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Mechanisms of folding at different scale
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htto://www.ks.uiuc.edu/
Research/folding/ Science 359, 1386 (2018)

interactions are relevant excluded volume stress relaxation

minimum of the free energy kinetically trapped unique folded state



Technological challenge of self-folding
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C. D. Santangelo. Annu. Rev. Condens. Matter Phys. 8, 165 (2017)



Theoretical challenges of self-folding

polyhedron

edge
unfolding

Does every convex
polyhedron have a net?

* single, simply connected piece;
e the unfolding is a union of polyhedron faces;

e the unfolding does not self-overlap.

E. D. Demaine, J. O'Rourke. Geometric folding algorithms. Cambridge University Press (2007)



Theoretical challenges to self-folding

What is the optimal net
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S. Pandey, M. Ewing, A. Kunas, N. Nguyen, D. H. Gracias, G. Menon. PNAS 108, 19885 (2011)
N.A.M. Araujo, R. A. da Costa, S. N. Dorogovtsev, J. F. F. Mendes, Physical Review Letters 120, 188001 (2018)




Theoretical challenges to self-folding

Weisstein, Eric W. "Boat." From MathWorld--A Wolfram Web Resource. http://mathworld.wolfram.com/Boat.html



Theoretical challenges to self-folding
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What are the kinetic
pathways of folding?
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S. Pandey, M. Ewing, A. Kunas, N. Nguyen, D. H. Gracias, G. Menon. PNAS 108, 19885 (2011)
P. M. Dodd, P. F. Damasceno, S. C. Glotzer, PNAS 115, E6690 (2018)



Experimental realization
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S. Pandey, M. Ewing, A. Kunas, N. Nguyen, D. H. Gracias, G. Menon. PNAS 108, 19885 (2011)



Topological vs geometrical compactness
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S. Pandey, M. Ewing, A. Kunas, N. Nguyen, D. H. Gracias, G. Menon. PNAS 108, 19885 (2011)



Topological vs geometrical compactness
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Mapping into a graph  ——
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face graph
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cut graph

shell graph
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spanning tree

span all vertices

loopless

simply connected

N.A.M. Araujo, R. A. da Costa, S. N. Dorogovtsey, J. F. F. Mendes, Physical Review Letters 120, 188001 (2018)



Vertex connections
ch/king hinge

vertex connections arec leaves Folding hinge at Vertex connection

edge connection
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Maximum leaf spanning tree

N.A.M. Araujo, R. A. da Costa, S. N. Dorogovtsey, J. F. F. Mendes, Physical Review Letters 120, 188001 (2018)



Fraction of optimal nets
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The use of random methods is practically impossible for large shells.

N.A.M. Araujo, R. A. da Costa, S. N. Dorogovtsey, J. F. F. Mendes, Physical Review Letters 120, 188001 (2018)



Fraction of optimal nets (exponential decay)
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Second criterion (Radius of gyration?)
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Second criterion (Radius of gyration?)
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Numerical simulations

Yukawa type potential:
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Optimal nets
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Folding time
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H. P. Melo, C. S. Dias, N.A.M. Arauljo, Communications Physics 3, 154 (2020)



Irajectories of the panels 10—
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3 faces H. I; Melo, C. S. Dias, N.A.M. Araujo, Communications Physics 3, 154 (2020)




Closing events

first closing
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H. P. Melo, C. S. Dias, N.A.M. Arauljo, Communications Physics 3, 154 (2020)



Two time scales
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Food for thought: 3 faces

. Where is the third one, when
. the first two close?
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Final remarks

- Folding at the microscale is a N to M problem,

- Finding the nets that maximize the number of single vertex
connections corresponds to finding the maximum leaf spanning
tfree of the shell graph,

- Our method provides a unique and optimal solution;

- From the complete list of maximum leaf spanning trees it is
possible to apply other criteria,

- The optimal net does not have the lowest folding time,

- The folding time is a non-monotonic function of the number of

faces.
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