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            Abstract
The stiff human foot enables an efficient push-off when walking or running, and was critical for the evolution of bipedalism1,2,3,4,5,6. The uniquely arched morphology of the human midfoot is thought to stiffen it5,6,7,8,9, whereas other primates have flat feet that bend severely in the midfoot7,10,11. However, the relationship between midfoot geometry and stiffness remains debated in foot biomechanics12,13, podiatry14,15 and palaeontology4,5,6. These debates centre on the medial longitudinal arch5,6 and have not considered whether stiffness is affected by the second, transverse tarsal arch of the human foot16. Here we show that the transverse tarsal arch, acting through the inter-metatarsal tissues, is responsible for more than 40% of the longitudinal stiffness of the foot. The underlying principle resembles a floppy currency note that stiffens considerably when it curls transversally. We derive a dimensionless curvature parameter that governs the stiffness contribution of the transverse tarsal arch, demonstrate its predictive power using mechanical models of the foot and find its skeletal correlate in hominin feet. In the foot, the material properties of the inter-metatarsal tissues and the mobility of the metatarsals may additionally influence the longitudinal stiffness of the foot and thus the curvatureâ€“stiffness relationship of the transverse tarsal arch. By analysing fossils, we track the evolution of the curvature parameter among extinct hominins and show that a human-like transverse arch was a key step in the evolution of human bipedalism that predates the genus Homo by at least 1.5Â million years. This renewed understanding of the foot may improve the clinical treatment of flatfoot disorders, the design of robotic feet and the study of foot function in locomotion.
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                    Fig. 1: Transverse curvature and stiffness.


Fig. 2: Curvature-induced stiffness in mechanical models of hominin feet.


Fig. 3: Three-point bending test on a cadaveric human foot.


Fig. 4: Transverse curvature of extant and extinct feet.
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Extended data figures and tables

Extended Data Fig. 1 Illustrated anatomy of the foot.
a, Identification of the bones of the foot that are referred to in the main text. The cuneiforms, cuboid and the navicular are collectively referred to as the tarsal bones. b, The plantar fascia, a tough elastic band, extends from the calcaneus to the distal end of the phalanges. The fascia split and rejoin at multiple locations. c, The long plantar, short plantar and calcaneonavicular ligaments are located in the midfoot and are primarily longitudinally oriented. The deep and superficial transverse metatarsal ligaments are examples of stiff, transversally oriented elastic tissues between the metatarsals. Anatomical images are from Primal Pictures.


Extended Data Fig. 2 Mathematical and computational analysis of continuum elastic shells.
a, The shell is clamped at one end and loaded with a knife edge at the other. It is of length L, width w, thickness t and has radius of curvature R (curvature cÂ =Â 1/R). b, The free end displaces by a height Î´z on loading and reaction forces at the clamped end resist deformation. c, A cross-sectional view of the shell shows the location of the neutral plane, if the shell were to act as an elastic beam. d, Out-of-plane (z-axis) displacement profile for one numerical simulation of a shell (LÂ =Â 0.1Â m, wÂ =Â 0.05Â m, tÂ =Â 0.003Â m, RÂ =Â 0.03Â m). Most of the displacement happens close to the loaded edge, unlike an elastic beam. e, The stress component Ïƒxx is shown as a colour map of the undeformed shell. In an elastic beam, the intersection of the neutral plane with the shell (c) would exactly match the locations of zero stress. Because of curvature-induced in-plane stretching, the zero-stress curve differs from the neutral plane predictions in the vicinity of the loaded edge andâ€”to a lesser extentâ€”near the clamped boundary.


Extended Data Fig. 3 Experimental characterization of arched shells.
a, The experimental set-up used in stiffness measurements. b, A magnification of the shell from underneath shows how a curvature-matched edge-loading attachment was used to mimic a theoretical knife edge. A curvature-matched clamp was fixed and glued to the other end of the shell. c, Representative data that show the linearity of the forceâ€“displacement data. The best-fit quadratic is indistinguishable from the linear fit to within sensor resolution. d, e, The Youngâ€™s modulus (d) and Poissonâ€™s ratio (e) of the PDMS material used to fabricate the shells were estimated from simultaneous stress and strain measurements during an extension test of a rectangular PDMS block.


