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Figure 1: Bronze sculpture representing genetic variety in chimpanzee and bonobo populations.

ABSTRACT
There has been growing interest in using artistic approaches to
communicate scientific data. Most of this work has also taken
advantage of new technology by incorporating digital and
interactive media to convey complex or abstract concepts. In our
work, we use these tools, data analysis and 3D printing, to explore
means of representing genetic information using traditional art
materials. From variations in DNA, we generate 3D models and
used them as a basis for creating both a bronze sculpture and a low
cost, tactilely-interactive piece. Looking forward, we are interested
in understanding how viewers interpret data displays differently
based on the type of materials used to construct the visualizations.
Keywords: Data visualization, 3D, genetic diversity, fine art, metal
casting.
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INTRODUCTION

Data is becoming an increasingly pervasive subject matter for
artistic displays. There are many advantages of this push, the
primary being the increased collaboration between artists and
scientists. For the scientific community, artistic collaboration
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presents a means for complex data and abstract concepts to be
conveyed to a wider audience in a way that can be understood and
appreciated. For artists, the use of data as subject matter makes
their work easier to justify, as the work has inherent value as a
presentation of information in addition to the more abstruse
benefits of design aesthetics and atmosphere. However, this
increased focus on the data being conveyed by the art might be
redirecting focus away from how the physical materials being used
may affect how the information is conveyed.
We believe that, as the consideration of how content is presented
has always been a critical part of artistic endeavors, there needs to
be further exploration of how different artistic mediums can be used
to display data, and how the tone of the information displayed is
affected by the medium it is being conveyed with. This paper
describes a case study around creating art pieces representing the
same data with different materials. After that, we contemplate how
the materials used in creating data-based art pieces may contribute
to how the information presented in the finished piece is understood
and interpreted.
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DESIGN

This project is an art-biology collaboration with the goal of
converting two-dimensional phylogenetic networks into three
dimensional models, with the eventual aim of using those threedimensional models as instructional aides to help viewers
understand genetic relation between subspecies and increase
scientific literacy. Phylogenetic networks are a visualized
hypothesis about the evolutionary distance between a set of

sequences. As such, 3D models of phylogenetic networks could be
appropriate aids for explaining evolutionary distance to a wide
audience.
2.1

2D Data Visualization

Our 2D visualization was created by analysing evolutionary
distance between sub-species. Evolutionary distance is defined as
the number of substitutions per site between two homologous genes
or DNA sequences. The distance can be calculated using either
DNA or protein sequences, but we chose to use DNA sequences
because we had access to a large dataset DNA sequences available.
Aligning the DNA sequences is necessary to calculate the distance
between them, because programs calculate evolutionary distance
by looking at the changes for a specific site. If a site is not lined up
to its corollary in another sequence, the estimation of evolutionary
distance will be incorrect.
The data used in this project was composed of over one thousand
chimpanzee and bonobo mitochondrial DNA samples. Specifically,
the samples comprised the first hyper-variable region (HVR1) in
the chimp/bonobo mitochondrial genome. The hyper-variable
region is often used in phylogenetic studies using mitochondrial
data, because it is well-characterized and inexpensive to sequence.
This data was gathered during a phylogenetics project which aimed
to determine whether there was a correlation between genetic
distance and geographic distance between individuals and groups
of chimpanzees and bonobos. The samples were mined from
publicly available data in Genbank and were parsed into smaller
subspecies-specific datasets, so that there were more options when
choosing which networks to 3D print for models.
Sequences in each dataset were aligned in Geneious 9.1 using the
MAFFT plugin, which uses a progressive multiple sequence
alignment algorithm [8]. Alignments were manually checked for
data quality, and sequences that contained excessive uncalled sites
(Ns) were removed from the alignment. The final alignments were
converted into a list of sites that vary between the sequences. Sites
that were only variable due to uncalled characters (Ns) were
excluded from analysis using the DNA Alignment data editor, as
they could cause errors in estimations of evolutionary distance. The
final data was used as input for Network’s network-building
program. Networks were built using a Median Joining (MJ)
algorithm, which favours branches of the shortest length and aims
for maximum parsimony [2]. When Network first creates a
network, branches sometimes intersect each other and nodes can
overlap. The networks were manually manipulated in the Network
Publisher extension to alleviate those issues and make clearer the
relationships between nodes and branches. That measurement made
the 3D-printed models easier to 3D print. The finalized networks
were exported as WMF files, which function as inputs for 3D
modelling programs.
2.2 3D Data Visualization
Using Processing, we created two separate approaches to turn the
2D data into 3D structures. For the more complicated designs,
which were composed of dozens or hundreds of nodes, the 3D
version was generated by representing the circles as orbs and the
lines connecting them as cylinders. The result was an .obj file that
could be viewed in 3D. In addition, in order to give the resulting
sculpture depth, we added a randomization to the z-axis position of
the orbs. This way, the sculpture had a third dimension, since all
the orbs were not on the same x-y plane. However, we also insured
that the total distance between the orbs did not change, so that the
model would still be an accurate visual representation of the genetic
distances between the sub-species represented (fig. 2).

