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            Abstract
The evolution of the mammalian jaw is one of the most important innovations in vertebrate history, and underpins the exceptional radiation and diversification of mammals over the last 220 million years1,2. In particular, the transformation of the mandible into a single tooth-bearing bone and the emergence of a novel jaw jointâ€”while incorporating some of the ancestral jaw bones into the mammalian middle earâ€”is often cited as a classic example of the repurposing of morphological structures3,4. Although it is remarkably well-documented in the fossil record, the evolution of the mammalian jaw still poses the paradox of how the bones of the ancestral jaw joint could function both as a joint hinge for powerful load-bearing mastication and as a mandibular middle ear that was delicate enough for hearing. Here we use digital reconstructions, computational modelling and biomechanical analyses to demonstrate that the miniaturization of the early mammalian jaw was the primary driver for the transformation of the jaw joint. We show that there is no evidence for a concurrent reduction in jaw-joint stress and increase in bite force in key non-mammaliaform taxa in the cynodontâ€“mammaliaform transition, as previously thought5,6,7,8. Although a shift in the recruitment of the jaw musculature occurred during the evolution of modern mammals, the optimization of mandibular function to increase bite force while reducing joint loads did not occur until after the emergence of the neomorphic mammalian jaw joint. This suggests that miniaturization provided a selective regime for the evolution of the mammalian jaw joint, followed by the integration of the postdentary bones into the mammalian middle ear.
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                    Fig. 1: Mandibular sizes and evolutionary relationships of cynodonts, mammaliaforms and mammals.[image: ]


Fig. 2: Biomechanical analysis of cynodont and mammaliaform taxa for simulated unilateral biting at canines and most-posterior tooth.[image: ]


Fig. 3: Von-Mises-stress contour plots of mandibular joint region.[image: ]


Fig. 4: Muscle activation patterns and joint stress calculations.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Relative bite forces and biomechanical performance measures of cynodont and mammaliaform taxa.
a, Relative bite forces for original-sized models. b, Relative bite forces for models scaled to the same size (with T. liorhinus as reference). Relative bite forces calculated as the ratio between muscle forces and resultant bite forces (obtained from reaction forces of finite element models). Range of values represents results for unilateral and bilateral bite simulations. câ€“f, Average per element values for Von Mises stress (c), displacement (d), maximum principal strain (e) and minimum principal strain (f). Range of values represents results for unilateral and bilateral bite simulations (for original-sized models). Sample size for each species, nâ€‰=â€‰1.


Extended Data Fig. 2 Biomechanical analysis results of cynodont and mammaliaform taxa for simulated unilateral biting at canines and last tooth.
Results for models scaled to the same size (with T. liorhinus as reference). aâ€“g, Multibody dynamics analysis plots showing bite forces and joint forces (working and balancing side) during jaw opening and closing cycles. Range bars denote values obtained from reaction forces of finite element models. Peak values represent maximum bite force obtained from multibody dynamics analysis models. hâ€“n, Finite element von-Mises-stress contour plots for bite at canine and last tooth (indicated by red arrows). Scale bars in h, jâ€“n, 10Â mm; i, 50Â mm. Sample size for each species, nâ€‰=â€‰1.


Extended Data Fig. 3 Tensile and compressive stress contour plots of mandibular joint region.
Results shown for unilateral bite at the canine (upper rows) and the last tooth position (lower rows), each for the jaw joint of the working side and the balancing side in dorsal view. All contour plot images are scaled to the same size.


Extended Data Fig. 4 Bite-force magnitude versus von Mises stress for different muscle activation patterns.
Results shown for unilateral bite at the canine tooth position. Relative bite force measured as bite force in relation to von Mises stress occurring in the jaw joint.


Extended Data Fig. 5 Bite-force magnitude versus von Mises stress for different muscle activation patterns.
Results shown for unilateral bite at the last tooth position. Relative bite force measured as bite force in relation to von Mises stress occurring in the jaw joint.


Extended Data Fig. 6 Bite-force magnitude versus tensile stress for different muscle activation patterns.
Results shown for unilateral bite at the canine tooth position. Relative bite force measured as bite force in relation to tensile stress occurring in the jaw joint.


Extended Data Fig. 7 Bite-force magnitude versus tensile stress for different muscle activation patterns.
Results shown for unilateral bite at the last tooth position. Relative bite force measured as bite force in relation to tensile stress occurring in the jaw joint.


Extended Data Fig. 8 Bite-force magnitude versus compressive stress for different muscle activation patterns.
Results shown for unilateral bite at the canine tooth. Relative bite force measured as bite force in relation to compressive stress occurring in the jaw joint.


Extended Data Fig. 9 Bite-force magnitude versus compressive stress for different muscle activation patterns.
Results shown for unilateral bite at the last tooth. Relative bite force measured as bite force in relation to compressive stress occurring in the jaw joint.
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