mm) X (mm) y (mm) 7 (mm) X (mm) y (mm) z (mm)
min -1.2+04 -7.4+0.7 -1.1+0.2 -1.1£0.6 -7.9+0.9 -1.0+£0.3 -3.0£04 -253+2.2 -2.0+0.7
max 7.3+£0.5 1.2+0.5 0.6+0.1 13.2+1.3 1.2+0.5 1.0£0.2 2.9+0.2 24x1.2 9.2+14
B, Mastication of hazelnuts (n=6).
Right condyloid process Left condyloid process Incisors
Item X (mm) y (mm) z (mm) X (mm) y (mm) z (mm) X (mm) y (mm) z (mm)
min -1.9+04 -74+1.0 -1.3+04 -1.2+0.3 -9.4+0.6 -1.2+04 -3.9+0.9 -21.9+1.1 -1.7+£1.0
max 5.7+0.4 1.7+£0.6 1.6+0.1 11.2+1.3 1.4+0.5 2.0+0.2 2.1+04 2.2+0.8 9.6+0.7
Table II. Maximum extent of the changes in muscle fibre length during mastication.
Mastication of bread (n=6) Mastication of hazelnuts (n=6)
On the right side On the left side On the right side On the left side
Item Almin (mm) Almax (mm) Almin (mm) Almax (mm) Almin (mm) Almax (mm) Almin (mm) Almwc (mm)
Mg, -1.2+0.6 20.0+1.1 -1.1+0.6 18.9+0.9 -1.3+x04 15.8+0.7 -1.4+0.5 16.1+0.6
Mgp -1.0+0.5 14.7+0.7 -0.9+04 13.5+0.6 -1.2+0.3 11.7+0.6 -1.2+0.3 11.9+0.4
Mp, -0.9+0.5 14.2+0.7 -0.9+04 14.0+0.8 -1.1204 11.5+0.5 -0.9+0.2 12.7£0.4
Mpp -0.9+04 11.8+0.6 -0.8+04 11.3£0.6 -1.2+04 10.0+0.5 -0.9+0.2 10.9+0.3
P, -1.0+0.5 17.2+1.1 -0.9+04 15.9+0.6 -1.1+0.3 13.7+£0.7 -1.3+04 12.8+0.6
P, -0.9+0.4 12.4+0.8 -0.8+0.3 11.6£0.4 -0.9+0.2 10.6+0.6 -1.2+0.3 9.9+0.5
Ly -2.7+0.3 1.5£0.3 -5.9+0.7 0.8+0.3 -3.9+0.3 3.2+0.5 -5.5+0.9 1.2+0.5
Ly -34+0.3 1.1£0.3 -6.3+0.7 0.7+0.3 -44+0.3 2.7+£0.5 -6.1+0.9 0.8+0.4
L, -72+04 0.7£0.4 -9.4+0.6 0.8+0.5 -7.9+0.3 1403 -9.4+0.6 0.5+0.1
Ty -1.4+0.7 224+x1.2 -1.4+0.7 229+1.3 -1.2+0.5 18.7+0.7 -1.3+04 21.0+0.6
T, -1.3+0.7 22.0+1.1 -1.4+0.8 24.1+1.6 -1.1+0.6 19.4+0.6 -0.9+0.3 23.2+0.7
Tp -1.1+0.6 16.9+0.8 -1.2+0.8 19.749.2 -1.1+0.5 15.9+0.5 -0.6+0.2 19.9+0.6
D -9.1+0.7 1.9+£0.6 -8.4+0.6 2.8+0.88 -8.8+0.7 2.0+1.14 -7.4+0.8 24409

M, superficial front fibres of the masticators; Mgp, superficial back fibres of the masticators; My,,, deep front fibres of the masticators;
My, deep back fibres of the masticators; P, front fibres of the pterygoid-medial muscle; Pp, back fibres of the pterygoid-medial muscle;
Ly, upper pad of the pterygoid-lateral muscle; Ly, transitional pad of the pterygoid-lateral muscle; L, , lower pad of the pterygoid-lateral muscle;

Ty, vertical fibres of the temporal muscle; T,, transitional fibres of the temporal muscle; Tp, back fibres of the temporal muscle; D, group of

suprahyoid muscles.

lower jaw and bioelectric muscle activity is minimal (35-40).
A shifting mandible changes its orientation and position, and
specific muscle groups become longer or shorter. The length
and spatial orientation of the muscle fibres can only be approxi-
mately determined. This approximation is caused by the large
surface space of the muscle attachments to the mandibular and
cranial bones. Lack of precise criteria that would ensure the
clear projection of the location of the muscle attachments results

in the majority of model tests offering approximate solutions.
Their advantage is the possibility of reducing the attachment
surfaces to a single point. Therefore, this approach causes the
lengths of specific groups of muscle fibres to be averaged.

