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A B S T R A C T

We present an open-source framework, SynopFrame, that allows DNA nanotechnology
(DNA-nano) experts to analyze and understand molecular dynamics simulation trajecto-
ries of their designs. We use a multiscale multi-dimensional abstraction space, connect
the representations to a projected conformational space plot of the structure’s temporal
sequence, and thus enable experts to analyze the dynamics of their structural designs
and, specifically, failure cases of the assembly. In addition, our time-dependent abstrac-
tion representation allows the biologists, for the first time in a smooth and structurally
clear way, to identify and observe temporal transitions of a DNA-nano design from one
configuration to another, and to highlight important periods of the simulation for further
analysis. We realize SynopFrame as a dashboard of the different synchronized 3D spatial
and 2D schematic visual representations, with a color overlay to show essential properties
such as the status of hydrogen bonds. The linking of the spatial, schematic, and abstract
views ensures that users can effectively analyze the high-frequency motion. We also
categorize the status of the hydrogen bonds into a new format to allow us to color-encode
it and overlay it on the representations. To demonstrate the utility of SynopFrame, we
describe example usage scenarios and report user feedback.

© 2025 Elsevier B.V. All rights reserved.

1. Introduction

Recent years have seen a series of breakthroughs in the DNA
nanotechnology (DNA-nano) domain [29, 30], with a technique
known as DNA origami [25] bringing dramatic success on vari-
ous designs and use cases. A hallmark of DNA origami designs
is their structure, constructed from one long scaffold strand that
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is folded by many short staple strands. The complexity of these
designs, which is often characterized by the structure’s huge size,
the DNA strands’ complicated routing, and the high-frequency
motion in their dynamics can lead to difficulties for experts in de-
signing and analyzing them. This challenge becomes even larger
when scientists rely on molecular dynamics simulations (MDS)
to examine the behavior of DNA-nano structures at nanoscale
resolution, where standard visual inspection methods can be
overwhelmed by the dynamic complexity and large data size.

DNA-nano design and simulation tools, e. g., caDNAno [8],
Adenita [7], CATANA [15], oxView [24], and oxDNA [32],
provide semi-automatic workflows to lower these difficulties.
Domain experts can author designs in high-level geometries
(lines, squares, honeycomb), generate the DNA sequences for
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Fig. 1. SynopFrame dashboard shows an icosahedron design (6540 NTs) in various different representations (arranged in a clockwise fashion): (a) All-NT,
(b) Snake, (c) Schematic3D, (d) Schematic2D, (e) Heatbar, (f) Progress bar, (g) Principal component analysis plot, and (h) Control panel.

each strand, and then make modifications if necessary, followed
by feeding the designs to molecular dynamics simulation (MDS)
tools for further analysis.

Yet, experts still have to examine the structure carefully to en-
vision the resulting design and to mentally connect the designed
shape, the strands, and the sequences with the findings from
the simulations. Visualizing the design can help experts inspect
its structure directly. These designs, however, typically contain
tens of thousands of nucleotides (NTs) on hundreds of strands.
Some of the staple strands are “high-degree” strands that pair
with several parts of the scaffold strand to form complicated
folding patterns. Conventional visualizations of all the NTs in a
design in turn generally produce cluttered and occluded views.
In the past, Miao et al. [20] had solved some of these problems
with abstract views, yet only for static structures rather than for
dynamic simulations.

In our work we address the problem of efficiently interpreting
and visually analyzing large-scale MDS trajectories for DNA-
nano designs. We propose SynopFrame, a multi-viewport, mul-
tiscale, multi-dimensional, time-dependent, and comprehensive
visual abstraction framework that aims to help experts identify
and interpret the dynamic evolution of their DNA-nano struc-
tures. Given an MDS trajectory of a DNA-nano design, our
solution offers interactive, synchronized viewports for both de-
tailed and abstract representations as we show in Fig. 1. This
approach enables users to: (1) navigate and compare the overall
structural progress in relation to the designed shape, (2) identify
problem regions via color-coded H-bond status, and (3) focus
on specific areas for deeper inspection of local pairing events.
Overall, our contributions are threefold:
• we introduce an abstraction space that extends existing repre-

sentations for DNA-nano structures and bridges design and
MDS analysis;
• we provide a new way to categorize and encode H-bond status,

enabling the quick identification of design flaws and confor-
mational changes; and
• we develop a synchronized multi-view environment that

links different abstraction levels (from detailed 3D shapes
to schematic progress bars), helping experts effectively ex-
plore and interpret dynamic simulation data.

Our user feedback indicates that these contributions can sub-

stantially aid in explaining and troubleshooting unsuccessful
self-assembly in DNA-nano designs.

2. Background

DNA-nano structure uses DNA in a novel way, different from
its genetic context. By leveraging the H-bond [10] formed ac-
cording to the Watson-Crick base pairing rule, DNA-nano de-
signs lead to 3D geometric shapes at nanoscale, consisting of
DNA strands with carefully prepared NT sequences. Due to
the programmable nature of the NT sequences and the versatile
applications of tiny shapes, DNA-nano soon became an active
research area [30]. To date, three methods have been developed:
DNA origami, single-stranded tile, and multi-stranded tile [40].
Among them, DNA origami poses the most visualization chal-
lenges due to its long scaffold strand that is folded by many
short staple strands. While we thus focus on DNA origami, our
approach works for the other two methods as well as we explain
below. Here we provide a background of DNA-nano structure
design, and discuss simulations in Appendix B.

In Fig. 2 we show, bottom-up, the creation of a DNA origami
structure. First, there are four different NTs in the DNA (com-
monly abbreviated as A, T, C, G), which are also used in DNA
origami. They consist of a phosphate group, a sugar molecule,
and a nitrogen-containing base (Fig. 2a). These NTs are chem-
ically synthesized and actively assembled into specific DNA
strands, in which they covalently bind in a sequential manner
(Fig. 2b) and which can be simplified as polylines (Fig. 2c). Each
DNA sequence has a directionality that is defined by its 3’ and 5’
ends. In DNA-nano, if there is no specific labeling, by conven-
tion a sequence starts at the 3’ end (Fig. 2b shows a sequence of
3’–ACTCGTG–5’). The Watson-Crick rule specifies that two
H-bonds can be formed between A and T and three H-bonds
between C and G. If the NT sequences of two DNA strands com-
plement each other, meaning that they form Watson-Crick base
pairs for all the NTs, then a double helix (Fig. 2d) forms and
the H-bonds (vertical blue lines) in-between stabilize the helix
structure. DNA-nano experts use this feature to design a long
scaffold strand and many short staple strands (Fig. 2e) to form a
designed shape (Fig. 2f) once those strands bind with each other
via H-bonds. Most staples bind to two distant regions on the
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Fig. 2. DNA-nano concept: (a) an NT consists of atoms (image cz); (b)
covalently connected NTs form a DNA strand; (c) a DNA strand can further
conceptually be simplified into a polyline; (d) complementary strands form
a double helix, stabilized by hydrogen bonds (vertical blue lines; as in
regular, genetic DNA; thick lines: 3 H-bonds in CG pairs, narrow lines:
2 H-bonds in AT pairs); (e) a long scaffold strand (black) is then folded
by short staple strands (green: bonded, gray: unbonded); (f) the overall
3D structure emerges as the staples bind to the scaffold according to the
designed binding pattern (purple-shaded part: crossover). Note that staple
strands are not created as U-shaped staples (green) but as ordinary strands
(gray). As two parts of the short staples bind to different scaffold points as
designed, the short strand then folds and effectively “staples” the scaffold.

scaffold, to fold it. Points where two staples fold the scaffold at
the same place are called crossover (purple in Fig. 2f).

The other DNA-nano techniques, single-stranded tile and
multi-stranded tile, pose a subset of DNA origami visualization
challenges as they essentially split the long scaffold strand in
DNA origami into short pieces and then manipulate the strand
routing and sequences.

3. Related work

Beyond this background, our work relates to the visualization
of molecular dynamics, the modeling and visualization of DNA
nanotechnology, and visual abstraction as we discuss next.

3.1. Molecular dynamics visualization

To visualize the dynamic behavior of molecules, it is impor-
tant to represent the trajectories resulting from the molecular
dynamics simulation. Early work on MDS resulted in the VMD
tool [12] that simulates and visualizes molecular dynamics for
proteins and nucleic acids. Byška et al. [6] visualized protein
tunnels by representing the path of each amino acid in the tun-
nel and aggregating the trajectories into profiles. Kolesár et
al. [14] proposed a three-level system for illustrating the process
of polymerization, coupling together an L-system with agent-
based simulation and quantitative simulation techniques. Later,
Kolesár et al. [13] proposed a way to rectify the simulated data
to allow for comparative visualization of a cohort. A more gen-
eral approach to particle-based spatiotemporal data visualization
was proposed by Pálenik et al. [23], which enables rapid identi-
fication of patterns by simultaneously exploring temporal and
spatial scales. VIA-MD [31] also focuses on large-scale MDS
data visualization and exploration that links the dynamic 3D
geometry to statistical analysis of the data to allow users to iden-
tify patterns. Recently, Ulbrich et al. [36] represented the MDS

data as a node-based dataflow, sMolBoxes, to allow experts to
analyze it while still being able to explore the 3D structure.

Many of these methods focus on aggregating the trajectory in
some way, whereas for DNA-nano MDS it is essential to legibly
reveal the simulating target frame by frame. While event analysis
that supports frame-by-frame analysis at various granularity
levels has been realized in MD simulations in the past (e. g., [31,
36]), for the DNA-nano application we handle phenomena where
pervasive small-scale events (H-bond formation) can happen
everywhere in the simulation target and can lead to higher-scale
events (forming and deforming of the local helix all the way up
to the whole assembly)—while also supporting the traditional
construction, analysis, and editing of the DNA-nano assemblies
in ways that are familiar to the experts. They need to link the
dynamics simulation with their envisioned 3D structure and the
staple-based folding during construction. In a way our work is
thus akin to other applications of MDS in specific domains [3].

