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Abstract

Mandible morphology has yet to yield definitive information on primate diet, probably because of
poor understanding of mandibular loading and strain regimes, and overreliance on simple beam
models of mandibular mechanics. We used a finite element model of a macaque mandible to test
hypotheses about mandibular loading and strain regimes, and relate variation in muscle activity
during chewing on different foods to variation in strain regimes. The balancing-side corpus is
loaded primarily by sagittal shear forces and sagittal bending moments. On the working side,
sagittal bending moments, anteroposterior twisting moments, and lateral transverse bending
moments all reach similar maxima below the bite point, sagittal shear is the dominant loading
regime behind the bite point, and the corpus is twisted such that the mandibular base is inverted. In
the symphyseal region, the predominant loading regimes are lateral transverse bending and
negative twisting about a mediolateral axis. Compared with grape and dried fruit chewing, nut
chewing is associated with larger sagittal and transverse bending moments acting on balancing-
and working-side mandibles, larger sagittal shear on the working-side, and larger twisting
moments about vertical and transverse axes in the symphyseal region. Nut chewing is also
associated with: higher minimum principal strain magnitudes in the balancing-side posterior
ramus; higher sagittal shear-strain magnitudes in the working-side buccal alveolar process and the
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balancing-side oblique line, recessus mandibulae and endocondylar ridge; and higher transverse
shear strains in the symphyseal region, the balancing-side medial prominence and the balancing-
side endocondylar ridge. The largest food-related differences in maximum principal and transverse
shear strain magnitudes are in the transverse tori, and the balancing-side medial prominence,
extramolar sulcus, oblique line, and endocondylar ridge. Food effects on strain regime are most
salient in areas not traditionally investigated, suggesting that studies seeking dietary effects on
mandible morphology might be looking in the wrong places.
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1. Introduction

“Strain gauges suffer from the limitation that they cannot sample the total strain
environment. This is probably an intractable problem. On the other hand, lack of
knowledge of biological parameters (masticatory force vectors and mandibular
material properties) currently constrains finite element work; this problem may not
be insoluble, but it is unlikely to be resolved in the near future. The errors in finite
element models are not known, and a first step toward their assessment could be
achieved by validating models with experimental strain data”.

(Daegling and Hylander, 2000: 549)

Despite decades of research into the relationship between the morphology and function of
the hominid cranium, fundamental aspects of fossil hominid diet (what they ate) and feeding
behavior (how they ate) remain unresolved (Grine et al., 2010; Ledogar et al., 2016; Rak,
1983; Robinson, 1972; Scott et al., 2005; Smith et al., 2015b; Spears and Macho, 1998;
Strait et al., 2009a, 2013; Ungar et al., 2008). This is probably due, in part, to the fact that
the cranium performs a variety of functions, making it difficult to identify signals of feeding
adaptations that are unaffected by selection for other functions, such as orienting, housing,
and protecting eyes, ears, and brains (Hylander et al., 1991; Lieberman et al., 2000; Ross et
al., 2011; Ross and Iriarte-Diaz, 2014). As mandibles perform a narrower range of functions
than the cranium, their morphology might display stronger covariation with diet and feeding
behavior.

Current models of anthropoid primate mandible mechanics are based in large part on in vivo
studies in macaques by W.L. Hylander in which hypotheses about mandibular stress, strain,
and deformation regimes (sensu Ross et al., 2011) were derived from in vivo bone strain data
from small areas of the corpus and symphysis (Hylander, 1977, 1979a, 1979b, 1979c, 1981,
1984, 1985, 1986, 1988; Hylander et al., 1987). In these studies, the in vivo data were
explained and interpreted using simple beam models and assumptions about the relative
magnitudes and orientations of the forces acting on the mandible during feeding. Subsequent
studies then deployed the model to motivate morphometric studies of inter- and intraspecific
variation in primate mandible form (Daegling, 1989, 1993, 2007a, 2007b; Daegling and
Grine, 1991, 2006; Daegling and Hotzman, 2003; Daegling and Hylander, 1998, 2000;
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Daegling et al., 1992; Dechow and Hylander, 2000; Demes et al., 1984; Hylander, 1979b,
1979c, 1984, 1985, 1988; Ravosa, 1991, 1996a, 1996b, 1999, 2000; Ravosa and Hogue,
2004; Ravosa and Simons, 1994; Ravosa et al., 2000; Taylor, 2002, 2005, 2006a, 2006b;
Taylor et al., 2008; Vogel et al., 2014; Wolff, 1984). This intensive comparative
morphometric research has yet to uncover strong relationships between mandible form,
feeding behavior and diet in living primates (Daegling, 2007b; Daegling et al., 2016;
Daegling and Grine, 2006; Hylander, 1988; McGraw and Daegling, 2012, 2020; Ravosa et
al., 2016; Ross and Iriarte-Diaz, 2019b; Taylor, 2002, 2006a).

Several reasons for lack of a clear-cut relationship between mandibular morphology, feeding
behavior and diet have been suggested (Daegling and Hylander, 2000; Ross and Iriarte-Diaz,
2014, 2019a; Ross et al., 2012; Taylor et al., 2008). One possibility is that simple beam
models do not capture the complexity of mandibular strain regimes accurately enough, and
that more realistic models would suggest that different kinds of measurements are needed,
maybe in different places. The limitations of simple beam models—prismatic structure and
homogeneous material properties—are widely acknowledged (Chalk et al., 2011; Daegling,
1993; Daegling and Hylander, 1998; Daegling and Hylander, 2000). The best method for
overcoming these limitations is finite element modeling (FEM) wherein geometry and
material properties can be represented more precisely than in a simple beam and the
sensitivity of the model to their errors and variation can be quantified (Daegling and
Hylander, 2000; Groéning et al., 2012; Moazen et al., 2009; Panagiotopoulou et al., 2017,
Porro et al., 2011, 2013; Rayfield, 2011; Smith et al., 2015a, 2015b; Strait et al., 2005, 2007,
2009, 2010; Wroe et al., 2007). Moreover, FEMs make it possible to estimate strain regimes
throughout the mandible, not just in the small areas historically sampled by strain gages, and
to estimate all of the components of the strain regime— shear and principal strains.

Our understanding of primate mandible design—form-function relationships—might also be
improved by better understanding of variation in external forces associated with different
feeding behaviors and the impact of those loading regimes on mandibular strain regimes. For
example, increased consumption of “tougher and more fibrous foods” (Hylander, 1979c:
294, 1985: 328) requires “recruitment of relatively greater amounts of balancing-side muscle
force” (Hylander, 1985: 328-329), and this is hypothesized to require increased symphyseal
strength to counter increased symphyseal stresses (Hylander, 1979c, 1985; Ravosa, 19963,
1996b, 2000). However, the exact nature of those stresses is not known. Increases in vertical
components of balancing-side muscle force would increase frontal shear stresses, whereas
increases in transverse components would increase transverse bending—‘wishboning’—
stresses. However, all jaw muscles generate forces with both vertical and transverse
components, and the relative magnitudes of the associated moments can vary with changes
in muscle activation and relaxation through the gape cycle (Hylander and Johnson, 1989,
1993, 1994; Hylander et al., 1987, 2000, 2002, 2004, 2005, 2011). Consequently, the effects
of this force modulation on mandibular strain regimes are difficult to estimate with much
precision. FEMs are also currently the best solution to this problem. Mandibular loading
regimes can be precisely modeled using estimates of muscle forces based on
electromyographic (EMG) and muscle architecture data, enabling more accurate and precise
estimates of relative muscle force (Panagiotopoulou et al., 2017; Weijs and Dantuma, 1975,
1981; Weijs and Van der Wielen-Drent, 1982). When these data are combined with accurate
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measures of muscle attachment locations and orientations, it is possible to make precise—
and hopefully accurate—estimates of moments and shearing forces, enabling testing of
hypotheses about mandibular loading regimes.

These advantages of FEM led us to develop a finite element model of the mandible of an
adult female rhesus monkey (Macaca mulatta; Panagiotopoulou et al., 2017). The geometry
of the model was based on CT scans of the animal’s mandible, bone material properties
were measured from the specimen post mortem (Dechow et al., 2017; Panagiotopoulou et
al., 2017), and external forces were estimated using a combination of in vivo EMG and
muscle architecture data collected from the same individual. The model was validated
against in vivo strain gauge data recorded when the animal was chewing on three different
food types: nuts, dried fruits and grapes (Mehari Abraha et al., 2019; Panagiotopoulou et al.,
2017).

Here we deploy this model to address three questions. First, we ask whether the loading
regime of our FEM—the combination of external forces acting on the mandible—and the
FEMs deformation regime—the overall pattern of deformation—match current ideas about
anthropoid mandible mechanics during the power stroke of mastication (Demes et al., 1984;
Hylander, 1979b, 1979c, 1984, 1985, 1988; Hylander et al., 1987; van Eijden, 2000; Wolff,
1984).

Second, we ask what mandibular strain regime is associated with these loading and
deformation regimes. Previous research has focused on strain regimes in the areas where
strains have been recorded in vivo, especially the lateral prominence of the corpus and the
labial surface of the symphysis, and made assumptions about patterns of strain in other
areas. Here, we provide a more comprehensive description of strain regimes throughout the
macaque mandible, including principal, axial and shear strains. This description
contextualizes our discussion of food-related variation in strain regimes, provides novel
insights into mandible mechanics during chewing, and suggests new hypotheses about
mandible form-function relationships. This description also lays the groundwork for FEM
analyses of hominid primate mandibles currently in preparation.

Lastly, we ask how variation in loading regimes associated with mastication on foods of
different material properties affects deformation and strain regimes in the mandible.
Specifically, we ask which areas of the mandible are most affected by variation in loading
regime associated with variation in food material properties, and which strain components
vary the most. These results are important for researchers interested in hominid evolution
because they provide insight into the ability of traditional measures of mandible form—
corpus and symphyseal external dimensions—to identify differences in feeding behavior or
diet in extinct primates, and because they suggest new aspects of morphology for
comparative and evolutionary analysis.

