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Abstract 

Modern humans have smaller faces relative to Middle and Late Pleistocene members of the 

genus Homo. While facial reduction and differences in shape have been shown to increase 

biting efficiency in Homo sapiens relative to these hominins, facial size reduction has also 

been said to decrease our ability to resist masticatory loads. This study compares crania of 

Homo heidelbergensis and H. sapiens with respect to mechanical advantages of masticatory 

muscles, force production efficiency, strains experienced by the cranium and modes of 

deformation during simulated biting. Analyses utilize X-ray computed tomography (CT) 

scan-based 3D models of a recent modern human and two H. heidelbergensis. While having 

muscles of similar cross-sectional area to H. heidelbergensis, our results confirm that the 

modern human masticatory system is more efficient at converting muscle forces into bite 

forces. Thus, it can produce higher bite forces than Broken Hill for equal muscle input forces. 

This difference is the result of alterations in relative in and out-lever arm lengths associated 

with well-known differences in midfacial prognathism. Apparently at odds with this 

increased efficiency is the finding that the modern human cranium deforms more, resulting in 

greater strain magnitudes than Broken Hill when biting at the equivalent tooth. Hence, the 

facial reduction that characterizes modern humans may not have evolved as a result of 

selection for force production efficiency. These findings provide further evidence for a 

degree of uncoupling between form and function in the masticatory system of modern 

humans. This may reflect the impact of food preparation technologies. These data also 

support previous suggestions that differences in bite force production efficiency can be 

considered a spandrel, primarily driven by the midfacial reduction in H. sapiens that occurred 

for other reasons. Midfacial reduction plausibly resulted in a number of other significant 

changes in morphology, such as the development of a chin, which has itself been the subject 

of debate as to whether or not it represents a mechanical adaptation or a spandrel. 
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Introduction	
The Middle Pleistocene extinct species Homo heidelbergensis has been proposed as the 

ancestral species of Homo sapiens and Homo neanderthalensis (Stringer, 1983; Rightmire, 

1998; Stringer, 2012; but see Bräuer, 2001; Stringer, 2016; Meyer et al., 2016). Crania 

included in the hypodigm of H. heidelbergensis have a long but low cranial vault with a mean 

cranial capacity of 1263 cm3 (Schwartz and Tattersall, 2003; Lieberman, 2011). The face is 

very large (Rightmire, 1998; Freidline et al., 2012) and presents an extremely enlarged 

double-arched browridge that overhangs ‘square’ orbits that slope inferiorly and laterally at 

the inferior margins (Schwartz and Tattersall, 2003). The subnasal region is prognathic and 

significantly taller than that of H. sapiens. The maxillary root of the zygomatic arch is usually 

located above the first or second molar (Schwartz and Tattersall, 2003; Lieberman, 2011), 

unlike in Neanderthals (Trinkaus, 1987a), and in large individuals the infraorbital region 

lacks the concave canine fossa characteristic of H. sapiens (Freidline et al., 2012). 

Structurally, these anatomical features of fossils attributed to H. heidelbergensis are not 

markedly different from those found in Neanderthals (Lieberman, 2011). This has resulted in 

some specimens of H. heidelbergensis (e.g., Broken Hill, also known as Kabwe 1) having 

been considered as Neanderthal in the past (Tappen, 1978). It should be noted that material 

attributed to H. heidelbergensis s.l. includes fossils from Africa and Europe. As such, it has 

been argued that they may in fact represent different populations within a more complex, 

reticulated human evolutionary history than previously thought (Hublin et al., 2017). Thus, it 

has been proposed that African specimens may be included into a distinct species, Homo 

rhodesiensis, with European specimens being assigned to H. heidelbergensis (for a review, 

see Stringer, 2012). 

The more gracile modern human cranium differs from those of H. heidelbergensis and H. 

neanderthalensis in several ways. When compared to H. heidelbergensis and Neanderthals, 

H. sapiens has an enlarged (relative to H. heidelbergensis, not Neanderthals), more globular 
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cranial vault, with a mean cranial capacity of 1350 cm3 (Lieberman, 2011), and a small 

gracile and orthognathic face, with reduced interorbital space, that is retracted under the 

anterior cranial fossa (Enlow and McNamara, 1973; Enlow and Hans, 1996; Lieberman et al., 

2002; Trinkaus, 2003; Lieberman, 2011). This facial reduction in H. sapiens is associated 

with the presence of a canine fossa, a short oropharynx, more rectangular orbital cavities, and 

a chin (Enlow and McNamara, 1973; Enlow and Hans, 1996; Lieberman et al., 2002; 

Trinkaus, 2003; Lieberman, 2011). Additionally, recent H. sapiens is said to have generally 

reduced masticatory muscle cross-sectional areas relative to H. neanderthalensis, based on 

assessment of bony proxies (Antón, 1990; O’Connor et al., 2005). Conversely, O’Connor et 

al. (2005) estimated generally comparable muscle cross-sectional areas in Pleistocene and 

recent robust modern humans relative to Neanderthals. When compared to H. 

heidelbergensis, Eng et al. (2013) estimated slightly larger mean temporalis and masseter 

muscles, but smaller medial pterygoids, in H. sapiens. These discrepancies reflect not only 

differences between populations, but also the significant errors inherent in estimation of 

muscle cross-sectional areas from bony proxies in humans (Toro-Ibacache et al., 2015). 

This traditionally proposed general gracilization of the craniofacial complex (based on 

samples of more gracile modern humans) led to the view that modern humans produce lower 

bite forces and are less able to withstand masticatory strains than other hominins (Lieberman, 

2011, Zink and Lieberman, 2016). Few studies have compared the biting performance of H. 

heidelbergensis and H. sapiens, but H. heidelbergensis has been shown to have a masticatory 

system that is less mechanically advantageous (Spencer and Demes, 1993; Eng et al., 2013). 

Despite this, it has been proposed that, relative to recent modern humans, H. heidelbergensis 

could generate slightly higher bite forces, absolutely and relative to crown area, at the first 

molar, and slightly lower bite forces at the first incisor (Lieberman, 2011). Conversely, Eng 
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et al. (2013) estimated clearly higher bite forces at the second molar in Pleistocene and recent 

modern humans than in H. heidelbergensis, absolutely and relative to occlusal area. 

Several studies have investigated the masticatory biomechanics of H. neanderthalensis 

(Rak, 1986; Demes, 1987; Trinkaus, 1987a; Demes and Creel, 1988; Antón, 1990; Spencer 

and Demes, 1993; Antón, 1996; O’Connor et al., 2005; Clement et al., 2012). It has been 

proposed that Neanderthals were adapted to generate and withstand high and/or repetitive 

occlusal loads at the anterior dentition (the anterior dental loading hypothesis; Rak, 1986; 

Demes and Creel, 1988). This has supported the notion that H. sapiens is less adapted to 

generate and withstand high anterior bite forces. However, several studies have found that H. 

sapiens is relatively more efficient at generating bite forces than Neanderthals (Antón, 1990; 

Spencer and Demes, 1993; O’Connor et al., 2005; Lieberman, 2011). This is because H. 

sapiens has greater muscle mechanical advantages due to its retracted and shorter face and 

the more anteriorly positioned masticatory muscles (Trinkaus, 1987a; Antón, 1990; 

O’Connor et al., 2005; Wroe et al., 2010; Lieberman, 2011; Eng et al., 2013, Ledogar et al., 

2016a). Modern humans are thought to possess masticatory muscles that are generally 

smaller (in recent gracile specimens; Antón, 1990; O’Connor et al., 2005) or comparable in 

cross-sectional area to Pleistocene and recent robust specimens (O’Connor et al., 2005; Eng 

et al., 2013) and therefore muscle forces. As such, and when considering differences in biting 

leverage, bite forces estimated for modern humans are comparable to (in Pleistocene and 

recent robust specimens; O’Connor et al., 2005; Eng et al., 2013) or higher than (in recent 

specimens; Antón, 1990; Spencer and Demes, 1993; Eng et al., 2013) those calculated for 

Neanderthals. 