3.2. DNA nanotechnology modeling and visualization

Several computer-aided design tools have been developed for
DNA nanotechnology. Adenita [7], caDNAno [8], Vivern [16],
CATANA [15], and oxView [24] are five examples, sampling
the spectrum of available tools. Adenita lets the user design a
DNA structure in multiple abstract levels in 3D in a user-friendly
and intuitive manner. caDNAno uses parallel nucleic acid helix
strands as placeholders and then lets users select active strands
and edit the connections between them. The tool’s visual in-
terface enforces all editing to be done in 2D, which facilitates
easy interactions but hinders the mental understanding of the
structure in 3D. Vivern is a VR application designed to enhance
the design and analysis of DNA origami nanostructures, offer-
ing advanced visualization tools and demonstrating improved
capabilities over traditional desktop applications. CATANA and
OxView offer design functionality in a web browser. CATANA
uses a “novel Unified Nanotechnology Format” and facilitates
easy MDS export but does not support MDS trajectory visualiza-
tion. OxView’s interface supports the visualization of dynamic
simulations. It can render many nucleotides in 3D in a browser,
but its lack of abstract views for different scales hinders users to
identify and understand relevant simulation events buried in vast
amounts of data, with erratic dynamic behavior and visual occlu-
sion. The handy abstractions used in the designing environment
are fully disconnected from the trajectory representations. We
aim to bridge this gap by leveraging the advantages of existing
abstract views for dynamic scenarios.

3.3. Abstraction spaces in visualization

Previous research has shown the usefulness of organizing re-
lated visual representations as conceptual spaces, which Viola
and Isenberg call abstraction spaces [38, 39]. For molecular
visualization, Zwan et al. [37] and Lueks et al. [17] proposed a
multidimensional space that organizes the visualization along
axes such as structure, illustrativeness, and spatial perception.
In contrast, Mohammed et al. [21] and Miao et al. [19] use
their abstraction spaces as interactive panels that allow users to
smoothly transition from one representation to another. While
the former authors assign an axis for each structure of interest,

https://commons.wikimedia.org/wiki/File:DAMP chemical structure.svg
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the latter propose a more general approach that organizes repre-
sentations along aspects of interest such as layout and scale. In
addition to the mere organization of representations by means of
abstraction spaces, the power of animated transitions between
different representations—as made possible through the spaces—
has been established by Heer and Robertson [11]. We build
upon this general foundation by incorporating the MDS data
into the concept of abstraction spaces. In particular, we gener-
alize Miao et al.’s [19] space by incorporating the concept of
idiom, which is essential for conceptualizing the design, as well
as by designing an interaction framework that incorporates the
dynamic character of DNA-nano structures by allowing experts
to explore MDS data while they also study the spatial design.

4. Motivation, approach, and prerequisites

As we showed, one major shortcoming of the state of the art
of visualizing DNA-nano designs is the lack of representation
of the dynamic properties. We thus teamed up with experts
who design DNA-nanotechnology structures as a part of their
scientific work. Our primary collaborator is a domain expert in
DNA-nano design and wet-lab experiments (a co-author of this
paper), who has been leading a team that collectively designs
components of nano-robots that would be able to destroy cancer
cells or neutralize pathogens as a part of next-generation health
treatments. To gain understanding of the domain workflows,
we met several times a month over the period of six months.
We were also in contact with several other experts, including
developers of the oxDNA simulation package and researchers,
who all are familiar with DNA origami experiments.

4.1. Goals

Through our discussions with these experts, we established a set
of high-level goals. The primary objective for DNA-nano de-
signers is to understand the dynamic behavior of their nanoscale
structures—specifically, to predict whether a design will self-
assemble correctly or exhibit a certain behavior in a wet-lab
experiment. MD simulations are a key computational tool for
this purpose, allowing scientists to test designs cost-effectively
before committing to expensive and time-consuming lab work.
The analysis of the resulting large and complex trajectory data,
however, is a major bottleneck. Currently, experts analyze MDS
properties by compiling statistics such as energy and H-bond oc-
cupancy, but these approaches often lose structural information
and provide little insight into the structure’s dynamic behavior.
Structural information is currently conveyed by a fast-forward
animation or selection of representative images capturing sim-
ulation emergence. Both these methods are of presentational
character and cannot be used as analytical tools that would lead
to structure-related insight. Therefore, our central goal is to
facilitate the efficient visual analysis of DNA-nanotechnology
MDS trajectories to help experts interpret simulation outcomes
and gain actionable insights for improving their designs.

4.2. Task analysis

To translate our high-level goal into concrete requirements, we
worked with our collaborators to identify key analysis scenarios

and derive a set of user tasks that a visualization tool must sup-
port. First, we found that beginners and lay audiences often
view dynamic processes using schematic diagrams to compre-
hend the process as a whole. Second, experts often work on
abstracted spatial views during the designing phase to keep the
cognitive load low. However, the DNA simulation is usually
performed at a more detailed granularity, such as the nucleotide
(NT) and atomistic levels. So the MDS results visualization
needs to bridge the gap between the abstracted spatial views
and the detailed views. In a third key scenario, the process of
structural assembly and disassembly as generated by the DNA
simulation models is also of great importance to domain sci-
entists. Of particular interest here is the information about the
order of association and dis-association on two conceptual levels
of structural detail: on the nucleotide level and on the level of a
DNA strand. Finally, experts sometimes do not understand why
their designed 3D structure does not self-assemble in laboratory
experiments, even with MDS results at hand. So they are looking
for ways to examine these structures. From these scenarios, we
distilled the following essential user tasks:

T1: Assess the overall quality of the simulation—seeing the
current structural assembly progress in comparison to the
fully assembled state can help one decide whether more
simulation time or more detail is needed.

T2: Identify and interpret patterns throughout the simu-
lation—the high-level observation of an MDS run in the
schematic view allows the experts to pinpoint potential prob-
lems of a simulation run, interesting simulation periods, and
the change of H-bond status over time.

T3: Examine H-bond pairing events for specific, interesting
periods—seeing the order and the exact position of indi-
vidual NT and strand pairing can lead to insights and thus
the identification of problems with the design. Thus the
proposed solution should allow users to focus on specific
periods from the whole simulation and to analyze them in
detail, frame by frame.

T4: Inspect how one structural conformation converts to
another—the aforementioned tasks should easily interplay
with each other to enable the experts to comprehensively
and seamlessly understand the overall biological dynamics
at both abstract and detailed levels.

T5: Determine why some structures do not form—one of
the major challenges in DNA-nano is the low yield in wet-
lab assembly experiments, and sometimes (e. g., our case
study in Sec. 6) the structure does not form at all. It is thus
important to study the dynamic simulation to understand
the reasons for the low yield.

T6: Present real data and avoid artifacts such as those caused
by structural averaging—the averaged structure of a tra-
jectory often deviates from any specific frame and bears
artifacts that might lead to false insights [24]. Such prob-
lems are even less visible in more abstracted statistics. It
is thus essential to show both the aggregated and the non-
aggregated real data from the simulator.

These tasks can be coupled with conventional analysis ap-
proaches such as energy, distance, or angle graphs. Such analy-
sis is essential yet beyond the scope of this article: it does not
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directly deal with structural abstraction, on which we focus here.

4.3. Challenge analysis
To effectively support the identified tasks, we first had to un-
derstand the inherent challenges posed by the data itself. We
found that issues arise due to the specific properties of the MDS
trajectories, which prevent existing tools from producing visual-
izations that are effective for drawing actionable conclusions.

Specifically, we inspected a range of various MDS trajectories
in oxView. We visualized small and large systems, with short
and long simulation durations, for assembly/disassembly and
stability simulations. We found that, for extremely small sys-
tems (less than 50 NT) and extremely short durations (less than
100 frames), oxView works well. For other configurations we
applied the widely recommended structural alignment as well as
several smoothing methods but realized that several challenges
exist that prevent oxView and similar tools from producing ef-
fective visualizations that show both the spatial structure and the
dynamic behavior to come to actionable conclusions:
C1: High frequency, large structure, many frames. The high

motion frequency is due to each NT’s position changing in
all consecutive frames. When this characteristic meets a
large structure with tens of thousands of NTs and tens of
thousands of frames or more, analysts face a huge amount
of information for each step. No matter how slowly the
trajectory is being presented, the resulting visualization
always vastly exceeds an analyst’s ability to comprehend
and make use of it as long as the actual position of each NT
is shown. And even if one can invest the time to digest the
changes between two frames, this is an extremely inefficient
way of studying the trajectory because MDS often exhibits
long periods devoid of any important events.

C2: Clutter and occlusion. Large structures include many
NTs, making it difficult to distinguish different strands and
causing occlusion in 3D structures. This situation results in
an ineffective visualization that can only reveal the surface
NTs in the foreground.

C3: Periodic bounding box. OxDNA MDS uses periodic
bounding boxes (a technique involving a simulated unit
cell that is regularly repeated throughout the space, allow-
ing a finite system to be artificially modeled as infinite but
seemingly splitting the molecules over the boundaries [4])
to emulate a boundless environment. It breaks up strands at
the borders of the box, however, and thus prevents analysts
from understanding the structure correctly.

C4: Lack of well-defined formats for analysis. Most observ-
ables from conventional analysis, in particular H-bond occu-
pancy, are only generated on-demand by improvised scripts
and lack well-defined formats. Such an approach thus pre-
vents the experts from performing a reliable, standardized,
and reproducible analysis.

C5: Conceptual views lost in dynamics. When a disassembly
or stability simulation starts, the structure changes imme-
diately and diverges from its “canonical” shape, making
it difficult to perceive for analysts. As a consequence, all
the design phase helpers that were created to assist users in
understanding the topology of the structure are lost in the
now-changed structure in the trajectory.

Based on this analysis of goals, tasks, and challenges, we
concluded that an effective solution should not rely solely on
aggregating data into synthetic statistics, which often obscures
critical structural information. Instead, our approach centers
on displaying both structural and dynamic information from
an MDS trajectory concurrently across multiple, synchronized
abstract views. By coupling these views with visual highlighting,
we can provide the derived information, usually communicated
with statistics plots, directly in the structural context. We believe
that seeing both types of information together enables domain
experts to find actionable improvements for their designs. In the
following section, we describe the design of our framework built
on these prerequisites.

5. Design of the SynopFrame

To help users with the mentioned tasks and challenges, we de-
veloped our SynopFrame approach. Below, we first explain our
efforts in exploring the entire possible visualization space in the
context of DNA-nano design that ultimately led to a number
of design decisions for our framework. Next, we describe—in
an implementation-agnostic way—a sequence of the transfor-
mations that realize the representations in use and address the
challenges we just described in Sec. 4.3. We also report how we
arrange and connect the various representations together, how
we color code the NTs by their H-bond status, and how we add
the highlighter that links all parts. To ensure reproducibility and
extensibility, we discuss in Appendix D the Houdini-specific im-
plementation details and in Appendix E the transitions between
different representations.

