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Abstract
Functional gradients give designers finer control over part behav-
ior by varying structure, material, or process conditions across an
object. Yet functionally graded fabrication is often treated as a prob-
lem of grading geometry or material distribution, rather than grad-
ing the slicing and fabrication process itself. In material-extrusion
printing,many functional effects arise directly from slicer-controlled
mechanisms: local toolpath planning, surface treatment, material
assignment, colormixing, and printer state can all vary across space.
Mainstream FFF slicers already expose these mechanisms as set-
tings, but they require users to reconstruct heterogeneous intent as
manually assigned mesh regions in their GUI. This paper presents
slicer project compilation: a fully automated workflow that low-
ers heterogeneous implicit designs into slicer-native .3mf projects
with embedded sub-meshes, settings, recipes, and process-state as-
signments. The compiler partitions spatial attributes into finite re-
gions, extracts aligned sub-meshes, and serializes those regions
into the project dialect required by the target slicer while preserv-
ing native toolpath planning, preview, support generation, and printer-
profile infrastructure. Our method connects heterogeneous design
representations to fully featured slicers, enabling automated and
scalable fabrication workflows that retain existing slicer ecosys-
tems. We demonstrate this approach across three classes of slicing
and fabrication parameters: settings meshes, virtual extrusion, and
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color or material halftoning. We also introduce calibrated transla-
tion models for temperature responsive foaming TPU and PLA, al-
lowing high-level density and Shore-hardness fields to drive fabrication-
ready process fields. Across printed examples, the compiler gener-
ates ready-to-slice projects for graded toolpath settings, foaming-
filament properties, combined texture and process-state control,
and color ormaterial-mixture halftoning, replacingmore than 2,500
repetitive manual slicer interactions. Our open-source implemen-
tation provides a reusable foundation for functionally graded FFF
research and applications built on existing slicer ecosystems.

CCS Concepts
• Computing methodologies→ Volumetric models; Mesh ge-
ometrymodels; •Applied computing→Computer-aidedman-
ufacturing; Computer-aided design.

Keywords
computer-aided design, additivemanufacturing, volumetric design,
functionally graded materials, slicing

1 Introduction
Heterogeneous fabrication aims to make spatial variation a first-
class design variable. A printed object may vary stiffness, density,
color, surface texture, or infill structure across its volume, and these
variations can produce functional behavior that uniform material
assignment cannot.Modern additivemanufacturingworkflows pro-
vide many of the low-level mechanisms needed to realize such
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variation: slicers can assign different settings to different model
regions, multi-tool systems can assign different materials, color-
mixing workflows can approximate continuous color, and G-code
can control printer state during fabrication.These fabricationmech-
anisms provide the necessary building blocks, but current slicing
workflows expose them through interfaces that make dense het-
erogeneous control impractical: users must manually decompose
the design, assign settings region by region, or rely on brittle G-
code post-processing. This creates a gap between heterogeneous
design methods, which can express continuous spatial intent, and
mature slicing tools, which can fabricate local variation only after
that intent has been manually entered into the slicer.

Conventional slicerswere built around discretemeshes and user-
authored settings, not continuous heterogeneous designs. A de-
signer who specifies a volumetric gradient must usually translate
that intent into slicer-readable form by hand. In practice, thismeans
partitioning geometry into regions, exporting and aligning many
sub-meshes, assigning per-region settings or materials in the slicer
interface, and encoding process-state changes through printer-specific
scripts or post-processing. This manual lowering ties the design
to a particular fabrication setup and limits scalability as the num-
ber of regions, attributes, or target slicers increases. Mature slicers
provide valuable path planning, preview, support generation, and
printer-profile infrastructure, but their interfaces do not directly
consume field-based heterogeneous designs.

Heterogeneousmodeling is awell-studied upstreamdesign prob-
lem, and state-of-the-art field-based representations can encode
geometry and spatial attributes as functions over the object do-
main. Such representations allow a design to express high-level in-
tent, such as target density, Shore hardness, color, infill density, or
surface texture, without discretizing that intent into slicer objects.
However, the field must still be lowered into the concrete project
structures that the target slicer can consume: sub-meshes, setting
overrides, material assignments, virtual recipes, logical tools, and
printer-specific commands.

To address this gap, we introduce slicer project compilation as
an automated lowering step from heterogeneous attribute fields to
slicer-native project files. The compiler takes an attribute-modeled
implicit design as input, partitions the required spatial fields into
finite regions, extracts those regions as aligned sub-meshes, and
writes a configured .3mf project with embedded settings, mate-
rial assignments, recipe definitions, and virtual-tool mappings.The
downstream slicer remains responsible for toolpath generation.Thus,
the proposedworkflow does not replacemature slicers; it leverages
them as compilation targets.

The same project-generation framework can target several forms
of heterogeneous fabrication control. In this paper, we demonstrate
the approach with three representative slicer mechanisms. First,
the compiler converts toolpath-planning fields, such as infill den-
sity or fuzzy-skin parameters, into region-specific slicer setting
overrides. Second, it converts process-state fields into logical tool
assignments and custom toolchange commands, allowing slicer-
generated toolchange events to control G-code printer states such
as nozzle temperature.Third, it converts material-fraction or sRGB
color fields into mixed-filament recipe assignments for existing
color-mixing workflows. These targets differ in the project data

they serialize, but they share the same core abstraction: continu-
ous spatial attributes are reduced to labeled project regions that a
conventional slicer can load, preview, and slice.

