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Traditional DNA Origami Design

CTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACC
GTTCCTGTCTAAAATCCCTTTAATCGGCCTCCTGTTTAGCT
CCCGCTCTGATTCTAACGAGGAAAGCACGTTATACGTGCT
CGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATT
AAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCG
CTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTT
CTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGT
CAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTA
GTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGG
TGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTT
TTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGG
ACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGG
GCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAAC
CACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGC
GTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTG
AAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAA
AAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCC
GCGCGTTGGCCGATTCATTAAT

CCGTTGAATTAA
GTCTGTCCATCACGCATAGCAATACTTCTTTGAACTCAAA
AGTAGAAGATTAGTAATAACATCAATCGGAAC
CCTAAAGGTGCCGTAAAGCACTAACTTGCCTG
CGAGAAAGGAAGGGAAGCCACCGAGTAAAAGA
CTATCGGCTGGATTATTTACATTGAGGGACAT
AGAACCCTGCTCAATCGTCTGAAACTTGCTGGTAATATCC
AGAACAATATTACCGCATACCTACATTTTGACTCTGACCT
GTGGCACAAAAAACGCTCATGGAACAGCCATTGCAACAGG
CAAATATCTAGCCCTAAAACATCGAAGAATAC
GAAAGCGTCCATTAAAAATACCGACTAAAGCATCACCTTG
TAGTCTGGCTAT
GACAATATTTTTGAATTTAATGCGCGAACTGAAAACCCTC
GTAATAAAGCAGATTCACCAGTCAATAGGGTT
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High Quality Design Schematics: Often Not Published
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Figure S27. Schematic diagram of the ‘opened’ 9-layer concentric ring structure. 
The open structure is the same as the 9-layer concentric ring structure shown in Figure 
S26, with several staple strands removed. In region A, staple strands 1-8 are not included. 
In region B, staple strands 5 and 6 are not included. In region C, staple strand 6 was not 
included. The exclusion of these staple strands, which are intended to traverse all 5 
scaffold crossovers on one side of the structure, effectively removes the link between 
regions B and C. The result is an open, concentric ring structure. All applicable staple 
sequences are the same as for the unmodified 9-layer ring structure. 
 
 
Table S11. Sequences of the staples in the 9-layer concentric ring structures. 

Region A 

A1 AATAGTAGTAGCATTGCGCCTGTTTATCAA 
A2 CAATAGATAAGTCCTAAAAACAGGGAAGC 
A3 GCATTAGACGGGAGTAACCCTCGTTTAC 
A4 CAGACGACGATAAAGGCATCAATTCTACT 
A5 GCAACACTATCAAATTAACTGAACACCCTGAACAAAGGGGAGGGAAGG 
A6 TAAATATTGACGTGTATCATCGCCTGATAAATTGTAGGCATAGTAAGA 
A7 ACAACGGAGATTGAAATTATTCATTAAACCCTCAG 
A8 AGCCACCACAAATCTCCAAAAAAAAGCGCGAAACAAAGT 
Region B 
B1 ATTTTCATTTGGGGCGCGAGCTGAAAAGGTAACCAAAATAGCGA 
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B2 GAGGCTTTTGCAAATACATAACGCCAAAAGGAATTACGGTCGAAATCCG 
B3 CGACCTGCTCCAGCGATTATACCAAGGCTCCAAAA 
B4 GGAGCCTTTGAATTGCGAATAATA 
B5 ATTTTTTCACGTTGACCTCAGAGCCGCCACCGTATAAACA 
B6 GTTAATGCCCCCTGCAGAACCGCCACCCTC 

