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Figure 1. A simple computer architecture diagram

Abstract
Ironically, it is often useful to manipulate 2D graphics for

3D printing. Trace2SCAD was originally written to convert 2D
diagrams into printed structures that could be understood by a
blind student feeling the surface. However, by its initial open
source release in January 2015, it had already been applied to
convert pixel-mapped images into parametric 3D models and 3D-
printable image renderings (e.g., lithophanes). The original ver-
sion was a shell script using a variety of helpers, especially po-
trace. The new version is pure C++ code using the OpenCV li-
brary and incorporating many new features, including the ability
to render color images as 3D models to be printed for viewing by
reflected light (similar to the filament paintings produced by Hue-
Forge). It is also significant that the output generated is not mere
3D shapes, but parametric 3D models coded in the OpenSCAD
programming language. This paper describes the functionality
and algorithms used in the new Trace2SCAD.

Introduction
Additive manufacturing (AM) is the concept of constructing

physical objects by building-up material. There are a wide range
of AM technologies, from stacking cut sheets of paper to using
a laser to selectively melt metal powder. However, the technique
commonly known as either fused deposition modeling (FDM) or
fused filament fabrication (FFF), extruding a heat-softened plas-
tic, quickly became the dominant technology and remains so to-
day. In a typical FDM 3D printer, a moving printhead extrudes
plastic filament through a hot nozzle, depositing plastic to cool
and harden at the X, Y, Z coordinates commanded. The process

Figure 2. Figure 1 rendered for a blind student by Trace2SCAD

of converting a 3D model into a series of movements in the X,
Y, Z, and E (extrusion material feed) dimensions is called slicing
because the 3D model is usually sliced into layers so that only
the X, Y, and E dimensions are changing as each line of filament
is extruded. Layers of material are built up in the Z dimension
upon a flat print bed, with each layer supporting the next.

The dominant plastic extruded was for a time acrylonitrile
butadiene styrene (ABS), a fairly opaque material best known to
many as the stuff Legos are made of. Although this material is
easily heated and extruded, it produces reasonably durable parts
that do not soften until around 80◦C. However, in FDM printers,
ABS parts tend to warp due to shrinkage during cooling and the
fumes from hot ABS and airborne ultrafine particles (UFPs) of
non-biodegradable plastic are potential health concerns. As a re-
sult, a compostable translucent bio-plastic made from renewable
materials, polylactic acid (PLA), has taken over as the dominant
FDM filament. PLA warps far less than ABS, and the fumes
at printing temperatures are less of a concern, but objects made
of PLA soften and can deform at temperatures as low as 50◦C.
It was largely the low softening temperatures of ABS and PLA
parts that made 3D printing be viewed primarily as a technol-
ogy for rapid prototyping rather than making mechanical parts
for long-term use.

However, as 3D printers became commodity items over the
last decade, people found many new ways to use them. This
broader range of applications is bolstered by the availability of
an increasingly wide range of extrudable plastics with various
characteristics. There is an old saying that observes: "If your
only tool is a hammer then every problem looks like a nail." It is



Figure 3. Figure 1 rendered with fewer than 512 points

easy to have a 3D printer in your business or home, so FDM has
become the hammer nearly every "maker" has and FDM is being
used to make a lot of things that aren’t rapid prototypes nor even
fundamentally mechanical parts.

This is where tools like Trace2SCAD come in.
Trace2SCAD is intended to be a nearly universal prepro-
cessor to convert 2D images into 3D models suitable not just
for making mechanical parts, but also for rendering 2D images
in novel ways. Note that Trace2SCAD is not using generative
artificial intelligence methods in the transformations it performs,
but is simply rendering with the goal of enabling an FDM 3D
printer to duplicate attributes of the 2D image as accurately
as possible. The recent proliferation of filament changers that
allow an FDM printer to automatically swap between different
filaments means that FDM is now easily capable of printing
painting-like images using multiple colors of filament.

Before discussing how Trace2SCAD works, it is useful to
explain a key property that is reflected in the name: Trace2SCAD
is not a an image-driven slicer, but a generator of parametric 3D
models expressed in the OpenSCAD programming language. In
truth, the 3D models output by Trace2SCAD are not really 3D,
but 2.5D structures in which the Z dimension is treated as a stack
of distinct layers – which sounds very much like slicing. How-
ever, expressing those layered structures as parametric 3D mod-
els allows significant further transformations to be performed.
Trace2SCAD also incorporates a variety of methods aimed at re-
ducing the 3D model complexity to facilitate additional process-
ing.