5.1. SynopSpace: The visualization space

To discuss the entire space of possible data mappings we begin
by analyzing well-established visual representations. One of
these is the depiction of positions and orientations of each NT
output by the simulator (All-NT as in Fig. 1a or Fig. 3a).1 In
the simple example in Fig. 3a we show a 3D triangle structure
in the spatially final, “relaxed” configuration, while Fig. 3b
shows the same structure but in its “designed” configuration
(converted from its caDNAno design format to oxDNA format).
In this mapping, each NT is drawn as three parts, a sphere at the
backbone site, an ellipsoid at the base site, and a cylinder that
connects the sphere and the ellipsoid. The backbone spheres of
the NTs from the same strand are then connected by cones. This
representation is used in both oxView [24] and Adenita [7] and
shows whether an H-bond is formed—through an examination
of the distance between a pair of NTs, and their respective types.
Structures were traditionally designed in such a configuration
because it allowed the experts to focus on the matching between
scaffold and staples. Yet, for such a design the NT detail shown
in Fig. 3b is not needed and may even be detrimental for some
tasks. So the “Single Strands” representation from Miao et al.’s
work [20] can be used to reduce the detail, while still showing
the actual spatial positions of each strand in the dynamic context

1In the brackets we give our abbreviations for each representation.
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Fig. 3. Inspirations for fundamental representations from existing tools, all for the same triangle structure: (a) All-NT—3D spatial representation from
oxView with NT detail, in its relaxed configuration; (b) All-NT in the triangle’s designed configuration; (c) Snake—Miao et al.’s [20] “Single Strands”
3D spatial representation that only shows each DNA strand as a backbone; (d) Schematic2D—parallel straight lines showing the pairing between the
scaffold and staples as well as the “flying lines” (lines that diagonally cross the structures) showing the linking between different parts of the staples; (e)
Heatbar—each DNA strand straightened and sorted by length, as done by Miao et al. [20].

(Snake—once the strands start moving, they look very much
like snakes in this representation—as in Fig. 1b and Fig. 3c).
A related representation as it is used in caDNAno [8] further
simplifies the double helices to parallel straight line segments
shown in a 2D abstract representation (Schematic2D—as in
Fig. 3d). It no longer shows any 3D spatial information but
visualizes the pairing between the scaffold and staples as well
as the linking between different staple segments. Finally, we
may want to compare and see information about the scaffold and
the staples by arranging them independently next to each other,
sorted by length (Heatbar—as in Fig. 3e; by Miao et al. [20]).

What is less obvious about these representations is that they
can be thought of in terms of three orthogonal aspects or axes.
The first of these axes is Granularity, which describes the pri-
mary intact physical individual that we are dealing with. For
example, in All-NT (Fig. 3a–b), each NT is depicted individually
as sphere-cylinder-ellipsoid so that the primary element is the
NT. In Snake and Heatbar (Fig. 3c and e), in contrast, all the NTs
on the same strand are merged into a line entity and the physi-
cal individual now corresponds to the Strand. In Schematic2D
(Fig. 3d), then, each pair of the parallel straight lines (each indi-
vidual in focus) represents a continuous double Helix. The three
levels on the granularity axis we can extract from the discussed
representations are thus NT, Helix, and Strand, with a decreasing
amount of granularity. In particular, we consider Helix to have
a higher amount of granularity (finer) than Strand because a
strand usually spans multiple helices. Even though we did not
encounter more granularity levels in the above-discussed repre-
sentations, we can still reason that there should be another one,
Assembly, which treats the whole design as an intact individual.
This Assembly naturally is a coarser level than Strand. Similarly,
we can see that Atom is another level with a higher granularity
than NT. We show the Granularity axis as the horizontal blue
coordinate direction in our abstraction space in Fig. 4. In the
figure, we label the levels at the bottom to avoid clutter and
occlusion. We also do not explicitly indicate Atom as a dedi-
cated level because the DNA-nano domain rarely simulates the
dynamics of assemblies at that granularity.

Next to the granularity of the model, another way of looking at
the abstraction of the depiction is to use different graphical prim-
itives or elements. For example, in Heatbar and Schematic2D,
(with the exception of the flying linkage lines in the latter)
straight lines are used, to which we refer as Bars. If we al-
low the bars to bend and follow flexible paths, then we call the
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Fig. 4. Schematic view of the SynopSpace with its three axes granularity,
idiom, and layout. Among the 4× 3× 3 = 36 possible SynopPoints we high-
lighted those we discuss here with dots and numbers 1–6 in the order of
(a)–(f) of Fig. 1 and Fig. 5. We discuss the others at the end of 5.1.

primitives Snakes. Finally, the primitives used in the All-NT rep-
resentations are spheres, ellipsoids, cylinders, and cones. These
simple geometric forms are examples of what neuroscientist
Irving Biederman called Geons [2]—geometrical ions, which
is “a modest set of generalized-cone components.” We call the
resulting abstraction direction the visual Idiom axis, in which
the shape complexity that an idiom is capable of representing
grows from Bars to Snakes, to Geons. Beyond the Geons, in
fact, we could argue that another level that is able to show even
more complex structures is Surfaces that are commonly used, for
instance, in protein rendering [28]. We show the idiom axis in
blue in Fig. 4 and label the levels at the upper-left of the figure.
We do not explicitly indicate Surface in Fig. 4 because it is not
commonly used in the DNA-nano domain.

The third axis in our space is Layout: the arrangement of
the visual idiom of a granularity in the scene. In All-NT, each
NT’s sphere, cylinder, and ellipsoid are placed at their precise
3D positions as calculated based on the output by the simulator.
In Snake, even though the details of the NTs are abstracted out,
the snake still passes the precise center of mass (CMS) positions
of each NT. In Schematic2D, each helix is no longer twisted but
straight. So the bars no longer represent the precise positions.
As the semantics of the helix and the relative positions between
the helices are maintained, we call it a schematic layout. In
Heatbar, the NTs are sequentially arranged along a bar and the
bars are again sequentially arranged in screen space. So the three
levels of the Layout, with increasing spatial faithfulness to the
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simulation, are Sequential, Schematic, and Precise, which we
show as the vertical blue axis in Fig. 4 and label the levels at the
right of each layout plane, with the corresponding color.

The three axes are independent from each other, so we can
sort them in increasing amounts of detail and arrange them in
an abstraction space [38, 39] we call SynopSpace (Fig. 4)—
owing to its capability of showing various levels of synopsis
of an MDS trajectory—, and points within it SynopPoints. As
discussed by Viola et al. [39, 38] and demonstrated in various
examples in the past (Sec. 3.3), such abstraction spaces allow
us to understand aspects of existing visual mappings of our
data. For example, the existing All-NT representation is at point
(Precise, NT, Geon) within SynopSpace (i. e., point (1) in Fig. 4),
so we can understand that it is far from the origin of the space
and thus the information density it encodes is high and it is likely
useful for tasks that require detailed analysis.

But the established representations do not cover all points
within our space, and we can also use it to discover alternative
representations that may be useful for particular tasks. So let
us examine some positions that are not yet covered. A possible
representation at the origin of the space at (Sequential, Assembly,
Bar), for instance, triggers us to think about how a bar could be
used to show the entire structure assembly in a sequential manner.
This thought brings to mind the metaphor of a progress bar (such
as for showing the progress of copying a file). We could use a
progress bar representation, e. g., to show the number of H-bonds
that are formed in the entire structure as it dynamically assembles
from the scaffold and staples (T1; we discuss this representation
further in Sec. 5.2). Another example of reasoning in the space
allows us to address the dilemma that, when using a caDNAno
representation (Fig. 3d), the detail on helices (T3 and T4) and
the information about linkage between segments on the strands
(T5) come at the cost of a lot of occlusion and clutter (C2). To
improve the situation we examine the caDNAno representation
closely in SynopSpace. First, it is easy to tell that its layout is
a schematic. Second, it mostly uses straight bars even though
there are also some curves that connect segments across bars,
yet those are used to indicate the connections rather than to
encode actual NTs. But, third, what is its granularity? The
straight bars represent the helices well, while linking curves
provide information about the strands. So the granularity is
coarser than the helix level but finer than the strand level. So,
if we were to assign a point for the caDNAno representation, it
would be in-between point (3) and point (4) in Fig. 4. Based
on this classification we can now try to address the mentioned
issues. For example, we can derive two separate representations,
one solely dedicated to helices and the other solely to strands.
Creating the first is easy, we can remove the linkages between
the segments from the caDNAno representation and thus move
it to point (4). The latter is more difficult. We need to remove
the linkages while keeping the strand intact. Our solution is to
shorten those linkages and place the helices in 3D rather than
2D (as if the curved links are shrunk to drag the helices on
both ends together to fold them). We thus changed the original
caDNAno representation to now be located at point (3). With the
new mappings, which we name schematic2D and schematic3D
and discuss further in Sec. 5.2, we demonstrated that we can

use SynopSpace as a mental tool to design proper mappings
to tackle the various challenges and fulfill the tasks. Later in
Sec. 5.3 we also show that SynopSpace helps us to arrange the
different representations in the linked views.

We do not describe all possible SynopPoints, rather focus on
few that we found useful in specific situations. For example,
(Precise, Assembly, Bar) may appear bizarre yet if we need to
show multiple different designs in an MDS system then it may
be useful to place a Bar for each design (Assembly) at its Precise
location. Similarly, the point (Schematic, Assembly, Bar) makes
sense if we place the Bars at predefined locations. A similar
scenario can also make use of another set of SynopPoints, (*, As-
sembly, Geon) by using simple geometries to abstract the whole
assembly rather than just NT and then showing them either Se-
quentially, Schematically, or Precisely. We can also potentially
extend the space, for instance, by allowing the granularity to
have one more level, Atom, to allow us to expand our work to all-
atom simulators. So the use of new SynopPoints depends on the
given application and whether it needs respective representations
or not. Once a scenario expands or changes, SynopSpace can be
used as a mental tool for designing the proper representations.

5.2. Realizing each representation

Having established the SynopSpace abstraction and identified
the six key representations within it, we summarize in Table 1
their SynopPoint index, coordinate tuple, example figures, and
the specific tasks and challenges that it addresses, along with a
concise description (for more details see Appendix A).