General analytic association. The movement of muscles in
the stomatognathic system was calculated in relation to a fixed
coordinate system (point O, Fig. 1B). The local coordinate
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Table III. Ratios (wp) of muscle mastication function presented as the mean + standard error.
Mastication of bread (n=6) Mastication of hazelnut (n=6)
Al dAl/dt d*Aljdre Al dAl/dt d*Al/dre

Item (mm) (mm/s) (mm/s?) Mean (mm) (mm/s) (mm/s?) Mean
Mg, 0.87+0.07 0.81+0.09 0.55+0.31 0.74+0.10 0.97+0.01 0.96+0.01 0.89+0.03 0.94+0.02
Mg, 0.70+0.16 0.56+0.23 0.25+0.32 0.50+0.13 0.94+0.01 0.91+0.02 0.78+0.06 0.88+0.05
Mpa 0.94+0.01 0.84+0.06 0.48+0.29 0.75+0.14 0.83+0.05 0.91+0.01 0.80+0.02 0.84+0.03
Mpp 0.92+0.02 0.81+0.07 0.45+0.28 0.73x£0.14 0.85+0.05 0.92+0.01 0.80+0.03 0.86x0.03
P, 0.74+0.13 0.72+0.14 0.58+0.22 0.68+0.05 0.58+0.12 0.76+0.06 0.73+0.05 0.69+0.06
Py 0.71+0.16 0.69+0.16 0.48+0.31 0.63+0.07 0.53+0.12 0.73+0.07 0.68+0.06 0.65+0.06
Ly 0.00+0.00 0.04+0.09 0.00+0.00 0.01+£0.01 0.00+0.00 0.03+0.03 0.01+£0.01 0.01+£0.01
L, 0.02+0.06 0.08+0.14 0.00+0.01 0.04+0.02 0.00+0.00 0.05+0.05 0.03+0.03 0.03+0.02
L, 0.46+0.14 0.56+0.06 0.28+0.17 0.44+0.08 0.14+0.09 0.47+0.04 0.30+0.08 0.30+0.10
Ty 0.99+0.00 0.98+0.01 0.83+0.21 0.932+0.05 0.95+0.02 0.98+0.00 0.96+0.00 0.96+0.01
T, 0.90+0.04 0.89+0.02 0.75+0.11 0.85+0.05 0.74+0.06 0.88+0.01 0.83+0.01 0.82+0.04
Tp 0.80+0.09 0.82+0.04 0.61+0.13 0.74+0.06 0.59+0.09 0.81+0.02 0.74+0.01 0.71+£0.06
D 0.64+0.20 0.59+0.19 0.72+0.11 0.65+0.04 0.29+0.19 0.58+0.12 0.76+0.05 0.54+0.14

Mg, superficial front fibres of the masticators; Mgp, superficial back fibres of the masticators; My,, deep front fibres of the masticators;
My, deep back fibres of the masticators; P, front fibres of the pterygoid-medial muscle; Pp, back fibres of the pterygoid-medial muscle;
Ly, upper pad of the pterygoid-lateral muscle; Ly, transitional pad of the pterygoid-lateral muscle; L, , lower pad of the pterygoid-lateral muscle;
Ty, vertical fibres of the temporal muscle; T,, transitional fibres of the temporal muscle; T, back fibres of the temporal muscle; D, group of

suprahyoid muscles.

Figure 1. (A) Spatial orientation of the mandibular kinematics and (B) scheme used for the identification of the spatial orientation of the muscle fibres .

system T, represents the position of the muscle attachment '{'
to the skull, and this system is associated with the fixed refer-
ence system O. On the other hand, the local variable coordinate
system 7, is associated with the attachment of the mandible
muscle 1. In order to simplify the calculations, the same spatial
orientation is specified for both the 7, and O reference systems,
given that this simplification has no effect on the identified aver-
aged lengths or orientation of the muscle fibres. On the basis of
the schematic diagram (Fig. 1B), a general analytical association
was derived, which simultaneously considered the length of the
mandibular muscle and its spatial orientation. In this formula,

