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We propose and investigate an extension of the Caspar-Klug symme-
try principles for viral capsid assembly to the programmable assem-
bly of size-controlled triply-periodic polyhedra, discrete variants of
the Primitive, Diamond, and Gyroid cubic minimal surfaces. Inspired
by a recent class of programmable DNA origami colloids, we demon-
strate that the economy of design in these crystalline assemblies –
in terms of the growth of the number of distinct particle species re-
quired with the increased size-scale (e.g. periodicity) – is compara-
ble to viral shells. We further test the role of geometric specificity in
these assemblies via dynamical assembly simulations, which show
that conditions for simultaneously efficient and high-fidelity assem-
bly require an intermediate degree of flexibility of local angles and
lengths in programmed assembly. Off-target misassembly occurs via
incorporation of a variant of disclination defects, generalized to the
case of hyperbolic crystals. The possibility of these topological de-
fects is a direct consequence of the very same symmetry principles
that underlie the economical design, exposing a basic tradeoff be-
tween design economy and fidelity of programmable, size controlled
assembly.
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In Nature, self-assembly underlies the creation of functional1

materials. From photonic nanostructures (1, 2) to extra-2

cellular media (3, 4) to nanoencapsulation (5–7), robust and3

dynamic control over the precise structure and size of these4

assemblies is essential to their adaptive properties. Living sys-5

tems have evolved pathways to direct multi-protein assembly6

towards morphologies with a tunable size scale (8), from finite7

diameter shells and tubules (9) to periodically-modulated ma-8

terial composites (10). Indeed, length scale is a fundamental9

but crucial element of structure control for functional mate-10

rials. Yet, achieving structures with well-controlled lengths,11

particularly when the target size is much larger than the con-12

stituent size, poses a basic challenge. Notably, the ability to13

target triply-periodic (i.e. crystalline) architectures with spe-14

cific symmetries and periodicities that can be scaled to larger15

than the subunit sizes is fundamental to control of desirable16

material functions, such as photonic bandgap behavior. In par-17

ticular, hybrid structures related to the Diamond and Gyroid18

surfaces are well-known to exhibit prominent bandgaps, and19

gyroid-like structures have evolved in diverse species of birds,20

beetles and butterflies as a means of producing structural21

coloration (11–14). In these assemblies, targeted wavelength-22

selective properties are achieved by control over periodicity at23

the scale of 100s of nm, at least an order of magnitude larger 24

than the protein building blocks themselves. 25

These examples from nature have inspired recent efforts to 26

design “programmable” building blocks to realize synthetic 27

analogs of hierarchically-organized biological materials (15– 28

19). This strategy targets two key aspects of the protein 29

building blocks of functional biological assemblies. First, new 30

approaches to designing building block geometry from the 31

molecular to the colloidal scale have enabled the fabrication 32

of shapes of staggering complexity (20–23). Second, encoding 33

multiple species of subunits with specific interactions to favor 34

a particular network of contacts allows the assignment of a spe- 35

cific “address” to every assembled subunit (15, 17, 24–27). Yet, 36

while such addressable assembly offers one simple and generic 37

approach to this problem, where the number of interacting 38

elements must grow with the target size, this paradigm suffers 39

from a corresponding explosion in the complexity of multi- 40

species mixtures as the target grows arbitrarily large(28–30). 41

This is notably the case for programmable crystalline assem- 42

blies, where the unit cell dimensions typically scale with the 43

size of the programmable building blocks themselves (16, 31– 44

37), so far limiting applications, for example, to the use of 45

nanometric DNA based assembly units to target photonic 46
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(A)

Fig. 1. Design of size-controlled triply-periodic minimal surface assembly from programmable triangular particles.(A) A pair of integers
(h, k) is used to define a triangulation vector, L, which connects a pair of vertices on a triangular lattice, defining the fundamental hexagonal patch. The hexagons in red, blue,
and green are built with L vectors corresponding to the triangulation numbers T = 1, 3 and 7. (B) Underlying triangular faces associated with each fundamental hexagon.
Triangles with the same colors represent the same subunit type. (C) From top to bottom: 2× 2× 2 subsets of primitive (P), gyroid (G), and diamond (D) TPMS. In each case,
transparent boxes are used to highlight a single cubic unit-cell. Each cubic unit-cell is triangulated with the corresponding fundamental hexagon shown in panel (B). The shaded
areas on each triangulated unit cell highlight the fundamental hexagon used in the construction.

structures with properties in the optical range (38).47

DNA nanotechnology, in particular, has multiple strategies48

to implement addressable assembly, and has been exploited to49

target and realize assemblies with a precisely defined, complex50

structures (29, 30, 39). Recent works leverage the unprece-51

dented combination of control over geometry and interaction52

specificity possible through DNA origami to realize a class of53

quasi-spherical shells and cylindrical tubes (40–44). Crucially,54

their target diameters are regulated by programming their55

curvature, achieving finite sizes that are much larger than the56

subunits. The design strategy for size-controlled shells (42)57

takes advantage of symmetry-based principles proposed for58

icosohedral viral shells (45–48), the celebrated Caspar-Klug59

(CK) construction (49). The CK rules provide a rational60

means to determine the minimal number of inequivalent sub-61

units (i.e. conformations of capsid proteins) needed to form62

closed shells of arbitrarily large diameter, an economy of design63

presumably favored by selection pressures in viral evolution.64

In this context, CK rules might be considered as one class of65

solutions to the generic problem of miminizing the complexity66

of specifically interacting subunit mixtures needed to achieve67

size-programmed assembly (50, 51).68

In this article we propose and explore the extension of the69

symmetry-based principles of CK to an entirely distinct class70

of programmable assemblies, triply-periodic polyhedra (52,71

53), shown schematically in Fig. 1. Like tubules and shells, 72

these are 2D surface-like assemblies of triangular subunits, 73

in our case inspired by DNA origami assemblies (42–44). In 74

contrast to shell-like assemblies, our proposed design rules 75

employ negative, rather than positive, Gaussian curvature. In 76

particular, we target the design of a related class of triply- 77

periodic minimal surfaces (TPMS), the Gyroid (G), Diamond 78

(D) and Primitive (P) surfaces (54, 55), which all have cubic 79

symmetry and negative Gaussian curvature. In a conceptually 80

related work, Tanaka and coworkers demonstrated the ability 81

to form “bicontinuous” structures related to P and G surfaces 82

via a model of polygonal nanoplate assembly (53). However, 83

that design scheme requires distinct polygonal shapes, distinct 84

symmetries (i.e. P vs. G), and moreover, unit cell dimensions 85

are controllable only by changing the size of the plate-like 86

particle. 87

We show here that the high symmetries of the P, G and D 88

structures facilitate a similar economy of design as CK capsids, 89

arising from the commensurability of their crystallographic 90

space-groups with their decomposition into triangular building 91

blocks. Like CK designs of closed shells, we show how the 92

combination of interaction specificity, encoded in specifically 93

binding edge types, and geometric specificity, encoded by the 94

target edge lengths of and dihedral angles between subunits, 95

allows the programming of unit cell sizes that are, essentially, 96
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arbitrarily large compared to the subunit size. We analyze97

the economy of design in triply-periodic polyhedral assemblies98

in terms of the scaling of the number of distinct subunits99

needed to achieve a given target periodicity in the crystal,100

and show that these “inverted” structures achieve similarly101

optimal scaling with increasing target size in comparison to102

icosohedral shells.103

While the economy of design deriving from symmetry guar-104

antees a unique target ground state, it does not guarantee that105

it correctly assembles, and if so, at reasonable rates or under106

physical conditions realizable in experiments. Notably, recent107

experiments on self-closed tubular assemblies of DNA particles108

show that subunit flexibility, specifically dihedral bending,109

gives rise to significant off-target assembly into structures of110

undesired diameter (44). To understand how geometric speci-111

ficity, in the form of angular and length flexibility of subunits,112

limits the ability to achieve controllable crystal dimensions113

through economically programmed assembly, we study grand114

canonical Monte Carlo simulations of a physical model of tri-115

angular subunit assembly. We consider the effects of variable116

elastic stiffness, and show that the range of subunit flexibility117

is restricted by the simultaneous requirements for high-fidelity118

and rapid assembly, which are respectively favored by low or119

high flexibility. Notably, the failure mechanism leading to120

misassembly for sufficiently flexible subunits, in the form of121

generalized disclination in hyperbolic crystalline structures,122

can be traced directly to the very same symmetry-based design123

that guarantees economical assembly.124

Design economy of triply-periodic polyhedra125

The economy of the CK construction for quasi-spherical as-126

semblies stems from the fact that spherical shells can be de-127

composed into regular triangular “subunits”, corresponding128

to geometric structures known as deltahedra. In the original129

CK construction, subunits were themselves triplets of proteins130

that form the viral capsid (49). Here, we follow the design of131

Sigl et al (42) and consider the triangular subunit as a sin-132

gle, self-assembling unit, shown schematically in Fig. 2A. The133

most economical shell designs are closed tilings of equilateral134

triangles, i.e. the Platonic solids: tetrahedron (T), octahe-135

dron (O), and icosahedron (I). Among these, the icosahedron136

possesses the most point symmetries, and correspondingly the137

largest number of equivalent triangular facets (20). Structures138

composed of more than this number of triangles necessarily139

break the 3-fold symmetry of the equilateral subunit, and so140

increase the number of inequivalent triangular elements needed141

to form them.142

CK argued that subtriangulations of the original triangular143

net that preserve icosahedral symmetry lead to the fewest144

symmetry-inequivalent positions on the closed shell, and thus145

require the fewest distinct subunits. Such subtriangulations146

are constructed from triangular subregions of a planar trian-147

gular lattice (46, 47), and are parameterized by the lattice148

translation vector between vertices L = ha1 + ka2, where149

(h, k) are a pair of integers and a1, a2 are basis vectors of150

the triangular lattice. Then T ≡ |L|2 = h2 + k2 + h k is151

the number of subtriangles per base triangle, resulting in a152

structure with 20T subunits. However, the commensurabil-153

ity of subtriangulation and icoshedral symmetry implies that154

complete shells can be assembled from fewer distinct triangle155

types, NT , which is equal to dT/3e for deltahedral shells (i.e.156
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maps had resolutions ranging from 20 to 40 Å. For the octahe-
dron and T = 1 shells, the 3D maps reconstructed without impos-
ing any a priori symmetry superimposed well the sibling maps  

reconstructed with imposed symmetry (Supplementary Figs. 12 
and 13). We classified and treated the cryo-EM maps of shells that 
lacked one or multiple triangles separately from complete shells to 
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Fig. 2 | Structures of shells and shell subunits. a, Cryo-EM micrographs of assembled shells in free-standing ice (O, T!=!1) and on lacey carbon grids  
with carbon support (T!=!3, T!=!4). Scale bars, 100!nm. b–e, Cryo-EM reconstructions of shell subunits and fully assembled shells for O (b), T!=!1 (c),  
T!=!3 (d) and T!=!4 (e) shells. The 2D class averages show assembled shells from different orientations. Scale bars, 50!nm. See also Supplementary  
Videos 1–4. f, Cryo-EM reconstructions of the three triangles assembling into a T!=!9 shell and a negative-stained EM micrograph of the assembled shells. 
g, Comparison of slices through a model T!=!9 shell with the slices of a tomogram calculated from a negative stain EM tilt series. The arrows indicate  
the positions of pentamers within the T!=!9 shell (Supplementary Video 5). h, Cryo-EM reconstruction of a T!=!1 shell with a DNA ‘spacer’ module blocking 
the central cavity (Supplementary Video 8).
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(A)

Fig. 2. Economy of programmable assembly of shells and TMPS
via triangular particles. (A) Cryo-eM reconstruction of the two different
triangular DNA origami subunit types used in the self-assembly of T = 4 icosahedral
shell shown in (B) adapted from Sigl et al. (42). The angle θ highlights the preferred
dihedral angle between the subunits. (C) Measure of economy, e(D) for polyhedral
crystals (solid lines) and spherical shells (dashed-lines) as a function of the maximal
medial thickness, D (in units of mean edge length). Inset: Log-log plot of the same
economy measures. (D) Triangulated shells of icosahedal, octahedral, and tetrahedral
symmetries with triangulation number T = 1, 4, and 9 built with NT = dT/3e
distinct subunits (left). T = 4 and 9 polyhedral crystals built with NT = T distinct
subunits (right).

with equilateral base faces) ∗. A design objective to maximize 157

the target size, D, of an assembly for a minimal number of 158

distinct subunit types, NT , suggests a measure of economy, 159

e(D) ≡ D/NT . [1] 160

As shown in Fig. 2C, this measure decreases with target size 161

as e(D) ∼ 1/D for deltahedral assemblies – assemblies made 162

from equilateral triangles – where we use the maximal medial 163

thickness (56) as the standard measure of size D †. This scaling 164

can be understood from CK theory, since the triangulation 165

∗There are T inequivalent internal edges in a deltahedral tiling which are distributed into groupings
of three (i.e. closed triangles). The minimal number of distinct triplets is dT/3e.

†The medial thickness of a bounding surface at a particular point is the radius of largest sphere
enclosed by the surface tangent to that point (56). Hence, the maximal medial thickness,

Duque et al. PNAS | April 22, 2024 | vol. XXX | no. XX | 3
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number is proportional to the surface area and thus T ∝ D2.166

Notably, icosahedral shells maximize this measure of economy167

among deltahedral shells, which is also consistent with the CK168

logic. The non-monotonic behavior for shell economies stems169

from the fact that NT = dT/3e for T, O, and I. This leads to170

“magic numbers” of especially high e(D) values when T is an171

integer multiple of 3 (e.g. T = 3, 9, 12, 21 . . .), corresponding172

to shell geometries in which the 3-fold axis lies at a vertex of173

the triangular net (i.e. as opposed to the general case where174

the 3-fold axis falls at the center of a triangular subunit). Since175

the 3̄ symmetry at the center of the hexagonal base of PT,176

DT, and GT is not compatible with the center of a triangular177

subunit (and, instead, only at 6-coordinated vertices), such178

magic numbers do not exist for triply-periodic polyhedra.179

This design principle can be extended to triply-periodic180

triangular assemblies associated with the P, D, and G cubic181

minimal surfaces, by decomposing these structures into ba-182

sic hexagonal elements, essentially following what has been183

dubbed “hexagulation” in studies of dense particle packings on184

these surfaces (57). As developed by Sadoc and Charvolin (58)185

and elaborated by others (59–61), high-symmetry tilings of186

P, G, and D can be derived from the {6, 4} tiling of the hy-187

perbolic plane projected onto triply-periodic tesselations of188

E3 (Euclidean three space), provided that point symmetries189

at the center, vertices and edges of the hexagonal patches are190

preserved in the space group embedding. However, while CK191

triangulations are constructed from triangular tilings meeting192

at 5-fold vertices, {6, 4} tilings are constructed from hexagonal193

tiles that meet in 4-fold vertices (58), which is possible on194

the hyperbolic plane, as illustrated in Supporting Fig. S1 ‡.195

When projected into cubic tesselations of E3, vertices of a196

projected skew hexagonal base “tile” are constrained to lie197

on specific Wyckoff positions of the corresponding crystallo-198

graphic space group of the structure. See for example, Fig.199

3A for G, where the central point of the shaded hexagon sits200

at the 16a position of Ia3̄d, a point of 3-fold roto-inversion201

symmetry, while the six outer vertices sit at 24d, points of202

4-fold roto-inversion (62). Like the triangular base elements203

of the CK construction, the hexagonal base tile of the triply-204

periodic P, G, and D polyhedra can be subtriangulated in a205

way that preserves the point symmetries of the {6, 4} tiling206

(see Methods and examples shown in Supporting Fig. S2).207

The corresponding triply-periodic triangulations are similarly208

triangulated by a vector L that connects a 4-coordinated ver-209

tex to center of the hexagon, and thus the tilings are classified210

by the T number (Fig. 1A).211

We use these triply-periodic triangulations of E3 as the212

basis for triangular subunit designs that target the assembly213

of TPMS whose vertex positions map onto the corresponding214

minimal surface for arbitrary subtriangulation. We denote215

these polyhedral target structures as PT , DT and GT according216

to the respective cubic surface and T number. The geomet-217

ric and topological data of the embedded structure – edge218

length, connectivity and dihedral angles – are then used to219

design target values for the subunit shape and interactions. In220

our construction, the mean edge length of a basic triangular221

element is fixed for all structures, while the projection sub-222

triangulation can introduce variation in edge lengths. Fig. 3223

used as a generic measure of self-closing sizeD, corresponds to the radius of the largest sphere
that can be enclosed by the surface.

‡Note that, strictly, the triangulation in the hyperplane satisfies rotoinversion symmetries on the
vertices (4̄) and centers (3̄) of the fundamental hexagonal cells as annotated Supporting Fig. S1A.
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Fig. 3. Program for T = 3 Gyroid assembly. (A) Illustration of the
self-assembly process: triangular blocks of different types following their interaction
matrix template form larger structures, such as the shown G3 cubic unit-cell. The
three-dimensional rendering highlights the structure as DNA origami particle, with
the important feature that opposite faces of the particle are distinct, as colored
and referenced a ± in (B). The center and vertices of the highlighted hexagon
represent the Wyckoff sites present in the triangulation. The glyph next to each vertex
denotes the symmetry of the Wyckoff site. Notice that the translation vector L, which
defines the T number of the structure, joins Wyckoff sites of different symmetry. (B)
Interaction matrix for G3 with each colored block representing a valid edge-pairing.
The monovalent design rules used in the construction ensure that a given edge-type
is only allowed to bind to at most one other edge-type. The lower (upper) color of
each colored-block of the matrix represents the target length (dihedral angle) of a
valid edge-pairing. Both planar sides of each triangular block are colored differently to
account for the “flipping" symmetry exhibited by TPMS. This is accounted by assigning
two edge-types to each triangular block planar side. Unprimed and primed edge-types
are respectively the edge sides of the + and− planar sides of each triangular block.

shows an example for the G3 structure in terms of 9 mutually 224

interacting subunit edges. The interaction matrix in Fig. 3 225

includes both edge specificity and geometric data about the 226

edge lengths and the dihedral angles formed when particular 227

subunits meet. Notably, the coincident symmetries of the 228

subtriangulation and the Ia3̄d space group allow for the large 229

units cells (96T triangular particles per cubic repeat of G) 230

to be constructed from only NT = T distinct subunits. Sup- 231

porting Figs. S3-6 show corresponding examples of binding 232

specificity and geometry of edges for P, G and D for T = 1, 3 233

and 7 234

4 | www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX Duque et al.
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Fig. 4. Efficiency and fidelity of assembly versus geometric specificity of binding. (A) An example assembly simulated trajectory of the G7 assembly,
growing from a fixed “seed” (yellow), with newly bond subunits shown in corresponding colors. (B) and (C), respectively, show the number of assembled subunits (Ntotal) and
residual shape strain (Ξ) from simulation trajectories for a range of dimensionless bending (ηb) and stretching (ηs) stiffness, the upper panel highlights the results for G7, while
results for all three symmetries and T = 1, 3 and 7 are shown below. Notice that the large panels in (B) and (C) correspond to the smaller whitened panels shown below for
the G7 structure. Points (i), (ii) and (iii) highlight three different conditions for G7 assembly corresponding the final structures shown on the right: (i) rapid, off-target assembly;
(ii) productive, on-target assembly; and (iii) non-productive, rigid assembly (also shown in Supporting Movies S4-6).

Unlike the CK structures, triply-periodic PT , DT and GT235

polyhedra have infinite genus in their target (bulk) state.236

Nevertheless, each structure can be characterized by a well-237

defined, finite size, roughly corresponding to the characteristic238

pore size of the structure. To quantify and compare this239

programmable size scale, we computed the maximal medial240

thickness D of each triply-periodic polyhedra (56). Fig. 2C241

plots the finite size design economy, e(D), as function of T for242

PT , DT and GT polyhedra in comparison to generalized CK243

designs. Like the CK assemblies, scaling the target size of the244

triply-periodic polyhedra to larger and larger dimensions (in245

units of the basic triangular elements) can be achieved at a246

similar level of economy, with D ∼ T 1/2 and NT ∼ T , so that247

the power law scaling of e with size is identical in the large248

size limit.249

Efficiency versus fidelity of size-economic assembly 250

The economy of design of our construction for triply-periodic 251

polyhedra depends on the combination of both the interac- 252

tion specificity between different edge types and the geometric 253

specificity of the edge-edge contacts. To understand the physi- 254

cal limits for the fidelity and assembly yield of these structures, 255

we implemented a coarse-grained model of triangular particle 256

assembly employed in Tyukodi et al. (63), in which assembled 257

structures are triangular meshes, with degrees of freedom at 258

their vertices. Similar elastic mesh simulations have been ap- 259

plied to model assemblies of shells and tubules (63–68). Here, 260

the energy of an assembly derives from interactions of bound 261

edges indexed by i and j, 262

E =
∑
〈ij〉

{
− εij + k

2 |`ij − `
(0)
ij |

2 +κ
[
1− cos(θij − θ(0)

ij )
]}
. [2] 263

The first term describes the binding energy of the edges. We 264

assume that edge i and edge j have a common binding affinity, 265

Duque et al. PNAS | April 22, 2024 | vol. XXX | no. XX | 5



DRAFT

εij = εbind if they are programmed to interact, but do not266

bind otherwise. Notably, this interaction specificity, which267

is crucial for forming a target triply-periodic polyhedra, is268

an important contrast to previous studies of capsid assembly269

in which all subunit interactions were identical (64–66, 69,270

70), but is analogous to models of capsid assembly in which271

subunit interactions followed CK rules (68, 71–84). The second272

and third terms in eq. (2) describe the energy cost of edge273

stretching and bending, respectively, where `(0)
ij and θ(0)

ij are the274

target values for edge ij, as determined from the geometrical275

embedding of PT , DT and GT (e.g. as shown for G3 in Fig. 3).276

The respective moduli for edge stretching and dihedral bending277

between bound faces are given by k and κ. To consider the278

influence of these distinct elastic modes on assembly behavior,279

we introduce the dimensionless ratios relative to binding,280

ηs ≡ k〈|`(0)
ij |

2〉/εbind; ηb ≡ κ/εbind [3]281

where 〈|`(0)
ij |

2〉 is the mean-square target edge length.282

To model near-equilibrium assembly behavior, we perform283

grand canonical Monte Carlo simulations (see Methods), which284

consider a single cluster of bound, triangular units held at fixed285

chemical potential with respect to a population of free subunits286

(i.e. monomers) composed of a mixture of all the triangular287

species needed to assemble a given triply-periodic polyhedron.288

To test the efficiency and quality of targeted assembly, an initial289

seed of the preassembled structure is prepared, and the MC290

algorithm considers three types of moves: 1) addition/removal291

of free subunits to an appropriately unbound triangle edge of292

the cluster; 2) vertex displacement of assembled particles; and293

3) fission/fusion of edges between bound/unbound edges of the294

assembled cluster. Moves are accepted with the Boltzmann-295

weighted probability according to the change in energy, Eq.296

(2), and chemical potential µ for free monomer addition at297

fixed temperature. Example simulation trajectories are shown298

for T = 3 structures in Supporting Movies S1-3.299

To consider the role of geometric specificity, we choose300

εbind = −6.5kBT and chemical potential µ = −4.5kBT and301

vary the elastic/binding ratios. We introduce Ntotal, the av-302

erage number of assembled units in the particle cluster, as a303

measure of assembly efficiency. To capture the fidelity of the304

assembly we quantify the mean-quadratic strain305

Ξ = 〈|`ij − `(0)
ij |

2〉/〈|`(0)
ij |

2〉+ 〈|θij − θ(0)
ij |

2〉, [4]306

which is computed from the elastic ground-state of the ul-307

timate structure to remove the influence of thermal fluctua-308

tions. We terminated simulations at 50× 106 MC sweeps, or309

when Ntotal = 5000. We simulated assembly trajectories for310

P, G, and D structures for a range of T -numbers and vary-311

ing the elastic/binding ratios over four orders of magnitude:312

ηs ∈ [10−2, 102] and ηb ∈ [10−2, 102].313

Fig. 4B and C show simulation results for the dependence314

of Ntotal and Ξ on ηb and ηs for G7 assemblies. They show that315

Ntotal decreases with both stretching and bending stiffness,316

with the efficiency near zero outside of the region ηs . 10 and317

ηb . 1. In contrast, the high-flexibility regime is the regime318

of low fidelity as indicated by the large, non-zero residual319

strain values Ξ. These Ξ > 0 values are evidence of assemblies320

that form with the correct edge matching specificity, but321

nevertheless have a topology that is incompatible with the322

target edge lengths and dihedral angles. In other words, while323

assembly is rapid when subunits are flexible, ηs � 1 or ηb � 1324

result in highly defective, “off-target” structures, as shown for 325

a structure like Fig. 4i. In the opposite limit of ηs � 1 or 326

ηb � 1, while bonds form the correct geometry so that Ξ ' 0, 327

the assembly efficiency is low due to the small rate of new 328

subunits joining to a free edge. This results in a structure 329

like Fig. 4iii, with few if any additional subunits bound to 330

the seed. However, at intermediate flexibility – approximately 331

5 . ηs . 10 and 5 . ηb . 10 – assembly achieves both 332

significant yield (i.e. Ntotal & 102) and high fidelity (i.e. 333

Ξ ' 0), indicating productive and defect-free assembly of the 334

target crystalline structure (Fig. 4ii). 335

The smaller panels of Fig. 4B and C compare the assembly 336

efficiency, Ntotal, and fidelity, Ξ, for all three PT , GT , and 337

DT structures and for sequences of increasing target sizes, 338

corresponding to T = 1, 3, and 7. All cases show the same 339

qualitative dependence on angular and length flexibility of 340

bound subunits: rapid yet off-target assembly at high flexibil- 341

ity, on-target yet sluggish assembly for stiff structures, and a 342

regime of productive, on-target assembly in the intermediate 343

flexibility regime. These overall trends reveal that interaction 344

specificity alone is not sufficient for reaching target assemblies. 345

This is indeed consistent with the fact that PT , GT and DT 346

have an identical interaction matrix for each given T , but 347

differ in terms of the target edge lengths and dihedral angles. 348

It is instructive to compare these observations to results of 349

models for positive curvature capsids. While we find that in- 350

teraction specificity (edge-type binding specificity) is essential 351

for assembly of target triply-periodic polyhedral structures, 352

small capsid structures can assemble without interaction speci- 353

ficity, i.e. from systems of identical subunits, within certain 354

ranges of bending and stretching moduli (64–66, 69). However, 355

to form larger (T > 7) capsids with icosahedral symmetry, 356

interaction specificity (42) or templating (42, 65) is essen- 357

tial, and interaction specificity significantly increases target 358

yields and robustness to parameter variations for smaller cap- 359

sids (68). Our observation that, in addition to interaction 360

specificity, a minimal level of geometric specificity is essential 361

to form a target triply-periodic polyhedral structure is also 362

consistent with capsids. Even when interaction specificity 363

allows for only a single ground state capsid structure, mal- 364

formed structures assemble under conditions of low geometric 365

specificity and/or strong interactions because mis-bound sub- 366

units do not have time to anneal before becoming trapped 367

in the assembly (68, 71–86). On the other hand, too much 368

geometric specificity leads to low kinetic cross-sections and 369

thus slow assembly (72, 78). These relative assembly kinetics 370

are also borne out by variable temperature simulations (at 371

fixed monomer concentration) of G7 in Fig. S7, which show 372

that changing temperature for the triply-periodic polyhedra 373

has analogous effects as in other self-assembly systems. For 374

intermediate and stiff binding (ii and iii in Fig. 4), which 375

respectively exhibit productive reversible assembly or unpro- 376

ductive slow assembly at the default temperature, increasing 377

temperature decreases growth rates due to the increased en- 378

tropic cost of binding. Growth eventually goes to zero above 379

a melting temperature that decreases with increasing stiffness. 380

In contrast, the highly flexible binding case (i in Fig. 4), which 381

exhibits overly rapid, nearly irreversible, defective assembly at 382

the default temperature, has a nonmonotonic growth rate over 383

the range of temperatures studied. Increasing temperature 384

initially facilitates growth by enabling more reversible, less 385
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defective assembly which favors further growth. The increased386

reversibility is reflected in a decreasing residual strain. Growth387

rates ultimately decrease with increasing temperature due to388

the entropic cost for binding.389

Briefly, we note that while we have focused on growth of pre-390

seeded structures as a primary metric of efficiency of assembly,391

the dependence of nucleation rates on the geometric specificity392

of binding is consistent with our observations on growth rates393

(8). Fig. S8 compares unseeded simulation trajectories of394

G7 structures for high- and intermediate binding flexibilties,395

i.e. conditions (i) and (ii) in Fig. 4, while the stiffest case396

(iii) was not observed to nucleate on the time scale of the397

simulation (109 MC sweeps). Mean nucleation times increase398

with stiffness, implying a qualitatively similar trend to the399

decreasing growth rates with increased stiffness observed in400

Fig. 4.401

Defect-mediated mis-assembly402

In our model of triply-periodic polyhedra, bound subunits403

have perfect type-specificity, and hence, off-target assemblies404

must have the same local network of subunits but the wrong405

global geometry. Here, we show that the primary mechanism406

of mis-assembly derives from topological defects of the quasi-407

2D crystalline assembly. These defects take the form of point408

disclinations, defined relative to the target polyhedral assembly409

(see Fig. 5A), with an angular wedge of the triangular mesh410

removed or added relative to its ideal geometry as one encircles411

a vertex. As in the standard convention for wedge disclinations412

in 2D crystals (87), we associate the topological charge s of413

a disclination to the excess degree of bond rotation around414

a vertex relative to the target structure. This charge can415

be defined and measured at any given vertex (see Methods416

and Supporting Fig. S9). As edge binding only takes place417

between complementary edge-types, such disclinations are418

only possible at vertices of rotational symmetry in the target419

assembly, i.e. at vertices located at Wyckoff positions in the420

target assembly. This means, for example for the Ia3̄d space421

group of the G7 structure, the 3̄ symmetry of the 16a position422

supports s = ±2π/3 disclinations, while the 4̄ symmetry of423

the 24d position supports s = ±π disclinations (5A) §.424

Fig. 5B shows the average number of defects per unit cell425

n(s) for different disclination types in simulations of T = 7426

assemblies, for the same range of flexibilities considered in427

Fig. 4. Notably, these defects appear when bonds are flexible,428

coincident with the regime of large residual strains Ξ in off-429

target assembly, indicating that disclination formation is the430

primary mechanism of mis-assembly. Surprisingly, this defect431

population is biased in the sign of topological charge. That432

is, defects with either s = +2π/3 or +π charge form at finite433

density, corresponding to patches with wedges removed relative434

to the stress-free target geometry, but the negatively-charged435

variants of these defects do not form at significant densities436

even in highly bendable or stretchable assemblies for these437

parameters ¶. This same bias is also observe for P, G and D438

§Along with this purely topological notion of defects, one can also define a notion of “geometric de-
fects” that is standard to notions of order embedded in curved manifolds (88), and can be related to
discrete measures of Gaussian curvature in triangular meshes, namely the excess/deficit of sum of
interior angles meeting a vertices (89). Hence, the target (stress free) state of triply-periodic poly-
hedra exhibits spatially distributed Gaussian curvature both due to the presence of 8-coordinated
vertices as well as variable edge lengths in the target mesh.