Among the six SynopPoints, Schematic3D is key to bridging
the 3D and 2D representations. To realize it, we use the topology
and CMS positions (Fig. 6a) of all NTs of one frame (usually the
designed configuration) as input, followed by a series of trans-
formations: Step 1: We construct polyline primitives differently
than for Snake, so that only the NTs that form a continuous dou-
ble helix end up in the same polyline. The singleton NTs that do
not form H-bonds are not in any polyline. We use Algorithm 1
(Appendix J) to exhaustively check the conditions that could
potentially break a continuous helix and create the primitives
for the continuous ones. We show the result in Fig. 6b. Step 2:
We prepare the required attributes for each polyline for down-
stream transformations. We run this algorithm for each polyline
primitive using the first NT to find its pair and then using the
pair to find the pair’s polyline ID and save it as an attribute. We
also save the following attributes for each polyline: CMS, CMS
of its pair, CMS of the whole double helix, and the direction
vector from the double helix’s CMS to its own CMS, see Fig. 6b
for illustrations. Step 3: We use a smoothed line to represent
each helix (Fig. 6c). We move each NT to the center of itself
and its pair. The two strands of each helix thus overlap with
each other. Step 4: We straighten the helix and shift the two
polylines in each helix at a user-controllable distance and evenly
space the NTs on each polyline at a user-controllable distance
(Fig. 6d). For this purpose, we first perform a linear regression
against all the vertices in each polyline. We then use Algorithm 2
(Appendix J) to shift the two lines in each helix and distribute
the NTs on them. Now, we can use the same preprocessing and
rendering technique as those in the Snake representation to create
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Table 1. Summary of the six key representations in SynopSpace, with their names, SynopPoints, coordinates in SynopSpace, examples, tasks and/or
challenges, and description. They are described in detail in Appendix A.

Name Point Coordinate Examples Tasks/challenges Description

All-NT 1 (Precise, NT, Geon) Fig. 1(a), 5(a) T3–T4, T6 Displays every nucleotide at precise (T6) position and orientation,
enabling detailed inspection of individual H-bond interactions (T3)
and subtle conformational shifts (T4)

Snake 2 (Precise, Strand, Snake) Fig. 1(b), 5(b) T2–T4, C1–C2 Shows each strand as a smooth 3D curve without nucleotide detail
(C1), reducing clutter and occlusion (C2) to contextualize strand-
pairing events (T3) in their broader spatial context (T2, T4).

Schematic3D 3 (Schematic, Strand, Bar) Fig. 1(c), 5(c) T2–T4, C1–C3, C5 Presents the idealized pre-simulation geometry as straight, paral-
lel bars for each strand (C1), minimizing clutter (C2), avoiding
bounding-box artifacts (C3), and leveraging users’ mental models
(C5), while the user is observing the dynamic H-bond events en-
coded in color overlaid on the static geometry (T2–T4).

Schematic2D 4 (Schematic, Helix, Bar) Fig. 1(d), 5(d) T2–T3, C2 Lays out double helices in a simplified 2D schematic without
crossover links, eliminating occlusion (C2) so users can monitor
helix pairing and unpairing events (T2–T3) at various zoom levels.

Heatbar 5 (Sequential, Strand, Bar) Fig. 1(e), 5(e) T1, C2 Arranges each strand as a colored bar chart, removing 3D occlusion
(C2) to provide a quick overview (T1) of strand-level dynamics and
highlight strands with unusual behavior.

Progress bar 6 (Sequential, Assembly, Bar) Fig. 1(f), 5(f) T1, C1 Abstracts per-nucleotide H-bond status into a linear progress-bar
view over time, condensing high-frequency (C1) changes into an
overview (T1) that quickly reveals key simulation phases.

a b c

def

Fig. 5. Zoomed-in views (arranged in a clockwise fashion) for the purple dashed regions in the icosahedron design from Fig. 1. Apart from (f), we show all
views in two color schemes—strand identity (by color) in the upper-left and MD progress (five colors) in the bottom-right. In the latter, the not-formed
H-bonds are gray and the singleton NTs (i. e., designed not to be in an H-bond) are dark blue. (a) displays the NT details, which shows the NT types of
the not-formed H-bonds. (b) removes the backbone and the base details and only shows the strand. (c) shows the designed geometry. Even though the
highlighter-indicated NT hangs in the air in (a) and (b), in (c) it becomes clear where this NT should be attached if assembled correctly. (d) shows that this
NT is at the end of the helix to which it belongs, while (e) shows it is at the end of a staple strand. (f) shows the progress bar.

the final visual representation. Sometimes (e. g., when a relaxed
configuration rather than the designed one is used), however,
there are multiple double helices that are supposed to be along
a straight line but are tilted against each other. We thus use the
following steps to refine this issue and to prepare the interme-
diate data for Schematic2D. Step 5: We create a new attribute
(schematic2D row) for each polyline, and shift those double
helices with the same schematic2D row so that they locate pre-
cisely along one straight line (Algorithm 3, Appendix J). It works
on two user-specified threshold values: one for distance and the
other for angle. Those double helices within a certain distance
and within a certain tilt against each other will have the same
schematic2D row value. For each schematic2D row, if there are
multiple double helices, we then extract each helix’ CMS into an
array and perform a linear regression so that we shift the CMS

of all double helices bearing the same schematic2D row to sit
on exactly the same straight line (Fig. 6e). Step 6: We delete
all polyline primitives and construct the Snake. Since all NTs
are now at straightened positions our final visual representation
consists of straight bars (Fig. 6f) instead of curved snakes.

5.3. The dashboard: Linked views, highlighter, H-bond status
Each of the six representations reveals the structure at an impor-
tant level of abstraction, solves particular challenges, and fits
certain tasks. To address challenges and tasks we thus link all
six via the time axis (Fig. 1 and the supplemental video) such
that, once the time slider moves or is moved, all six change
together. In addition, we can optionally link All-NT and Snake in
a structural way, i. e., once the camera parameters change in one
(rotate or zoom) the other will follow. We purposefully do not



Preprint Submitted for review /Computers & Graphics (2025) 9

a b c

def

Fig. 6. Transformations in the Schematic3D algorithm (arranged in a clockwise fashion): (a) Input CMS positions. (b) Connected polylines (color showing
strand identity). Notice the broken double helices (result of Step 1/Algorithm 1). The enlarged inset shows the attributes CMS (purple dot), CMS of its pair
(brown dot), CMS of the whole double helix (orange dot), and direction vector from the double helix’s CMS to the purple polyline’s own CMS (white arrow).
(c) Smoothed double helices (one line per double helix)—result of Step 3. (d) Straightened and shifted double helices (two lines per double helix)—result of
Step 4. The enlarged inset shows the distance (straight orange line) and angle (orange curve) that we threshold. (e) Straightened double helices group (those
with the same schematic2D row value)—result of Step 5. (f) Connected strands—result of Step 6.

structurally link Schematic3D in the same way because, when
the structure is no longer fully assembled, the similarity between
Schematic3D and Snake no longer holds. We further support the
linking with a synchronized highlighter, similar to the linking
and brushing applied by Becker et al. [1]. Once, in selection
mode, the user clicks on a specific NT in any representation, we
highlight the same NT in all rest except in the Progress bar as
the latter does not convey any structural information. The strand,
a highlighted NT belongs to, can optionally be highlighted as
well with an increased radius of the circle that we use to sweep
along the strand’s polyline.

On top of the structural views, MDS analysts often check
additional abstract representations. A frequently used one is a
PCA projection of the entire trajectory data, where each simu-
lation frame becomes a data point in a 3D space with similar
simulation frames being mapped to nearby spatial points. This
view can be regarded as a projected conformational space plot.
We also generate (similar to Poppleton et al. [24]) and link this
PCA plot (Fig. 1g) to further assist the user with navigating the
linked views. We link it interactively so that, once the time slider
moves, we show the dot for the new frame’s configuration with
a bigger radius. Alternatively, once the user clicks a certain dot
in the PCA plot, we move the time slider (and hence all the
linked views) to that frame. We order all seven views clock-wise
according to the abstraction level, with All-NT first and PCA
last. The projected conformational space plot essentially shows
a vector with three scalars for each frame. In a similar way, Syn-
opFrame can also be coupled with the scalar versus time plots
or the scalar versus another scalar plots showing the statistical
metrics along the temporal aspect (more detail in Appendix I).

In addition to providing experts with this DNA-nano data
dashboard, we also introduce a new way of categorizing H-
bond statuses for better comprehensibility. OxDNA’s built-in
analysis only detects all H-bonds in each frame and then outputs
the two NT IDs for each H-bond, regardless of whether that

H-bond is in the designed configuration (C4). This reporting
does not facilitate an effective analysis: mispairing of NTs may
happen and mixing the designed H-bonds with non-designed
ones hides the accurate H-bond counts, so potentially important
mispairing events may go unnoticed. We thus categorize each
NT in each frame into one of five groups (which forms a new
format, which we detail in Appendix G), indexed from −2 to
2: (−2) designed to be in an H-bond, but wrongly formed; (−1)
designed to be a singleton NT but an H-bond is formed; (0)
designed to be in an H-bond but not yet formed; (1) designed
to be a singleton NT and is single; and (2) designed to be in
an H-bond and correctly formed. We then assign a color to
each category (by default green to 2 and red to −2) and use it
to color all representations, except for PCA which we color by
time, by the entire configuration’s energy, or other properties.
Except for this coloring according to H-bond statuses, we also
allow users to color the six representations according to the
strand ID to reveal the routing of the staples. Users can also
use a custom scalar value for each NT in each frame and use it
instead for the color encoding such as the H-bond distance, the
forces that NT is bearing, the NT’s speed, etc. In the default
color scheme for H-bond status we use red for bonds that are
designed to be in an H-bond but are wrongly formed; correcting
such cases requires first breaking the bond and then forming the
correct one. We use orange when a nucleotide is designed to be
a singleton but an H-bond is formed; this case is less severe than
the former as it only requires breaking the bond. Gray indicates
a designed H-bond that is not yet formed, also an uncritical
status. Blue shows a correctly single-nucleotide designed to be a
singleton, signaling a correct status without need for change. We
use green for correctly formed H-bonds as designed, signaling
success. For the projected conformation space plot (PCA plot),
we use a gradient from red to green based on the timeframe,
as simulations typically start with fewer correctly formed H-
bonds and progress towards more correctly formed H-bonds
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Fig. 7. Three frames from an animation (from left to right) that showcase the
break-up of a structure. From the top: snake, schematic3D, schematic2D,
PCA plot, progress bar, and heatbar.

over time. We represent the identity of the strands by random
colors, due to the large number of staple strands often present,
which would otherwise lack meaningful differentiation. For the
base ellipsoids, our color scheme follows oxView: blue for A,
red for T, green for C, and yellow for G. We also allow users to
fully control all colormap assignments and adjust as needed.