While there is some debate about the bite force production capability of these species, it 

seems that H. sapiens is not well adapted to withstand masticatory forces when compared to 

H. heidelbergensis. Thus, the larger face of the latter has been proposed to resist masticatory 
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stresses and strains better than H. sapiens (Lieberman, 2011). Likewise, Neanderthals have 

been said to be better adapted for resisting biting loads than H. sapiens, especially during 

anterior dental loading. This is because Neanderthals present a taller, more inflated and more 

parasagitally orientated infraorbital region that lacks a canine fossa and large anterior teeth, 

while modern humans have shorter facial height, a coronally orientated infraorbital region, a 

canine fossa and smaller anterior teeth (Rak, 1986; Demes, 1987; Lieberman, 2011). 

The above studies compared biting performance using lever arm mechanics and 

simplifications of skeletal facial anatomy, i.e., using two-dimensional diagrams in which the 

cranium is greatly simplified rather than considering the full three-dimensional (3D) anatomy 

of the masticatory system. More recently, craniofacial biomechanical studies of biting in 

hominins have used Finite Element Analysis (FEA; Strait et al., 2007; Strait et al., 2009; 

Strait et al., 2010; O’Higgins et al., 2011; Witzel, 2011; O’Higgins et al., 2012, Smith et al., 

2015; Ledogar et al., 2016b). This approach involves the creation of 3D models of the 

cranium that are then allocated bone material properties and loaded to simulate muscle 

attachments, lines of action and forces, with constraints applied at biting points and joints to 

fix the cranium in space (O’Higgins et al., 2011, 2012). Functional simulations using this 

approach lead to predictions of bite forces and the stresses and strains experienced by the 

craniofacial complex. FEA has been used in craniofacial biomechanical analyses of fossil 

hominins, such as australopiths (Strait et al., 2009; Strait et al., 2010, Wroe et al., 2010; 

O’Higgins et al., 2011; Smith et al., 2015; Ledogar et al., 2016b, 2017) and H. 

neanderthalensis (Witzel, 2011), but the bite force generation efficiency and skeletal 

performance in resisting bites of H. sapiens have not yet been compared to its proposed 

ancestor, H. heidelbergensis, using FEA. 

Thus, the present study assesses the impact of differences in facial size and midfacial 

retraction found between modern humans and H. heidelbergensis on the biting performance 
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of these two species. Based on prior work, it is expected that differences will be found in: (i) 

bite force efficiency and possibly capability; (ii) the ability to resist deformations arising 

during masticatory loading; and (iii) the magnitudes and modes of deformation experienced 

by the craniofacial complex. We consider the implications of our findings in relation to 

adaptation in the craniofacial skeleton of modern humans. Thus, the reduced midface of H. 

sapiens relative to that of H. heidelbergensis (both species represented by proxy specimens) 

has mechanical (efficiency of conversion of muscle force into biting force, and load 

resistance) and, plausibly, morphological consequences (the development of a chin). In 

particular, we consider if these are adaptive changes or are secondary to other causes of 

midfacial reduction. 

 

Materials and Methods 

Materials 

Adult crania of H. heidelbergensis and H. sapiens were compared, in terms of the 

following mechanical performance parameters that relate to biting: (1) the mechanical 

advantages of the main jaw adductor muscles (temporalis, masseter and medial pterygoid); 

(2) the bite forces generated and bite force production efficiency (the proportions of net 

muscle force converted into bite force and into joint reaction forces); and (3) the magnitudes 

and modes of deformation of each cranium assessed locally using strains and, globally, using 

geometric morphometrics. 

The calculation of mechanical advantages used two specimens attributed to H. 

heidelbergensis, Broken Hill (also known as Kabwe 1) and Petralona (Greece), both 

presumed males (Rightmire, 2013). As noted in the Introduction, these come from different 

continents and so represent populations of archaic Homo that may have different 

phylogenetic histories and fates. However, form rather than phylogeny determines 
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mechanical performance and these fossils are more similar to each other than either is to 

modern humans (Baab et al., 2009; Hublin et al., 2017), and so both are considered in the 

analysis of lever mechanics. 

The cranium of H. sapiens is that of a 74-year-old male from Hull, England, who gave 

prior consent for this research as approved under the relevant national legislation (The 

Human Tissue Act 2004; see Winterton, 2006) and by the relevant Hull York Medical School 

Ethics committee. The same cadaveric head was previously used by Toro-Ibacache et al. 

(2016a) for validation of masticatory function. In that study, the head was dissected, 

segmented, and used to create an FE model that was mechanically loaded to approximate the 

simulation of an incisor bite. Similarly, Godinho et al. (2017) assessed validity of the cranium 

in simulated M1 biting. The cranium was extremely well preserved but bilaterally lacked the 

upper fourth premolars, with no substantial gaps in the dental arcade. It is used in this study 

because we understand the limits of its validity and sensitivity to modelling errors better than 

any other human cranium yet subjected to FEA. The protocol for FEA modelling that we 

apply to both crania (the human and Broken Hill) in this study was developed using it. 

The FEA part of the study does not take account of intraspecific variation because the 

available CT scan of Petralona is of too low a resolution to reliably build an FEA model. 

However, the interspecific morphological differences between H. heidelbergensis and H. 

sapiens (see above and Baab et al., 2009; Hublin et al., 2017) are clearly larger than the 

intraspecific ones, thus mitigating the limitations inherent in studying only one representative 

per species. 
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Mechanical advantages 

Mechanical advantages (ratio of forces out to forces in) were calculated for the jaw 

adductor muscles (temporalis, masseter and medial pterygoid) based on 3D landmarks on two 

crania of H. heidelbergensis (Broken Hill and Petralona) and one cadaveric H. sapiens (Fig. 

1). Landmarking of Petralona was based on an isosurface of the CT, with no further 

reconstruction. Landmarking of Broken Hill and the human cranium were based on the full 

reconstructions of the crania (described below). Petralona and Broken Hill lack the lower 

jaw; thus, to estimate the insertions of masseter and medial pterygoid, a Neanderthal 

mandible (Tabun 1) was scaled to each of the specimens. Because masseter and, especially, 

temporalis are muscles with wide origins, the mechanical advantages may vary markedly 

depending on which point of origin of the muscles is selected. Thus, to bracket the range in 

each of these two muscles, the mechanical advantages were calculated for their most anterior 

and posterior points of origin. For temporalis, a third, intermediate, line of action was also 

defined, approximately in the centre line of the muscle, where it bulges and reaches its most 

superior point. These anatomical points were easily identifiable due to the presence of muscle 

scarring. The mechanical advantages of a lateral incisor bite were also calculated for H. 

sapiens and the results were averaged to render them comparable with those of O’Connor et 

al. (2005), where the mechanical advantages (i.e., in-lever/out-lever) were calculated for the 

lateral incisor. Even though the sample of H. heidelbergensis is small, Broken Hill and 

Petralona are the best preserved and most complete crania commonly ascribed to this species, 

thus providing the most reliable and complete data. The mechanical advantages were 

measured in only one specimen of H. sapiens, but the results for temporalis and masseter in 

this individual were consistent with those from other studies and only slightly higher for 

medial pterygoid (O’Connor et al., 2005, and see results section). 
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Bite forces 

Bite forces were calculated from the reaction forces at the bite points of the finite element 

models of the H. heidelbergensis (Broken Hill) and H. sapiens (cadaveric) specimens. The 

bite force production efficiency reflects the proportion of net applied muscle force converted 

into bite force and the proportion that contributes to reaction forces at the fulcrum at the 

glenoid fossa. These are calculated as the ratio of the bite force and net muscle force applied 

(Fb/Fm) and the ratio of the summed reaction forces at the glenoid fossae and net muscle 

force applied (Fc/Fm; Antón, 1990; O’Connor et al., 2005). The term ‘net muscle force’ is 

applied here to the sum of all reaction forces at the constrained nodes on the teeth and glenoid 

fossa. It differs from the total muscle force due to the orientation of the muscle force vectors. 