¶Our definition of disclination charge accounts for the effective negative Gaussian curvature of the
target crystal, but defines excess bond rotation relative to a target bond coordination that may be
larger than 6 (e.g. the 8-coordinated vertex at position 24d of G structures).

assemblies for variable T numbers, as shown in Supporting 439

Fig. S10. Similarities between the local elastic energies of 440

positive and negative disclination types in Supporting Fig. 441

S11A suggest that this imbalance is not driven by differences 442

in strains generated by these defects types. Instead, we find by 443

simulation of variable excluded volume sizes (Supporting Fig. 444

S11B) that the bias towards s = +2π/3 or +π relative to their 445

negative counterparts is a feature of steric interactions between 446

triangular units: volume exclusion tends to penalize crowding 447

excess triangular units around a shared vertex required by 448

s < 0 defects. 449

Finally, we note that the residual net topological charge 450

of defects has consequences for the gross morphology of off- 451

target assemblies. In a 2D crystal that grows isotropically, 452

a finite disclination charge density would tend to generate 453

elastic energies that grow superextensively, i.e. faster than 454

the number of subunits (87). Instead, we find a morphological 455

transition in defective assemblies that mitigates growth of 456

elastic energy with assembly. Fig. 5C compares the graph 457

distance dB of vertices to a free boundary in the assembly 458

for the conditions corresponding to off-target vs. on-target 459

assembly in Fig.4, points (i) and (ii) respectively. Notably, 460

off-target mis-assembly results in narrow, stringy structures 461

(dB . 2), while on-target assembly of sufficiently rigid subunits 462

results in bulk 2D assembly with the free boundary extending 463

far away from interior subunits. The stringy morphology of off- 464

target mis-assembly has the important effect of reducing the 465

far-field elastic cost of disclinations, as the long-range effects 466

of defects are screened by the presence of free boundaries (70, 467

90). Hence, analogous to the anisotropic domain growth in 468

curvature-frustrated 2D crystals (91–93) or filaments (94), 469

we argue that this narrow, strip-like morphology eludes the 470

superextensive costs that would be otherwise be generated by 471

finite disclination charge densities in isotropically growing 2D 472

crystals. 473

In Fig. S12 we show results for much longer simulation 474

times for G7 for the cases of low and intermediate flexibility 475

shown in Fig. 4, (i and ii, respectively), to test the ability to 476

assemble large, multi-unit-cell crystals. These results show 477

that running upwards of ∼ 108 MC sweeps leads to assemblies 478

of Ntotal ∼ 103 − 104 subunits, an order of magnitude larger 479

than the 336 subunits per cubic repeat of G7. Notably, large 480

crystals formed at intermediate flexibility exhibit only nominal 481

residual strains, consistent with a low density of defects, and 482

bulk-like morphologies, in contrast to the quasi-1D, highly- 483

defective assemblies formed by flexible subunits. 484

Discussion 485

In summary, we have extended the economical design princi- 486

ples of the CK construction of closed shells to triply-periodic, 487

negative curvature programmable assembly. In both cases, 488

economy derives from the commensurabilty of the symme- 489

tries of a subtriangulation with the symmetry elements of 490

the target structure. For triply-periodic polyhedra, this re- 491

quires constraining the vertices and centers of the base tile to 492

the Wyckoff sites of appropriate symmetry. Preserving these 493

symmetries in the sub-triangulation guarantees that the sub- 494

triangulation is composed of “redundant” copies of relatively 495

few symmetry-inequivalent particles. 496

However, while the high-symmetry is necessary for design 497

economy, it is also the source of off-target misassembly. No- 498
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Fig. 5. Disclination pathways to off-target assembly. (A) Positive and negative topological defects compatible with the self-assembly matching rules of a G7
structure, corresponding respectively to fractional edge removed or added from the target assembly, extending from a high-symmetry vertex. Here, possible defects are
constructed by a Volterra-like construction on defectless patches centered at the Wyckoff sites 16a and 24d, where the topological charge s quantifies the excess/defective of
rotation angle around the disclination. Each defective patch is colored with respect to the unique triangle species as shown on the left patches as well as their length strain
(faces) and angle strain (edges) as shown on the right patches. The snapshot sequence on the bottom shows a possible assembly pathway of a topological defect with charge
s = +2π/3. (B) Number of disclinations formed per primitive cell, n(s), as a function of dimensionless ratios ηs and ηb for each of the defect types labeled from (i) to (iv) for
simulated G7 assembly. (C) Blue (Yellow): probability of a vertex to have a graph distance, dB, to the boundary of a structure exhibiting on-target (off-target) assembly. The
structure snapshots on the right (left) column show different views of the on-target (off-target) structures. The enlarged box shows different examples of vertices having a graph
distance dB = 0 and dB = 1. Off- and on-target assembly correspond to points (i) and (ii) in Fig. 4, respectively.

tably, the very same rotational symmetries that anchor the499

sub-tilings of PT , DT and GT are sites where disclinations are500

possible, and these disclinations proliferate if the geometric501

specificity of the binding between subunits is too low. Indeed,502

as the example in Supporting Fig. S13 illustrates, certain T503

values (T = 4, 12, 16, . . .) lead to an additional set of (2-fold)504

Wyckoff positions, enabling the formation of a third set of nπ505

disclinations and thus more assembly errors. This trade-off506

between design economy and the propensity for misassembly507

is unavoidable. It leads to narrowly defined regimes where508

assembly is flexible enough to occur at reasonable rates, but509

specific enough to suppress disclinations. The design criteria510

for efficient and high-fidelity assembly (i.e. 5 . ηs . 10 and511

5 . ηb . 10) are thus critical for the experimental design512

and realization of size-controlled crystals. In the context of513

programmable DNA triangles, experimental yields of off-target514

tubule assembly suggest a range of bending stiffness to binding 515

ratio in the range ηb ≈ 0.1 − 1, and dimensional arguments 516

suggest ηs to be in a similar range, which is notably in the 517

range of productive and high-fidelity assembly of our physical 518

model (44). 519

These estimates suggest this system may be ideal for har- 520

nessing the economy of PT , DT and GT for programmed as- 521

sembly of crystal structures with unit cells that are tunable to 522

dimensions larger than those of the subunits, which is currently 523

a challenge with assembly of colloidal or supramolecular build- 524

ing blocks. This limitation applies to current approaches to 525

program the assembly of complex crystals of DNA functional- 526

ized particles (34, 35), as well as DNA origami “voxels” (36, 37). 527

Notably, the nanometric size of programmable building blocks 528

typically puts the photonic bandgap behavior far outside of the 529

range of the optical regime for DNA-programmable crystals, 530
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as unit cells sizes have been typically limited to within a few531

times the subunit size. Hence it would be advantageous to use532

PT , DT and GT assemblies as platforms for bottom-up design533

of photonic materials, with wavelength tunable via T . For534

example, taking computed bandgaps for gyroidal crystals (12)535

and using the ∼ 50 nm size of DNA origami triangles (42),536

suggests that photonic behavior occurs in the visible range for537

T = 4− 9.538

We note that the photonic structures appearing in bio-539

logical structures have slightly different symmetries than the540

TPMS structures we have studied here. That is, while TPMS541

symmetries correspond to so-called “double network” archi-542

tectures (e.g. Ia3̄d spacegroup for G) and such structures543

are observed in membranous biological assemblies (95, 96),544

photonic bandgap nanostructures formed in butterflies and545

beetles (12, 14) correspond to “single network” architectures546

which break the symmetry between the two-interpenetrating547

channels (e.g. I4132 for single-gyroids). It is, of course,548

straightforward to generalize the design scheme studied here549

for TPMS derived structures to assemblies that target these550

lower-symmetry analogs, for example by projection of sub-551

triangulated vertex positions onto constant-mean curvature552

variants of TPMS (97, 98). In the context of design economy,553

this symmetry reduction (i.e. reducing 3̄ symmetry at the554

center of the hexagonal base to 3-fold rotation) would come at555

the notable cost of doubling the number of required subunits556

relative to the higher symmetry double-network structures.557

Finally, we note that recent approaches to synthetic protein558

design have assembled icosohedral shells of highly-modular559

size and structure, realizing CK structures in the range of T =560

4−100 (99). Thus, we anticipate that our “inverted CK” design561

principles could be a template for engineering new classes562

of triply-periodic, protein-based mesoporous frameworks of563

controllable periodicity and symmetry.564

Supporting Information Appendix (SI)565

Supporting Information Appendix (SI). Supporting text appen-566

dices are provided to detail the construction algorithm for PT ,567

GT and DT assemblies, simulation methods, and analysis of568

defects and off-target assembly.569

SI Movies. Supporting Movie S1 (P3.avi) Supporting Movie S2570

(G3.avi) Supporting Movie S3 (D3.avi) Supporting Movie S4571

(G7_i.avi) Supporting Movie S5 (G7_ii.avi) Supporting Movie572

S6 (G7_iii.avi)573

Materials and Methods574

575

Triply-periodic triangulations and interaction rules. Our construction576

of triangulations of P , G and D are based on projecting portions of577

planar triangular graphs on the level-set models of these minimal578

surfaces, in a way the preserves the symmetries of the *246 tiling579

of the H2 in the respective cubic space groups of E3 (59). In580

brief, this construction begins with a triangular base, 1/6 of the581

hexagonal patch. The vertices this triangular base, denoted a,b and582

c, are constrained to lie on Wyckoff site positions with appropriate583

rotoinversion symmetries to embedded the *246 tiling. As shown in584

Table 1, a is placed at the 3̄ center of hexagonal patch, while b and c585

lie on 4̄ points, corresponding to vertex where four hexagonal patches586

meet. Last, we note that inversion “flips” the normal to triangular587

particles, so that this hexagonal base is therefore constructed by588

a single symmetry equivalent unit. This base triangle itself, when589

TPMS a b, c

P (Im3̄m) 8c 12d
G (Ia3̄d) 16a 24d
D (Pn3̄m) 4c 6d

Table 1. Wyckoff site symmetries and locations for the vertices the
base triangulation tile (i.e. 1/6 of the fundamental hexagon). Notice
that vertices b and c share the same Wyckoff site symmetry.

embedded into the respective Im3̄m, Ia3̄d and Pn3̄m space groups 590

thus constitutes the T = 1 triangulation of P, G and D. 591

Higher T number triangulations follow from a procedure (de- 592

scribed in detail in SI Text Sec. 1) where by the planar base triangle 593

a,b, c, is subtriangulated according the identical construction as 594

CK, followed by a projection of the vertex positions from the planar 595

bases (arranged according to the space group symmetries) onto a 596

level set model of P, G or D via simple gradient flow. 597

This procedure, in general, results in distortions of the dihedral 598

angles between edge-sharing triangular faces, as well as lengths 599

of edges, geometric information which we then record and define 600

to set the target values on triangular subunits and their selective 601

interactions (see SI Text Sec. 2). 602

Grand Canonical MC simulation. For the assembly simulations, we 603

use a model previously developed for icosahedral shell self assembly 604

(45, 64, 100, 101) and then adapted by us for arbitrary triangle 605

design (43, 63). Subunits in the model are flexible triangles which 606

can bind to each other along an edge. The local preferred curvature 607

is modelled by preferred dihedral angles between neighboring faces 608

sharing a bond (edge) and any deviation from the preferred dihe- 609

dral angle has a corresponding bending energy cost. The energy 610

associated to triangle-triangle binding, edge stretching and dihedral 611

change (bending) are shown in Eq. 2. 612

Each triangular subunit consists of 3 edges, each of which may 613

be of distinct interaction type. The interaction matrix defines which 614

type is allowed to bind to which type. If there are ns subunit species 615

in the simulation, there are at most 3ns edge types with (3ns)2 616

different interactions, i.e. binding energies, bending moduli and 617

dihedral angles. In addition, each of the 3ns edge types may have 618

their own stretching moduli and rest lengths. In the simulations 619

presented in the main text, we fixed the binding energies for all 620

allowed edge pair types to the same value. Similarly, bending moduli 621

for all pairs and stretching moduli for all edge types are also set to 622

the same value. Moreover, each allowed edge type pair has its own 623

dihedral angle. 624

The simulation follows the growth of a single structure in the 625

grand canonical ensemble, i.e. the structure is immersed in a bath of 626

freely diffusing subunits held at fixed concentration. Concentrations 627

(or, equivalently, the chemical potentials) for all species are set to be 628

equal. The dynamics is governed by a series of Monte Carlo moves 629

with fixed relative rates. The moves allow for subunit exchange 630

between the structure and the bath, internal binding and unbinding 631

of edges and thermal fluctuation of vertices with no change in 632

topology. There are a total number of 11 moves and each move is 633

carefully designed to satisfy detailed balance with its reverse move 634

(63). 635

Calculation of defect charges. Given a structure assembled with 636

the matching rules of triply-periodic polyhedra, we can determine 637

disclination charges by considering closed paths around encircling 638

the disclinations like the one shown on the Supporting Fig. S9. 639

Each path can be in general seen as a series of steps in which 640

each individual step consists of a composition of two rotations: an 641

initial rotation of angle φij corresponding to the angle between 642

two consecutive edges Ei and Ej and a second rotation of angle 643

θj corresponding to the dihedral angle associated with the edge 644

Ej (s). This approach closely follows the formalism introduced by 645

belcastro and Hull in which origami folding patterns are viewed 646

as collections of affine transformations around the internal vertices 647

of the patterns (102). Furthermore, moving around the vertex or 648

rotating the surface around the vertex are analogous operations 649

so we can perform all the φ and θ rotations around axes passing 650
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through the enclosed vertex and parallel to ẑ and x̂ respectively.651

One full rotation amounts then to the composition of rotation652

operations (from right to left) R̂v(Φ, n̂):653

R̂v(Φ, n̂) = R̂ (θ0, x̂) R̂ (φn0, ẑ) . . .654

R̂ (θ2, x̂) R̂ (φ12, ẑ) R̂ (θ1, x̂) R̂ (φ01, ẑ) , [5]655

where Φ is the desired angle around disclination vertex v whose abso-656

lute value can be found can be determined as |Φ| = arccos[(Tr(R̂v)−657

1)/2]. With the rotation angle Φ the disclination charge of a defect658

is defined as the angle deficit s = 2π − |Φ|.659

ACKNOWLEDGMENTS. The authors thank S. Fraden and D.660

Hayakawa for help with rendering of cryoEM reconstructions DNA661

origami assemblies and also B. Rogers for many useful comments662

on this manuscript. This work was primarily support by the NSF663

through the Brandeis Center for Bioinspired Soft Materials, an NSF664

MRSEC (DMR-2011846). The authors acknowledge additional sup-665

port from the German Federal Ministry of Education and Research666

under grant number 031L0160 and European Union’s Horizon 2020667

Research and Innovation Programme under grant agreement no.668

829010 (CMD); European Union’s Horizon 2020 research and innova-669

tion programme under the Marie Skłodowska-Curie grant agreement670

No 101026118 (BT); NSF grant DMR-2309635 (MFH); and NSF671

grant DMR-2217543 (CDS). Simulations where performed using672

the UMass Cluster at the Massachusetts Green High Performance673

Computing Center and the High Performance Computing Cluster674

of MPI-CBG and CSBD. The authors gratefully acknowledge the675

seminal work of Alan Schoen on geometry of triply-periodic minimal676

surfaces that was crucial inspiration for this work.677

1. JMT Thompson, AR Parker, A vision for natural photonics. Philosophical Transactions Royal678

Society London. Series A: Mathematical, Physical Engineering Sciences 362, 2709–2720679

(2004).680

2. RO Prum, ER Dufresne, T Quinn, K Waters, Development of colour-producing β-keratin681

nanostructures in avian feather barbs. Journal The Royal Society Interface 6 (2009).682

3. AC Neville, Biology of Fibrous Composites. (Cambridge University Press, Cambridge),683

(1993).684

4. P Fratzl, Cellulose and collagen: from fibres to tissues. Current Opinion Colloid & Interface685

Science 8, 32–39 (2003).686

5. JD Perlmutter, MF Hagan, Mechanisms of virus assembly. Annual Review Physical Chem-687

istry 66, 217–239 (2015) PMID: 25532951.688

6. CA Kerfeld, C Aussignargues, J Zarzycki, F Cai, M Sutter, Bacterial microcompartments.689

Nature Reviews Microbiology 16, 277–290 (2018).690

7. M Rother, MG Nussbaumer, K Renggli, N Bruns, Protein Cages and Synthetic Polymers: A691

Fruitful Symbiosis for Drug Delivery Applications, Bionanotechnology and Materials science.692

Chem. Soc. Rev. 45, 6213–6249 (2016).693

8. MF Hagan, GM Grason, Equilibrium mechanisms of self-limiting assembly. Reviews Modern694

Physics 93, 025008 (2021) Publisher: American Physical Society.695

9. F Oosawa, S Asakura, Thermodynamics of the Polymerization of Protein. (Academic Press,696

London), (1975).697

10. Y Bouligand, Liquid crystals and biological morphogenesis: Ancient and new questions.698

Comptes Rendus Chimie 11, 281–296 (2008).699

11. K Michielsen, D Stavenga, Gyroid cuticular structures in butterfly wing scales: biological700

photonic crystals. Journal The Royal Society Interface 5, 85–94 (2008).701

12. V Saranathan, et al., Structure, function, and self-assembly of single network gyroid (I4132)702

photonic crystals in butterfly wing scales. Proceedings National Academy Sciences 107,703

11676–81 (2010).704

13. BD Wilts, K Michielsen, J Kuipers, H De Raedt, DG Stavenga, Brilliant camouflage: photonic705

crystals in the diamond weevil, entimus imperialis. Proceedings Royal Society B: Biological706

Sciences 279, 2524–2530 (2012).707

14. V Saranathan, S Narayanan, A Sandy, ER Dufresne, RO Prum, Evolution of single gy-708

roid photonic crystals in bird feathers. Proceedings National Academy Sciences 118,709

e2101357118 (2021).710

15. Y Ke, LL Ong, WM Shih, P Yin, Three-Dimensional Structures Self-Assembled from DNA711

Bricks. Science 338, 1177–1183 (2012).712

16. MR Jones, NC Seeman, CA Mirkin, Programmable materials and the nature of the DNA713

bond. Science 347, 1260901–1260901 (2015).714

17. Z Zeravcic, VN Manoharan, MP Brenner, Colloquium : Toward living matter with colloidal715

particles. Reviews Modern Physics 89, 031001 (2017).716

18. SM Douglas, et al., Self-assembly of dna into nanoscale three-dimensional shapes. Nature717

459, 414–418 (2009).718

19. PS Huang, BS E., D Baker, The coming of age of de novo protein design. Nature 537,719

320–327 (2016).720

20. SC Glotzer, MJ Solomon, Anisotropy of building blocks and their assembly into complex721

structures. Nature Materials (2007).722

21. S Sacanna, DJ Pine, Shape-anisotropic colloids: Building blocks for complex assemblies.723

Current Opinion Colloid & Interface Science 16, 96–105 (2011).724

22. T Heuckel, GM Hocky, S Sacanna, Total synthesis of colloidal matter. Nature Reviews725

Materials volume 6, 1053–1069 (2021).726

23. Z Su, et al., The role of architectural engineering in macromolecular self-assemblies via 727

non-covalent interactions: A molecular LEGO approach. Progress Polymer Science 103, 728

101230 (2020). 729

24. A Murugan, J Zou, MP Brenner, Undesired usage and the robust self-assembly of hetero- 730

geneous structures. Nature Communications 6, 6203 (2015). 731

25. A Murugan, Z Zeravcic, MP Brenner, S Leibler, Multifarious assembly mixtures: Systems 732

allowing retrieval of diverse stored structures. Proceedings National Academy Sciences 733

112, 54–59 (2015). 734

26. WM Jacobs, A Reinhardt, D Frenkel, Rational design of self-assembly pathways for com- 735

plex multicomponent structures. Proceedings National Academy Sciences 112, 6313–6318 736

(2015). 737

27. WM Jacobs, D Frenkel, Self-assembly of structures with addressable complexity. Journal 738

American Chemical Society 138, 2457–2467 (2016) PMID: 26862684. 739

28. Z Zeravcic, VN Manoharan, MP Brenner, Size limits of self-assembled colloidal structures 740

made using specific interactions. Proceedings National Academy Sciences 111, 15918– 741

15923 (2014). 742

29. Y Ke, et al., DNA brick crystals with prescribed depths. Nature Chemistry 6, 994–1002 743

(2014). 744

30. LL Ong, et al., Programmable self-assembly of three-dimensional nanostructures from 745

10,000 unique components. Nature 552, 72–77 (2017). 746

31. D Nykypanchuk, MM Maye, D Van Der Lelie, O Gang, DNA-guided crystallization of colloidal 747

nanoparticles. Nature 451, 549–552 (2008). 748

32. E Auyeung, et al., Synthetically programmable nanoparticle superlattices using a hollow 749

three-dimensional spacer approach. Nature Nanotechnology 7, 24–28 (2012). 750

33. Y Tian, et al., Ordered three-dimensional nanomaterials using dna-prescribed and valence- 751

controlled material voxels. Nature Materials 19, 789–796 (2020). 752

34. WB Rogers, JC Crocker, Direct measurements of dna-mediated colloidal interactions and 753

their quantitative modeling. Proceedings National Academy Sciences 108, 15687–15692 754

(2011). 755

35. A Hensley, WM Jacobs, WB Rogers, Self-assembly of photonic crystals by controlling the 756

nucleation and growth of dna-coated colloids. Proceedings National Academy Sciences 757

119, e2114050118 (2022). 758

36. PW Majewski, et al., Resilient three-dimensional ordered architectures assembled from 759

nanoparticles by dna. Science Advances 7, eabf0617 (2021). 760

37. A Michelson, et al., Three-dimensional visualization of nanoparticle lattices and multimate- 761

rial frameworks. Science 376, 203–207 (2022). 762

38. SH Park, H Park, K Hur, S Lee, Design of dna origami diamond photonic crystals. ACS 763

Applied Bio Materials 3, 747–756 (2020) PMID: 35019418. 764

39. T Gerling, KF Wagenbauer, AM Neuner, H Dietz, Dynamic dna devices and assemblies 765

formed by shape-complementary, nonâbase pairing 3d components. Science 347, 1446– 766

1452 (2015). 767

40. PWK Rothemund, et al., Design and characterization of programmable dna nanotubes. 768

Journal American Chemical Society 126, 16344–16352 (2004) PMID: 15600335. 769

41. E Benson, et al., Dna rendering of polyhedral meshes at the nanoscale. Nature 523, 770

441–444 (2015). 771

42. C Sigl, et al., Programmable icosahedral shell system for virus trapping. Nature Materials 772

20, 1281–1289 (2021). 773

43. TE Videbaek, et al., Tiling a tubule: how increasing complexity improves the yield of self- 774

limited assembly. Journal Physics: Condensed Matter 34, 134003 (2022). 775

44. D Hayakawa, et al., Geometrically programmed self-limited assembly of tubules using dna 776

origami colloids. Proceedings National Academy Sciences 119, e2207902119 (2022). 777

45. R Zandi, D Reguera, RF Bruinsma, WM Gelbart, J Rudnick, Origin of icosahedral symmetry 778

in viruses. Proceedings National Academy Sciences 101, 15556–15560 (2004). 779

46. R Twarock, A Luque, Structural puzzles in virology solved with an overarching icosahedral 780

design principle. Nature Communications 10, 4414 (2019). 781

47. A Siber, Icosadeltahedral geometry of geodesic domes, fullerenes and viruses: A tutorial 782

on the t-number. Symmetry 12 (2020). 783

48. JE Johnson, JA Speir, Quasi-equivalent viruses: A paradigm for protein assemblies. J. Mol. 784

Biol. 269, 665–675 (1997). 785

49. DLD Caspar, A Klug, Physical Principles in the Construction of Regular Viruses. Cold Spring 786

Harbor Symposia on Quantitative Biology 27, 1–24 (1962). 787

50. J Bohlin, AJ Turberfield, AA Louis, P Å ulc, Designing the self-assembly of arbitrary 788

shapes using minimal complexity building blocks. ACS Nano 17, 5387–5398 (2023) PMID: 789

36763807. 790

51. DEP Pinto, P Sulc, F Sciortino, J Russo, Design strategies for the self-assembly of polyhe- 791

dral shells. Proceedings National Academy Sciences 120, e2219458120 (2023). 792

52. MC Pedersen, ST Hyde, Polyhedra and packings from hyperbolic honeycombs. Proceed- 793

ings National Academy Sciences 115, 6905–6910 (2018). 794

53. H Tanaka, T Dotera, ST Hyde, Programmable self-assembly of nanoplates into bicontinuous 795

nanostructures. ACS Nano 0, null (0) PMID: 37527198. 796

54. EA Lord, AL Mackay, Periodic minimal surfaces of cubic symmetry. Current Science 85, 797

346–362 (2003). 798

55. AH Schoen, Reflections concerning triply-periodic minimal surfaces. Interface Focus 2, 658– 799

668 (2012). 800

56. GE Schroeder, SJ Ramsden, AG Christy, ST Hyde, Medial surfaces of hyperbolic structures. 801

The European Physical Journal B - Condensed Matter 35, 551–564 (2003). 802

57. T Dotera, H Tanaka, Y Takahashi, Hexagulation numbers: the magic numbers of equal 803

spheres on triply periodic minimal surfaces. Structural Chemistry 28, 105–112 (2017). 804

58. JF Sadoc, J Charvolin, Infinite periodic minimal surfaces and their crystallography in the 805

hyperbolic plane. Acta Crystallographica Section A 45, 10–20 (1989). 806

59. SJ Ramsden, V Robins, ST Hyde, Three-dimensional Euclidean nets from two-dimensional 807

hyperbolic tilings: kaleidoscopic examples. Acta Crystallographica Section A 65, 81–108 808

(2009). 809

60. MC Pedersen, ST Hyde, Hyperbolic crystallography of two-periodic surfaces and associated 810

10 | www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX Duque et al.

www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX


DRAFT

structures. Acta Crystallographica Section A 73, 124–134 (2017).811

61. MC Pedersen, ST Hyde, S Ramsden, JJK Kirkensgaard, Mapping hyperbolic order in curved812

materials. Soft Matter 19, 1586–1595 (2023).813

62. CT Chantler, F Boscherini, B Bunker, eds., International Tables for Crystallography: X-ray814

absorption spectroscopy and related techniques. (International Union of Crystallography,815

Chester, England) Vol. I, 1 edition, (2020).816

63. B Tyukodi, F Mohajerani, DM Hall, GM Grason, MF Hagan, Thermodynamic Size Control in817

Curvature-Frustrated Tubules: Self-Limitation with Open Boundaries. ACS Nano (2022).818

64. GM Rotskoff, PL Geissler, Robust nonequilibrium pathways to microcompartment assembly.819

Proceedings National Academy Sciences United States America 115, 6341–6346 (2018).820

65. S Li, P Roy, A Travesset, R Zandi, Why large icosahedral viruses need scaffolding proteins.821

Proc. Natl. Acad. Sci. U. S. A. 115, 10971–10976 (2018).822

66. S Panahandeh, et al., How a virus circumvents energy barriers to form symmetric shells.823

ACS Nano 14, 3170–3180 (2020).824

67. H Fang, B Tyukodi, WB Rogers, MF Hagan, Polymorphic self-assembly of helical tubules is825

kinetically controlled. Soft Matter 18, 6716–6728 (2022).826

68. F Mohajerani, et al., Multiscale modeling of hepatitis b virus capsid assembly and its dimor-827

phism. ACS Nano 16, 13845–13859 (2022) doi: 10.1021/acsnano.2c02119.828

69. J Wagner, R Zandi, The robust assembly of small symmetric nanoshells. Biophys. J. 109,829

956 (2015).830

70. S Li, R Zandi, A Travesset, GM Grason, Ground States of Crystalline Caps: Generalized831

Jellium on Curved Space. Phys. Rev. Lett. (2019).832

71. R Schwartz, PW Shor, PE Prevelige, B Berger, Local Rules Simulation of the Kinetics of833

Virus Capsid Self-Assembly. Biophys. J. 75, 2626–2636 (1998).834

72. MF Hagan, D Chandler, Dynamic Pathways for Viral Capsid Assembly. Biophys. J. 91, 42–835

54 (2006).836

73. RL Jack, MF Hagan, D Chandler, Fluctuation-dissipation ratios in the dynamics of self-837

assembly. Phys. Rev. E 76, 021119 (2007).838

74. MF Hagan, OM Elrad, RL Jack, Mechanisms of Kinetic Trapping in Self-Assembly and839

Phase Transformation. J. Chem. Phys. 135, 104115 (2011).840

75. D Rapaport, The Role of Reversibility in Viral Capsid Growth: A Paradigm for Self-Assembly.841

Phys. Rev. Lett. 101, 186101 (2008).842

76. DC Rapaport, Studies of reversible capsid shell growth. J. Phys.: Condens. Matter 22,843

104115 (2010).844

77. DC Rapaport, Molecular dynamics simulation of reversibly self-assembling shells in solution845

using trapezoidal particles. Phys. Rev. E 86, 051917 (2012).846

78. S Whitelam, et al., The Impact of Conformational Fluctuations on Self-Assembly: Coopera-847

tive Aggregation of Archaeal Chaperonin Proteins. Nano Lett. 9, 292–297 (2009).848