5.4. Dynamic data analysis

Previous approaches to coping with the different DNA-nano
representations by relying on abstraction spaces [19, 20] fo-
cused on showing different visual representations of static data.
In contrast to this past work, our approach of embedding our
SynopSpace abstraction space into our SynopFrame dynamic
framework—for the first time—allows us to not only traverse
different representations of the structures at some point in time
but to actually use MDS to simulate the dynamic behavior of the
structures as they assemble or not (T2–T5). We provide such
dynamic analysis largely not in the form of summary views of
dynamic behavior (the PCA plot is an exception and we describe
another in Appendix I) but instead as actual animations (see the
accompanying videos) in which the experts can observe whether
and how a structure forms or not. Summarizing the dynamic
behavior of the designs into a single and dedicated ‘dynamics
overview’ representation is, in fact, not needed—our H-bond
status visualization together with SynopFrame’s playback possi-
bility allows experts to quickly identify interesting time periods
(as we demonstrate in Fig. 7).

The means to show dynamic changes we studied in this paper
vary between a progress bar and a full 3D representation with a
changing H-bond status. The progress bar is a well known visual
encoding of an emergent process completion, which completely
abstracts from structure and as such, animates throughout the
simulation time how many desired H-bonds have been created

and how many are not established. In contrast, on the other end
of the spectrum is the animated structure depicted with its highest
level of detail, where the bonding is conveyed spatially as well
as through color mapping. Our design showcases some of many
possible abstractions of animated process visualization that ab-
stract from particular structural detail. Abstracting granularity
allows us, in the absence of fine detail and its motion, to abstract
these detailed motions, thus lower motion frequencies become
visually more prominent. This way our representation allows
viewers to follow the animation at faster simulation playback.
The Snake representation used for this purpose can be further
abstracted into a static 3D structure, where the dynamics remains
in the color-coded animation of the bonding state of nucleotides.
To facilitate a clear view of every such nucleic-acid substructure,
we further abstracted the 3D representation into 2D or even 1D
layouts where all details can be observed and additional details,
such as strand length, become visually promoted. Finally, due
to the linear nature, strands can be hierarchically grouped and
merged together. On each level, the animated color-coding con-
veys the degree of bonding. Finally, at the most abstract level, all
1D strands are grouped into a single linear structure where still
the order of the NT sequence is preserved. One final representa-
tion that abstracts from this order leads to the animated progress
bar. All these visual encodings represent animated visualizations
of an emergent process in time. Either only photometric visual
channels, i.e., color mapping, are animated, or gradually geomet-
ric spatial animation adds the structural detail. Such detail can be
varied throughout the simulation, or even within the simulation,
different parts of DNA sequence could, in principle, be encoded
by varying level of procedural detail. Our work thus explores
the visual abstraction continuum where structural analysis of
animated DNA is encoded by animated visual metaphors, which
can be, if needed, further complemented by visualizations where
the time is encoded in a different way than through animation.

In the following section we showcase an example application
case and demonstrate the benefit of the analysis of dynamic
DNA-nano data with SynopFrame, specifically the identification
of a problematic design issue for a given DNA-nano design.

6. DNA-nano MDS exploratory analysis case study

To better illustrate how DNA-nano experts can make use of
SynopFrame, we now describe a case study for performing an
exploratory analysis for MDS trajectories. This realistic example
showcases the overall process that experts can use to understand
why it cannot assemble in wet lab experiments (T1, T5).

A cube structure with 16,128 NT (Fig. 8; one scaffold, 238
staples) was designed in caDNAno by a domain expert (a co-
author of this paper) and his group. After the in-silico design,
the structure appeared to be a robust design that will also self-
assemble throughout the experiment. The research team had
tried to assemble it in many wet lab experiments, but all attempts
had failed, even though an experienced postdoctoral researcher
had spent three months and ample resources on the project. We
thus performed molecular dynamics simulations to examine
the stability of the structure at various temperatures. While
animating through the MDS with SynopFrame and looking at
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Fig. 8. Cube case study. All-NT (a), Snake (b), and Schematic3D (c) show that the cube’s middle disassembles first, as if the cube is cut by a knife (see purple
line). A synchronized highlighter attached in Schematic3D (d) highlights the cause: the short double helix visible in Schematic2D (e).

its various views, together with the expert we then noticed an
interesting phenomenon that occurred at 78°C.

In the Schematic3D view, in which—with the animation—the
expert could quickly identify (via fast-dragging the handle on the
animation’s playbar with the mouse) the time period in which
the structure was attempting to assemble, we can immediately
perceive a prominent pattern of the H-bond statuses at the be-
ginning of the simulation (Fig. 8c). The pattern shows that the
middle of the cube disassembles first, much like being cut by a
knife right in the middle Fig. 8a–c. By attaching a highlighter to
the disassembled NT (see our supplemental video), we can then
easily identify the cause of such a pattern from the combination
of Schematic3D and Schematic2D: there are many short double
helices (3 NTs) aligned at that knife-cutting plane Fig. 8d–e.
This observation can further be mapped back to the original
caDNAno design view (supplemental video).

When observing this behavior of the simulation, the expert
commented that it “is very helpful in understanding why the
structures did not form. In caDNAno, these mistakes (the short
double helices) are not easily spottable.” In our video inter-
view with him (see our evaluation below in Sec. 7) he also
mentioned that “it could have saved three months of working
time and resources of a postdoc experienced in wet labs but
who has limited know-how in biophysics. This tool will give lab
practitioners who do not have enough biophysics knowledge to
understand the details of an MDS and its analysis a faster way
to digest what is happening in the simulation and to remove bad
designs. And even people who use traditional statistics such as
root-mean-square deviation to analyze an MDS trajectory will
face problems in finding insights for the case of large structures
with long simulation durations. This tool comes right in place
for these cases to help the analyst dive into the details.” We later
learned from our collaborating domain expert that the cube’s
main designer was surprised by the “knife-cutting” pattern be-
cause he had not realized this problem when using caDNAno.

An actionable insight from this analysis for the experts is
thus that designers need to fix those short helices to prevent the
respective parts from disassembling, which our collaborator then
incorporated into his future DNA-nano designs. In addition, the
caDNAno developers could improve their software by highlight-
ing short strands to easily solve cases like ours. Ultimately, this
aspect of the reported case study demonstrates that our H-bond
color scheme allows experts to observe dynamic properties of
the dataset using “normal” play-back animations of the MDS
data, simply by seeing the characteristics of the H-bond status in

different parts of a design. This visual representation of the dy-
namic characteristics relies entirely on the interactive play-back
animations of the normally static views that we described (e. g.,
Fig. 7)—it does not require any dedicated visual summary of the
dynamic characteristics of the MDS data to be effective.

We describe another case study of a smaller structure in Ap-
pendix H, where we focus on how it converts from one configu-
ration to another (T4) as well as on its potential design flaws.

7. Further feedback

We gathered feedback from six expert oxDNA users and devel-
opers through a questionnaire. One of them is our previously
mentioned close collaborator, who was our main contact in our
user-centered design process and who is also a co-author of
this paper. We communicated with him via e-mail and video
meetings and he had access to a local SynopFrame installation
for independent exploration. We interviewed him for qualitative
feedback, and he also filled in the questionnaire with Likert-scale
questions. In addition, we contacted eleven active oxDNA users
who had raised issues in oxDNA’s GitHub repository in the past
year and who revealed e-mail addresses on their GitHub profiles.
We also personally approached two additional DNA-nano ex-
perts. Out of these, the mentioned 5 additional experts answered
our questionnaire. Due to their time constraints we did not ex-
pect them to install and learn our new interface from the ground
up, but instead we provided them with a video description of
our system (similar to our supplemental video) and asked them
to fill in the same questionnaire as our close collaborator, and
we received one anonymous and four signed responses (details
about their backgrounds in Appendix K).

In Fig. 9 we report the questionnaire responses (see the full
questions and the detailed answers in Appendix K) from all
contacted oxDNA users, based on a 5-point Likert scale with
1 meaning strongly disagree/very useless/very ineffective and 5
meaning strongly agree/very useful/very effective. Generally, the
experts found the linked views, the connection with the PCA,
the H-bond coloring, and the NT highlighter to be effective for
analyzing DNA-nano MDS trajectories. The transitions between
different representations, however, play a less important role in
the case studies, and may thus have received lower ratings from
the experts. In addition, we purposefully separated the transi-
tions from the animation of the molecular dynamics because,
otherwise, viewers may confuse both types of animation. The
linked views and the highlighter, in contrast, already seem to be
sufficient for the experts to understand the relationships between
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Fig. 9. User feedback for the effectiveness of SynopFrame. Our collabora-
tor’s response is colored in red, while the external evaluators’ are colored in
blue. We provide the full questions (y-axis) in Appendix K.

the representations, so the effectiveness of the transitions may
be shadowed by the other features in the tested scenario. The
2-rating for “Understand” comes from an oxView developer who
prefers much more the conventional statistics-based analysis ap-
proach and who tried our tool without training, he may have
missed already implemented functionality. We thus conclude
that our tool requires more training to be fully effective.

The concerns that the evaluators raised are twofold. First, the
accessibility of the tool is reduced if it resides in Houdini and
requires careful preparation of the input data in specific formats.
So, after our current proof-of-concept, the domain users are ea-
ger to get access to a more accessible tool with the functionalities
of SynopFrame, e. g., as a web-based tool. Second, even though
experts appreciated the structural abstraction, they still would
like to see an integration of more conventional statistics. We aim
to realize both goals together in our future development.

8. Limitations and future development

While multiple views at different scales and abstractions are nec-
essary, showing all views at once indeed can overwhelm a viewer.
A future direction is to adaptively show the appropriate abstrac-
tion level based on the MDS phenomena. The implementation
in Houdini is more of a prototype for proof-of-concept, which
is fast to develop, but installing the whole Houdini software
takes unnecessary disk usage, and the huge amount of widgets
in Houdini are distractors for the user. A dedicated develop-
ment with technologies such as WebGPU could be followed
after the proof-of-concept to solve these problems. We also
think that it would dramatically increase the efficiency of the
whole workflow if it was possible to directly modify the design
upon identifying the problematic regions, followed by feeding
the updated design back to the oxDNA simulation. Features for
the comparative analysis of multiple trajectories could also be
helpful. In addition, the ability to locally and schematically ani-
mate the simplified static geometries to convey certain dynamic
properties could further unleash the power of the schematic rep-
resentations we developed. It is also worth mentioning that our
whole design study could be expanded to other domains—e. g.,
in protein MDS, one could change the granularity axis of our
SynopSpace to fit the hierarchical multiscale nature of protein
structure and solve similar challenges there.

