







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 11 August 2021



                    Structured fabrics with tunable mechanical properties

                    	Yifan Wang 
            ORCID: orcid.org/0000-0003-2284-520X1,2 na1, 
	Liuchi Li 
            ORCID: orcid.org/0000-0002-1360-47571 na1, 
	Douglas Hofmann3, 
	José E. Andrade1 & 
	…
	Chiara Daraio 
            ORCID: orcid.org/0000-0001-5296-44401 

Show authors

                    

                    
                        
    Nature

                        volume 596, pages 238–243 (2021)Cite this article
                    

                    
        
            	
                        34k Accesses

                    
	
                        143 Citations

                    
	
                            463 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Mechanical engineering
	Mechanical properties
	Soft materials


    


                
    
    

    
    

                
            


        
            Abstract
Structured fabrics, such as woven sheets or chain mail armours, derive their properties both from the constitutive materials and their geometry1,2. Their design can target desirable characteristics, such as high impact resistance, thermal regulation, or electrical conductivity3,4,5. Once realized, however, the fabrics’ properties are usually fixed. Here we demonstrate structured fabrics with tunable bending modulus, consisting of three-dimensional particles arranged into layered chain mails. The chain mails conform to complex shapes2, but when pressure is exerted at their boundaries, the particles interlock and the chain mails jam. We show that, with small external pressure (about 93 kilopascals), the sheets become more than 25 times stiffer than in their relaxed configuration. This dramatic increase in bending resistance arises because the interlocking particles have high tensile resistance, unlike what is found for loose granular media. We use discrete-element simulations to relate the chain mail’s micro-structure to macroscale properties and to interpret experimental measurements. We find that chain mails, consisting of different non-convex granular particles, undergo a jamming phase transition that is described by a characteristic power-law function akin to the behaviour of conventional convex media. Our work provides routes towards lightweight, tunable and adaptive fabrics, with potential applications in wearable exoskeletons, haptic architectures and reconfigurable medical supports.
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                    Fig. 1: The design and prototype of the architected chain mail fabrics.


Fig. 2: Bending and tensile tests with variable confining pressure.


Fig. 3: Micro-structural information obtained from simulations at different confining pressures.


Fig. 4: Shape reconfigurability, tunable impact resistance, and applications.
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Extended data figures and tables

Extended Data Fig. 1 Construction of the ‘digital twin’ and the envelope.
a, The actual particle geometry (left) and the corresponding nodes and surface triangulations of the constructed digital twin (right). b, The corresponding ‘grids’ of the constructed digital twin with colour indicating the signed shortest distance to the particle surface. c, d, The initial configurations of the envelopes (represented by connected spheres) and of the granular assemblies with (c) and without (d) topological interlocking. The centroids of three adjacent spheres form a triangle with surface area A and in-ward surface normal n. e, The probability distribution of the radii of the constituent membrane spheres of the envelope used for the interlocked fabric sheet (blue, c) and non-interlocked assembly (red, d). The notation ±0.025 indicates the lower and upper bound for each value shown on the x axis.


Extended Data Fig. 2 The bending test simulation and illustration of how we categorized each contact into either the ‘compressive’ or ‘tensile’ type.
a, Evolution of total kinetic energy (blue) and total contact number (red) of all constituent particles of a fabric sheet under two confining pressures: 13 kPa (upper panel) and 93 kPa (lower panel). b, Evolution of total contact number for the same fabric sheet during the ‘isotropic compression only’ simulation stage for six different applied confining pressures. c, Evolution of average deflection of loaded particles during the ‘three-point bending added’ simulation stage for the same six different applied confining pressures. d, In each of the subfigures, F is the total contact force vector and n1 and n2 are vectors pointing from the contact position to the respective centroid location of each contact particle.


Extended Data Fig. 3 Details of the 3D architected particles and fabrics.
Left column, Probability distribution of the digital twin’s edge lengths for all five additionally considered shapes (coloured in red) in comparison to that of the hollow octahedron (coloured in blue). In the inset, S and N represent the total surface area of the considered particle geometry and the number of nodes of the corresponding digital twin, respectively, while S0 and N0 represent those of the hollow octahedron and its digital twin. Right column, the corresponding assembled sheets (one layer) together with a closer look at the associated interlocking pattern.


Extended Data Fig. 4 Details of the classical chain mail fabrics.
The same comparison as in Extended Data Fig. 4 for classical chain mails consisting ring-shaped (a) and square-shaped particles (b). Left column, probability distribution of the digital twin’s edge lengths for two different chainmail shapes (coloured in red) in comparison to that of the hollow octahedron (coloured in blue). Right column, the corresponding assembled chain mail sheets (one layer) together with a closer look at the associated interlocking pattern.


Extended Data Fig. 5 Comparing experimental and numerical results of two-layer fabrics consisting of particles of different shapes and loaded along different directions.
a, Comparison between experimental and simulation results on fabrics consisting of interlocking particles constructed from three orthogonal rings. b, c, Bending and tensile moduli along different directions for fabrics consisting of particles constructed from three orthogonal rings (b) and cubic frame (c). The error bars shown in (a) and (b) represent the standard deviations obtained from five separate experiments and four separate simulations.


Extended Data Table 1 Packing fraction of different fabric sheets under various confining pressures, and fitting parameters used for the power-law relation shown in Fig. 3gFull size table


Extended Data Table 2 Average dimensions computed from four separate simulationsFull size table


Extended Data Table 3 Values of the model parameters used in this studyFull size table


Extended Data Table 4 The Poisson’s ratio obtained during uni-axial tensile tests under different pressures for fabrics with three particle geometriesFull size table





Supplementary information
Video 1
A LS-DEM simulation showing two fabric layers when a confining pressure P = 13 kPa (top) is applied, followed by a three-point bending test (bottom).


Video 2
A LS-DEM simulation showing two fabric layers when a confining pressure P = 93 kPa (top) is applied, followed by a three-point bending test (bottom).


Video 3
An experiment captured by high-speed camera (100 times playback) showing a stainless steel bead impacting at 3 m/s onto the fabrics at zero confining pressure.


Video 4
An experiment captured by high-speed camera (100 times playback) showing a stainless steel bead impacting at 3 m/s onto the fabrics at 67 kPa confining pressure.
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