B7 AGAGCCACCAAAGGAACAACTAAAGAATTGTATC 
B8 GGTTTATCAACTAAAACACTCATCTTTGACCCCCATGTTACTTAG 
B9 CCGGAACGAGGGGAATACCACATTCAACTAATGCAGAAGAAGTTTTGCC 
B10 AGAGGGGGTAATAGTCGCAAATGGTCAATAACCTGTTTAGCTAT 
Region C 
C1 AGTAGATTTAGTTTGACCATTAGATACATTTAAAATGTTTAGAC 
C2 TGGATAGCGTCCAAAGAAAGATTCATCAGTTGAGATTTACGCAGACGGTC 
C3 AATCATAAGGGAGAGGCAAAAGAATACGCTTGCTT 
C4 TCGAGGTGACGGAGTGAGAATAGACCCTCATTTTCA 
C5 GGGATAGCAAGCCCAGGAGGTTTAGTACCGCCA 
C6 CCCTCAGAACCGCCACCCTCCTATTTCGGAACCTATTATT 
C7 CTGAAACATGAAAGTATTAAGGTCAGTGCCTTG 
C8 AGTAACAGTGCCCAGAACCACCACCAGGCCACCCTC 
C9 AGAACCGCCAGGTGAATTATCACCGTCACCGACTAGGGCGACATT 
C10 CAACCGATTGATCAGAGGGTAATTGAGCGCTAATATTAGCAGCCTTTAC 
C11 AGAGAGAATAACATGAACAAGAAAAATAATATCCCATCCTAATT 
Region D 
D1 TACGAGCATGTAGAAACCAATCAATAATCGTTTTTTGTTTAACG 
D2 TCAAAAATGAAAACAGAGAGATAACCCACAAGAATTGAGTTTACCAGCG 
D3 CCAAAGACAAATGAGCCATTTGGGAAACCGCCTCC 
D4 CTCAGAGCCAGCCGCCGCCAGCATTGACAGGAGGTTGAGCCAGAGCCA 

D5 CCACCGGATTAGAGCCAGCAAAATCACCAGTAGACAATCAATAGA 
D6 AAATTCATATGGTTAAGCCCAATAATAAGAGCAAGATATTTATCCCAATC 
D7 CAAATAAGAAACGAGCTGTCTTTCCTTATCATTCCAAGAACGGG 
D8 TAAAGTACGGTGTCTGGAAGTTTCATTCCAGAATCCCCCTCAAA 
D9 TGCTTTAAACAGTGAAAAATCTACGTTAATAAAACGAAAGGACAGATGA 
D10 ACGGTGTACAGATACGTAATGCCACTATACCGATA 
D11 GTTGCGCCGATTTTGCTAAACAACTTTCAACAGTTTCAGATTTCTTAA 
D12 ACAGCTTGACGAAGGCACCAACCTAAAACGAAAACCGAACTGACC 
D13 AACTTTGAAAGCTAACGGAACAACATTATTACAGGTTACTGCGGAATCGT 
D14 CATAAATATTCATTTATAACAGTTGATTCCCAATTCTGCGAACG 
Region E 
E1 TATTAAACCAAGTACCGCACTCATCGAGAATTGCCAGTTACAAA 
E2 ATAAACAGCCATATAACAATGAAATAGCAATAGCTATCTCCACGGAATAA 
E3 GTTTATTTTGTCCACCATTACCATTAGAATCAAAA 
E4 TCACCGGAAGCAGGTCAGACGATTGTGTACTGGTAA 
E5 TAAGTTTTAACGGGAGGCTGAGACTCCTCAAGA 
E6 GAAGGATTAGGATTAGCGGGATACATGGCTTTT 
E7 GATGATACAGGAGGCCTTGATATTCACCGTTTGCCA 
E8 TCTTTTCATCAAGGCCGGAAACGTCACCAATGAAATATAAAAGAA 
E9 ACGCAAAGACATACCGAAGCCCTTTTTAAGAAAAGTCTAACGAGCGTCT 
E10 TTCCAGAGCCTAATCAAGCAAGCCGTTTTTATTTTCATCGTAGG 

Region F 
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F1 TGGCTTAGAGCTTAATTGCTGAATATAATGAAAATCAGGTCTTT 
F2 ACCCTGACTATTATCTTATGCGATTTTAAGAACTGGCTCCCTTCATCAAG 
F3 AGTAATCTTGACAAAGACTTTTTCATGGCCCACGC 
F4 ATAACCGATAGACGTTAGTAAATGCTGAGTTTCGTC 
F5 ACCAGTACAAACTTTGATATAAGTATAGCCCGG 