We evaluate our proposed method with a suite of printed ex-
amples that exercise heterogeneous control across slicer-planning
settings, process-state assignments, and color or material-mixture
workflows.These examples test whether the compiler can preserve
spatial fields as slicer-readable project assignments rather than re-
quiring users to recreate those assignments manually in the slicer
interface. We also evaluate calibrated translation models used be-
fore compilation to resolve high-level property fields into the pro-
cess controls required for fabrication, allowing object intent to drive
machine-state assignments automatically. Across the results, settings-
mesh examples demonstrate local control over slicer-generated tool-
paths, virtual-extrusion examples demonstrate property-driven process-
state control, and halftoning project examples demonstrate compi-
lation of material-fraction and color fields to existing slicer work-
flows. Together, these results show that slicer project compilation
can bridge field-based heterogeneous design andmature slicerwork-
flows without requiring a custom-built slicer for each fabrication
task.

2 Related Work
Prior literature reviews show that heterogeneous design, including
volumetric variation and functional grading, can improve printed
artifacts and expand the design space of additivemanufacturing [Li
et al. 2020; Loh et al. 2018]. A functionally graded object may vary
material composition, color, density, stiffness, surface texture, tool-
path structure, or process state across space. This breadth creates
a translation problem: heterogeneous intent can originate in field-
based design representations, but fabricationmay require local com-
position control, slicer setting overrides, printer-state control, or
color halftoning. We therefore review prior work in four areas that
define this interface: field-based representations and compilation,
local composition control, spatial control of slicer settings and pro-
cess state, and color halftoning for material extrusion. Across these
areas, we focus on the gap ourwork addresses: usingmature slicers
and readily available desktop FFF printers to realize heterogeneous
designs without custom slicers, manually assigned regions, or post-
processed G-code.

2.1 Field-Based Design Representations and
Compilation

Field-based design representations support heterogeneous design
by specifying spatial information that boundary meshes represent
poorly. A mesh can describe an object’s exterior surface, and multi-
ple meshes can describe discrete regions, but a smooth volumetric
gradient must be approximated by many separate boundaries be-
fore a conventional slicer can assign materials or settings. Field-
based representations avoid this reconstruction step by describ-
ing geometry, composition, color, or other attributes as functions
over space. Programmable fabrication systems such as OpenFab
use this idea to express material variation procedurally [Vidimče
et al. 2013], while OpenVCAD represents implicit geometry and
volumetricmaterial composition as spatial fields formulti-material
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fabrication [Wade et al. 2025a, 2024]. These representations let de-
signers describe heterogeneous intent directly, but fabrication still
requires a compiler that converts fields into the concrete inputs
expected by a target manufacturing workflow.

Recent heterogeneous attributemodeling extends this field-based
view by treating heterogeneous fabrication as a multi-stage com-
pilation problem [Wade et al. 2026]. Rather than representing only
geometry or material composition, the approach describes objects
using named, typed spatial attributes that may encode high-level
design intent, such as target mechanical response, hardness, or
color. Translation models then map these intent-level attributes
into process-specific realization fields, such asmaterial recipes.This
framing is important for our work because it separates what the
designer specifies from the machine-specific structures that fabri-
cation requires. The remaining compilation step must convert the
resolved realization fields into the concrete project data consumed
by the target workflow.

2.2 Local Composition Control for
Functionally Graded Fabrication

Local composition control provides the most direct route to func-
tionally graded fabrication. In these systems, the printer changes
the relative amounts of two or more base materials across an ob-
ject, producing spatial variation in appearance or material behav-
ior. Voxel-based material jetting demonstrates this idea at high spa-
tial resolution by assigning material channels throughout a vol-
ume, and programmable fabrication pipelines have used this ca-
pability to express complex multi-material distributions [Vidimče
et al. 2013; Wade et al. 2024]. These systems establish the value
of volumetric material control but focus only on material-jetting
workflows and are not directly applicable to FFF slicing control.

Material-extrusion systems approach local composition control
through a different mechanism. Multi-feed and mixing hotend sys-
tems combine filaments during deposition, allowing the commanded
mixture ratio to vary during a print. Kennedy and Christ demon-
strate that active in-situ mixing can blend polymer filaments dur-
ing fused filament fabrication [Kennedy and Christ 2020]. Simi-
larly, Green et al. use an active-mixing hotend to spatially con-
trol mixture ratios and fabricate graded compositions [Green et al.
2023]. These works establish mixing extrusion as a viable route
for graded composition in FFF. They also motivate the fabrication-
planning problem that follows: a spatial composition field must
still be converted into printer instructions that coordinate mate-
rial ratios with the toolpath. Garland and Fadel demonstrate this
challenge on an off-the-shelf mixing extrusion system by discretiz-
ing a gradient into regions, assigning those regions as virtual ex-
truders in Slic3r, and post-processing the resulting G-code to re-
place toolchange commands with mixture-ratio commands [Gar-
land and Fadel 2015]. Leoni et al. further frame this problem as
a gap between functionally graded design and material-extrusion
fabrication [Leoni et al. 2023]. These works highlight that local
composition control in FFF depends not only on extrusion hard-
ware, but also on representations and software workflows that can
translate graded design intent into slicer-compatible assignments.