79. HD Nguyen, VS Reddy, CL Brooks, Deciphering the Kinetic Mechanism of Spontaneous849

Self-Assembly of Icosahedral Capsids. Nano Lett. 7, 338–344 (2007).850

80. H Nguyen, C Brooks, Generalized structural polymorphism in self-assembled viral particles.851

Nano Lett. 8, 4574 (2008).852

81. HD Nguyen, VS Reddy, CL Brooks, Invariant Polymorphism in Virus Capsid Assembly. J.853

Am. Chem. Soc. 131, 2606–14 (2009).854

82. AW Wilber, et al., Reversible Self-Assembly of Patchy Particles into Monodisperse Icosahe-855

dral Clusters. J. Chem. Phys. 127, 085106 (2007).856

83. AW Wilber, JPK Doye, AA Louis, ACF Lewis, Monodisperse self-assembly in a model with857

protein-like interactions. J. Chem. Phys. 131, 175102 (2009).858

84. S Cheng, A Aggarwal, MJ Stevens, Self-assembly of artificial microtubules. Soft Matter 8,859

5666 (2012).860

85. MF Hagan, Modeling Viral Capsid Assembly. Adv. Chem. Phys. 155, 1–68 (2014).861

86. S Whitelam, RL Jack, The Statistical Mechanics of Dynamic Pathways to Self-assembly.862

Ann Rev Phys Chem 66, 143–63 (2015).863

87. HS Seung, DR Nelson, Defects in flexible membranes with crystalline order. Phys. Rev. A864

38, 1005–1018 (1988).865

88. M Kléman, Curved crystals, defects and disorder. Advances Physics 38, 605–667 (1989).866

89. D Meek, D Walton, On surface normal and gaussian curvature approximations given data867

sampled from a smooth surface. Computer Aided Geometric Design 17, 521–543 (2000).868

90. GM Grason, Defects in crystalline packings of twisted filament bundles. i. continuum theory869

of disclinations. Phys. Rev. E 85, 031603 (2012).870

91. S Schneider, G Gompper, Shapes of crystalline domains on spherical fluid vesicles. Euro-871

physics Letters 70, 136 (2005).872

92. G Meng, J Paulose, DR Nelson, VN Manoharan, Elastic Instability of a Crystal Growing on873

a Curved Surface. Science 343 (2014).874

93. GM Grason, Perspective: Geometrically frustrated assemblies. J. Chem. Phys. 145, 110901875

(2016).876

94. Y Yang, R Meyer, MF Hagan, Self-Limited Self-Assembly of Chiral Filaments. Phys. Rev.877

Lett. 104, 258102 (2010).878

95. ZA Almsherqi, T Landh, SD Kohlwein, Y Deng, Chapter 6 cubic membranes: The missing879

dimension of cell membrane organization in International Review of Cell and Molecular Bi-880

ology, International Review of Cell and Molecular Biology. (Academic Press) Vol. 274, pp.881

275–342 (2009).882

96. E Selstam, J Schelin, WP Williams, AP Brain, Structural organisation of prolamellar bodies883

(plb) isolated from zea mays. parallel tem, saxs and absorption spectra measurements on884

samples subjected to freeze-thaw, reduced ph and high-salt perturbation. Biochimica et885

Biophysica Acta (BBA) - Biomembranes 1768, 2235–2245 (2007).886

97. DM Anderson, HT Davis, JCC Nitsche, LE Scriven, Periodic surfaces of prescribed mean887

curvature in Physics of Amphiphilic Layers, eds. J Meunier, D Langevin, N Boccara.888

(Springer Berlin Heidelberg, Berlin, Heidelberg), pp. 130–130 (1987).889

98. K Grosse-Brauckmann, Gyroids of constant mean curvature. Experimental Mathematics 6,890

33–50 (1997).891

99. QM Dowling, et al., Hierarchical design of pseudosymmetric protein nanoparticles, (Bioengi-892

neering), preprint (2023).893

100. R Zandi, P van der Schoot, D Reguera, W Kegel, H Reiss, Classical Nucleation Theory of894

Virus Capsids. Biophys. J. 90, 1939–1948 (2006). 895

101. R Zandi, B Dragnea, A Travesset, R Podgornik, On virus growth and form. Phys. Rep. 896

(2020). 897

102. sarah-marie belcastro, TC Hull, Modelling the folding of paper into three dimensions using 898

affine transformations. Linear Algebra its Applications 348, 273–282 (2002). 899

Duque et al. PNAS | April 22, 2024 | vol. XXX | no. XX | 11



1

Supporting Information for2

Limits of economy and fidelity for programmable assembly of size-controlled triply-periodic3

polyhedra4

Carlos M. Duque, Douglas M. Hall, Botond Tyukodi, Michael F. Hagan, Christian D. Santangelo, and Gregory M. Grason5

Gregory M. Grason6

E-mail: grason@umass.edu7

This PDF file includes:8

Supporting text9

Figs. S1 to S2210

Legends for Movies S1 to S611

SI References12

Other supporting materials for this manuscript include the following:13

Movies S1 to S614

Carlos M. Duque, Douglas M. Hall, Botond Tyukodi, Michael F. Hagan, Christian D. Santangelo, and Gregory M. Grason1 of 32



Supporting Information Text15

1. Extension of Caspar Klug construction to P,G,D triangulations16

The construction of Caspar and Klug is a procedure to create structures with increasing number of subunits proportional to the17

triangulation number T while preserving icosahedral symmetry (1). The extension of this construction to the structures studied18

here was formulated previously (2), considering the dual problem of packing spheres on the surface with packing deriving from19

hexagonal packing of the plane. Here, we give an explicit procedure for deriving the sub-triangulations (T > 1) derived from20

base triangulations (T = 1) of the P,G, and D surfaces based on the principles of Caspar and Klug. In each case, the vertices of21

the base triangulations are identified with vertices and centers of the hexagonal base tiles associated with each structure.22

The steps of the construction are outlined in Fig S14, yielding explicit coordinates for vertices of each triangle in the cubic23

unit cell. The T = 1 structure is taken as a starting point, which is then sub-divided to the desired triangulation number.24

Finally, each vertex is translated by gradient flow along an objective function to arrive closer to an approximation of the target25

surface.26

From the T = 1 structure, both the coordinates of each triangle’s vertices in the unit cell is known and also an indexing of27

each triangle’s neighbors is derived by identifying which edges are shared by which triangles. The extended construction is to28

then identify a part of the planar triangular lattice with each triangles of T = 1 by an orthogonal projection: each edge of the29

T = 1 structure corresponds to a vector L = ha1 + ka2 of the planar structure with standard triangular lattice vectors a1,a2.30

The triangulation indices h, k are integers that enumerate different triangulation numbers via the relation T = h2 +k2 +hk that31

derives from the area of the equilateral triangle with edge L expressed in units of the original triangular lattice vectors’ length.32

Adjacent edges on the T = 1 structure are identified with vectors in the planar diagram L,U1 = −ka1 + (h+ k)a2 and33

U2 = (h+ k)a1 +−ha2. Each vertex contained in the triangle with edges L,U1 can be expressed as ia1 + ja2, and equivalently34

as 1
T

(i(h+ k) + jk)L + 1
T

(jh− ik)U1. This mapping of vertices is an orthographic projection, so that while the triangulation35

of the icosahedron in this manner will yield equilateral triangles, here isosceles triangles are found due to the isosceles triangles36

of T = 1 deriving from the asymmetric units of P,G and D. The edges of the (T > 1) triangulation follow from the mapping37

identifying L,U1 and the additional identification of U2 wherever an edge of the planar diagram crosses over the vector L.38

The resulting sub-triangulations are planar except for triangles near the boundary. In the final step to construct the explicit39

coordinates of the T > 1 triangulation, in the spirit of quasi-equivalence, vertices of the sub-triangulation are each translated40

by gradient flow along the function f i (i = P,G,D) to the nodal approximation of the target surface f = 0 while minimizing41

the distance that each vertex is translated from its initial value. This is performed by using Mathematica software to minimize42

‖x − x0‖2 subject to the constraint f(x) = 0. While the vertices are transformed, the edge topology is kept the same by43

preserving the edge data according to indexing of each vertex before and after the gradient flow. This final step preserves the44

symmetries of the structure because each f(x, y, z) has the targeted symmetries.45

2. Derivation of matching rules and geometric parameters for simulation46

With the cubic unit cell of structures derived using the construction of the previous section, we next consider the matching rules47

for building blocks that exactly address the target structure in the rigid limit, of zero compliance in either bending or stretching.48

We consider the minimal number of subunit types required where each subunit has three edges, each edge has a single length,49

dihedral angle with respect to its neighbor, and only binds with exactly one subunit type and a single corresponding edge index50

(see figure 2). When comparing to triangulations of icosahedral shells and other deltahedral shells, we further allow a triangle to51

adopt three-fold symmetry, so that each of its three edges have the same lengths, dihedrals, and bind to a single edge identity.52

The types and matching rules may be identified in the unit cell directly from the identifications found by applying the53

discrete symmetries of the corresponding target surface. For the purpose of generating matching rules for the simulations,54

we only use the translational and rotational symmetries (no inversion or mirror symmetry), resulting in twice the number of55

subunit species with distinct species that are related by the additional symmetries not considered. Taking advantange of the56

rotoinversion symmetries of the ultimate triangulations in E3 then allows us further to identify “flipped" triangle pairs, as a57

single sub unit type.58

In principle, the explicit construction detailed above in the previous section will preserve these symmetries from the original59

structure, since we are applying orthogonal projection of a three-fold symmetric structure onto the the T = 1 structure and60

gradient flow according to a function that has the same symmetry. We have developed a method to check whether the numerical61

procedure for construction preserves symmetry by re-deriving type and matching rule assignment from a given triangulation62

with vertex coordinates and indexing of triangle neighbors. The procedure is an exhaustive search of all possible assignments,63

made simpler by the method of constraint propagation: successive sub-symmetries are found by attempting to identify pairs of64

triangles and their orientations, and propagating the additional identifications that are necessary for such a structure.65

The constraint propagation of an identification follows from recursive evaluations of local matches on the collection of66

triangles {ti} of the explicit triangulation of the unit cell. A list of proposed type assignments is maintained, with each ti67

having a type and a rotation relative to other members of the type. Each type has an additional Boolean value assigning68

three-fold symmetry. At each recursion, a proposed match is ta and tb and a rotation r that identifies side j of ta with side69

j + rmod3 of tb. The recursion consists of the following:70

1. For all three sides j = 1..3, check that corresponding side lengths and dihedrals match.71

2. If this local match fails, the entire propagation terminates and the type assignment is rejected.72
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3. If the local match succeeds but has been previously identified, no additional matching is required (this is the base case to73

the recursion).74

4. If the local match succeeds but ta and tb were previously identified to be the same type but with a different rotation, and75

furthermore no threefold symmetry was previously identified, then threefold symmetry is proposed for this type. Two recursive76

calls are made to identify j = 1 j = 2 and j = 1 j = 3 neighbors of ta, with rotations such that the corresponding edges shared77

with ta are identified.78

5. If the match succeeds and ta and tb are different types, then the proposed type assignments is updated to reflect their79

proposed identification. All triangles of the same type as tb are assigned the same type as ta and their relative rotations with80

respect to ta follow from the their relation to tb and the new proposed rotation r from ta to tb. Three recursive calls are made81

to identify neighbor j of ta with neighbor j + rmod3 of tb, with the appropriate rotations that derive from the identifications of82

the sides of ta and tb, starting again at step 1 each time.83

The result of applying this matching algorithm for all possible pairs and possible rotations is that a minimal number of84

types is identified. The appropriate side lengths and dihedrals for each type can be found from any triangle that has that type,85

and the matching rules are found from the types of each neighbor. This algorithm was implemented in Mathematica, which is86

included as supplementary information.87

3. Ground state energies of topological defects and effect of excluder size88

To show that the overabundance of positive defects cannot be readily attributed to some elastic favorability of positive defects,89

we calculated the ratio E(+|s|)/E(−|s|), where E(±|s|) are the ground state elastic energies of defect patches of charge ±|s|.90

We performed energy minimization as a function of the ratio ηs/ηb ∼ k/κ, with k and κ being the moduli for stretching and91

dihedral bending respectively. We considered defect patches for the charges s = ±2π/3 and s = ±π for G7 using the patch92

topologies shown on Fig. 5A. Each energy minimization was performed in Mathematica with a conjugate gradient algorithm93

and using the geometry of the patches of Fig. 5A as initial conditions. In Fig. S11A we show the ratios for charge magnitudes94

|s| = 2π/3 and |s| = π. In general, we do not observe a regime in which positive defects have a much smaller elastic cost than95

negative defects. On one hand, positive defects appear to have a higher elastic energy cost than their negative counterparts for96

ηs/ηb . 10. On the other hand, the positive to negative elastic cost becomes comparable for ηs/ηb & 10. These results suggest97

then the necessity of a different mechanism in order to rationalize the excess of positive charges.98

In Fig. S11B we investigate how steric interactions affect the overall excess of positive charges for the case of G7 structures.99

We probe the defect imbalance by measuring the quantities n+ and n− of a given structure which are defined as the total100

number of charges of positive and negative sign respectively. Defining ntotal = n+ + n− and ∆n = n+ − n−, we measure the101

mean relative counts difference between positive and negative charges, 〈∆n/ntotal〉, and explore how it varies as the size of the102

normalized excluder radius between adjacent subunits, Rexc/〈`0〉, is increased. We fixed the chemical potential, µ = −4.5kBT ,103

and considered three different values for binding affinity between subunits, Ebind. To calculate the mean values 10 independent104

realizations per point were considered. Simulations were run for 50× 106 Monte Carlo steps or until the number of assembled105

subunits was at least Ntotal = 5000. For each Ebind we found that as Rexc/〈`0〉 increases, 〈∆n/ntotal〉 tends to saturate to106

values ∼ 1, which we interpret as a clear signature of the fact that negative defects tend to be suppressed as the excluder radius107

increases. In other words, the allowed configurations of multiple subunits around a given vertex is considerably affected by the108

size of the excluder radius of neighboring subunits.109

4. Preclosure bias and origin of stringy structures110

In Fig. S11C we further explore the bias for defect preclosure and calculate 〈n(s)uc〉, the mean total number of defects with111

charge s per unit-cell and study how 〈n(s)uc〉 varies with increasing binding affinity εbind. We work again with G7 and fix the112

chemical potential and excluder radius to µ = −4.5kBT and Rexc/〈`0〉 = 0.26 respectively. Furthermore, we set ηs = 1 and113

ηb = 0.01 and solved for the elastic moduli k and κ by normalizing with respect to the binding affinity value, εbind = −6.5kBT ,114

used throughout the main text. We used the same stopping criteria of the previous section and considered 50 independent115

Monte Carlo realizations. As εbind/kBT grows large and edge binding moves become more favorable the amounts of positively116

charged defects, namely s = +2π/3, +π, increase while the amounts of negatively charged defect types hardly experience any117

increment. Only for s = −2π we see an increase past εbind/kBT & 6.5. This type of charge is compatible by any vertex whether118

or not they exhibit any n-fold rotational symmetry. This can be realized by adding twice as much subunits around the vertex119

before closure. The results hint that rapid “off-target” assembly induced by large edge binding is reflected on an overabundance120

of topological defects. The steric interactions due to excluders introduce an additional bias for the selection of positive defects.121

In Fig. S11D we show the dependence of mean graph distance to the boundary, 〈dB〉, with respect to the binding affinity.122

We perform this calculation by measuring the graph geodesic of all the vertices composing a structure to the nearest vertex123

located at the boundary of the structure. In order to avoid any bias coming from the starting seed, we do not include the124

graph distance of vertices belonging to the seed. We additionally considered the zero, dB = 0, distance contributions of all125

the vertices located at the boundary of the structure. As the binding affinity increases we observe that 〈dB〉 increases with126

εbind. In general, we observe that in order to accommodate the increasing number of defects, the structures adopt “stringy”127

morphologies like in Fig. 5C in which defects are located near the boundaries of the structure. We noticed that dB . 1 for128

small εbind while dB . 3 for larger values of εbind. Even for large εbind, however, we observe that 〈dB〉 . 1 which suggests, at129

least for the binding affinity range we considered, that vertices located at the boundary of the structure tend to skew 〈dB〉130

towards smaller values regardless of the strength of the binding affinity.131
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Fig. S1. (A) T=3 triangulation projected onto H2. The triangles are colored following the ID labels assigned to triangular subunits of T=3 triply-periodic polyhedra. The thick
black lines correspond to the lines of the {6, 4} hyperbolic tessellation which can be further subdivided using a single non-Euclidean triangular mono-tile with internal angles
{π/3, π/4, π/4} corresponding to the T=1 case. The vertices marked with glyphs are points that map to Wyckoff sites associated to the space groups of the different TPMS.
(B) Planar template illustrating how the sides of 4 hexagonal T=3 tiles should be identified in order to perform a folding and distorting procedure leading to the E3 arrangement
shown on (C) for the G3 case in which they all meet at a single vertex of 4̄ symmetry.
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(C)

Fig. S2. Wyckoff sites of triply-periodic polyhedral crystals. (A-C) Wyckoff sites of different symmetry are present on the fundamental hexagonal patches of PT , GT and DT

respectively. The symmetry of each Wyckoff site is encoded by one of the glyphs shown on the right panels. Notice that sites with symmetries 8c, 16a, and 4c as well as 12d,
24d, and 6d are present for all shown T numbers of PT , GT and DT respectively. Among these, P4, G4, and D4 respectively, lead to an addition family of 2-fold symmetric
vertices at 24h, 48g, and 12f.
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Fig. S3. (A-B) Interaction matrix for T=1 and T=3 structures respectively. Each colored block represents a valid edge-pairing in which the lower (upper) half color of each
colored-block in the matrix represents the target length (dihedral angle) of a valid edge-pairing. Notice that the matrix “topologies” for a given triangulation number T are the
same and we only need to specify the geometric data of each structure.
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<latexit sha1_base64="eZivT+fUOI44SDZl2Cy60xs3p04=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5VAeYwVLIwF0YfURpXjOq1Vx4lsB1FFXZhZ4RvYECt/wifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvXvWLRSdsjMFWiZuRoqQodYt/HR6EUlCKjThWKm268TaS7HUjHA6tkudRNEYkyHu07ahAodUeek06hiVjNJDQSTNExpNVfvPRopDpUahbyZDrAdq0ZuI/3ntRAdXXspEnGgqyOxQkHCkIzT5N+oxSYnmI0MwkcyERWSAJSbatDN35WkW1bZt04272MQyaZyW3Yvy+V2lWL3OWsrDERzDCbhwCVW4hRrUgUAAL/AKb9az9W59WJ+z0ZyV7RzCHKyvX5O6lc0=</latexit>

13
<latexit sha1_base64="Y8UywHRHrIKKyjFApCKQ5bBut/I=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxoC6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/L7kW5elcp1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5VVlc4=</latexit>

14
<latexit sha1_base64="4n9BEZneVmmptcUgVDK19jv8EGw=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxgi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/LbrVcubso1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5bwlc8=</latexit>

15
<latexit sha1_base64="Csi3uBaKqgcqVi/Ja/Uv6MGYvng=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxgi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/LbrVcubso1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5iLldA=</latexit>

16
<latexit sha1_base64="sv0k2nvwopWfOghh/0eMSSphavM=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxIi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/L7mW5cndRrF1nLeXhBE7hDFyoQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5omldE=</latexit>

17
<latexit sha1_base64="hcQ/9Emjo+ffZoh4i5q+yTrnqH8=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxoiyJblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooOqlzIRJ5oKMj8UJBzpCE3/jfpMUqL52BBMJDNhERliiYk27SxceZpHtW3bdOMuN7FKmudl97Jcubso1q6zlvJwAqdwBi5cQQ1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5vBldI=</latexit>

18
<latexit sha1_base64="oaiSkV3DZgj3EFsjRdKQdBK00/8=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgymOrYGEsiD6kNqoc12mtOk5kO4gq6sLMCt/Ahlj5Ez6Bv8BtM9CWI1k6Oude3ePjx5wp7TjfVm5ldW19I79pb23v7O4V9g8aKkokoXUS8Ui2fKwoZ4LWNdOctmJJcehz2vSHNxO/+UilYpF40KOYeiHuCxYwgrWR7t2rbqHolJ0p0DJxM1KEDLVu4afTi0gSUqEJx0q1XSfWXoqlZoTTsV3qJIrGmAxxn7YNFTikykunUceoZJQeCiJpntBoqtp/NlIcKjUKfTMZYj1Qi95E/M9rJzq49FIm4kRTQWaHgoQjHaHJv1GPSUo0HxmCiWQmLCIDLDHRpp25K0+zqLZtm27cxSaWSeO07J6XK3dnxep11lIejuAYTsCFC6jCLdSgDgQCeIFXeLOerXfrw/qcjeasbOcQ5mB9/QKdXJXT</latexit>

19
<latexit sha1_base64="dBSeeOIfhHaNdnaeH+gS9MiamN8=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSveucdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeifH5XKVavs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/y5JX7</latexit>

100
<latexit sha1_base64="vhO5k/n0BHhCjnxfh39bZMQoztk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSveuedAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeifH5XKVavs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/0gJX8</latexit>

110
<latexit sha1_base64="4x/4BMd+RYgxUPKVpiWilf2+Ji0=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoqXmMFC2MR9CG1UeW4TmvVcSLbQVRRJ2ZW+AY2xMqX8An8BW6bgbYcydLROffqHh8/5kxpx/m2ciura+sb+U17a3tnd6+wf9BQUSIJrZOIR7LlY0U5E7Sumea0FUuKQ5/Tpj+8mfjNRyoVi8SDHsXUC3FfsIARrI1071ZOuoWiU3amQMvEzUgRMtS6hZ9OLyJJSIUmHCvVdp1YeymWmhFOx3apkygaYzLEfdo2VOCQKi+dZh2jklF6KIikeUKjqWr/2UhxqNQo9M1kiPVALXoT8T+vnejgykuZiBNNBZkdChKOdIQmH0c9JinRfGQIJpKZsIgMsMREm3rmrjzNotq2bbpxF5tYJo1K2b0on9+dFavXWUt5OIJjOAUXLqEKt1CDOhDowwu8wpv1bL1bH9bnbDRnZTuHMAfr6xf2HJX9</latexit>

120
<latexit sha1_base64="9BJE2JWikJ2/iyDR9SMyq4MNuyk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUp4jxUsjEXQh9RGleM6rVXHiWwHUUWdmFnhG9gQK1/CJ/AXuG0G2nIkS0fn3Kt7fPyYM6Ud59vKLS2vrK7l1+2Nza3tncLuXl1FiSS0RiIeyaaPFeVM0JpmmtNmLCkOfU4b/uBm7DceqVQsEg96GFMvxD3BAkawNtK9e3rUKRSdsjMBWiRuRoqQodop/LS7EUlCKjThWKmW68TaS7HUjHA6skvtRNEYkwHu0ZahAodUeekk6wiVjNJFQSTNExpNVPvPRopDpYahbyZDrPtq3huL/3mtRAdXXspEnGgqyPRQkHCkIzT+OOoySYnmQ0MwkcyERaSPJSba1DNz5Wka1bZt040738QiqZ+U3Yvy+d1ZsXKdtZSHAziEY3DhEipwC1WoAYEevMArvFnP1rv1YX1OR3NWtrMPM7C+fgH3uJX+</latexit>

130
<latexit sha1_base64="c6EM3USjw28yxsKnzDrhJPByp0Q=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvVs56RaKTtmZAi0TNyNFyFDrFn46vYgkIRWacKxU23Vi7aVYakY4HdulTqJojMkQ92nbUIFDqrx0mnWMSkbpoSCS5gmNpqr9ZyPFoVKj0DeTIdYDtehNxP+8dqKDKy9lIk40FWR2KEg40hGafBz1mKRE85EhmEhmwiIywBITbeqZu/I0i2rbtunGXWximTTOyu5F+fyuUqxeZy3l4QiO4RRcuIQq3EIN6kCgDy/wCm/Ws/VufVifs9Gcle0cwhysr1/5VJX/</latexit>

140
<latexit sha1_base64="qERnohX9rT6dEgYZZ2sprU11SSA=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQBcYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeiXLk7L1avs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/68JYA</latexit>

150
<latexit sha1_base64="f97EETSvt6AwkkiDDOdLUgPStCw=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQFMYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZbdSvrg7L1avs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/8jJYB</latexit>

160
<latexit sha1_base64="Zs6790ANwyA/LuqCnxI8e0HSBm4=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQUMYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeyfHF3XqxeZy3l4QiO4RRcqEAVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/+KJYC</latexit>

170
<latexit sha1_base64="3CMxsYgHp2YMpxn71VsWnNX4/Mk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQj44VLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvVs56RaKTtmZAi0TNyNFyFDrFn46vYgkIRWacKxU23Vi7aVYakY4HdulTqJojMkQ92nbUIFDqrx0mnWMSkbpoSCS5gmNpqr9ZyPFoVKj0DeTIdYDtehNxP+8dqKDipcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeyfHF3XqxeZy3l4QiO4RRcuIIq3EIN6kCgDy/wCm/Ws/VufVifs9Gcle0cwhysr1//xJYD</latexit>

180
<latexit sha1_base64="v++U183CLHSj7TH+6Mckk14+4fI="></latexit>

210
<latexit sha1_base64="gIbJdEo5rGf5OV8aY8B03oqhwhs="></latexit>

21
<latexit sha1_base64="fFOBw3UhzGXHNe7kNbE32a/yjyI="></latexit>

200
<latexit sha1_base64="ztkU+YxeqVKTz6uReLY/VVDF9WA="></latexit>

20
<latexit sha1_base64="seNg3CFe9aQe3ndqHdvYKloBReU="></latexit>

190

<latexit sha1_base64="SfrOGi0R1Pyj3OaNQx3TCApqAnw="></latexit>

1

<latexit sha1_base64="AdsRvByO+IrOKxqSYA4jnm3lxzw="></latexit>

10

<latexit sha1_base64="xDaasratjSS5VcijbuOCeqA7p/s="></latexit>

2

<latexit sha1_base64="8IZUSslCQaNNELdisjP8EHhZa9k="></latexit>

20

<latexit sha1_base64="wLHPwjEYLVDLkhkKSCDOQXmXO0A="></latexit>

3

<latexit sha1_base64="5lGXKvDD6Y0Lk/jFzfuy8JX+eWY="></latexit>

30

<latexit sha1_base64="S5qKy/TtuxEOXV7/E/QRtCAMyVQ="></latexit>

4

<latexit sha1_base64="SmWrBHDoQ+1W5+7P4N2vWoFstdY="></latexit>

40

<latexit sha1_base64="VKxSV3+kgjRPEXWRkj9CniDdhmI="></latexit>

5

<latexit sha1_base64="zexArA0mSpwyAzw4NGeGyAl5ulg="></latexit>

50

<latexit sha1_base64="pp1z977nmC9K7EXViISAdhX8Wu8="></latexit>

6

<latexit sha1_base64="8OLOd3oJPM03el25ns7uX36rd0c="></latexit>

60

<latexit sha1_base64="LvJUSs1CEwrbdRjxm1BlGoSTAxA="></latexit>

7

<latexit sha1_base64="kBRn/si4xLWk0UzGIZIugyvkKZU="></latexit>

70

<latexit sha1_base64="J8y3uXvLamGxR7pthUBekGyYTFI="></latexit>

8

<latexit sha1_base64="mZ6r2NxY+9IYayhMjRlzuo/aBRk="></latexit>

80

<latexit sha1_base64="QtxrBmq33IHhCjCpSKp+eJ9aiho="></latexit>

9

<latexit sha1_base64="3Y6rzBGO7BBUgfWavTEgJkIw/Yw="></latexit>

90

<latexit sha1_base64="qld2VIMYAimMbMMPxnTm74tz9HI=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgXmMFC2NB9CG1UeW4TmvVcSLbQVRRF2ZW+AY2xMqf8An8BW6agbYcydLROffqHh8/5kxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+6mfqtRyoVi8SDHsfUC/FAsIARrI107zq9UtmpOhnQMnFzUoYc9V7pp9uPSBJSoQnHSnVcJ9ZeiqVmhNOJXekmisaYjPCAdgwVOKTKS7OoE1QxSh8FkTRPaJSp9p+NFIdKjUPfTIZYD9WiNxX/8zqJDq68lIk40VSQ2aEg4UhHaPpv1GeSEs3HhmAimQmLyBBLTLRpZ+7K0yyqbdumG3exiWXSPK26F9Xzu7Ny7TpvqQhHcAwn4MIl1OAW6tAAAgG8wCu8Wc/Wu/Vhfc5GC1a+cwhzsL5+AY7plco=</latexit>

10

<latexit sha1_base64="CkFLbDq3X/HYtP8Uxs1oOLLwsFU=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgXmMFC2NB9CG1UeW4TmvVcSLbQVRRF2ZW+AY2xMqf8An8BW6agbYcydLROffqHh8/5kxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+6mfqtRyoVi8SDHsfUC/FAsIARrI1077q9UtmpOhnQMnFzUoYc9V7pp9uPSBJSoQnHSnVcJ9ZeiqVmhNOJXekmisaYjPCAdgwVOKTKS7OoE1QxSh8FkTRPaJSp9p+NFIdKjUPfTIZYD9WiNxX/8zqJDq68lIk40VSQ2aEg4UhHaPpv1GeSEs3HhmAimQmLyBBLTLRpZ+7K0yyqbdumG3exiWXSPK26F9Xzu7Ny7TpvqQhHcAwn4MIl1OAW6tAAAgG8wCu8Wc/Wu/Vhfc5GC1a+cwhzsL5+AZCElcs=</latexit>

11

<latexit sha1_base64="xz8lL088bbxTO5z9riX+ITWZfhs=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkhoi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNCtl96JcvTsv1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5Iflcw=</latexit>

