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Predictive simulations of the mastication system would significantly improve our under-
standing of temporomandibular joint (TMJ) disorders and the planning of cranio-
maxillofacial surgery procedures. Respective computational models must be validated by
experimental data from in vivo characterization of the mastication system’s mechanical
response. The present pilot-study demonstrates the feasibility of a combined experimental
and numerical procedure to validate a computer model of the masseter muscle. An exper-
imental setup is proposed that provides a simultaneous bite force measurement and
ultrasound-based visualization of muscle deformation. The direct comparison of the
experimentally observed and numerically predicted muscle response demonstrates the
predictive capabilities of such anatomically accurate biting models. Differences between
molar and incisor biting are investigated; muscle deformation is recorded for three dif-
ferent bite forces in order to capture the effect of increasing muscle fiber recruitment.
The three-dimensional (3D) muscle deformation at each bite position and force-level is
approximatively reconstructed from ultrasound measurements in five distinct cross-
sectional areas (four horizontal and one vertical cross section). The experimental work is
accompanied by numerical simulations to validate the predictive capabilities of a consti-
tutive muscle model previously formulated. An anatomy-based, fully 3D model of the
masseter muscle is created from magnetic resonance images (MRI) of the same subject.
The direct comparison of experimental and numerical results revealed good agreement
for maximum bite forces and masseter deformations in both biting positions. The present
work therefore presents a feasible in vivo measurement system to validate numerically
predicted masseter muscle contractions during mastication. [DOI: 10.1115/1.4037592]
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1 Introduction

Realistic and physics-based representations of the mastication
system allow simulating biting, the impact of dental prosthesis,
and surgical cranio-maxillofacial interventions. Reliable simula-
tions require the experimental characterization of muscle proper-
ties and the quantification of interactions between soft tissues and
bones. A quantitative estimate of intra- and intersubject variability
and anatomy-based geometric reconstructions of individual struc-
tures are important aspects in view of personalized medicine. Sev-
eral such computational and experimental studies investigate
temporomandibular joint (TMJ) disorders [1-3], surgical recon-
struction of bone structures [4,5], jaw movement during chewing
[6,7], and anatomical deficiencies causing dysphagia [8,9].

The interplay of mastication muscles, as shown in Fig. 1, pro-
vides considerable jaw mobility and enables speech and mastica-
tion. Optimal nutritional uptake through efficient food processing
begins with breaking down pieces and chewing in the mouth. This
process includes different biting mechanisms that depend on food
texture and bite size [10]. The human brain inherently controls
bite force, biting position, and jaw motion through complex mus-
cle activation patterns. Several mathematical models exist that
investigate muscle activation patterns based on prescribed jaw
kinematics [11-13], while others provide theoretical limits of bite
forces for specific biting positions [14,15]. Most of these models,
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however, represent muscle forces by one-dimensional Hill-type
springs [16], and therefore usually focus on determining singular
points of muscle origin and insertion to establish a unique mea-
sure for muscle length [17]. The generalized approximation of
three-dimensional (3D) tissue response, including not only forces
but also tissue deformation, by one-dimensional material models
limits the predictive capabilities of respective models for more
complex biting cases [18]. Mastication models based on Hill-type
springs alone cannot incorporate the geometry of the muscle and
the contact interaction with surrounding bone and superficial
tissue [19].

The experimental characterization of passive skeletal muscle
[20,21] as well as cartilage tissue of the temporomandibular joint
disc [22-24] provides valuable insight into mechanical mastica-
tion muscle behavior. However, despite a number of theoretical
and experimental studies on muscle deformation and muscle force
[25,26], to this day, the mechanism of muscle shape changes is
poorly understood. Muscle behavior is generally determined by
fiber orientation and activation level. With respect to the human
mastication system, only very few finite element (FE) models
exists in literature, which provide a fully three-dimensional repre-
sentation including the mandible, skull, and masseter muscle
[3,27]. Rohrle and Pullan [27] presented an anatomy-based recon-
struction of the masseter muscle that is governed by transversely
isotropic constitutive equations. The presented simulations predict
muscle forces within a full biting cycle including jaw opening,
closing, and biting. Commisso et al. [3] presented a detailed 3D
reconstruction of the mastication system in order to study the
stresses in the temporomandibular joint as well as the influence of
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Fig. 1 Anatomical representation of the mastication system including the muscles of mastication, the hyoid muscle
group, TMJ, mandible, and skull. The mastication muscles are often separated into the group of (a) jaw opening muscles
consisting of the lateral pterygoid (purple) and hyoid muscle groups (red, blue, and green) and (b) jaw closing muscle
group comprised of masseter (orange), temporalis (blue), and medial pterygoid muscle (green). Anatomical images
adapted from Williams [1] (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.).

the lateral pterygoid muscle on mandible movement during unilat-
eral mastication. The model analyzed the sensitivity of activation
patterns on the kinematics and loading of the jaw and temporo-
mandibular joint. Bol et al. [26] introduced novel strategies for the
evaluation of numerically predicted muscle deformations by com-
parison with magnetic resonance images of the relaxed and con-
tracted state and presented an experimental setup for real-time
visualization of ex vivo muscle contraction on a live animal model.