Direct-ink-write systems provide another important class of lo-
cal composition control. Active mixing has enabled graded fluids,

reactivematerials, ceramics, elastomers, and dielectric composites [Ober
et al. 2015; Ortega et al. 2019; Pelz et al. 2021]. Duncan et al., for
example, use active mixing of nanocomposite inks to fabricate low-
loss graded dielectrics with spatially tailored electromagnetic prop-
erties [Duncan et al. 2023]. These examples show that continuous
material variation can produce application-specific functional be-
havior. However, they also show that DIW composition grading
is typically developed as an application-specific fabrication work-
flow, where the material formulation, printhead behavior, path de-
sign, and process commands must be coordinated for each system
rather than specified through a reusable heterogeneous design.

These systems establish local composition control as a useful
fabrication primitive. The remaining challenge is how to translate
a spatial composition field into slicer-compatible regions andmate-
rial assignments without requiring the designer to reconstruct the
gradient as a collection ofmanually assignedmesheswhenmoving
between tools.

2.3 Spatial Control of Slicer Settings and
Process State

In addition to composition variation, slicers also shape local be-
havior through the toolpaths they generate: infill density, perime-
ter count, surface texture, and related settings can change stiff-
ness, strength, weight, and appearance while using a single ma-
terial. Prior work shows that toolpath structure and infill design
strongly affect mechanical performance, and several methods use
stress, topology, or other fields to guide path orientation and ma-
terial placement [Liu et al. 2024; Sales et al. 2021; Xia et al. 2020].
These methods make toolpath planning itself part of the design
space. Modern slicers expose a related capability through object-
level settings, modifier meshes, and painted regions, which allow
users to apply different path-generation rules to different parts of
a build [Prusa Research ndb]. However, these interfaces remain
largely interactive. A designer can assign different infill densities
to different imported meshes, but a high-resolution spatial field
must first be reconstructed as many aligned models and then as-
signed settings region by region.

Surface texture provides a compact example of the same issue.
Fuzzy skin perturbs exterior toolpaths to produce a roughened sur-
face, and slicers expose this behavior as a global setting or as a lo-
cally painted surface effect [Prusa Research nda; Vesco and Salvi
2025]. Thus, surface texture is a slicer-level property rather than
a material-composition property. Yet the slicer interface does not
provide a general field representation for smoothly varying texture
parameters over amodel. Aswith infill, the available slicing feature
is useful for functional grading, but the interface between spatial
design intent and path-generation parameters remains indirect.

Process-state control broadens this pattern beyond slicer set-
tings. A printer can vary local properties by changing machine
commands during fabrication, including flow rate, print speed, cool-
ing, laser power, energy input, or nozzle temperature. Metal addi-
tive manufacturing has used site-specific process control to vary
melt-pool behavior, geometry, porosity, andmaterial response [Bor-
ish et al. 2022; Gibson et al. 2019; Yuan et al. 2022]. Inmaterial extru-
sion, foaming filaments provide a single-material route to graded
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density because extrusion temperature and flow compensation af-
fect expansion, porosity, and mechanical response [Damanpack
et al. 2021; Ozdemir and Doubrovski 2023; Tammaro et al. 2022].
These examples show that functional grading can come fromprinter
state, in addition to material mixtures and toolpath settings.

However, process-state fields introduce a planning problem that
ordinary slicer controls rarely address. Some commands can change
instantaneously, while others require stabilization time, material
flow, or thermal response before the printed material reaches the
intended state. Gradient-informed slicing addresses this problem
by making the spatial field part of toolpath planning, including
for mixture ratios, tool changes, and temperature responsive foam-
ing materials [Wade et al. 2025b]. This approach shows the value
of custom gradient-aware slicers, but it also illustrates a tradeoff:
a custom slicer must reimplement many surrounding capabilities
that mature slicers already provide, including support generation,
skin and infill strategies, printer profiles, modifier semantics, and
stable project workflows.

Our proposed method follows the complementary direction of
working within full-featured slicer workflows rather than replac-
ing them. Existing slicers already contain abstractions for local
control, including object-level settings, modifier regions, tool as-
signments, and tool-change events. Prior gradient-informed work-
flows also show that tool-like channels can represent fabrication
states rather than only physical extruders [Wade et al. 2025b]. The
open problem is how to connect spatial design fields to these slicer
abstractions automatically, without reducing the workflow toman-
ual region assignment or requiring a bespoke slicer for each graded
fabrication task.

2.4 Color Halftoning for Material Extrusion
Color provides another instance of spatially varying fabrication in-
tent, but it differs from the process-state and slicer-setting controls
because the color reproduction problem has a long computational
history. Full-color 3D printing must map continuous colors to a
finite set of printable materials or deposition states. Prior work
has addressed this mapping through color management, conton-
ing, surface halftoning, voxel assignment, and line-based halfton-
ing [Babaei et al. 2017; Yuan et al. 2021]. In material extrusion,
Reiner et al. approximate continuous tones with dual-color deposi-
tion patterns [Reiner et al. 2014], while Kuipers et al. adapt hatch-
ing and line-based halftoning to the path structure of fused deposi-
tion modeling [Kuipers et al. 2017, 2018]. Song et al. further show
colored fused filament fabrication using layered color strata and
mixing-nozzle hardware [Song et al. 2019]. These methods show
that discrete filaments or material states can approximate continu-
ous color, but they focus primarily on the color assignment, optical
model, or deposition strategy.

Recent slicers make filament-based color workflows more ac-
cessible by exposing color-mixing and halftoning features directly
in open-source slicing ecosystems. Prusa ColorMix and Orca Full-
Spectrumprovide practicalmechanisms for assigning printable color
mixtures within slicer workflows [Prusa Research 2026; ratdoux
2026].These systems are important because they turn color halfton-
ing from a standalone research pipeline into a slicer-level fabrica-
tion capability. However, the remaining interface problem mirrors

the challenges with local settings and process state: a full-color de-
sign must still be converted into slicer-level assignments that the
downstream halftoning method can consume.