The following sections discuss the ideas and algorithms
used by Trace2SCAD for different types of tasks. The first dis-
cusses the task for which Trace2SCAD was originally built: the
extraction of a vectorized 2.5D model from a pixel-based im-
age, an example of which is shown in Figures 1-4. Lithophanes
use different thicknesses of extruded plastic to replicate an image
when backlit. The next section discusses creation of monochro-
matic lithophanes and the section after that discusses color litho-
phanes and filament painting. The final section summarizes the
contributions.

Figure 4. Figure 1 rendered by the new Trace2SCAD

Vectorization
Most digital images are pixel maps, and most image-

processing software tools operate on pixel maps. A pixel map
generally is a rectangular array of pixels in which the value of
each pixel represents a spatial region’s appearance. There is some
ambiguity about the shape of the spatial region described by a
pixel. Most software treats pixels as dimensionless points, but
the point value represents the average value over some area, and
the shape of that area is sometimes treated as a square and some-
times treated as a more complex point spread function (PSF), per-
haps with a diffuse Gaussian distribution. In any case, the spatial
resolution of a pixel map is fixed, and not scalable without intro-
ducing assumptions – i.e., artifacts.

Vectorization is the process of identifying edges within a
pixel map and grouping adjacent similar-value pixels into regions
outlined by a series of line segments (vectors) that are trivially
scalable to any desired size. Some vectorizers take this concept
one step farther and replace the vectors with curves to produce
a smoother boundary. However, the pixel shape issue remains in
the form of the presumed thickness of a line. For example, sup-
pose a region exists that is the set of pixels at coordinates (22,42),
(23,42), (24,42). It is quite easy, and obviously incorrect, to cre-
ate a zero-width region for these pixels because the vectors from
(22,42) to (24,42) and from (24,42) to (22,42) precisely overlay
each other. Interestingly, this incorrectness is not obvious using
a 2D drawing system because such systems will normally draw
each line with a thickness, whereas the slicers for 3D printers try
to fill-in between the lines.

Vectorization in the 2015 Trace2SCAD
Vectorization is commonly used in 2D editing as imple-

mented by software like InkScape[1], so it is useful to examine
how they handle the problem. The most common answer is that
they run Potrace[2] as a helper application, so that is also what
the original Trace2SCAD does.

The algorithm used in Potrace[3] is quite sophisticated,
breaking the vectorization problem into four main stages. In the
first stage, edge paths are defined. The second stage then con-
verts these paths into polygons, and Potrace uses a clever scheme
to reduce the problem of finding optimal (minimum vector com-



ponent count) vector outlines into finding an optimal cycle in a
directed graph, which it then solves in O(nm) time where n is the
input path length and m is the length of the longest path. This
non-local optimization of the vectorization is a key benefit of Po-
trace, but it also means that the vectors outlining two adjacent
regions do not always align, resulting in small gaps and overlaps
at region interfaces.

The last two phases of Potrace involve converting the poly-
gons to smooth Bezier curves and optionally merging Bezier
curves when their curvature allows. Although OpenSCAD’s pro-
gramming model allows writing Bezier curve functions (and li-
braries implement this[4]), it does not directly support objects
defined by Bezier curves and thus the Bezier computations sig-
nificantly slow OpenSCAD manipulation of a 3D model. Perhaps
more significantly, neither most slicers nor the STL 3D model
files that are typically fed into them support Bezier curves. In
fact, STL files use triangular patches to define the surfaces of all
objects. Thus, it seemed most appropriate for Trace2SCAD to
directly use polygons.