Terminology of mandible morphology and coordinate systems used to describe mandible
morphology and loading, deformation, and strain regimes is given in Figure 1. The ramus is
the mandible posterior to M3 and includes the coronoid and condylar processes; the corpus
of the mandible extends from below M3 to a frontal plane through the back of the midline
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symphyseal region, roughly level with the P3s; the symphyseal region lies between the P3s
on each side. Inner and outer surfaces of the ramus are referred to as medial and lateral, of
the corpus as lingual and buccal, and of the symphyseal region as lingual and labial. B) In
transverse planes (seen from superior and inferior views), the V-shaped basal arch of the
mandibular corpora converges on the symphyseal region more sharply and more posteriorly
than does the U-shaped arch of the alveolar processes (Virchow, 1916, 1920; Weidenreich,
1936). Superiorly this exposes a chevron shaped planum alveolare, which is broad in the
symphyseal region—Ilingual to the incisors, canines and P3s—and tapers posteriorly into the
alveolar process of the M, on each side. Where the V-shaped outline of the basal mandibular
arch diverges posteriorly to grade into the rami, the alveolar processes of the M3 and the
retromolar trigon curve lingually to form an alveolar prominence (prominentia alveolaris;
Weidenreich, 1936) protruding over the submandibular fossa. Anteriorly this alveolar
prominence is connected to the superior transverse torus of the symphyseal region by a
variably developed and variably named ridge of bone: in Homothis has been referred to as a
“slight bony ridge” (Gaspard, 1978: Fig. 6l), as an “alveolar prominence” sensu lato
(Rightmire and Deacon, 1991; Weidenreich, 1936: 47), or perhaps as “torus alveolaris”
(Weidenreich, 1936: 99). We suggest that alveolar prominence should be reserved for the
posterior extremity of the medial prominence, in part because using that term to refer to the
entire ridge of bone running anteriorly from the alveolar prominence sensu stricto gives the
erroneous impression that the ridge is structurally, functionally or developmentally part of
the alveolar process. We instead employ the term medial prominence of the corpus, or
simply medial prominence to refer to the ridge of bone connecting the superior transverse
torus of the symphyseal region with the alveolar prominence at the back end of the tooth
row. Together these three structures form the lingual outline of the upper mandibular corpus
and symphysis, Virchow’s arcus intermedius, and Weidenreich’s inner mandibular arch
(Virchow, 1920; Weidenreich, 1936).

The mylohyoid line is distinct from the medial prominence, although the line crosses the
prominence in its course from the ramus to the symphyseal region. When it is well defined
the mylohoid line extends from the inferior transverse torus to the ramus below (and,
sometimes in humans, at) the torus triangularis. As it crosses the alveolar prominence the
mylohyoid line angles anteroinferiorly, leaving room for the lingual nerve to enter the floor
of the mouth between the medial edge of the posterior alveolus and the mylohyoid muscle.
The internal oblique line of dental radiology corresponds to the mylohyoid line (and
sometimes torus triangularis). A variably robust ridge of bone extending posteriorly from the
alveolar prominence to the condylar neck is divided into, from front to back, the crista
pharyngea, torus triangularis, and endocondylar crest (Gaspard, 1978; Piveteau, 1957;
Weidenreich, 1936) or endocondylar ridge (White et al., 2012). An endocoronoid crest
diverges from torus triangularis and extends superiorly towards the tip of the coronoid
process. Anterior to the endocoronoid crest the front edge of the ramus is marked by the
temporal crest, which splits to enclose a shallow recessus mandibulae (Lenhossek, 1920),
which in turn opens inferiorly into the extramolar sulcus (Keiter, 1935). Lateral to this sulcus
the anterior edge of the ramus continues down onto the buccal corpus as the external oblique
line of the mandible, which merges with the lateral prominence (Rasche, 1913) below Ms.
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Definitions of terms used to describe loading, deformation and strain regimes follow Ross et
al. (2011). Loading regime refers to the combination of external forces acting on the
mandible, in vivo or in silico. Loading regimes are summarized here as shear forces and
twisting moments or torques. Stress and strain regimes are the patterns of internal forces and
strains within the mandible or FEM associated with a given loading regime. Here the strain
regimes are the axial, principal and shear strains in the surface of the model. Deformation
regimes are the patterns of deformation of the mandible—the integral of the strain regime
across the mandible—associated with the loading regimes. Here the deformation regimes are
bending, shearing and twisting within and about specified axes and planes.

To facilitate comparisons with prior literature, loading, strain, and deformation regimes are
described in an anatomical coordinate system aligned with a right-handed Cartesian
coordinate system. The X-axis is superoinferior (SI); the Y-axis is anteroposterior (AP); the
Z-axis is mediolateral (ML). In this paper, the term ‘mediolateral axis’ is preferred over
‘transverse axis’ to minimize confusion with references to the transverse plane. XY planes
are sagittal planes, XZ planes are frontal (coronal) planes, and YZ planes are transverse
planes. Shear forces act within named planes: sagittal shear forces act within sagittal planes,
frontal shear forces within frontal (coronal) planes, and transverse shear forces within
transverse planes. Following Hibbeler (2000), positive shear forces rotate bodies clockwise
looking from the right side, top, or front (i.e., towards the origin of the coordinate system).
Shear forces are associated with sagittal, frontal and transverse shear strains and
deformations in those planes. Positive shear strain is a decrease in the angle of the corner of
a square element at the intersection of the coordinate system axes. Moments or torques are
described as acting about anatomical axes, with positive and negative moments following the
right-hand rule. Moments around the Y or AP axis that tend to evert the base of the right
mandible or invert the base of the left mandible are negative AP moments or torques.
Positive moments around a vertical (X) axis through the right mandible—Ilaterally
wishboning the balancing-side mandible—are positive SI moments or torques. Positive
moments about an ML axis are positive ML moments or torques. Because of the shape of
the mandible: AP moments (torques about AP axes) through the corpus and ramus are
twisting moments; ML moments (torques about ML axes) through the corpus and ramus are
sagittal bending moments; ML moments through the symphyseal region are ML twisting
moments; and SI moments anywhere through the mandible are transverse bending moments.
Positive sagittal bending is concave superiorly (the shape holds water; Hibbeler, 2000).
Axial strains are positive (tensile) or negative (compressive) strains in planes parallel to the
coordinate system axes. Although axial strains are not usually discussed in the literature,
they provide useful insight into the strain and deformation regimes associated with
calculated loading regimes.

A variety of theories of mandible mechanics have been proposed. In this paper we focus on
those that have been most influential on ideas about anthropoid primate mandible mechanics
and on the kinds of bony measurements that functional morphologists use to study links
between mandibular form and feeding behaver or diet.
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The balancing-side corpus

The working

According to current theories of mandible mechanics the balancing-side corpus is subject to
negative sagittal bending (concave inferiorly), negative sagittal shear (more posterior
sections are forced superiorly relative to more anterior sections), lateral transverse bending
(lateral “‘wishboning’), and negative AP twisting (eversion of the basal border; Hylander,
1979b, 1979c, 1981, 1985). For definitions of the coordinate system and terms such as
negative bending and negative shear, see Figure 1. Sagittal shear forces are hypothesized to
be greatest in the ramus, between points of application of muscle and joint forces (van
Eijden, 2000), or in the corpus (Demes et al., 1984); lateral transverse bending moments are
hypothesized to increase from posterior to anterior (van Eijden, 2000), and AP twisting
moments are expected to be constant along the corpus (Demes et al., 1984; Hylander,
1979c). A human-like deformation pattern would be “helically upward and towards the
working-side” (van Eijden, 2000: 131), with sagittal deformation and negative twisting—
eversion of the basal border (Korioth et al., 1992).

-side corpus

The working-side corpus below the postcanine teeth is hypothesized to be subject to positive
sagittal bending, positive sagittal shear, lateral transverse bending, and AP twisting that
varies with bite point (Hylander, 1979b, 1979c, 1981, 1985). In chewing or biting along the
anterior postcanine teeth, as modeled here, the anterior corpus is subject to negative AP
twisting (inversion of the basal border) and the ramus is subject to positive AP twisting
(eversion of the basal border). Sagittal shear is hypothesized to be largest between the bite
point and the muscle insertion points on the ramus (Demes et al., 1984; Hylander, 1979c;
van Eijden, 2000); lateral transverse bending moments are hypothesized to increase from
posterior to anterior (van Eijden, 2000; Vinyard and Ravosa, 1998) or to peak at the bite
point (Demes et al., 1984); and AP twisting moments are argued to vary with bite point, with
relative magnitudes of muscle and bite force, and along the corpus (Demes et al., 1984;
Hylander, 1979c). Human-like deformation of the working-side mandible has been
described as a predominance of sagittal bending over twisting, with the twisting
characterized by inversion of the basal border (Korioth et al., 1992).

The symphyseal region

The symphyseal region is hypothesized to be subject to positive frontal bending, negative
frontal shear, lateral transverse bending, and negative ML twisting (Hylander, 1984).
Positive frontal bending is thought to be the result of a combination of negative AP torsion
of the balancing-side mandible and positive AP torsion of the working-side—eversion of the
basal mandible on both sides. Negative frontal shear is thought to be due to a combination of
superior components of balancing-side muscle force and inferior components of bite force
(Beecher, 1977; Demes et al., 1984; Hylander, 1984; Korioth and Hannam, 1994; Korioth et
al.,1992). Lateral transverse bending late in the power stroke is hypothesized to be due to
laterally (to the balancing-side, to the right in our model) directed components of balancing-
side deep masseter force pulling the balancing-side mandible laterally, while the bite force
and residual (decreasing) force from the working-side superficial masseter pull the working-
side mandible in the opposite direction (Hylander, 1984; Hylander and Crompton, 1986;
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Hylander and Johnson, 1994, 1997; Hylander et al., 1987). The question of the direction of
ML twisting is as yet unresolved: some authors posit that positive twisting occurs because
the moments associated with upward components of balancing-side muscle force are larger
than moments associated with inferiorly directed joint-reaction force (Wolff, 1984; Wolpoff,
1980). Others hypothesize negative ML twisting due to large torques associated with the
balancing-side joint-reaction force (Hylander, 1984).

The inaccessibility of the ramus for in vivo strain gage recordings has resulted in its neglect
in most recent work on primate mandible biomechanics. Older studies suggested that various
external features of the ramus, including the endocondylar ridge, ectocondylar crest,
endocoronoid crest, and external oblique line function to strengthen the ramus against
muscle forces being transmitted to the corpus (Walkhoff, 1902; Weidenreich, 1936). As
noted above, in chewing or biting along the anterior postcanine teeth the ramus is
hypothesized to be subject to positive AP twisting and sagittal shear is hypothesized to be
largest between the bite point and the muscle insertion points on the ramus (Demes et al.,
1984; Hylander, 1979c; van Eijden, 2000).