12

<latexit sha1_base64="eZivT+fUOI44SDZl2Cy60xs3p04=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5VAeYwVLIwF0YfURpXjOq1Vx4lsB1FFXZhZ4RvYECt/wifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvXvWLRSdsjMFWiZuRoqQodYt/HR6EUlCKjThWKm268TaS7HUjHA6tkudRNEYkyHu07ahAodUeek06hiVjNJDQSTNExpNVfvPRopDpUahbyZDrAdq0ZuI/3ntRAdXXspEnGgqyOxQkHCkIzT5N+oxSYnmI0MwkcyERWSAJSbatDN35WkW1bZt04272MQyaZyW3Yvy+V2lWL3OWsrDERzDCbhwCVW4hRrUgUAAL/AKb9az9W59WJ+z0ZyV7RzCHKyvX5O6lc0=</latexit>

13

<latexit sha1_base64="Y8UywHRHrIKKyjFApCKQ5bBut/I=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxoC6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/L7kW5elcp1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5VVlc4=</latexit>

14

<latexit sha1_base64="4n9BEZneVmmptcUgVDK19jv8EGw=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxgi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/LbrVcubso1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5bwlc8=</latexit>

15

<latexit sha1_base64="Csi3uBaKqgcqVi/Ja/Uv6MGYvng=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxgi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/LbrVcubso1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5iLldA=</latexit>

16

<latexit sha1_base64="sv0k2nvwopWfOghh/0eMSSphavM=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxIi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/L7mW5cndRrF1nLeXhBE7hDFyoQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5omldE=</latexit>

17

<latexit sha1_base64="hcQ/9Emjo+ffZoh4i5q+yTrnqH8=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxoiyJblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooOqlzIRJ5oKMj8UJBzpCE3/jfpMUqL52BBMJDNhERliiYk27SxceZpHtW3bdOMuN7FKmudl97Jcubso1q6zlvJwAqdwBi5cQQ1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5vBldI=</latexit>

18

<latexit sha1_base64="oaiSkV3DZgj3EFsjRdKQdBK00/8=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgymOrYGEsiD6kNqoc12mtOk5kO4gq6sLMCt/Ahlj5Ez6Bv8BtM9CWI1k6Oude3ePjx5wp7TjfVm5ldW19I79pb23v7O4V9g8aKkokoXUS8Ui2fKwoZ4LWNdOctmJJcehz2vSHNxO/+UilYpF40KOYeiHuCxYwgrWR7t2rbqHolJ0p0DJxM1KEDLVu4afTi0gSUqEJx0q1XSfWXoqlZoTTsV3qJIrGmAxxn7YNFTikykunUceoZJQeCiJpntBoqtp/NlIcKjUKfTMZYj1Qi95E/M9rJzq49FIm4kRTQWaHgoQjHaHJv1GPSUo0HxmCiWQmLCIDLDHRpp25K0+zqLZtm27cxSaWSeO07J6XK3dnxep11lIejuAYTsCFC6jCLdSgDgQCeIFXeLOerXfrw/qcjeasbOcQ5mB9/QKdXJXT</latexit>

19

<latexit sha1_base64="dBSeeOIfhHaNdnaeH+gS9MiamN8=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSveucdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeifH5XKVavs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/y5JX7</latexit>

100

<latexit sha1_base64="vhO5k/n0BHhCjnxfh39bZMQoztk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSveuedAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeifH5XKVavs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/0gJX8</latexit>

110

<latexit sha1_base64="4x/4BMd+RYgxUPKVpiWilf2+Ji0=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoqXmMFC2MR9CG1UeW4TmvVcSLbQVRRJ2ZW+AY2xMqX8An8BW6bgbYcydLROffqHh8/5kxpx/m2ciura+sb+U17a3tnd6+wf9BQUSIJrZOIR7LlY0U5E7Sumea0FUuKQ5/Tpj+8mfjNRyoVi8SDHsXUC3FfsIARrI1071ZOuoWiU3amQMvEzUgRMtS6hZ9OLyJJSIUmHCvVdp1YeymWmhFOx3apkygaYzLEfdo2VOCQKi+dZh2jklF6KIikeUKjqWr/2UhxqNQo9M1kiPVALXoT8T+vnejgykuZiBNNBZkdChKOdIQmH0c9JinRfGQIJpKZsIgMsMREm3rmrjzNotq2bbpxF5tYJo1K2b0on9+dFavXWUt5OIJjOAUXLqEKt1CDOhDowwu8wpv1bL1bH9bnbDRnZTuHMAfr6xf2HJX9</latexit>

120

<latexit sha1_base64="9BJE2JWikJ2/iyDR9SMyq4MNuyk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUp4jxUsjEXQh9RGleM6rVXHiWwHUUWdmFnhG9gQK1/CJ/AXuG0G2nIkS0fn3Kt7fPyYM6Ud59vKLS2vrK7l1+2Nza3tncLuXl1FiSS0RiIeyaaPFeVM0JpmmtNmLCkOfU4b/uBm7DceqVQsEg96GFMvxD3BAkawNtK9e3rUKRSdsjMBWiRuRoqQodop/LS7EUlCKjThWKmW68TaS7HUjHA6skvtRNEYkwHu0ZahAodUeekk6wiVjNJFQSTNExpNVPvPRopDpYahbyZDrPtq3huL/3mtRAdXXspEnGgqyPRQkHCkIzT+OOoySYnmQ0MwkcyERaSPJSba1DNz5Wka1bZt040738QiqZ+U3Yvy+d1ZsXKdtZSHAziEY3DhEipwC1WoAYEevMArvFnP1rv1YX1OR3NWtrMPM7C+fgH3uJX+</latexit>

130

<latexit sha1_base64="c6EM3USjw28yxsKnzDrhJPByp0Q=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvVs56RaKTtmZAi0TNyNFyFDrFn46vYgkIRWacKxU23Vi7aVYakY4HdulTqJojMkQ92nbUIFDqrx0mnWMSkbpoSCS5gmNpqr9ZyPFoVKj0DeTIdYDtehNxP+8dqKDKy9lIk40FWR2KEg40hGafBz1mKRE85EhmEhmwiIywBITbeqZu/I0i2rbtunGXWximTTOyu5F+fyuUqxeZy3l4QiO4RRcuIQq3EIN6kCgDy/wCm/Ws/VufVifs9Gcle0cwhysr1/5VJX/</latexit>

140

<latexit sha1_base64="qERnohX9rT6dEgYZZ2sprU11SSA=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQBcYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeiXLk7L1avs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/68JYA</latexit>

150

<latexit sha1_base64="f97EETSvt6AwkkiDDOdLUgPStCw=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQFMYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZbdSvrg7L1avs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/8jJYB</latexit>

160

<latexit sha1_base64="Zs6790ANwyA/LuqCnxI8e0HSBm4=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQUMYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeyfHF3XqxeZy3l4QiO4RRcqEAVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/+KJYC</latexit>

170

<latexit sha1_base64="3CMxsYgHp2YMpxn71VsWnNX4/Mk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQj44VLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvVs56RaKTtmZAi0TNyNFyFDrFn46vYgkIRWacKxU23Vi7aVYakY4HdulTqJojMkQ92nbUIFDqrx0mnWMSkbpoSCS5gmNpqr9ZyPFoVKj0DeTIdYDtehNxP+8dqKDipcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeyfHF3XqxeZy3l4QiO4RRcuIIq3EIN6kCgDy/wCm/Ws/VufVifs9Gcle0cwhysr1//xJYD</latexit>

180

<latexit sha1_base64="v++U183CLHSj7TH+6Mckk14+4fI="></latexit>

210
<latexit sha1_base64="gIbJdEo5rGf5OV8aY8B03oqhwhs="></latexit>

21
<latexit sha1_base64="fFOBw3UhzGXHNe7kNbE32a/yjyI="></latexit>

200
<latexit sha1_base64="ztkU+YxeqVKTz6uReLY/VVDF9WA="></latexit>

20
<latexit sha1_base64="seNg3CFe9aQe3ndqHdvYKloBReU="></latexit>

190
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0.98
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<latexit sha1_base64="Vr6bJM9+brE6Bo/ixQQdyODrBBw="></latexit> ✓(
0
)

<latexit sha1_base64="Ghz0fmMDXKQx+Vokl9HBJG5KPvU="></latexit>

`(
0
) /
h`
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) i

Fig. S4. Interaction matrix for P7. Each colored block represents a valid edge-pairing in which the lower (upper) half color of each colored-block in the matrix represents the
target length (dihedral angle) of a valid edge-pairing.
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<latexit sha1_base64="SfrOGi0R1Pyj3OaNQx3TCApqAnw="></latexit>

1
<latexit sha1_base64="AdsRvByO+IrOKxqSYA4jnm3lxzw="></latexit>

10
<latexit sha1_base64="xDaasratjSS5VcijbuOCeqA7p/s="></latexit>

2
<latexit sha1_base64="8IZUSslCQaNNELdisjP8EHhZa9k="></latexit>

20
<latexit sha1_base64="wLHPwjEYLVDLkhkKSCDOQXmXO0A="></latexit>

3
<latexit sha1_base64="5lGXKvDD6Y0Lk/jFzfuy8JX+eWY="></latexit>

30
<latexit sha1_base64="S5qKy/TtuxEOXV7/E/QRtCAMyVQ="></latexit>

4
<latexit sha1_base64="SmWrBHDoQ+1W5+7P4N2vWoFstdY="></latexit>

40
<latexit sha1_base64="VKxSV3+kgjRPEXWRkj9CniDdhmI="></latexit>

5
<latexit sha1_base64="zexArA0mSpwyAzw4NGeGyAl5ulg="></latexit>

50
<latexit sha1_base64="pp1z977nmC9K7EXViISAdhX8Wu8="></latexit>

6
<latexit sha1_base64="8OLOd3oJPM03el25ns7uX36rd0c="></latexit>

60
<latexit sha1_base64="LvJUSs1CEwrbdRjxm1BlGoSTAxA="></latexit>

7
<latexit sha1_base64="kBRn/si4xLWk0UzGIZIugyvkKZU="></latexit>

70
<latexit sha1_base64="J8y3uXvLamGxR7pthUBekGyYTFI="></latexit>

8
<latexit sha1_base64="mZ6r2NxY+9IYayhMjRlzuo/aBRk="></latexit>

80
<latexit sha1_base64="QtxrBmq33IHhCjCpSKp+eJ9aiho="></latexit>

9
<latexit sha1_base64="3Y6rzBGO7BBUgfWavTEgJkIw/Yw="></latexit>

90
<latexit sha1_base64="qld2VIMYAimMbMMPxnTm74tz9HI=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgXmMFC2NB9CG1UeW4TmvVcSLbQVRRF2ZW+AY2xMqf8An8BW6agbYcydLROffqHh8/5kxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+6mfqtRyoVi8SDHsfUC/FAsIARrI107zq9UtmpOhnQMnFzUoYc9V7pp9uPSBJSoQnHSnVcJ9ZeiqVmhNOJXekmisaYjPCAdgwVOKTKS7OoE1QxSh8FkTRPaJSp9p+NFIdKjUPfTIZYD9WiNxX/8zqJDq68lIk40VSQ2aEg4UhHaPpv1GeSEs3HhmAimQmLyBBLTLRpZ+7K0yyqbdumG3exiWXSPK26F9Xzu7Ny7TpvqQhHcAwn4MIl1OAW6tAAAgG8wCu8Wc/Wu/Vhfc5GC1a+cwhzsL5+AY7plco=</latexit>

10
<latexit sha1_base64="CkFLbDq3X/HYtP8Uxs1oOLLwsFU=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgXmMFC2NB9CG1UeW4TmvVcSLbQVRRF2ZW+AY2xMqf8An8BW6agbYcydLROffqHh8/5kxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+6mfqtRyoVi8SDHsfUC/FAsIARrI1077q9UtmpOhnQMnFzUoYc9V7pp9uPSBJSoQnHSnVcJ9ZeiqVmhNOJXekmisaYjPCAdgwVOKTKS7OoE1QxSh8FkTRPaJSp9p+NFIdKjUPfTIZYD9WiNxX/8zqJDq68lIk40VSQ2aEg4UhHaPpv1GeSEs3HhmAimQmLyBBLTLRpZ+7K0yyqbdumG3exiWXSPK26F9Xzu7Ny7TpvqQhHcAwn4MIl1OAW6tAAAgG8wCu8Wc/Wu/Vhfc5GC1a+cwhzsL5+AZCElcs=</latexit>

11
<latexit sha1_base64="xz8lL088bbxTO5z9riX+ITWZfhs=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkhoi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNCtl96JcvTsv1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5Iflcw=</latexit>

12
<latexit sha1_base64="eZivT+fUOI44SDZl2Cy60xs3p04=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5VAeYwVLIwF0YfURpXjOq1Vx4lsB1FFXZhZ4RvYECt/wifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvXvWLRSdsjMFWiZuRoqQodYt/HR6EUlCKjThWKm268TaS7HUjHA6tkudRNEYkyHu07ahAodUeek06hiVjNJDQSTNExpNVfvPRopDpUahbyZDrAdq0ZuI/3ntRAdXXspEnGgqyOxQkHCkIzT5N+oxSYnmI0MwkcyERWSAJSbatDN35WkW1bZt04272MQyaZyW3Yvy+V2lWL3OWsrDERzDCbhwCVW4hRrUgUAAL/AKb9az9W59WJ+z0ZyV7RzCHKyvX5O6lc0=</latexit>

13
<latexit sha1_base64="Y8UywHRHrIKKyjFApCKQ5bBut/I=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxoC6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/L7kW5elcp1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5VVlc4=</latexit>

14
<latexit sha1_base64="4n9BEZneVmmptcUgVDK19jv8EGw=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxgi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/LbrVcubso1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5bwlc8=</latexit>

15
<latexit sha1_base64="Csi3uBaKqgcqVi/Ja/Uv6MGYvng=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxgi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/LbrVcubso1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5iLldA=</latexit>

16
<latexit sha1_base64="sv0k2nvwopWfOghh/0eMSSphavM=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxIi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/L7mW5cndRrF1nLeXhBE7hDFyoQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5omldE=</latexit>

17
<latexit sha1_base64="hcQ/9Emjo+ffZoh4i5q+yTrnqH8=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxoiyJblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooOqlzIRJ5oKMj8UJBzpCE3/jfpMUqL52BBMJDNhERliiYk27SxceZpHtW3bdOMuN7FKmudl97Jcubso1q6zlvJwAqdwBi5cQQ1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5vBldI=</latexit>

18
<latexit sha1_base64="oaiSkV3DZgj3EFsjRdKQdBK00/8=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgymOrYGEsiD6kNqoc12mtOk5kO4gq6sLMCt/Ahlj5Ez6Bv8BtM9CWI1k6Oude3ePjx5wp7TjfVm5ldW19I79pb23v7O4V9g8aKkokoXUS8Ui2fKwoZ4LWNdOctmJJcehz2vSHNxO/+UilYpF40KOYeiHuCxYwgrWR7t2rbqHolJ0p0DJxM1KEDLVu4afTi0gSUqEJx0q1XSfWXoqlZoTTsV3qJIrGmAxxn7YNFTikykunUceoZJQeCiJpntBoqtp/NlIcKjUKfTMZYj1Qi95E/M9rJzq49FIm4kRTQWaHgoQjHaHJv1GPSUo0HxmCiWQmLCIDLDHRpp25K0+zqLZtm27cxSaWSeO07J6XK3dnxep11lIejuAYTsCFC6jCLdSgDgQCeIFXeLOerXfrw/qcjeasbOcQ5mB9/QKdXJXT</latexit>

19
<latexit sha1_base64="dBSeeOIfhHaNdnaeH+gS9MiamN8=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSveucdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeifH5XKVavs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/y5JX7</latexit>

100
<latexit sha1_base64="vhO5k/n0BHhCjnxfh39bZMQoztk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSveuedAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeifH5XKVavs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/0gJX8</latexit>

110
<latexit sha1_base64="4x/4BMd+RYgxUPKVpiWilf2+Ji0=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoqXmMFC2MR9CG1UeW4TmvVcSLbQVRRJ2ZW+AY2xMqX8An8BW6bgbYcydLROffqHh8/5kxpx/m2ciura+sb+U17a3tnd6+wf9BQUSIJrZOIR7LlY0U5E7Sumea0FUuKQ5/Tpj+8mfjNRyoVi8SDHsXUC3FfsIARrI1071ZOuoWiU3amQMvEzUgRMtS6hZ9OLyJJSIUmHCvVdp1YeymWmhFOx3apkygaYzLEfdo2VOCQKi+dZh2jklF6KIikeUKjqWr/2UhxqNQo9M1kiPVALXoT8T+vnejgykuZiBNNBZkdChKOdIQmH0c9JinRfGQIJpKZsIgMsMREm3rmrjzNotq2bbpxF5tYJo1K2b0on9+dFavXWUt5OIJjOAUXLqEKt1CDOhDowwu8wpv1bL1bH9bnbDRnZTuHMAfr6xf2HJX9</latexit>

120
<latexit sha1_base64="9BJE2JWikJ2/iyDR9SMyq4MNuyk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUp4jxUsjEXQh9RGleM6rVXHiWwHUUWdmFnhG9gQK1/CJ/AXuG0G2nIkS0fn3Kt7fPyYM6Ud59vKLS2vrK7l1+2Nza3tncLuXl1FiSS0RiIeyaaPFeVM0JpmmtNmLCkOfU4b/uBm7DceqVQsEg96GFMvxD3BAkawNtK9e3rUKRSdsjMBWiRuRoqQodop/LS7EUlCKjThWKmW68TaS7HUjHA6skvtRNEYkwHu0ZahAodUeekk6wiVjNJFQSTNExpNVPvPRopDpYahbyZDrPtq3huL/3mtRAdXXspEnGgqyPRQkHCkIzT+OOoySYnmQ0MwkcyERaSPJSba1DNz5Wka1bZt040738QiqZ+U3Yvy+d1ZsXKdtZSHAziEY3DhEipwC1WoAYEevMArvFnP1rv1YX1OR3NWtrMPM7C+fgH3uJX+</latexit>

130
<latexit sha1_base64="c6EM3USjw28yxsKnzDrhJPByp0Q=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvVs56RaKTtmZAi0TNyNFyFDrFn46vYgkIRWacKxU23Vi7aVYakY4HdulTqJojMkQ92nbUIFDqrx0mnWMSkbpoSCS5gmNpqr9ZyPFoVKj0DeTIdYDtehNxP+8dqKDKy9lIk40FWR2KEg40hGafBz1mKRE85EhmEhmwiIywBITbeqZu/I0i2rbtunGXWximTTOyu5F+fyuUqxeZy3l4QiO4RRcuIQq3EIN6kCgDy/wCm/Ws/VufVifs9Gcle0cwhysr1/5VJX/</latexit>

140
<latexit sha1_base64="qERnohX9rT6dEgYZZ2sprU11SSA=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQBcYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeiXLk7L1avs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/68JYA</latexit>

150
<latexit sha1_base64="f97EETSvt6AwkkiDDOdLUgPStCw=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQFMYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZbdSvrg7L1avs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/8jJYB</latexit>

160
<latexit sha1_base64="Zs6790ANwyA/LuqCnxI8e0HSBm4=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQUMYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeyfHF3XqxeZy3l4QiO4RRcqEAVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/+KJYC</latexit>

170
<latexit sha1_base64="3CMxsYgHp2YMpxn71VsWnNX4/Mk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQj44VLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvVs56RaKTtmZAi0TNyNFyFDrFn46vYgkIRWacKxU23Vi7aVYakY4HdulTqJojMkQ92nbUIFDqrx0mnWMSkbpoSCS5gmNpqr9ZyPFoVKj0DeTIdYDtehNxP+8dqKDipcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeyfHF3XqxeZy3l4QiO4RRcuIIq3EIN6kCgDy/wCm/Ws/VufVifs9Gcle0cwhysr1//xJYD</latexit>

180
<latexit sha1_base64="v++U183CLHSj7TH+6Mckk14+4fI="></latexit>

210
<latexit sha1_base64="gIbJdEo5rGf5OV8aY8B03oqhwhs="></latexit>

21
<latexit sha1_base64="fFOBw3UhzGXHNe7kNbE32a/yjyI="></latexit>

200
<latexit sha1_base64="ztkU+YxeqVKTz6uReLY/VVDF9WA="></latexit>

20
<latexit sha1_base64="seNg3CFe9aQe3ndqHdvYKloBReU="></latexit>

190

<latexit sha1_base64="SfrOGi0R1Pyj3OaNQx3TCApqAnw="></latexit>

1

<latexit sha1_base64="AdsRvByO+IrOKxqSYA4jnm3lxzw="></latexit>

10

<latexit sha1_base64="xDaasratjSS5VcijbuOCeqA7p/s="></latexit>

2

<latexit sha1_base64="8IZUSslCQaNNELdisjP8EHhZa9k="></latexit>

20

<latexit sha1_base64="wLHPwjEYLVDLkhkKSCDOQXmXO0A="></latexit>

3

<latexit sha1_base64="5lGXKvDD6Y0Lk/jFzfuy8JX+eWY="></latexit>

30

<latexit sha1_base64="S5qKy/TtuxEOXV7/E/QRtCAMyVQ="></latexit>

4

<latexit sha1_base64="SmWrBHDoQ+1W5+7P4N2vWoFstdY="></latexit>

40

<latexit sha1_base64="VKxSV3+kgjRPEXWRkj9CniDdhmI="></latexit>

5

<latexit sha1_base64="zexArA0mSpwyAzw4NGeGyAl5ulg="></latexit>

50

<latexit sha1_base64="pp1z977nmC9K7EXViISAdhX8Wu8="></latexit>

6

<latexit sha1_base64="8OLOd3oJPM03el25ns7uX36rd0c="></latexit>

60

<latexit sha1_base64="LvJUSs1CEwrbdRjxm1BlGoSTAxA="></latexit>

7

<latexit sha1_base64="kBRn/si4xLWk0UzGIZIugyvkKZU="></latexit>

70

<latexit sha1_base64="J8y3uXvLamGxR7pthUBekGyYTFI="></latexit>

8

<latexit sha1_base64="mZ6r2NxY+9IYayhMjRlzuo/aBRk="></latexit>

80

<latexit sha1_base64="QtxrBmq33IHhCjCpSKp+eJ9aiho="></latexit>

9

<latexit sha1_base64="3Y6rzBGO7BBUgfWavTEgJkIw/Yw="></latexit>

90

<latexit sha1_base64="qld2VIMYAimMbMMPxnTm74tz9HI=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgXmMFC2NB9CG1UeW4TmvVcSLbQVRRF2ZW+AY2xMqf8An8BW6agbYcydLROffqHh8/5kxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+6mfqtRyoVi8SDHsfUC/FAsIARrI107zq9UtmpOhnQMnFzUoYc9V7pp9uPSBJSoQnHSnVcJ9ZeiqVmhNOJXekmisaYjPCAdgwVOKTKS7OoE1QxSh8FkTRPaJSp9p+NFIdKjUPfTIZYD9WiNxX/8zqJDq68lIk40VSQ2aEg4UhHaPpv1GeSEs3HhmAimQmLyBBLTLRpZ+7K0yyqbdumG3exiWXSPK26F9Xzu7Ny7TpvqQhHcAwn4MIl1OAW6tAAAgG8wCu8Wc/Wu/Vhfc5GC1a+cwhzsL5+AY7plco=</latexit>

10

<latexit sha1_base64="CkFLbDq3X/HYtP8Uxs1oOLLwsFU=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgXmMFC2NB9CG1UeW4TmvVcSLbQVRRF2ZW+AY2xMqf8An8BW6agbYcydLROffqHh8/5kxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+6mfqtRyoVi8SDHsfUC/FAsIARrI1077q9UtmpOhnQMnFzUoYc9V7pp9uPSBJSoQnHSnVcJ9ZeiqVmhNOJXekmisaYjPCAdgwVOKTKS7OoE1QxSh8FkTRPaJSp9p+NFIdKjUPfTIZYD9WiNxX/8zqJDq68lIk40VSQ2aEg4UhHaPpv1GeSEs3HhmAimQmLyBBLTLRpZ+7K0yyqbdumG3exiWXSPK26F9Xzu7Ny7TpvqQhHcAwn4MIl1OAW6tAAAgG8wCu8Wc/Wu/Vhfc5GC1a+cwhzsL5+AZCElcs=</latexit>

11

<latexit sha1_base64="xz8lL088bbxTO5z9riX+ITWZfhs=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkhoi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNCtl96JcvTsv1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5Iflcw=</latexit>

12

<latexit sha1_base64="eZivT+fUOI44SDZl2Cy60xs3p04=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5VAeYwVLIwF0YfURpXjOq1Vx4lsB1FFXZhZ4RvYECt/wifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvXvWLRSdsjMFWiZuRoqQodYt/HR6EUlCKjThWKm268TaS7HUjHA6tkudRNEYkyHu07ahAodUeek06hiVjNJDQSTNExpNVfvPRopDpUahbyZDrAdq0ZuI/3ntRAdXXspEnGgqyOxQkHCkIzT5N+oxSYnmI0MwkcyERWSAJSbatDN35WkW1bZt04272MQyaZyW3Yvy+V2lWL3OWsrDERzDCbhwCVW4hRrUgUAAL/AKb9az9W59WJ+z0ZyV7RzCHKyvX5O6lc0=</latexit>

13

<latexit sha1_base64="Y8UywHRHrIKKyjFApCKQ5bBut/I=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxoC6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/L7kW5elcp1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5VVlc4=</latexit>

14

<latexit sha1_base64="4n9BEZneVmmptcUgVDK19jv8EGw=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxgi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/LbrVcubso1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5bwlc8=</latexit>

15

<latexit sha1_base64="Csi3uBaKqgcqVi/Ja/Uv6MGYvng=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxgi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/LbrVcubso1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5iLldA=</latexit>

16

<latexit sha1_base64="sv0k2nvwopWfOghh/0eMSSphavM=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxIi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/L7mW5cndRrF1nLeXhBE7hDFyoQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5omldE=</latexit>

17

<latexit sha1_base64="hcQ/9Emjo+ffZoh4i5q+yTrnqH8=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxoiyJblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooOqlzIRJ5oKMj8UJBzpCE3/jfpMUqL52BBMJDNhERliiYk27SxceZpHtW3bdOMuN7FKmudl97Jcubso1q6zlvJwAqdwBi5cQQ1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5vBldI=</latexit>

18

<latexit sha1_base64="oaiSkV3DZgj3EFsjRdKQdBK00/8=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgymOrYGEsiD6kNqoc12mtOk5kO4gq6sLMCt/Ahlj5Ez6Bv8BtM9CWI1k6Oude3ePjx5wp7TjfVm5ldW19I79pb23v7O4V9g8aKkokoXUS8Ui2fKwoZ4LWNdOctmJJcehz2vSHNxO/+UilYpF40KOYeiHuCxYwgrWR7t2rbqHolJ0p0DJxM1KEDLVu4afTi0gSUqEJx0q1XSfWXoqlZoTTsV3qJIrGmAxxn7YNFTikykunUceoZJQeCiJpntBoqtp/NlIcKjUKfTMZYj1Qi95E/M9rJzq49FIm4kRTQWaHgoQjHaHJv1GPSUo0HxmCiWQmLCIDLDHRpp25K0+zqLZtm27cxSaWSeO07J6XK3dnxep11lIejuAYTsCFC6jCLdSgDgQCeIFXeLOerXfrw/qcjeasbOcQ5mB9/QKdXJXT</latexit>

19

<latexit sha1_base64="dBSeeOIfhHaNdnaeH+gS9MiamN8=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSveucdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeifH5XKVavs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/y5JX7</latexit>

100

<latexit sha1_base64="vhO5k/n0BHhCjnxfh39bZMQoztk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSveuedAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeifH5XKVavs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/0gJX8</latexit>

110

<latexit sha1_base64="4x/4BMd+RYgxUPKVpiWilf2+Ji0=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoqXmMFC2MR9CG1UeW4TmvVcSLbQVRRJ2ZW+AY2xMqX8An8BW6bgbYcydLROffqHh8/5kxpx/m2ciura+sb+U17a3tnd6+wf9BQUSIJrZOIR7LlY0U5E7Sumea0FUuKQ5/Tpj+8mfjNRyoVi8SDHsXUC3FfsIARrI1071ZOuoWiU3amQMvEzUgRMtS6hZ9OLyJJSIUmHCvVdp1YeymWmhFOx3apkygaYzLEfdo2VOCQKi+dZh2jklF6KIikeUKjqWr/2UhxqNQo9M1kiPVALXoT8T+vnejgykuZiBNNBZkdChKOdIQmH0c9JinRfGQIJpKZsIgMsMREm3rmrjzNotq2bbpxF5tYJo1K2b0on9+dFavXWUt5OIJjOAUXLqEKt1CDOhDowwu8wpv1bL1bH9bnbDRnZTuHMAfr6xf2HJX9</latexit>

120

<latexit sha1_base64="9BJE2JWikJ2/iyDR9SMyq4MNuyk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUp4jxUsjEXQh9RGleM6rVXHiWwHUUWdmFnhG9gQK1/CJ/AXuG0G2nIkS0fn3Kt7fPyYM6Ud59vKLS2vrK7l1+2Nza3tncLuXl1FiSS0RiIeyaaPFeVM0JpmmtNmLCkOfU4b/uBm7DceqVQsEg96GFMvxD3BAkawNtK9e3rUKRSdsjMBWiRuRoqQodop/LS7EUlCKjThWKmW68TaS7HUjHA6skvtRNEYkwHu0ZahAodUeekk6wiVjNJFQSTNExpNVPvPRopDpYahbyZDrPtq3huL/3mtRAdXXspEnGgqyPRQkHCkIzT+OOoySYnmQ0MwkcyERaSPJSba1DNz5Wka1bZt040738QiqZ+U3Yvy+d1ZsXKdtZSHAziEY3DhEipwC1WoAYEevMArvFnP1rv1YX1OR3NWtrMPM7C+fgH3uJX+</latexit>