The shell script that implements the original Trace2SCAD
does some preprocessing of the image using ImageMagick[5],
and then uses Potrace to obtain the polygonal region outlines.
The order of polygons is significant because the goal is defin-
ing regions, not simply outputting vectors. Thus, Trace2SCAD
includes a Awk script that orders the polygons so that nested
polygonal regions can be subtracted from the polygonal regions
that contain them, which the output OpenSCAD does using the
difference() operator. However, Potrace’s vector optimiza-
tion can generate huge numbers of vectors for high-resolution
images, so the Awk script also attempts to simplify any vector-
ization that exceeds a user-specified complexity target. This is
done in two steps:

1. Simplify the polygons by replacing adjacent vectors that
have similar angles with a single vector.

2. If the target complexity goal is not reached, rescale the im-
age to a smaller size and repeat the process.

For example, to create the 3D model shown in Figure 2,
Trace2SCAD first modified the image shown in Figure 1 by ap-
plying a default high-pass filter to identify edges. This is the
default, rather than using the image directly, because the edges
are what is needed for a blind person to understand the diagram
by touching a 3D print. However, the filtered image edges are
not lines; they are regions that have an obvious nested struc-
ture. The polygon output from Potrace had 4914 points, but
Trace2SCAD was able to simplify that to just 2361. In a sec-
ond run, Trace2SCAD was given a command line option to tar-
get complexity not exceeding 512. After under four seconds of
user time and twenty passes of automatically rescaling the image,
Trace2SCAD produced the model shown in Figure 4, which ini-
tially had 1034 points and was reduced to 510 in Trace2SCAD.

Vectorization in the new Trace2SCAD
The new Trace2SCAD does not use Potrace and ImageMag-

ick, or any other helpers. Instead, it is pure C++ code using the
OpenCV library[6]. The algorithm used to walk region edges to

Figure 5. The EI26 logo and vectorized 8-level SCAD models

create a polygon is very straightforward, but fundamentally dif-
fers from that in Potrace in that it gives pixels unit width rather
than treating them as points. This treatment avoids creating zero-
width regions, which are more problematic for 3D printing than
one might expect. The main problem with zero-width regions lies
in the algorithm used by slicers to distinguish inside from outside
given an STL file that only defines triangular surface patches. Po-
sition (X,Y,Z) is inside an object iff a line going from any point
outside the bounding box of the STL must pass through an odd
number of surfaces, but coincident surfaces may be incorrectly
counted as a single intersection, thus confusing inside and out-
side. In 3D printing terminology, this is one of several ways in
which a design can be non-manifold, and hence cause slicing to
fail.

The new Trace2SCAD also does not search for the global
minimum number of vectors to represent each polygon, but sim-
ply combines adjacent vectors that have similar angles. The al-
lowable error in merging vectors can be controlled, and a setting
of zero error essentially ensures that polygons for adjacent re-
gions will not have gaps or overlaps. This unfortunately implies
that the number of vectors can be greater and regions may have a
rougher surface than with the Potrace-based vectorization, but the
new Trace2SCAD reduces model complexity (although not nec-
essarily model file size) by smarter handling of nested regions.



OpenSCAD coding of vectorized images
To explain the difference between the original and new

Trace2SCAD vector codings, consider the EI26 logo shown in
Figure 5. Both the original and new versions of Trace2SCAD are
able to produce vector renderings of this image as OpenSCAD
code, and these are also shown in Figure 5. For this example,
high-pass filtering is disabled and the command line option -l
8 has been used to specify creating vectorizations from the im-
age using 8 equally-spaced gray levels to define regions. In both
cases, the resulting model contains OpenSCAD module defini-
tions for each gray level, although there are minor differences in
the gray level determination due to a more sophisticated model of
color being employed in the new version. For example, the 3919-
point module defined for layer 6 using the original Trace2SCAD
can be summarized as:

module layer6() {
...
scale([1/maxd, 1/maxd, 1])
translate([-minx-dx/2, -miny-dy/2, 0])
linear_extrude(height=1, convexity=3919)
union() {
union() {
union() {
difference() { polygon(...); ... }
polygon(...); ...

}
polygon(...); ...
difference() { polygon(...); ... }
polygon(...); ...
difference() { polygon(...); ... }
polygon(...); ...
difference() { polygon(...); ... }
polygon(...); ...
union() {
difference() { polygon(...); ... }
polygon(...); ...

}
polygon(...); ...

}}}

The union() operations represent multiple disjoint regions that
have the same gray level being combined. Nested regions are
subtracted from those that enclose them using difference()
operations. In contrast, the new Trace2SCAD defines a separate
module for each region. The definition of a region contains the
polygon() describing the region edge, but all the enclosed re-
gions are differenced from it by invoking their modules.

