Supplementary Information for: Bite force production and the origin of Homo

Justin A. Ledogar1*, Stefano Benazzi2, Amanda L. Smith3, Paul C. Dechow4, Qian Wang4, Rebecca W. Cook5,6,7, Dimitri Neaux8, Callum F. Ross9, Ian R. Grosse10, Barth W. Wright11, Gerhard W. Weber12,13, Craig Byron14, Stephen Wroe15, David S. Strait16,17,18

1Department of Biomedical Health Sciences, East Tennessee State University, Johnson City, TN 37614, USA; 2Department of Cultural Heritage, University of Bologna, Via degli Ariani 1, Ravenna 48121, Italy; 3Department of Fundamental Biomedical Sciences, Touro University, Vallejo, CA 94592; 4Department of Biomedical Sciences, Texas A&M College of Dentistry, Dallas, TX 75246, USA; 5Center for Anatomical Sciences, Department of Physiology and Anatomy, University of North Texas Health Science Center, Fort Worth, TX 76107, USA; 6Department of Evolutionary Anthropology, Duke University, Durham, NC, 27708, USA; 7Department of Molecular Biomedical Sciences, College of Veterinary Medicine, North Carolina State University, Raleigh, NC 27606, USA; 8Archéozoologie, Archéobotanique: Sociétés, Pratiques et Environnements, UMR 7209, Muséum national d'Histoire naturelle‐CNRS, Paris 75005, France; 9Department of Organismal Biology and Anatomy, University of Chicago, Chicago, IL 60637, USA; 10Department of Mechanical & Industrial Engineering, University of Massachusetts, Amherst, MA 01003, USA; 11Department of Surgery, University of Kansas Medical Center, Kansas City, KS 66106, USA; 12Department of Evolutionary Anthropology and 13Human Evolution and Archaeological Sciences, University of Vienna, 1030 Vienna, Austria; 14Department of Biology, Mercer University, Macon, GA 31207, USA; 15Zoology Division, School of Environmental and Rural Science, University of New England, Armidale, NSW 2351, Australia; 16Department of Anthropology, Washington University in St. Louis, St. Louis, MO 63130, USA; 17Palaeo-Research Institute, University of Johannesburg, Auckland Park, Johannesburg 2092, South Africa; 18 DFG Center for Advanced Studies “Words, Bones, Genes, Tools,” University of Tübingen, Rümelinstraße 23, D-72070 Tübingen, Germany.

Cranial base flexion
An increase in cranial base angle (CBA) has been linked to orthognathism, with increased flexion of the cranial base and retraction of the face viewed as integrated processes [1]. We quantified the cranial base angle (CBA) following Lieberman and McCarthy [2] in our model of KNM-ER 1813 to investigate the possibility that cranial base flexion played a role in driving facial retraction in Homo habilis, resulting in increased bite force leverage. Cranial base flexion in H. habilis has not been quantified due to issues with fossil preservation and sampling. However, our FEM of KNM-ER 1813, based on a recent geometric reconstruction [3], permitted collection of CBA values. We were also able to measure CBA in FEMs of Australopithecus africanus (Sts 5) and Paranthropus boisei (OH 5), but not in A. sediba (MH1). CBA data in fossil hominins were compared to published data [4] on recent modern Homo sapiens (CBA=136°, n=67; SD=6.7), Pan troglodytes (CBA=160°, n=32, SD=6.7), and P. paniscus (CBA=151°, n= 3, SD=6.6).

Our measurement of 146° for Sts 5 was very close to the value of 147° published by Spoor [5], confirming a relatively ape-like, unflexed cranial base in this long-faced specimen [6, 7]. Our measurement for OH 5 (133°) was close to the more human-like value of 135° measured by Lieberman [8], who suggested that the flat facial profile in this specimen (and possibly all Paranthropus boisei) might reflect increased cranial base flexion and a mechanically efficient lever/load arm configuration. However, as discussed by Smith and colleagues [9], facial orthognathism and high biting leverage in OH 5 is also offered through an anterior migration of the zygomatic (i.e., including superficial masseter origin). In KNM-ER 1813, we measured a CBA of 129°, exceeding the flexion in all other taxa. These results suggest that cranial base flexion in H. habilis, perhaps linked to changes in brain size and/or shape [8], could have potentially resulted in a less projecting face that shortens the load arm of the bite force, but simultaneously increases the risk of generating jaw joint tension.