This places color within the same interface gap as other het-
erogeneous fabrication parameters. Prior work provides effective
color-assignment and halftoning methods, and recent slicers pro-
vide practical mechanisms for fabricating those assignments. The
missing step is a general way to connect full-color heterogeneous
designs to slicer-level color workflows without requiring the de-
signer to manually reconstruct the design as printable regions or
recipes.

2.5 Summary
The challengewith heterogeneous fabricationworkflows is neither
field representations nor slicer features in isolation. Prior work
provides rich design mechanisms for local composition control,
process-state control, color reproduction, and heterogeneous mod-
eling. Existing slicers also providemature path-generation features
and local control mechanisms. The remaining challenge is an au-
tomated lowering step that connects field-based heterogeneous in-
tent to a format a mature slicing program can ingest. This work ad-
dresses that gap by generating slicer-ready projects in which the
sub-meshes, settings, virtual tool assignments, and color assign-
ments are embedded before slicing.

3 Methods
3.1 Overview: Slicer Project Compilation
Wedefine slicer project compilation as the conversion of an attribute-
modeled implicit design into a slicer-native .3mf project whose
sub-regions carry the settings, process-state assignments, ormaterial-
mixture recipes required by the target workflow.The slicer project
compiler does not replace the downstream slicer. Instead, it out-
puts a project file that the slicer can load, preview, slice, and con-
vert to G-code using its native toolpath generator.

Our proposed compiler takes as input an implicit heterogeneous
object whose compiler-required attributes have been authored di-
rectly or resolved before compilation. Required attributes are the
fields that a selected compilation target needs in order to generate
slicer-ready project data, and they vary by compilation type. For
example, one compilermay require slicer-planning settings such as
infill density, another may require process-state setpoints such as
nozzle temperature or flow-rate compensation, and another may
require color or material-fraction fields. The compiler first parti-
tions one or more attributes into a finite set of spatial regions. It
then extracts each nonempty region as a sub-mesh and labels that
sub-mesh with representative attribute values. The final serializa-
tion step is target-specific: the compiler writes the metadata, tool
assignments, recipe definitions, and project settings required by
the selected slicer-project dialect.

Our compiler abstraction is agnostic to the selected compilation
target. As shown in Figure 1, we demonstrate this abstraction with
three compiler targets, while preserving a shared partitioning and
sub-mesh generation stage. Settings meshes assign slicer-planning
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Figure 1: Slicer project compilation lowers heterogeneous attribute fields into slicer-native .3mf projects. The compiler parti-
tions resolved fields into labeled sub-meshes and serializes them as settings-mesh regions, virtual-extruder assignments, or
mixture-ratio assignments. Existing slicers then perform their native toolpath planning, toolchange emission, or halftoning
workflows from the generated project files.

parameters, such as infill density or fuzzy-skin settings, to gener-
ated regions before toolpath planning. Virtual extrusion assigns re-
gions to logical tools and uses custom toolchange templates to redi-
rect slicer toolchange events into process-state commands. Color
and material halftoning projects assign regions to virtual mixed-
filament recipes that ColorMix or FullSpectrum-style workflows
convert into filament-level halftoning. These targets differ in the
assignments they write, but they share the same field partitioning
and sub-mesh generation stage.

The targets can also be combined when the slicer-project di-
alect supports the required assignments. For example, a foaming-
filament workflow may use virtual extrusion to control tempera-
ture and flow rate, while also using settings meshes to apply spa-
tially varying fuzzy skin. In such cases, the compiler partitions the
participating attributes jointly so that each generated region car-
ries an identical assignment tuple.

3.2 Compiler Input and Attribute Resolution
The slicer project compiler consumes heterogeneous implicit de-
signs produced by an upstream attribute-modelingworkflow [Wade
et al. 2026]. Each input design provides an implicit solid geometry

together with named spatial attribute fields defined over the object.
These attributesmay describe slicer-planning settings, process-state
setpoints, color, material fractions, or higher-level design intent.

The selected slicer-project target determines which spatial fields
must be available before project generation. Settings-mesh targets
consume slicer-planning attributes such as infill density or fuzzy-
skin parameters. Virtual-extrusion targets consume process-state
attributes such as nozzle temperature and flow-rate compensation.
Color andmaterial halftoning targets consume color fields ormaterial-
fraction fields. Our proposed compiler then lowers these resolved
fields into slicer-native project assignments.

Consistent with heterogeneous implicit design methods [Wade
et al. 2026], required process fields may be authored directly or
be resolved from higher-level intent before compilation. For exam-
ple, a design may specify target density or Shore hardness rather
than nozzle temperature. In addition to our slicer compiler, we in-
troduce new translation models to resolve printer process param-
eters from design intent. Aswe show in section 4.2.1, our calibrated
translationmodels can compute the temperature and flowrate fields
for fabrication with foaming filaments.
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This separation between translation models and slicer-project
compilation keeps the compiler target-specific but design-source
agnostic. The same compiler can consume directly authored slicer
settings, translated process fields, or color and material-fraction
fields, provided that the selected target receives the attributes it
requires. The remaining methods therefore focus on how those re-
solved fields are partitioned, converted into sub-mesh regions, and
serialized into slicer-native .3mf projects.