Preceding this work, Weickenmeier et al. [28] presented the
numerical implementation of a constitutive muscle model pro-
posed by Ehret et al. [29]. The mastication model used therein
was derived from the anatomically detailed facial reconstruction
developed by Barbarino et al. [30] and used to determine a physio-
logical set of material parameters. Following this work, the pres-
ent pilot-study investigates the feasibility of a procedure
combining ultrasound and bite force measurements to validate
numerical simulations of biting. It is shown that phenomenologi-
cal constitutive equations and anatomically accurate masseter
reconstructions are required to reliably predict bite forces and
muscle deformations during clenching. In this regard, a combined
experimental and numerical approach is proposed to investigate
masseter muscle deformation during biting. An in vivo setup for
simultaneous bite force measurements and ultrasound-based visu-
alization of muscle deformation is developed. In addition, a finite
element model of the mastication system is generated based on
medical images of the same subject from the experimental cam-
paign. This allows for a direct comparison of the experimentally
observed and numerically predicted mechanical masseter
response. Validated and predictive computational mastication
models can be utilized to study changes of forces in temporoman-
dibular join disorders, to optimize maxillofacial surgery and pre-
dict the outcome of clinical procedures, and to support the
development of novel food textures matched with the mastication
abilities of specific population groups.

2 Materials and Methods

The analysis of masseter muscle mechanics includes numerical
simulations and mechanical characterization during active con-
traction. The simulations are based on a finite element model of
the masseter muscle. Mesh generation and material modeling are
presented in Secs. 2.1 and 2.2. The experimental setup for ultra-
sound image-based quantification of muscle deformation is
described in Sec. 2.3, and an exemplary cross-sectional image is
shown in Sec. 2.4.

2.1 Finite Element Model Generation. The finite element
model is created from magnetic resonance images (MRI) of a 29
year old male. 180 transverse images are taken at a slice distance
of 1 mm and an in-plane resolution of 256 pixels at a voxel size of
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1 mm?>. Scan IP software (Simpleware, Ltd., Exeter, UK) is used
to reconstruct the 3D contour of the masseter, mandible, and skull.
Figure 2(a) shows the initial reconstruction of the mastication
structures before a semi-automatic meshing procedure is applied
for finite element mesh generation. Figures 2(d)-2(h) illustrate the
step wise transformation of the initial medical image segmenta-
tion into a homogeneous and refined mesh. Starting with the trian-
gulated surface of the outer masseter contour (d), Geomagic
Studio software (3D Systems, Rock Hill, SC) is used to generate a
patched surface represented by nonuniform rational B-splines (e).
Given the flat shape and regular thickness of the masseter muscle,
the outer surfaces are approximated by two opposing faces which
are patched by matching grids (f). Using a user subroutine, corre-
sponding quadrilateral shells of front and back faces are combined
to form hexahedral elements (g). This strategy allows for multiple
uniform mesh refinement steps while preserving a favorable
aspect ratio. The masseter model, which is used for all simulations
in the present work, consists of 6144 linear eight-noded hexahe-
dral elements (). The commonly accepted assumption of a nearly
incompressible material behavior requires reduced integration
with hourglass stabilization. The corresponding reduced integra-
tion elements (C3D8R) prevent volumetric locking while reducing
computational cost, due to the evaluation of the constitutive equa-
tions at a single integration point per element [28]. The mesh is
highly homogenous and was refined to ensure convergence of
results with respect to spatial discretization. Skull and mandible
are reconstructed from the medical images, smoothed, and con-
verted into nonuniform rational basis splines surfaces to serve as
display bodies in the model (b). Finally, the muscle mesh and
bone surfaces are imported into the commercial finite element
program Abaqus [31] (Dassault Systémes, Providence, RI) for
numerical simulations of the mastication model (b).