The magnitudes, directions and modes of deformation were calculated from the 

displacements arising from the FEA (described below). 

 

Finite element models 

The virtual models of Broken Hill and the cadaveric H. sapiens were created from CT 

scans. After segmentation and reconstruction, both models were converted into voxel-based 

finite element models and were used to simulate three different bites. Because the modern 

human cranium lacks one of the premolars in the left and right hemiarcades, tooth and bite 

point correspondence is established in terms of position along the dental arcade rather than by 

tooth type. This decision was based on a sensitivity analysis in which the effect of replacing 

the left first molar crown of the H. sapiens model with the left premolar crown was 

negligible; strains in the face did not change, except locally in the crown and alveolus, 

whereas the effect of varying bite location was marked. In consequence, the simulated bites 

used the first left tooth (left central incisor in both models), the fourth left tooth (left third 

premolar in both models) and the fifth tooth (left first molar in H. sapiens and left fourth 

premolar in Broken Hill). 
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FE model creation: Broken Hill A full description of the reconstruction of the Broken Hill 

cranium was provided by Godinho and O’Higgins (2017). As such, here we provide a brief 

summary of the reconstruction of this cranium. 

The cranium of Broken Hill was reconstructed (Fig. 2) from a CT scan (courtesy of Robert 

Kruszynski, Natural History Museum, London), with an original anisometric voxel size 

(0.4687501 × 0.4687501 × 0.50 mm), that was resampled to an isometric voxel size of 0.35 

mm. Automated, semiautomated and manual segmentation to refine fine details were 

performed using Avizo® version 7.0 (Visualization Sciences Group). This was followed by 

reconstruction of the missing anatomical regions of the cranium, such as the right temporal, 

parts of the right parietal, occipital, maxillae, ethmoid and teeth. Where possible, this was 

achieved by mirroring present contralateral anatomical areas and warping them to the existing 

structures. Geomagic® (Studio 2011) was used to fill small gaps using the surface of 

surrounding structures as a reference for interpolation. When no contralateral structures were 

present in Broken Hill, portions of the H. sapiens cranium (portion of the occipital bone and 

crowns of teeth) were also used for reconstruction, by warping them to fit. The cancellous 

bone spaces were infilled with material to form a bulk material (see below). 

FE model creation: Homo sapiens The cranium of H. sapiens was originally segmented by 

Toro-Ibacache et al. (2016a) based on a CT scan of a cadaveric human head with an original 

isometric voxel size of 0.484 mm that was later resampled to an isometric voxel size of 0.350 

mm. Automated, semiautomated and manual segmentation of the skeletal structures was 

performed and cortical bone, cancellous bone (as a bulk material) and teeth were originally 

segmented as separate materials. The cranium was then directly converted into a voxel-based 

finite element model using a bespoke software tool, vox2vec. It was submitted to validation 

studies that simulated incisor (Toro-Ibacache et al., 2016a) and molar bites (Godinho et al., 
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2017), as well as a sensitivity study assessing the impact of model simplification on 

performance (Toro-Ibacache et al., 2016a; Godinho et al., 2017). 

On the basis of these sensitivity studies, and the study of Fitton et al. (2015), which show a 

marked effect on magnitude, but a very small effect on mode of deformation, both models 

were simplified by filling cancellous bone regions with material that has the same material 

properties as cortical bone and allocating the same cortical bone properties to teeth (see 

Material properties, below). This allowed comparability with the Broken Hill FE model, 

which is simplified of necessity, because the CT scan lacks detail of cancellous bone 

architecture and distribution (see below). 

Constraints Similar constraints were applied to the models of Broken Hill and H. sapiens 

using the finite element analysis software tool VoxFE (Fagan et al., 2007). Both 

temporomandibular joints (TMJ) were constrained at 24 nodes (x, y and z axis) and a third 

constraint (21 nodes, fixed in the z axis) was applied at the simulated bite point in each of the 

masticatory simulations. Experiments in which one axis of constraint was removed from one 

of the TMJ resulted in the model rotating when loaded, as such these are the minimum 

constraints we could apply. 

Material properties Sensitivity studies conducted using the cranium of H. sapiens (Toro-

Ibacache et al., 2016a; Godinho et al., 2017) show that progressively simplifying the model, 

from the original three materials (cortical bone, cancellous bone and teeth) with distinct 

material properties, to a model with one material with properties of cortical bone has a 

significant effect in reducing the magnitude of strains and of global deformation with a much 

more limited effect on mode of deformation (relative strain magnitudes between regions and 

mode of global changes in size and shape). Allocating to teeth the material properties of 

cortical bone rather than enamel has a very localized effect in the alveolar region, altering 

magnitude of deformation and less so the mode of deformation (Lacruz et al., 2015; Godinho 
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et al., 2017). These results are consistent with other studies using non-human primates (Fitton 

et al., 2015) and show that using a one material model should not yield unreliable results in 

terms of mode of deformation, although magnitude is likely diminished to an unknown 

degree. Further, this simplification resulted in only a 0.1% increase in the estimated bite 

force. 

This simplification is useful in the current study (Broken Hill) and in other contexts, since 

fossils often lack anatomical regions because of postmortem damage and are filled with 

sedimentary matrix, precluding reliable reconstructions of anatomical details, such as the 

distribution and architecture of cancellous bone (Fitton et al., 2015). By building a one 

material model, reconstruction is facilitated, yet useful information can still be obtained 

regarding mode and relative, but not absolute, magnitude of deformation. Such models were 

created for both H. sapiens and Broken Hill, to which cortical bone material properties were 

allocated, with a Young’s modulus of 17 GPa and Poisson’s ratio of 0.3. The modulus of 

elasticity was derived from nanoindentation studies of cortical bone from the skull of H. 

sapiens (Toro-Ibacache et al., 2016a) and is within the range of previous studies (Dechow et 

al., 1993; Schwartz-Dabney and Dechow, 2003). Since these models are made using the same 

protocol with regard to segmentation and material properties, we can directly compare 

deformations and so the strains developed in them—although, as noted above, we cannot 

confidently predict the absolute magnitudes of deformation. This said, our prior sensitivity 

studies (Toro-Ibacache et al., 2016a; Godinho et al., 2017) indicated that the relative strains 

within and between crania provide a good approximation to in vitro simulations of 

masticatory function. This expectation is further supported by comparison of the strain maps 

in this study with those previously obtained by Ledogar et al. (2016a) and Toro-Ibacache 

(2014; see Discussion). 
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Muscle loads Loads were applied directly to the nodes of the voxel elements that lie in the 

regions of muscle attachment in our FE models to represent the maximal actions of six 

muscles active during biting: right and left temporalis, right and left masseter, right and left 

medial pterygoid. Details of applied forces are given in Table 2. The applied forces were the 

same in both biting simulations. These are not physiological, because, in life, relative muscle 

activations change between bite points, and within and between chewing cycles. However, by 

keeping the forces constant among models, we can control the experiment carefully, 

modifying just one variable between biting simulations, the bite point. As such, we can 

directly compare deformations between bites in the knowledge that input forces have not 

changed. The H. sapiens cadaveric head had all the masticatory muscles preserved, as well as 

the mandible. Thus, it was possible to accurately represent the specimen-specific muscle 

vectors and muscle forces as estimated from the physiological muscle cross-sectional areas 

using the CT scans of the head and not from bony proxies (Toro-Ibacache et al., 2016a). 