P is the vector defining the position of the muscle attachment '
associated with the skull; PM the position of the muscle attach-
ment 'i' associated with the mandible; R;Z and R,Y the rotation
matrixes relative to the axes z and y; and L; = [1i 0 0]" is the
vector defining the distance between local coordinate systems
T, and T, (equation 3):

P’ =P +R?-R) L,

Calculation of the average muscle length. The average length
of the muscle is calculated based on the average of Cartesian
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coordinates that define the position of muscle trailers to the
mandible and the skull (equation 4):

N () N () I ()

In the above equation, the x;, y;, z; coordinates represent
the Cartesian coordinates of the muscle attachments, given
that the superscripts marked with the symbol 'S' correspond
to the fixed attachments to the cranial bones, whereas symbol
'M' corresponds to the variable incidental attachments to the
mandible. The change in the length of the mandibular muscle,
manifested by the shortening or elongation A/, is calculated as
a difference between the resting length of the muscle /,° and
its length at any given time of the mandibular movement /.
The resting length of the functioning mastication muscles is
associated with the position of the mandible at rest. Note that
positive Al difference values may be interpreted as extensions
of the mandibular muscle, whereas negative values as short-
ening of the mandibular muscle. Angles ¢, and ¢, defining
the spatial orientation of the muscle 'i' may be obtained by
transformations of equation 3 (equation 5):

s 2 F_(.c_ .2\, Mi f Mi
S ot ()

Analytical associations based on data derived from equa-
tions 1-5 supplemented by data recorded during mandible
movement on clinical examination are the formal basis for
conducting numerical calculations on the activity of mastica-
tion muscle functioning.

@ = arctan [

Results

Trajectories of the incisors and Cartesian coordinates. The
trajectories along which the incisors move in the front plane,
reflecting the mastication of the bread and hazelnuts, are
presented in Figs. 2 and 3. The first cycle was omitted, since
the trajectories projected at this time are associated with the
abduction movement, which has a negligent effect on the
further course of mastication. The average minimum and
maximum values of the shifts of the Cartesian coordinates,
recorded using the electronic facebow, are shown in Table I.

Length of the muscle fibers. Bearing in mind the evaluation
of the effect of particular groups of muscles on the process of
occlusion, changes in their length in each cycle were calcu-
lated. The numeric values that were obtained were used to
determine the extent of the changes in muscle fibre length. The
average parameters, illustrating maximum shortening A/, or
elongation Al of the muscle fibres during mastication of the
bread and hazelnuts, are shown in Table II.

The data presented in Table I do not clearly describe the
degree of asymmetric function of the muscles located on either
side of the mandible. For this reason, individual axes were
assigned to changes in length A/ of the muscles on the right
and left side of the mandible (Fig. 4).

Coefficients of muscular work. Numerical data specified in
this way, are referred to idealized situations (a straight line
traversing the beginning of the coordinate system), which
occurs when the muscles on both sides of the mandible
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function symmetrically. On this basis the identified muscle
function coefficients w, can be interpreted as a measure of
their asymmetric or symmetric operation. With the assumption
that muscle fibres are not elongated with constant speed dAl/
dr and permanent acceleration d>4/dr* the resultant operation
was calculated as an arithmetic average from three kinematic
sizes.

Length of the muscles in the act of chewing. Data presented
in Table III should be interpreted as follows: If the ratio w,
has a value close to homogeneity, the muscle fibres function
symmetrically; if however the ratio w; is close to zero, the
fibres function asymmetrically.

In the initial phase of mastication, the lateral pterygoid
muscles are extended to their maximum lengths. Following
increasingly broad dental arch opening, the lateral pterygoid
muscles are supported by the suprahyoid muscles. Such a situ-
ation, in which the lateral pterygoid muscles have a dominant
role, is a feature variable between individuals. The results of
the computer simulations conducted as a part of this investiga-
tion indicate that the suprahyoid muscles initiate the abduction
movement. Deviation of the trajectories of the incisors from
the medial plane is associated with the asymmetrical func-
tioning of medial- and lateral-pterygoid muscles, suprahyoid
muscles and transitional and back temporal muscle fibres.
The mean change in the length fibres of the masticator muscle
and a lateral-pterygoid muscle are shown in Fig. 5A and B,
respectively.