For computational efficiency and the absence of representative
boundary conditions for asymmetric biting, only half of the head
is modeled. This symmetry assumption must be considered when
comparing numerical simulations to experiments of unilateral bit-
ing. In fact, several studies look into the effect of unilateral biting
on bite forces and loads on the ipsilateral and contralateral tempo-
romandibular joints [32-34]. In the present model, masseter and
skull are constrained on the basis of anatomical findings illustrated
in the textbook by Williams [35]. Muscles of mastication have
one rigid insertion point and one insertion point with multiple
degrees-of-freedom (DOFs). As shown in Fig. 2(c¢), the nodes on
the cranial end of the masseter muscle are fixed, while the caudal
nodes are tied to the degrees-of-freedom of the condyle head [see
Fig. 2(c¢)]. Nonpenetrating constraints between masseter muscle
and bones are enforced to exclude intersections upon muscle con-
traction. The contact of incisor and molar teeth is detected by
interaction constraints between sensor elements placed in the teeth
of the upper and lower jaw that come into contact upon biting.
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Fig. 2 FE model generation of the mastication system. (a) MRI-based segmentation of skull, mandible, and the masseter
muscle, (b) anatomically detailed representation of bone structures and the masseter, and (c) boundary conditions defining
the kinematic constraints on the masseter muscle: nodes at the top of the masseter are fixed to represent the anchoring with
the cranium; bottom nodes are kinematically coupled to the degrees-of-freedom of the condyle head of the TMJ. In the FE
model a reference point is defined on the condyle head which controls the degrees-of-freedom of the rigid mandible. Images
(d) through (h) visualize individual steps in the semi-automatic procedure of mesh development. The rough outer contour of
the muscle is transformed into a sufficiently refined, hexahedral FE mesh. The finest mesh with 6144 elements (h) is used for

all subsequent simulations.

These elements have stiff elastic properties (elastic modulus:
1 GPa; Poisson’s ratio: 0.499) which allow to extract the bite force
vector based on the contact forces. Rough contact properties are
assigned to these sensor elements such to ensure no relative move-
ment between teeth once they have come into contact.

Biting is modeled as a quasi-static, two-step simulation of clos-
ing the mouth followed by clenching. As described in more detail
in Sec. 3.2, the first step includes pure translation of the mandible
to align the teeth that will be in contact, i.e., molar versus incisor
biting, followed by a pure rotation of the mandible about the con-
dyle head upon muscle contraction, as shown in Figs. 2(¢) and 5.
A total simulation time of 0.3 s is required with 0.1 s for jaw
alignment and 0.2 s to reach maximum bite force. Adaptive time
stepping with a maximum time increment of 0.0001 s is used and
ensures convergence for the entire muscular contraction step.

2.2 Material Modeling. Voluntary contraction in skeletal
muscles is controlled by the somatic nervous system while the
overall mechanical muscle response depends on its current kine-
matical configuration and the level of activation in terms of accu-
mulated impulses sent to the muscle. Based on a physically
motivated three-dimensional constitutive model for skeletal mus-
cle proposed by Ehret et al. [29], the strain energy function W con-
sidered here takes the following form:

W:}tu{é(exp[aq_ D= 1)
+%(exp[ﬁ(]~—l)]—1)—0—%(1[1;’—1)}, M
[=C:(L+wM),J =cof(C):L, lllc = det(C)

where g, o, f, and y are material parameters [28]. I, J, and Il
are three invariants of the right Cauchy Green tensor C = F'F,
and the generalized tensor L is given by
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L= %1 +w,M @)
The structural tensor M governs the anisotropic material behavior
and takes the form M = m ® m, where m is the unit vector paral-
lel to the preferred muscle fiber direction in the reference configu-
ration. The identity tensor I describes the passive isotropic
response of the muscle tissue, while the weighing parameters wy
and w), govern the ratio between isotropic muscle matrix material
and muscle fibers, respectively, with wy 4w, = 1. The active mus-
cle contribution is introduced through parameter w,, which affects
the generalized invariant /, is based on the work presented by Cor-
less et al. [36], and takes the form

0 if Py =0

Wo(x*) 1, A3)

w, =
“ else

O(/Lil 2/1,,7

where Wy (*) denotes the solution for the principal branch of the
Lambert-W function and y* is given by

N 20 o -~ ~
7" = Pat Texp {(5) (2 —2I, + )»,,,Ip)}
a 1 7! a L)
+ 3 Am[; exp {(z) /me;} 4)

The argument of the Lambert-W function y* depends on the
squared fiber stretch /,, = +/C : M, the nominal stress P, due to
the muscle activation, and the first derivative of the purely passive
part of the first invariant / with respect to fiber stretch for the case
of uniaxial stretch. Specifically, / ;] takes the form
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The nominal stress due to muscle activation [29] is proposed in
the following form:
My

Pai =f:-f,-Na Y piF, 6)
i=1

and depends on the level of activation, sarcomere length (function
/7), and contraction velocity (function f,), the measure of the total
number of activated motor units per reference cross-sectional area
N,, the total motor unit types nyu, the corresponding fraction of
each motor unit p;, and the twitch force of a single motor unit F'.
Weickenmeier et al. [28] present the comprehensive numerical
implementation of this material model in order to enable the real-
istic simulation of geometrically complex muscle structures in the
face and forehead region [37]. In the present work, material
parameters proposed by Weickenmeier et al. [28] in Tables 1 and
2 are used in all simulations.