Aside from 3D printing graphics, vector models are ex-
tremely useful for constructing mechanical parts to be compatible
with complex structures. For example, there are many different
camera mounts for lenses, quite a few of which include bayo-
net wings, lock notches, contact positions, and other features that
must be precisely shaped and positioned. One of the easiest ways
to make a model starts with taking one or more photos of the de-
sired structure. It is best for these photos to be taken with a long
lens that produces negligible distortion and to carefully align the
camera with the part using a copy stand. Each image then can be

Figure 6. The EI26 logo rendered by OpenSCAD surface()

Figure 7. An 8x8 image rendered by OpenSCAD surface()

edited to clearly distinguish the different surfaces, processed by
Trace2SCAD to produce OpenSCAD models of the surfaces, and
then scaled to match an easily accessible measured dimension of
the part.

Monochrome lithophanes
A lithophane is a 3D object in which the thickness of the

material is modulated so that viewing the backlit object will re-
veal a monochromatically shaded image. The use of backlighting
implies that the filaments used must have some degree of translu-
cence; the more opaque the filament, the thinner the object must
be to let any backlight pass. It is also generally assumed that
the FDM-printed filament will use 100% infill, so that the back-
lit brightness is only a function of thickness. Although litho-
phanes are usually modeled as having a flat side sitting on the
printer bed, most printers can print finer and smoother thickness
variations in the X and Y dimensions than in Z, so it can be ad-
vantageous to print the lithophane standing on a edge or, to avoid
unsupported overhangs, tilted at 45◦ with removable supports un-
derneath. With this description, it should be clear that the multi-
level vector models in Figure 5 not only can be treated as 2.5D
mechanical models or carved surfaces, but are also straightfor-
wardly printable as lithophanes.

However, there are alternative ways to render a 3D model
for a lithophane. Many slicers, and OpenSCAD itself, can read a
2D image to produce a bump map that can serve as a lithophane.
For example, the OpenSCAD surface() operation was used to
create the monochromatic lithophane model shown in Figure 6.
Most slicers and OpenSCAD produce a bump map by treating
each pixel’s gray level as a height, typically from 0 to 255, so
the model shown here was produced by first inverting the colors
of the EI26 logo. Rather than rendering each pixel as a rectan-
gular volume or creating optimized polygon regions, each pixel’s
value is used as the height of a point in the center of the pixel and



triangular surface patches are built to connect to the neighboring
points. Figure 7 shows an 8x8 pixel image and the 3D model
produced by OpenSCAD surface() (scaled to reduce the spike
heights for this figure). The resulting model thus has complex-
ity directly proportional to the number of input pixels, but more
significantly contains slopes wherever the gray-level of a pixel
differs from its neighbors. This is highly undesirable for making
precisely-shaped mechanical parts, but tends to produce contin-
uous, yet sharp, 3D features that can be treated as carvings or
lithophanes. It is noteworthy that this is essentially a low-pass
filtering of the pixel data, so thin details are not rendered with the
correct average thickness.

Transmission distance
Of course, the underlying assumption above is that the tonal

progression from 0 to 255 in an image is well approximated by
a linear mapping to thickness. The basic visual linearity of tone
mapping is commonly controlled by a parameter called gamma
in image editing, so it makes sense that rendering to a litho-
phane should also allow gamma adjustment. Beyond that, fila-
ment opacity plays a key role in determining the tone produced
by a given thickness of filament. The HueForge filament paint-
ing software[7] needs to know the apparent color of a stack of
filaments that are not fully opaque, and for that purpose uses,
and has popularized, an opacity metric called TD (transmission
distance). Intuitively, the TD of a filament is the maximum thick-
ness, in mm, of that material through which approximately 10%
of the light will pass. There are TD measurement devices that
essentially standardize this metric[8]. The device cited also de-
termines the RGB color of the filament.