The constrained lever model of masticatory biomechanics
We analysed masticatory biomechanics within the context of the constrained lever model [10-12], which predicts that bite force production in mammals is constrained by the risk of generating distractive (tensile) forces at the working (biting) side temporomandibular joint (TMJ). Under this model, during unilateral biting, reaction forces are produced at the bite point and the working and balancing (non-biting) side TMJs. These three points form a “triangle of support,” and the line of action of the resultant vector of the jaw elevator muscle forces must intersect this triangle in order to produce a “stable” bite in which compressive reaction forces are generated at all three points (Supplementary Figure 1). The resultant vector lies in the midsagittal plane when the muscles are recruited with bilateral symmetry and will pass through the triangle of support during bites on the incisors, canines, and premolars. However, molar biting changes the shape of the triangle such that a midline muscle result may lie outside of the triangle of support. If this occurs, a distractive (tensile) force is generated in the working side TMJ that “pulls” the mandibular condyle from the articular eminence. In the case of the mammalian jaw, the soft tissues of the TMJ are well suited to resist compressive joint reaction forces in which the mandibular condyle is being “driven” into the cranium, but they are poorly configured to resist distractive joint forces in which the condyle is being “pulled away” from the cranium [10]. Mammals, including humans [11], avoid this by reducing the activity of the chewing muscles on the balancing side during bites on the posterior teeth. This draws the muscle resultant vector toward the working side and back within the triangle, but the total muscle force available for biting is reduced, thereby reducing peak bite force magnitudes. Thus, although one might expect that a bite on a distal tooth would produce an elevated bite force due to a short load arm (per a given muscle force), this effect is mitigated by the constraint that the muscle force vector must lie within the triangle of support.

Maximum bite force in Homo habilis
Estimating maximum bite force in H. habilis is complicated by the wildly different muscle forces derived from chimpanzee vs. human baselines (see Extended Data Table 1 and Supplementary Table 2). When applying isometrically scaled muscle forces derived from chimpanzees, our FEM of H. habilis produced a premolar bite force of 1,273 Newtons (N) and a molar bite force of 2,428 N (not accounting for the balancing side muscle force reduction necessary to remove distraction at the working side TMJ). When applying forces derived from modern humans, the H. habilis FEM produced bite forces that were only 25% that found when applying chimpanzee forces, with 313 N generated during P3 biting and 596 N during M2 biting. 

Eng et al. [13] estimated maximum bite force at the second molar in H. habilis. In their analysis, masticatory muscle cross-sectional areas (CSAs) were first estimated based on measurements taken directly from the cranium of KNM-ER 1813 combined with the mandible of OH 13. Data on muscle architecture in modern humans were then used to calculate correction factors (CFs) which were multiplied by the skeletally-measured CSAs to derive estimates of muscle physiological cross-sectional area (PCSA). Using this approach, they estimate a masticatory muscle force of 886 N in H. habilis, which is only ~7% higher than our value of 831 N. This resulted in a maximum M2 bite force of ~791 N compared to our estimate of 596 N, a difference of nearly 33%. Given the similarity between our muscle force estimates and those of Eng et al. [13], the discrepancy between our bite force estimates and theirs can only reflect differences in calculations of muscle force lever arms and bite force load arms. As a study using analytical biomechanics, Eng et al. [13] necessarily use coarse, linear estimates of those lever and load arms. In contrast, FEA (by its nature) is able to calculate lever and load arms in three-dimensional space for many muscle vectors representing each muscle, and thus provides a more refined calculation of bite force. However, a more refined estimate is not necessarily a more correct one, and we will never know the true bite force capabilities of specimen KNM-ER 1813. Ultimately, the bite force estimates produced here and by Eng et al. [13] are close enough as to demonstrate some meaningful degree of convergence using independent methods and suggest a modest degree of confidence in the values, at least as a first order approximation.
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Supplementary Figure 1. During biting, the bite point (b) and the temporomandibular joints on the working side (ws) and balancing side (bs) form a “triangle of support” that changes shape when biting on different teeth. During a premolar bite (a) the resultant vector of the jaw adductor muscles (v) passes through the triangle when the muscles on the working and balancing sides are equally active, producing compression (green circles) at all three points. However, during some molar bites (b) the vector falls outside the triangle when the muscles are being recruited equally on both sides of the head, producing compression at the bite point and bs joint, but distraction (red circle) at the ws joint. The recruitment of the balancing side muscles must be lessened in order to eliminate this distraction, thereby causing the vector to shift its position towards the working side and back into the triangle (yellow arrow). Figure modified from Ledogar et al. [14]


















Supplementary Table 1. Data on cranial cortical bone elastic moduli from modern humans and chimpanzees that were used to assign regionally variable material properties to the biomechanical models analysed in this study.
	 