F6 AATAGGTGTATCACCGTACTCAATAGGAACCCA 
F7 TGTACCGTAACAAATTTTCTGTATGGGACAATGACA 
F8 ACAACCATCAGGAAGTTTCCATTAAACGGGTAAAACCAGGCGCAT 
F9 AGGCTGGCTGAATTATACCAGTCAGGACGTTGGGAATCAGAAAACGAGA 
F10 ATGACCATAAATCACTGTAGCTCAACATGTTTTAAATATGCAAC 
Region G 
G1 AATCATTACCGCGCCCAATAGCAAGCAAATACAATTTTATCCTG 
G2 AATCTTACCAACGAAGCAGATAGCCGAACAAAGTTACCATACATACATA 
G3 AAGGTGGCAACACCATCGATAGCAGCTCATAGCCC 
G4 CCTTATTAGAAACAAATAAATCCTCATTAAAGCCAGAATTTCATCGGC 
G5 ATTTTCGGACCGTAATCAGTAGCGACAGAATCACAGTATGTTAGC 
G6 AAACGTAGAAAAGAAGGAAACCGAGGAAACGCAATAAAGATTAGTTGCTA 
G7 TTTTGCACCCAGCTCAGATATAGAAGGCTTATCCGGTATTCTAAGAACG 
G8 CGAGGCGTTTTAGCGAACCTCCCGAAAAGCGAACCAGACCGGAAGCAAAC 
G9 TCCAACAGGTCAGGATTAGAGAGTACCTTTAATTGAAGATTAAGAGGAA 
G10 GCCCGAAAGACTTTAAATTGGGCTTGAGATGGTTTAATAATCAACGTAA 
G11 CAAAGCTGCTCCGGAACGAGGGTAGCCTTGCAGGG 
G12 AGTTAAAGGCGTAACGATCTAAAGTTTTGTCGTCTTTCCATATTCGGT 
G13 CGCTGAGGAACGGCTACAGAGGCTTTGAGGACTAAGAACCGGATA 
G14 TTCATTACCCATTCAACTTTAATCATTGTGAATTACAGTCAGAAGCAAAG 
G15 CGGATTGCATCAAACTCCTTTTGATAAGAGGTCATTTTTGCGGA 

Region H 
H1 TTAATTCGAGCTTCCTTGCGGGAGGTTT 
H2 TGAAGCCTTAAATCATAACGGAATAC 
H3 CCAAAAGAACTGGTGACGAGAAACAC 
H4 CAGAACGAGTAGCAAATATCGCGTT 
H5 CTCCTTATTACGAGTTTGCCTTTAGCGCACCCTCAGCAGC 
H6 GAAAGACAGCATATTCAGTGAATAAGGCTTGCCCCATGATTAAGA 
H7 CGGGATCGTTCAGACTGTAGCGCGTTGGAAAGC 
H8 GCAGTCTCAGCCCTCATAGTTAGCCGCTTTTG 
H9 GCATTCCACAGACTGAATTTACCGTT 
H10 CCAGTAAGCGTCGTTTTGCTCAGTACCAGGCG 
H11 GATAAGTGCCGTCGAGAGGGACAACGCCTGTA 

* Staples are listed 5‟ to 3‟ and correspond to the regions and staple numbers shown in 
the schematic in Figures S26 and S27. 
 