It is not entirely clear how the tonality of a given thickness of
filament should be calculated from the TD and RGB color. Beer-
Lambert essentially observed that absorbances of a stack of mate-
rials add while the transmittances multiply. However, this doesn’t
produce a precise formula for computing color (tone) as a func-
tion of TD and thickness. It is also worth noting that the backlit
and frontlit color blending computations are inherently different;
backlighting passes through the layers once, whereas front light-
ing must travel to each non-surface layer and back. Other compli-
cations include the fact that a material can have a different TD for
each basic color component and RGB is not a colorspace where
changes in different color component values make perceptually
similar changes as seen by a human observer. For the backlit
layers of a monochrome lithophane, relatively simple analysis
should suffice with transmitted brightness decaying roughly ex-
ponentially as a function of thickness – and gamma values allow
tuning this.

Voxels and palettes
Building on the TD concept, the new version of

Trace2SCAD provides an alternative method to produce
monochrome lithophane models. Instead of creating polygonal
regions, Trace2SCAD can produce optimized voxel models with
a user-determined voxel size. In other words, the voxel analysis
is done at printer resolution given the desired lithophane dimen-
sions and print layer height. This uses an entirely different code
path within Trace2SCAD from the polygonal region analysis and

the generated OpenSCAD models have a very different structure
that again leverages the fact that OpenSCAD is a programming
language. A palette is generated that specifies the color created
by each allowable stack depth using the specified printer layer
height and filament TD. Then a map is generated which speci-
fies which palette entry, and hence which stack height, to use for
each X,Y position’s voxel. The map is created based on mini-
mizing tonal errors. This analysis is very much like that used in
computing optimal halftones[9, 10], and can even incorporate er-
ror diffusion so that fractional-layer tonal errors are statistically
minimized over larger regions.

Color lithophanes and filament painting
The concept of a color lithophane would seem to be trivially

modifying the concept of a monochrome lithophane, but stacks of
translucent extruded layers do not just darken the backlight: they
also can blend colors. With sufficiently translucent filaments, this
color blending can also be seen in prints viewed by front lighting.
The process of creating a color 3D print designed to be viewed
with front lighting is called filament painting, and the process of
creating a filament painting differs from making a color litho-
phane mostly in the math used to compute the combination of re-
sulting blended colors. Neither realistically-colored lithophanes
nor filament painting were very popular until 2023.

Although FDM 3D printers capable of automatically switch-
ing between filaments existed before the 2022 release of the
Bambu Lab X1-Carbon (X1C) with its AMS (automatic material
system), that system qualitatively changed how accessible multi-
color 3D printing was at the consumer level. The Bambu AMS
could hold 4 spools of filament, and up to 4 AMS units could be
connected to one X1C printer, so automatic switching between up
to 16 colors was viable. There are issues with Bambu’s AMS tak-
ing too much time and wasting filament with priming every time
a color is changed, but an X1C with an AMS only cost $1,449
and printed quickly and reliably without user tuning. Within a
year, nearly every FDM printer maker announced a competitive
filament changer.

The software support for design of realistically-colored
lithophanes or filament painting was also missing key compo-
nents until the release of HueForge[7] in 2023. The main con-
tributions of HueForge are the TD metric and a graphical user
interface that allows easy manipulation and visualization of fila-
ment assignments to depth ranges. The combination of HueForge
and an AMS made color lithophanes and filament painting a vi-
ral success. In 2026, it is still a hot topic as hot-end changers
make filament swaps cheaper; just as EI26 was being held, it was
announced that there is now a version of the Orca slicer that sup-
ports "virtual filaments"[11] using this same blending concept.

In effect, the HueForge model is a layered decomposition
of the types of monochrome lithophanes built by tools like the
OpenSCAD surface() operator. HueForge allows the user to
build and maintain a database of available filaments with TD and
RGB color for each. Using selected filaments, it then allows in-
teractive graphical control over precisely what height ranges in
the print will use each filament. It is a flexible and powerful
interface, but coloring is still a manual operation with minimal
automation. The output is a bump map 3D model accompanied



Figure 8. GA-optimized 4-filament, 10-layer pure stack filament painting

by a list of layer heights at which to change filament.
In contrast, there are no interactive controls in the new

Trace2SCAD. It instead attempts to fully automate the rendering
process using genetic algorithms to evolve high-quality filament-
stacking solutions. There are two types of filament stacking, both
supported and fully automated for either color lithophanes or fil-
ament painting:

1. True stacking (i.e., as implemented in HueForge) such that
each layer of the 3D print contains only one color of fila-
ment