2.3 Experimental Setup. An experimental setup for
synchronized bite force measurements and the visualization of
masseter deformation in individual cross sections of the muscle
was developed. Ultrasound imaging is used to capture cross-
sectional shape changes of the muscle at various locations and at
different bite forces. Moreover, in order to differentiate between
two very different biting cases, a pressure sensor is placed either
between the frontal incisors or on a specific side between the
molars, respectively. Both cases have noticeable differences with
respect to muscle involvement, maximum bite force, and muscle
deformation during force generation. Bite forces are measured
with a flexible force sensor (Flexiforce A201, Tekscan, Boston,
MA) up to a maximum acceptable load of 445 N. The 15
mm X 15mm sized Flexiforce sensor is placed between two 15
mm X 15 mm x 0.4 mm sized rigid stainless steel plates and then
embedded in a 30 mm x 10 mm x 5 mm block of dental grade sili-
con (Aquasil Ultra M+W Dental Swiss AG, Illnau, CH) in order
to evenly distribute the bite force exerted on the sensor by the het-
erogeneous occlusal surface of the teeth. The gap (10 mm at rest)
resulting from biting on the silicon block mimics the chewing pro-
cess of food at a physiological jaw opening angle. A Noraxon
Myosystem 1400L (Velamed, Cologne, Germany) fitted with a
Noraxon in-line adapter model 324 (Velamed) was used as an ana-
log/digital converter to record the force measured by the Flexi-
Force sensor. The linearity of the sensors was verified prior to the
experiments by applying an external calibration procedure using a
TAXT+ (Stable Microsystems, Godalming, UK) equipped with
the geometry SMSP/20 with known loads between 10 and 450 N.
All sensors responded linearly (% > 0.98).

Figure 3 shows the experimental setup for measurements of
bite force and transient muscle deformations during contraction.
The three-dimensional shape change of the muscle is approxi-
mated by the muscle’s cross-sectional area changes in four evenly
spaced transverse planes (H,-H4) and one vertical plane (V) in the
middle of the muscle (Fig. 3). An 8 MHz linear array ultrasound
probe (Siemens ACUSON 8V3 probe) is used to take B-mode
image sequences with an in-plane resolution of 0.1 mm/pixel
(254 dpi). 30s video sequences at 50 frames/s capture the muscle
deformation during multiple biting cycles. Each cycle includes the
buildup and relaxation of a specific bite force. Four distinct fea-
tures of the setup provided reproducible ultrasound measure-
ments: Markers on the gel-pad ensured repeatable probe
placement; during measurements, the subject’s head was tilted
sideways to prevent shifting of the gel-pad and to minimize probe
movement by the operator; a thick layer of ultrasound gel between
pad and probe and the self-weight of the probe minimized the nec-
essary contact pressure throughout the biting cycle, and in the
relaxed state, in particular; and the gap between cheek and probe

121007-4 / Vol. 139, DECEMBER 2017

allowed the operator to maintain probe orientation throughout the
30s video without interfering with muscle contraction. Reliable
reconstruction of muscle deformation from ultrasound videos was
most sensitive to probe motion during biting and only marginally
affected by changes in the (low) probe contact pressure. The rela-
tion between bite force and muscle deformation was determined
for three physiological bite force magnitudes: SON, 100N, and
200N. During each video sequence, the subject is required to
reach and briefly maintain the prescribed bite force in at least two
biting cycles.

In total, 75 video sequences were recorded to test the masseter
response for two biting positions (molar and incisor), for three
bite forces (50N, 100N, and 200 N), and for five cross-sectional
muscle planes (V and H,-H,). Repeatable probehead placement
for the five different measurement planes is ensured through
markers on the ultrasound standoff gel-pad placed on the subject’s
cheek, as shown in Fig. 3. Muscle deformation, and cross-
sectional area changes specifically, are extracted from the ultra-
sound image sequences using an optical flow tracking algorithm
previously presented by Weickenmeier et al. [37]. After a manual
segmentation of the muscle contour in the first frame of the image
sequence, the optical flow algorithm tracks all points in each con-
secutive frame. For every frame, the cross-sectional area is
defined by the convex hull around all tracked points.