3.3 Slicer-Native .3mf Projects as Compiler
Outputs

A slicer-native .3mf project records the fabrication setup that a
slicer normally builds through interactive use. In a conventional
workflow, a designer imports one or more meshes, transforms and
arranges them on the build plate, selects global print settings, ap-
plies model- or region-level overrides, and assigns materials or ex-
truders. The slicer can then save this configured job as a single
project file for later editing, sharing, or slicing. The project there-
fore contains more than boundary geometry: it stores the relation-
ship between geometric objects and the slicer state needed to fab-
ricate them.

This makes a slicer-native .3mf project a useful compiler tar-
get. A conventional mesh file can describe surfaces, but it can-
not express the slicer settings, tool assignments, or mixed-filament
recipes required by a heterogeneous design. A project file can carry
thismissing context in a form the slicer interprets.The slicer project
compiler therefore automates the interactive setup process: it gen-
erates the required sub-meshes, attaches the appropriate per-region
assignments, writes the project-level configuration, and emits a
configured fabrication job rather than an unannotated collection
of meshes.

Different slicers serialize these project components using differ-
ent dialects. PrusaSlicer-style projects andOrca/Bambu component-
style projects both store geometry, project settings, and per-region
assignments, but they organize those data differently and use dif-
ferent metadata conventions. The slicer project compiler separates
the abstract assignment produced by the method from the dialect-
specific serialization written to disk.

3.4 Attribute Partitioning
As detailed in Figure 2, all three slicer project targets use the same
geometric reduction: the compiler converts continuous attribute
fields over the object interior into a finite set of labeled sub-meshes.
The compiler samples the implicit geometry and the required at-
tributes on a regular grid and assigns sampled points to discrete
attribute regions, where a region represents a range of attribute
values. The compiler then constructs a region-indicator mask for
each region, intersects that mask with the object domain, and ex-
tracts the resulting boundary with marching cubes [Lorensen and
Cline 1987]. The output is a collection of sub-meshes whose labels
form a piecewise-constant approximation of the resolved function-
ally graded attributes. Each sub-mesh is assigned a single attribute
value.

The compiler extracts each region as a sub-object. For a selected
attribute bin or recipe, it defines a region-membership field whose
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Figure 2: Attribute partitioning converts continuous het-
erogeneous fields into finite slicer-project assignments. (a)
Scalar fields are divided into representative intervals, shown
here for infill density. (b) Material-fraction fields are parti-
tioned in recipe space so each region carries a valid mixture
vector. (c) Color fields are mapped to selected virtual mix-
ture assignments derived from the loaded filament set.

zero set marks the boundary between points assigned to that re-
gion and points assigned elsewhere. The compiler combines this
field with the object SDF so that the extracted surface is clipped to
the original solid domain. Marching cubes then extracts the bound-
ary of this sub-object as a triangle surface mesh. As a result, the
region meshes can place boundaries between grid samples when
the geometry and attribute fields vary smoothly, even though the
compiler samples the fields on a regular grid. The chosen region
count sets the fidelity–cost tradeoff: more regions better preserve
spatial variation, but producemore sub-meshes, larger project files,
and more downstream slicer work.

3.4.1 Scalar Attribute Partitioning. Scalar partitioning supports set-
tingsmeshes, virtual extrusion, and anyworkflow that must assign
one ormore scalar controls jointly. Given scalar fields, the compiler
first measures each field’s observed range over sampled points in-
side the object. It then divides each range into 𝑁 equal-width in-
tervals and uses each interval midpoint as the representative value
assigned to regions in that interval.

When several scalar attributes must vary together, the compiler
constructs the Cartesian product of their intervals. A point belongs
to a product cell only if every participating attribute falls within
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the corresponding interval. This joint partition ensures that each
generated sub-mesh carries an identical tuple of representative val-
ues, such as a temperature and flow-rate pair or a fuzzy-skin set-
ting together with a virtual-extrusion state. With 𝑚 attributes and
𝑁 intervals per attribute, the method can produce up to 𝑁𝑚 candi-
date regions.

Algorithm 1 summarizes this process. For settings meshes, the
representative labels become slicer-setting values. For virtual ex-
trusion, they become logical process-state assignments. For com-
bined workflows, the labels may include both planning settings
and process-state values.

Algorithm 1. Partition an Implicit Object by Scalar At-
tribute Fields
Input: Implicit geometry; scalar attribute fields; intervals

𝑁 per attribute
Output: Labeled sub-mesh regions with representative

scalar values
1 Sample the geometry and scalar attributes inside the object;
2 foreach attribute field 𝐴𝑖 do
3 Compute its sampled value range;
4 Partition the range into 𝑁 equal-width intervals;
5 Store each interval midpoint as its representative value;
6 Form the Cartesian product of intervals across all

attributes;
7 foreach interval tuple 𝐵 do
8 Select the object region whose attribute values fall in 𝐵;
9 Intersect the selected region with the implicit

geometry;
10 Extract its boundary as a sub-mesh;
11 if the sub-mesh is nonempty then
12 Label it with the representative values from 𝐵;
13 Add it to the output;

14 Return the labeled sub-meshes;

3.4.2 Material-Fraction Partitioning. Material-fraction fields require
a different value-space partition because each sample is a recipe
vector rather than an independent scalar. For 𝑘 materials, each
sampled material-fraction value is a nonnegative length-𝑘 vector
whose components sum to one. Component-wise scalar binning
would create many invalid or redundant recipe combinations, so
the compiler partitions the sampled vectors directly in material-
fraction space.