 
 
 
 
 

•nanobase.org
•Unified Nanotechnology Format



CTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACC
GTTCCTGTCTAAAATCCCTTTAATCGGCCTCCTGTTTAGCT
CCCGCTCTGATTCTAACGAGGAAAGCACGTTATACGTGCT
CGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATT
AAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCG
CTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTT
CTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGT
CAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTA
GTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGG
TGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTT
TTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGG
ACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGG
GCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAAC
CACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGC
GTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTG
AAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAA
AAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCC
GCGCGTTGGCCGATTCATTAAT

CCGTTGAATTAA
GTCTGTCCATCACGCATAGCAATACTTCTTTGAACTCAAA
AGTAGAAGATTAGTAATAACATCAATCGGAAC
CCTAAAGGTGCCGTAAAGCACTAACTTGCCTG
CGAGAAAGGAAGGGAAGCCACCGAGTAAAAGA
CTATCGGCTGGATTATTTACATTGAGGGACAT
AGAACCCTGCTCAATCGTCTGAAACTTGCTGGTAATATCC
AGAACAATATTACCGCATACCTACATTTTGACTCTGACCT
GTGGCACAAAAAACGCTCATGGAACAGCCATTGCAACAGG
CAAATATCTAGCCCTAAAACATCGAAGAATAC
GAAAGCGTCCATTAAAAATACCGACTAAAGCATCACCTTG
TAGTCTGGCTAT
GACAATATTTTTGAATTTAATGCGCGAACTGAAAACCCTC
GTAATAAAGCAGATTCACCAGTCAATAGGGTT

Raw Published Sequences
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Self-Assembly
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Design File

“Guide 
Schematic”

FORWARD DESIGN

CTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACC
GTTCCTGTCTAAAATCCCTTTAATCGGCCTCCTGTTTAGCT
CCCGCTCTGATTCTAACGAGGAAAGCACGTTATACGTGCT
CGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATT
AAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCG
CTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTT
CTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGT
CAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTA
GTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGG
TGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTT
TTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGG
ACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGG
GCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAAC
CACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGC
GTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTG
AAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAA
AAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCC
GCGCGTTGGCCGATTCATTAAT

CCGTTGAATTAA
GTCTGTCCATCACGCATAGCAATACTTCTTTGAACTCAAA
AGTAGAAGATTAGTAATAACATCAATCGGAAC
CCTAAAGGTGCCGTAAAGCACTAACTTGCCTG
CGAGAAAGGAAGGGAAGCCACCGAGTAAAAGA
CTATCGGCTGGATTATTTACATTGAGGGACAT
AGAACCCTGCTCAATCGTCTGAAACTTGCTGGTAATATCC
AGAACAATATTACCGCATACCTACATTTTGACTCTGACCT
GTGGCACAAAAAACGCTCATGGAACAGCCATTGCAACAGG
CAAATATCTAGCCCTAAAACATCGAAGAATAC
GAAAGCGTCCATTAAAAATACCGACTAAAGCATCACCTTG
TAGTCTGGCTAT
GACAATATTTTTGAATTTAATGCGCGAACTGAAAACCCTC
GTAATAAAGCAGATTCACCAGTCAATAGGGTT
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Reverse Engineering: Why

Help recover 
editable 

electronic 
schematic

Examine 
origami in 

greater detail
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no sequence 
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Guide Schematic - Dynamic HTML Page



Guide Schematic - Dynamic HTML Page
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FORWARD DESIGN

CTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACC
GTTCCTGTCTAAAATCCCTTTAATCGGCCTCCTGTTTAGCT
CCCGCTCTGATTCTAACGAGGAAAGCACGTTATACGTGCT
CGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATT
AAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCG
CTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTT
CTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGT
CAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTA
GTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGG
TGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTT
TTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGG
ACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGG
GCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAAC
CACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGC
GTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTG
AAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAA
AAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCC
GCGCGTTGGCCGATTCATTAAT

CCGTTGAATTAA
GTCTGTCCATCACGCATAGCAATACTTCTTTGAACTCAAA
AGTAGAAGATTAGTAATAACATCAATCGGAAC
CCTAAAGGTGCCGTAAAGCACTAACTTGCCTG
CGAGAAAGGAAGGGAAGCCACCGAGTAAAAGA
CTATCGGCTGGATTATTTACATTGAGGGACAT
AGAACCCTGCTCAATCGTCTGAAACTTGCTGGTAATATCC
AGAACAATATTACCGCATACCTACATTTTGACTCTGACCT
GTGGCACAAAAAACGCTCATGGAACAGCCATTGCAACAGG
CAAATATCTAGCCCTAAAACATCGAAGAATAC
GAAAGCGTCCATTAAAAATACCGACTAAAGCATCACCTTG
TAGTCTGGCTAT
GACAATATTTTTGAATTTAATGCGCGAACTGAAAACCCTC
GTAATAAAGCAGATTCACCAGTCAATAGGGTT
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Constraint Satisfaction Problems (CSP)