Figure 2: Left: Flat 2D map generated from varieties in DNA
sequences from one chimpanzee subspecies, Pan troglodytes
verus. Each circle represents an individual’s sequence, and
branches represent the genetic distance between those
sequences. There are 4 main clusters of sequences,
representing that individuals in each of these clusters are more
closely related to each other than to individuals in the other
clusters. Right: 3D printed model generated from 3D version of
the same data.

As an alternative, for the structures representing only a few nodes,
we wanted to find a way to creatively make each node visually
distinct. Since our 3D printing abilities precluded the use of color,
which had been used to distinguish nodes in the 2D representation,
we contemplated alternative means of visually representing the
genetic variations. To do this, we looked at the relations of each of
the nodes in the structure and designed bas-relief surface details for
each one based on the designs of the nodes surrounding it. The goal
of this was that a viewer could visually see how the different nodes
were related just by looking at their surface details (fig. 3).
3

PHYSICAL FABRICATION

Beyond creating a 3D simulation, we wanted to give viewers a
chance to interact with the work as a physical presence. The
efficacy of concrete representations in improving learning
outcomes is well-studied in chemistry and anatomy education. The
same studies indicate that physical 3D models are the most
efficacious concrete representation, compared to computerized 3Dlike representations. Overall, learners absorbed the same material
when presented with physical and computerized models, but
physical models improved retention and had secondary learning
benefits like improving spatial awareness [9, 10]. The use of
tangible objects also allows learners to become closely acquainted
with the information being presented, paving the way for them to
grasp more generalized or abstract concepts [1].
The use of concrete representations is less well-studied in biology
education. The few studies that have pursued this topic suggest that
concrete representations are more effective than 2D schematics,
and that a mix of computerized and physical 3D models improved
learning outcomes for biochemistry students [5]. This project does
not directly address the gap in the literature regarding concrete
representations in biological education. However, it produced 3D
physical models that can be used in future research to determine
whether using a 3D physical model improves viewers’
understanding of evolutionary distance.
3.1 3D Prints
We printed examples of both types of 3D models using a Makerbot
printer (fig. 2, fig. 3). We had two applications in mind for the 3D

Figure 3: Model in which each of the nodes represents the
consensus DNA sequence for each species/subspecies. Both
chimpanzee and bonobo groups are included, bonobos being
the furthest away from other nodes. Left: Original 2D model.
Middle: How 3D orb pieces fit in to 2D display. Right: 3D prints.