9. Conclusion

The extensive research on DNA-nano structures for various ap-
plications has led to the use of MDS as a cost-effective method

for identifying poor designs and understanding the dynamic
nature of these structures. Nonetheless, analyzing and com-
prehending an MDS trajectory continues to present significant
challenges. We systematically analyzed the tasks, challenges,
and established representations from the domain, and proposed a
visualization abstraction space as a foundation, based on which
we developed a proof-of-concept visual analysis tool that enables
experts to see the connections between the different represen-
tations and to better explore and understand MDS trajectories,
i. e., the dynamic aspects of DNA origami assemblies. While
our tool is not yet integrated into the toolchain of the experts, we
still demonstrate that the approach works in principle and with
some more development an integration is possible.

In a broader sense, as MDS systems increase in size and
approach the mesoscale, such as the whole cell simulation men-
tioned by Stevens et al. [34], a critical need arises for the abstrac-
tion of the structure for visualizing the resulting trajectory. With
the novel approach we developed, SynopFrame, domain experts
are now able to identify design flaws in a DNA cube design,
such as the one that troubled our collaborators for months and
cost them vast amounts of experiment resources. Users can also
identify the transition period for the conformational change in
an RNA tile design to understand how the NTs’ H-bonds change
during that period. SynopFrame goes beyond Miao et al.’s
work [19] by extending the abstraction space to the idiom axis,
encoding dynamic spatial data from the simulation in the more
detailed views, connecting the static design and its dynamics
through the novel Schematic3D view to lower the cognitive load,
as well as taking advantage of color-coding the H-bond status
in the more abstract views to allow experts to identify problems
with their designs through traditional playback or the use of a
time slider (for a detailed comparison see Appendix L). As such
our approach is best suited for the post-design phase, while Miao
et al.’s work supports experts in navigating the different design
spaces that are important at design time. The organization of var-
ious data mappings/representations in a holistic space, reasoning
within the space, and linking 3D and abstract views in our work
collectively enable a new paradigm of MDS trajectory analysis.
Rather than drawing insights only from statistics compiled from
the trajectory, this new approach allows experts to gain insights
by directly visualizing the trajectory. We thus extend the pre-
vious design-only solution to a comprehensive MDS analysis
scenario. This analysis is based on all available information in
the data, avoiding any bias toward certain statistical approaches
that compress information in certain aspects. In this context,
SynopFrame facilitates a shift in thinking about the analysis
of MDS and the design of new visualization techniques in the
emerging mesoscale era.
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[3] Brossier, M, Skånberg, R, Besançon, L, Linares, M, Isenberg, T, Ynner-
man, A, et al. Moliverse: Contextually embedding the microcosm into the
universe. Comput Graph 2023;112:22–30. doi:10/gr7bbz.

[4] Bruininks, BMH, Wassenaar, TA, Vattulainen, I. Unbreaking assemblies
in molecular simulations with periodic boundaries. J Chem Inf Model
2023;63(11):3448–3452. doi:10/mt3x.

[5] Bustamante, C, Marko, JF, Siggia, ED, Smith, S. Entropic elasticity of
λ-phage DNA. Science 1994;265(5178):1599–1600. doi:10/dh8fcj.
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et al. Introducing improved structural properties and salt dependence into
a coarse-grained model of DNA. J Chem Phys 2015;142(23):234901:1–
234901:12. doi:10/f7sbb2.

[33] Sommer, B, Inoue, D, Baaden, M. Design X Bioinformatics: A community-
driven initiative to connect bioinformatics and design. J Integr Bioinf
2022;19(2):20220037:1–20220037:8. doi:10/gtsjbc.
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Appendix A. Detailed description of SynopPoints

We describe each of the implemented SynopPoints in more detail
and discuss how they help us to address the tasks and challenges
we outlined before. We use an icosahedron nanostructure (6,540
NTs) as an example DNA-nano design and, for each representa-
tion, describe its rendering method and the algorithms used to
preprocess the input data when necessary.

All-NT, SP1 (Precise, NT, Geon), (for each representation,
we mention its name, SynopPoint index, and its coordinate in
SynopSpace) shown in Fig. 1a and 5a, is the traditionally used
representation in most DNA-nano-related tools, and is the only
one in oxView [24]. It shows the precise positions and ori-
entations (T6) of all NTs output by the simulator and is ideal
for scrutinizing an H-bond pairing event in its local environ-
ment. Hence it helps with identifying interesting local events
and understanding conformation changes (T3, T4). The output
data from oxDNA are the center of mass (CMS) position and
two orientation vectors for each NT. Following the oxDNA2
model’s geometry [26] (see also Appendix C), we calculate the
required positions and orientations for the backbone, the base,
the backbone-backbone connector and the backbone-base con-
nector. We then instantiate the backbone repulsion sites with
spheres, base stacking sites with ellipsoids, backbone connector
sites with truncated cones, and base connector sites with cylin-
ders. To be consistent with the domain we use the same color
scheme as in oxView for the base ellipsoids, i. e., blue for A, red
for T, green for C, yellow for G. We leave the backbone spheres
and connectors to color-encode other properties (Sec. 5.3).

Snake, SP2 (Precise, Strand, Snake), shown in Fig. 1b and 5b,
in its dynamic context is inspired by less formal representations
used on various occasions such as on-demand drawings, gestures
in a conversation, or educational animations (DNA origami fold-
ing animation, see youtu.be/p4C aFlyhfI). To create it we
remove the detail of the base and backbone of an NT and only
show the position of each strand. As such, this representation
reduces, to some extent, the high frequencies (C1) as well as
clutter and occlusion (C2). It is ideal for examining a strand
pairing event in a slightly wider local environment than that
of a single H-bond, it thus helps experts to identify events and
understand conformation changes (T3, T4) at a coarser level as
well as with understanding those events in a larger context (T2).
With the CMS data of each NT and the design’s topology, we
construct a polyline primitive by connecting it from the 3’ end
NT toward the 5’ end for each strand. Translational sweeping of
a circle along the curve then forms a snake-like geometry.

Schematic3D, SP3 (Schematic, Strand, Bar), shown in
Fig. 1c and 5c, is a caDNAno-like representation that we created
by reasoning with the help of SynopSpace. It can be thought of
as the 3D version of caDNAno’s representation which, instead of
using the precise positions of each frame’s configuration, relies
on a single frame. In practice, we observe that the designed
configuration—before any relaxation or simulation (C5)—has
the optimal geometry for a user to comprehend the structure,
for several reasons: First, it is designed by people who often
also analyze its MDS. Second, it is usually the configuration that
people mentally construct. And, third, the double helices are still
straight, which helps the experts to comprehend the structure.

Even though sometimes elongated backbones exist, they help
users understand the relationship between the surrounding struc-
tures by placing the paired NTs together to keep the clutter low,
rather than causing any illusion or confusion. After simplifying
double helices into two parallel lines, this representation further
decreases the clutter and occlusion (C2), which is most benefi-
cial in large structures (C1). As the geometry is now static, there
is no more periodic bounding box issue (C3). After color coding
the properties, e. g., H-bond statuses onto the geometry, it also
helps the user to understand the simulation schematically (T2)
at various levels depending on the zoom level. Furthermore, it
serves as a bridge to connect other representations to tackle more
tasks and challenges, e. g., the user might observe in the to-be-
described Schematic2D representation that a helix is unpairing
(T3), and then move to Schematic3D to understand which strand
this helix belongs to, the routing (the crossovers involved) of
that strand, as well as the H-bond statuses of the whole strand
(T2). Then they may move to Snake to examine this strand’s
precise positions and see how it interacts with other strands in
the spatial context (T4). We describe the implementation details
in Sec. 5.2.

Schematic2D, SP4 (Schematic, Helix, Bar), shown in Fig. 1d
and 5d, is adapted from the caDNAno-like representation for
which we removed all the linkages that show the crossover be-
tween continuous double helices that can cause a great deal of
occlusion. Schematic2D is thus capable of showing all the dou-
ble helices (T3) without occlusion (C2). It is ideal to monitor
the pairing and/or unpairing of any number of double helices
depending on the zoom level (T2). We use the schematic2D row
value from before, but still need schematic2D col to place each
segment of a helix and each NT on a segment. For the calcu-
lation of schematic2D col for each NT we need to take into
account the directionality of the segment: the offset from the 3’
end of the segment. We then arrange each helix according to its
row and length as well as arranging each NT. We also arrange
the singleton NTs next to their closest NT’s helices. We use the
same rendering method as for Snake and expose parameters to
allow the user to control the width, height, and row and column
spacing of the arrangement of the helices.

Heatbar, SP5 (Sequential, Strand, Bar), shown in Fig. 1e
and 5e, is adapted from Adenita [7] where it is used to convey
the length of all strands. Each strand is shown as a continu-
ous vertical straight line and the strands are horizontally laid
out, resulting in a representation that resembles bar plots. As
the scaffold is usually more than ten times longer than the sta-
ples, however, in our scenario this representation wastes a lot of
screen space and it becomes difficult to observe color changes
on the short staples. To address these issues we first define how
many NTs each row can harbor, split the scaffold into multiple
consecutive rows, and then place the staples horizontally with
spacing in-between. We allow users to control the maximum
NTs per row, the height of the bar, the width of each NT, and the
horizontal and vertical spacing with sliders. This representation
is ideal for glancing over the dynamics simulation to understand
the overall process (T1) at the strand granularity and identify
issues of certain strands if there are any. As the strands are laid
out in 2D there is also no occlusion (C2). We realize this view

https://youtu.be/p4C_aFlyhfI
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by assigning a row and column index to each NT according to
the length of the strand it belongs to and the offset to the 3’ end
on that strand. We use the same rendering method as for Snake.

Progress bar, SP6 (Sequential, Assembly, Bar), shown in
Fig. 1f and 5f, is the linear layout of the NTs based on their
H-bond statuses. It is ideal to understand the overall process of
H-bond changes (T1) and let the user decide whether a certain
simulation period should be further examined. No matter how
frequently H-bonds change, how large a structure is, or how
many frames a simulation has (C1), at this abstract level the user
can quickly perceive any changes and make decisions accord-
ingly. We implemented this view by again assigning a row and
column index to each NT, but here only according to the NT’s
H-bond status. The layout can also be adapted by the user to the
viewport size and aspect ratio. We achieve the final visual rep-
resentation by rendering impostors to form a circle at the given
positions. Thus, when zooming out, the representation looks
like a progress bar and, when zooming in, each NT is observable
as an individual circle. We also do not use numbers to record
the H-bond status because changing text does not communicate
the dynamic nature of the simulation efficiently. Instead, we use
color coding that we explain in Sec. 5.3.