130

<latexit sha1_base64="c6EM3USjw28yxsKnzDrhJPByp0Q=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvVs56RaKTtmZAi0TNyNFyFDrFn46vYgkIRWacKxU23Vi7aVYakY4HdulTqJojMkQ92nbUIFDqrx0mnWMSkbpoSCS5gmNpqr9ZyPFoVKj0DeTIdYDtehNxP+8dqKDKy9lIk40FWR2KEg40hGafBz1mKRE85EhmEhmwiIywBITbeqZu/I0i2rbtunGXWximTTOyu5F+fyuUqxeZy3l4QiO4RRcuIQq3EIN6kCgDy/wCm/Ws/VufVifs9Gcle0cwhysr1/5VJX/</latexit>

140

<latexit sha1_base64="qERnohX9rT6dEgYZZ2sprU11SSA=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQBcYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeiXLk7L1avs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/68JYA</latexit>

150

<latexit sha1_base64="f97EETSvt6AwkkiDDOdLUgPStCw=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQFMYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZbdSvrg7L1avs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/8jJYB</latexit>

160

<latexit sha1_base64="Zs6790ANwyA/LuqCnxI8e0HSBm4=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQUMYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeyfHF3XqxeZy3l4QiO4RRcqEAVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/+KJYC</latexit>

170

<latexit sha1_base64="3CMxsYgHp2YMpxn71VsWnNX4/Mk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQj44VLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvVs56RaKTtmZAi0TNyNFyFDrFn46vYgkIRWacKxU23Vi7aVYakY4HdulTqJojMkQ92nbUIFDqrx0mnWMSkbpoSCS5gmNpqr9ZyPFoVKj0DeTIdYDtehNxP+8dqKDipcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeyfHF3XqxeZy3l4QiO4RRcuIIq3EIN6kCgDy/wCm/Ws/VufVifs9Gcle0cwhysr1//xJYD</latexit>

180

<latexit sha1_base64="v++U183CLHSj7TH+6Mckk14+4fI="></latexit>

210
<latexit sha1_base64="gIbJdEo5rGf5OV8aY8B03oqhwhs="></latexit>

21
<latexit sha1_base64="fFOBw3UhzGXHNe7kNbE32a/yjyI="></latexit>

200
<latexit sha1_base64="ztkU+YxeqVKTz6uReLY/VVDF9WA="></latexit>

20
<latexit sha1_base64="seNg3CFe9aQe3ndqHdvYKloBReU="></latexit>

190

0.78

0.88

0.98

1.08

0.0

-0.6
-0.3

0.3
0.6

<latexit sha1_base64="Vr6bJM9+brE6Bo/ixQQdyODrBBw="></latexit> ✓(
0
)

<latexit sha1_base64="Ghz0fmMDXKQx+Vokl9HBJG5KPvU="></latexit>

`(
0
) /
h`

(0
) i

Fig. S5. Interaction matrix for G7. Each colored block represents a valid edge-pairing in which the lower (upper) half color of each colored-block in the matrix represents the
target length (dihedral angle) of a valid edge-pairing.
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<latexit sha1_base64="SfrOGi0R1Pyj3OaNQx3TCApqAnw="></latexit>

1
<latexit sha1_base64="AdsRvByO+IrOKxqSYA4jnm3lxzw="></latexit>

10
<latexit sha1_base64="xDaasratjSS5VcijbuOCeqA7p/s="></latexit>

2
<latexit sha1_base64="8IZUSslCQaNNELdisjP8EHhZa9k="></latexit>

20
<latexit sha1_base64="wLHPwjEYLVDLkhkKSCDOQXmXO0A="></latexit>

3
<latexit sha1_base64="5lGXKvDD6Y0Lk/jFzfuy8JX+eWY="></latexit>

30
<latexit sha1_base64="S5qKy/TtuxEOXV7/E/QRtCAMyVQ="></latexit>

4
<latexit sha1_base64="SmWrBHDoQ+1W5+7P4N2vWoFstdY="></latexit>

40
<latexit sha1_base64="VKxSV3+kgjRPEXWRkj9CniDdhmI="></latexit>

5
<latexit sha1_base64="zexArA0mSpwyAzw4NGeGyAl5ulg="></latexit>

50
<latexit sha1_base64="pp1z977nmC9K7EXViISAdhX8Wu8="></latexit>

6
<latexit sha1_base64="8OLOd3oJPM03el25ns7uX36rd0c="></latexit>

60
<latexit sha1_base64="LvJUSs1CEwrbdRjxm1BlGoSTAxA="></latexit>

7
<latexit sha1_base64="kBRn/si4xLWk0UzGIZIugyvkKZU="></latexit>

70
<latexit sha1_base64="J8y3uXvLamGxR7pthUBekGyYTFI="></latexit>

8
<latexit sha1_base64="mZ6r2NxY+9IYayhMjRlzuo/aBRk="></latexit>

80
<latexit sha1_base64="QtxrBmq33IHhCjCpSKp+eJ9aiho="></latexit>

9
<latexit sha1_base64="3Y6rzBGO7BBUgfWavTEgJkIw/Yw="></latexit>

90
<latexit sha1_base64="qld2VIMYAimMbMMPxnTm74tz9HI=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgXmMFC2NB9CG1UeW4TmvVcSLbQVRRF2ZW+AY2xMqf8An8BW6agbYcydLROffqHh8/5kxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+6mfqtRyoVi8SDHsfUC/FAsIARrI107zq9UtmpOhnQMnFzUoYc9V7pp9uPSBJSoQnHSnVcJ9ZeiqVmhNOJXekmisaYjPCAdgwVOKTKS7OoE1QxSh8FkTRPaJSp9p+NFIdKjUPfTIZYD9WiNxX/8zqJDq68lIk40VSQ2aEg4UhHaPpv1GeSEs3HhmAimQmLyBBLTLRpZ+7K0yyqbdumG3exiWXSPK26F9Xzu7Ny7TpvqQhHcAwn4MIl1OAW6tAAAgG8wCu8Wc/Wu/Vhfc5GC1a+cwhzsL5+AY7plco=</latexit>

10
<latexit sha1_base64="CkFLbDq3X/HYtP8Uxs1oOLLwsFU=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgXmMFC2NB9CG1UeW4TmvVcSLbQVRRF2ZW+AY2xMqf8An8BW6agbYcydLROffqHh8/5kxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+6mfqtRyoVi8SDHsfUC/FAsIARrI1077q9UtmpOhnQMnFzUoYc9V7pp9uPSBJSoQnHSnVcJ9ZeiqVmhNOJXekmisaYjPCAdgwVOKTKS7OoE1QxSh8FkTRPaJSp9p+NFIdKjUPfTIZYD9WiNxX/8zqJDq68lIk40VSQ2aEg4UhHaPpv1GeSEs3HhmAimQmLyBBLTLRpZ+7K0yyqbdumG3exiWXSPK26F9Xzu7Ny7TpvqQhHcAwn4MIl1OAW6tAAAgG8wCu8Wc/Wu/Vhfc5GC1a+cwhzsL5+AZCElcs=</latexit>

11
<latexit sha1_base64="xz8lL088bbxTO5z9riX+ITWZfhs=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkhoi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNCtl96JcvTsv1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5Iflcw=</latexit>

12
<latexit sha1_base64="eZivT+fUOI44SDZl2Cy60xs3p04=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5VAeYwVLIwF0YfURpXjOq1Vx4lsB1FFXZhZ4RvYECt/wifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvXvWLRSdsjMFWiZuRoqQodYt/HR6EUlCKjThWKm268TaS7HUjHA6tkudRNEYkyHu07ahAodUeek06hiVjNJDQSTNExpNVfvPRopDpUahbyZDrAdq0ZuI/3ntRAdXXspEnGgqyOxQkHCkIzT5N+oxSYnmI0MwkcyERWSAJSbatDN35WkW1bZt04272MQyaZyW3Yvy+V2lWL3OWsrDERzDCbhwCVW4hRrUgUAAL/AKb9az9W59WJ+z0ZyV7RzCHKyvX5O6lc0=</latexit>

13
<latexit sha1_base64="Y8UywHRHrIKKyjFApCKQ5bBut/I=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxoC6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/L7kW5elcp1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5VVlc4=</latexit>

14
<latexit sha1_base64="4n9BEZneVmmptcUgVDK19jv8EGw=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxgi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/LbrVcubso1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5bwlc8=</latexit>

15
<latexit sha1_base64="Csi3uBaKqgcqVi/Ja/Uv6MGYvng=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxgi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/LbrVcubso1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5iLldA=</latexit>

16
<latexit sha1_base64="sv0k2nvwopWfOghh/0eMSSphavM=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxIi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/L7mW5cndRrF1nLeXhBE7hDFyoQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5omldE=</latexit>

17
<latexit sha1_base64="hcQ/9Emjo+ffZoh4i5q+yTrnqH8=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxoiyJblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooOqlzIRJ5oKMj8UJBzpCE3/jfpMUqL52BBMJDNhERliiYk27SxceZpHtW3bdOMuN7FKmudl97Jcubso1q6zlvJwAqdwBi5cQQ1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5vBldI=</latexit>

18
<latexit sha1_base64="oaiSkV3DZgj3EFsjRdKQdBK00/8=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgymOrYGEsiD6kNqoc12mtOk5kO4gq6sLMCt/Ahlj5Ez6Bv8BtM9CWI1k6Oude3ePjx5wp7TjfVm5ldW19I79pb23v7O4V9g8aKkokoXUS8Ui2fKwoZ4LWNdOctmJJcehz2vSHNxO/+UilYpF40KOYeiHuCxYwgrWR7t2rbqHolJ0p0DJxM1KEDLVu4afTi0gSUqEJx0q1XSfWXoqlZoTTsV3qJIrGmAxxn7YNFTikykunUceoZJQeCiJpntBoqtp/NlIcKjUKfTMZYj1Qi95E/M9rJzq49FIm4kRTQWaHgoQjHaHJv1GPSUo0HxmCiWQmLCIDLDHRpp25K0+zqLZtm27cxSaWSeO07J6XK3dnxep11lIejuAYTsCFC6jCLdSgDgQCeIFXeLOerXfrw/qcjeasbOcQ5mB9/QKdXJXT</latexit>

19
<latexit sha1_base64="dBSeeOIfhHaNdnaeH+gS9MiamN8=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSveucdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeifH5XKVavs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/y5JX7</latexit>

100
<latexit sha1_base64="vhO5k/n0BHhCjnxfh39bZMQoztk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSveuedAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeifH5XKVavs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/0gJX8</latexit>

110
<latexit sha1_base64="4x/4BMd+RYgxUPKVpiWilf2+Ji0=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoqXmMFC2MR9CG1UeW4TmvVcSLbQVRRJ2ZW+AY2xMqX8An8BW6bgbYcydLROffqHh8/5kxpx/m2ciura+sb+U17a3tnd6+wf9BQUSIJrZOIR7LlY0U5E7Sumea0FUuKQ5/Tpj+8mfjNRyoVi8SDHsXUC3FfsIARrI1071ZOuoWiU3amQMvEzUgRMtS6hZ9OLyJJSIUmHCvVdp1YeymWmhFOx3apkygaYzLEfdo2VOCQKi+dZh2jklF6KIikeUKjqWr/2UhxqNQo9M1kiPVALXoT8T+vnejgykuZiBNNBZkdChKOdIQmH0c9JinRfGQIJpKZsIgMsMREm3rmrjzNotq2bbpxF5tYJo1K2b0on9+dFavXWUt5OIJjOAUXLqEKt1CDOhDowwu8wpv1bL1bH9bnbDRnZTuHMAfr6xf2HJX9</latexit>

120
<latexit sha1_base64="9BJE2JWikJ2/iyDR9SMyq4MNuyk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUp4jxUsjEXQh9RGleM6rVXHiWwHUUWdmFnhG9gQK1/CJ/AXuG0G2nIkS0fn3Kt7fPyYM6Ud59vKLS2vrK7l1+2Nza3tncLuXl1FiSS0RiIeyaaPFeVM0JpmmtNmLCkOfU4b/uBm7DceqVQsEg96GFMvxD3BAkawNtK9e3rUKRSdsjMBWiRuRoqQodop/LS7EUlCKjThWKmW68TaS7HUjHA6skvtRNEYkwHu0ZahAodUeekk6wiVjNJFQSTNExpNVPvPRopDpYahbyZDrPtq3huL/3mtRAdXXspEnGgqyPRQkHCkIzT+OOoySYnmQ0MwkcyERaSPJSba1DNz5Wka1bZt040738QiqZ+U3Yvy+d1ZsXKdtZSHAziEY3DhEipwC1WoAYEevMArvFnP1rv1YX1OR3NWtrMPM7C+fgH3uJX+</latexit>

130
<latexit sha1_base64="c6EM3USjw28yxsKnzDrhJPByp0Q=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvVs56RaKTtmZAi0TNyNFyFDrFn46vYgkIRWacKxU23Vi7aVYakY4HdulTqJojMkQ92nbUIFDqrx0mnWMSkbpoSCS5gmNpqr9ZyPFoVKj0DeTIdYDtehNxP+8dqKDKy9lIk40FWR2KEg40hGafBz1mKRE85EhmEhmwiIywBITbeqZu/I0i2rbtunGXWximTTOyu5F+fyuUqxeZy3l4QiO4RRcuIQq3EIN6kCgDy/wCm/Ws/VufVifs9Gcle0cwhysr1/5VJX/</latexit>

140
<latexit sha1_base64="qERnohX9rT6dEgYZZ2sprU11SSA=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQBcYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeiXLk7L1avs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/68JYA</latexit>

150
<latexit sha1_base64="f97EETSvt6AwkkiDDOdLUgPStCw=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQFMYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZbdSvrg7L1avs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/8jJYB</latexit>

160
<latexit sha1_base64="Zs6790ANwyA/LuqCnxI8e0HSBm4=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQUMYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeyfHF3XqxeZy3l4QiO4RRcqEAVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/+KJYC</latexit>

170
<latexit sha1_base64="3CMxsYgHp2YMpxn71VsWnNX4/Mk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQj44VLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvVs56RaKTtmZAi0TNyNFyFDrFn46vYgkIRWacKxU23Vi7aVYakY4HdulTqJojMkQ92nbUIFDqrx0mnWMSkbpoSCS5gmNpqr9ZyPFoVKj0DeTIdYDtehNxP+8dqKDipcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeyfHF3XqxeZy3l4QiO4RRcuIIq3EIN6kCgDy/wCm/Ws/VufVifs9Gcle0cwhysr1//xJYD</latexit>

180
<latexit sha1_base64="v++U183CLHSj7TH+6Mckk14+4fI="></latexit>

210
<latexit sha1_base64="gIbJdEo5rGf5OV8aY8B03oqhwhs="></latexit>

21
<latexit sha1_base64="fFOBw3UhzGXHNe7kNbE32a/yjyI="></latexit>

200
<latexit sha1_base64="ztkU+YxeqVKTz6uReLY/VVDF9WA="></latexit>

20
<latexit sha1_base64="seNg3CFe9aQe3ndqHdvYKloBReU="></latexit>

190

<latexit sha1_base64="SfrOGi0R1Pyj3OaNQx3TCApqAnw="></latexit>

1

<latexit sha1_base64="AdsRvByO+IrOKxqSYA4jnm3lxzw="></latexit>

10

<latexit sha1_base64="xDaasratjSS5VcijbuOCeqA7p/s="></latexit>

2

<latexit sha1_base64="8IZUSslCQaNNELdisjP8EHhZa9k="></latexit>

20

<latexit sha1_base64="wLHPwjEYLVDLkhkKSCDOQXmXO0A="></latexit>

3

<latexit sha1_base64="5lGXKvDD6Y0Lk/jFzfuy8JX+eWY="></latexit>

30

<latexit sha1_base64="S5qKy/TtuxEOXV7/E/QRtCAMyVQ="></latexit>

4

<latexit sha1_base64="SmWrBHDoQ+1W5+7P4N2vWoFstdY="></latexit>

40

<latexit sha1_base64="VKxSV3+kgjRPEXWRkj9CniDdhmI="></latexit>

5

<latexit sha1_base64="zexArA0mSpwyAzw4NGeGyAl5ulg="></latexit>

50

<latexit sha1_base64="pp1z977nmC9K7EXViISAdhX8Wu8="></latexit>

6

<latexit sha1_base64="8OLOd3oJPM03el25ns7uX36rd0c="></latexit>

60

<latexit sha1_base64="LvJUSs1CEwrbdRjxm1BlGoSTAxA="></latexit>

7

<latexit sha1_base64="kBRn/si4xLWk0UzGIZIugyvkKZU="></latexit>

70

<latexit sha1_base64="J8y3uXvLamGxR7pthUBekGyYTFI="></latexit>

8

<latexit sha1_base64="mZ6r2NxY+9IYayhMjRlzuo/aBRk="></latexit>

80

<latexit sha1_base64="QtxrBmq33IHhCjCpSKp+eJ9aiho="></latexit>

9

<latexit sha1_base64="3Y6rzBGO7BBUgfWavTEgJkIw/Yw="></latexit>

90

<latexit sha1_base64="qld2VIMYAimMbMMPxnTm74tz9HI=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgXmMFC2NB9CG1UeW4TmvVcSLbQVRRF2ZW+AY2xMqf8An8BW6agbYcydLROffqHh8/5kxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+6mfqtRyoVi8SDHsfUC/FAsIARrI107zq9UtmpOhnQMnFzUoYc9V7pp9uPSBJSoQnHSnVcJ9ZeiqVmhNOJXekmisaYjPCAdgwVOKTKS7OoE1QxSh8FkTRPaJSp9p+NFIdKjUPfTIZYD9WiNxX/8zqJDq68lIk40VSQ2aEg4UhHaPpv1GeSEs3HhmAimQmLyBBLTLRpZ+7K0yyqbdumG3exiWXSPK26F9Xzu7Ny7TpvqQhHcAwn4MIl1OAW6tAAAgG8wCu8Wc/Wu/Vhfc5GC1a+cwhzsL5+AY7plco=</latexit>

10

<latexit sha1_base64="CkFLbDq3X/HYtP8Uxs1oOLLwsFU=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgXmMFC2NB9CG1UeW4TmvVcSLbQVRRF2ZW+AY2xMqf8An8BW6agbYcydLROffqHh8/5kxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+6mfqtRyoVi8SDHsfUC/FAsIARrI1077q9UtmpOhnQMnFzUoYc9V7pp9uPSBJSoQnHSnVcJ9ZeiqVmhNOJXekmisaYjPCAdgwVOKTKS7OoE1QxSh8FkTRPaJSp9p+NFIdKjUPfTIZYD9WiNxX/8zqJDq68lIk40VSQ2aEg4UhHaPpv1GeSEs3HhmAimQmLyBBLTLRpZ+7K0yyqbdumG3exiWXSPK26F9Xzu7Ny7TpvqQhHcAwn4MIl1OAW6tAAAgG8wCu8Wc/Wu/Vhfc5GC1a+cwhzsL5+AZCElcs=</latexit>

11

<latexit sha1_base64="xz8lL088bbxTO5z9riX+ITWZfhs=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkhoi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNCtl96JcvTsv1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5Iflcw=</latexit>

12

<latexit sha1_base64="eZivT+fUOI44SDZl2Cy60xs3p04=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5VAeYwVLIwF0YfURpXjOq1Vx4lsB1FFXZhZ4RvYECt/wifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvXvWLRSdsjMFWiZuRoqQodYt/HR6EUlCKjThWKm268TaS7HUjHA6tkudRNEYkyHu07ahAodUeek06hiVjNJDQSTNExpNVfvPRopDpUahbyZDrAdq0ZuI/3ntRAdXXspEnGgqyOxQkHCkIzT5N+oxSYnmI0MwkcyERWSAJSbatDN35WkW1bZt04272MQyaZyW3Yvy+V2lWL3OWsrDERzDCbhwCVW4hRrUgUAAL/AKb9az9W59WJ+z0ZyV7RzCHKyvX5O6lc0=</latexit>

13

<latexit sha1_base64="Y8UywHRHrIKKyjFApCKQ5bBut/I=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxoC6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/L7kW5elcp1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5VVlc4=</latexit>

14

<latexit sha1_base64="4n9BEZneVmmptcUgVDK19jv8EGw=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxgi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/LbrVcubso1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5bwlc8=</latexit>

15

<latexit sha1_base64="Csi3uBaKqgcqVi/Ja/Uv6MGYvng=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxgi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/LbrVcubso1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5iLldA=</latexit>

16

<latexit sha1_base64="sv0k2nvwopWfOghh/0eMSSphavM=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxIi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/L7mW5cndRrF1nLeXhBE7hDFyoQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5omldE=</latexit>

17

<latexit sha1_base64="hcQ/9Emjo+ffZoh4i5q+yTrnqH8=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxoiyJblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvtFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooOqlzIRJ5oKMj8UJBzpCE3/jfpMUqL52BBMJDNhERliiYk27SxceZpHtW3bdOMuN7FKmudl97Jcubso1q6zlvJwAqdwBi5cQQ1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5vBldI=</latexit>

18

<latexit sha1_base64="oaiSkV3DZgj3EFsjRdKQdBK00/8=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgymOrYGEsiD6kNqoc12mtOk5kO4gq6sLMCt/Ahlj5Ez6Bv8BtM9CWI1k6Oude3ePjx5wp7TjfVm5ldW19I79pb23v7O4V9g8aKkokoXUS8Ui2fKwoZ4LWNdOctmJJcehz2vSHNxO/+UilYpF40KOYeiHuCxYwgrWR7t2rbqHolJ0p0DJxM1KEDLVu4afTi0gSUqEJx0q1XSfWXoqlZoTTsV3qJIrGmAxxn7YNFTikykunUceoZJQeCiJpntBoqtp/NlIcKjUKfTMZYj1Qi95E/M9rJzq49FIm4kRTQWaHgoQjHaHJv1GPSUo0HxmCiWQmLCIDLDHRpp25K0+zqLZtm27cxSaWSeO07J6XK3dnxep11lIejuAYTsCFC6jCLdSgDgQCeIFXeLOerXfrw/qcjeasbOcQ5mB9/QKdXJXT</latexit>

19

<latexit sha1_base64="dBSeeOIfhHaNdnaeH+gS9MiamN8=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSveucdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeifH5XKVavs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/y5JX7</latexit>

100

<latexit sha1_base64="vhO5k/n0BHhCjnxfh39bZMQoztk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSveuedAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeifH5XKVavs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/0gJX8</latexit>

110

<latexit sha1_base64="4x/4BMd+RYgxUPKVpiWilf2+Ji0=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoqXmMFC2MR9CG1UeW4TmvVcSLbQVRRJ2ZW+AY2xMqX8An8BW6bgbYcydLROffqHh8/5kxpx/m2ciura+sb+U17a3tnd6+wf9BQUSIJrZOIR7LlY0U5E7Sumea0FUuKQ5/Tpj+8mfjNRyoVi8SDHsXUC3FfsIARrI1071ZOuoWiU3amQMvEzUgRMtS6hZ9OLyJJSIUmHCvVdp1YeymWmhFOx3apkygaYzLEfdo2VOCQKi+dZh2jklF6KIikeUKjqWr/2UhxqNQo9M1kiPVALXoT8T+vnejgykuZiBNNBZkdChKOdIQmH0c9JinRfGQIJpKZsIgMsMREm3rmrjzNotq2bbpxF5tYJo1K2b0on9+dFavXWUt5OIJjOAUXLqEKt1CDOhDowwu8wpv1bL1bH9bnbDRnZTuHMAfr6xf2HJX9</latexit>

120

<latexit sha1_base64="9BJE2JWikJ2/iyDR9SMyq4MNuyk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUp4jxUsjEXQh9RGleM6rVXHiWwHUUWdmFnhG9gQK1/CJ/AXuG0G2nIkS0fn3Kt7fPyYM6Ud59vKLS2vrK7l1+2Nza3tncLuXl1FiSS0RiIeyaaPFeVM0JpmmtNmLCkOfU4b/uBm7DceqVQsEg96GFMvxD3BAkawNtK9e3rUKRSdsjMBWiRuRoqQodop/LS7EUlCKjThWKmW68TaS7HUjHA6skvtRNEYkwHu0ZahAodUeekk6wiVjNJFQSTNExpNVPvPRopDpYahbyZDrPtq3huL/3mtRAdXXspEnGgqyPRQkHCkIzT+OOoySYnmQ0MwkcyERaSPJSba1DNz5Wka1bZt040738QiqZ+U3Yvy+d1ZsXKdtZSHAziEY3DhEipwC1WoAYEevMArvFnP1rv1YX1OR3NWtrMPM7C+fgH3uJX+</latexit>

130

<latexit sha1_base64="c6EM3USjw28yxsKnzDrhJPByp0Q=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUpQeYwVLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvVs56RaKTtmZAi0TNyNFyFDrFn46vYgkIRWacKxU23Vi7aVYakY4HdulTqJojMkQ92nbUIFDqrx0mnWMSkbpoSCS5gmNpqr9ZyPFoVKj0DeTIdYDtehNxP+8dqKDKy9lIk40FWR2KEg40hGafBz1mKRE85EhmEhmwiIywBITbeqZu/I0i2rbtunGXWximTTOyu5F+fyuUqxeZy3l4QiO4RRcuIQq3EIN6kCgDy/wCm/Ws/VufVifs9Gcle0cwhysr1/5VJX/</latexit>

140

<latexit sha1_base64="qERnohX9rT6dEgYZZ2sprU11SSA=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQBcYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeiXLk7L1avs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/68JYA</latexit>

150

<latexit sha1_base64="f97EETSvt6AwkkiDDOdLUgPStCw=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQFMYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZbdSvrg7L1avs5bycATHcAouXEIVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/8jJYB</latexit>

160

<latexit sha1_base64="Zs6790ANwyA/LuqCnxI8e0HSBm4=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQUMYKFsYi6ENqo8pxndaq40S2g6iiTsys8A1siJUv4RP4C9w2A205kqWjc+7VPT5+zJnSjvNt5VZW19Y38pv21vbO7l5h/6ChokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94M/Gbj1QqFokHPYqpF+K+YAEjWBvp3q2cdAtFp+xMgZaJm5EiZKh1Cz+dXkSSkApNOFaq7Tqx9lIsNSOcju1SJ1E0xmSI+7RtqMAhVV46zTpGJaP0UBBJ84RGU9X+s5HiUKlR6JvJEOuBWvQm4n9eO9HBlZcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeyfHF3XqxeZy3l4QiO4RRcqEAVbqEGdSDQhxd4hTfr2Xq3PqzP2WjOynYOYQ7W1y/+KJYC</latexit>

170

<latexit sha1_base64="3CMxsYgHp2YMpxn71VsWnNX4/Mk=">AAACAXicbVC7TsMwFL0prxJeBUYWi6qCqUoQj44VLIxF0IfURpXjOq1Vx4lsB1FFnZhZ4RvYECtfwifwF7htBtpyJEtH59yre3z8mDOlHefbyq2srq1v5Dftre2d3b3C/kFDRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wZuI3H6lULBIPehRTL8R9wQJGsDbSvVs56RaKTtmZAi0TNyNFyFDrFn46vYgkIRWacKxU23Vi7aVYakY4HdulTqJojMkQ92nbUIFDqrx0mnWMSkbpoSCS5gmNpqr9ZyPFoVKj0DeTIdYDtehNxP+8dqKDipcyESeaCjI7FCQc6QhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLjaxTBpnZfeyfHF3XqxeZy3l4QiO4RRcuIIq3EIN6kCgDy/wCm/Ws/VufVifs9Gcle0cwhysr1//xJYD</latexit>

180

<latexit sha1_base64="v++U183CLHSj7TH+6Mckk14+4fI="></latexit>

210
<latexit sha1_base64="gIbJdEo5rGf5OV8aY8B03oqhwhs="></latexit>

21
<latexit sha1_base64="fFOBw3UhzGXHNe7kNbE32a/yjyI="></latexit>

200
<latexit sha1_base64="ztkU+YxeqVKTz6uReLY/VVDF9WA="></latexit>

20
<latexit sha1_base64="seNg3CFe9aQe3ndqHdvYKloBReU="></latexit>
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Fig. S6. Interaction matrix for D7. Each colored block represents a valid edge-pairing in which the lower (upper) half color of each colored-block in the matrix represents the
target length (dihedral angle) of a valid edge-pairing.
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Fig. S7. Results from simulations performed at varied temperatures. (A) G7 Snapshots corresponding to simulations using the conditions of the intermediate flexibility
regime (ii) of Fig. 4, corresponding to parameter values indicated in (C). (B) Mean quadratic strain, 〈Ξ〉, as a function of increasing kBT/|εbind|. Black, red, and blue points
respectively correspond to the simulation parameters of cases i, ii, and iii of Fig. 4. (C) Mean number of assembled triangles, 〈Ntotal〉, for the same temperature range and
simulation parameters used in (B). Each labeled point for case ii matches the simulation conditions of the snapshots shown in (A). Each data point in (B) and (C) was calculated
with respect to 5 independent realizations. All simulations were performed at fixed bath concentration µ/kBT = 4.5. Simulations were ended either whenNtotal = 5000 or
when 50× 106 MC sweeps were reached. In order to allow for melting, the triangles composing the seed structure are also allowed to disassemble.
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Fig. S8. Results from unseeded simulations to investigate nucleation. (A) Top (bottom): Sequence of snapshots showing a nucleation pathway for a small G7 structure
using the simulation parameters of i (ii) of Fig. 4. In both cases, the size of the rightmost structures is 336 triangles (i.e. the seed size of G7). (B) Number of assembled
subunits,Ntotal, as a function of the number of MC steps for unseeded structures using the simulation parameters of cases i (black), ii (red), and iii (blue) of Fig. 4. We show
time traces of 10 independent realizations for each of the simulated regimes. Simulations were ended either whenNtotal = 336 or when 109 MC sweeps were reached.
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Fig. S9. Illustration of the topological charge calculation procedure: given a closed path of subunits around a vertex we can move across the anticlockwise-ordered edges, Ei,
meeting at the vertex in order to determine the charge. Moving between two edges E1 and E2 an angular contribution φ01 is picked up. As we move to the neighboring
subunit and angle contribution corresponding to the dihedral angle is picked up as well. The process is continued until we are back at the starting subunit. Using the collection
of ordered angles φ01, θ1, φ12, θ2, . . . allows us to build the rotation composition of Eq. 2. Notice that in order to find the “true” effective rotational angle Φ we need to use
the φ and θ angles of the “target” geometry instead of the “current” geometry.
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1092