An Introduction to Constraint Programming, Jacob Allen, Youtube



Empty squares
1 to 9

Sudoku rules!

Constraint Satisfaction Problems (CSP)

Completed 
Sudoku square



Constraint Propagation

Constraints build iteratively


to systematically narrow down a solution
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Reverse Engineering an Origami Contact Map as a CSP

Staples Set of possible 
W-C routes 

through scaffold

No overlaps, all 
staples placedCompleted 

origami!



Rebuilding The Smiley Face From Sequences

Staple 176

1236: 8 970: 6 197: 6

1346: 16

1426: 8

5601: 6 4354: 6

1342: 12

1426: 8

1342: 12

1426: 8

5601: 6 4354: 6

1342: 12

1426: 8

1342: 12

1426: 8

Staple 25

6570: 9

6549: 15

6458: 8

Staple Routing Trees

32 Definite 1-Route Staples Placed

Stage 0: Establish The Initial Hard Constraints
Staple with multiple possible routes Staple with single route



Rebuilding The Smiley Face From Sequences

Stage 1: Constraint Propagation

207 of 243 Staples Placed
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Rebuilding The Smiley Face From Sequences

Stage 2: Force-Place "Stubborn" Staples by Shortest Path

241 of 243 Staples PlacedAfter Iteration
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Results

Computational and Structural Biotechnology Journal 21 (2023) 3615–3626

3620

each base individually and representing both strands of each helix) and 
also ensures that DNA helices are displayed as straight lines in the 
geometric guide schematic. In particular, we found the Python imple-
mentation networkx.drawing.layout.kamada_kawai_layout 
() to be a good candidate for producing robust geometric layouts in 
both 2- and 3-dimensions, starting from a circular configuration of graph 
nodes. 

The geometric layout of graph D is then put into a further graph- 
layout physics engine[35,36] where small repulsive forces are defined 
between graph nodes. This latter engine helps to resolve any remaining 
graph edge crossing, and allows interactive translation, rotation and 
zooming of the graph on an HTML page. It also provides a reactive 
physics-based response to node dragging which can be used to manually 
disentangle parts of a design. 

Finally, we developed a general algorithm AMBIG which uses the 
graph D to quantify by how much each Holliday junction or half- 
crossover junction on the origami can move and still retain sequence 
complementarity with the scaffold. On the guide schematic, AMBIG 
explicitly highlights which junctions are ambiguous and may not be 
properly placed by the solver, and which junctions are non-ambiguous, 

immovable and are hence correctly placed. If all junctions are immov-
able then information loss I2 = 0 in Fig. 1a. 

3. Results 

3.1. REVNANO performance 

We first evaluated the performance of the REVNANO solver over a 
heterogeneous test set of 36 origamis, comprising 17 raster origamis 
made on hexagonal or square grids in caDNAno[12] or scadnano[15], 
and 18 wireframe origamis routed by the ATHENA software[37]. 
Overall, 25 origami designs were 2-dimensional and 11 designs were 
3-dimensional. All origamis tested were DNA origami, except for one 
hybrid origami with RNA scaffold and DNA staples (Origami 1). 

Table 1 shows that, under optimal parameter settings, REVNANO 
could reverse engineer an approximate contact map for 94 % of origamis 
tested. Further, for 81 % of origamis, over 95 % of staples could be 
routed and for 47 % of origamis, all 100 % of staples could be routed. 
Worse case performance was observed for Origami 9 (Membrane 
Nanopore) with 83.7 % of staples routed. As expected, no significant 

Table 1 
REVNANO Solver Performance on 36 Origami Test Set.       