Appendix B. DNA-nano design simulation

After a DNA-nano structure is designed, usually before per-
forming the wet lab experiments, domain experts subject it to
simulation to test its dynamic properties. There are several
DNA simulators, ranging from a focus on the atom level [18]
to the polymer level [5]. We rely on a commonly used one,
oxDNA [22, 27, 32, 35]. OxDNA runs at the NT level and cap-
tures the movement of each nucleotide, the binding of Watson-
Crick base pairs, and “zipping” events (binding of multiple
consecutive NTs) between complementary strands. To prepare a
newly designed structures for the actual dynamics simulations,
we first need to run relaxation simulations that prepare the struc-
ture in a proper configuration that can further be simulated via
Monte Carlo or molecular dynamics methods. We focus on the
molecular dynamics simulation that, with a given initial configu-
ration, generates the configuration in consecutive time frames
via integration on small time steps, according to a selected bio-
physics model. The resulting configurations can be sampled at a
user-specified time interval to form an MD trajectory and then
stored. In the case of DNA-nano, a typical trajectory has thou-
sands to millions of frames and each frame has tens of thousands
of NTs, which easily leads to gigabytes to terabytes of data.

Appendix C. OxDNA2’s model geometry

With the center of mass (CMS) position vector (r) and two ori-
entation vectors (a1, a2) for each NT, we calculate the required
positions (P) and normals (N) with the following equations. The

end3 in the equation refers to the 3’ end.

Pbackbone = r − 0.34 ∗ a1 + 0.3408 ∗ a2
Pbase = r + 0.34 ∗ a1

Pbackbone connector = (Pbackbone end3 + Pbackbone end5)/2
Nbackbone connector = normalize(Pbackbone end3 − Pbackbone end5)

Pbase connector = (Pbase + Pbackbone)/2
Nbase connector = (Pbase − Pbackbone)/2

Appendix D. Houdini-specific implementation

There are significant benefits to using Houdini as our prototyping
environment. First, the Apprentice version is free and available
for all three major platforms (Windows, Mac OS, and Linux).
Second, from the user’s perspective, after our application is de-
veloped, a typical user needs just around a 15-minute onboarding
tutorial and a one-page cheat sheet to be comfortable navigat-
ing inside the application and then focusing on the analysis of
their MDS trajectory. Third and most important, it is extremely
friendly from the developer’s perspective. Multiple viewports,
which are required by the linked views, can be created with a
few mouse clicks, followed by specifying the geometry to be
rendered. Another valuable feature is Houdini’s node-based
workflow.2 Each node harbors a tabular data structure for the
points, vertices, primitives, and detail it contains so the devel-
oper can assign attributes to them and leverage the handy and
fast attribute fetching function via its high-performance expres-
sion language VEX.3 Each node is also a small program that
performs certain transformations on the data it receives, much
like the concept of a shader. The program can be written in VEX,
Python, or C++ via Houdini Developer Kit (HDK).4 In the case
of VEX, the program can be chosen to execute just once, or in
parallel for each point/vertex/primitive. Another feature we have
used is the data cache node5 that can cache the processed data
into binary for fast loading the next time.

We use C++ via HDK to parse the large trajectory data as
well as the newly defined H-bond data to gain the highest perfor-
mance; we use VEX to perform all the geometry transformations
and have leveraged the parallel processing to the best we can; we
use Python for various other small tasks as well as the Python
Viewer State6 to achieve most of the user interactions.

We can also adjust the specific coloring of, in particular, the
H-bonds to avoid red-green color contrasts for those people with
color deficiencies. Fig. D.10 shows an example with a different
color map that is safe for people with color deficiencies.

Appendix E. Transitions

Even though all the representations are linked together, it is still
important to visualize the transitions (see the supplementary

2sidefx.com/tutorials/intro-to-houdinis-node-based-

workflow
3sidefx.com/docs/houdini/vex
4sidefx.com/docs/hdk
5sidefx.com/docs/houdini/nodes/sop/cache.html
6sidefx.com/docs/houdini/hom/python states.html

https://www.sidefx.com/tutorials/intro-to-houdinis-node-based-workflow/
https://www.sidefx.com/tutorials/intro-to-houdinis-node-based-workflow/
https://www.sidefx.com/docs/houdini/vex/
https://www.sidefx.com/docs/hdk/
https://www.sidefx.com/docs/houdini/nodes/sop/cache.html
https://www.sidefx.com/docs/houdini/hom/python_states.html
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Fig. D.10. Example for the use of a different color map for people with color
deficiencies. The top panel shows the new zoomed-in area of Fig. 1d; the
bottom panel shows the new Fig. 1g.

video) between some of them. The users can view the transi-
tions at the beginning of the analysis to understand what each
representation is conveying for a specific DNA-nano design and
how they are related to each other spatially. We implement these
consecutive transitions: Snake ▷ Schematic3D ▷ Schematic2D ▷
Heatbar. As all of them are transformed from the CMS of all
NTs, we interpolate the CMS values between them to achieve
the transition. For the case of large structures, the transitions
from Schematic3D to the more abstracted ones usually give illeg-
ible results if all strands transit together. So, we applied staged
transitions by moving one strand after another.

Appendix F. SynopFrame performance

We record the performance-related number on a Windows 10
desktop (Intel(R) Xeon(R) Gold 6242 CPU @ 2.80GHz (2 pro-
cessors), 256GB RAM) with an Nvidia RTX 3090 graphics card.
To load and cache the cube structure (in the first case study)
with 16,128 NTs, 1,000 frames, 3,076 MB data, SynopFrame
takes 63 seconds. After caching into Houdini native binary data,
the file size reduces to 494 MB, corresponding to 494 KB per
frame. Reloading from the cache takes 6.2 seconds. The frame
rate to show all seven views together is 1.65 fps; to show All-NT
only is 6.27 fps; to show Schematic3D only is 24.97 fps; to show
Progress bar only is 19.75 fps. As analysts very often stop at
certain frames and scrutinize the structure, such frame rate is
still considered to be interactive.

Appendix G. The SynopSpace.hb format

For a whole trajectory with many frames, we record the H-
bond status code (mentioned in Sec. 5.3) of each NT in each

frame as follows. We first record the frame number and then
sequentially record the status code for each NT in a new line,
with StatusCode ∈ [−2, 2] as an integer to classify the H-bond
pairing status. Below we first give a generic format description
(*.synopspace.hb)7 and then a specific example for its use.

t = <FrameNumber>

<StatusCode> [Pair ID if StatusCode == 2] # for NT0

<StatusCode> [Pair ID if StatusCode == 2] # for NT1

<StatusCode> [Pair ID if StatusCode == 2] # for NT2

...

t = <FrameNumber>

...

An example that shows in Frame number 1000, the first 5
NTs’ StatusCode, with the 5th’s pair (NT ID 7923) recorded:

t = 1000

-2

-1

0

1

2 7923

...

t = 2000

...

Appendix H. Case Study 2: An RNA tile design

As oxDNA can simulate RNA designs, we also performed a
case study for an RNA tile design to demonstrate that Syn-
opFrame can also work with RNA designs. In an experiment
with an RNA tile with 132 NT (one strand) from [24] two dif-
ferent conformations were known to occur. From a simulation
at 45 °C, the two groups of conformations are well manifested
in the PCA plot Fig. D.11a. Further examination reveals that
H-bond statuses are not always correlated with PCA dimen-
sion reduction results. For example, frame 259’s conformation
and frame 7765’s are very close to each other in the PCA plot.
But their H-bond statuses show a big difference in one critical
crossover Fig. D.11b. This observation raises a caveat that al-
though in general, PCA followed by clustering performs well
in categorizing the conformations, it cannot reliably capture the
subtle H-bond changes that will cause disproportionate effects
on the conformation.

The transition period between the RNA tile’s two conforma-
tions can be easily identified, see the supplementary video. The
biggest difference between the two conformations is the loss of
the two crossovers at around 1/3 of the structure. So we can
attach a highlighter to this helix and then focus on Schematic2D,
which is much easier to absorb the H-bond status changes. But
the Schematic2D view first shows the opening of another helix
from frame 601 to 607. So it forces the analyst to go back to
the 3D structure (Schematic3D, Snake, All-NT) and think about
the relation between these two helices. Only after this helix

7This format alone triggered a discussion among domain users and has
since been integrated by some users into their own analysis approaches:
github.com/lorenzo-rovigatti/oxDNA/issues/45

https://github.com/lorenzo-rovigatti/oxDNA/issues/45
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a b c

Fig. D.11. Case study for an RNA tile design. (a) PCA plot shows two groups of configurations. The yellow dashed rectangle is further zoomed in (b). (b) Two
different configurations are located closely in the PCA plot. The difference is indicated by the red arrows. (c) The non-Watson-Crick base pairs in the design
are easily identified as they are colored dark blue (indicated by the yellow arrows).

Algorithm 1: Create polylines for continuous double
helices

Data: CMS of all NTs, topology of the design
Result: Polyline primitives for continuous double helices

1 totN = total number of NTs
2 N = 0
3 primList = [N]
4 while N < totN do
5 end5 = the 5’ end ID of N
6 if end5 == −1 then
7 CreatePolyline(primList, N)

8 else
9 pair = the pair ID of N

10 strand = the strand ID of N
11 if pair == −1 then
12 CreatePolyline(primList, N)

13 else
14 end5Pair = the pair ID of end5
15 if end5Pair == −1 then
16 CreatePolyline(primList, N)

17 else
18 pairS trand = the strand ID of pair
19 end5PairS trand = the strand ID of end5Pair
20 if pairS trand! = end5PairS trand then
21 CreatePolyline(primList, N)

22 else
23 pairEnd3 = the 3’ end ID of pair
24 if pairEnd3! = end5Pair then
25 CreatePolyline(primList, N)

26 else
27 push(primList, end5)
28 end
29 end
30 end
31 end
32 end
33 end
34 Function CreatePolyline(primList, N):

/* When this function is called, it means the

continuity of the helix is broken. */

35 Add a polyline primitive that has all the NTs in the primList
36 primList = [+ + N]
37 return None

opened, the initially attended helix is then opened at frame 1181
to 1184. The analyst may then proceed to crop out these frames
to perform further-detailed analysis, such as distance, angle, and
energy distribution.