<latexit sha1_base64="8lJqsJxW2ViF/s14PF8b/9NmraU="></latexit>

100

<latexit sha1_base64="I3GH95fQJnok1pldT49u2v4L16U="></latexit>

102

<latexit sha1_base64="tG5PxVqkjQSmaZ/pojjRwC83V0E="></latexit>

1092
<latexit sha1_base64="vXQJUTjreMDPEEr5kpFElLd/QiA="></latexit>

(i)
<latexit sha1_base64="wrVqSxzgfc8829xx6fKTWrKXiPQ="></latexit>

(ii)

<latexit sha1_base64="+9qF8sSG7yUVB13aWKo2IkZ4cls="></latexit>

(iii)
<latexit sha1_base64="d4S0Dy/3Z6+D9TNM0cVBIXHgIiE="></latexit>

(iv)

<latexit sha1_base64="z9jEN7DEcu+4XjpSAkNRnf6BRw0="></latexit> ⌘ b

<latexit sha1_base64="z9jEN7DEcu+4XjpSAkNRnf6BRw0="></latexit> ⌘ b

<latexit sha1_base64="8lJqsJxW2ViF/s14PF8b/9NmraU="></latexit>

100

<latexit sha1_base64="I3GH95fQJnok1pldT49u2v4L16U="></latexit>

102

<latexit sha1_base64="tG5PxVqkjQSmaZ/pojjRwC83V0E="></latexit>

1092

<latexit sha1_base64="8lJqsJxW2ViF/s14PF8b/9NmraU="></latexit>

100

<latexit sha1_base64="I3GH95fQJnok1pldT49u2v4L16U="></latexit>

102

<latexit sha1_base64="tG5PxVqkjQSmaZ/pojjRwC83V0E="></latexit>

1092

<latexit sha1_base64="8lJqsJxW2ViF/s14PF8b/9NmraU="></latexit>

10
0

<latexit sha1_base64="I3GH95fQJnok1pldT49u2v4L16U="></latexit>

10
2

<latexit sha1_base64="tG5PxVqkjQSmaZ/pojjRwC83V0E="></latexit>

10 9
2

<latexit sha1_base64="8lJqsJxW2ViF/s14PF8b/9NmraU="></latexit>

10
0

<latexit sha1_base64="I3GH95fQJnok1pldT49u2v4L16U="></latexit>

10
2

<latexit sha1_base64="tG5PxVqkjQSmaZ/pojjRwC83V0E="></latexit>

10 9
2

<latexit sha1_base64="r2PIms/uoDrTKQKGQSOMIZnG/RM="></latexit>⌘s
<latexit sha1_base64="r2PIms/uoDrTKQKGQSOMIZnG/RM="></latexit>⌘s

<latexit sha1_base64="vXQJUTjreMDPEEr5kpFElLd/QiA="></latexit>

(i)
<latexit sha1_base64="wrVqSxzgfc8829xx6fKTWrKXiPQ="></latexit>

(ii)

<latexit sha1_base64="+9qF8sSG7yUVB13aWKo2IkZ4cls="></latexit>

(iii)
<latexit sha1_base64="d4S0Dy/3Z6+D9TNM0cVBIXHgIiE="></latexit>

(iv)

<latexit sha1_base64="z9jEN7DEcu+4XjpSAkNRnf6BRw0="></latexit> ⌘ b

<latexit sha1_base64="z9jEN7DEcu+4XjpSAkNRnf6BRw0="></latexit> ⌘ b

<latexit sha1_base64="8lJqsJxW2ViF/s14PF8b/9NmraU="></latexit>

100

<latexit sha1_base64="I3GH95fQJnok1pldT49u2v4L16U="></latexit>

102

<latexit sha1_base64="tG5PxVqkjQSmaZ/pojjRwC83V0E="></latexit>

1092

<latexit sha1_base64="8lJqsJxW2ViF/s14PF8b/9NmraU="></latexit>

100

<latexit sha1_base64="I3GH95fQJnok1pldT49u2v4L16U="></latexit>

102

<latexit sha1_base64="tG5PxVqkjQSmaZ/pojjRwC83V0E="></latexit>

1092

<latexit sha1_base64="f5AvvFsFEo1Oaae6LJxy1c9Q4js="></latexit>

P

<latexit sha1_base64="Jcyzyv4/ciBZCf4j4FIWpAeXlFA="></latexit>

G

<latexit sha1_base64="KNEOFlDPFtPqFdl4aaFCP6gsG+A="></latexit>

D

Fig. S10. Defect population per unit cell, n(s), as a function of dimensionless ratios ηs and ηb for each of the defect types. Panels (i) to (vi) respectively correspond to charges
+2π/3, +π,−2π/3,−π, +π′, and−π′.

Carlos M. Duque, Douglas M. Hall, Botond Tyukodi, Michael F. Hagan, Christian D. Santangelo, and Gregory M. Grason13 of 32



<latexit sha1_base64="8lJqsJxW2ViF/s14PF8b/9NmraU="></latexit>

100
<latexit sha1_base64="rbeaNHW9va3g8s4/hu1Lrtc/Yas="></latexit>

1091
<latexit sha1_base64="lWjxWy96O++Sz6poK9FGOfVkTfY="></latexit>

101

<latexit sha1_base64="ICEhHq4h4hE+b2I9ZOb2XMm5R1I=">AAACD3icbVDLSgMxFM34rOOjoy7dBEuhItYZ8bUsSsFlBfuAdiiZNNOGZjJDkhHLtB/h2q1+gztx6yf4Cf6FmbYL23og5HDOvdzD8SJGpbLtb2NpeWV1bT2zYW5ube9krd29mgxjgUkVhywUDQ9JwignVUUVI41IEBR4jNS9/m3q1x+JkDTkD2oQETdAXU59ipHSUtvKlgvHQzk8Oi0XTtK/beXsoj0GXCTOlOTAFJW29dPqhDgOCFeYISmbjh0pN0FCUczIyMy3YkkihPuoS5qachQQ6Sbj5COY10oH+qHQjys4Vs0/GwkKpBwEnp4MkOrJeS8V//OasfKv3YTyKFaE48khP2ZQhTCtAXaoIFixgSYIC6rDQtxDAmGly5q58jSJapqm7saZb2KR1M6KzmXx4v48V7qZtpQBB+AQFIADrkAJ3IEKqAIMYvACXsGb8Wy8Gx/G52R0yZju7IMZGF+/teuapQ==</latexit> E
(+

|s
|)/

E
(�

|s
|)

<latexit sha1_base64="y6KVFcnNPdk/JaXDHSI2nPAbEXc=">AAACH3icbVDJTgJBEO3BDccN9ejBiYTEE84YtyPRi0dMZEmAkJ6mgA49S7prDGQyRz/Es1f9Bm/GK5/gX9jAHFh8SSev3qtKVT83FFyhbY+NzNr6xuZWdtvc2d3bP8gdHlVVEEkGFRaIQNZdqkBwHyrIUUA9lEA9V0DNHTxM/NoLSMUD/xlHIbQ82vN5lzOKWmrnTpuAtB03EYYYqyS5mK/dJGnn8nbRnsJaJU5K8iRFuZ37bXYCFnngIxNUqYZjh9iKqUTOBCRmoRkpCCkb0B40NPWpB6oVT3+SWAWtdKxuIPXz0Zqq5txETD2lRp6rOz2KfbXsTcT/vEaE3btWzP0wQvDZbFE3EhYG1iQWq8MlMBQjTSiTXB9rsT6VlKEOb2HLcHaqaZo6G2c5iVVSvSw6N8Xrp6t86T5NKUtOyBk5Jw65JSXySMqkQhh5Je/kg3wab8aX8W38zFozRjpzTBZgjP8AXgujzA==</latexit>

⌘s/⌘b

<latexit sha1_base64="Rcyg7mMlnz5c+ccOvG+gYLrQJmg=">AAACInicbVDJSgNBEO2JWxy3UY9ehoSApzgjbsegF48RzAJJCD2dStKkZ6G7RhKGufshnr3qN3gTT4I/4F/YWQ5ZfNDw6r0qqvp5keAKHefbyKytb2xuZbfNnd29/QPr8KiqwlgyqLBQhLLuUQWCB1BBjgLqkQTqewJq3uBu7NeeQCoeBo84iqDl017Au5xR1FLbyhWagLSdNBGGmKg0PZuvvTQ1nbaVd4rOBPYqcWckT2Yot63fZidksQ8BMkGVarhOhK2ESuRMQGoWmrGCiLIB7UFD04D6oFrJ5DOpXdBKx+6GUr8A7Ylqzk0k1Fdq5Hu606fYV8veWPzPa8TYvWklPIhihIBNF3VjYWNoj5OxO1wCQzHShDLJ9bE261NJGer8FrYMp6eapqmzcZeTWCXV86J7Vbx8uMiXbmcpZckJyZFT4pJrUiL3pEwqhJFn8kreyLvxYnwYn8bXtDVjzGaOyQKMnz+FlqRJ</latexit>

0

<latexit sha1_base64="90cWaTL+sAsY/dGqdzP/KNWbB2s=">AAACInicbVDJSgNBEO2JWxy3UY9ehoSApzgjRj0GvXiMYBZIQujpVJImPQvdNZIwzN0P8exVv8GbeBL8Af/CznIwiQ8aXr1XRVU/LxJcoeN8GZm19Y3Nrey2ubO7t39gHR7VVBhLBlUWilA2PKpA8ACqyFFAI5JAfU9A3RveTvz6I0jFw+ABxxG0fdoPeI8zilrqWLlCC5B2khbCCBOVpmd/ay9NzVLHyjtFZwp7lbhzkidzVDrWT6sbstiHAJmgSjVdJ8J2QiVyJiA1C61YQUTZkPahqWlAfVDtZPqZ1C5opWv3QqlfgPZUNf9MJNRXaux7utOnOFDL3kT8z2vG2LtuJzyIYoSAzRb1YmFjaE+SsbtcAkMx1oQyyfWxNhtQSRnq/Ba2jGanmqaps3GXk1gltfOie1ks3V/kyzfzlLLkhOTIKXHJFSmTO1IhVcLIE3khr+TNeDbejQ/jc9aaMeYzx2QBxvcvjZ2kTg==</latexit>

5

<latexit sha1_base64="NE/Y4O+xfLs84BzsYAoOkFamfEk=">AAACI3icbVDJTgJBEO3BDccN9ehlIiHxhDPG7Uj04hETWRIgpKepgQ49S7prDGQyH+CHePaq3+DNePHgB/gXNjAHAV/Syav3qlLVz40EV2jbX0ZuZXVtfSO/aW5t7+zuFfYP6iqMJYMaC0Uomy5VIHgANeQooBlJoL4roOEObyd+4xGk4mHwgOMIOj7tB9zjjKKWuoViqQ1Iu0kbYYSJStPTv7WbpqZj6y67bE9hLRMnI0WSodot/LR7IYt9CJAJqlTLsSPsJFQiZwJSs9SOFUSUDWkfWpoG1AfVSaa/Sa2SVnqWF0r9ArSmqvlnIqG+UmPf1Z0+xYFa9Cbif14rRu+6k/AgihECNlvkxcLC0JpEY/W4BIZirAllkutjLTagkjLUAc5tGc1ONU1TZ+MsJrFM6mdl57J8cX9erNxkKeXJETkmJ8QhV6RC7kiV1AgjT+SFvJI349l4Nz6Mz1lrzshmDskcjO9fBxykhA==</latexit>

10

<latexit sha1_base64="0TS3kArHIXCt6xYm8JYt65mRqGU=">AAACI3icbVC5TsNAEF2HK5grQEljEUWiCjYiQBlBQxkkckhxFK03k2SV9aHdMUpk+QP4EGpa+AY6REPBB/AXbI4iB09a6c17M5rZ50WCK7TtbyOztr6xuZXdNnd29/YPcodHNRXGkkGVhSKUDY8qEDyAKnIU0IgkUN8TUPcGd2O//gRS8TB4xFEELZ/2At7ljKKW2rl8wQWk7cRFGGKi0vR8vvbS1HRKussu2hNYq8SZkTyZodLO/bqdkMU+BMgEVarp2BG2EiqRMwGpWXBjBRFlA9qDpqYB9UG1kslvUquglY7VDaV+AVoT1ZybSKiv1Mj3dKdPsa+WvbH4n9eMsXvTSngQxQgBmy7qxsLC0BpHY3W4BIZipAllkutjLdankjLUAS5sGU5PNU1TZ+MsJ7FKahdF56pYerjMl29nKWXJCTklZ8Qh16RM7kmFVAkjz+SVvJF348X4MD6Nr2lrxpjNHJMFGD9/DyOkiQ==</latexit>

15

<latexit sha1_base64="tjjzromt8wGvoQEBG1qsC5U75Bs=">AAACI3icbVDJTgJBEO3BDccN9ehlIiHxhDPE7Uj04hETWRIgpKcpoEPPku4aA5nMB/ghnr3qN3gzXjz4Af6FDcyBxZd08uq9qlT1c0PBFdr2t5FZW9/Y3Mpumzu7e/sHucOjmgoiyaDKAhHIhksVCO5DFTkKaIQSqOcKqLvDu4lffwKpeOA/4jiEtkf7Pu9xRlFLnVy+0AKknbiFMMJYJcn5fO0miVmydZddtKewVomTkjxJUenkflvdgEUe+MgEVarp2CG2YyqRMwGJWWhFCkLKhrQPTU196oFqx9PfJFZBK12rF0j9fLSmqjk3EVNPqbHn6k6P4kAtexPxP68ZYe+mHXM/jBB8NlvUi4SFgTWJxupyCQzFWBPKJNfHWmxAJWWoA1zYMpqdapqmzsZZTmKV1EpF56p4+XCRL9+mKWXJCTklZ8Qh16RM7kmFVAkjz+SVvJF348X4MD6Nr1lrxkhnjskCjJ8/CLikhQ==</latexit>

20

<latexit sha1_base64="VGK22OXCKDkTsVCDv3TU5zFB+q8="></latexit>

2
<latexit sha1_base64="94VO6fDfUQ5yEAO14/zmBKFOFjw="></latexit>

4
<latexit sha1_base64="fgQ0/8N1uvNIdBgiFdkpKAWtGVY="></latexit>

6
<latexit sha1_base64="fp5FS8jFKryw5Ql/+O3VCmkiJlI="></latexit>

8
<latexit sha1_base64="NE/Y4O+xfLs84BzsYAoOkFamfEk=">AAACI3icbVDJTgJBEO3BDccN9ehlIiHxhDPG7Uj04hETWRIgpKepgQ49S7prDGQyH+CHePaq3+DNePHgB/gXNjAHAV/Syav3qlLVz40EV2jbX0ZuZXVtfSO/aW5t7+zuFfYP6iqMJYMaC0Uomy5VIHgANeQooBlJoL4roOEObyd+4xGk4mHwgOMIOj7tB9zjjKKWuoViqQ1Iu0kbYYSJStPTv7WbpqZj6y67bE9hLRMnI0WSodot/LR7IYt9CJAJqlTLsSPsJFQiZwJSs9SOFUSUDWkfWpoG1AfVSaa/Sa2SVnqWF0r9ArSmqvlnIqG+UmPf1Z0+xYFa9Cbif14rRu+6k/AgihECNlvkxcLC0JpEY/W4BIZirAllkutjLTagkjLUAc5tGc1ONU1TZ+MsJrFM6mdl57J8cX9erNxkKeXJETkmJ8QhV6RC7kiV1AgjT+SFvJI349l4Nz6Mz1lrzshmDskcjO9fBxykhA==</latexit>

10

<latexit sha1_base64="VGK22OXCKDkTsVCDv3TU5zFB+q8="></latexit>

2

<latexit sha1_base64="94VO6fDfUQ5yEAO14/zmBKFOFjw="></latexit>

4

<latexit sha1_base64="Rcyg7mMlnz5c+ccOvG+gYLrQJmg=">AAACInicbVDJSgNBEO2JWxy3UY9ehoSApzgjbsegF48RzAJJCD2dStKkZ6G7RhKGufshnr3qN3gTT4I/4F/YWQ5ZfNDw6r0qqvp5keAKHefbyKytb2xuZbfNnd29/QPr8KiqwlgyqLBQhLLuUQWCB1BBjgLqkQTqewJq3uBu7NeeQCoeBo84iqDl017Au5xR1FLbyhWagLSdNBGGmKg0PZuvvTQ1nbaVd4rOBPYqcWckT2Yot63fZidksQ8BMkGVarhOhK2ESuRMQGoWmrGCiLIB7UFD04D6oFrJ5DOpXdBKx+6GUr8A7Ylqzk0k1Fdq5Hu606fYV8veWPzPa8TYvWklPIhihIBNF3VjYWNoj5OxO1wCQzHShDLJ9bE261NJGer8FrYMp6eapqmzcZeTWCXV86J7Vbx8uMiXbmcpZckJyZFT4pJrUiL3pEwqhJFn8kreyLvxYnwYn8bXtDVjzGaOyQKMnz+FlqRJ</latexit>

0

<latexit sha1_base64="vga/u1/zlT8TA7SHYn3Fhm5acbw="></latexit>

1

<latexit sha1_base64="qvs2zCH02CxWcvX+h9EHXQBWCfI="></latexit>

3

<latexit sha1_base64="QViHw6BQl2eSugsTazo9tfVAhbU="></latexit>

0

<latexit sha1_base64="TqcGDv4ead/lBa0xKzjmDXThw/U="></latexit>

5

<latexit sha1_base64="qdF9khGIdNlNdVNjvGDPLS8GCN0="></latexit>

10

<latexit sha1_base64="z8z+HytrQjtuwLqb7XBY5O3s+a0="></latexit>

15

<latexit sha1_base64="ZYo2dF8cXMd3Mfq2VmIBVFcNjAM="></latexit> hn
(s
)i

u
c

<latexit sha1_base64="mq6GkaOBAnkTDCkS7pR2/unMIAc="></latexit>

✏bind/kBT

<latexit sha1_base64="fgQ0/8N1uvNIdBgiFdkpKAWtGVY="></latexit>

6
<latexit sha1_base64="fp5FS8jFKryw5Ql/+O3VCmkiJlI="></latexit>

8
<latexit sha1_base64="TqcGDv4ead/lBa0xKzjmDXThw/U="></latexit>

5
<latexit sha1_base64="zTQTFZ8vOW6cGuUIJAFDby8Burw=">AAAB/3icbVDLTsJAFL31ifWFunTTSEhckdaouCS6cQmJPBJoyHS4wITptJmZGknDwrVb/QZ3xq2f4if4Fw7QhYAnmeTknHtzz5wg5kxp1/221tY3Nre2czv27t7+wWH+6LihokRSrNOIR7IVEIWcCaxrpjm2YokkDDg2g9Hd1G8+olQsEg96HKMfkoFgfUaJNlKt3M0X3JI7g7NKvIwUIEO1m//p9CKahCg05USptufG2k+J1IxynNjFTqIwJnREBtg2VJAQlZ/Okk6colF6Tj+S5gntzFT7z0ZKQqXGYWAmQ6KHatmbiv957UT3b/yUiTjRKOj8UD/hjo6c6bedHpNINR8bQqhkJqxDh0QSqk05C1ee5lFt2zbdeMtNrJLGRcm7Ll3VLguV26ylHJzCGZyDB2WowD1UoQ4UEF7gFd6sZ+vd+rA+56NrVrZzAguwvn4BJk+Vlg==</latexit>

7
<latexit sha1_base64="01eir3hVvxKCLYohmhcnQS/+m/Y=">AAAB/3icbVC7TgJBFL2LL1xfqKXNREJiRXaNz45oYwmJIAlsyOxwFybMPjIzaySEwtpWv8HO2PopfoJ/4QBbCHiSSU7OuTf3zPETwZV2nG8rt7K6tr6R37S3tnd29wr7Bw0Vp5JhncUilk2fKhQ8wrrmWmAzkUhDX+CDP7id+A+PKBWPo3s9TNALaS/iAWdUG6l23SkUnbIzBVkmbkaKkKHaKfy0uzFLQ4w0E1Splusk2htRqTkTOLZL7VRhQtmA9rBlaERDVN5omnRMSkbpkiCW5kWaTFX7z8aIhkoNQ99MhlT31aI3Ef/zWqkOrrwRj5JUY8Rmh4JUEB2TybdJl0tkWgwNoUxyE5awPpWUaVPO3JWnWVTbtk037mITy6RxWnYvyue1s2LlJmspD0dwDCfgwiVU4A6qUAcGCC/wCm/Ws/VufVifs9Gcle0cwhysr18phZWY</latexit>

9
<latexit sha1_base64="qdF9khGIdNlNdVNjvGDPLS8GCN0="></latexit>

10

<latexit sha1_base64="mq6GkaOBAnkTDCkS7pR2/unMIAc="></latexit>

✏bind/kBT

<latexit sha1_base64="fgQ0/8N1uvNIdBgiFdkpKAWtGVY="></latexit>

6
<latexit sha1_base64="fp5FS8jFKryw5Ql/+O3VCmkiJlI="></latexit>

8
<latexit sha1_base64="TqcGDv4ead/lBa0xKzjmDXThw/U="></latexit>

5
<latexit sha1_base64="zTQTFZ8vOW6cGuUIJAFDby8Burw=">AAAB/3icbVDLTsJAFL31ifWFunTTSEhckdaouCS6cQmJPBJoyHS4wITptJmZGknDwrVb/QZ3xq2f4if4Fw7QhYAnmeTknHtzz5wg5kxp1/221tY3Nre2czv27t7+wWH+6LihokRSrNOIR7IVEIWcCaxrpjm2YokkDDg2g9Hd1G8+olQsEg96HKMfkoFgfUaJNlKt3M0X3JI7g7NKvIwUIEO1m//p9CKahCg05USptufG2k+J1IxynNjFTqIwJnREBtg2VJAQlZ/Okk6colF6Tj+S5gntzFT7z0ZKQqXGYWAmQ6KHatmbiv957UT3b/yUiTjRKOj8UD/hjo6c6bedHpNINR8bQqhkJqxDh0QSqk05C1ee5lFt2zbdeMtNrJLGRcm7Ll3VLguV26ylHJzCGZyDB2WowD1UoQ4UEF7gFd6sZ+vd+rA+56NrVrZzAguwvn4BJk+Vlg==</latexit>

7
<latexit sha1_base64="01eir3hVvxKCLYohmhcnQS/+m/Y=">AAAB/3icbVC7TgJBFL2LL1xfqKXNREJiRXaNz45oYwmJIAlsyOxwFybMPjIzaySEwtpWv8HO2PopfoJ/4QBbCHiSSU7OuTf3zPETwZV2nG8rt7K6tr6R37S3tnd29wr7Bw0Vp5JhncUilk2fKhQ8wrrmWmAzkUhDX+CDP7id+A+PKBWPo3s9TNALaS/iAWdUG6l23SkUnbIzBVkmbkaKkKHaKfy0uzFLQ4w0E1Splusk2htRqTkTOLZL7VRhQtmA9rBlaERDVN5omnRMSkbpkiCW5kWaTFX7z8aIhkoNQ99MhlT31aI3Ef/zWqkOrrwRj5JUY8Rmh4JUEB2TybdJl0tkWgwNoUxyE5awPpWUaVPO3JWnWVTbtk037mITy6RxWnYvyue1s2LlJmspD0dwDCfgwiVU4A6qUAcGCC/wCm/Ws/VufVifs9Gcle0cwhysr18phZWY</latexit>

9
<latexit sha1_base64="qdF9khGIdNlNdVNjvGDPLS8GCN0="></latexit>

10

<latexit sha1_base64="wllI7kD02AbP5hxC6HwhW5KRSbA=">AAACAXicbVC7TsMwFL0prxJeBUYWi6oSU5UgXmMFC2MR9CG1UeW4TmvVcSLbQVRRJ2ZW+AY2xMqX8An8BW6agbZcydbROffqnnv8mDOlHefbKqysrq1vFDftre2d3b3S/kFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZqq3HqlULBIPehxTL8QDwQJGsDbUvVN1eqWy+bNCy8DNQRnyqvdKP91+RJKQCk04VqrjOrH2Uiw1I5xO7Eo3UTTGZIQHtGOgwCFVXpp5naCKYfooiKR5QqOMtf9MpDhUahz6pjPEeqgWtSn5n9ZJdHDlpUzEiaaCzBYFCUc6QtPDUZ9JSjQfG4CJZMYsIkMsMdEmnrktTzOrtm2bbNzFJJZB87TqXlTP787Ktes8pSIcwTGcgAuXUINbqEMDCAzgBV7hzXq23q0P63PWWrDymUOYK+vrF/yClgE=</latexit>

0.0

<latexit sha1_base64="uHmJnjUDlAEyDY4kGZDLa7ATnNg=">AAACAXicbVDLTsJAFL3FF9YX6tLNRELiqmmNqEuiG5cYBUmgIdNhChOm02ZmaiQNK9du9RvcGbd+iZ/gXzhAFwKeZJKTc+7NPXOChDOlXffbKqysrq1vFDftre2d3b3S/kFTxakktEFiHstWgBXlTNCGZprTViIpjgJOH4Lh9cR/eKRSsVjc61FC/Qj3BQsZwdpId65T7ZbKruNOgZaJl5My5Kh3Sz+dXkzSiApNOFaq7bmJ9jMsNSOcju1KJ1U0wWSI+7RtqMARVX42zTpGFaP0UBhL84RGU9X+s5HhSKlRFJjJCOuBWvQm4n9eO9XhpZ8xkaSaCjI7FKYc6RhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLTaxTJqnjnfuVG/PyrWrvKUiHMExnIAHF1CDG6hDAwj04QVe4c16tt6tD+tzNlqw8p1DmIP19QsEmJYG</latexit>

0.5

<latexit sha1_base64="fUJFR7aOVa1MfJIjiNbP3LaUiC4=">AAACAXicbVC7TsMwFL0prxJeBUYWi6oSU5QgXmMFC2MR9CG1UeW4TmvVcSLbQVRRJ2ZW+AY2xMqX8An8BW6bgbYcydLROffqHp8g4Uxp1/22Ciura+sbxU17a3tnd6+0f9BQcSoJrZOYx7IVYEU5E7Sumea0lUiKo4DTZjC8mfjNRyoVi8WDHiXUj3BfsJARrI107zlut1R2HXcKtEy8nJQhR61b+un0YpJGVGjCsVJtz020n2GpGeF0bFc6qaIJJkPcp21DBY6o8rNp1jGqGKWHwliaJzSaqvafjQxHSo2iwExGWA/UojcR//PaqQ6v/IyJJNVUkNmhMOVIx2jycdRjkhLNR4ZgIpkJi8gAS0y0qWfuytMsqm3bphtvsYll0jh1vAvn/O6sXL3OWyrCERzDCXhwCVW4hRrUgUAfXuAV3qxn6936sD5nowUr3zmEOVhfv/4flgI=</latexit>

1.0

<latexit sha1_base64="C81YwV0Bhs26Sgp+7JwRZXGt1fo=">AAACAXicbVDLTsJAFL3FF9YX6tLNRELiqmmNqEuiG5cYBUmgIdNhChOm02ZmaiQNK9du9RvcGbd+iZ/gXzhAFwKeZJKTc+7NPXOChDOlXffbKqysrq1vFDftre2d3b3S/kFTxakktEFiHstWgBXlTNCGZprTViIpjgJOH4Lh9cR/eKRSsVjc61FC/Qj3BQsZwdpId55T7ZbKruNOgZaJl5My5Kh3Sz+dXkzSiApNOFaq7bmJ9jMsNSOcju1KJ1U0wWSI+7RtqMARVX42zTpGFaP0UBhL84RGU9X+s5HhSKlRFJjJCOuBWvQm4n9eO9XhpZ8xkaSaCjI7FKYc6RhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLTaxTJqnjnfuVG/PyrWrvKUiHMExnIAHF1CDG6hDAwj04QVe4c16tt6tD+tzNlqw8p1DmIP19QsGNZYH</latexit>

1.5

<latexit sha1_base64="0P2b8lQnP4mfiDfG4XStxb9nvWg="></latexit>

�4⇡/3
<latexit sha1_base64="gtzveu1+wvPjdCDeWvYtsi8uMn4="></latexit>�2⇡

<latexit sha1_base64="lhpcaIJVqcW9cyc6G/5k0ZlIEhU="></latexit>

+2⇡/3
<latexit sha1_base64="fun95Sj0zuKyGs9RdBgtcuXsh5g="></latexit>

�2⇡/3

<latexit sha1_base64="qPmr1rOc1FD1IYVJc46CwIgK+eA="></latexit>

+⇡
<latexit sha1_base64="aOJE/fEmLQGyOh/IgCGTi3MD4Bw="></latexit>�⇡

<latexit sha1_base64="2krqPbtbkersDsUDQiJeka2egec=">AAACAXicbVC7TsMwFL0prxJeBUYWi6oSU5QgXmMFC2MR9CG1UeW4TmvVcSLbQVRRJ2ZW+AY2xMqX8An8BW6bgbYcydLROffqHp8g4Uxp1/22Ciura+sbxU17a3tnd6+0f9BQcSoJrZOYx7IVYEU5E7Sumea0lUiKo4DTZjC8mfjNRyoVi8WDHiXUj3BfsJARrI107zpn3VLZddwp0DLxclKGHLVu6afTi0kaUaEJx0q1PTfRfoalZoTTsV3ppIommAxxn7YNFTiiys+mWceoYpQeCmNpntBoqtp/NjIcKTWKAjMZYT1Qi95E/M9rpzq88jMmklRTQWaHwpQjHaPJx1GPSUo0HxmCiWQmLCIDLDHRpp65K0+zqLZtm268xSaWSePU8S6c87uzcvU6b6kIR3AMJ+DBJVThFmpQBwJ9eIFXeLOerXfrw/qcjRasfOcQ5mB9/QIC/ZYF</latexit>