2. Materials and methods

The finite element model used in this paper is that presented by Panagiotopoulou et al.
(2017). We used the material properties, loading, and constraint conditions that resulted in
the best validated model from that study. The geometry of the skull was captured with
computed tomography (CT) on a Philips Brilliance Big Bore scanner at the University of
Chicago. Scans were processed in Mimics Materialise software v. 17 (Materialise, Belgium)
to segment out the mandible and extract 3D surface datasets of the cortical bone, trabecular
bone tissue, teeth, periodontal ligament (PDL), and mandibular bone screws (used to
measure jaw kinematics). The bone screws (2.7 mm x 10 mm Vitallium cortical bone screws
[OFSQ13; 31 Implant Company, West Palm Beach, FL, USA]) were included in the model
because they were present in the animal during the in vivo validation recordings reported in
Panagiotopoulou et al. (2017). The 3D data sets of all materials were assembled to create a
3D non-manifold file in Materialise 3-matic v. 10 (Materialise, Belgium) and converted into
volumetric mesh files of solid continuum linear tetrahedral elements (C3D4) for finite
element analysis (FEA). The whole assembly has 622,134 elements and the maximum
nominal element size is 0.7 mm.

Isotropic, homogeneous and linear elastic material properties were assigned to the PDL (E =
6.80 x 1074 GPa; v = 0.49), teeth (E = 24.5 GPa; v = 0.3), bone screws (E = 105 GPa; v =
0.36), and trabecular bone tissue (E = 10 GPa; v = 0.3; Panagiotopoulou et al., 2017). The
cortical bone was modeled as heterogeneous and orthotropic using subject-specific
measurements of bone properties with the ultrasound wave technique (Dechow et al., 2017).
Tie constraints (frictionless constraints) were used to bind together all intersecting surfaces.

To simulate the bite force we constrained all translations at nodes on the occlusal surface of
the left P3 (35 nodes), P4 (32 nodes), and M4 (78 nodes). One node on the top of the left
(working-side) mandibular condyle was fixed against displacement in all directions; one
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node at the top of the right condyle was fixed against AP and S| but not ML displacement
(Panagiotopoulou et al., 2017).

To determine how mastication on foods of different material properties affects deformation
and strain regimes in the mandible we applied three different loading regimes, associated
with chewing on foods of three different material property types—fresh grapes with skins,
dried fruits, and nuts (Reed and Ross, 2010). Muscle force magnitudes were estimated using
in vivo EMG data recorded during a single feeding session in which the animal fed on softer
food (grapes) with relatively low toughness (R = 125 Jm=2) and low stiffness (E = 0.6 MPa),
dried fruits (prune, dry apricot/cranberry/pineapple, date, gummy bear) characterized by
relatively high toughness (590 < R < 1059 Jm~2) and low stiffness (0.5 < E < 6.0 MPa), and
nuts (shell-less almond, cashew, brazil nut, pecan, walnut), characterized by relatively low
toughness (105 < R < 166 Jm™2) and high stiffness (8 < E < 34 MPa; Reed and Ross, 2010;
Ross et al., 2009; Williams et al., 2005; Supplementary Online Material [SOM] Fig. S1).
The highest EMG amplitude recorded from each muscle was assumed to correspond to
recruitment of 100% of that muscle’s physiological cross-sectional area (PCSA) and the
EMG amplitudes were scaled linearly (Weijs, 1980; Weijs and Dantuma, 1975; Weijs and
Van Ruijven, 1990).

Estimates of muscle PCSAs for our experimental subject were made following standard
dissection methods described elsewhere (Anapol et al., 2008; Shahnoor, 2004; Taylor et al.,
2009, 2015; Taylor and Vinyard, 2009, 2013) using the following equation:

PCSA (cmz) = (muscle mass [g] X cos 0 )/(fiber length [cm] X 1.0564 g/cm3,

where 1.0564 g/cm? is the specific density of muscle (Mendez and Keys, 1960), normalizing
fiber length by sarcomere length following Felder et al. (2005). Instantaneous force
estimates were calculated as the mean normalized EMG amplitude at time of maximum
strain magnitude in the lower lateral gage x estimated PCSA x specific tension of muscle
(30 N/cm?; Sinclair and Alexander, 1987). Muscle forces were applied at surface nodes
representing the insertion of the jaw muscles—anterior and posterior temporalis, deep and
superficial masseters, and medial pterygoids—estimated from dissection of the experimental
subject (SOM Fig. S1). Muscle force orientations were calculated using vectors running
from the centroids of the insertions on the mandible to the centroids of the origins on the
cranium (SOM Fig. S2; Panagiotopoulou et al., 2017). Table 1 gives the X, Y, Z components
of the muscle force vectors estimated from EMGs recorded during chewing of the three food
types, as well as the components of the reaction-force vectors acting at the condyles and bite
points.

Loading regimes were quantified using moments and shear forces. Following convention,
twisting moments (torques) act about the long (AP, Y) axis of the mandible and bending
moments act about the orthogonal axes. Sagittal bending moments act about the transverse
(ML, Z) axis, and transverse bending moments act about the vertical (SI, X) axis. Moments
were calculated in Abaqus CAE Simulia v 6.13 (Dassault Systemes, Velizy-Villacoublay,
France) about coordinate axes through centroids of cross-sections (Fig. 2). Shear forces pull
adjacent parts of the mandible in opposite directions and are calculated in sagittal (XY),
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frontal (XZ) and transverse (YZ) planes (Fig. 3). Shear forces were calculated in Excel 2010
(Microsoft Corporation (Redmond, Washington, USA).

FEMs were solved using the Abaqus default implicit direct static solver and Newtonian
default iterations. Solution time, using four processors and eight tokens, was approximately
ten minutes per model. Deformation regimes were examined using static images of
deformed and undeformed models (SOM Fig. S3) as well as animations of 1-70x scaled
deformations of the deformed model (SOM File S1). It is important to note that the
animations in SOM Figure S1 are not dynamic representations of changing patterns of
deformation through the power stroke: rather, they show linear increases in deformation
magnified 70x. The distributions of axial (X, Y, Z), principal and shear strains were
examined using figures of the models with colors representing strain magnitudes. In order to
compare strain regimes associated with different food types, strain magnitudes were
extracted from surface elements under different loading conditions, then the difference
values were calculated and plotted on the surface of the models using a color scale.

All in vivo primate work was done at the University of Chicago under Animal Care and Use
Protocol 72154

3. Results

3.1. Loading, deformation and strain regimes during chewing

We first asked whether loading and deformation regimes in our macaque FEM match those
hypothesized for the power stroke of mastication (Dechow and Hylander, 2000; Demes et
al., 1984; Hylander, 1979b, 1979c, 1984, 1985, 1988; Hylander et al., 1987; Korioth et al.,
1992; van Eijden, 2000; Wolff, 1984). Hypotheses about loading and deformation regimes
underlie decisions about measurements made by functional morphologists attempting to link
mandibular morphology to feeding behaviour and diet. This question was addressed using
results from modeling of nut chewing during which moments, shear forces, and strain
magnitudes were the highest in comparison with other food types. We then described the
strain regimes in the corpus, ramus and symphysis associated with these loading and
deformation regimes. Loading regimes are given in Figure 3. Deformation and strain
regimes for the balancing side are shown in Figure 4, for the working side in Figure 5, and
for the symphyseal region in Figure 6. Axial, shear and principal strains during nut chewing
are shown in SOM Figures S4-S7. Deformation animations are shown in SOM File S1.

3.2. Balancing-side (right) corpus

Loading and deformation regime—Consistent with our hypothesis, the balancing-side
corpus is subject to negative sagittal bending, negative sagittal shear, lateral transverse
bending and negative AP twisting. The largest torques acting on the balancing-side mandible
are positive ML—negative sagittal bending—moments associated with inferiorly directed
components of bite force transmitted across the symphysis (Fig. 2). These moments increase
posteriorly until opposed by the negative torques exerted by superior components of
balancing-side jaw-elevator muscles (Fig. 2, frontal section No. 13). Negative sagittal
bending moments are accompanied by negative sagittal shear forces (Fig. 3C), which are due
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to inferiorly directed components of force crossing the symphysis from the biting side,
superiorly directed components of balancing-side jaw elevator muscles acting on the ramus,
and inferiorly directed components of joint-reaction force (Fig. 4B, F). These negative
sagittal shear forces, larger in the posterior ramus than the corpus (e.g., van Eijden, 2000),
deform the balancing-side angle, ramus and coronoid process upwards relative to the corpus
(Fig. 4A, B).

The balancing-side mandible is also subjected to negative vertical torques (Fig. 2)—and
associated positive transverse shearing forces (Fig. 3D)—which produce lateral transverse
bending deformation of the balancing-side (right) angle, condyle, ramus, and most of the
corpus (Fig. 4A, B; SOM Figs. S5 and S6). The balancing-side mandible is also subject to
low magnitude negative AP torques (Fig. 2), causing eversion of the basal border (Hylander,
1979c; Fig. 4A; SOM Fig. S6). However, rather than being constant along the corpus
(Demes et al., 1984; Hylander, 1979c), these AP torques increase in the anterior corpus,
peaking at the level of P.

The overall deformation of our macaque FEM (SOM Fig. S6) resembles that of the model of
a human mandible by Korioth et al. (1992: Fig. 3; see also Korioth and Hannam, 1994): in
deformation, the mandible appears to rotate around the bite point, with the balancing-side
mandible basal border everting and the alveolar process inverting.