	Humans
	 
	Chimpanzees

	Site
	Site #1
	E
	 
	Site #2
	E

	Posterior cranial vault
	1
	20.186
	
	
	

	Sup-posterior vault
	2
	20.128
	
	
	

	Posterior parietal
	3
	23.703
	
	
	

	Anterior parietal
	4
	20.753
	
	
	

	Sup-anterior vault
	5
	19.553
	
	
	

	Anterior vault
	6
	21.358
	
	
	

	Mid dorsal orbital
	7
	22.372
	
	C7
	12.6293

	Lateral dorsal orbital
	8
	19.164
	
	C8
	10.57791

	Posterior temporal
	9
	18.019
	
	
	

	Mid temporal
	10
	20.803
	
	V10
	18.43278

	Posterior zygo-arch
	11
	21.427
	
	Z11
	12.66183

	Anterior temporal
	12
	20.507
	
	V12
	19.0472

	Mid zygo-arch
	13
	23.032
	
	Z13
	13.98269

	Zygoma
	14
	18.022
	
	Z14
	16.4512

	Postorbital bar
	15
	23.552
	
	
	

	Nasal margin
	16
	23.036
	
	M16/173
	18.26

	Infraorbital
	17
	20.007
	
	C15
	17.05155

	Zygomatic root
	18
	25.521
	
	M18
	19.74172

	Third molar
	19
	20.713
	
	
	

	Molar 1/2
	20
	22.21
	
	A20
	18.36356

	Premolar 4
	21
	21.343
	
	A21
	18.36356

	Incisor 2
	22
	18.493
	
	A22
	19.39774

	Lateral orbital wall
	23
	18.695
	
	
	

	Inferior orbital wall
	24
	18.545
	
	
	

	Medial orbital wall
	25
	17.923
	
	
	

	Superior orbital wall
	26
	18.957
	
	
	

	Antero-lateral palate
	27
	20.06
	
	
	

	Postero-lateral palate
	28
	19.959
	
	
	

	Dorsal interorbital
	29
	19.764
	 
	 
	 


1Site numbers correspond to Ledogar et al. [14]
2Site numbers correspond to Smith et al. [15]
3Average of superior and inferior sites aspects of nasal margin.













Supplementary Table 2. Scaling of size-corrected muscle forces in Newtons (N) applied to finite element models (FEMs) based on differences in model volume to the 2/3 power. L = Left, R = Right. AT = Anterior Temporalis, SM = Superficial Masseter, DM = Deep Masseter, MP = Medial Pterygoid.
	Model
	Muscle Group
	LAT
	RAT
	LSM
	RSM
	LDM
	RDM
	LMP
	RMP

	Australopithecus afarensis
	Chimpanzee - symmetrical
	775.46
	775.46
	797.62
	797.62
	118.63
	118.63
	263.57
	263.57

	Australopithecus africanus
	Chimpanzee - symmetrical
	573.66
	573.66
	590.05
	590.05
	87.76
	87.76
	194.98
	194.98

	Australopithecus sediba
	Chimpanzee - symmetrical
	527.04
	527.04
	542.09
	542.09
	80.62
	80.62
	179.13
	179.13

	
	Chimpanzee - asymmetrical3
	527.04
	374.20
	542.09
	384.89
	80.62
	57.24
	179.13
	127.18

	Paranthropus boisei
	Chimpanzee - symmetrical
	1,026.10
	1,026.10
	1,055.50
	1,055.50
	157.00
	157.00
	348.80
	348.80

	Homo habilis
	Chimpanzee - symmetrical
	583.94
	583.94
	600.62
	600.62
	89.33
	89.33
	198.47
	198.47

	
	Chimpanzee - asymmetrical4
	583.94
	321.17
	600.62
	330.34
	89.33
	49.13
	198.47
	109.16

	
	Human - symmetrical
	134.84
	134.84
	110.41
	110.41
	55.95
	55.95
	114.08
	114.08

	 
	Human - asymmetrical5
	134.84
	107.87
	110.41
	88.32
	55.95
	44.76
	114.08
	91.26

	Pan troglodytes (PC1+)1
	Chimpanzee - symmetrical
	504.00
	504.00
	518.40
	518.40
	77.10
	77.10
	171.30
	171.30

	Pan troglodytes (PC1-)
	Chimpanzee - symmetrical
	591.19
	591.19
	608.08
	608.08
	90.44
	90.44
	200.93
	200.93

	Pan troglodytes (PC2+)
	Chimpanzee - symmetrical
	477.79
	477.79
	491.44
	491.44
	73.09
	73.09
	162.39
	162.39

	Pan troglodytes (PC2-)
	Chimpanzee - symmetrical
	503.14
	503.14
	517.52
	517.52
	76.97
	76.97
	171.01
	171.01

	Pan troglodytes (PC3+)
	Chimpanzee - symmetrical
	623.90
	623.90
	641.72
	641.72
	95.44
	95.44
	212.05
	212.05

	Pan troglodytes (PC3-)
	Chimpanzee - symmetrical
	648.25
	648.25
	666.77
	666.77
	99.17
	99.17
	220.33
	220.33