Extended Data Fig. 4 Design and characterization of discrete mechanical foot mimics.
a, Experimental arrangement for loadâ€“displacement measurements. The distal loading platforms for the three metatarsals are staggered in height so that all three metatarsals are loaded vertically despite the transverse curvature. In hominin feet, this is accomplished by the metatarsal torsion. b, Side view of a single metatarsal showing length L and thickness t of the foot mimics. The effect of thickness is to provide a moment arm for the longitudinal spring and thus affect the rotational stiffness of the hinge. c, Mimics with three different thicknesses were fabricated and the thickness was estimated using loadâ€“displacement measurements on curvature-free flat mimics. The accuracy of the estimated thickness values are evaluated by plotting the predicted stiffness based on the thickness estimates against the measured stiffness. Details of the thickness estimation technique and statistics of the stiffnessâ€“stiffness correlation are provided inÂ Supplementary Information 4.4.


Extended Data Fig. 5 Effect of cutting the transverse springs in mechanical foot mimics.
Stiffness of transversally curved foot mimics lacking the transverse inter-metatarsal springs (Tâˆ’) is strongly correlated with the stiffness of flat mimics with intact transverse inter-metatarsal springs.


Extended Data Fig. 6 Transverse curvature of hominin feet.
a, Definitions of length L and width w. b, Definition of the thickness t. The fourth metatarsal is highlighted in green. The distal heads of the metatarsals rest flat on the ground and the proximal heads are raised away from the ground to different degrees because of the TTA. c, Schematic showing the accrual of torsion on the lateral metatarsals about their long axis. The curvature of the TTA was estimated using the torsion of the fourth metatarsal Î¸MT4. In addition, the average curvature was also estimated using the angle of the normal to the dorsal surface of the fourth metatarsal Î¸dorsal, as measured in the midfoot (Supplementary equation (5.3)). d, Linear regression of the two methods to estimate TTA curvature. Details of the curvature estimation procedure and statistical results of the regression are provided inÂ Supplementary Information 5.1.


Extended Data Table 1 The estimated work during foot deformationFull size table


Extended Data Table 2 Foot morphometrics for extant speciesFull size table


Extended Data Table 3 Fossil morphometric dataFull size table





Supplementary information
Supplementary Information
Supplementary notes regarding (S1) Foot stiffness, (S2) Mathematical modelling of continuum shells, (S3) Experiments on continuum shells, (S4) Mechanical mimics of the foot, and (S5) Human and other hominin feet.


Reporting Summary

Source data
for Fig. 4 are comprised of 3D surface reconstructions of the fourth metatarsal from volumetric CT scans of 6 feet from human volunteers, and 6 cadaveric feet. Each filename follows the format <specimen ID>-MT4.stl.





Source data
Source Data Fig. 2

Source Data Fig. 3




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Venkadesan, M., Yawar, A., Eng, C.M. et al. Stiffness of the human foot and evolution of the transverse arch.
                    Nature 579, 97â€“100 (2020). https://doi.org/10.1038/s41586-020-2053-y
Download citation
	Received: 29 March 2018

	Accepted: 23 January 2020

	Published: 26 February 2020

	Issue Date: 05 March 2020

	DOI: https://doi.org/10.1038/s41586-020-2053-y


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Custom orthotic design by integrating 3D scanning and subject-specific FE modelling workflow
                                    
                                

                            
                                
                                    	Yinghu Peng
	Yan Wang
	Guanglin Li


                                
                                Medical & Biological Engineering & Computing (2024)

                            
	
                            
                                
                                    
                                        Functional significance of vertical free moment for generation of human bipedal walking
                                    
                                

                            
                                
                                    	Takuo Negishi
	Naomichi Ogihara


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        Arched footprints preserve the motions of fossil hominin feet
                                    
                                

                            
                                
                                    	Kevin G. Hatala
	Stephen M. Gatesy
	Peter L. Falkingham


                                
                                Nature Ecology & Evolution (2023)

                            
	
                            
                                
                                    
                                        Multi-objective parametric optimization of a composite high-performance prostheses using metaheuristic algorithms
                                    
                                

                            
                                
                                    	Hyan CÃ¢ndido Guedes
	JoÃ£o Luiz Junho Pereira
	Guilherme Ferreira Gomes


                                
                                Structural and Multidisciplinary Optimization (2023)

                            
	
                            
                                
                                    
                                        Flatfoot over the centuries: the background of current conservative and operative treatments
                                    
                                

                            
                                
                                    	Carlo Biz
	Mariachiara Cerchiaro
	Pietro Ruggieri


                                
                                International Orthopaedics (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Ahead of the curve in the evolution of human feet
                

                
	Glen A. Lichtwark
	Luke A. Kelly



                
    
        
            Nature
        
        News & Views
        
        
            26 Feb 2020
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    