Strain regime—Negative sagittal bending of the balancing-side corpus is associated with
high magnitude tensile AP and e, strains on the superior and medial surfaces of planum
alveolare, the extramolar sulcus, and the alveolar prominence (Fig. 4H, I). Sagittal shear
forces are associated with negative sagittal shear strain in the buccal surface of the corpus,
especially the external oblique line (Fig. 4F, G). Lateral transverse bending is associated
with tensile AP strain and high magnitude e on most of the lingual surface (Fig. 41),
compressive AP strain on the buccal surface of the mandible (Fig. 4J), and positive
transverse shear strains on the superior surface of planum alveolare, the extramolar sulcus,
and the alveolar prominence (SOM Fig. S5N, Q). AP compression is not uniformly
distributed on the buccal surface; superposition of lateral transverse bending on negative
sagittal bending results in high values of AP compression (Fig. 4K) and e, on the buccal
aspect of the basal corpus (Fig. 4L). Negative AP torsion of the balancing-side mandible is
associated with positive transverse shear strain on the superior surface of the planum
alveolare, the extramolar sulcus, and the alveolar prominence (Fig. 4C) combined with
negative transverse shear strains on the basal surface (Fig. 4D).

3.3. Working-side (left) corpus

Loading and deformation regime—As hypothesized, the working-side mandible below
the bite point on P4 and My is subjected to negative ML (positive sagittal bending) moments,
positive vertical (lateral transverse bending) moments, and negative AP moments. The
effects of these torques on the anterior working-side corpus—under the bite point—are
positive sagittal bending, lateral transverse bending, and negative AP torsion, inverting the
basal border below the bite point (Fig. 5A, B; SOM Fig. S6). Torques are not constant along
the corpus: in the posterior corpus, transverse, vertical, and AP torques decrease to zero at or
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immediately behind M3 before reversing in the ramus (see below; Fig. 2). Despite this
reversal, the basal border of the entire working-side mandible is inverted in deformation
(SOM Fig. S6). As hypothesized, sagittal shear forces are highest between the bite points on
the tooth row and the ramus (Demes et al., 1984; Hylander, 1979c; van Eijden, 2000).
However, contrary to our hypothesis, negative (as opposed to positive) sagittal shear is high
along the length of the mandible (Figs. 3, 5F), deforming the retromolar fossa upwards (Fig.
5B; SOM Fig. S6).

Strain regime—Positive sagittal bending deformation about the bite point is associated
with compressive AP strain along the buccal and lingual sides of the alveolar process and in
the upper surface of planum alveolare lingual to the premolars, canines and incisors (Fig.
5H, J, K). It is also associated with relatively high magnitude tensile AP and e4 strains in the
base of the corpus below the bite point (Fig. 5K—M). On the buccal surface of the working-
side corpus, AP variation in shear forces is associated with variation in sagittal shear strains:
these shear strains are positive in front of the bite point, negative immediately behind it and
then positive further posteriorly, in the ramus (Fig. 5F, G). Negative AP torsion of the
anterior working-side corpus is associated with positive transverse shear strain on the
superior surface of the corpus and negative transverse shear strain in the base of the
mandible (Fig. 5C, D). e is oriented upwards and backwards on the buccal side of the
corpus, below ms, and upwards and forwards on the lingual side (Panagiotopoulou et al.,
2017: Fig. 10).

3.4. Symphyseal region

Loading and deformation regime—A hypothesis of positive frontal bending is
corroborated by the moments acting on the symphysis (Fig. 2) and by the deformation
regime (Fig. 6A, E; SOM Fig. S6). However, contrary to accepted models (Beecher, 1977;
Hylander, 1984), this positive frontal bending is associated with negative AP moments in
both working- and balancing-side mandibles (Fig. 2; SOM Fig. S6). These moments,
maximum in a near-frontal plane through the balancing-side P4 and working side M1, twist
the symphysis and balancing-side corpus about the bite point, resulting in positive frontal
bending deformation, with a center of flexure at the bite point (clockwise in anterior view;
Figs. 4C, D and 5C, D; SOM Fig. S6). A hypothesis of negative frontal shear deformation of
the symphysis is corroborated by the loading (Fig. 3) and deformation regimes (Fig. 6E;
SOM Fig. S6). However, if negative frontal shear loading and deformation regimes were
predominant in the symphyseal region, both labial and lingual surfaces of the symphysis
would experience negative frontal shear strain. In contrast, negative frontal shear strain in
the labial surface (Fig. 6H) is accompanied by positive frontal shear strain in the lingual
surface (Fig. 6D; see below). Similarly, the symphyseal region is also characterized by
transverse shear of opposite signs on superior and inferior surfaces (Fig. 7J; SOM Fig. S5Q,
R). Shear strains of opposite sign on opposing surfaces are indicative of torsion and the
loading and deformation regimes confirm a hypothesis of negative ML twisting (Hylander,
1984), not positive ML twisting (Demes et al., 1984; Wolff, 1984; Wolpoff, 1980; Fig. 61—
K). These negative ML twisting moments are primarily because of large inferiorly directed
components of balancing-side joint-reaction force (—100 N) acting about a long moment arm
(0.064 m), yielding a negative ML torque of 6.4 Nm (Fig. 61). This is countered by positive
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ML torques associated with anteriorly directed components of balancing-side joint reaction
force and superior components of balancing-side jaw elevator muscle force, but the net
effect is a negative 0.7 Nm ML twisting moment through the symphysis (Fig. 61-K). The
deformation regime of the symphyseal region provides visual confirmation of the loading
regime: the anterior region of the balancing-side mandible deforms upwards relative to the
jaw joint (Fig. 6E; SOM Fig. S6).

A hypothesis of lateral transverse bending (lateral ‘wishboning’) is corroborated by the
negative vertical torques in the balancing-side symphyseal region (Fig. 2), negative
transverse shear forces on the working-side symphysis, and positive transverse shear forces
on the balancing- side symphysis (Fig. 3). As a result, the balancing-side condyle, angle, and
corpus are deformed laterally relative to the working-side (Fig. 6A, E).

Strain regime—Lateral transverse bending of the symphyseal region is associated with
high values of ML directed tensile strain in the lingual symphysis (Fig. 6B, C), and ML
oriented compressive strain in the labial symphysis (Fig. 6F, G; Hylander, 1984). As
discussed above, negative ML twisting of the symphysis is associated with negative frontal
shear strain on the labial surface and positive frontal shear strain on the lingual surface (Fig.
6D, H, K), along with positive ML shear strain on the superior surface and negative ML
shear strain on the inferior surface (SOM Fig. S5Q, R).

The strain regime does not support the hypothesis that the symphysis is bent in frontal
planes due to positive AP twisting of the working-side mandible and negative AP twisting of
the balancing-side (Demes et al., 1984; Wolff, 1984). This loading regime would result in
ML tensile strain in the lower half of the labial and lingual symphysis and ML compressive
strain in the upper half of the symphysis. In fact, the entire midline lingual symphysis is in
ML tension and the lower labial symphysis is in ML compression.

3.5. The ramus

Loading and deformation regime—The balancing-side ramus experiences large
positive ML—negative sagittal bending—moments, which peak in frontal sections through
the anterior ramus, external oblique line, and mandibular prominence, combined with low
magnitude negative AP moments and large positive sagittal shear forces (Figs. 2 and 3; SOM
Fig. S6). The working-side ramus is subject to positive ML—negative sagittal bending—
moments, the reverse of the negative bending regime acting around the bite point. The
working-side ramus is also subject to small positive AP twisting moments, as well as
positive transverse and sagittal shear forces (Figs. 2 and 3).

Strain regime—Negative sagittal bending of the balancing-side ramus is associated with
high magnitude tensile AP and e, strains on the superior surfaces of the extramolar sulcus,
the anterior border of the ramus, the external oblique line, torus triangularis, and the
endocondylar ridge (Fig. 4E, H, I). High magnitude compressive AP and &5 strains are seen
in the basal border of the ramus (Fig. 4J-L). Increasingly positive sagittal shear forces in
more posterior sections are associated with a transition from high negative sagittal shear
strains in the external oblique line to positive sagittal shear strains in the angle and posterior
condylar neck (Fig. 4F, G). Lateral transverse bending and negative AP torsion of the
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balancing-side ramus result in positive transverse shear strains in the endocondylar ridge and
the mandibular notch (Fig. 4C). The medial surface of the working-side ramus experiences
mostly low strain magnitudes, with the exception of positive sagittal shear strains along the
endocondylar ridge and the back edge of the ramus (Fig. 5G; SOM Fig. S5B).

On the working-side, negative sagittal bending is also associated with high magnitude tensile
AP and e, strains on the superior surfaces of the extramolar sulcus, the anterior border of the
ramus, torus triangularis, and the endocondylar ridge (Fig. 5E, 1, J), combined with high
magnitude compressive AP and e5 strains on the basal border (Fig. 5J, L, N). Sagittal shear
strains in the lateral surface transition from high negative strains in the oblique line to
positive strains in the angle and posterior condylar neck (Fig. 4F, G). Positive AP—twisting
—moments in the working-side ramus are associated with negative transverse shear strains
in the extramolar sulcus, torus triangularis, endocondylar ridge and mandibular notch (Fig.
5C), and with positive transverse shear strains on the basal border and angle (Fig. 5D).

In both working-and balancing-side rami, Sl tensile strains are high along the anterior edge
of the ramus and SI compressive strains are high along the posterior edge of the ramus
(SOM Fig. S4A, B).

3.6. Effects of variation in food type: Balancing-side (right) mandible.

Loading and deformation regime—Hypothesized effects of food material properties on
mandibular loading and deformation regimes underlie attempts to link mandibular
morphology to diet and feeding behavior. Loading regimes—moments and shear forces—
associated with chewing on grapes, dried fruits and nuts are shown in Figures 2 and 3;
differences in loading regime between nut and dried fruit chewing, and between nut and
grape chewing, are shown in Figures 7 and 8. On the balancing-side, loading regimes during
nut chewing are similar to those during dried fruit and grape chewing (Figs. 2 and 3), but nut
chewing is associated with larger positive ML (sagittal bending) and larger negative vertical
(lateral transverse bending) moments under the postcanine tooth row (Fig. 7), and larger
vertical and transverse shear forces (Fig. 8). The largest differences in AP twisting moments
are found under P3; these are the smallest food-related effects on the balancing-side.

Strain regime—Figure 9 compares the magnitudes of the principal and shear strains across
the surface of the model, calculated as ([hut strains] — [fruit strains]). As expected with
higher sagittal bending moments, principal and shear strain magnitudes are higher during
simulated nut chewing than dried fruit chewing. The greatest differences in e, between nuts
and dried fruit are seen in the lingual symphysis (see below) and balancing-side mandible.
e1 magnitudes are higher during nut chewing than dried fruit chewing in (i) the inferior
transverse torus, (ii) an oblique line extending from the superior transverse torus along the
balancing-side medial prominence towards the M3 (Fig. 9A, C), (iii) the balancing
retromolar trigon and extramolar sulcus (Fig. 9B), and (iv) the endocondylar ridge (Fig. 9C).
Differences in e, strain magnitude are concentrated in the alveolar bone around the roots of
the biting teeth (Fig. 9E—H) and in the posterior edge of the balancing-side ramus, below the
condyle (Fig. 9G).