NAIVE Solver REVNANO Solver  
ID Raster Origami Ref Dim Staples μmin d(g, r) SP% Wall(s) μmin σ β d(g, r) SP% Wall(s) Vs. 

1 RNA/DNA Hybrid Triangle [24] 2 22 6 16 100.0 < 1 6 0 0.10 16 100.0 < 1 =
2 M1.3 Four Finger [38] 2 24 6 6 100.0 < 1 6 0 0.05 6 100.0 < 1 =
3 Brick [39] 3 45 5 459 77.8 < 1 6 1 0.30 332 84.4 < 1 R 
4 Mini Triangle [40] 2 66 6 308 87.9 < 1 6 1 0.05 30 100.0 1 R 
5 DeBruijn Sequence Square [41] 2 70 6 44 100.0 < 1 6 0 0.05 44 100.0 1 =
6 puc19 Rectangle [33] 2 90 6 2 100.0 < 1 6 0 0.30 2 100.0 1 =
7 6 Helix Bundle [39] 3 96 – – – – 5 2 0.45 136 96.9 20 R 
8 Fivewell Plate [42] 2 158 – – – – 6 6 0.30 100 100.0 272 R 
9 Membrane Nanopore [43] 3 172 6 2366 66.3 5 6 1 0.25 1275 83.7 140 R 
10 Single Staple Loop [44] 2 195 6 2 100.0 1 6 0 0.05 2 100.0 4 =
11 DNA Frame [45] 2 222 – – – – 6 3 0.55 174 99.5 71 R 
12 Rothemund Rectangle [25] 2 226 – – – – 6 3 0.25 126 100.0 65 R 
13 Rectangle Variant [46] 2 226 – – – – 6 3 0.30 114 100.0 57 R 
14 Small Moon [47] 2 234 – – – – 5 2 0.05 258 99.1 367 R 
15 Rothemund Smiley [25] 2 243 – – – – 5 2 0.15 172 99.2 199 R 
16 Rothemund Star [25] 2 244 – – – – 6 4 0.45 116 99.6 110 R 
17 Capsule [48] 3 264 – – – – – – – – – – –       

NAIVE Solver REVNANO Solver  
ID Wireframe Origami Ref Dim Staples μmin d(g, r) SP% Wall(s) μmin σ β d(g, r) SP% Wall(s) Vs. 

18 Triangle [37] 2 7 6 46 85.7 < 1 5 0 0.05 8 100.0 < 1 R 
19 Square [37] 2 8 6 6 100.0 < 1 6 0 0.05 6 100.0 < 1 =
20 Pentagon [37] 2 10 6 6 100.0 < 1 6 0 0.05 6 100.0 < 1 =
2 1 Tetrahedron [37] 3 13 5 141 76.9 < 1 5 0 0.05 4 100.0 < 1 R 
2 2 Triangle Mesh [37] 2 22 5 168 77.3 < 1 5 0 0.05 35 95.5 < 1 R 
23 Cube [37] 3 25 5 502 56.0 < 1 5 0 0.05 6 100.0 < 1 R 
24 Star Mesh [37] 2 38 6 443 76.3 < 1 5 0 0.05 66 97.4 1 R 
25 Dodecahedron [37] 3 59 – – – – 5 0 0.10 188 96.6 3 R 
26 Icosahedron [37] 3 64 – – – – 5 2 0.15 355 89.1 4 R 
27 Square Mesh 1 [37] 2 82 – – – – 5 4 0.05 284 92.7 78 R 
28 Hexagon Mesh 1 [37] 2 84 – – – – 5 2 0.25 335 92.9 13 R 
29 Annulus Mesh 1 [37] 2 89 – – – – 5 0 0.05 91 98.9 7 R 
30 Hexagonal Tile [37] 2 98 – – – – 5 0 0.05 169 98.0 12 R 
31 Truncated Cube [37] 3 98 – – – – 6 2 0.05 72 100.0 6 R 
32 Cross Mesh [37] 2 110 – – – – 5 1 0.15 176 97.3 18 R 
33 vHelix Ball [49] 3 132 6 115 98.5 1 6 0 0.20 18 100.0 5 R 
34 Annulus Mesh 2 [37] 2 161 – – – – 5 3 0.05 106 100.0 131 R 
35 Lotus Mesh [37] 2 180 – – – – 5 3 0.05 271 97.8 255 R 
36 Enneagonal Trapezohedron [37] 3 318 – – – – – – – – – – – 

