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Abstract

Owing to their intricate variable density architecture, and as a principal site of star formation, molecular clouds
represent one of the most functionally significant, yet least understood features of our universe. To unravel the
intrinsic structural complexity of molecular clouds, here we leverage the power of high-resolution bitmap-based
three-dimensional (3D) printing, which provides the opportunity to visualize astrophysical structures in a way that
uniquely taps into the human brainʼs ability to recognize patterns suppressed in 2D representations. Using a new
suite of nine simulations, each representing different physical extremes in the turbulent interstellar medium, as our
source data, our workflow permits the unambiguous visualization of features in the 3D-printed models, such as
quasi-planar structures, that are frequently obscured in traditional renderings and animations. Our bitmap-based 3D
printing approach thus faithfully reproduces the subtle density gradient distribution within molecular clouds in a
tangible, intuitive, and visually stunning manner. While laying the groundwork for the intuitive analysis of other
structurally complex astronomical data sets, our 3D-printed models also serve as valuable tools in educational and
public outreach endeavors.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Giant molecular clouds (653); Astronomy data
visualization (1968)

1. Introduction

As a principal driver of galaxy evolution and the precondition
for planets, star formation is one of the most important
phenomena in the universe. Because it involves a wide range
of physical processes and operates over a broad range of spatial
and temporal scales, star formation within molecular clouds is
also one of the most poorly understood processes, and questions
regarding the details of these phenomena remain largely
unresolved (McKee & Ostriker 2007; Krumholz et al. 2019).
Thousands of these vast (20–100 pc), massive (104–106Me)
complexes of gas and dust exist in the Milky Way, and they
contain most of the molecular mass in the Galaxy (Rice et al.
2016; Miville-Deschênes et al. 2017). Being composed primarily
of cold (∼15K) molecular gas, they are best observed at longer
wavelengths. The earliest radio observations of molecular clouds
demonstrated that they exhibit a hierarchical density structure,
with clumps of gas at a wide range of size and column/surface
density scales (e.g., Williams et al. 2000). Moreover, molecular
clouds are threaded by networks of elongated, overdense
filaments, which are postulated to play an essential role in the
formation of cores and protostars (Molinari et al. 2010; André
et al. 2014).

The clumpy and filamentary structure of molecular clouds has
been observed in spectral line emission in radio and submilli-
meter bands, in dust extinction against background starlight at
optical and near-infrared wavelengths, and in dust emission at
far-infrared and submillimeter wavelengths (Figure 1). A main
goal of such observations is to infer the volume density
distribution in these molecular clouds. Quantities that depend on
the volume density include the fraction of high-density gas,
which correlates with star formation rate (e.g., Lada et al. 2010),
and the star formation efficiency, both key ingredients in models
and simulations attempting to understand the mechanisms of star
formation (e.g., Krumholz & McKee 2005). But unlike other
molecular cloud properties that can be directly inferred from

two-dimensional maps, such as surface density and mass, the
volume density is fundamentally three-dimensional (3D) and
is subject to large observational uncertainties arising from
simplistic assumptions about the 3D geometry of the observed
objects, which likely introduce substantial bias and scatter in the
recovered quantities (Hu et al. 2021).
Simulations have long been used to provide insight into the 3D

morphology of stellar nurseries, whose intricate structure bears the
imprint of the physics that leads to their formation and shapes
their evolution. Modern simulations are now at a level of
sophistication to include self-gravity, turbulence, and magnetic
fields, the dominant physical processes that shape cloud
environments (e.g., Vazquez-Semadeni 1994; Klessen & Burkert
2001; Banerjee et al. 2006; Girichidis et al. 2012; Federrath &
Klessen 2013). Even under a range of initial conditions,
simulations of the turbulent interstellar medium (ISM) have
successfully produced features bearing some resemblance to
observed filaments (e.g., Smith et al. 2014; Kirk et al. 2015;
Federrath et al. 2021). While there is general agreement that
supersonic turbulence leads to filamentary structure and self-
gravity results in the further contraction of overdensities, it
remains uncertain how this substructure evolves and how it is tied
to the formation of stars.
Ultimately, our ability to fully explore information available

in observed and simulated data is limited by the tools we use to
represent them. Astronomy is fundamentally a visual science
and has long used data visualization to drive discovery and
communicate new knowledge. The rendering of 3D astro-
physical bodies is as old as cave art, with Huygenʼs sketches of
Mars and modern simulations of the cosmic web following in
the age-old tradition of using visual representations to under-
stand natural phenomena. As technological advancements have
been accompanied by increases in the scale and complexity of
astronomical data, visualization of 3D data has been an area of
active innovation (e.g., Punzo et al. 2015; Naiman et al. 2017;