J Hum Evol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Panagiotopoulou et al.

Page 15

There are large differences in magnitudes of balancing-side shear strains between nut and
dried fruit chewing (Fig. 91-T). The largest differences are in sagittal shear strains: during
nut chewing sagittal shear strains are larger in the front of the condylar neck, on the upper
surface of the endocondylar ridge, on the lingual face of the balancing-side coronoid
process, in the extramolar sulcus, and across most of the buccal side of the balancing-side
corpus and symphysis (Fig. 91-L). During nut chewing the balancing-side mandible also
experiences larger positive transverse (ey,) shear strains in the superior transverse torus of
the symphyseal region, the medial and alveolar prominences, retromolar trigon, extramolar
sulcus, torus triangularis, and endocondylar ridge (Fig. 9Q). These differences are associated
with, and reflect, greater bending and torsion of the balancing-side mandible, and larger
vertical and transverse shear forces during nut chewing.

3.7. Effects of variation in food type: Working-side (left) mandible

Loading and deformation regime—On the working-side, compared with grape and
dried fruit chewing, nut chewing is associated with (Figs. 7 and 8): larger positive ML
(negative sagittal bending) moments acting on the working-side ramus; larger negative ML
(positive sagittal bending) moments immediately behind the bite point; larger positive
vertical (transverse bending) moments on the symphysis; larger negative AP twisting
moments around the bite point; and larger negative transverse shear forces, especially in the
anterior corpus.

Strain regime—Differences in strain regime between nut and dried fruit chewing are less
pronounced on the working-side than the balancing-side. Higher magnitudes of e, (Fig. 9E—
H) and sagittal shear strain are evident in the lateral alveolar process around the working-
side postcanine tooth roots (Fig. 91-L). In association with increased sagittal shear forces,
nut chewing is also associated with higher magnitude negative sagittal shear strains in the
buccal surface of the working-side corpus below the molars, the working-side lateral
prominence, and the external oblique line (Fig. 91-L). The other principal and shear strain
components in the working-side mandible are minimally impacted by variation in food type

(Fig. 9).

3.8. Effects of variation in food type: Symphyseal region

Loading regime—Moments about frontal planes through the symphyseal region differ
with food type (Figs. 2 and 7). During soft food (grapes) and nut chewing, the posterior
symphyseal region is subjected to greater vertical moments (wishboning), and greater
torques than during dried fruit chewing. However, the magnitudes of torques acting in
frontal planes through the symphysis are low. The largest differences are in moments
calculated about sagittal sections. Relative to the other foods, nut chewing is associated with
larger negative vertical moments, especially in the midline, and larger AP twisting moments
and ML (sagittal bending) moments.

Strain regime—There are large differences between nut and dried fruit chewing in strain
magnitudes in the lingual symphysis. In both transverse tori, greater lateral transverse
bending moments during nut chewing are associated with relatively higher magnitudes of e,
(Fig. 9C), and larger ML moments are associated with slight increases in negative sagittal
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(Fig. 9K) and positive frontal shear strains (Fig. 90). In the inferior transverse torus,
negative transverse shear strain is also greater during nut chewing (Fig. 9S). On the labial
surface of the symphysis e5 is larger inferiorly during nut chewing (Fig. 9H) and all of the
shear strain components increase in magnitude. Sagittal shear strains become more negative
on the balancing-side, and more positive on the working-side of the labial surface (Fig. 9L);
coronal shear strains become more negative, especially on the inferior half of the balancing-
side (Fig. 9P), and transverse shear strains becomes more negative on the balancing-side
(Fig. 9T). These increases in shear strains reflect increased—maore negative—ML torques
associated with nut chewing.

3.9. Maximum food type differences

The largest food-related differences in strain magnitude are mapped onto the mandible in
Figure 10. Notable differences in magnitudes of principal strains and in sagittal and frontal
shear strains are restricted to localized areas. For example, large differences in e, magnitude
are restricted to the posterior condylar neck and ramus on the balancing-side (Fig. 10G).
Large differences in sagittal shear strain magnitudes are restricted to the buccal alveolar
process on the working-side and to recessus mandibulae and the lingual condylar neck on
the balancing-side (Fig. 101). Large differences in frontal shear-strain magnitudes are found
in the inferior transverse torus (Fig. 100, P). More significant are the large differences in g1
and transverse shear strains on the balancing-side, extending from both the superior and
inferior transverse tori along the anterior medial prominence, through the extramolar sulcus,
and along the endocondylar ridge (Fig. 10A-D, Q-T). Maximum differences in the
orientation of the maximum principal strains are shown in Figure 11. Food type effects on
strain orientation are concentrated in the area of the working-side bone screw callus, the
anterior condylar neck, and in a strip along the lingual surface of the working-side corpus
below the mylohyoid line.

4. Discussion

This is the most detailed analysis of in vivo loading, deformation, and strain regimes in a
mammalian mandible published to date, but some limitations should be borne in mind. Our
focus is on hypotheses specific to Macaca because macaque in vivo strain data have
provided the model for so much of the comparative work on mandibular form and diet in
primates. However, similarities in mandible shape (Daegling, 2002) and muscle firing
patterns across anthropoids (Hylander, 1981, 1984, 1988; Hylander and Crompton, 1986;
Hylander and Johnson, 1994, 1997; Hylander et al., 1987, 1998, 2000, 2002, 2004, 2005,
2011) make our results relevant especially to cercopithecids, but also to other anthropoids,
including humans and other hominids. The present study also only documents loading,
deformation, and strain regimes at one point in time during the gape cycle: when, during our
in vivo recordings, peak shear strain magnitudes were recorded from the lower half of the
lateral prominence on the corpus. Mandibular loading and strain regimes vary throughout the
gape cycle (Hylander et al., 1987; Ross and Iriarte-Diaz, 2019a). Thus, ongoing studies are
aimed at a fuller understanding of mandible biomechanics throughout the power stroke. It
should also be noted that the modeled mandible exhibited bone calluses superior to the two
lateral bone screws, and these may have affected the local strain environment. Consequently,
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our discussion of strain regimes emphasizes strains in other parts of the mandible. Finally,
we also note that transverse bite forces at the P act towards the right, the reverse of the
direction at the P, and M. This occurs because fixing the tooth surface against displacement
fixes it against forces either pushing or pulling against the tooth surface. This effectively
reduces the laterally directed component of bite force and negative torques acting on the
anterior working-side tooth row. Our emphasis on modeling the in vivo experimental context
as accurately as possible caused us to retain the excess bone and the fixed P3 in this version
of our model, the latter because these constraining conditions yielded the strain values that
most closely matched those previously recorded in vivo (Panagiotopoulou et al., 2017).

Loading regimes

Current theories of macaque mandibular function make assumptions about the loading
regime (Hylander, 1979b, 1979c, 1981, 1984, 1986; Hylander et al., 1987) and these
assumptions underlie hypotheses about mandible design in extant and fossil hominids
(Daegling, 1989, 2001, 2007a, 2007b; Daegling et al., 2016; Daegling and Grine, 2006;
Hylander, 1988; Ravosa, 1988, 2000; Taylor, 2002, 2006a, 2006b). Most of these
assumptions have not been tested because the necessary combination of EMG, PCSA,
anatomical and strain data has not been available until recently (Panagiotopoulou et al.,
2017). In the present study, mandibular loading regimes were calculated using EMG data
collected when in vivo strain magnitudes in the lower lateral prominence of the working-side
mandible were at their peak. At this time EMG activity has peaked in the working and
balancing superficial masseters, anterior temporales and medial pterygoids, as well as in the
working-side posterior temporalis, and is decreasing in amplitude. In contrast, EMG
amplitudes in the balancing-side deep masseter and posterior temporalis are at their peak
(SOM Fig. S1).

Hylander et al. (1987) reported that late activity in the balancing-side deep masseter was
accompanied by decreased activity in the balancing-side medial pterygoid and increasing
activity in the working-side medial pterygoid. They hypothesized that this combination of
muscle forces resulted in large lateral transverse bending moments on the mandible,
producing wishboning of the symphyseal region late in the power stroke (Hylander, 1984;
Hylander et al., 1987). In contrast, our EMG data show that both medial pterygoids display
decreasing EMG activity at the time when the balancing-side deep masseter is showing peak
activity. Consequently, when our data are used to calculate the moments acting on the
mandible, the loading regime on the balancing-side corpus is dominated by sagittal shear
forces and sagittal bending moments (Figs. 3C and 4F, G); lateral transverse bending
moments are comparatively low. The balancing-side corpus does experience negative AP—
twisting—moments, but these torques are relatively low everywhere except in the anterior
corpus. In the corpus under the premolars, lateral transverse bending moments and AP
twisting moments reach their highest values, approaching the sagittal bending moments in
magnitude, which are low in this region of the mandible (Fig. 2).

On the working-side, the AP twisting moments and lateral transverse bending are similar in
magnitude to those on the balancing-side, but the sagittal bending moments are lower.
Sagittal bending moments, AP twisting moments, and lateral transverse bending moments
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all reach similar maxima in the corpus below the bite points (P3, P4, and M1), and lateral
transverse shear forces also peak in the anterior corpus. At progressively more posterior
sections through the working-side corpus, sagittal bending moments decrease more rapidly
than AP torques, so that they are roughly equal in magnitude in the region of My, and AP
torques are larger than transverse or vertical torques in the corpus below M3. Sagittal shear
is the dominant loading regime behind the bite point (Figs. 2 and 3B). Hylander suggested
that biting on the anterior region of the postcanine tooth row (as modeled here) would
generate negative AP torques—inverting the base of the mandible—under the bite point, and
that muscle forces would generate positive AP torques—everting the base and angle of the
ramus (Hylander, 1979c). Our loading and deformation regimes corroborate this hypothesis
(Fig. 2; SOM Fig. S6). Examination of the individual torques acting about a frontal section
through the mandible below M4 confirm that bite force contributes significantly to negative
AP twisting moments acting on the working-side postcanine corpus. It also reveals powerful
negative AP twisting moments generated by vertical components of balancing-side muscle
force, previously neglected in discussions of primate mandibular mechanics. The largest
negative twisting moments are associated with the vertical and horizontal components of bite
force acting on My, and the vertical components of balancing-side temporalis and superficial
masseter muscle force.