Performance of the NAIVE solver is listed for comparison. For each origami, both solvers are used at their optimal parameter settings (listed). Origami 10 is similar to – 
but not exactly the same as – the single staple origamis proposed in Ref[44]. Wireframe shapes (apart from Origami 33) were generated using default examples in the 
ATHENA software[37] (with 42 bp edges). Sequences used were those output by the ATHENA software. For the other origamis, the published staple and scaffold 
sequences were used. Shorthand: Dim = 2D or 3D origami; d(g, r) = Base hamming distance from ground truth contact map g to reconstructed contact map r for the 
origami shape; SP% = percent staples placed (but not all staples may be routed correctly); Wall(s) = Approx solver running time (seconds) on a modern CPU using the 
optimal parameters listed. Computational time to find optimal parameters is not taken into account; Vs. = Best algorithm for reverse engineering origami shape in 
terms of minimum d(g, r) achieved: (R)EVNANO, (N)AIVE or = (equal performance). Rows with ‘–’ entries signify that the origami could not be reverse engineered by 
the respective solver. 

B. Shirt-Ediss et al.                                                                                                                                                                                                                             
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17 36

Supplementary Figure 13: Origamis 17 and 36 rendered from ground truth contact maps.
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Some Limitations / Challenges

Parameter 
dependence

Sliding holliday 
junctions provide 

ambiguity

Guide 
Schematic is 
not editable

Staple 
misplacement is 

quite hard to 
detect

3D raster 
shapes are 
dense and 

hard to 
decipher

Staple dangling 
ends and interior 
loopouts need 

marking

AATAGATAATACATTT

ATCAACAATCACGAGG

TTATCTATTATGTAAA

TAGTTGTTAGTGCTCC

16bp
dsDNA

x

10

5'

3'

0 n 1 2 3

4

567

8

n

lo x

n

n

9

11

121314

n

n
nn

n n n

n
nn

x x

xx

8bp
dsDNA

16bp
dsDNA

16bp
dsDNA

8nt
ssDNA

16bp
dsDNA

16bp
dsDNA

16bp
dsDNA

16bp
dsDNA

16bp
dsDNA

8nt
ssDNA

16bp
dsDNA

16bp
dsDNA

16bp
dsDNA

8nt
ssDNA 5'

8

S3

S23'

S0

S1

S4

0 7 15 16 31 32 47

48

55

5671728788103

104 119 120 135 136 151

152

159

160175176191192207

c (i) (ii)

d
4nt

4nt

(Dangling
end of staple
not on scaffold)

5'

3'

a b

1nt ssDNA
scaffold domain

Staple loopout

Staple dangle

ssDNA scaffold

ssDNA scaffold

ssDNA scaffold

Domain-level
graph

Contact map

(ii)

Staples Scaffold Mapping

Scaffold Staples Mapping

staple_id

scaffold_base_id

(i)d

Supplementary Figure 1: (a) Origami schematic() (c) origami domain-level graphD() (d) origami
contact map relationship. Example origami for illustration purposes only. Panel (b) shows a 1nt sca�old
domain which cannot be represented in a domain-level graph, but can be represented in a contact map.
See text.

4

Short (e.g. 5nt or 
less) hybridising 
staple sections 

problematic



Other Interesting Possibilities

Convert Guide 
Schematic to 
oxDNA format 
for relaxation

Underpin ML 
applications in 
structural DNA  

nanotech

Encode the 
contact map for 
an origami within 
it's sequences
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