2. Arbitrary volumetric stacking with a maximum of s fila-
ments used in the stack, but any of those s filaments may
appear in disjoint portions of the same layer; this allows
better color approximations for 3D printers that have fila-
ment changers with a capacity of s filaments

Trace2SCAD accepts a database of filaments with color and TD
data. However, it automates the filament selection and stacking
processes, and works primarily with colors as 32-bit values. A
steady-state Genetic Algorithm (GA)[12] controls the search for
the best palette. Each color in a palette corresponds to a stack of
filaments. Each potential palette is evaluated for fitness by:

• The blended color of a stack of filaments is computed much
like in HueForge, but using a somewhat different approxi-
mate formula; the best formula choice is still an open ques-
tion

• Either K-means[13] or a second (nested) GA optimizes the
color palette selection using JND (just noticeable differ-
ence) filtering to reject any stack that is too similar to a less
costly stack

Figure 9. GA-optimized 4-filament, 8-layer voxel filament painting

• Simple error propagation[14] can optionally be applied to
improve average area color

• The image rendered using that palette is compared to
the desired image appearance using the CIE DeltaE 2000
metric[15]

If a new most-fit palette is found, it is noted, and the search is
ended if the quality is high enough. Otherwise, tournament se-
lection is used to select good and bad population members. The
worst of the tournament is then replaced with either a crossover
product or mutation of the best from the tournament, and the
search continues.

One would expect that the resulting palettes generally would
be better for arbitrary volumetric stacks than for pure single-
color-per-layer stacks, and empirically that is the case. For ex-
ample, Figure 8 shows the the pure stack rendering of the EI26
logo from Figure 5 as both the theoretical image result and an
actual 3D print. This rendering uses 4 filament colors and 10 lay-
ers, which means it had a palette with just 10 colors. Compare
the Figure 8 rendering to that in Figure 9, which results from
general volumetric stacks. Despite using the same 4 colors as the
pure stack and only 8 instead of 10 layers, it has a palette of 28
colors and the rendering is significantly better. Unfortunately, the
additional filament changes nearly double print time on the X1C.

From Figures 8 and 9 it is clear that the accuracy of the color
blending model is acceptable, but there is plenty of room for im-
provement. The 3D prints photographed here have some string-
ing visible which shows primarily as thin red or white lines, but
this is a common 3D printing artifact that was caused largely by
the red and white filaments being quite old. Stringing is not a
flaw in the model and these artifacts can be removed with rela-
tively simple postprocessing of the print.



Comparing these prints to the original EI26 logo in Figure
5, it is clear that the four filaments used do not provide a way
to duplicate the cyan background color of the EI26 logo, so both
palettes used blue instead. These prints were made 208mm by
104mm with 0.2mm layers, and that relatively thick layer height
is why the tonal gradations are less subtle than in the original im-
age. In general, filaments with very high TDs printed at layer
heights around 0.08mm are recommended to obtain smoother
blending. Subtractive primary (yellow, magenta, and cyan) fil-
aments can most accurately paint arbitrary colors.

Conclusion
This paper has discussed the basic philosophy and approach

used in the original and new open-source Trace2SCAD software
tools. The original was a shell script with various helpers; the
new version is self-contained C++ code that supports a much
wider range of 2D-image-to-3D-model conversions. Over 20 ver-
sions have been built and evaluated, and the process continues.

Given that it was 2025, we began not by writing new code
for Trace2SCAD, but by attempting to use various AI systems
to implement improved algorithms. We found that the AI as-
sistants excelled at identifying relevant existing algorithms and
were helpful in coding them, especially when implementation
was dominated by reformatting data to allow calling an existing
library routine. However, they did not produce any useful new
insights and virtually the entire application is hand coded.

The main contributions here are a new algorithm for vec-
torization that treats pixels as unit areas and a family of new
voxel-based filament color blending algorithms using CIE DeltaE
2000 color distance computations, K-means and a Genetic Al-
gorithm for optimizing colors of lithophanes and reflected-light
viewed filament paintings, and a variety of new optimization
methods that reduce complexity of the OpenSCAD model gen-
erated (largely taking advantage of the fact the OpenSCAD is a
programming language, so the 3D model generated is a paramet-
ric program rather than an STL).

Trace2SCAD is freely distributed from:

https://aggregate.org/MAKE/Trace2SCAD
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