The Astrophysical Journal Letters, 918:L3 (9pp), 2021 September 1 https://doi.org/10.3847/2041-8213/ac194e
© 2021. The American Astronomical Society. All rights reserved.

1

https://orcid.org/0000-0002-6001-598X
https://orcid.org/0000-0002-6001-598X
https://orcid.org/0000-0002-6001-598X
https://orcid.org/0000-0002-1975-4449
https://orcid.org/0000-0002-1975-4449
https://orcid.org/0000-0002-1975-4449
mailto:nimara@ucsc.edu
http://astrothesaurus.org/uat/847
http://astrothesaurus.org/uat/653
http://astrothesaurus.org/uat/1968
http://astrothesaurus.org/uat/1968
https://doi.org/10.3847/2041-8213/ac194e
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ac194e&domain=pdf&date_stamp=2021-08-25
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ac194e&domain=pdf&date_stamp=2021-08-25


Kent 2019). A variety of software packages have made
sophisticated tools readily available to the community, yet
even with the most advanced volume rendering techniques, the
projection of 3D data onto a 2D surface, results in the loss of
information. By approaching data visualization from the
standpoint of a personal or shared experience, recent efforts
have attempted to unite astronomy with virtual reality and
augmented reality (e.g., Vogt & Shingles 2013; Aracand et al.
2018; Orlando et al. 2019).

The advent of 3D printing provides the opportunity to represent
astrophysical structures in a way that more fully taps into the
human brainʼs ability for pattern recognition. Moreover, inher-
ently interactive 3D structures can engage our intuition in ways
that 2D representations cannot. In art, the purpose of sculpture is
not to replace painting, nor is sculpture an objectively superior art
form. Likewise, 3D printing should be viewed as a complemen-
tary approach to other graphical means of data exploration, one
having the potential to illuminate otherwise concealed patterns
and features.

While 3D printing has been used previously for the
visualization of astronomical data sets, including stellar winds
(Madura et al. 2015), the cosmic web (Diemer & Facio 2017),
and the cosmic microwave background (Clements et al. 2017),
in all of these efforts, complex 3D structures of variable density
are reduced to single surfaces, and thus exclude information
beyond the arbitrarily designated isosurface boundary (Hosny
et al. 2018). In contrast, our multi-material bitmap-based 3D
printing approach presented here (see Figure 2) preserves all of
the intrinsic density variation present in the native astronomical
source files, thus resulting in more detailed and faithful
representations of point cloud-based volumetric data, and thus
increases the instructive value of the resulting tangible models.

In this paper, we present the results of the first 3D-printed
stellar nurseries, among the most physically complex structures
in the cosmos. Through these efforts, our overarching goal is to
gain insight into how gravity, turbulence, and magnetic fields
shape the substructure of molecular clouds. To that end, we ran
a suite of simulations of the turbulent ISM designed to isolate
and emphasize the roles of these various processes.

2. Methods

Our overall goal is to investigate how the three fundamental
physical processes governing the evolution of the ISM—

turbulence, gravity, and magnetic fields—determine the

morphology of substructures intimately related to star forma-
tion. To isolate their particular impacts on the development of
substructures—including cores, filaments, and sheets—we set
up a suite of simulations representing different physical
extremes. The simulations are then used as source data for
our 3D-printed molecular clouds, representing the following
physical scenarios: (1) a fiducial model representing “normal”
physical parameters typically observed in real molecular
clouds; (2) low Mach number (M); (3) high Mach number;
(4) low Alfvén Mach number (M); (5) high Alfvén Mach
number; (6) low virial parameter; (7) high virial parameter; (8)
purely solenoidal turbulence; and (9) purely compressive
turbulence.