Broken Hill does not have a mandible, which precludes direct estimation of the lines of 

action and anatomical cross-sectional areas (and so maximum forces) of muscles that attach 

to the mandible (masseter and medial pterygoid). In the present study, we apply the same 

muscle forces as in the human to compare the effects of differences in muscle vectors and 

lever arms on performance rather than the effects of varying input forces. As such, we 

applied the muscle forces estimated for the H. sapiens specimen to Broken Hill. Because 

Broken Hill lacks a mandible and neither CT scans nor casts of any other H. heidelbergensis 

mandible (e.g. the Mauer mandible) were available, we estimated the directions of muscle 

force vectors by scaling a mandible of H. neanderthalensis (Tabun 1) to the Broken Hill 

cranium and using it to guide estimation. While this clearly is not the right mandible, this 

scaling removes the size differences between the cranium and the Tabun mandible thus 

providing a suitable first approximation of muscle vectors when scaled to fit this cranium. It 
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raises the question, however, of the extent to which error in the estimation of muscle vectors 

will impact our findings due to the effects of, e.g., allometry. Several prior sensitivity studies 

(Ross et al., 2005; Fitton et al., 2012; Bright et al., 2011; Toro Ibacache et al., 2016) have 

noted that varying muscle vectors or relative forces (which affects net vectors) has relatively 

little impact on mode of deformation and so on the distribution of regions of relatively high 

or low strains, although the magnitudes of strains tend to vary with total applied muscle force 

(which is a constant in our study). 

To ensure these findings apply in the present study, we carried out a further sensitivity 

analysis in which we varied muscle vectors applied to the Broken Hill model. In this 

sensitivity analysis, we focused on incisor biting, in which strains are greatest. We varied the 

lines of action of the three muscles on both sides with respect to lines estimated from the 

Tabun mandible, such that the vectors are directed more anteriorly by 5º, more posteriorly by 

5º, more laterally by 5º, and more medially by 5º. The impact on the magnitudes and 

distributions of strains is low to negligible. Anterior rotation causes a slight increase (~5%) in 

strains, posterior rotation a slight decrease (~5%) and mediolateral rotation has even a lower 

impact (~2%). 

In summary, while another H. heidelbergensis mandible such as the Mauer mandible 

would have better served estimation of  the orientations of muscle vectors of the Broken Hill 

cranium, using such a mandible would still raise issues of suitability, because of intraspecific 

variation. Neither is the use of the Tabun mandible ideal. Therefore, after scaling the 

mandible to obtain an estimate of muscle vectors we assessed the impact of error in these 

estimates by performing the sensitivity analysis described above. Our results show that 

changing the orientation of the muscle vectors by 5º mediolaterally and anteroposteriorly has 

limited impact. This range likely incorporates the true vectors and shows that the results of 

FEA differ little throughout the whole range of likely muscle vectors. This gives us 
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confidence that our results are not unduly affected by errors in muscle vectors applied to the 

FE model. 

Model solution and analysis The FE models were solved using VoxFE (Fagan et al., 2007). 

The resulting deformations of the two models were then compared by: (1) visual assessment 

of contour plots of the two surface principal strains (ε1 and ε3; maximum and minimum 

principal strains) magnitudes over the whole cranium and of strain vector directions over the 

infraorbital plate; (2) quantitative comparisons of the surface strain magnitudes experienced 

at 67 homologous points, of which the magnitudes at 41 points from the midline and left side 

of the cranium were plotted for comparison (loading is on the left and so the largest strains 

are developed on this side in that bite; see Table 1); and (3) comparisons among the loaded 

models of modes of global deformation (changes in size and shape) relative to the unloaded 

mean (of the modern human and Broken Hill) specimen using geometric morphometric (GM) 

analyses of the full set of 67 midline and bilateral cranial landmarks (see Table 1). 

In the GM analysis, the landmark coordinates differ between the unloaded and loaded 

models of H. sapiens and H. heidelbergensis because of differences in size, translation, 

rotation, cranial shape and, in the case of loaded models, deformation (mode and magnitude 

of change in cranial shape due to loading). We are only interested in the last, the effects of 

loading, which are very small compared to the differences in size and shape between 

unloaded models. Since loading results in changes in both size and shape, we consider them 

jointly by first undertaking a Generalized Procrustes Analysis (GPA) of all unloaded and 

loaded crania to account for the effects of differences in size, translation and rotation. This 

results in shape variables which are the GPA registered coordinates. Next, size is 

reintroduced (see Supplementary Online Material (SOM) S1) by multiplying the shape 

coordinates of each loaded and unloaded model by its original centroid size. This results in 

size and shape coordinates for each model. The differences in size and shape coordinates 
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calculated between the unloaded and loaded models (loaded minus unloaded coordinates) 

describe the deformations of each model rather than the sizes and shapes of models. Note that 

here ‘deformation’ means changes in size and shape calculated as above, rather than raw 

displacements of landmarks between unloaded and loaded models. The raw displacements 

can include rigid body motions that do not concern us. 

To visualise and compare deformations as changes in size and shape of each cranium, we 

follow the approach set out in a series of previous papers (O’Higgins et al., 2011, 2012; 

Milne and O’Higgins, 2012; O’Higgins and Milne, 2013). Thus, the differences in size and 

shape coordinates (after scaling to account for differences in, e.g., size, forces, etc., as 

required, see below) were added to the coordinates of an unloaded cranium to facilitate 

visualization of results. The choice of unloaded cranium does not impact the distances 

computed among model deformations or the subsequent principal components analysis 

(PCA). Here we choose the mean unloaded cranial size and shape coordinates (of Broken Hill 

and the specimen of H. sapiens) for this purpose. The mean unloaded cranial size and shape 

is calculated by multiplying the mean shape coordinates of the unloaded crania (from the 

initial GPA) by the mean centroid size of the unloaded crania. This entire maneuver results in 

new representations of loaded crania, as deformed versions of the mean cranial size and 

shape. Finally, to visualize the modes and magnitudes of deformation, a PCA is carried out 

(with no further GPA) of the mean unloaded cranial size and shape together with the new 

representations of the loaded crania referred to the mean. 

Scaling It is not possible to directly compare absolute bite force generation capacity between 

the modern human and Broken Hill, because no direct data are available on the cross-

sectional areas of masticatory muscles in the latter. Thus, we focus on a comparison of biting 

efficiency (of conversion of muscle to bite forces), applying the same muscle forces to the 

modern human and Broken Hill crania in all FEA biting simulations. However, for 
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completeness, further analyses are carried out that take account of possible differences in 

applied and reaction forces and of differences in facial size.  

To account for potential differences in applied muscle forces, it was necessary to scale the 

results of FEA according to our best estimate of masticatory muscle cross-sectional areas and 

so, forces. This estimate is obtained using the cross-sectional area of the left temporal fossa, a 

bony surrogate for temporalis cross-sectional area and, because of the lack of mandibles, the 

only bony proxy available for the masticatory muscles. Its validity depends on the validity of 

two assumptions: that temporal fossa area predicts muscle cross-sectional area (which it 

likely does not; see Toro-Ibacache et al., 2016b); and that there exists a similar relationship 

among the cross-sectional areas of the different masticatory muscles in the two individuals. 

As such, it is a crude estimate, but the best we can make. 

To estimate actual performance in Broken Hill, the degree of deformation it would have 

undergone if (estimated) actual muscle forces had been applied, principal strains are scaled 

according to the ratio of applied and estimated actual muscle forces. Likewise, to account for 

differences in bite forces between the modern human and Broken Hill, the principal strains 

and size and shape distances (GM analysis) are scaled according to the ratio of bite forces. 

These scalings rely on the that fact that deformations (strains and global changes in size and 

shape, as assessed by the GM analysis) scale linearly and with a slope of 1, with applied 

forces (Milne and O’Higgins, 2012; O’Higgins and Milne 2013). 