Importantly, our modeling provides new insight into the loading regime of the symphyseal
region late in the power stroke. In vivo bone strain recordings from the labial surface of the
symphyseal region in macaques suggest that negative frontal shear and/or negative ML
twisting are important loading regimes in the symphyseal region (Hylander, 1984). However,
it was not possible to discriminate between these loading regimes using in vivo data because
it is difficult to record strain from the lingual aspect of the symphyseal region during normal
feeding (Hylander, 1979b), and because information on the moments acting about the
symphysis has been scant. Our estimates of the loading regime in the symphysis confirm the
presence of large negative shearing forces (=30 N) in frontal planes through the symphyseal
region (Fig. 3) and our strain data do reveal negative frontal shear strains on the labial
surface of the symphysis (Fig. 6). However, analysis of all the moments acting about the
symphyseal region reveals that at this time in the power stroke negative ML twisting
moments (0.7 Nm) are greater than AP twisting moments (0.4 Nm), and approach lateral
transverse bending (wishboning) moments (1.0 Nm) in magnitude (Figs. 2 and 61-K). The
combination of negative AP twisting of both working- and balancing-side mandibles means
that the centre of flexure of frontal bending of the symphyseal region is not in the midline
(Beecher, 1977; Demes et al., 1984; Wolff, 1984), but is shifted towards the working-side
(Korioth and Hannam, 1994; Korioth et al., 1992). Moreover, negative AP twisting of both
working- and balancing-side mandibles means that positive frontal shear strain is an
important component of symphyseal loading. In sum, the symphyseal region does
experience the hypothesized positive frontal bending, albeit with a different center of
flexure, and the predominant loading regimes are lateral transverse bending and negative ML
twisting.
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4.2. Strain regimes

The strain regime in the balancing-side mandible reflects the superposition of sagittal and
lateral transverse bending. Tensile AP and e4 strains dominate the top of the balancing-side
corpus and most of the lingual/medial surface of the corpus and ramus, especially the medial
prominence and endocondylar ridge (Figs. 4H, 1 and 6B), whereas compressive AP and e,
strains dominate the lateral/buccal surface of the balancing-side mandible, especially its base
(Fig. 4J-L). Negative AP twisting is associated with positive transverse shear strains in the
medial prominence, extramolar sulcus and endocondylar ridge, and with negative transverse
shear strains in the base of the mandible. High sagittal shearing forces are associated with
high magnitude sagittal shear strains on the lateral surface of the balancing-side mandible, at
the corpus-ramus junction (extramolar sulcus, external oblique line) and in the ramus in and
above the endocondylar ridge.

The strain regime in the working-side mandible is marked by strain magnitudes that are, on
average, lower than strain magnitudes on the balancing-side. As on the balancing-side,
sagittal shear strains are high in the buccal surface and reflect changing patterns of shear
forces (Fig. 5F, G). Sagittal bending is associated with alternating patches of positive and
negative AP and principal strains in the alveolar process and mandibular base; similar
alternating patches of transverse shear strains are associated with alternating patterns of
torsion (Fig. 5C, D). Alternating patches of tension and compression have been shown to
characterize the base of FEMs of human and A/ligator mandibles under unilateral loading
(Korioth et al., 1992; Rudderman and Mullen, 1992) and are hypothesized for opossums on
the basis of in vivo strain gauge studies (Crompton, 1995). Alternating patterns of shear
strain in the basal surface associated with alternating twisting moments have not previously
been observed. Our in vivo strain gauge data and strain data from the surface of our model
below the posterior tooth row (Panagiotopoulou et al., 2017) are similar to those reported by
Hylander (1979c, 1981) from the buccal (summarized in Ross et al., 2016: Fig. 1) and
lingual surfaces of the working-side corpus (Dechow and Hylander, 2000): e4 is oriented
upwards and backwards on the buccal surface and upwards and forwards on the lingual
surface.

In the symphyseal region, lateral transverse bending results in high magnitude e and
transverse shear strains lingually and high e, strains labially (Fig. 6B, D, F). However, the
combination of lateral transverse bending and negative ML twisting means that these strains
are not evenly distributed across the symphyseal region. In association with negative ML
twisting, the symphyseal region experiences high magnitude frontal and transverse shear
strains of opposite signs in lingual and labial surfaces, strains which reach their peaks in the
superior and inferior transverse tori (Fig. 61-K).

The inaccessibility of the ramus for in vivo strain gage recordings means it has been
neglected in most recent work on primate mandible biomechanics; our modeling results
suggest that more attention to the ramus is warranted. Our estimates of loading regimes
reveal high magnitude shearing forces and moments acting on the rami, and strain
magnitudes are also high in some regions of the rami. Both working- and balancing-side
rami experience high magnitude e4 strains on the front edges, and high e, on the back edges,
of the rami associated with the high magnitude negative sagittal bending moments acting in
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those coronal planes. On the balancing-side, e, strain magnitudes in the back edge of the
ramus are higher than those on the working-side because reaction forces from the
temporomandibular joint are higher on the balancing-side. High strain magnitudes are also
apparent in the endocondylar ridge and torus triangularis on the medial surface of the
balancing-side ramus, including high magnitude AP tensile and e strains associated with
negative sagittal bending, transverse tensile and shear strains on associated with lateral
transverse bending, and positive transverse shear strains associated with negative AP torsion
(Fig. 4C, H, I). These fields of high magnitude strains in the endocondylar ridge and torus
triangularis are posterior continuations of fields of similarly high strains in the lingual face
and upper edge of the corpus. We hypothesize that these fields of high magnitude strain
extending from the bite point to the balancing-side condyle constitute the primary load path,
with torus triangularis and the endocondylar ridge constituting the load path across the
ramus.

In modern engineering parlance, the load path is the combination of part(s) of a complex
structure—usually the stiffest route—that transfers the majority of the load (force) from the
load point (bite point) to the support points (condyles). External ridges of cortical bone and
internal “trajectories’ of trabecular bone have long been argued to be important pathways for
transmission of forces through the mandible, whether from muscle to bite point or from
muscle and bite point to the TMJ (Gaspard, 1978; Lenhossek, 1920; Walkhoff, 1902;
Weidenreich, 1936). Lenhossek (1920) argued that the external oblique line and the torus
triangularis reinforce the ramus and transfer temporalis muscle force to the alveolar process
and teeth. Weidenreich (1936: 65-66) proposed that the endocondylar ridge and external
oblique lines are “means of transmission of force issuing from the coronoid and condyloid
processes” to the corpus, and that the endocoronoid ridge and endocondylar crest are “beams
strengthening the bone in that direction on which the strain and force is transmitted from
both processes to the body of the jaw”. Weidenreich (1936) further hypothesized that the
crista ectocondyloidea performed a similar function on the lateral surface of the ramus. Our
modeling reveals that the endocondylar ridge, torus triangularis and external oblique lines
are highly strained, suggesting that they do transmit large forces. Thus, one key finding from
this study is that the morphology of these features may be informative about strain regimes
in the anthropoid mandible during mastication. The same cannot be said for the
ectocondyloid crest, which does not experience high strains. This crest likely owes its
existence to resorption and thinning of bone in planum triangulare lateralis, rather than to
reinforcement for transmission of force. In this regard it is worth noting that the
ectocondyloid crest lies below the level of the endocondylar ridge and therefore does not
correspond to the ridge’s lateral surface.

It is of interest to compare this concentrated strip of high strain in the macaque mandible
with the absence of such paths in crania of primates. As we have discussed elsewhere (Prado
et al., 2016), the theory of ‘pillars and buttresses’ in the primate cranium is, with the
exception of the anterior pillar, not supported by the available morphological and strain data.
The only place where a functional pillar—a strip of highly strained bone extending from the
tooth row towards the calvaria—is observed is the anterior pillar in macaques, chimpanzees
and some fossil humans (Prado et al., 2016).
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Impact of food mechanical properties and relevance for hominid evolutionary studies

Comparative morphometric studies of the relationship between mandible morphology,
feeding behavior and diet have employed measures of corpus and symphyseal morphology
with limited success (Daegling, 1990; Daegling, 1992, 2007b; Daegling and Grine, 1991,
2006; Daegling and McGraw, 2000, 2001, 2007; Daegling et al., 2011; Hylander, 1988;
Ravosa, 1991, 2000; Ross and Iriarte-Diaz, 2014, 2019a; Taylor, 2002, 2006a, 2006b). Our
modeling suggests possible reasons for this. One measure used to make inferences about diet
is corpus depth, a measure of resistance to sagittal bending. Under sagittal bending, the
principal and axial strains should be highest in the upper and lower surfaces of the mandible;
to decrease these strains, all things being equal, the depth of the mandible should be
increased. Our analysis confirms that late in the power stroke sagittal bending moments are
high on both working and balancing-sides, (higher than both AP twisting and transverse
bending moments; Fig. 2), and principal and AP axial strains are high in upper and lower
surfaces of the mandible (Fig. 4). Moreover, of all the moments acting on the balancing-side
corpus, sagittal bending moments show the largest inter-food differences: nut chewing is
associated with higher sagittal bending moments than either dried fruit or grape chewing
(Fig. 7). Therefore, it is noteworthy that the largest inter-food differences in AP axial and
principal strains are not uniformly seen in the upper and lower surfaces of the corpus (Figs.
9 and 10). Instead, the largest differences in sq are seen in a strip running along the medial
prominence, across the extramolar sulcus to the external oblique line, and along the medial
surface of the endocondylar ridge. If mandible form were to be modified to ameliorate these
food-related differences in strain magnitudes, it is not obvious that increases in corpus depth
would be the most efficient solution. Adding cortical bone to the inferior border to deepen
the corpus would certainly increase the resistance to sagittal bending, decreasing strains in
the upper and lower surfaces of the corpus, but this is not where food-related variation in
strain magnitudes is greatest. Moreover, if food-related changes in corpus shape were
effected by recruiting plasticity mechanisms that use strain magnitude as a trigger (Frost,
2003, 2004), our results suggest these mechanisms would not result in increases in corpus
depth, but, rather, increases in size or density of the medial prominence and endocondylar
ridge.