prints, the first being uses for the 3D printed objects as potential
educational tools, the second being to use the 3D prints as source
models for creating artistic works out of alternative materials.
The 3D printed models can be used as aids for teaching
evolutionary distance in an educational setting. While the creation
of these models does not directly address the gap in literature
regarding visual literacy and concrete representations in biology
education, it does enable future studies that would address that gap.
Overall, studies suggest that increasing interactive engagement
leads to significant gains in educational outcomes compared to
settings that use more traditional didactic methods [4, 9]. External
representations not only have the ability to improve learning
outcomes, but may improve learners’ visual literacy. Visual literacy
is not often explicitly taught in biology, despite the fact that
excelling in technical biosciences like molecular biology or cell
biology requires the ability to visualize and manipulate structures
to generate hypotheses and interpret results [3]. Viewers sometimes
do not understand that schematic drawings and models are
“constructed representations that may embody different theoretical
perspectives,” and sometimes believe that those external
representations encapsulate all relevant information for a concept
[6]. Explicitly teaching how to look at models and extrapolate
assumptions, distinguish between underlying theories, and generate
hypotheses has the potential to increase learning outcomes on a
large scale [1].
This project represents a first step in understanding the impacts of
using external representations in biology classrooms. We have
received some preliminary feedback from geneticists who
expressed interest in using physical objects as a means of
displaying data, and in the future we are interested in observing if
the different types of models affect student learning outcomes in a
classroom setting.
In addition to using the 3D prints as educational tools, we were
interested in using them to as a basis for publically displayed
sculptures. To do so, we used the 3D prints as a starting point for
both a bronze sculpture and an experimental tactile display.
3.2 Bronze Metal Display
The process of metal casting is prolonged and requires access to
several specialized materials and facilities. To begin, our 3D prints
are used to create soft silicon molds, which then has hot wax poured
into them. The cooled wax forms replicas of the original 3D models
(fig. 4).
The wax orbs are then attached to larger pieces of wax, which
gravitationally push the bronze to completely fill small details in
the orbs during casting. After being assembled, the wax piece is

Figure 4: Process pictures of bronze sculpture. Top: wax
replicas of 3D prints. Bottom (left to right): wax sculpture before
shelling, shelled sculpture, cast bronze. Some of the wax pieces
broke off from the main piece during the shelling process, but
they were able to be shelled and cast separately.

repeatedly dipped into a slurry and grit material, which builds up a
shell around the piece over several days of dips. After it has dried,
the shell is sawed open and the piece is fired, which causes the wax
to melt and drip out, leaving an empty shell. The shell is then
reheated and molten bronze is poured into it. After the liquid bronze
hardens, the sell is cracked open and sanded off, leaving the bronze.
Notably, if any cracks formed in the shell during the firing process,
this results in bits of bronze seeping into the cracks, which can be
visible in the resulting casting. Most of these imperfections, and the
support structure, are cut off from the final pieces.
To assemble the final sculpture, the orbs were attached to rods
displaying their relative genetic distance, mimicking the design of
the original 2D visualization. We did this by welding the orbs to
silicon bronze rods in order to replicate the original design (fig. 1,
fig. 4).
Creating a metal sculpture is a long and labor-intensive process,
which also contains risk of human error, unlike the automated
manufacturing of mass production or 3D printing. However, the
construction of this type of sculpture also allows individual artistic
technique to be used as part of the creation process, combining both
the precision of computer-based manufacturing and the human
ingenuity of traditional sculpture casting.
Beyond the benefit of displaying artistic skill, there are many
questions about the potential benefits of using metal casting as a
display material. Does the larger scale and cost of materials
included in a bronze sculpture encourage viewers to pay more
attention to the content of the visualization? Would equivalent
attention be given to the same display if it was smaller, made in
plastic, or a digital display? Are scientific visualizations and
traditional artistic techniques naturally complementary?
3.3 DIY Tactile Display
After making the silicone molds for bronze casting, the original 3D
prints were still intact. Because they were still available, we
decided to experiment with creating a low-cost, visually unique
display that observers could tactilely interact with.
In order to give the plastic 3D prints a more varied appearance, we
decided to add color to them. Our use of color harkens back to the
original 2D designs, which used color as the distinguishing factor

participation that playful interaction allows help viewers engage
with the work? Is it possible that this increased engagement will
translate to better understanding and retention of the design?
4