To account for differences in facial size between the modern human and Broken Hill, the 

strains experienced by Broken Hill were scaled according to the inverse of the ratio of facial 

surface areas. This is because stress is the result of a force applied over an area (σ = F/A) and 

strain (ε = Δl/l) scales with stress, through Hooke’s law (extension is proportional to applied 

force) within the elastic limits of homogenous, isotropic materials (Bird and Ross, 2012). 
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Although scaling of stresses and strains to account for size differences is well understood 

(Dumont et al., 2009), the scaling of size and shape distances in GM analysis due to size 

differences (as described above) is not. SOM S1 demonstrates that the size and shape 

distances between loaded and unloaded models of the same shape scale inversely with 

lengths (such as the square root of area, or centroid size). As such, the deformations 

(differences in size and shape coordinates) occurring in differently sized FEA models can be 

scaled to account for size differences prior to comparison, according to the inverse of the 

ratio of their centroid sizes. It is worth noting that this scaling is approximate, because 

differences in magnitudes of deformation arise when size is varied but differences in modes 

of deformation arise when shape is varied (SOM S1). This means that scalings between H. 

heidelbergensis and H. sapiens are inevitably approximations, whose validity is a function of 

the degree of difference in shape between them. A similar caveat applies to scaling of strains 

(e.g., Grosse et al., 2007) and of muscle forces, since their vectors will vary with shape. 

Thus, to compare performance while simultaneously accounting for differences in facial 

size and applied or biting forces, we used two different scalings. First, we scaled the 

deformations of Broken Hill for differences between the two specimens in facial size and in 

applied muscle forces by scaling the strains according to the inverse of the ratios of facial 

surface areas (in the FEA analysis of principal strains), or to the inverse of the ratio of facial 

centroid sizes (in the GM analysis of size and shape differences), and the ratio of temporalis 

cross-sectional areas. These scalings allow us to compare deformations in Broken Hill and H. 

sapiens accounting for differences in facial size and applied muscle forces. Second, we scale 

the deformations according to the inverse of the ratios of facial areas or centroid sizes (as in 

the previous scaling) and the ratio of bite reaction forces. This allows us to compare Broken 

Hill to H. sapiens accounting for differences in facial size and bite forces. 
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Results 

Mechanical advantages 

The estimated mechanical advantages are presented in Table 3. Petralona and Broken Hill 

present similar mechanical advantages that increase, as expected, from anterior to posterior 

bites, due to shortening of the out-lever arm (length of the resistance arm) while the in-lever 

arm (lengths of the muscle effort arms) remains constant. The mechanical advantages (MA) 

of the cadaveric H. sapiens are within the range of or, in the case of medial pterygoid, slightly 

greater than in the male sample presented by O’Connor et al. (2005) for lateral incisor biting 

(the only bite point calculated in that study). The maximum value for temporalis MA in 

O’Connor et al. (2005) is 0.307 and the mean value in the individual included in the study is 

0.281; for masseter, maximum value in O’Connor et al. (2005) is 0.484, mean value in this 

individual is 0.4836; medial pterygoid, maximum value in O’Connor et al. (2005) is 0.469, 

value in this individual is 0.533. At the remaining bite points used in this study, mechanical 

advantages increase from anterior to posterior bites, with H. sapiens always presenting 

greater values than Broken Hill and Petralona. Thus, the H. sapiens specimen is more 

efficient at converting muscle forces into bite forces (Table 3), and results in ratios of the 

mechanical advantages of Broken Hill/Homo sapiens and Petralona/Homo sapiens which are 

always less than 1 (Table 4). 

 

Bite forces and force production efficiency 

When the same muscle forces are applied, the ratio of bite forces predicted for Broken Hill 

to those predicted for H. sapiens is 0.51–0.55 (Table 5). Scaling for possible differences in 

muscle areas and, therefore, muscle forces using the surface area of the temporal fossa as a 

proxy (ratio Broken Hill/modern human estimated to be 1.18), results in smaller bite force 

differences, although Broken Hill still generates lower bite forces than H. sapiens (ratios = 
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0.60–0.65). Thus, as expected, force production efficiency is lower in Broken Hill than in the 

H. sapiens model, with the ratio of bite forces to net applied muscle forces in Broken Hill 

being 0.35–0.45 , while in H. sapiens the ratio is 0.46–0.65. In consequence, the ratio of the 

joint reaction forces to net applied muscle forces is larger in Broken Hill (0.55–0.65) than in 

H. sapiens (0.35–0.54; Table 6). 

 

Strains 

Again, as expected, because of differences in size and robusticity, principal strain contour 

plots for the two models (Fig. 3) show that H. sapiens experiences significantly higher strains 

than those that arise in Broken Hill when the same muscle forces are applied. The difference 

is reduced after scaling principal strains according to the inverse of the ratio of facial surface 

areas and the ratio of muscle forces, although the scaled Broken Hill strains are still lower 

than in H. sapiens. When scaling the strains of Broken Hill according to the inverse of the 

ratio of surface areas of the face and the ratio of bite forces, the strains become generally 

comparable. The strain contour plots show that, in both H. heidelbergensis and H. sapiens, 

the largest strains are found in generally similar anatomical areas, such as directly above the 

bite points, the zygoma, the postorbital bar and the pterygoid fossae. Despite these 

similarities, the interorbital region and browridges of H. sapiens manifest higher strains than 

Broken Hill (Figure 3). Similarly, Broken Hill experiences proportionally (not absolutely) 

higher strains in some anatomical regions (e.g., body of the zygomatic) than H. sapiens. 

The strains at the 41 landmarks (Fig. 4) reflect the findings of Fig. 3. Thus, when the same 

muscle forces are applied, Broken Hill experiences lower strains than the H. sapiens model 

(left hand column of plots). After scaling for differences in muscle force and facial surface 

areas (middle column), differences between specimens decrease, but are still generally lower 

in Broken Hill than in the modern human. After scaling for bite force and facial surface areas 
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(right column), differences between the models decrease markedly and become generally 

comparable (see SOM Table S1 for details on exact strain magnitudes). The pattern of 

variation among landmarks in strain magnitudes is generally similar between the two models, 

although some regions experience relatively higher strains in one model than in the other 

(Fig. 4 and SOM Table S1). Thus, our FE models of Broken Hill and H. sapiens experience 

generally similar modes of deformation, albeit with some differences. However, magnitudes 

of deformation differ markedly before scaling according to the inverse of the ratio of facial 

areas, muscle forces and bite forces (Figure 3). 

Figure 5 shows that, despite some similarities, the directions of the maximum (ε1) and 

minimum (ε3) principal strain vectors differ between the models in the different simulated 

bites. Over the infraorbital region, vector directions are more regular in Broken Hill than in 

the modern human. In part, this further indicates differences in modes of deformation and, in 

part, this is due to its more inflated and more even surface morphology. 