The majority of the muscles during mastication of the
bread were extended from 11.8-24.1 mm, with the excep-
tion of the lateral pterygoid muscle fibres and suprahyoid
muscle, the shortening of which remained at 5.5-9.4 mm.
Conversely, during the adduction movement the fibres of the
lateral pterygoid and the suprahyoid muscles were elongated
by 0.7-1.9 mm. Shortening of the other muscles was <2 mm.
The nature of the changes in muscle fibre length did not
significantly depend on the consistency of the masticated
food. However, during mastication of hard food, the muscles
were marginally less elongated and shortened, as compared
with the food with a soft consistency. The activity of the
mastication muscles need to be considered with respect to
the maximum range of changes in length in association with
resting lengths. The activity ratio defined in this way demon-
strated that the greatest activity in the working mandible was
carried out by the front fibres of the medial-pterygoids and
front and temporary (middle) fibres of the temporal muscles.
Conversely, the lowest activity was typically observed in fibres
of the lateral-pterygoid muscles, back superficial fibres of
masticators and suprahyoid muscles. The results were similar
during both the mastication of the bread and the hazelnuts.
One of the analyses conducted was the numerical assessment
of the asymmetric operation of muscle fibres during mastica-
tion. Computer simulation (Table IT) demonstrated that the
symmetric activity of the front temporal muscle fibres was
wp >0.9. The greatest asymmetry of activity was observed in
the group of lateral-pterygoids (w, <0.44). Furthermore, the
model test results suggested that the hardness of consumed
food manifests itself in increased asymmetrical muscle
activity, specifically visible in the superficial and deep fibres
of masticators.
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Figure 2. Registered trajectories of the incisors in the front plane during mastication of the bread, with the exception of the first cycle.
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Figure 3. Registered trajectories of the incisors in the front plane during mastication of the hazelnut, with the exception of the first cycle.

Discussion

Inclinical tests, the stomatognathic system should be considered
as a unit, individually assigned to a patient and characteristic
of that patient. The notion of the stomatognathic system, or
the mastication organ, implies a system in which particular
elements combine into a functional whole, both physiologically
and pathologically. To examine the events taking place in the
system, consideration of their mutual associations is important.
A comprehensive approach of psychogenic phenomena, physi-
ological and pathological causes of the stomatognathic system,
are treated as a chain of cause and effect. (40,41). These asso-
ciations result from the fact that slight loss of function may
cause disorders, and as a consequence may create morpho-

logical changes throughout the masticatory system. One of
the symptoms of masticatory organ dysfunction is acoustic
signals recorded within the temporomandibular joints (42-44).
Their source is the incorrect cooperation of transport disks
with the heads of condyloid processes and the acetabula (19).
Loss of proper functioning of the stomatognathic system is a
severe limitation that manifests itself in difficulties in biting
and grinding food or sound articulation (45,46). However,
the complexity of the muscular-skeletal system as well as its
compensating capabilities enables the restoration or reduction
of lost movement functions (47).

Previous studies have assessed and measured the movements
of condyloid process heads and mandibular incisors (48-50).
Other studies investigated the forces generated by particular
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Figure 4. Sample charts illustrating the (A) symmetric and (B) asymmetric action of the muscles.
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Figure 5. The mean change in the length fibres of (A) the masticator muscle and (B) a lateral-pterygoid muscle.

groups of muscle fibres (51-56,34). It should be noted that
direct measurement of muscle forces is difficult to achieve. To
date, no technology has been developed that would permit the
direct recording of muscular forces. Measurements of potential
function can be carried out but only to a limited extent. These
limitations result primarily from the need to breach the conti-
nuity of the skin. For this reason, novel methods are sought
that will provide information regarding the activity of the
mastication muscles (35-39,57-60). The results of clinical tests
supplemented with model experiments may provide the basis
for formulating the criteria that would enable the evaluation of
forces generated by particular groups of mastication muscles.
Data obtained from clinical tests does not provide clear results
on the biomechanical states of the mastication muscle. In addi-
tion, kinematic models of the mastication muscle are limited to
the projection of the movement of the mandible itself, ignoring
the impact of changes in muscle fibres length (61-66). For this
reason, the present study examined a spatial model of kine-
matics. Verification criteria were formulated as conformity of
trajectories calculated numerically with those registered in the
clinical setting. The results obtained in this way demonstrated
the efficacy and suitability of the numeric model of the masti-
cation muscle presented in the present investigation.