Figure 5: 3D print and melted crayon sculpture.

in order to easily identify different data points. We wanted to color
the prints with a material that has been unexplored in collaboration
with 3D printing, so we chose to use melted crayon. Generally,
crayons begin to soften at around 105 degrees Fahrenheit and are
completely molten at 160 degrees. In order to have precise control
over the finished color design, we used a hot knife and a lowtemperature soldering iron to melt the crayons onto the 3D prints.
However, because of crayon’s low melting point, it would have
been possible for us to melt the crayons using normal kitchen
appliances or outside on a warm, sunny day.
During the melting process, we found that the melted crayons
formed engaging and unique designs, both in terms of color and
texture. However, the downside of the added texture of the melted
crayon was that it obscured the surface details of the smoother 3D
prints. However, the 3D prints with greater relief were still visible
under the coating (fig. 5).
In order to prevent the crayon coating from rubbing off, we covered
the prints in a layer of polyurethane spray which would both protect
the pieces and give them a glossy finish. The pieces were then
connected with thin jewelry chains. We chose to use a flexible
material like chains as opposed to a firm material because we
wanted individuals to have the option to pick up and observe
individual pieces of the map without having to move the entire
piece.
What advantages are gained from using materials like crayons? For
the artist, the affordability and ease of use save time and cost in
construction. For the audience, there are questions of how unusual
mediums may change how they react to the work. Does the use of
materials in an unexpected way increase engagement? Would that
engagement encourage viewers to spend longer observing the
pieces, and thus better understand the physical structure and the
information it represents?
In particular, using flexible, plastic models open the possibility of
play as a means to engage viewers creatively in addition to
intellectually. Being able to manipulate the model could encourage
closer inspection of how the pieces of the model are connected and
allow viewers to directly visualize the model in different positions.
To what extent does the tangible interface and increased

DISCUSSION

In this project, we created two different artistic pieces meant to
represent the same data. This has led us to speculate on how
audience reaction to the pieces will change based on the materials
used in the sculptures. Despite the advanced technology required to
create 3D prints, the fact that the finished piece is a type of plastic
may cause it to appear cheap in the eyes of the viewers, due to the
fact that many people associate plastic and 3D printing with the
ability to make multiple copies very easily. In contrast, the
combination of the plastic 3D print and crayons could be perceived
as more valuable when the two are combined in an unexpected way.
In a similar matter, information may be considered more valuable
when the viewers know that someone had to spend a lot of time in
order to convey the information. By further exploring the use of
different materials, we may find that it is not the price of the
materials, but rather the acknowledgement that the ‘hands of the
artist’ were involved in creating the sculpture that causes the
audience to see the work as having artistic merit in addition to
informational value.
Beyond the price of materials or the amount of time spent by the
artist to create the work, there is also much to learn about what
effect the robustness of the materials has on the audience. A viewer
may react differently to the information displayed when it is clear
it was created with a material that can withstand centuries, such as
steel or bronze. This raises questions as to what information our
society considers worthy of being physically preserved for
centuries. Given the amount of information we now have available,
curating what we perceive to be important, both in terms of what is
displayed and what is preserved, may be the biggest indicator of
how we view ourselves and how future generations will view us.
5

CONCLUSION

This research originated with the goal of using physical models to
help viewers learn and retain information about biological data.
Through the creation of these works, we explored the possibility of
using data as a source for traditional and experimental 3D
sculptures. This project has helped us to understand how physical
3D models and sculptures can be included in the set of tools for
communicating scientific concepts. To build on this, we are
interested in researching how the materials that compose the
physical model affect how the viewers absorb the information
being displayed.
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