2.1. Simulations

The simulations presented here are run with version 2.5 of
the ENZO adaptive mesh refinement (AMR) code (Bryan et al.
2014; Brummel-Smith et al. 2019), though for this particular
problem we do not use AMR, since the entire computational
domain contains structure that we would like to resolve. We
use the Monotone Upstream-centered Schemes for Conserva-
tion Laws (MUSCL) hydrodynamics solver (Wang & Abel
2009), a second-order Godunov method with second-order
Runge–Kutta time integration and a Dedner method (Dedner
et al. 2002) for maintaining ∇ ·B= 0 to a few percent. The
Riemann problem is solved with the Harten–Lax–van Leer
two-wave solver (Toro 1997) and a piecewise-linear recon-
struction method.
The evolution equations can be rewritten in terms of the

dimensionless ratios = v cs, the Mach number; = v vA,
the Alfvénic Mach number; and αvir= 5v2/(3GρL2), the virial
parameter. Here cs is the sound speed, v is the typical velocity of
the gas, pr=v B 4 is the Alfvén speed, ρ is the gas density, L
is the box size, and B is the magnitude of the magnetic field. The
evolution equations are identical if ρ, L, and B are simultaneously
scaled by x, x−1/2, and x1/2 respectively, where x is an arbitrary
positive number (McKee et al. 2010; Krumholz 2011), so we
choose fiducial values of these dimensionless ratios, and vary each
up or down separately, while keeping their range reasonable for
giant molecular clouds (GMCs). This produces seven sets of
parameters, plus two from varying the solenoidal versus
compressive weighting of the driving force (see Table in
Figure 2). While the table lists physical units, their overall scale

Figure 1. Far-infrared image of dust emission in the Orion B molecular cloud, from ESA’s Herschel Space Observatory. Blue, red, and green correspond to
observations at 70 μm, 160 μm, and 250 μm, respectively. Networks of long, thin filaments thread the cloud, and are sometimes accompanied by bright, compact
cores and protostars. Image credit: European Space Agency (ESA).
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is arbitrary and they may be rescaled with the transformation
above.

The turbulent driving in our simulations closely follows
Schmidt et al. (2009; ProblemType= 59 in ENZO), in which the
driving force per unit mass at all locations in the simulation

undergoes a damped random walk (DrivenFlowSeed= 842091)
in k-space, characterized by an auto-correlation timescale, a
profile in k-space, and a splitting of the driving into solenoidal
and compressive modes. We set the auto-correlation timescale to
be a box crossing time L/v (DrivenFlowAutoCorrl= 1), the

Figure 2. Multi-material additive manufacturing workflow for the production of tangible (physical) models from astronomical simulation data sets. The molecular
cloud simulation parameters (A) are used to construct a point cloud-based 3D data set (B), which is cropped into a spherical volume (denoted by the dotted circle) and
sliced into a stack of 8-bit BMP files that correspond to the x, y, and z resolution of the 3D printing platform (C). The bitmap slice intensity values are normalized in
order to effectively visualize the features of interest (D) and then, via a diffusion dithering step, are separated into their corresponding positive (E) and negative (F)
1-bit bitmaps for 3D printing (which are shown at higher magnification in the right panels). The resulting 3D-printed sphere, which was produced from transparent and
white photopolymers is shown in (G).
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k-space profile to be parabolic (DrivenFlowProfile= 2) centered
on a length-scale equal to half (DrivenFlowAlpha= 2) the box
size (see Bialy & Burkhart 2020 for simulations that vary this
scale) with a characteristic bandwidth equal to the location
of the peak of the driving (DrivenFlowBandWidth= 1). The box
has periodic boundary conditions, and is initialized with zero
velocity, a uniform density, and a uniform magnetic field
pointing in the x-direction. The simulations are evolved for
three crossing times before self-gravity is turned on. Because the
simulations do not include a mechanism to resolve gravitational
collapse to small scales, e.g., sink particles, artificial jeans
support, or feedback, the simulations quickly develop cells that
violate the Truelove criterion (Truelove et al. 1997; Federrath
et al. 2011), so we only follow the collapse for 0.1 box crossing
times. Dense clumps present in the simulation when self-gravity
is turned on will of course collapse much faster than this,
limiting the time span over which the solution is expected to be
reliable, i.e., free of artificial fragmentation.