The external forces producing sagittal bending moments in the balancing- and working-side
mandibles also result in large sagittal shearing forces. These are associated with high
magnitude sagittal shear strains in the corpus-ramus junction—recessus mandibulae,
extramolar sulcus, external oblique line—on both working and balancing-sides, as well the
buccal faces of both corpora (behind the bite point on the working-side; Fig. 4; SOM Fig.
S5A-E). These same areas display some of the largest food effects on sagittal shear strains
(Fig. 9). In order to increase resistance to these food-related increases in sagittal shearing
forces, there is no special advantage to increasing corpus depth to increase resistance to
increased sagittal shear; rather, cortical bone thickness can be increased anywhere in frontal
sections, but especially in locations where cortical bone thickness is reduced. Measures of
cortical bone distribution below My and M in the corpus in several groups of primates
reveal no significant differences in the relative contribution of cortical bone area (CBA) to
subperiosteal area between extant and fossil hominids, between three species of
cercopithecoids with different diets, nor between Cebus capucinus and Sapajus apella
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(Daegling, 1989, 1992, 2002). Based on our loading and strain results, we hypothesize that
estimates of CBA at more posterior sections, where shear strains are also high, might yield
stronger dietary signals.

Another external measure frequently used to make dietary inferences is corpus breadth,
roughly in frontal planes, a measure of resistance to transverse bending and, under some
mechanical models, torsion (Daegling and Hylander, 1998). Under lateral transverse
bending, high magnitude axial and principal strains in the medial and lateral surfaces can be
reduced by increasing beam thickness in transverse planes. High magnitude transverse shear
strains can be resisted by increasing the amount of bone in frontal cross-sections. In our
model, lateral transverse bending of the balancing-side mandible is indeed associated with
high magnitude AP tensile and &4 strains along the lingual surface of the corpus, high
magnitude AP compressive and e, strains along the buccal surface, and positive transverse
shear strain in the medial prominence and endocondylar ridge (Fig. 6B, D). However, as
noted above, the greatest inter-food variation in e is seen in a strip along the lingual surface
of the corpus, a strip that lies within the region characterised by high magnitude e4: medial
prominence, extramolar sulcus, torus triangularis, and endocondylar ridge (Fig. 10A-D).
Moreover, food-related differences in loading regimes are associated with increased lateral
transverse bending moments, especially anteriorly in the corpus (Fig. 7). If mandible form
were to be modified to ameliorate these food-related differences in strain magnitudes, adding
cortical bone to the medial prominence would simultaneously increase resistance to
transverse bending and reduce strains in highly strained areas. Moreover, if food-related
changes in corpus shape were effected by recruiting plasticity mechanisms that use strain
magnitude as a trigger (Frost, 2003, 2004), our results suggest these mechanisms would
result in increases in size or density of the extramolar sulcus, torus triangularis, and
endocondylar ridge.

Corpus breadth is also one of several measures used to estimate the resistance of the corpus
to AP twisting or torsion, the other measures including Bredt’s formula (Daegling, 1989,
1992, 2002, 2007a; Daegling and Hylander, 1998). It is sometimes assumed that chewing on
foods of increased dietary toughness or hardness results in increased torsional stress in the
corpus associated with increases in the lateral components of jaw-elevator muscle force and
bite force (Bouvier, 1986a, 1986b; Daegling, 1989; Daegling and Grine, 1991; Hylander,
1988; Ravosa, 1991, 1996a, 1996b, 1999, 2000; Taylor, 2002, 2006a, 2006b; Taylor et al.,
2008). In our study the largest differences in loading and strain regimes (Figs. 7 and 9) are
between nuts (characterized by relatively low toughness and high stiffness) on one hand, and
grapes (relatively low toughness and stiffness) and dried fruits (relatively high toughness and
low stiffness) on the other. It is noteworthy that AP twisting moments show the lowest
differences between foods, especially in the posterior corpus (Fig. 7). Many fossil hominids
have very broad corpora under the molars and this has been interpreted as improving
resistance to torsional stresses associated with eating tougher, harder foods (Daegling, 1989,
1990, 1992, 2001; Daegling and Grine, 1991, 2006; Hylander, 1988). Our macaque data do
not support the hypothesis that increased dietary toughness explains the broad corpora of
fossil hominids. We acknowledge that the foods fed to our experimental animals are not the
most mechanically challenging foods eaten by primates in the lab (Williams et al., 2005) or
in the wild (Coiner-Collier et al., 2016; Dominy et al., 2008; McGraw et al., 2011, 2014;
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Vogel et al., 2008; Wright, 2005; Yamashita, 2008) and macaque occlusal morphology
differs from that of fossil hominids. Thus, it is possible that our findings for macaques are
species-specific. Studies in other primate species relating variation in muscle activity during
chewing on different foods to variation in mandibular strain regimes are needed to confirm
the differences in inter-food loading regimes observed in this study. As noted elsewhere,
posterior displacement of the toothrow relative to the anterior border of the ramus in
hominids necessitates broadening of the mandible at the ramus-corpus junction regardless of
dietary factors (Daegling and Grine, 1991). Our results suggest that interactions between
spatial, dietary, and mechanical factors in this highly strained part of the mandible may be of
interest in future studies of hominid feeding adaptations.

In the symphyseal region variables used to infer diet include measures of the distribution of
cortical bone, as well as maximum and minimum dimensions, the mechanical meanings of
which vary with the orientation of the symphysis (Ravosa, 2000; Daegling, 1992, 2001). In
the macaque modeled here, as in many cercopithecine monkeys, the maximum dimension
from tooth row (symphysion or infradentale anterior) to the back of the inferior transverse
torus is oriented obliquely (at about 45°) to the plane of the postcanine tooth rows. This
means that, as in hominids, a large proportion of the symphyseal cross-section is oriented so
as to reduce moments and strains associated with transverse bending (Daegling, 2001).
Interpreting the mechanical significance of interspecific variation in these measures is
complicated by the difficulty of estimating the moments and shear forces acting on the
symphyseal region. Our modeling reveals similar magnitudes of food-related variation in
AP, Sl and ML moments, with the largest differences being in Sl—Ilateral transverse bending
—moments (Fig. 7). Our FEM study confirms that the lingual surfaces of the superior and
the inferior transverse tori experience the highest ML tensile strains and the highest g1
strains, as expected for the concave surfaces of a curved symphyseal region under lateral
transverse bending (Hylander, 1984; Fig. 6). Moreover, there is significant food-related
variation in g4 strain in the posterior surfaces of the superior and (especially) the inferior
transverse tori (Figs. 9 and 10). Thus, our empirical findings support the frequent theoretical
assumption that measures of symphyseal resistance to lateral transverse bending are good
candidates for recovering dietary signals in fossil hominid mandibles. However, lateral
transverse bending is not the only important loading regime in the symphyseal region: our
modeling results suggests that the ML twisting regime also results in transverse and frontal
shear strains on lingual/labial or superior/inferior surfaces of the symphyseal region that
equal or exceed those associated with lateral transverse bending (Fig. 6). Food-related
variation in ML twisting moments is less than that of lateral transverse bending (Fig. 6), but
food-related variation in transverse shear strains in the symphyseal region is significant (Fig.
9Q-T). These results suggest that symphyseal measures that capture resistance to ML
twisting, notably the distribution of cortical bone in the symphyseal region, may also be
useful for dietary reconstruction in fossil taxa.

One of the most interesting results of our modeling is the observation that these areas of the
symphyseal region that experience high magnitude e1 and transverse shear strains are
continuous with similar areas along the balancing-side mandible—medial prominence,
retromolar triangle, extramolar sulcus, torus triangularis, and endocondylar ridge. We
suggested above that this strain distribution might indicate that this is the principal load path
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from the bite point to the balancing-side condyle. In this context, it is significant that these
areas, from symphysis to endocondylar ridge, also manifest the largest variation in
maximum principal and transverse shear strain magnitudes, both of which increase in nut
chewing compared with dried fruit and grape chewing. With the exception of the superior
transverse torus in the symphyseal region, traditional external morphometric measures do
not capture variation in morphology in these parts of the mandible. Recent experimental
(Ravosa et al., 2007; Terhune et al., 2020) and comparative studies (Coiner-Collier et al.,
2018; Giesen et al., 2003a, 2003b, 2004; Giesen and van Eijden, 2000; Giesen et al., 2003c)
relating internal morphology of the symphysis and condyle to variation in food material
properties suggest that work elsewhere along the load path might be of value. However,
optimism that this work will reveal highly specific indicators of feeding on specific foods
should be tempered by the fact that the load path does not manifest food-specific variation in
principal strain orientation: 1 orientation in these areas is largely unaffected by chewing on
different foods (Fig. 11). The largest changes in principal strain orientations are instead
concentrated under the medial and alveolar prominences and on the front of the condylar
neck on the working-side, areas where food-associated variation in strain magnitudes is
negligible. Nevertheless, variation in cortical bone distribution and in trabecular size and
number (if not orientation) along the load path may also provide information on dietary
habits.

The broader relevance of this study, including studies of human evolutionary biomechanics,
rests in part on similarities between the loading regime documented here and loading
regimes acting on other primate mandibles. Our EMG data document late activity in the
balancing-side deep masseter and posterior temporalis, simultaneous with decreasing
activity in medial pterygoids and superficial masseters (SOM Fig. S1). A triplet motor
pattern is seen late in the power stroke in approximately 54 % of chewing cycles by Macaca
fuscataand 73 % by Papio anubis (see Ram and Ross, 2018), and has been described for
humans (Langenbach and Hannam, 1999; Mgller, 1966) and Pan, albeit at a lower frequency
(Ram and Ross, 2018). Our model also resembles finite element models of the human
mandible in patterns of deformation—rotation about the bite point, eversion of the
balancing-side and inversion of the working-side mandible base—and strain, including AP
compressive strains in the alveolar process and AP tensile strains in the base of the mandible
under the bite point (Korioth and Versluis, 1997; Rudderman and Mullen, 1992; van Eijden,
2000). This suggests that the results presented here may be relevant to hypotheses of
mandible function during a significant proportion of cercopithecine and some hominid
chewing cycles. In particular, morphological measures of resistance to lateral transverse
bending may provide dietary information, as might detailed studies of trabecular
morphology in the transverse tori, medial prominence, torus triangularis and endocondylar
ridge.