The model test results indicated that the maximum range
of the dental arch opening during mastication of the bread was

~25.3 mm, and this value was ~21.9 mm for the hazelnut. These
scopes are close to those obtained by Hannam ef al (67). The
recorded trajectories of the incisors were subject to deviation
from the medial plane by a <9.2 mm during the consumption
of bread, and this deviation was slightly higher at ~9.6 mm
in the case of the hazelnut, the direction of the deviations
were turned towards the load influencing the dental arches.
The results of the tests did not show any significant impact
of food consistency on the deviation of trajectories from the
medial plane like, results which were concordant with those
of Lundeen and Gibbs (3). It is also worth taking into consid-
eration that in particular mastication cycles, the trajectories of
the incisors were not always subject to deviation by the afore-
mentioned values. This variable scope of trajectory deviations
from the medial plane may be assigned to the individual habits
of the subject (68), as well as the degree of food grinding. The
frontal movement of the condyloid process head, situated on
the balancing side was somewhat higher compared with the
condyloid process head located on the working part (~6.5 mm
for bread). Conversely, during the course of hazelnut mastica-
tion, this difference was determined to be ~5.5 mm. Vertically,
the maximum displacement of condyloid process heads, by
principle, assumes similar values. Insignificant differences of
~0.5 mm for soft food (bread) and ~2 mm for hard nuts to be
associated with the positioning of dental arches of the mandible
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when biting the food. The aforementioned numeric values of
the shifts of the incisors and condyloid process heads charac-
terize the abduction phase of the dental arches. When grinding
a portion of food, dental arches come into contact with each
other. Regardless of the food consistency, the recorded values
of the shifts was ~2.3 mm. In addition, this value corresponds
approximately to the distance between the teeth at resting
position. At the time of contact of the dental arches, condyloid
process heads withdraw into the articular space by and average
of ~1.2 mm. Nut grinding results in the condyloid process
head, located at the working side, withdrawing by a maximum
of ~1.9 mm. The vertical movement of the condyloid processes
is limited by the anatomical structure of the temporoman-
dibular joint and the biomechanical properties of the transport
disks (69-74). Mastication is a biomechanical process that
depends on numerous factors, including the shape of the
dental cusps, or the preferred side of mastication in specific
people (1). For this reason, it is difficult to compare the results
of the present study to those obtained by previous investiga-
tors. This is because comparing results without ensuring that
the same conditions were used may result in false conclusions.

The dominant componential harmonics of the ampli-
tude-frequency spectrum were identified based on the
calculated time courses and configuration coordinates. These
components determine the frequency of the repetitions of the
mastication cycles. Appropriate numerical calculations were
used with the application of the algorithm of Fourier fast
transformation. From a theoretical point of view, the majority
of the information regarding the harmonic components is
contained within the signal of the configuration coordinate @,
since its scope of variability is the greatest. The results of
the present study determined that the average value of the
dominant frequency of bread mastication was ~1.16+0.06 Hz.
In the case of the hazelnut, this value was nearly twice as
large at ~1.84+0.07 Hz. The identified frequencies of bread
and hazelnut mastication demonstrated the impact of food
consistency on the course of mastication, results which were
concordant with those of Horio and Kawamura (29).

Both the results of the present study and those of
Throckmorton et al (75) led to the hypothesis that the asym-
metrical action of the stomatognathic system muscles results
in an uneven load to the temporomandibular joint. Unbalanced
muscular action may cause byorthognathic defects; these
defects were reported by previous studies that used electromy-
ography prior to and following orthognathic surgery (76,77).
The present study presents a mathematical approach to the
model assessment of the activity of the human mastication
muscle. The analytical associations characterizing the vari-
ability of the configuration coordinates were presented in a
general equation. This enabled the numeric evaluation of the
activity of the stomatognathic muscle system, not only with
respect to the mastication cycle, but also with that of the free
articulatory movements. The method presented in the current
investigation may serve as a useful tool in the diagnosis of
human mastication disorders.

In summary, the model and clinical tests of the present
study led to the following general conclusion: Configuration
coordinates calculated as a result of the solution to a reverse
task of kinematics are the basis for conducting model tests,
in the scope of assessment of the activity of the mastication
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muscles. In addition, kinematics of muscle activity can be
analyzed with respect to the Cartesian coordinates, defining
the location of the muscle attachments of the mandibular and
cranial bones.

The spatial model of mandibular kinematics included in the
present study contributes qualitatively novel information, and
furthered our knowledge of the functioning of the mastication
muscle. The results obtained from the computer simulations
indicated that the numerical modelling of the mastication
muscle is an effective tool, and may help dentists to formu-
late a diagnosis. Information on the spatial orientation of the
muscle fibres is required in order to determine the directions
of the forces generated by the muscles. Having estimated the
muscle forces, future studies will strive to identify the loads
affecting the structure of the temporomandibular joint.
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