 

Magnitudes and modes of global deformation 

In the size and shape analysis of global deformations (Figure 6), H. sapiens and H. 

heidelbergensis present different magnitudes and modes of deformation, with H. sapiens 

generally deforming more than H. heidelbergensis (larger distances from the mean unloaded 

cranium). The modern human cranium consistently presents lower PC1 (70% of variance) 

values and higher PC2 (19% of variance) and PC3 (9% of variance) values than Broken Hill, 

in equivalent bites, with no overlap between the two specimens (Figure 6A). Warping from 

the unloaded cranium to the loaded crania (insets of Fig. 6A) shows that loading the central 

incisor causes the anterior palate to displace superiorly, resulting in shortening and widening 

of the nose and orbits, as well as inferomedial deflection of the zygomatic arches. The third 

premolar bite causes inferomedial deflection of the zygomatic arches and rotation of the 
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palate, together with the lateral margin of the nose, towards the working side (left). This 

results in an asymmetry between the working and balancing sides of the cranium visible in 

the shorter and wider left orbit. The first molar/fourth premolar bite results in deformations 

similar to those in the third premolar bite, with a more posterior location of the point about 

which deflection of the dental row occurs (Figure 6A). Figure 6B shows differences in 

deformation during the same simulated bites in Broken Hill (reference) and the modern 

human (target). Since these diagrams show differences in deformation they should be read as 

follows: relative to Broken Hill, the modern human presents more inferior deflection of the 

zygomatic arches in posterior biting and greater deformation of the external aspect of the 

nasal cavity (less so in anterior bites). In the first incisor bite, H. sapiens develops less 

anterior displacement of the subnasal region (seen as a relative inferoposterior deformation of 

the grid). In P3 and P4/M1 bites, the H. sapiens cranium also shows more rotation/deformation 

of the palate about the anteroposterior axis, i.e., more vertical displacement of the working 

side (seen in the higher position of the canines and in the superior deflection of the 

transformation grid in this region). 

 

Discussion 

Mechanical advantage 

The present comparisons of mechanical advantages and force production efficiencies show 

that the specimen of H. sapiens is more efficient at converting muscle force into bite force 

than the two fossils attributed to H. heidelbergensis. This is because the modern retracted and 

orthognathic face shortens the bite out-lever relative to the muscle in-lever arms of H. 

heidelbergensis, consistent with previous findings by Eng et al. (2013). This is similar to 

reports from previous studies comparing H. sapiens and H. neanderthalensis (Antón, 1990; 
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O’Connor et al., 2005; Eng et al., 2013) and parallels findings in modern humans with 

orthognathic versus prognathic faces (Toro-Ibacache et al., 2016c). The finding of similar jaw 

lever mechanics in the African (Broken Hill) and the European (Petralona) crania reflects 

similarities in overall cranial morphology shown metrically by Baab and McNulty (2009) and 

Hublin et al. (2017). Similarities in craniofacial form and masticatory system functional 

morphology suggest that these crania will perform similarly in FEA but this requires testing 

in future work. 

We found that a greater proportion of muscle force is consistently converted into bite 

reaction forces and less into reaction forces at the glenoid fossae in the specimen of H. 

sapiens than in Broken Hill. It is worth noting in this regard that Ledogar et al. (2016a) found 

that modern humans have high biting leverage, but that they experience tensile joint forces at 

the working side. This led them to conclude that high biting leverage in humans could be an 

evolutionary by-product or spandrel, which the current study also concludes (along with 

Lieberman, 2011; see later in Discussion). 

Consistent with Eng et al. (2013), we show that the predicted bite forces of this specimen 

of H. sapiens are considerably higher than those for Broken Hill. Thus, when the same 

muscle forces are applied, the bite forces estimated for the specimen of H. sapiens range from 

332.60 N to 477.23 N, 80%–98% greater than those estimated for Broken Hill, which range 

from 184.29 N to 241.37 N. These comparisons do not take into account differences in 

muscle forces that may have existed between H. heidelbergensis and H. sapiens. To do so, 

the muscle forces in Broken Hill need to be estimated. However, as noted earlier, this can 

only be done crudely based on scaling of the forces in H. sapiens, with the assumptions that 

temporal fossa area predicts muscle cross-sectional area (which it likely does not, see Toro-

Ibacache et al., 2015) and that a similar relationship is present among the cross-sectional 

areas of the different masticatory muscles in the two individuals (Demes and Creel, 1988). 
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This noted, the surface area of the temporal fossa in Broken Hill is greater than in H. sapiens 

by 18%, suggesting that the temporalis in Broken Hill has the potential to generate bite forces 

about 18% higher than modelled (but see Toro-Ibacache et al., 2015). Potential errors in 

estimating the temporalis anatomical cross-sectional area (including inability to take account 

of pinnation), together with the larger than average medial pterygoid mechanical advantage in 

the modern human when compared to the data presented by O’Connor et al. (2005), likely 

impact on the estimates derived here for the differences in predicted bite forces between H. 

heidelbergensis and H. sapiens. However, even when considering these differences, our 

simulation of Broken Hill biting generates bite forces that are lower than those of H. sapiens. 

The ratio of bite forces (Table 5) between the unscaled Broken Hill model and that of H. 

sapiens is similar at the most anterior (~0.55) and at the most posterior bite point (0.51). 

Thus there is little evidence from these analyses that Broken Hill was able to generate bite 

forces that are higher than those in the modern human. This result is interesting in relation to 

molar crown area as it has been claimed to correlate with bite force (Demes and Creel, 1988). 

Additionally, Laird et al. (2016) found that reduced occlusal surface area is associated with 

reduced masticatory efficiency. However, Eng et al. (2013) showed that extant and extinct 

Homo fall below the trend of extant non-human primates and australopiths: they have smaller 

crown areas than would be expected from their predicted bite forces. Based on direct 

measurements of the first two (reconstructed) molars, crown areas of Broken Hill are 

approximately 20% greater than in the H. sapiens model and so might be expected to reflect 

greater rather than smaller bite forces relative to modern humans. This increased bite force 

relative to molar occlusal area in modern humans derives from our relatively shorter and 

more orthognathic face, which increases masticatory efficiency (i.e., proportion of 

masticatory muscle force converted into bite force). 
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Craniofacial skeletal performance during biting 

Our findings indicate that the facial skeleton of Broken Hill is much less strained during 

biting than that of the modern human. This stands in contrast to the finding that the modern 

human is more efficient at generating bite forces and may well have generated a larger bite 

force than the Broken Hill individual. The predicted lower strain magnitudes in the face of 

Broken Hill arise not only because of lower muscle and bite forces but also because of size 

differences. As previously reported, the face of Broken Hill is significantly bigger (about 

45%, in surface area) than the face of H. sapiens (Freidline et al., 2012). When strains were 

scaled according to the inverse of the ratio of facial surface areas and muscle forces the 

discrepancies between Broken Hill and H. sapiens were reduced but strain magnitudes were 

still greater in H. sapiens. Thus, even accounting for size, and possible differences in muscle 

forces, Broken Hill resisted biting forces better than H. sapiens. In contrast, when strains 

were scaled according to the inverse of the ratio of facial surface areas and predicted bite 

forces (see Table 5; bite forces approximately 54% of those developed by the H. sapiens 

specimen) the discrepancies between Broken Hill and H. sapiens were markedly reduced and 

strains become generally comparable (Fig. 4). This is, however, an extreme adjustment; the 

muscle forces required to achieve identical bite forces are not consistent with the measured 

temporal fossa area and the face of Broken Hill is in reality much larger than that of the 

modern human. 

These scaling studies reinforce the previous findings suggesting that the Broken Hill 

cranium is relatively stiffer than would be expected for a modern human of similar facial 

surface area, and so is better able to resist muscle and biting forces. This is likely due to the 

generally robust skeleton of Broken Hill and to architectural differences similar to those 

reported between H. sapiens and Neanderthals as being linked to resisting dental loading 

(Rak, 1986; Demes, 1987). These include the taller subnasal and infraorbital regions found in 
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Broken Hill, and the more sagittally orientated and convex infraorbital plate. These 

morphological differences may well also be related to the differences found in strain 

directions. 

The GM size and shape analysis of global magnitudes and modes of deformation (Figure 

6) shows that H. sapiens deforms differently and to greater degree than Broken Hill, even 

when accounting for actual differences in facial size and possible differences in bite force. 

This is consistent with the strain contour plots and graphs (Figure 3 and 4), which show 

differences in which regions experience high and low strains, with differences in strain vector 

directions (Fig. 5). 