The compiler divides material-fraction space into a bounded set
of representative recipes. Unlike an arbitrary scalar field, amaterial-
fraction field has known bounds: each component lies between
0 and 1, and the components form a normalized fraction vector.
The compiler can therefore partition the full feasible recipe space
directly. For a two-material field (𝑘 = 2) with materials A and
B, choosing 𝑁 = 4 creates four fraction ranges: 0–25% A with
100–75% B, 25–50% A with 75–50% B, 50–75% A with 50–25% B,
and 75–100% A with 25–0% B. The compiler assigns each sampled

material-fraction vector to the nearest range, computes a represen-
tative fraction vector for each occupied range, and maps that vec-
tor to a printable recipe. The resulting spatial regions are then ex-
tracted with the same geometry-intersection and marching-cubes
procedure used for scalar fields.

Algorithm 2 describes this procedure. The key distinction from
scalar partitioning is that the partition is built in the attribute’s
natural value space: scalar intervals for scalar fields, and median-
cut recipe regions for material-fraction vectors.

Algorithm 2. Extend Attribute Partitioning to Material
Volume Fractions
Input: Implicit geometry; material-fraction field;

maximum regions 𝑁
Output: Labeled sub-mesh regions with representative

material recipes
1 Sample the material-fraction field inside the object and

normalize each vector;
2 Partition material-fraction space into 𝑁 groups;
3 foreach group 𝐺𝑗 do
4 Compute a representative fraction vector ̄𝑣𝑗 ;
5 Assign each object point to the nearest representative ̄𝑣𝑗 ;
6 foreach representative ̄𝑣𝑗 do
7 Form the spatial region assigned to ̄𝑣𝑗 ;
8 Extract its nonempty sub-mesh using Algorithm 1;
9 Label the sub-mesh with material recipe ̄𝑣𝑗 ;

10 Return the labeled material-recipe sub-meshes;

3.4.3 Color-Field Partitioning and Palette Selection. Color fields
require an additional selection step because the loaded filaments
cannot reproduce every sRGB value equally well. If the compiler
assigned each sampled color independently, it could request many
recipes whose predicted colors are poor approximations or whose
small differences provide little visible benefit. We therefore select
a bounded printable palette before spatial region extraction. The
palette contains recipes that cover the colors present in the ob-
ject, given the fixed physical filaments and the target slicer’s color-
mixing model.

As shown in Figure 3, the input is an sRGB color field and a
fixed set of loaded physical filaments with specified RGB colors.
The compiler internally generates a discrete vocabulary of print-
able recipes containing up to three filaments at fixed proportions.
The downstream slicers limit recipes to three filaments. Workflow-
specific color-predictionmodels estimate the apparent color of each
candidate recipe. In this paper, the ColorMix target uses prusa-
fdm-mixer, while the FullSpectrum target uses filament-mixer.
These models predict recipe appearance; they do not generate the
recipe vocabulary.

The compiler aggregates sampled target colors into a weighted
distribution and greedily selects at most 𝑁 candidate recipes that
minimize sample-count-weighted CIEDE2000 error,Δ𝐸00. Each sam-
pled point is assigned to the selected recipe with the smallest pre-
dicted Δ𝐸00 from the requested color 𝐶(𝑝). These assignments de-
fine color-recipe regions, which are extracted as sub-meshes using
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Design
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Predicted Printable
Colors
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Greedy
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- #8DBED3 - 45%
- #45593F - 25%
- #FFF200 - 20%
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sRGB Field:

Max Palette 
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Loaded Filaments:
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- Black
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Figure 3: Palette selection for compiling an sRGB color field
into printable mixture assignments. The compiler samples
the design colors, predicts the apparent colors of candidate
recipes from the loaded filaments, and greedily selects at
most 𝑁 mixtures that minimize weighted perceptual color
error. The selected mixtures become the labels used for
downstream color-region extraction and project serializa-
tion.

the same geometric procedure as the scalar and material-fraction
cases.

Algorithm 3 summarizes full-color slicer project compilation.
The algorithm differs from the previous two only in how it chooses
the representative labels. Once the selected printable recipes exist,
the spatial extraction step again produces labeled sub-meshes that
can be serialized into the target slicer-project dialect.

3.5 Slicer-Planning Control with Settings
Meshes

Settings meshes provide direct control over slicer-planning param-
eters by encoding partitioned scalar attributes as slicer-recognized
regionswith setting overrides.Thesemeshes are generated directly
from the partitioning process described in Algorithm 1. In the emit-
ted .3mf project, each region is represented as XML metadata in
the slicer’s native dialect. Figure 4a shows a representative exam-
ple for PrusaSlicer in which a region mesh is assigned an infill-
density override. Because these values exist before toolpath gener-
ation, they can change the slicer’s planning behavior rather than
post-process the generated G-code.

Settings meshes only apply to parameters that the slicer already
exposes as model- or volume-level overrides. Examples include in-
fill density, fuzzy skin parameters, speeds, extrusion width, and
perimeter count. This component of our workflow automates a
process that would otherwise require manual project construction.