2.2. 3D Printing

The methodology employed in the present study focused on
establishing format compatibility between the data outputs
from our astronomical simulations and the inputs required for
multi-material UV-crosslinkable photopolymer 3D printing
processes (Bader et al. 2016, 2018; Hosny et al. 2018).

In this multi-step approach (Figure 2), the simulation source
data (Figure 2(A)) was first truncated (denoted by the shaded
regions in Figure 3) in order to specifically emphasize the
complex environments that produce the star-forming high-
density cores. The resulting volumetric renderings (Figure 2(B))
were then exported as a set of 8-bit grayscale bitmaps at the
desired printer resolution and slice thickness. To delineate the
outer contours of the 3D-printed object, a set of masks
corresponding to the intended spherical form were subtracted
from the imaging data (Figure 2(C)). Using 3D printer platform-
specific look-up tables developed by Bader et al. (2018), the
image slice intensity values were normalized in order to reveal
the structural elements of interest (Figure 2(D)). Finally, the
images were converted into binary bitmaps of black [1] and
white [0] pixels using the Floyd–Steinberg dithering algorithm
(Floyd & Steinberg 1976). This process results in an integrated
density ratio of black to white pixels in the new images that
approximates the grayscale values in the original source files,
conceptually similar to the use of halftone image processing
techniques in newsprint. When 3D printing with two materials

(in this case, opaque and transparent photopolymers), two
bitmap stacks must be created, one for each material, with one
stack (Figure 2(E)) being the inverse of the other (Figure 2(F)).
The multiple data transformation steps (Figures 2(C)–(F)) were
performed simultaneously on the entire stack of slices in a
sequential fashion through use of the batch processing function
in Adobe Photoshop (Adobe Inc., Mountain View, California).
As with previous efforts aimed at the 3D printing of volumetric
data sets that exhibit smooth gradients in signal intensity (Hosny
et al. 2018), this bitmap-based workflow entirely bypasses the
conventional data thresholding and STL file generation-based
approaches that can over- or underestimate feature sizes or create
object boundary designations lacking in the original source data.
The resulting bitmaps were printed on a Connex500

(Stratasys, Eden Prairie, Minnesota) multi-material 3D printer
from clear (RGD810) and white (RGD835) photopolymers.
The spheres (Figure 2(F)) were mechanically polished in a
three step process that included two high energy centrifugal
disk finishers and a low energy vibratory polisher (Bel Air
Finishing, North Kingstown, Rhode Island), and were photo-
graphed with a Nikon D7100 DSLR camera equipped with a
Nikkor 50 mm 1.4 lens using either reflective or transmitted
LED light sources.

3. Results

Figure 4 shows comparisons between volume renderings of a
subset of our simulations produced with yt (Turk et al. 2011)
using a transfer function constructed with a handful of narrow
Gaussians centered at different log-densities, and their
corresponding 3D-printed counterparts. Figure 5 displays
photographs of all nine 3D-printed molecular clouds, each
having a diameter of 8 cm, and each representing a different
simulation. For aesthetic reasons, we printed the clouds as
spheres, but we could have chosen any arbitrary geometry.
We also printed three half-spheres for the fiducial, purely
solenoidal turbulence, and high Alfvén Mach number models
(see Figure 6). In the photographs with reflected lighting,
greater concentrations of white material represent regions of
higher density. The grayer, darker regions represent regions of
low density and voids. We also photographed the half-spheres
with back-lighting. In these photos, regions of high-density
(i.e., “high-extinction” material) appear opaque, while regions
of low density (where the light penetrates the sphere) appear in
various shades of yellows, oranges, and reds.