 

Significance of apparent differences between Broken Hill and a single modern human The 

present study examines only two individuals and so it is necessary to consider the extent to 

which the findings can be generalized to populations. Our findings with regard to differences 

in masticatory lever mechanics and bite force production efficiency between the modern 

human and Broken Hill are consistent with those of previous studies and so are unlikely to be 

due to sampling error. 

Similarly, our findings with respect to FEA reflect and extend those of other recent 

studies. Thus, in an FEA analysis simulating third upper premolar and second molar biting, 

Ledogar et al. (2016a) compared seven recent human crania from a wide geographic range. 

They found that, despite intraspecific morphological differences, the crania resisted biting 

similarly. The distributions of regions of high and low strain were found to be generally 

consistent across all specimens for both their third premolar and second molar biting 

simulations (Ledogar et al., 2016a:Figs. 7 and 8). Further, the strain contour maps they 

obtained (Ledogar et al., 2016a:Fig. 7) for the third premolar bite closely mirror those found 

here for the same bite. Maximum principal strains of approximately 280 µε and minimum of 
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~ -600 µε were found among their models. These values are comparable to, but not the same 

as found in our modern human. However, as noted earlier, great care must be taken when 

comparing predicted strain magnitudes among models built using different protocols, and 

protocols certainly differ between the present study and that of Ledogar et al. (2016a). In 

particular, their models are built with a wide range of material properties, whereas ours are 

simplified to consist of a single homogenous isotropic material, based on the prior validation 

and sensitivity work of Toro-Ibacache et al. (2016a) and Godinho et al. (2017). 

Likewise, Toro-Ibacache et al. (2016c) performed FEAs using the same protocol as in the 

present study on two crania representing the extremes of shape variation in a sample of 20 

adult modern humans. For identical bite forces of 350 N at the central incisors, and 700 N at 

M1, Toro-Ibacache et al. (2016c) also found a similar distribution of strains between the two 

individuals, comparable with other studies in human and non-human primates. Peak strains 

for these same individuals loaded with their own muscle forces (i.e., not necessarily 

generating identical bite forces) ranged from ~400 µε (ε1) and -450 (ε3) for I1 bites, and ~350 

µε (ε1) and -300 (ε3) for M1 bites. 

The strain magnitudes and strain contour maps from premolar bites presented in Ledogar 

et al. (2016a) and Toro-Ibacache et al. (2016c) are comparable with those developed in our 

single modern human model, with maximum principal strain (ε1) of 468 µε and minimum 

(ε3) of -302 µε. In comparison, Broken Hill loaded with the same muscle forces as our 

modern human achieves in premolar bite a maximum principal strain (ε1) of 241 µε and 

minimum (ε3) of -144 µε. These figures are approximately 50% and 48% respectively of 

those achieved in our modern human model built using identical protocols. This supports our 

conclusion that the strains developed in Broken Hill are substantially less than those found in 

modern humans during simulated biting. 
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Identical modelling and loading protocols to those used in this study were also used in a 

related study (Toro-Ibacache, 2014). Twenty crania were reconstructed from clinical CTs of 

living Chileans. FE models of four individuals representing the extremes of variation, 

including sex differences, as assessed by PCA, were built and loaded. The resulting strain 

maps vary in ways that are very similar to those found by Ledogar et al. (2016a) indicating 

similar modes and magnitudes of deformation. Further, the modern human cranium used in 

the present study is unremarkable in terms of strain magnitudes and the distribution of 

regions of high and low strains. This gives us confidence that our modern human model 

behaves in an unexceptional way when compared to other modern humans. In contrast, the 

Broken Hill cranium develops peak strains that are approximately half of the magnitude of 

those developed in modern humans and the average strains at all sampled loci are 

approximately 1/3 of those found in the modern human. In consequence, we are confident 

that the differences we estimate in overall strain magnitudes between the specimen of H. 

sapiens and Broken Hill reflect a real difference between groups, as opposed to 

interindividual variation within a group. 

 

Is increased biting efficiency in modern humans the result of adaptation? 

The present findings are consistent with previous studies that have compared H. sapiens 

with H. heidelbergensis and Neanderthals, in that modern humans appear more efficient at 

converting muscle forces into bite forces due to a retracted and orthognathic face (Antón, 

1990; O’Connor et al., 2005; Lieberman, 2008, 2011; Eng et al., 2013). Antón (1990) and 

Eng et al. (2013) found that H. sapiens is able to produce higher absolute bite forces than 

Neanderthals, while O’Connor et al. (2005) estimated that Neanderthals generate higher 

absolute bite forces than recent gracile modern humans and comparable to early and recent 
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robust H. sapiens because of increased muscle forces. Facial reduction in H. sapiens, which 

increases mechanical efficiency in bite force generation, has been suggested to be 

accompanied by the cranium of H. sapiens being generally less able to resist masticatory, or 

paramasticatory, functional loading (Rak, 1986; Demes, 1987; Lieberman, 2008, 2011, 

Ledogar et al, 2016a). This, together with a decrease in the proportion of fast twitch muscle 

fibres (Stedman et al., 2004) relative to apes and size reduction of masticatory muscles 

(Demes and Creel, 1988; Antón, 1990; O’Connor et al., 2005) led Lieberman (2008, 2011) to 

propose that selection of these anatomical features is likely unrelated to mastication and 

increased mechanical advantage in H. sapiens. 

The human cranium shows a degree of integration (Bastir and Rosas, 2005, 2016; 

Lieberman, 2008, 2011, Neaux et al., 2013, 2015), which implies that evolutionary and 

adaptive changes in one component of the cranium impact other components (Lieberman, 

2008, 2011). As such, changes in facial morphology throughout hominin evolution have been 

suggested to be related to multiple factors, including expansion of the brain and an increased 

cranial base angle (Enlow and Hans, 1996; Lieberman et al., 2002; Lieberman, 2008, 2011), 

thermoregulation and air conditioning (Coon, 1962; Wolpoff, 1968; Carey and Steegmann, 

1981; Franciscus and Trinkaus, 1988), preprocessing of food (Carlson, 1976; Carlson and 

Van Gerven, 1977), stabilization of the head during running (Lieberman, 2008, 2011) and 

reduction in size of the dentition (Brace, 1967; Brace and Mahler, 1971; Brace et al., 1987). 

Distinguishing the possibilities that evolutionary origin of facial reduction, retraction and 

orthognathy is the outcome of positive selection and adaptation from the alternative that they 

are an evolutionary by-product (Gould and Lewontin, 1979; Lieberman, 2008, 2011) is 

therefore extremely difficult. In fact, relative to increased bite force efficiency and capability 

the facial reduction of H. sapiens may be an exaptation (sensu Gould and Vrba, 1982), i.e., a 

feature co-opted during evolution to perform such function (thereby increasing fitness), 
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irrespective of whether it was originally selected to perform another function or whether it 

evolved as a non-adaptive byproduct. Preprocessing of food items (see below) may have 

precluded the need to generate and/or use such high bite forces and so, the notion that this 

ability might have been selectively advantageous (thereby discounting it as a result of either 

adaptation or exaptation). 