2.4 Ultrasound Imaging of Masseter Muscle. The resolu-
tion of the ultrasound image allows to differentiate between a
highly echogenic epidermal layer (~ 1 mm) and a thicker layer of
dermis and subepidermal tissue (~ 5Smm) characterized by a
lower echogenicity. As shown by the example of the horizontal
plane H; in Fig. 3, the masseter is clearly visible and surrounded
by a thin fascial membrane that appears as a strongly echogenic
band around the muscle [38]. Based on other studies in literature,
it is expected that the muscle—tendon complex at the cranial end
of the masseter muscle is not fully differentiable in the ultrasound
image, given limitations by the field of view and disturbances of
the ultrasound signal by the neighboring zygomatic arch. As a
result, the vertical muscle cross-sectional area is underestimated
in the experimental study while much better represented in the
finite element model obtained from magnetic resonance images
(see Figs. 2(b) and 6). In particular, Kubo et al. [33] reported gen-
erally larger cross-sectional area and thickness measurements
based on magnetic resonance images in comparison to ultrasound
images. Raadsheer et al. [39] suggest that a common source for
larger MRI based values is related to an underrepresented apo-
neurotic tissue layer surrounding the muscle in ultrasound images.

3 Results

3.1 Muscle Deformation During Biting. Figures 4(a) and
4(b) show the cross-sectional area change during biting observed
in the horizontal plane H3 for (a) molar and (b) incisor biting and
the three bite forces. The proposed contour tracking algorithm
provides a reliable measure for area change with respect to the ref-
erence cross-sectional area as well as the area change during bit-
ing, as shown by the experimental results for all six respective
measurements. K-means clustering is used to separate the cyclic
area data into two subsets, as shown through the example of one
curve in the inlet of Fig. 4(a) by the dotted (gray) and crossed
(orange) measurement points. The median of each set of measure-
ment points, indicated by the dotted (gray) and crossed (orange)
dashed lines, provides the cross-sectional area in the relaxed state
in-between biting cycles and the area at the prescribed bite force,
respectively.

Figures 4(c) and 4(d) show the experimentally realized median
area values for each bite force level in the five different cross sec-
tions. Error bars indicate the median absolute difference and quan-
tify the variability in the area calculation. Variability is primarily
determined by the subject’s ability to maintain the prescribed bite
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lllustration of the experimental setup for the measurements of muscle deformation during contraction. The force sen-

sor allows for real-time measurements of the current bite force in the specific biting locations. At the same time, ultrasound
imaging is used to capture muscle shape changes in multiple cross sections of the muscle depending on biting position and
bite force. 3D muscle shape is approximated by six measurement planes as indicated on the gel pad and FE mesh of the
masseter. The ultrasound image shows the relaxed horizontal cross section of the masseter muscle in position H;. Yellow
points indicate the outer contour of the masseter muscle. Muscle dimensions are measured for comparison with values
reported in literature. Standoff gel-pads, skin, and fatty tissue layers are clearly visible, and the ramus of the mandible

appears as a white layer inferior to the muscle’s cross section.

force throughout multiple cycles. Involuntary minor muscle con-
tractions to ensure proper sensor positioning in-between individ-
ual biting sequences result in median absolute difference values of
up to three times larger in comparison to the better defined biting
state (see Figs. 4(a) and 4(b)).

It is generally observed that all horizontal cross sections
increase with bite force although the magnitude of area change is
clearly location dependent. The muscle’s largest horizontal cross
section of 698 mm~ is found in the lower half (H3) and thins, i.e.,
decreases in area, toward its distal ends by 47%. Especially,
medial horizontal cross sections increase most (Hz: 8% at 50N,
11% at 100N, and 12% at 200N with respect to the reference
area) which is related to the fact that the local anatomy is charac-
terized by a significantly denser muscle fiber network in compari-
son to the distal ends of the masseter. Finally, in the case of
incisor biting, the muscle’s area, and primarily its lateral thick-
ness, increases much stronger for the same bite force in compari-
son to the molar case: 15.5% for the incisor case in comparison to
8.5% during molar biting. These findings need to be interpreted in
view of the mastication system’s kinematics and are discussed in
Sec. 4.

It should be noted here that despite consistent experimental
results, the measurement setup is limited in ensuring the charac-
terization of identical horizontal and vertical cross sections for
every bite force level but much rather represents the

Journal of Biomechanical Engineering

characterization of material areas within a controlled measure-
ment region. Second, the described muscle deformations were
recorded for asymmetrical biting, thus associated with the place-
ment of the force sensor between teeth on one side, without con-
tralateral support.