0.4

<latexit sha1_base64="ry/0dbwrhewp0v31S6qbpEG2oxU=">AAACAXicbVDLTsJAFL3FF9YX6tLNRELiqmmNokuiG5cYBUmgIdNhChOm02ZmaiQNK9du9RvcGbd+iZ/gXzhAFwKeZJKTc+7NPXOChDOlXffbKqysrq1vFDftre2d3b3S/kFTxakktEFiHstWgBXlTNCGZprTViIpjgJOH4Lh9cR/eKRSsVjc61FC/Qj3BQsZwdpId65T7ZbKruNOgZaJl5My5Kh3Sz+dXkzSiApNOFaq7bmJ9jMsNSOcju1KJ1U0wWSI+7RtqMARVX42zTpGFaP0UBhL84RGU9X+s5HhSKlRFJjJCOuBWvQm4n9eO9XhpZ8xkaSaCjI7FKYc6RhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLTaxTJqnjld1zm/PyrWrvKUiHMExnIAHF1CDG6hDAwj04QVe4c16tt6tD+tzNlqw8p1DmIP19QsGM5YH</latexit>

0.6

<latexit sha1_base64="1tWGlWwQ0nlpDz4ygGw2OnGBA8g=">AAACAXicbVDLTsJAFL3FF9YX6tLNRELiqmmND5ZENy4xCpJAQ6bDFCZMp83M1EgaVq7d6je4M279Ej/Bv3CALgQ8ySQn59ybe+YECWdKu+63VVhZXVvfKG7aW9s7u3ul/YOmilNJaIPEPJatACvKmaANzTSnrURSHAWcPgTD64n/8EilYrG416OE+hHuCxYygrWR7lyn2i2VXcedAi0TLydlyFHvln46vZikERWacKxU23MT7WdYakY4HduVTqpogskQ92nbUIEjqvxsmnWMKkbpoTCW5gmNpqr9ZyPDkVKjKDCTEdYDtehNxP+8dqrDqp8xkaSaCjI7FKYc6RhNPo56TFKi+cgQTCQzYREZYImJNvXMXXmaRbVt23TjLTaxTJqnjnfhnN+elWtXeUtFOIJjOAEPLqEGN1CHBhDowwu8wpv1bL1bH9bnbLRg5TuHMAfr6xcJaZYJ</latexit>

0.8

<latexit sha1_base64="fUJFR7aOVa1MfJIjiNbP3LaUiC4=">AAACAXicbVC7TsMwFL0prxJeBUYWi6oSU5QgXmMFC2MR9CG1UeW4TmvVcSLbQVRRJ2ZW+AY2xMqX8An8BW6bgbYcydLROffqHp8g4Uxp1/22Ciura+sbxU17a3tnd6+0f9BQcSoJrZOYx7IVYEU5E7Sumea0lUiKo4DTZjC8mfjNRyoVi8WDHiXUj3BfsJARrI107zlut1R2HXcKtEy8nJQhR61b+un0YpJGVGjCsVJtz020n2GpGeF0bFc6qaIJJkPcp21DBY6o8rNp1jGqGKWHwliaJzSaqvafjQxHSo2iwExGWA/UojcR//PaqQ6v/IyJJNVUkNmhMOVIx2jycdRjkhLNR4ZgIpkJi8gAS0y0qWfuytMsqm3bphtvsYll0jh1vAvn/O6sXL3OWyrCERzDCXhwCVW4hRrUgUAfXuAV3qxn6936sD5nowUr3zmEOVhfv/4flgI=</latexit>

1.0

<latexit sha1_base64="lpCPwuvJrk+d4sLQkTHjy+7WZNA=">AAACAXicbVC7TsMwFL3hWcKrwMhiUVViipKK11jBwlgEfUhtVDmu01p1nMh2EFXUiZkVvoENsfIlfAJ/gdtmoC1HsnR0zr26xydIOFPadb+tldW19Y3Nwpa9vbO7t188OGyoOJWE1knMY9kKsKKcCVrXTHPaSiTFUcBpMxjeTPzmI5WKxeJBjxLqR7gvWMgI1ka695xKt1hyHXcKtEy8nJQgR61b/On0YpJGVGjCsVJtz020n2GpGeF0bJc7qaIJJkPcp21DBY6o8rNp1jEqG6WHwliaJzSaqvafjQxHSo2iwExGWA/UojcR//PaqQ6v/IyJJNVUkNmhMOVIx2jycdRjkhLNR4ZgIpkJi8gAS0y0qWfuytMsqm3bphtvsYll0qg43oVzfndWql7nLRXgGE7gFDy4hCrcQg3qQKAPL/AKb9az9W59WJ+z0RUr3zmCOVhfvwFklgQ=</latexit>

1.2

<latexit sha1_base64="Vj6n4NXHk+mAV9iRNywZwNzH2P8=">AAACAXicbVC7TsMwFL0prxJeBUYWi6oSU5QgXmMFC2MR9CG1UeW4TmvVcSLbQVRRJ2ZW+AY2xMqX8An8BW6bgbYcydLROffqHp8g4Uxp1/22Ciura+sbxU17a3tnd6+0f9BQcSoJrZOYx7IVYEU5E7Sumea0lUiKo4DTZjC8mfjNRyoVi8WDHiXUj3BfsJARrI107zln3VLZddwp0DLxclKGHLVu6afTi0kaUaEJx0q1PTfRfoalZoTTsV3ppIommAxxn7YNFTiiys+mWceoYpQeCmNpntBoqtp/NjIcKTWKAjMZYT1Qi95E/M9rpzq88jMmklRTQWaHwpQjHaPJx1GPSUo0HxmCiWQmLCIDLDHRpp65K0+zqLZtm268xSaWSePU8S6c87uzcvU6b6kIR3AMJ+DBJVThFmpQBwJ9eIFXeLOerXfrw/qcjRasfOcQ5mB9/QIEmpYG</latexit>

1.4

<latexit sha1_base64="8QHlbxYwQ3A4owsJmmBUWL4xA0g=">AAACAXicbVC7TsMwFL3hWcKrwMhiUVViipKK11jBwlgEfUhtVDmu01p1nMh2EFXUiZkVvoENsfIlfAJ/gdtmoC1HsnR0zr26xydIOFPadb+tldW19Y3Nwpa9vbO7t188OGyoOJWE1knMY9kKsKKcCVrXTHPaSiTFUcBpMxjeTPzmI5WKxeJBjxLqR7gvWMgI1ka6d51Kt1hyHXcKtEy8nJQgR61b/On0YpJGVGjCsVJtz020n2GpGeF0bJc7qaIJJkPcp21DBY6o8rNp1jEqG6WHwliaJzSaqvafjQxHSo2iwExGWA/UojcR//PaqQ6v/IyJJNVUkNmhMOVIx2jycdRjkhLNR4ZgIpkJi8gAS0y0qWfuytMsqm3bphtvsYll0qg43oVzfndWql7nLRXgGE7gFDy4hCrcQg3qQKAPL/AKb9az9W59WJ+z0RUr3zmCOVhfv/+4lgM=</latexit>

0.2
<latexit sha1_base64="wllI7kD02AbP5hxC6HwhW5KRSbA=">AAACAXicbVC7TsMwFL0prxJeBUYWi6oSU5UgXmMFC2MR9CG1UeW4TmvVcSLbQVRRJ2ZW+AY2xMqX8An8BW6agbZcydbROffqnnv8mDOlHefbKqysrq1vFDftre2d3b3S/kFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZqq3HqlULBIPehxTL8QDwQJGsDbUvVN1eqWy+bNCy8DNQRnyqvdKP91+RJKQCk04VqrjOrH2Uiw1I5xO7Eo3UTTGZIQHtGOgwCFVXpp5naCKYfooiKR5QqOMtf9MpDhUahz6pjPEeqgWtSn5n9ZJdHDlpUzEiaaCzBYFCUc6QtPDUZ9JSjQfG4CJZMYsIkMsMdEmnrktTzOrtm2bbNzFJJZB87TqXlTP787Ktes8pSIcwTGcgAuXUINbqEMDCAzgBV7hzXq23q0P63PWWrDymUOYK+vrF/yClgE=</latexit>

0.0
<latexit sha1_base64="p65dxAgw9rk5Nqrnanf7SUl5ZM8=">AAACAXicbVC7TsMwFL0prxJeBUYWi6oSU5QgXmMFC2MR9CG1UeW4TmvVcSLbQVRRJ2ZW+AY2xMqX8An8BW6bgbYcydLROffqHp8g4Uxp1/22Ciura+sbxU17a3tnd6+0f9BQcSoJrZOYx7IVYEU5E7Sumea0lUiKo4DTZjC8mfjNRyoVi8WDHiXUj3BfsJARrI107zpet1R2HXcKtEy8nJQhR61b+un0YpJGVGjCsVJtz020n2GpGeF0bFc6qaIJJkPcp21DBY6o8rNp1jGqGKWHwliaJzSaqvafjQxHSo2iwExGWA/UojcR//PaqQ6v/IyJJNVUkNmhMOVIx2jycdRjkhLNR4ZgIpkJi8gAS0y0qWfuytMsqm3bphtvsYll0jh1vAvn/O6sXL3OWyrCERzDCXhwCVW4hRrUgUAfXuAV3qxn6936sD5nowUr3zmEOVhfv/4dlgI=</latexit>

0.1
<latexit sha1_base64="XNWq05WuMn/to/Z9yBPUQTEwWBE=">AAACAXicbVC7TsMwFL0prxJeBUYWi6oSU5TwHitYGIugD6mNKsd1WquOE9kOooo6MbPCN7AhVr6ET+AvcNsMtHAkS0fn3Kt7fIKEM6Vd98sqLC2vrK4V1+2Nza3tndLuXkPFqSS0TmIey1aAFeVM0LpmmtNWIimOAk6bwfB64jcfqFQsFvd6lFA/wn3BQkawNtKd65x0S2XXcadAf4mXkzLkqHVL351eTNKICk04VqrtuYn2Myw1I5yO7UonVTTBZIj7tG2owBFVfjbNOkYVo/RQGEvzhEZT1f61keFIqVEUmMkI64Fa9Cbif1471eGlnzGRpJoKMjsUphzpGE0+jnpMUqL5yBBMJDNhERlgiYk29cxdeZxFtW3bdOMtNvGXNI4d79w5uz0tV6/ylopwAIdwBB5cQBVuoAZ1INCHZ3iBV+vJerPerY/ZaMHKd/ZhDtbnDwFilgQ=</latexit>

0.3
<latexit sha1_base64="8QHlbxYwQ3A4owsJmmBUWL4xA0g=">AAACAXicbVC7TsMwFL3hWcKrwMhiUVViipKK11jBwlgEfUhtVDmu01p1nMh2EFXUiZkVvoENsfIlfAJ/gdtmoC1HsnR0zr26xydIOFPadb+tldW19Y3Nwpa9vbO7t188OGyoOJWE1knMY9kKsKKcCVrXTHPaSiTFUcBpMxjeTPzmI5WKxeJBjxLqR7gvWMgI1ka6d51Kt1hyHXcKtEy8nJQgR61b/On0YpJGVGjCsVJtz020n2GpGeF0bJc7qaIJJkPcp21DBY6o8rNp1jEqG6WHwliaJzSaqvafjQxHSo2iwExGWA/UojcR//PaqQ6v/IyJJNVUkNmhMOVIx2jycdRjkhLNR4ZgIpkJi8gAS0y0qWfuytMsqm3bphtvsYll0qg43oVzfndWql7nLRXgGE7gFDy4hCrcQg3qQKAPL/AKb9az9W59WJ+z0RUr3zmCOVhfv/+4lgM=</latexit>

0.2
<latexit sha1_base64="IzlctB+GvdmS09ifAB3jLDHxteY=">AAACI3icbVC5TsNAEF2HK5grQEljEUWiCjbiKiNoKAMihxRH0XozSVZZr63dMUpk5QP4EGpa+AY6REPBB/AXbI6CBJ600pv3ZjSzL4gF1+i6n1ZmaXlldS27bm9sbm3v5Hb3qjpKFIMKi0Sk6gHVILiECnIUUI8V0DAQUAv612O/9gBK80je4zCGZki7knc4o2ikVi5/10p9hAGmMGCj0bEvqOwK8EGIluurSWG63KI7gfOXeDOSJzOUW7lvvx2xJASJTFCtG54bYzOlCjkTMLILfqIhpqxPu9AwVNIQdDOd/GbkFIzSdjqRMk+iM1HtXxMpDbUehoHpDCn29KI3Fv/zGgl2Lpspl3GCINl0UScRDkbOOBqnzRUwFENDKFPcHOuwHlWUoQlwbstgeqpt2yYbbzGJv6R6UvTOi2e3p/nS1SylLDkgh+SIeOSClMgNKZMKYeSRPJMX8mo9WW/Wu/Uxbc1Ys5l9Mgfr6weg2qTh</latexit>

Rexc/h`0i

<latexit sha1_base64="t2hhiL4rOWl7FZW0pyGSvHS9e70="></latexit> h�
n
/n

to
ta

li

<latexit sha1_base64="q6dC/9W75OlvrYFWRzqdnxM/WcE="></latexit>

3.5
<latexit sha1_base64="gArJP7N7VpI5k+ePE+bKQP7dReE="></latexit>

4.5
<latexit sha1_base64="SoJBbde1tTWkaVmffpTUJRjBMR0="></latexit>

6.5

<latexit sha1_base64="Y1lxq4hBx8fuAuuJW36j4eyXMj4="></latexit>

(A)

<latexit sha1_base64="OJduIi12LLPLYC9iV0LgvqYUP3U="></latexit>

(B)

<latexit sha1_base64="Wq5mV3360xlWhBERKfhw/3A0EkA="></latexit>

(C)

<latexit sha1_base64="iOY3E89zriQvHS52LMR1evW4Yjs="></latexit>

(D)

<latexit sha1_base64="aBM0nVfa8uiejdAhYdldg+q+ZT8="></latexit> hd
B
i

Fig. S11. (A) Elastic energy ratio E(+|s|)/E(−|s|) for |s| = 2π/3 (solid line) and |s| = π (dashed line) as a function of ηs/ηb. (B) Mean relative counts difference
between positive and negative charges, 〈∆n/ntotal〉, for increasing excluder radius size. The black, red, and blue points correspond to fixed binding affinity values Ebind = 3.5,
4.5, and 6.5 respectively. (C) Mean defect type population per unit cell, 〈n(s)uc〉, for a G7 structure for increasing binding affinity, εbind. The elastic moduli are fixed for all
points and calculated using ηs = 1 and ηs = 0.01 with a reference value Ebind = 6.5kBT . The chemical potential, µ = −4.5kBT , is also fixed for all points. Each point is
computed as the mean of 50 independent realizations. (D) Mean graph distance, 〈dB〉, for increasing binding affinity and same simulations parameters of (C).
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<latexit sha1_base64="OJduIi12LLPLYC9iV0LgvqYUP3U="></latexit>

(B)

<latexit sha1_base64="Y1lxq4hBx8fuAuuJW36j4eyXMj4="></latexit>

(A)

<latexit sha1_base64="tM+iSFIlijM6p/haRT+Yo7LBlH8="></latexit> hN
to

ta
li

<latexit sha1_base64="akTGklxxJWNwJt6EIP+aAUeUve0=">AAACAnicbVC7TsMwFL0prxJeBUYWi6oSU5UgXmMFC2OR6ENqQ+W4TmvVcSLbQVRRN2ZW+AY2xMqP8An8BU6bgbYcydLROffqHh8/5kxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+6yfzWI5WKReJej2PqhXggWMAI1pnkOg9ur1R2qs4UaJm4OSlDjnqv9NPtRyQJqdCEY6U6rhNrL8VSM8LpxK50E0VjTEZ4QDuGChxS5aXTsBNUMUofBZE0T2g0Ve0/GykOlRqHvpkMsR6qRS8T//M6iQ6uvJSJONFUkNmhIOFIRyj7OeozSYnmY0MwkcyERWSIJSba9DN35WkW1bZt04272MQyaZ5W3Yvq+d1ZuXadt1SEIziGE3DhEmpwC3VoAIEhvMArvFnP1rv1YX3ORgtWvnMIc7C+fgG/qZZt</latexit>

101

<latexit sha1_base64="duCCteOe8SV7uOZ7CMgUWg51keI=">AAACAnicbVDLTsJAFL3FF9YX6tLNRELiirTE15LoxiUmAiZQyXSYwoTptJmZGknDzrVb/QZ3xq0/4if4F06hCwFPMsnJOffmnjl+zJnSjvNtFVZW19Y3ipv21vbO7l5p/6ClokQS2iQRj+S9jxXlTNCmZprT+1hSHPqctv3Rdea3H6lULBJ3ehxTL8QDwQJGsM4k13mo9Uplp+pMgZaJm5My5Gj0Sj/dfkSSkApNOFaq4zqx9lIsNSOcTuxKN1E0xmSEB7RjqMAhVV46DTtBFaP0URBJ84RGU9X+s5HiUKlx6JvJEOuhWvQy8T+vk+jg0kuZiBNNBZkdChKOdISyn6M+k5RoPjYEE8lMWESGWGKiTT9zV55mUW3bNt24i00sk1at6p5Xz25Py/WrvKUiHMExnIALF1CHG2hAEwgM4QVe4c16tt6tD+tzNlqw8p1DmIP19QvBRJZu</latexit>

102

<latexit sha1_base64="NA/fVno3i5PL9N7pXfPw8sDrXbE=">AAACAnicbVC7TsMwFL3hWcKrwMhiUVViqhLeYwULY5HoQ2pD5bhOa9VxIttBVFE3Zlb4BjbEyo/wCfwFTpuBthzJ0tE59+oeHz/mTGnH+baWlldW19YLG/bm1vbObnFvv6GiRBJaJxGPZMvHinImaF0zzWkrlhSHPqdNf3iT+c1HKhWLxL0exdQLcV+wgBGsM8l1Hk67xZJTcSZAi8TNSQly1LrFn04vIklIhSYcK9V2nVh7KZaaEU7HdrmTKBpjMsR92jZU4JAqL52EHaOyUXooiKR5QqOJav/ZSHGo1Cj0zWSI9UDNe5n4n9dOdHDlpUzEiaaCTA8FCUc6QtnPUY9JSjQfGYKJZCYsIgMsMdGmn5krT9Ootm2bbtz5JhZJ46TiXlTO785K1eu8pQIcwhEcgwuXUIVbqEEdCAzgBV7hzXq23q0P63M6umTlOwcwA+vrF8Lflm8=</latexit>

103

<latexit sha1_base64="/n0xv5xu/axfiruQKoS4sAzwOSs=">AAACAnicbVDLTsJAFL3FF9YX6tLNRELiirQGH0uiG5eYCJhAJdNhChOm02ZmaiQNO9du9RvcGbf+iJ/gXziFLgQ8ySQn59ybe+b4MWdKO863VVhZXVvfKG7aW9s7u3ul/YOWihJJaJNEPJL3PlaUM0GbmmlO72NJcehz2vZH15nffqRSsUjc6XFMvRAPBAsYwTqTXOeh1iuVnaozBVombk7KkKPRK/10+xFJQio04VipjuvE2kux1IxwOrEr3UTRGJMRHtCOoQKHVHnpNOwEVYzSR0EkzRMaTVX7z0aKQ6XGoW8mQ6yHatHLxP+8TqKDSy9lIk40FWR2KEg40hHKfo76TFKi+dgQTCQzYREZYomJNv3MXXmaRbVt23TjLjaxTFqnVfe8enZbK9ev8paKcATHcAIuXEAdbqABTSAwhBd4hTfr2Xq3PqzP2WjByncOYQ7W1y/EepZw</latexit>
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<latexit sha1_base64="hirOHUVqA+JZiRFrKAdQ2IxhUy0=">AAAB/3icbVC7TgJBFL2LL1xfqKXNREJiRXaNr5JoYwmJPBLYkNnhAhNmH5mZNZINhbWtfoOdsfVT/AT/wgG2EPAkk5ycc2/umePHgivtON9Wbm19Y3Mrv23v7O7tHxQOjxoqSiTDOotEJFs+VSh4iHXNtcBWLJEGvsCmP7qb+s1HlIpH4YMex+gFdBDyPmdUG6nmdAtFp+zMQFaJm5EiZKh2Cz+dXsSSAEPNBFWq7Tqx9lIqNWcCJ3apkyiMKRvRAbYNDWmAyktnSSekZJQe6UfSvFCTmWr/2UhpoNQ48M1kQPVQLXtT8T+vnej+jZfyME40hmx+qJ8IoiMy/TbpcYlMi7EhlEluwhI2pJIybcpZuPI0j2rbtunGXW5ilTTOy+5V+bJ2UazcZi3l4QRO4QxcuIYK3EMV6sAA4QVe4c16tt6tD+tzPpqzsp1jWID19QsbEpWP</latexit>
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<latexit sha1_base64="73bmHaKdGmoXRUi7YgBCGuqbDwk=">AAAB/3icbVDLTsJAFL31ifWFunTTSEhckdaIuiS6cQmJPBJoyHS4wITptJmZGknDwrVb/QZ3xq2f4if4Fw7QhYAnmeTknHtzz5wg5kxp1/221tY3Nre2czv27t7+wWH+6LihokRSrNOIR7IVEIWcCaxrpjm2YokkDDg2g9Hd1G8+olQsEg96HKMfkoFgfUaJNlKt3M0X3JI7g7NKvIwUIEO1m//p9CKahCg05USptufG2k+J1IxynNjFTqIwJnREBtg2VJAQlZ/Okk6colF6Tj+S5gntzFT7z0ZKQqXGYWAmQ6KHatmbiv957UT3b/yUiTjRKOj8UD/hjo6c6bedHpNINR8bQqhkJqxDh0QSqk05C1ee5lFt2zbdeMtNrJLGRcm7KpVrl4XKbdZSDk7hDM7Bg2uowD1UoQ4UEF7gFd6sZ+vd+rA+56NrVrZzAguwvn4BIxmVlA==</latexit>
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<latexit sha1_base64="qld2VIMYAimMbMMPxnTm74tz9HI=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgXmMFC2NB9CG1UeW4TmvVcSLbQVRRF2ZW+AY2xMqf8An8BW6agbYcydLROffqHh8/5kxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+6mfqtRyoVi8SDHsfUC/FAsIARrI107zq9UtmpOhnQMnFzUoYc9V7pp9uPSBJSoQnHSnVcJ9ZeiqVmhNOJXekmisaYjPCAdgwVOKTKS7OoE1QxSh8FkTRPaJSp9p+NFIdKjUPfTIZYD9WiNxX/8zqJDq68lIk40VSQ2aEg4UhHaPpv1GeSEs3HhmAimQmLyBBLTLRpZ+7K0yyqbdumG3exiWXSPK26F9Xzu7Ny7TpvqQhHcAwn4MIl1OAW6tAAAgG8wCu8Wc/Wu/Vhfc5GC1a+cwhzsL5+AY7plco=</latexit>
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<latexit sha1_base64="4n9BEZneVmmptcUgVDK19jv8EGw=">AAACAHicbVDLTgIxFL2DLxxfqEs3jYTEFZkxgi6JblyikUcCE9IpHWjodCZtx0gmbFy71W9wZ9z6J36Cf2GBWQh4kiYn59ybe3r8mDOlHefbyq2tb2xu5bftnd29/YPC4VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oZuq3HqlULBIPehxTL8QDwQJGsDbSvVvpFYpO2ZkBrRI3I0XIUO8Vfrr9iCQhFZpwrFTHdWLtpVhqRjid2KVuomiMyQgPaMdQgUOqvHQWdYJKRumjIJLmCY1mqv1nI8WhUuPQN5Mh1kO17E3F/7xOooMrL2UiTjQVZH4oSDjSEZr+G/WZpETzsSGYSGbCIjLEEhNt2lm48jSPatu26cZdbmKVNM/LbrVcubso1q6zlvJwAqdwBi5cQg1uoQ4NIBDAC7zCm/VsvVsf1ud8NGdlO8ewAOvrF5bwlc8=</latexit>
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<latexit sha1_base64="KN7L0pPl8kYwaBZm0bx2eKteseA="></latexit>

10�3

<latexit sha1_base64="7ixKaNmmlviRVENz+odtIz/BnfA="></latexit>

10�1

<latexit sha1_base64="qld2VIMYAimMbMMPxnTm74tz9HI=">AAACAHicbVC7TsMwFL0prxJeBUYWi6oSU5UgXmMFC2NB9CG1UeW4TmvVcSLbQVRRF2ZW+AY2xMqf8An8BW6agbYcydLROffqHh8/5kxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+6mfqtRyoVi8SDHsfUC/FAsIARrI107zq9UtmpOhnQMnFzUoYc9V7pp9uPSBJSoQnHSnVcJ9ZeiqVmhNOJXekmisaYjPCAdgwVOKTKS7OoE1QxSh8FkTRPaJSp9p+NFIdKjUPfTIZYD9WiNxX/8zqJDq68lIk40VSQ2aEg4UhHaPpv1GeSEs3HhmAimQmLyBBLTLRpZ+7K0yyqbdumG3exiWXSPK26F9Xzu7Ny7TpvqQhHcAwn4MIl1OAW6tAAAgG8wCu8Wc/Wu/Vhfc5GC1a+cwhzsL5+AY7plco=</latexit>
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<latexit sha1_base64="f8oiT9Tdhki/AF0H81fzliAuGJ0="></latexit> h⌅
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<latexit sha1_base64="Mmqf1LVMT/5v/Hs/NgwZJ8lb2cE="></latexit>
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<latexit sha1_base64="J1oru7HKPxWe75njVbj+hPnIAFo="></latexit>
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<latexit sha1_base64="qW2NhMYPYS+otn6vCg7HnfQdMPc="></latexit>
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<latexit sha1_base64="Wn/zvJAcxWP+FarxzHrJJ2Ch3Q4="></latexit>

0.0

<latexit sha1_base64="yVYdhQmvuRF6W4rOQnVpei6Hmg8="></latexit>

10�4

<latexit sha1_base64="YNnH6CEvpEbz0I1Y+frOHIa/XDM="></latexit>

10�2

<latexit sha1_base64="/mfMQvCLYY1VNNz58eQDK2uqs9Q="></latexit>

1

<latexit sha1_base64="gpIbk8v3wlmGwKzyWHSKTLsNHCs="></latexit> p
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<latexit sha1_base64="CeBxcBT0oBS2ex8ExJkXxzoQLTE="></latexit>

dB, (graph) distance to boundary

<latexit sha1_base64="hirOHUVqA+JZiRFrKAdQ2IxhUy0=">AAAB/3icbVC7TgJBFL2LL1xfqKXNREJiRXaNr5JoYwmJPBLYkNnhAhNmH5mZNZINhbWtfoOdsfVT/AT/wgG2EPAkk5ycc2/umePHgivtON9Wbm19Y3Mrv23v7O7tHxQOjxoqSiTDOotEJFs+VSh4iHXNtcBWLJEGvsCmP7qb+s1HlIpH4YMex+gFdBDyPmdUG6nmdAtFp+zMQFaJm5EiZKh2Cz+dXsSSAEPNBFWq7Tqx9lIqNWcCJ3apkyiMKRvRAbYNDWmAyktnSSekZJQe6UfSvFCTmWr/2UhpoNQ48M1kQPVQLXtT8T+vnej+jZfyME40hmx+qJ8IoiMy/TbpcYlMi7EhlEluwhI2pJIybcpZuPI0j2rbtunGXW5ilTTOy+5V+bJ2UazcZi3l4QRO4QxcuIYK3EMV6sAA4QVe4c16tt6tD+tzPpqzsp1jWID19QsbEpWP</latexit>
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<latexit sha1_base64="/mfMQvCLYY1VNNz58eQDK2uqs9Q="></latexit>

1
<latexit sha1_base64="Sgiw1TzpN6Oef7+W0R4oIgBYxDw="></latexit>

2
<latexit sha1_base64="EEK+1MrQGwV9YA39ypgp7Rb22lg="></latexit>

3
<latexit sha1_base64="f8Ivwj9uwHNK/ssvkwDJsxzX8kY="></latexit>

4
<latexit sha1_base64="oweJxe6HaqNLi5EqhQ2YOaf8pdY="></latexit>

5
<latexit sha1_base64="XiY3eS3+xpvMb4thDgv/4mnPb9c="></latexit>

6
<latexit sha1_base64="pDx8wi1LYPh6zAAW7pUrIkq86uc="></latexit>

7
<latexit sha1_base64="rvGnWMkARbGnp+Oj4UjvmXHPYyE="></latexit>

8

<latexit sha1_base64="Wn/zvJAcxWP+FarxzHrJJ2Ch3Q4="></latexit>

0.0

<latexit sha1_base64="Mmqf1LVMT/5v/Hs/NgwZJ8lb2cE="></latexit>
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<latexit sha1_base64="Sd5R2mqZRIeJ7Zi00w/XM9gdWvw="></latexit>
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<latexit sha1_base64="N+A7TWfDx+aThK7cfFY+kKcVmOg="></latexit>
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<latexit sha1_base64="Kcguo4EVY3OO//ujwUEIdPBEqkw="></latexit>

107
<latexit sha1_base64="B9h59Xo/OSJt/OtU9QYqHvy3tG0="></latexit>

MC steps

<latexit sha1_base64="Wq5mV3360xlWhBERKfhw/3A0EkA="></latexit>

(C)

<latexit sha1_base64="iOY3E89zriQvHS52LMR1evW4Yjs="></latexit>

(D)

<latexit sha1_base64="DJgUsqGcImlq8IeOwTzACM26wBc="></latexit>

(E)

<latexit sha1_base64="gUzwNgdZDuKCk1AepFBMGPsaHvs="></latexit>

(1)

<latexit sha1_base64="6iM8HDyYiSO4aeyft+QsFvEKA/g="></latexit>

(2)

<latexit sha1_base64="zc65J8ebZxf+6cTadeeIedSGlJU="></latexit>

(3)

<latexit sha1_base64="yttkgEr7aQwgBkIN7LjllRjD3h0="></latexit>

(4)

<latexit sha1_base64="gUzwNgdZDuKCk1AepFBMGPsaHvs="></latexit>

(1)

<latexit sha1_base64="6iM8HDyYiSO4aeyft+QsFvEKA/g="></latexit>

(2)

<latexit sha1_base64="zc65J8ebZxf+6cTadeeIedSGlJU="></latexit>

(3)