	 
	Chimpanzee - asymmetrical6
	648.25
	615.84
	666.77
	633.43
	99.17
	94.21
	220.33
	209.31

	Homo sapiens (GRGL)
	Chimpanzee - symmetrical
	786.26
	786.26
	808.73
	808.73
	120.28
	120.28
	267.24
	267.24

	
	Chimpanzee - asymmetrical7
	786.26
	589.70
	808.73
	606.54
	120.28
	90.21
	267.24
	200.43

	Homo sapiens (BERG)
	Chimpanzee - symmetrical
	721.28
	721.28
	741.88
	741.88
	110.34
	110.34
	245.15
	245.15

	
	Chimpanzee - asymmetrical3
	721.28
	504.89
	741.88
	519.32
	110.34
	77.24
	245.15
	171.60

	Homo sapiens (KSAN1)
	Chimpanzee - symmetrical
	664.91
	664.91
	683.90
	683.90
	101.71
	101.71
	225.99
	225.99

	
	Chimpanzee - asymmetrical3
	664.91
	465.43
	683.90
	478.73
	101.71
	71.20
	225.99
	158.19

	Homo sapiens (KSAN2)
	Chimpanzee - symmetrical
	556.13
	556.13
	572.02
	572.02
	85.07
	85.07
	189.02
	189.02

	
	Chimpanzee - asymmetrical3
	556.13
	389.29
	572.02
	400.41
	85.07
	59.55
	189.02
	132.31

	Homo sapiens (MALP)
	Chimpanzee - symmetrical
	592.09
	592.09
	609.00
	609.00
	90.57
	90.57
	201.24
	201.24

	
	Chimpanzee - asymmetrical7
	592.09
	414.46
	609.00
	426.30
	90.57
	63.40
	201.24
	140.87

	Homo sapiens (TIGA)
	Chimpanzee - symmetrical
	876.02
	876.02
	901.05
	901.05
	134.01
	134.01
	297.74
	297.74

	
	Chimpanzee - asymmetrical8
	876.02
	744.62
	901.05
	765.90
	134.01
	113.91
	297.74
	253.08

	Homo sapiens (WAFR)
	Chimpanzee - symmetrical
	707.43
	707.43
	727.64
	727.64
	108.22
	108.22
	240.44
	240.44

	 
	Chimpanzee - asymmetrical9
	707.43
	636.68
	727.64
	654.87
	108.22
	97.40
	240.44
	216.40

	Homo sapiens (GRGL)2
	Human - symmetrical
	181.55
	181.55
	148.66
	148.66
	75.34
	75.34
	153.60
	153.60

	
	Human - asymmetrical9
	181.55
	163.40
	148.66
	133.79
	75.34
	67.81
	153.60
	138.24

	Homo sapiens (BERG)
	Human - symmetrical
	166.55
	166.55
	136.37
	136.37
	69.11
	69.11
	140.90
	140.90

	
	Human - asymmetrical6
	166.55
	158.22
	136.37
	129.55
	69.11
	65.66
	140.90
	133.86

	Homo sapiens (KSAN1)
	Human - symmetrical
	153.53
	153.53
	125.72
	125.72
	63.71
	63.71
	129.89
	129.89

	
	Human - asymmetrical9
	153.53
	138.18
	125.72
	113.14
	63.71
	57.34
	129.89
	116.90

	Homo sapiens (KSAN2)
	Human - symmetrical
	128.41
	128.41
	105.15
	105.15
	53.29
	53.29
	108.64
	108.64

	
	Human - asymmetrical8
	128.41
	109.15
	105.15
	89.38
	53.29
	45.30
	108.64
	92.35

	Homo sapiens (MALP)
	Human - symmetrical
	136.72
	136.72
	111.95
	111.95
	56.73
	56.73
	115.67
	115.67

	
	Human - asymmetrical9
	136.72
	123.05
	111.95
	100.75
	56.73
	51.06
	115.67
	104.10

	Homo sapiens (TIGA)
	Human - symmetrical
	202.28
	202.28
	165.63
	165.63
	83.94
	83.94
	171.14
	171.14

	Homo sapiens (WAFR)
	Human - symmetrical
	163.35
	163.35
	133.75
	133.75
	67.79
	67.79
	138.20
	138.20


1Specimen used as baseline for scaling purposes (chimpanzee group).
2Specimen used as baseline for scaling purposes (human group).
3Balancing-side muscles reduced relative to the working side by 30%.
4Balancing-side muscles reduced relative to the working side by 45%.
5Balancing-side muscles reduced relative to the working side by 20%.
6Balancing-side muscles reduced relative to the working side by 5%.
7Balancing-side muscles reduced relative to the working side by 25%.
8Balancing-side muscles reduced relative to the working side by 15%.
9Balancing-side muscles reduced relative to the working side by 10%.
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