3.2 Numerical Simulation of Molar and Incisor Biting.
The numerical simulations are analyzed with respect to muscle
shape changes for specific biting forces and biting positions. Bite
forces are calculated from contact forces between those teeth that
come into contact. In the human biting process, the biting position
is controlled by a superposed translation and rotation of the man-
dible about the temporomandibular joint. In the simulations pre-
sented here, biting is separated into two steps. In the first step, the
mandible is translated along the sagittal plane in order to align the
closing teeth. In the second step, a rotation about the condyle head
of the temporomandibular joint causes the mouth to close. The
translation of the jaw is primarily driven by the pterygoid muscles
during mandible protrusion and the temporalis muscles during
mandible retraction, such that we assume the masseter muscle to
deform passively during the first simulation step. Only in the sec-
ond step, the masseter is activated to initiate biting. The incorpo-
ration of other mastication muscles in the present model, together
with a clear understanding of the muscle activation pattern, would
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Fig. 4 (a) and (b) Masseter cross-sectional area change during molar and incisor biting in the horizontal plane H;.
The subject repeats at least two biting cycles per video sequence and is required to reach a bite force of 50N, 100N,
and 200 N in three individual video sequences. The optical flow algorithm tracks the manually segmented muscle con-
tour through the entire image sequence. The inlet visualizes the procedure to determine relaxed and contracted
cross-sectional muscle area. Through k-means clustering each curve is split into two groups, shown in orange and
gray, for which the median is calculated, shown by dashed gray and orange lines, to obtain the data shown in (c) and
(d). (c) and (d) Cross-sectional areas in the five different measurement planes for molar and incisor biting. Bite force
dependent evolution of area is compared to the respective reference area before muscle activation. K-means cluster-
ing is used to separate each curve into two subsets which are associated with the mean reference cross-sectional
area and the median cross-sectional area at the respective bite force. For the bite force of 200 N, no measurement data
are available for horizontal cross sections H, and H, due to muscle fatigue, avoidance of sensor damage, and

increased measurement uncertainty.
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Fig. 5 Numerical simulation of biting including the differentiation between (a) molar and (b)
incisor biting. The mechanical model described the jaw kinematics that depend on the biting
location. In case of (a) molar biting the jaw must retract. In contrast, the jaw must protrude in
the case of (b) incisor biting. This influences the initial shape of the masseter muscle before
closing of the mouth as it is visualized by the resting state of the muscle (solid blue mesh)
and the masseter shape at the beginning of biting (transparent green mesh).
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allow to model biting in a single step. Figure 5 shows two sche-
matic representations of the numerical simulations: In the case of
molar biting, the mandible is initially retracted, causing a passive
stretch of the masseter muscle along its principal vertical direc-
tion; in the case of incisor biting, the mandible is protruded such
that the frontal teeth touch when the jaw closes upon muscle
activation.

Figure 6 shows the numerically predicted transient cross-
sectional area changes during the biting process for (¢) molar and
(b) incisor biting. It is observed that the vertical cross sections
decrease similarly for increasing bite forces irrespective of the
two biting positions. In the molar and incisor simulations, all
transverse muscle cross sections increase with bite force. The sim-
ulations show a rapid saturation of area change while bite forces
continuously increase throughout the contraction step. The most
caudal transverse plane H, shows lower effective area increase in
comparison to cross sections H;-Hz and seems inhibited to
thicken. At the same time, H, and H; experience the most pro-
nounced thickening (up to 8%) as this region of the muscle is least
affected by boundary conditions. The kinematic constraints on the
masseter muscle prohibit any muscle shortening once the teeth are
in contact. In combination with the incompressibility condition of
muscle tissue enforced at the integration point level, muscle defor-
mations are limited to thickening in the middle and a thinning at
the distal ends of the muscle—Ilatter not shown here. In fact, the

numerical simulations predict that the distal ends of the muscle
become thinner with increasing bite force.