Looking at the bizarre Schematic2D view, one might won-

Algorithm 2: Shift the two polylines in each helix and
evenly space NTs on each polyline

Data: User define: halfPairDistance, spacing
Result: Two parallel polylines with NTs evenly distributed for each

continuous double helix
/* This algorithm is supposed to be run in parallel

for each polyline */

1 dir = the white arrow vector in Fig. 6b
2 primDisplacement = hal f PairDistance ∗ normalize(dir)
3 unitBackboneDir = spacing∗ (the direction along the polyline)
4 pts[] = all the points (NTs) ID on this polyline
5 avgPtnum = average(pts)

/* The IDs on the same polyline are guaranteed to be

consecutive so that we can take the average value */

6 for ptnum in pts[] do
7 o f f set = ptnum − avgPtnum
8 newP =

polylineCMS + unitBackboneDir ∗ o f f set + primDisplacement
9 set the position for ptnum as newP

10 end

der what those NTs are that are not forming helices. A close
examination from the linked view with help of the highlighter
reveals that apart from the non-pairing loop on the side of the
structure, there are six base pairs that are within the H-bond
distance threshold, but their sequences do not obey the Watson–
Crick rule Fig. D.11c. The designer might then proceed with
changing some of the sequences on those base pairs and see how
the design behaves.

Appendix I. Statistical scalar plots

Although SynopFrame mainly explores the abstract views to
visualize the MDS trajectory frame-by-frame, it can also be
coupled with traditional data analysis plots focusing on the ag-
gregated statistical metrics along the temporal aspect, i. e., gen-
erate a scalar to represent each frame and then plot that scalar.
Fig. I.12 shows two such plots, with the top panel showing the
energy versus time and the bottom showing the “force-extension
curve” [9] previously used in the domain. The force-extension
curve encodes each frame by two scalars, one for the force be-
tween two NTs, showing on the Y axis, and the other for the
extension, or the distance, between these two NTs.
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Algorithm 3: Assign schematic2D row for each poly-
line)

Data: User define: distanceThreshold, angleThreshold ( Fig. 6d)
Result: schematic2D row assigned for each polyline

1 Function PushPrimToDict(prim, primPair, nextRow ,rowDict,
key):

2 helixIn f o = a dictionary to hold the prim’s CMS and direction
3 helixArray[] = fetch from rowDict by key or initialize an empty

array
4 push(helixArray, helixIn f o)
5 dictKey = key if key exists, otherwise nextRow
6 rowDict[dictKey] = helixArray
7 set schematic2D row for prim and primPair as int(dictKey)
8 return None
9 numprim = total number of polyline primitives

10 schematic2D row = {}; nextRow = 0
11 for prim = 0; prim < numprim; prim + + do
12 primPair = the pair ID of prim
13 if prim < primPair then

/* process only once per helix */

14 if len(schematic2D row) > 0 then
/* initialize thresholding terms to large

numbers */

15 minDist = 100.0,minAngle = 90.0
16 overlapKey = ” − 1”
17 rowKeys[] = keys(schematic2D row)
18 for key in rowKeys do
19 dict helixArray[] = schematic2D row[key]
20 Loop through the CMS and direction of each helix

in helixArray
21 Calculate the distance and angle value as shown in

Fig. 6d
22 if distance < minDist then
23 minDist = distance
24 minAngle = angle
25 overlapKey = key
26 end
27 end
28 if minDist < distanceThreshold AND minAngle <

angleThreshold then
/* This means the current helix is

overlapping with a row group, so we

push it using the overlapKey */

29 PushPrimToDict(prim, primPair,
30 −1, schematic2D row, overlapKey)
31 else

/* This means the current helix is not

overlapping with any row group, so we

push it using nextRow++ as a new key

*/

32 PushPrimToDict(prim, primPair,
33 nextRow + +, schematic2D row,′′ )
34 end
35 else

/* Same as the last push */

36 PushPrimToDict(prim, primPair,
37 nextRow + +, schematic2D row,′′ )
38 end
39 end
40 end

Appendix J. Algorithms

Here we detail the algorithms used to perform the transforma-
tions needed for the Schematic3D representation (Sec. 5.2). With
the CMS of all NTs and the topology of the design as input, Algo-
rithm 1 exhaustively checks the conditions that could potentially

Fig. I.12. Statistical scalar plots. The top panel shows an energy versus time
plot. The bottom panel shows a force-extension curve.

break a continuous helix and create the primitives for the con-
tinuous ones. With the CMS data of a straightened polyline, its
pair, and the whole double helix it belongs, Algorithm 2 shifts
the two polylines in each helix for a user-defined distance and
then evenly space the NTs on each polyline. With the user-
specified distance and angle thresholds, Algorithm 3 assigns a
schematic2D row value for each polyline so that those with the
same value can be then aligned along one straight line.

Appendix K. User feedback details

As explained in the main paper, we received feedback from
our co-author collaborator, from one anonymous respondent,
and four signed responses. These latter four were a se-
nior researcher in computational chemistry who focuses on
molecular dynamics and bioinformatics, a PhD student in the
OxDNA developers group, a PhD student who focuses on wet-
lab DNA-nano experiments, and a professional bioinformati-
cian who specializes in wet-lab experiments for DNA origami.
Please note that, for completeness, we also provide the video
(Video for User Feedback.mp4) that we sent to the invited
experts as an explanation of our approach, which served as the
basis of the following questionnaire, as additional material.

At the end of the appendix we provide the filled-in ques-
tionnaire responses from all participants that provided us with
feedback. Note that we also provide the video we provided to
participants as the basis of their evaluation as additional material,
in addition to the actual paper video itself. In total we received 1
anonymous response and 5 signed responses (the latter including
our closely collaborating expert who is a co-author). We provide
these answers as screenshots from the online questionnaire tool
to show both the stimuli and the specific questions we asked
about it, as well as the answer possibilities and the detailed
comments that all our participants provided.

We also note that SynopFrame visuals won 2nd place in the
Design X Bioinformatics [33] Student Competition. Committee
members from the Scripps Research Institute (USA), STUDIO
ABOVE&BELOW (UK), the Royal College of Art (UK), and
the Tokyo Institute of Technology (Japan) praised our “highly
useful and computationally interesting system to display DNA
data in multiple ways.”
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Table L.2. Comparison to Miao et al.’s [19] DNA origami abstraction space.

criterion Miao et al.’s Dim-
SUM [19]

our own work

focus of the
work

seamless animation
between 1D, 2D, and
3D layouts and multi-
ple 3D semantic rep-
resentations for dif-
ferent levels of detail

comprehensive MDS analysis
scenario to identify issues for
the wet-lab assembly of pre-
viously designed DNA-nano
structures

target appli-
cation

DNA-nano design
phase

DNA-nano post-design phase

represent.
of layout

1D, 2D, 3D layouts;
i. e., a geometric
view of possible
layouts

sequential, schematic, pre-
cise; i. e., a domain-centered
view of layouts

represent.
of scale

10 named scales, or-
ganized based on a
perceived level of
“concreteness” or vi-
sual abstraction

two separate and indepen-
dent components for a greater
flexibility:
• the four levels of granu-

larity: nucleotide, helix,
strand, assembly; also orga-
nized based on a perceived
level of “concreteness” or
visual abstraction

• the three–four levels of id-
iom: bar, snake, geon, and
surface; to characterize dif-
ferent visual encodings of
a given data component

unique
views

• DimSUM abstrac-
tion view

• Schematic3D (Fig. 1c,
Fig. 5c)

• progress bar (Fig. 1f,
Fig. 5f)

• PCA plot (Fig. 1g)

represent.
of dyna-
mic data
character

n/a
(only one data view
is shown at any given
time)

MDS-based animation of as-
sembly that relies on a visual
encoding of the H-bond sta-
tus, observable in multiple
points of the abstraction space
that are shown in parallel

Appendix L. Comparison to Miao et al.’s DNA origami ab-
straction space DimSUM

To better illustrate our conceptual extension of past work, in par-
ticular the work by Miao et al. [19, 20], we list the fundamental
differences between their and our abstraction spaces in Table L.2
(we do not include Miao et al.’s [20] first approach because it
only focused on a single visual representations sequence).

Images license/copyright

We as authors state that all of our figures in this appendix are and
remain under our own personal copyright, with the permission
to be used here. We also made them available under the Cre-
ative Commons Attribution 4.0 International (cb CC BY 4.0)
license by sharing them at osf.io/qxrzw.

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://osf.io/qxrzw/
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Feature 1: the linked 3D and 2D views. Useful? 

6 responses

Feature 2: the connection between PCA plot and structural
representations. Useful? 

6 responses
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Feature 3: the H-bond status coloring. Useful?

6 responses

Feature 4: the synchronized highlighter across views. Useful?
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Feature 5: the transitions between different views. Useful? 

6 responses
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3/6

Rating 1: SynopFrame will help you understand, communicate, and 
improve your designs

6 responses

Rating 2: overall, how would you rate SynopFrame?

6 responses

General feedback

5 responses

Very effective is to be determined after using the tool.

SynopFrame explores some interesting aspects of oxDNA trajectory visualizations.
However it's really impractical to download a huge commercial tool, which is tailored towards
video effects production just to have a look at a simulation.

practical

The video is not easy to understand out of context and without additional explanations.

I appreciate that SynopFrame could help me with my designs
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3/28/23, 5:27 PM SynopFrame Feedback - 7 Questions (5 min maximum)

4/6

Suggestions for improvement

4 responses

- Most parameters which need to be calculated are project specific so adding an interface to
easily add new order parameter visualizations might help.
- Along these lines most of the order parameters are 1D
So having 2D / 3D plots of them might show relationships. (similar to the PCA view) but have 3
/ 4 (if you count the energy) parameters of the users choice plotted out.
- Exploring the PCA view i was expecting interactive clicking through the coordinates, but
somehow this was not implemented , browsing through the PCA space using the trajectory
slider makes little sense.

As a user new to the software, a user-friendly interface or tool to import data into the program
instead of requiring users to run a few oat analysis would be helpful. The tool could allow
users to select and upload their dataset (just oxdna.dat and oxdna.top), and then automatically
generate the necessary input files and folder structure required by SynopFrame. This would
make it easier for users to get started with the program and increase its accessibility.

Describe the features before demonstrating them. For instance I haven't understood the
hydrogen-bond color coding feature and couldn't follow in the video what I was supposed to
see.

I think making the packaging/setup for SynopFrame easier might help make it more widely
usable - since grad students are mostly the ones using this tool, saving time for them would
always be appreciated. I think also being able to easily choose the sequences that require
redesign and export them would also help.
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