5. Conclusions

Musculoskeletal and FEM of the macaque mandible during mastication suggest that the
most important loading regimes in balancing and working hemimandibles are sagittal
bending, sagittal shear and lateral transverse bending, with AP twisting moments being
smaller. The largest food-related variation in corpus loading regimes is in sagittal bending
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and shear, food-related variation in lateral transverse bending is highest in the anterior
corpus: food-related variation in AP twisting of the corpora is minimal. In the symphyseal
region lateral transverse bending and negative ML twisting are important loading regimes
and both show high levels of food-related variation. Food-related variation in strain regimes
is greatest in the lingual symphysis, the balancing-side corpus-ramus junction, and along the
balancing-side medial prominence and endocondylar ridge. This includes some areas of
traditional focus—lingual symphysis—and areas that have not previously been considered.
Specifically, our work highlights the importance of the medial prominence, torus triangularis
and endocondylar ridge, and suggests that these may constitute the load path from bite point
to balancing-side condyle and ramus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Moments (in N m) = (force [N] x distance [m]) acting about axes parallel to the coordinate

system on the working-side, the balancing-side and through the symphyseal region.
Numbers on the ordinate correspond to section planes illustrated in the figures at bottom.
Moments about X axes are SI moments (i.e., moments about Sl axes), or transverse bending
moments (i.e., moments that bend in transverse planes); moments about Y axes are AP or
twisting moments; moments about Z are ML or sagittal bending moments. Balancing-side
frontal and working-side frontal: These moments are calculated as the sums of all the
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moments acting on the bone anterior to frontal planes through the illustrated sections. This
includes those moments acting on the contralateral hemi-mandible, whether behind or in
front of the section plane. Symphysis frontal: moments about frontal planes through the
symphyseal region summed anterior to the illustrated sections. Symphysis sagittal: moments
about sagittal planes through the symphyseal region summed to the right of the illustrated
sections. For example, moments acting on the midsagittal plane are the sum of all balancing-
side moments.
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Figure 3.
Shear forces in Newtons (N) acting within specified planes. Sagittal and transverse shear

forces are sums of all forces anterior to each coronal plane. Frontal shear forces are sums of
all forces to one side of the specified plane. Images of mandible model are aligned to planes
for which forces were calculated. A) Working-side vertical, sagittal plane shear forces. B)
Working-side transverse plane shear forces. C) Balancing-side vertical, sagittal-plane shear
forces. D) Balancing-side transverse plane shear forces. E) Frontal shear forces plotted
against mandible width. Key in bottom right illustrates polarity of shear (cf. Fig. 1).
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Figure 4.

Deformation and strain regimes in the balancing-side corpus and ramus during simulation of
nut chewing. Strain scales in H and L apply to principal, axial and shear strains. A, B)
Model deformation, in posterior (A) and lateral (B) views. The left side is the working
(biting) side, the right side is the balancing-side; the left P, P4, and M1, are constrained
against all displacements; the deformed model is transparent; the undeformed model is solid;
deformation scale factor is 70. Red arrows connect homologous points between undeformed
and deformed models, curved black arrows indicate negative AP twisting of balancing-side
mandible; straight black arrows indicate lateral transverse bending. F;jpa., vertical
component of balancing-side joint reaction force; Fpy, pal., Vertical component of balancing-
side muscle force; Fyjte, Vertical component of bite force. C, D) Transverse shear strain and
AP twisting: positive transverse shear strain along the top of the corpus and endocondylar
ridge (C) and negative transverse shear strain along the bottom of the balancing-side
mandible (D) are associated with negative AP twisting. E) Maximum (e1) and minimum (e,)
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principal strain regimes in lateral surface of balancing-side mandible. F) Sagittal shear
forces acting along the balancing-side mandible. G) Sagittal shear strain on lateral surface of
balancing-side mandible. H-L) Anteroposterior (AP) strains (I, J, K) and principal strains
(H, L) associated with negative sagittal bending of balancing-side mandible. Maximum
principal strain (1) on the top of the balancing-side mandible (in H) is primarily due to AP
tensile strain (in ). Minimum principal strains (e») in base of mandible (in L) are primarily
due to AP compressive strain (in K). The predominance of AP compressive strain in the
lateral surface of the balancing-side mandible (in J) is due to lateral transverse bending of
the mandible. The high values of AP compression (J, K) and of e, along the lateral edge of
the base of the mandible are due to superposition of lateral transverse bending and negative
sagittal bending.
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Figure 5.
Deformation and strain regimes in the working-side corpus and ramus. Strain scale in G

applies to principal, axial and shear strains. A, B) Deformation regime: the left side is the
working (biting) side, the right side is the balancing-side; the left P3, P4, and Mq are
constrained against all displacements; the deformed model is transparent; the undeformed
model is solid; deformation scale factor is 70. Red arrows connect homologous points
between undeformed and deformed models, curved black arrows indicate negative torsion of
working-side mandible. Thick black arrows indicate vertical force components: Fpy, pal =
balancing-side muscle force transmitted across the symphysis; Fpite = bite force; Fpywk =
working-side muscle force; F;j i = working-side joint reaction force. C, D) Transverse shear
strain and AP twisting: alternating positive and negative transverse shear strain along the top
(C) and bottom of the working-side corpus (D) are associated with alternating patterns of AP
twisting. E) Maximum (eq) and minimum (e5) principal strain regimes in lateral surface of
working-side mandible. F) Shear forces acting along the working-side mandible. G) Sagittal
shear strain on lateral surface of balancing-side mandible. Sagittal shear strains are positive
between the bite force and Fp, pa1, Negative between Fyite and Fpy, wk, @nd positive between
Fm.wk and Fj.wk. H-N) Anteroposterior (AP) strains (J, K, L) and principal strains (H, I, M,
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N) associated with sagittal bending of working-side mandible. Minimum principal strain
(e2) on the top of the working-side mandible (in H) are primarily due to AP compressive
strain (in J). Maximum principal strains (e1) in base of mandible (in M) are primarily due to
AP tensile strain (in L).
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Figure 6.
Deformation and strain regimes in the symphyseal region. Scale in bottom left applies to

axial and shear strains. A, E) Deformation regime. Curved arrows indicate negative torsion
of both working and balancing-side corpora and rami. Straight arrows indicate lateral
transverse bending of the mandible. This deformation regime includes lateral transverse
bending of the balancing-side corpus and ramus, such that the balancing-side (right) condyle
displaces laterally, and medial bending of the working-side corpus by transversely (to the
right) directed forces transmitted by the symphysis. A-D) Posterior view. E-H) Anterior
view. |, J, K) Left posterior oblique view. B, F) Maximum (e;) and minimum (e5) principal
strain regimes. C) Mediolateral tensile strains are high in the lingual symphysis in
association with lateral transverse bending. G) Mediolateral compressive strains on the
inferior labial symphysis are associated with lateral transverse bending. D, H) Frontal
(coronal) plane shear strains are opposite in sign on lingual (D) and labial (H) surfaces of the
symphysis in association with negative transverse twisting. 1-K) Symphyseal loading,
deformation and strain regime. 1) Moments based on balancing (right) side free body,
representing the moments acting on the working-side of the symphysis during nut chewing
(Fig. 2). The symphysis is subjected to negative transverse twisting, positive vertical twisting
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(lateral transverse bending) and negative AP twisting. The transverse (J) and frontal (K)
shear strain regimes are reversed on opposite faces of the symphysis due to negative
transverse twisting.

J Hum Evol. Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Panagiotopoulou et al. Page 44

Deformation

Transverse shear strain

A
o
1

o
S
1

Vertical shear (N)

(G Sagittal shear
strain

)
i
i
i
I
I
i
I
-120 i {
i
I
I
i
I
i
i

-~

=

T L.._:‘l l"‘:_,fT T -.‘..‘l

Figure 7.
Food effects on moments. Plots of differences in moments calculated as (moment during nut

chewing) — (moment during grape or dried fruit chewing). All moments were of similar sign,
S0 negative differences indicate nut chewing elicited larger negative moments and positive
differences indicate nut chewing elicited larger positive moments.
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Figure 8.
Food effects on shear forces. Plots of differences in shear forces calculated as (shear during

nut chewing) — (shear during grape or dried fruit chewing). All shear forces were of similar
sign, so negative differences indicate nut chewing elicited larger negative shear and positive
differences indicate nut chewing elicited larger positive shear.
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Comparisons of magnitudes of strain components from simulations of mastication of nuts
and dried fruit. Scale applies to all figures (principal, axial and shear strains). Figures map
the distribution of differences in principal and shear strains recorded on the surfaces of the
model during simulation of the power stroke of mastication on nuts and dried fruit. The top
two rows present principal strains; the bottom three rows shear strains. For principal strains,
the comparisons are calculated as differences in absolute values (i.e., magnitudes) for 1 and
ey. For example, comparison of nut and dried fruit strain magnitudes reveals that along the
endocondylar ridge e; magnitudes were ca. 300 e greater during nut chewing (A-D), and
along the back edge of the ramus, e, magnitudes were ca. 300 pe greater during nut chewing
(E-H). For shear strain comparisons, the differences are direct comparisons calculated as
(nut strain) - (fruit strain). The scale bar at the bottom indicates the difference in microstrain
(ue) between the two simulations.
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Figure 10.

Nuts-Grapes
Nuts-Dry fruits

Comparisons of maximum differences in magnitudes of strain components from simulations
of mastication of all food types. Figures map the distribution of the maximum differences in
principal and shear strains recorded on the surfaces of the model during simulation of the
power stroke of mastication on any of the three foods. The top two rows present principal

strains; the bottom three rows shear strains. The scale bar at the bottom indicates the
difference in microstrain (ue).
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Nut vs. dried fruit chewing

Microstrain (ue)

Figure 11.
Comparisons of differences in orientation of principal strains from simulations of

mastication of the three food types. Figures map the distribution of the differences in
principal strain orientations recorded on the surfaces of the model during simulation of the
power stroke of mastication on nuts and dried fruit. The scale bar at the bottom indicates the
difference in degrees. Histogram shows number of elements with given differences in
principal strain orientations.
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