4 Discussion

This study combines experimental and numerical results for the
analysis of mechanical masseter muscle response during biting.
The initial average fiber stretch of the masseter muscle in the com-
putational model is Z,, = 1.01 [-] in the molar and 4,, = 0.994 [-]
in the incisor simulation. Similar values for fiber deformation
were reported by Goto et al. [40] who experimentally observed a
muscle length increase in case of pronounced jaw protrusion (i.e.,
noticeably beyond the necessary jaw protrusion for incisor biting)
by a factor of 1.04. The constitutive muscle model presented in
Sec. 2.2 incorporates the well-known relationship between active
muscle fiber force and current fiber stretch. The output of force
producing sarcomeres is dependent on the overlap of myosin and
actin proteins [29]. Following the results of a previous study on
masseter mechanics [28], maximum muscle motor force is
obtained at a fiber stretch of oy = 1.192 [-]. Based on this, the
initial deformation of the masseter muscle in the incisor biting
case is associated with an increased myosin-actin overlap and
therefore lower maximum bite force. Conversely, molar biting is
associated with an initial muscle stretch which allows for higher
bite forces and reduced muscular deformations.
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Fig. 6 (a) and (b) Numerically predicted muscle deformation in terms of area change for increasing bite force.
There is noticeable variation in the simulated shape change depending on biting position and measurement loca-
tion within the masseter muscle. Cross-sectional area is approximated by the convex hull encasing the nodes of
the masseter surface intersecting with the respective measurement planes. The experimentally observed cross-
sectional area of the masseter in the resting state (= 0, reference area) is shown. (c) and (d) Comparison of numeri-
cally predicted and experimentally observed muscle deformation with respect to bite force. Deformation shown in
terms of normalized cross-sectional area of (a) the average of H, and H; and (b) the vertical measurement plane V.
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In general, experimental bite forces are obtained by the pressure
sensor between the teeth, while numerically predicted bite force is
calculated from contact forces between those teeth that come into
contact. Muscle force is calculated as the sum of all reaction
forces exerted on the cranial anchoring of the masseter muscle
during contraction (see Fig. 2(c¢)). The mechanical load on the
condyle head is given by the reaction forces and moments or a
simple balance of forces, respectively. The activation time to
reach set bite forces depends on the material parameters of the
contraction velocity function f,, the local density of muscle fibers
nyu, among others (Eq. (6)). All parameters were set according to
Weickenmeier et al. [28].

Table 1 shows the maximum bite forces which demonstrate
good agreement between experimental data and the corresponding
numerical models. The difference between maximum molar
(363 N) and incisor (211 N) bite force is explained by mastication
kinematics: the force equilibrium within the mastication system
depends on the lever arm of the muscle force with respect to the
condyle head and bite position. The lever arm of the bite force
vector is significantly smaller during molar biting leading to a
noticeably more effective conversion of muscle force into bite
force—an inherent advantage during chewing and grinding of
food between molars. Thus, equal muscle force leads to lower bite
force for incisor as compared to molar biting, due to the moment
equilibrium equation [14,15].

Literature reports on numerous experimental measurements of
maximum bite forces [41-43]. The range of reported data (>500 N)
is related to different force sensors, measurement positions, and sub-
ject demographics. In the present study, the experimentally meas-
ured maximum bite force of 363 N in the molar and 211 N in the
incisor biting case match values by Palinkas et al. [41] of 343.5N
for molar biting and by Paphangkorakit and Osborn [42] of 210N
for incisor biting remarkably well. In particular, Paphangkorakit
and Osborn [42] use a force sensor very similar to the present device
with respect to sensor thickness and stabilization of the desired bite
position during rapid force generation.

Few physics-based computational models exist that investigate
the mechanical masseter response during mastication [3,27,44].
Rohrle and Pullan [27] predict maximum masseter forces that are
significantly lower (77 N) in comparison to the present study. The
authors suggest, however, that their results—being at the lower
bound of bite forces reported in literature—may be associated
with their choice of model parameters as well as the comparison
of biting data with clenching experiments. In fact, the initial shear
modulus considered by Rohrle and Pullan [27] differs from the
value used in this study by one order of magnitude. The agreement
between numerical and experimental maximum bite force is
remarkable, especially since no parameter fitting was performed.
This indicates that the proposed model provides a reliable repre-
sentation of the clenching process.

The two different initial masseter muscle positions for incisor
and molar biting have a noticeable impact on the kinematic con-
figuration at the beginning of the active biting step, as shown in
Fig. 5. In particular, horizontal cross-sectional areas in the refer-
ence configuration, i.e., prior to activation, are significantly lower
compared to the biting phase, as shown in Figs. 6(a) and 6(b). In
terms of absolute reference area the experimental and numerical
cross-sectional area differ by 18% for Hy, 7% for H,, 10% for H3,
6% for H,, and 36% for the vertical plane V. These differences are
associated with a mismatch of the experimental measurement

Table 1 Experimentally observed and numerically predicted
maximum molar and incisor bite forces