Figure 3. Simulation density distribution per unit volume. Each panel compares the fiducial case (in gray) to a high and low value of each varied parameter. The
truncated light gray shaded regions in each panel correspond to the the data range that best emphasizes the structural details surrounding the centers of star formation,
which was the focus of the 3D printing studies.
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Overall, the wispy, filamentary, and generally “cloud-like”
appearance of the spheres is reminiscent of traditional
visualizations of both turbulent box simulations and observa-
tions of the ISM. What becomes immediately apparent upon
closer examination are three striking characteristics that are not
readily apparent, or are entirely imperceptible, in conventional
volume renderings.

First, the substructure in individual spheres is generally very
continuous. In other words, individual filaments or “wisps” can
extend over much longer distances than one might anticipate
from 2D images of simulations or observations. In any one of
the spheres, one can observe a prominent filament near the
surface that winds its way toward the interior of the cloud,
bending and looping around, until it disappears from view. As
such a filament twists its way through the cloud, its average
density per unit length may gradually vary, but the overall
continuity of the filament is preserved, and it is clear that the
structure is coherent. In a 2D image, such a structure would
appear truncated and disconnected from other filaments in the
environment.

Second, the spheres reveal the presence of complex, sheet-
like structures that are difficult to perceive in traditional 2D
volume renderings. On flat surfaces, and even in animations, it
is a challenge to discern the continuity of sheets, which,
depending on the viewing angle or projection, may be mistaken
for filaments.

Third, the overall qualitative differences between spheres is
noteworthy. Such differences have been observed and
quantified previously, but the visual manifestation of different

physical conditions has a much stronger cognitive impact, and
is perhaps more intuitive, in the 3D prints. In the low- and high-
 spheres, for example, the effects of the magnetic field on
cloud morphology are accentuated in an immediate way. While
in the low- sphere the larger magnetic field acts to suspend
material into sharply twisting structures, in the high-

sphere, structures are generally more collapsed leaving large
voids. The high-Mach and low- spheres are similarly
“crowded” with suspended structures, a result of these two
models having greater support against gravitational collapse
away from the densest structures. Yet the substructure of the
low- sphere is generally more compact, with tighter curves
and twists—the consequence of having a smaller velocity
dispersion than in the high-Mach case.

4. Discussion

There are several qualitative stories used to explain the
structures seen in simulations of supersonic turbulence. Without
gravity or magnetic fields, a random point in a turbulent box will
be subject to the repeated passage of shocks and rarefactions. For
isothermal turbulence, the shock jump conditions yield a density
increase by a factor proportional to the Mach number squared. In
steady state, this will produce the lognormal probability density
functions (PDFs) measured in such simulations, with a
characteristic width closely related to the Mach number (e.g.,
Padoan et al. 1997; Padoan & Nordlund 2002; Federrath et al.
2008). This picture of a shock-dominated medium is further
confirmed by identifying individual shocks and their profiles

Figure 4. Comparisons of 2D volume renderings of a subset of our simulations (upper row) and their corresponding 3D-printed counterparts (lower row). The dotted
circle in each case denotes the border of the cropped spherical volume. From left to right, the fiducial model, purely solenoidal turbulence, and purely compressive
turbulence. For scale, each 3D-printed sphere measures 8 cm in diameter.
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along the direction of motion of the shock (Robertson &
Goldreich 2018).

With the inclusion of self-gravity, a power-law tail is
observed to develop at the high-density end of the PDF
(Figure 3), which is understood as the result of individual
structures collapsing under their own self-gravity on the local
freefall time (e.g., Ballesteros-Paredes et al. 2011; Federrath &
Klessen 2013). This process is expected to bear some
resemblance to the collapse of cosmological structures, where
on large scales the density field should initially collapse in
planar, then filamentary, then point-like structures Zel’Dovich
(1970). The similarity between cosmological and turbulent self-
gravitating collapse has led to some exploration of the
excursion set formalism (Press & Schechter 1974) to model

the collapse of cores and hence the initial mass function
and star formation rate (e.g., Hennebelle & Chabrier 2008;
Hopkins 2012).
Strong magnetic fields are also expected to produce density