In addition, genetic drift has been suggested to impact on the overall cranial morphology 

of early Homo (Ackermann and Cheverud, 2004) and in modern humans (Weaver et al., 

2007; Weaver and Stringer, 2015), albeit less so in specific anatomical regions such as the 

nose (Roseman and Weaver, 2004), which fulfils functions related to metabolic aerobic 

demands (Lindsay, 1996; Bastir and Rosas, 2013), olfaction (Lindsay, 1996; Bastir and 

Rosas, 2013), thermoregulation (Trinkaus, 1987b; Dean, 1988; Franciscus and Trinkaus, 

1988) and conditioning of respired air (Franciscus and Long, 1991; Yokley, 2009; 

Lieberman, 2011; Noback et al., 2011). Reduction of the size of the nasal cavity in H. sapiens 

inevitably impacts midfacial morphology and therefore biting performance. This reduction 

may have arisen through neutral evolutionary processes or selection, although it is not clear 

what the selective pressure(s) might have been. Alternatively, a large midface and tall, deep 

nasal cavity may have been positively selected for in archaic Homo, with a large nasal cavity 

being required either for air conditioning or to accommodate the metabolic demands of a 

possibly larger body in other extinct species of Homo (Yokley et al., 2009; Lieberman, 2011; 

Churchill, 2014; but see, for limitations of body mass estimation from skeletal elements: 

Elliot et al., 2014; Heyes and MacDonald, 2015) and therefore might have constrained the 

form, and so, functioning of the masticatory system. Thus, a larger midface leads to 

mechanical advantages of the masticatory muscles in H. heidelbergensis that are less than 

those in subsequent H. sapiens, where this constraint is released. If the morphology of the 

nose was indeed constrained in H. heidelbergensis and the constraint was released in H. 
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sapiens, enabling midfacial retraction, then the increased biting precision and force 

production efficiency of modern humans would be an incidental consequence of changes in 

midfacial morphology.  

An alternative evolutionary scenario for midfacial reduction has been proposed, in which 

culturally acquired food processing technologies would have reduced selective pressure on 

the jaws to resist large and/or repetitive masticatory loading (e.g., Zink and Lieberman, 

2016). From this perspective, it could be argued that the preprocessing of food to soften or 

break it up also releases constraints on the need for wide gapes and so larger jaws, 

advantageous in the oral acquisition of large food items (see also Zink and Lieberman, 2016, 

with regard to the impact of slicing food items for chewing efficiency in early Homo). 

However, further research is needed to investigate the potential trade-off between facial 

reduction (i.e., anteroposterior length of the nasal cavity and maxilla), gape and biting force, 

and their interaction with food preparation technologies among archaic and modern humans. 

Whichever hypothesis is correct, the jaws of modern humans show a mismatch between 

increased mechanical advantage and potential maximum bite forces, on the one hand, and no 

consistently increased ability to resist forces, on the other, even considering differences in 

facial size and muscle force. This is because the jaws are rarely, if ever, tasked with 

generating and resisting maximal bite forces and, indeed, older modern and fossil Homo 

edentulous individuals demonstrate that the survival of humans is less dependent on 

masticatory system mechanical functioning than on food preparation. 

It is worth noting two potential consequences of facial reduction in H. sapiens. The first is 

a direct outcome of H. sapiens possessing shorter out- relative to in-levers when compared to 

H. heidelbergensis. The mechanical advantages (Table 3) of masticatory muscles in incisor 

bites differ by 10–50% with an average of 32.5%, indicating that precision of mechanical 

control of incisors is approximately 30–35% greater in the modern human model. The 
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significance of this with regard to feeding and use of the anterior dentition as tools is 

unknown but, is an interesting question for future studies. The second possible anatomical 

consequence of midfacial reduction in H. sapiens is the development of the chin. Its presence 

has been associated with multiple factors (Horowitz, 1964; Wolff, 1984; Ichim et al., 2007; 

Thayer and Dobson, 2010; Pampush, 2015) and with mechanical demands during biting and 

mastication (Daegling, 1993; Dobson and Trinkaus, 2002; Groning et al., 2011). However, 

recent studies question the extent to which the modern human symphysis and chin are 

optimized to resist masticatory system loads and suggest that, rather than being adaptive, it 

may be a by-product (Holton et al., 2014, 2015; Pampush and Daegling, 2016) of midfacial 

reduction. In this scenario, midfacial reduction results in posterior retraction of the alveolus 

relative to the basal part of the mandible due to occlusal interlocking and this is 

accommodated by resorptive activity in the alveolar region with depositional activity in the 

basal (Enlow and Hans, 1996), a pattern of remodelling that may well covary with the 

presence of a chin among recent hominins (Lacruz et al., 2013, 2015). 

Regardless of the causes of midfacial retraction in H. sapiens, it is clear that the 

masticatory system of modern humans converts muscle into bite forces more efficiently, yet 

is not better able to resist these forces than in the hypothesized ancestral species, H. 

heidelbergensis.  

 

Conclusions 

Our results are consistent with previous studies showing that H. sapiens is more efficient 

in converting muscle force into bite force than its hypothesized ancestral species, H. 

heidelbergensis. This results in greater predicted bite forces in the modern human than in 

Broken Hill. Conversely, the H. sapiens model shows decreased ability to resist masticatory 

loading when size and muscle force differences are accounted for, thus suggesting that 
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increased masticatory efficiency is an incidental result  of facial reduction, which may be 

driven by other factors, and plausibly had other consequences such as the formation of a chin. 

What these factors are and if they themselves are the result of adaptation rather than neutral 

evolutionary processes requires further study. 
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Figure captions 

 

Figure 1. Measurement of muscle in-lever arms (grey solid lines connecting points indicating 

estimated centres of attachment of temporalis, masseter and medial pterygoid) and the incisor 

out-lever arm (black solid line) in Homo sapiens. The in-lever arms were calculated as the 

perpendicular distance from the fulcrum to the respective muscle line of action (grey dotted 

lines). The out-lever arms were calculated according to O’Connor et al. (2005), as the 

perpendicular distance from the fulcrum to the vector of the bite force applied (black dotted 

line). The hollow triangle indicates the constraint at the glenoid fossae, where the joint 

reaction forces (Fc) were calculated; the solid triangle represents the constraint at one of the 

three different bite points (left central incisor) where the bite force (Fb) was calculated. 

 

Figure 2. Reconstruction of the Broken Hill cranium. Red areas represent structures 

originally present and translucent grey represents reconstructed anatomical structures. 

 

Figure 3. Strain contour plots of the solved FE models Homo heidelbergensis (Broken Hill) 

and Homo sapiens: A) H. sapiens; B) Broken Hill with strains unscaled; C) Broken Hill with 

strains scaled according to muscle force and size (facial surface area) differences; D) Broken 

Hill with strains scaled according to bite force and size (facial surface area). 

 

Figure 4. Strains experienced by the FE models at the 41 sampling points: first row, incisor 

bites; second row, premolar bites; third row, fourth premolar/first molar bites. First and third 

principal strains are shown (positive and negative values in each plot, respectively). In the left 

hand column, the strains are unscaled; in the middle column, the strains over Broken Hill 
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were scaled to account for differences in muscle forces and surface areas of the face; in the 

right hand column the strains over Broken Hill were scaled to account for differences in bite 

forces and surface areas of the face. 

 

Figure 5. Principal strain magnitudes and directions of ε1 and ε3 in Homo sapiens and 

Broken Hill under different simulated bites (over the area delimited by the four landmarks 

shown on the crania in row 1). Column 1 identifies each of the simulated bites (last row 

depicts fourth premolar bite for Broken Hill and first molar for H. sapiens). The results for H. 

sapiens are presented in column 2 (ε1) and 4 (ε3). The results for Broken Hill are presented in 

column 3 (ε1) and 5 (ε3). 

 

Figure 6. Size and shape analysis of modes and magnitudes of deformation of the models 

with the magnitudes of deformation of Broken Hill scaled according to the ratio of bite forces 

and the inverse of the ratio of facial centroid sizes. Reference cranium used for warpings is 

the mean unloaded cranium calculated from the unloaded crania of Broken Hill and Homo 

sapiens. A) Size and shape PCA plot with warpings of different load cases of H. sapiens 

relative to the mean unloaded model, B) Surface warpings with transformation grids located 

at the nasal cavity (first row), zygomatic arches (second row) and midline (third row), 

illustrating the differences in deformation due to biting between loaded Broken Hill 

(reference) and loaded H. sapiens (target; see dotted arrow representing the difference in 

molar bites). These deformations and so the grids and warped surfaces are exaggerated by a 

factor of ×500. 

 

 