Location Mode Maximum bite force
Molar Experiment 363N
Molar Simulation 366NN
Incisor Experiment 211N
Incisor Simulation 187N
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plane and the cross section analyzed in the numerical simulation.
Additionally, they are associated with differences in the visualiza-
tion of soft anatomical structures in the two imaging modalities
used in this study. It is well understood that ultrasound imaging
potentially under-represents the muscle-tendon complex, thus
leading to an underestimation of the vertical cross-sectional area.
A normalization of the cross-sectional areas with respect to refer-
ence areas allows for a comparison of transient area changes at
the three specific bite forces. In general, the masseter muscle
requires significantly more activation energy to obtain the incisor
bite force of 200N in comparison to molar biting. Correspond-
ingly, experimentally observed horizontal cross-sectional areas
are found to increase on average by a maximum of 8% for molar
biting and 12% for incisor biting. The calculation predicts 7%
increase for both molar and incisor biting. While the model pro-
vides a three-dimensional representation of muscle deformations
during contraction, it cannot fully explain the observed cross-
sectional area changes. The model treats the masseter muscle as
an incompressible tissue, such that horizontal cross-sectional area
increase coincides with an area decrease in transverse planes. This
additional model limitation explains the results reported in
Figs. 6(c) and 6(d); the predicted vertical cross-sectional area
decrease contradicts the experimentally observed area increase.
More detailed anatomical information would allow to improve
model predictions, in particular, concerning the representation of
the boundary conditions reflecting the insertion points, the
muscle-tendon complex (currently considered as a pure muscle
structure), as well as the local fiber orientation within the muscle.

The present study is further limited by considering a single sub-
ject. While it was the primary focus to assess the feasibility of a
combined experimental and computational approach to under-
standing masseter muscle behavior, future work must contain a
multisubject comparison to verify conclusions drawn from this
study. Future volunteers should also be trained to reproduce a
physiological biting motion during the muscle deformation and
bite force measurement, in order to minimize the impact of
increased motor cortex control of mastication muscle activation.
The current experimental setup, prescribing a target bite force and
using visual feedback to inform the subject on their bite force,
leads to a potential cortical over-regulation of muscle activation
and will therefore have influenced the observed muscle response
in the present study.

5 Conclusion

The present study includes a comprehensive experimental and
numerical investigation of the mechanical behavior of the mass-
eter muscle. An anatomically detailed finite element model of the
mastication system was created; semi-automatic segmentation of
medical images, subsequent mesh generation, and the definition of
physically motivated kinematic constraints constitute the individ-
ual steps in the preparation of a realistic geometric representation
of the masseter muscle, mandible, and skull. Incorporating the
numerical implementation of a phenomenological constitutive
model for skeletal muscle tissue provided a tool for reliable pre-
diction of active muscle response in mastication and jaw kinemat-
ics. Boundary conditions and kinematic constraints were imposed
on the muscle and the temporomandibular joint in accordance
with anatomical features presented in literature.

An experimental setup was developed that allows for simulta-
neous bite force measurements and ultrasound-based visualization
of masseter muscle deformations during biting. Four horizontal
and one vertical measurement plane were defined in order to
approximate the three-dimensional muscle response during molar
and incisor biting. Muscle cross-sectional area change was
observed to depend on biting location and bite force magnitude.
Similarly, numerically predicted bite forces and muscle deforma-
tions were found to be bite-position dependent as well. In terms of
absolute values, experiments and simulation showed noticeable
differences in the cross-sectional area in the reference state, in
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particular, for the vertical plane V. This is attributed to differences
in the visualization of soft anatomical structures such as the mus-
cle tendon complex in the two imaging modalities used in this
study. After normalization with respect to the reference area, a
similar cross-sectional area increase of horizontal planes H, and
Hj; is observed in both experiments and simulations.

The numerically predicted maximum bite forces (molar: 366 N,
incisor: 187N) showed remarkable agreement with the experi-
mentally observed values (molar: 363 N, incisor: 211 N) although
no parameter optimization was performed.

As a next step, accounting for the contribution of the temporalis
muscle would enhance force and deformation predictions by the
finite element model [4]. Further improvements could be obtained
through a systematic quantification of muscle recruitment patterns
during mastication in dependence of biting location and bite force
using electromyography [11,45]. Electromyography measure-
ments could be useful to determine the changes in muscle activa-
tion patterns associated with eating and temporomandibular joint
disorders [1,46,47]. Moreover, muscle shape changes including
shortening and cross-sectional thickening during contraction have
been shown to correlate with electromyography data in experi-
ments with minipigs [48]. The present ultrasound data should be
evaluated in combination with electromyography data on the
same subject using the setup presented by Le Révérend et al. [10]
to confirm those findings. Such measurements could also help cal-
ibrate the contributions of the masseter and temporalis muscle to
inform more complex biting simulations. Moreover, determina-
tion of the location specific muscle fiber orientation of masseter
and temporalis muscle through diffusion tensor imaging would
allow to adequately incorporate muscle fiber anisotropy in the
numerical simulations.
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