structures in turbulence. If gas is constrained to follow
magnetic field lines, as is the case when the magnetic pressure
is strong compared to the thermal pressure (Beattie et al. 2021),
filaments aligned with the large-scale field are produced, which
is the favored explanation for filaments observed in the low-
density warm neutral medium. Each qualitative picture is
expected to be relevant in different regimes, according to the
values of the dimensionless numbers describing the problem.
It is likely that the individual nonlinear structures in the

density field, i.e., the filaments and pancakes that form just as

Figure 5. Photographs of 3D-printed molecular clouds. Each of the 8 cm diameter spheres represents the full extent of the simulated cuboidal volume (see Figures 2
and 3), with the eight lower conditions compared to the fiducial control (shown as both a full sphere, and a bisected sphere to reveal the midplane data) in the upper
panel. Lighter material corresponds to regions of higher density, while darker areas represent regions of low density and voids.
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Figure 6. Correlative imaging of 3D-printed half-spheres under different illumination regimes. From left to right, the fiducial, purely solenoidal turbulence, and high
Alfvén Mach number models. Each of the image sets corresponds to either polar views (upper set) or midplane/sectioned views (lower set), and show the two
orientations when viewed with either reflected or transmitted (back-lit) illumination. The yellows and oranges created from the back-lit illumination are due to the
density-dependent differential light scattering from the titanium dioxide nanoparticles that were used to formulate the white opaque resin component of these models.
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in the cosmological case, will not substantially affect the
resulting core or stellar mass function (e.g., Hopkins 2013).
However, empirically, galaxies are affected by their proximity
to other cosmological structures, with galaxies in closer
proximity having suppressed star formation rates (e.g., Winkel
et al. 2021), likely the result of adiabatic heating associated as
gas follows the dark matter into these structures (Peng et al.
2010). Since this effect is presumably much weaker in the near-
isothermal conditions of GMCs, another correlation observed
in the cosmological case may be more relevant, namely the
apparent relationship between galaxies’ spins and the orienta-
tion of the structure in which they reside (e.g., An et al. 2021).
The prominence of these structures in our simulated GMCs
may explain the astroseismically inferred alignment of stellar
spins within open clusters (Corsaro et al. 2017) without relying
on initial rapid large-scale rotation of the cloud. Instead, we
suggest that this alignment could occur via pancakes and
filaments, in agreement with simulations that suggest that
stellar spins are likely determined from local structures around
the cores (e.g., Kuznetsova et al. 2019). The prominence of
these structures may also play a substantial role in under-
standing how to generate realistic initial conditions for N-body
stellar cluster simulations, which currently must rely on simple
approximate initializations to produce statistical samples of
cluster evolution (e.g., Torniamenti et al. 2021).

5. Conclusion

As demonstrated in the present study, our bitmap-based 3D
printing approach faithfully reproduces the subtle density
gradient distribution within molecular clouds in a tangible,
intuitive, and visually stunning form factor. While the current
3D-printed models were only fabricated using two photo-
polymers (white and clear), recent advances in the development
of full-color and optically transparent bitmap-based inkjet-
based 3D printing technologies (Bader et al. 2018) permit the
future production of full-color molecular cloud data sets that
include additional kinematic properties, such as velocity. One
of the intriguing observations from the 3D-printed half-spheres
is that they permit the nondistorted visualization of a specific
data plane within the 3D-printed volume. This observation
demonstrates the full potential of combining curved and flat
surfaces in the 3D-printed models for highlighting different
features of interest, while also maintaining a standardizable
viewing orientation for direct data visualization correlations
under different lighting regimes (Figure 6). Beyond the
production of 3D-printed simulations, we can also leverage
these approaches for the production of tangible models based
on observational data of local molecular clouds, such as Orion
B (Figure 1), with a primary objective of determining the
efficacy of using line-of-sight velocity to define distinct
substructures from these observations. We expect that these
efforts will help elucidate the relative coherency of substruc-
tures that, as they evolve, undergo fragmentation, and form
stars.

In addition to laying groundwork for the intuitive analysis of
other structurally complex astronomical data sets, our 3D-
printed models serve as valuable tools in educational and
public outreach endeavors, through the merging of observa-
tional, simulated, and tangible media.
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