Algorithm 3. Compile a Full-Color Attribute Field into a
Slicer Project
Input: Implicit geometry; sRGB color field; filament

palette; candidate recipes; target workflow;
maximum palette size 𝑁

Output: Color-assigned sub-meshes in a 3MF project and a
color report

1 Sample 𝐶 inside the object and aggregate similar colors
into a frequency distribution;

2 foreach candidate recipe do
3 Predict its printable color;
4 Greedily select at most 𝑁 recipes that minimize

frequency-weighted perceptual color error;
5 foreach sampled point 𝑝 inside the object do
6 Assign its color to the selected recipe with the closest

predicted color;
7 foreach selected recipe do
8 Form the spatial region assigned to that recipe;
9 Extract its nonempty sub-mesh using Algorithm 1;

10 Label the sub-mesh with the corresponding filament or
recipe;

11 Package filament definitions, printable mixtures,
color-assigned sub-meshes, and slicer metadata into a
3MF project;

12 Return the 3MF project and color report;

Without slicer project compilation, a designer must export sepa-
rate region meshes, import them into the slicer, align them, and as-
sign each setting override through the user interface.The proposed
compiler instead emits one configured .3mf project in which the
region geometry and settings assignments are embedded. We re-
port the number of user interactions saved by using our proposed
method compared to manual assignment in Section 4.4.

3.6 Machine-State Control with Virtual
Extrusion

Settings meshes control parameters that the slicer already exposes
as per-region planning settings. Virtual extrusion addresses a dif-
ferent case: spatially varying process states that the slicer does
not ordinarily expose as local model settings. We represent each
discrete process-state tuple as a logical tool. The slicer then emits
toolchange events between those logical tools, and a custom toolchange
template converts each event into G-code commands that update
machine state.

As shown in Figure 5, virtual extrusion separates physical ex-
truders from virtual extruders. A physical extruder is an actual
printer tool, nozzle, or filament channel. A virtual extruder is a
logical tool index used by the slicer to identify a process-state set-
point or setpoint tuple. The printer may still have one physical
nozzle, but the project can declare additional logical tools whose
toolchange events map to commands such as temperature or flow-
rate updates. In this paper, we demonstrate this mechanism with
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SHARED STAGE PER-REGION .3MF METADATA LOGICAL-TOOL INTERPRETATION EFFECT IN SLICER /  G-CODE

(a)  Settings meshes — slicer-planning overrides

(b)  Virtual extrusion — process-state control

(c)  Mixed-filament halftoning — color / material recipes

continuous attribute
fields (infill, temperature,

color, fractions, …)

partition &
extract

R1 R2 R3 R4

labeled sub-meshes;
one representative
value or tuple each

settings-override metadata · XML

<volume ...>
  <metadata key="infill_density"
          value="45%"/>
</volume>

no extruder assignment —
overrides are read while the slicer plans

region → logical-extruder assignment · XML

VIRTUAL EXTRUSION
index → process-state tool

read as

<volume ...>
  <metadata key="extruder"
          value="..."/>
</volume>

read as

MIXED-FILAMENT HALFTONING
index → mixture recipe

custom toolchange template · G-code

...
{elsif next_extruder == 4}
  T0
  M104 S220 nozzle temperature
  M221 S80 flow-rate compensation
...
{endif}
each virtual tool = one (T, F) setpoint tuple

mixed-filament recipe list · JSON

..., one recipe per virtual extruder
{ "id": 6, defines logical extruder 6
  "components": [
    {"extruder": 5, "ratio": 0.75},
    {"extruder": 1, "ratio": 0.25}]},
...
"extruder" here = physical filament channel

Effect: toolpath planning
regions planned with
different settings,
before toolpaths

e.g., sparse → dense infill

Effect: machine state

temperature &
flow updated
per region

changes at region boundaries

Effect: material mixing
single-filament layers
alternate in Z at the
75 / 25 ratio

slicer halftones the recipe
(ColorMix / FullSpectrum)

Figure 4: The three slicer-project compilation targets write different per-region assignments from the same partitioned sub-
meshes. Settings meshes (a) attach slicer-planning overrides directly to region metadata and involve no tool assignment. Vir-
tual extrusion (b) andmixed-filament halftoning (c) share the region-to-logical-extruder assignment but interpret the extruder
index differently: (b) resolves it through a custom toolchange template into process-state G-code such as M104 (temperature)
and M221 (flow rate), while (c) resolves it to an entry in a recipe list that the slicer halftones from the loaded physical filaments.
Excerpts are abbreviated; the compiler writes the full native dialect of the target slicer.

temperature and flow rate, using M104 to set nozzle temperature
and M221 to set flow-rate compensation. However, the same mech-
anism can emit any G-code sequence that the printer accepts.

The compiler applies Algorithm 1 to the process-state fields. Each
occupied scalar interval, or joint interval for multiple process-state
fields, receives a representative tuple such as (𝑇 , 𝐹 ), where 𝑇 is tem-
perature and 𝐹 is flow-rate compensation. The compiler assigns
each resulting sub-mesh to the logical tool associated with that tu-
ple. The slicer sees these regions as ordinary tool assignments, but
the custom toolchange template interprets the next logical tool in-
dex as a request to update machine state. Figure 4b shows this com-
position: each region carries a logical-extruder assignment, and the
template converts the resulting toolchange events into the corre-
sponding process-state commands.

This mechanism is useful for foaming filaments because the lo-
cal expansion state depends on nozzle temperature, while geomet-
ric accuracy often requires compensatory flow control. A pre-compilation
translation model can therefore resolve a desired density or hard-
ness field into temperature and flow-rate fields, and virtual extru-
sion can then express those resolved process fields in a slicer project
without requiring a custom slicer or custom path generator. Table 1
summarizes the distinction between settings meshes and virtual
extrusion.