<latexit sha1_base64="yttkgEr7aQwgBkIN7LjllRjD3h0="></latexit>

(4)

<latexit sha1_base64="q4ubZwjjDrvLbLbLQuHNp1eRt7I="></latexit>

(i)
<latexit sha1_base64="Gg5FK6dn/Wu2LSOcab9jYQWSqA4="></latexit>

(ii)

<latexit sha1_base64="luFT6eLvWnFbZL9dqmMWlzVDv/I="></latexit>
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<latexit sha1_base64="Ka2KocpO3AFKFdgAmPvT5l9mvPo="></latexit>

0.4

<latexit sha1_base64="a1lp7yMtfWynTUE3gRLU2YdthJc="></latexit>

0.6

<latexit sha1_base64="aUd++oaA02CHrz/FXTZwrPlSheg="></latexit>

0.8

<latexit sha1_base64="pDx8wi1LYPh6zAAW7pUrIkq86uc="></latexit>

7
<latexit sha1_base64="rvGnWMkARbGnp+Oj4UjvmXHPYyE="></latexit>

8
<latexit sha1_base64="luFT6eLvWnFbZL9dqmMWlzVDv/I="></latexit>

9

<latexit sha1_base64="BrNShDE1hWOwtm4yyNTiDSSCNaI="></latexit>

0.005

<latexit sha1_base64="SNxb4a136yZnRxS15amdkHaCpPk="></latexit>

0.010

<latexit sha1_base64="Sw+eCSVQaqSRlzLjTduFxt+8yfo="></latexit>

0.015

<latexit sha1_base64="WYUAr3gODypvtUG/iNPH0ECjTk4="></latexit>

(5)

<latexit sha1_base64="WYUAr3gODypvtUG/iNPH0ECjTk4="></latexit>

(5)

<latexit sha1_base64="Sd5R2mqZRIeJ7Zi00w/XM9gdWvw="></latexit>

108
<latexit sha1_base64="N+A7TWfDx+aThK7cfFY+kKcVmOg="></latexit>

106
<latexit sha1_base64="Kcguo4EVY3OO//ujwUEIdPBEqkw="></latexit>

107
<latexit sha1_base64="B9h59Xo/OSJt/OtU9QYqHvy3tG0="></latexit>

MC steps

<latexit sha1_base64="Sd5R2mqZRIeJ7Zi00w/XM9gdWvw="></latexit>

108
<latexit sha1_base64="N+A7TWfDx+aThK7cfFY+kKcVmOg="></latexit>

106
<latexit sha1_base64="Kcguo4EVY3OO//ujwUEIdPBEqkw="></latexit>

107
<latexit sha1_base64="B9h59Xo/OSJt/OtU9QYqHvy3tG0="></latexit>

MC steps

Fig. S12. Long simulations demonstrating the growth of structures that are much larger than the subunit scale. (A-B) Mean quadratic strain, 〈Ξ〉, and mean total
number of defects (per unit cell) , 〈n(s)〉uc, as a function of the number MC steps. Simulations are shown for the simulation conditions of i (black) and ii (red) of Fig. 4. The
insets of both (A) and B) show log-log plots of the same quantities. (C) Mean number of assembled subunits, 〈Ntotal〉, for the cases i and ii of Fig. 4 as a function of MC steps.
The largest 〈Ntotal〉 values for case ii case show that the intermediate flexibility structures grown to sizes up to∼ 6000 subunits (roughly 18 times bigger than the starting seed
size). (D) Probability of a vertex to have a graph distance, dB, to the boundary with respect to the cases i and ii. The probabilities were calculated using the terminal (largest)
structures for both i and ii cases. (E) Sequence of snapshots showing a sample pathway for a single case of intermediate flexibility ii. The different assembly stages correspond
to the labeled points of (C). We used 10 independent realizations for each of the simulated regimes. The simulations for regime i (ii) were performed to & 107 (& 108) MC
sweeps.
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Wyckoff site: 48g

Fig. S13. For a subset of T values additional Wyckoff sites with a 2-fold symmetry can be found. The triangulation on top shows a defectless patch exhibiting a Wyckoff site
48g present in G4 structures. Defects of charge s = ±π are generated through a Volterra construction on the defectless patch. The charges are primed to distingish them
from the defects obtained through the Wyckoff sites 24d. Each defective patch is colored with respect to the unique triangle ID label as shown on the left patches as well as their
length strain (faces) and angle strain (edges) as shown on the right patches.
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Fig. S14. Construction of triangulation for given T from T = 1 triangulation. (A) A planar construction defines the vectors L,U1,U2 in terms of the triangular lattice vectors
a1, a2. The lattice triangles contained in the larger triangle with edges L,U1 (blue) will be mapped to each face and the lattice triangles that contain the line segment L
(orange) will be mapped to each edge of the base (T = 1) triangulation. Here, the construction is illustrated for (h, k) = (4, 1). (B) The base triangulation is a set of triangles
so that each triangle has three neighbors and a consistent orientation can be assigned to the triangulation. Here, the unit cell of the T = 1 triangulation associated with the
gyroid surface is shown, deriving from the surface’s asymmetric units. (C) The triangles of the planar construction are mapped to the base triangulation by identifying each
edge with the triangulation vector L and associated neighboring edges U1,U2. (D) Finally, the vertices are translated closer to the surface while maintaining the targeted
symmetries of the structures.
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5. The model132

In this section we provide additional details about the model and Monte Carlo simulation that we used to generate the results133

in the main text. The model and algorithm have been presented in ref. (3–5). In particular, we consider flexible triangular134

subunits which can bind to each other along edges with a set of preferred dihedral angles that set the preferred curvatures135

of the assembling sheet. Monte Carlo simulations are performed in the grand canonical ensemble at fixed µV T , with µ the136

chemical potential of subunits in the bath. Each Monte Carlo simulation involves a single cluster undergoing assembly and137

disassembly, with subunits taken from or returned to the bath respectively, as well as structural relaxation moves. We describe138

specific differences with respect to the RG model below.139

A. Energies. Each three edges of the triangular subunits may be of different types, t(p) = 1, 2, 3, for edge index p and whether140

a given type can bind to another type is given by the matching rules.141

The total energy of the system is given by142

E =
3ns∑
p

Epstretch + 1
2
∑
〈pq〉

(Epqbend + Epqbind) [1]143

where the first sum goes over all edges, with ns the number of subunits in the cluster. The second sum only goes over bound144

edges (i.e. non-boundary, adjacent edges, so there are 2nb terms in the sum, with nb as the number of bonds). The 1/2 factor145

corrects for double counting.146

The stretching energy is defined as:147

Epstretch = εs
(lp − l0)2

2 [2]148

where εs is the stretching modulus, lp is the instantaneous length, and l0 is the stress-free (rest) length of an edge. For the149

tubule model we set the stretching modulus and rest length equal for all edges.150

The bending energy is quadratic in deviations from the preferred dihedral angle:151

Epqbend = κb

(
θpq − θt(p)t(q)0

)2

2 [3]152

with p and q adjacent edges and t(p), t(q) the edge types. κb is the bending modulus and is set equal for all edge types. θt(p)t(q)0153

is the preferred dihedral angle between edges with types t(p) and t(q).154

Binding energies corresponding to all matching edge pairs are set equal, to Epqbind ≡ εb.155

In addition to the above terms, each subunit has at its center of mass a spherical excluder of radius 0.2l0 to prevent subunit156

overlaps. Finally, to prevent extreme distortions of subunits, maximum edge length fluctuations are limited to l0/2 < l < 3l0/2.157

B. Coarse-graining. Our model is motivated by the triangular DNA origami subunits developed in Sigl et al.(6), in which158

subunits bind through lock-and-key ‘patches’ along subunit edges in which attractive interactions are generated through159

blunt-end stacking of unsatisfied nucleotides. Therefore, in our model we define attractive bonds along subunit edges (rather160

than at vertices as in the RG model). In particular, attractive bonds occur at each shared pair of subunit edges with the same161

type. Because the interactions in the experimental system are driven by nucleotide stacking, they are extremely short-ranged162

in comparison to the subunit size (the subunit edge lengths are approximately 60 nm). Therefore, in our simulations we163

avoid resolving the short length scale fluctuations in separation distance between bound edges and their associated vertices by164

coarse-graining as follows.165

A microstate i is defined as the position of all the 3ns vertices of ns subunits: i → (~x1, ~x2, ...~x3ns) The grand canonical166

probability density of finding the system around state i is167

f(i) = P (~x1, ~x1 + d~x1; ...; ~x1, ~xns + d~xns )
d~x1d~x2...d~x3ns

= 1
ZΩ

eβnsµ

λ9ns
e−βEi [4]168

where µ is the chemical potential and λ3 is the standard state volume. This probability density has the dimensions of169

1/volume3ns corresponding to all the 3ns vertices of the subunits. Due to bonds, however, some pairs of vertices are confined170

within a binding volume va. We consider a square-well potential so that the binding energy is constant within this volume.171

Analogous to Ref. (7), we can then coarse-grain to avoid resolving intra-bond fluctuations. We assume that fluctuations of172

bound edges are sufficiently small that each pair of vertices at either end of a bound edge pair are constrained within a binding173

volume va. Note that we constrain vertices rather than edges so that the coarse-grained microstate can be represented in terms174

of positions of vertices rather than edges, which is easier to implement computationally. In the coarse-grained system, a coarse175

microstate is specified by the coordinates corresponding to the independent vertex degrees of freedom (with 1 degree of freedom176

for each bound vertex group and unbound vertex): Γ→ (~x1, ~x2, ...~xnv ), where nv is the number of independent bound vertex177

groups and free vertices. The probability of such a coarse-grained state is given by the net weight of all the corresponding178

fine-grained microstates:179
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ρ(Γ) =
∫
{va}

f(i)dnVB~x [5]180

where nVB is the number of vertex-bonds and is given by nVB = 3ns − nv. For simplicity, we take the limit in which 3
√
va is181

small in comparison to the length scale over which the elastic energy varies, so that the energy is constant within the bound182

volume va. Then f(i) is a constant, and the probability density is given by183

ρ(Γ) = 1
ZΩ

vnVB
a

eβnsµ

λ9ns
e−βEΓ [6]184

where EΓ is the total energy of state Γ (including stretching, bending and binding energies). The coarse graining process is185

illustrated in Fig. S15.186

C. Implementation and data structure. The simulation is implemented on top of the OpenMesh library (8). Subunits are187

implemented as triangular mesh elements. OpenMesh uses the halfedge data structure which is suitable to implement triangles188

with directed normals (Fig S16). The directed halfedges allow for a clockwise iteration through the boundary of a triangle,189

which makes the two faces of the triangles distinguishable. Only halfedges with opposite orientations can bind together, making190

it impossible to form a Mobius strip, for example. The data structure and the resulting iterators in OpenMesh allow for an191

easy and efficient iteration over the neighborhood of mesh elements (vertices, edges and faces). The implementation of mesh192

element rearrangements is less straightforward, but we implemented it via the insertion and removal of virtual triangles. In193

addition, OpenMesh allows for the storage of various properties on mesh elements, allowing storage of edge types and face194

types stored on the elements. To improve readability in the upcoming sections, we will not represent halfedges separately.195

6. The Monte Carlo moves196

In this section we detail the Monte Carlo moves of the simulation. Our algorithm has 11 moves: vertex displacement, simple197

subunit insertion/deletion, wedge insertion/deletion, wedge fusion/fission, crack fusion/fission, and edge fusion/fission.198

Detailed balance. For the transition between state Γ and Γ′ detailed balance corresponds to (7, 9):199

P (Γ)× α(Γ→ Γ′)× pacc(Γ→ Γ′) = P (Γ′)× α(Γ′ → Γ)× pacc(Γ′ → Γ) [7]200

where α(Γ→ Γ′) is the probability of generating a Γ→ Γ′ move attempt (trial), pacc(Γ→ Γ′) is the probability of accepting201

the move, and P (Γ) = ρ(Γ)dnv(Γ)~x is the equilibrium probability of finding a system in a voxel of volume dnv(Γ)~x.202

Next, we use Eq. Eq. (7) to define the acceptance criteria for each MC move. The acceptance criteria are derived in detail203

for the wedge fusion/fission move; the steps to follow are the same for all other moves.204

A. Vertex displacement. In this move, a vertex is randomly selected, a random uniform displacement is drawn, and the vertex205

is displaced to its new position according to:206

x → x+ U(−dmax, dmax) [8]207

y → y + U(−dmax, dmax) [9]208

z → z + U(−dmax, dmax) [10]209

with dmax the maximum displacement. The move is accepted with a probability pacc = exp(−∆E/kBT ) where ∆E is the210

(bending plus stretching) energy change due to the displacement. The parameter dmax can be adjusted during a burn-in211

period to optimize convergence to equilibrium. Generally optimal values are on the order of the typical length scale of thermal212

fluctuations dictated by the elastic energy, leading to acceptance probabilities on the order of 50%. In our simulations typical213

values are between dmax = [0.01l0, 0.1l0]. The vertex displacement move is illustrated in Fig S17: the number of subunits ns,214

number of vertices nv, number of vertex bonds nVB and number of bonds nb remains unchanged during this move.215

B. Simple insertion / removal.216

B.1. Simple insertion. In this move, an edge is randomly selected from the set of all boundary edges, where a new subunit will be217

attached. The number of such boundary edges is ne. Subunits can be inserted in nr different rotations, where nr is the number218

of distinct rotational states for a subunit which has one edge aligned with the edge of a neighboring subunit. For our triangular219

subunits with three distinct edge types, nr = 3. In our algorithm, during insertion of a subunit its rotational state is chosen220

randomly from the set of three possibilities. If the aligned edge is not complementary to the type of the boundary edge, then221

the move is rejected. In this work, the two edges must be of the same type to be complementary.222

The positions of two of the new subunit’s vertices (those at either end of the edge being bound) are set equal to the positions223

of the corresponding vertices of the boundary edge to which it is binding. The third vertex position is randomly chosen from224

within a volume vadd centered at the equilibrium position of the new vertex.225

Thus, the attempt probability for a simple insertion is given by:226

α(i→ j) = nekiτnr ×
1

nenr(vadd/d~x) . [11]227
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Fig. S15. Coarse-graining of an example cluster configuration. In this configuration, the number of subunits is ns = 5, the number of initial (before coarse-graining) vertices is
3ns = 15, and the number of vertices after coarse-graining is nv = 7. The red circles indicate bound vertex groups, and the number of vertex degrees of freedom that
have been eliminated by coarse-graining in this configuration is nVB = 1 + 3 + 2 + 2 = 8 = 3ns − nv. Motivated by DNA origami subunits in Sigl et al. (6), the attractive
interactions (i.e. ‘bonds’) in this model occur along edge-pairs of the same type shared by two subunits. In this configuration there are nb = 4 bonds.

20 of 32Carlos M. Duque, Douglas M. Hall, Botond Tyukodi, Michael F. Hagan, Christian D. Santangelo, and Gregory M. Grason



Fig. S16. The halfedge data structure used by OpenMesh. Each edge is represented by two directed edges. Boundary edges are no exception and thus are represented by a
non-boundary halfedge and a boundary halfedge (in green). This latter is irrelevant for our model. Directed edges allow for the unambiguous definition of face normals, for
efficient iterations of the element’s neighborhood as well as boundary iterations.
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Fig. S17. Vertex move. A vertex is randomly displaced and the move is accepted according to the usual Metropolis probability.
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Then, applying Eq. Eq. (7) and the attempt probability for the reverse move (simple deletion, presented next, Eq. Eq. (13)),228

the acceptance probabilities for a simple insertion is229

pacc(i→ j) = min
[

1, v
2
avadd

λ9 exp[−(∆Ei→j − µ)/kBT ]
]
. [12]230

∆Ei→j is the energy change due to the move and includes the stretching energy of the newly inserted subunit, its bending231

energy along the shared edge, and the binding energy due to the creation of an extra bond. During this move, one new (edge)232

bond and two new vertex bonds are created; i.e. nb → nb + 1 and nVB → nVB + 2. Moreover, the number of vertices in the233

structure increases by one, nv → nv + 1.234

B.2. Simple removal. The reverse move to simple insertion is simple removal. Subunits that can be deleted with this move are235

those with two boundary edges. The number of simply removable subunits is nsr. One of these is selected randomly, so the236

attempt probability is237

α(j → i) = nsrkiτ ×
1
nsr

[13]238

and, using Eq. Eq. (7) and Eq. Eq. (11), the acceptance probability is239

pacc(j → i) = min
[

1, λ9

v2
avadd

exp[−(∆Ej→i + µ)/kBT ]
]

[14]240

During this move, the structure loses one (edge) bond and two vertex bonds; nb → nb − 1 and nVB → nVB − 2. The number of241

vertices in the structure decreases by one, nv → nv − 1.242

If there are multiple species with chemical potentials µk, detailed balance must be satisfied for each species, individually.243

Moreover, each species can have different insertion rates kki .244

To keep α < 1, we ensure that the insertion rate ki constrained by245

nekiτnr < 1 [15]246

nsrkiτ < 1 [16]247

In equilibrium, one can use adaptive rates, i.e. reduce ki on the run if the above condition is not satisfied. In that case,248

sampling is not taken for the ensuing several time steps. Alternatively, the rates may be set to a low enough value from the249

beginning and only tested on the run to ensure that the α < 1 condition is satisfied. This latter technique is appropriate for250

dynamical runs as it keeps the rates constant throughout the simulation.251

Moreover, we must ensure that vadd is large enough so that the vertex does not leave the vadd volume during structural252

relaxation moves; otherwise the insertion/deletion moves would not be reversible and the detailed balance would be violated.253

For a better convergence, one could choose a gaussian distribution N (~r) for the position of the new vertex instead of a uniform254

distribution 1/vadd. In this case, this distribution has to be accounted for in the acceptance probabilities pacc(i → j) and255

pacc(j → i).256

C. Wedge insertion/removal.257

C.1. Wedge insertion. Wedges are positions in the structure where a triangle can be inserted via attaching to two edges (Fig. S19).258

In a wedge move, we pick randomly from the set of available wedge positions in the structure, and pick a random orientation259

for the new subunit. Denoting the number of wedge positions in a given structure as nw, the attempt probability for a wedge260

move is261

α(i→ j) = nwkiτnr ×
1

nrnw
[17]262

In contrast to the simple insertion move, there is no need for random vertex displacement in a wedge move because all three263

vertices of the new subunit are fixed by the three vertices of the wedge position. Combining Eq. Eq. (17) and the attempt264

probability for wedge removal (Eq. Eq. (19)), The acceptance probability for a wedge insertion is265

pacc(i→ j) = min
[

1, v
3
a

λ9 exp[−(∆Ei→j − µ)/kBT ]
]
. [18]266

During a wedge insertion, two edge bonds and three vertex bonds are created; i.e., nb → nb + 2 and nVB → nVB + 3, but267

the number of vertices is unchanged, nv → nv. ∆Ei→j includes the binding energy of the two newly formed bonds, the two268

bending energies along the two newly bound edges and the stretching energy of the newly inserted subunit.269
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Fig. S18. Simple insertion and removal.
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C.2. Wedge removal. The reverse move of wedge insertion is wedge removal. In a wedge removal, we randomly choose one of the270

removable wedges from a given structure. With the number of removable wedges as nwr, the attempt probability is271

α(j → i) = nwrkiτ ×
1
nwr

. [19]272

Using Eq. Eq. (17), the acceptance probability for a wedge removal is then273

pacc(j → i) = min
[

1, λ
9

v3
a

exp[−(∆Ej→i + µ)/kBT ]
]
. [20]274

We have the following constraints on rates ki for wedge insertion/removal:275

nwkiτnr < 1 [21]276

nwrkiτ < 1 [22]277

As for simple insertion and removal, in the case of multiple species, detailed balance is satisfied for each species separately278

for wedge insertion/removal.279

D. Wedge fusion / fission.280

D.1. Wedge fusion. In this move, a fusable wedge is closed, without inserting a new subunit (Fig S20). That is, the two vertices281

on either side of the wedge opening are merged into a single vertex. Fusable wedges are vertex pairs that i) form a wedge (as in282

the case of wedge insertion) and ii) are within a separation distance of lfuse.283

Denoting the number of fusible wedge positions as nw, in each MC step, a wedge fusion is attempted with probability284

nwkwfτ , where kwf is an adjustable parameter controlling the relative probability of attempting wedge fusion. Then, a wedge285

position is selected randomly from the set of all nw fusible wedges. The attempt probability is thus286

α(i→ j) = nwkwfτ ×
1
nw

. [23]287

Using Eqs. Eq. (23) and Eq. (25), the acceptance probability for fusion moves is288

pacc(i→ j) = min
[
1, va

vfuse
exp(−∆Ei→j/kBT )

]
[24]289

where vfuse = (4π/3)(lfuse/2)3 is the volume of a sphere with diameter lfuse, and ∆Ei→j is the energy change due to the fusion,290

including changes in bending, stretching, and binding energies. A fusion move increases the number of edge bonds and vertex291

bonds by one, nb → nb + 1 and nVB → nVB + 1; the factor of va appears in Eq. Eq. (24) to account for the latter.292

D.2. Wedge fission. Wedge fission, in which a wedge is opened, is the reverse of the wedge fusion move. Fissionable edges are293

those edges that can be split along their boundary vertex to obtain a wedge. Denoting the number of such edges as nf, the294

probability of attempting a wedge fission move during an MC step is nfkwfτ . If a fission move is attempted, then an edge is295

selected randomly from the nf fissionable edges. The position of one of the new vertices is selected randomly within the sphere296

of volume vfuse centered at the original position of the merged vertices, and the other new vertex is placed in the opposite297

direction from the original position, at the same distance. Thus, the attempt generation probability is298

α(j → i) = nfkwfτ ×
1

nf(vfuse/d~x) [25]299

and the acceptance probability is300

pacc(j → i) = min
[
1, vfuse

va
exp(−∆Ej→i/kBT )

]
[26]301

We verify that detailed balance holds between wedge fusion and fission as follows. There are two cases to consider:302

1. (vfuse/va) exp(−∆Ej→i/kBT ) < 1⇔ (va/vfuse) exp(−∆Ei→j/kBT ) > 1303

In this case, pacc(i→ j) = 1 and pacc(j → i) = (vfuse/va) exp(−∆Ej→i/kBT ). Then304

Pi × α(i→ j)× pacc(i→ j) = 1
ZΩ

v
nVB,i
a exp[−(Ei − µns,i)/kBT ] 1

λ9ns,i
× dnv,i~x× kwfτ [27]305

and306

Pj × α(j → i)× pacc(j → i) = 1
ZΩ

v
nVB,j
a exp[−(Ej − µns,j)/kBT ] 1

λ9ns,j
× dnv,j~x [28]307

× kwfτd~x/vfuse × (vfuse/va) exp(−∆Ej→i/kBT )308

[29]309

Using: ∆Ej→i = Ei − Ej , ns,i = ns,j (because the move leaves the subunit number unchanged), nVB,i = nVB,j − 1 (one310

vertex bond is broken upon fission) and nv,i = nv,j + 1 (an extra vertex is being born upon fission), we see that the two311

are equal and detailed balance holds.312
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Fig. S19. Wedge insertion and removal.
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2. (vfuse/va) exp(−∆Ej→i/kBT ) > 1⇔ (va/vfuse) exp(−∆Ei→j/kBT ) < 1313

In this case, pacc(i→ j) = (va/vfuse) exp(−∆Ei→j/kBT ) and pacc(j → i) = 1. Then314

Pi × α(i→ j)× pacc(i→ j) = 1
ZΩ

v
nVB,i
a exp[−(Ei − µns,i)/kBT ] 1

λ9ns,i
× dnv,i~x× kwfτ [30]315

× (va/vfuse) exp(−∆Ei→j/kBT ) [31]316

and317

Pj × α(j → i)× pacc(j → i) = 1
ZΩ

v
nVB,j
a exp[−(Ej − µns,j)/kBT ] 1

λ9ns,j
× dnv,j~x [32]318

× kwfτd~x/vfuse319

[33]320

Using again ∆Ej→i = Ei − Ej , ns,i = ns,j , nV B,i = nVB,j − 1 and nv,i = nv,j + 1, detailed balance holds.321

Note that detailed balance is satisfied regardless of the values of kwfτ or vfuse, but as with all of the move frequencies322

these parameters can be optimized during burn-in to accelerate convergence to the equilibrium distribution P (i). In our323

simulations, we find that the optimal value of vfuse is on the order of the optimal value of dmax for analogous reasons: if vfuse is324

too small there will be very few vertex pairs identified as fusable, so nw will be low. If vfuse is too large, there will be many325

fusion candidates but most fusion attempts will be rejected due to the large elastic energy change necessary for the merging326

deformation.327

Most importantly, we note the constraint on the parameters kwfτ to ensure that generation probabilities do not become328

larger than unity. Because each attempt is generated as a three step process, using three probabilities, one has to ensure that329

all those probabilities are less than 1. Specifically,330

nwkwfτ < 1 [34]331

nfkwfτ < 1. [35]332

E. Crack fusion / fission.333

E.1. Crack fusion. Crack fusion closes a crack within the structure; i.e., two adjacent pairs of edges are merged (Fig. S21). Cracks334

are identified as 4-edge-length holes inside the structure. If the vertices of the hole are labeled A, B, C, D then the polygon335

ABCD forms a closed loop (see Fig. S21). The crack can be closed by either merging vertices A and C (and correspondingly336

edges CD to DA and AB to BC) or by merging vertices B and D (and correspondingly edges AD to AB and CD to CB). Each337

4-edge-length loop thus defines two potential fusable cracks. However, an additional condition for a crack to be fusable is that338

its merging vertices must be within a distance lfuse (A and C or D and B in this example). In this work, we have set the crack339

fusion volume to be the same as that for wedge fusion to reduce the number of parameters, but it is not necessary that they be340

the same.and the acceptance probability is341

pacc(i→ j) = min
[
1, va

vfuse
exp(−∆Ei→j/kBT )

]
[36]342

There are two edge bonds and one vertex bond formed during a crack fusion.343

E.2. Crack fission. The reverse move for crack fusion is crack fission. With the number of potential cracks as ncf:344

α(j → i) = ncfkcfτ ×
1

ncf(vfuse/d~x) [37]345

346

pacc(j → i) = min
[
1, vfuse

va
exp(−∆Ej→i/kBT )

]
[38]347

As for the case of wedge fusion/fission, the crack fusion attempt frequency parameter kcf is constrained by the conditions348

maintaining probabilities smaller than unity:349

nckcfτ < 1 [39]350

ncfkcfτ < 1 [40]351

[41]352

F. Edge fusion / fission.353
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Fig. S20. Wedge fusion and fission.
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Fig. S21. Crack fusion and fission.
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F.1. Edge fusion. During this move two non-neighbor edges are fused (Fig. S22). Fusable edges are non-neighboring edge pairs354

whose corresponding vertices are within a separation distance lfuse. Since edges are directed, they can only fuse such that, after355

fusion, they point in the opposite direction. Assuming the edges to be fused are A→ B and C → D (see Fig. S22), vertex A356

will merge into vertex D and vertex B will merge into vertex C. Edges are counted as fusable if A is within a distance lfuse to357

D and B is also within a distance lfuse to C. The attempt probability is analogous to that for wedge and crack fusion/fission,358

α(i→ j) = nekefτ ×
1
ne

[42]359

with ne the number of fusable edges and kef the edge fusion frequency parameter. The acceptance probability is360

pacc(i→ j) = min
[

1,
(
va

vfuse

)2
exp(−∆Ei→j/kBT )

]
[43]361

During edge fusion, one edge bond and two vertex bonds are created.362

F.2. Edge fission. Edge fission is the reverse move of edge fusion. nef is the number of breakable edges, that is, those edges that363

have both vertices on the boundary and which would not result in breaking the structure apart.364

α(j → i) = nefkefτ ×
1

nef(vfuse/d~x)2 [44]365

The factor 1/(vfuse)2 arises because we must select a random position for each pair of vertices, independently. The acceptance366

probability is then367

pacc(j → i) = min
[

1,
(
vfuse

va

)2
exp(−∆Ej→i/kBT )

]
. [45]368

To maintain probabilities within unity, the edge fusion frequency parameter kef is constrained by369

nekefτ < 1 [46]370

nefkefτ < 1. [47]371
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Fig. S22. Edge fusion and fission.
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Movie S1. (P3.avi) Self-assembly trajectory for a P3 structure in the on-target regime with ηs = 10, ηb = 5,372

µ = −4.5kBT , and εbind = −6.5kBT The yellow subunits form a minimal translational simple cubic unit-cell373

which we use as the seed for self-assembly.374

Movie S2. (G3.avi) Self-assembly trajectory for a G3 structure in the on-target regime with ηs = 10, ηb = 5,375

µ = −4.5kBT , and εbind = −6.5kBT The yellow subunits form a minimal translational bcc unit-cell which we use376

as the seed for self-assembly.377

Movie S3. (D3.avi) Self-assembly trajectory for a D3 structure in the on-target regime with ηs = 10, ηb = 5,378

µ = −4.5kBT , and εbind = −6.5kBT The yellow subunits form a minimal translational fcc unit-cell which we use379

as the seed for self-assembly.380

Movie S4. (G7_i.avi) Self-assembly trajectory for a G7 structure in the off-target regime corresponding to381

the structure shown on Fig. 4i with ηs = 0.1, ηb = 0.01, µ = −4.5kBT , and εbind = −6.5kBT The yellow subunits382

form a minimal translational bcc unit-cell which we use as the seed for self-assembly.383

Movie S5. (G7_ii.avi) Self-assembly trajectory for a G7 structure in the on-target regime corresponding to384

the structure shown on Fig. 4ii with ηs = 5, ηb = 5, µ = −4.5kBT , and εbind = −6.5kBT The yellow subunits form385

a minimal translational bcc unit-cell which we use as the seed for self-assembly.386

Movie S6. (G7_iii.avi) Self-assembly trajectory for a G7 structure in the unefficient regime corresponding to387

the structure shown on Fig. 4iii with ηs = 50, ηb = 10, µ = −4.5kBT , and εbind = −6.5kBT The yellow subunits388

form a minimal translational bcc unit-cell which we use as the seed for self-assembly.389
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