Physical
Extruders

Virtual Extruders 
(Process States)

ID
=1

ID
=2

ID
=3

ID
=4

ID
=5

ID
=6

F.TPU
200°C

F.PLA
200°C

Toolchange Script: Example Toolchange Script:
T<ID> T<ID>

M104 S<TEMPERATURE>
M221 S<FLOW_RATE>

F.PLA
210°C

F.PLA
220°C

F.PLA
230°C

F.PLA
240°C

Figure 5: Virtual extrusion maps logical slicer tools to
process-state setpoints rather than only physical extrud-
ers. Physical extruders correspond to real filament chan-
nels, while additional virtual extruders encode states such
as nozzle temperature and flow-rate compensation. Custom
toolchange scripts (Fig. 4b) convert slicer toolchange events
into the G-code commands required to apply each process
state.
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Table 1: Settings meshes and virtual extrusion both use
scalar partitioning, but they affect different stages of the
fabrication workflow.

Method Controls When applied

Settings meshes Slicer planning pa-
rameters, such as in-
fill, speeds, widths,
and fuzzy skin.

Before toolpath gen-
eration; the slicer
uses the values
during planning.

Virtual extrusion G-code-controllable
process states, such
as temperature and
flow rate.

At logical
toolchange events
in the generated
G-code.

Ordering virtual tools for slow process states. Some virtual extru-
sion workflows also require an ordering policy. This is not neces-
sary for every G-code-controllable state, but it matterswhen transi-
tions have time or material costs. Temperature control for foaming
filaments is one such case: the nozzle needs time to reach a new
temperature, and the extruded material may require purging or a
prime tower before the new foaming state stabilizes.

For temperature-based virtual extrusion, the compiler indexes
virtual tools in increasing temperature. We then use a reversing
layer order: the slicer visits tools in ascending order on one layer
and descending order on the next, for example 1, 2, 3, 4, 5 followed
by 5, 4, 3, 2, 1. This preserves monotonic local changes while avoid-
ing a large reset from the hottest state to the coolest state at each
layer boundary.

3.7 Filament-Mixture Control with Color and
Material Halftoning Projects

ColorMix and FullSpectrum-style slicer workflows provide a third
form of slicer project control: they approximate intermediate col-
ors ormaterial recipes by assigning regions to virtualmixed-filament
recipes. A printer loads a fixed set of physical filaments, such as
CMYKW, and the slicer defines virtual recipes that combine one,
two, or three of those filaments at specified ratios. The slicer then
performs the downstreamhalftoning or filament-mixing procedure
needed to realize those recipes. The slicer project compiler uses
this mechanism by generating recipe definitions and assigning ex-
tracted sub-meshes to the corresponding virtual recipes.

This workflow supports two input cases. If the resolved design
contains a material-fraction field, the compiler uses Algorithm 2
directly. It partitions the field into representative material-fraction
regions, maps each component of the volume-fraction vector to
a loaded filament channel, and writes the project metadata that
defines the mixture ratio for each generated sub-mesh. This path
bypasses color matching because the design already specifies the
desired material mixture rather than an appearance target.

If the resolved design instead contains an RGB color field, the
compiler treats the loaded filament set as a constrained color gamut.
It does not assume that arbitrary sRGB values can be reproduced
accurately. Instead, as described in Algorithm 3, the compiler gen-
erates a discrete vocabulary of printable recipes, predicts each recipe’s
apparent color with the workflow-specific color model, and selects

a bounded palette that best covers the sampled target colors under
a sample-count-weighted Δ𝐸00 objective. It then assigns each spa-
tial region to the selected recipe with the smallest predicted per-
ceptual error.

Prusa ColorMix and Orca FullSpectrum use the same abstract
representation of physical filaments, virtual mixtures, and region
assignments, but they serialize those data differently and use dif-
ferent downstream half-toning algorithms. The compiler therefore
treats them as separate project dialects under one method: both
consume labeled sub-meshes and recipe definitions, but each re-
quires its own native metadata. Figure 4c shows a representative
entry in the generated recipe list.

The virtual recipes used in this section are distinct from the log-
ical tools used for virtual extrusion. Both mechanisms use slicer-
level tool identifiers, but their interpretations differ (Fig. 4): halfton-
ing projects use virtual recipes to control filament mixtures, while
virtual extrusion uses logical tools to trigger process-state changes.

4 Results
The results evaluate the compiler as a bridge between heteroge-
neous design intent and slicer-native fabrication workflows. We
first show that scalar attributes can control slicer settings through
generated settings meshes, allowing the downstream slicer to plan
different toolpaths across an object without manual region assign-
ment.We then evaluate virtual extrusion as amechanism for process-
state control, using calibrated foaming-filament models to trans-
late density and Shore-hardness fields into temperature and flow-
rate assignments. Next, we combine slicer-setting and process-state
controls in a single compiled project to test whether the same par-
titioning framework can coordinate multiple fabrication effects.
We then evaluate color and material halftoning compilation by
converting material-fraction and sRGB fields into ColorMix and
FullSpectrum-compatible projects and measuring how the down-
stream slicing workflows reproduce color gradients. Finally, we
quantify the reduction in user interactions obtained by emitting
configured .3mf projects directly.

4.1 Slicer-Setting Control with Generated
Settings Meshes

First, we evaluate the translation to settings meshes: whether the
compiler can translate scalar heterogeneous attributes into slicer-
planning controls rather than encoded geometry. In these exam-
ples, the source design contains an infill density or fuzzy-skin at-
tribute field. The compiler partitions the field, extracts labeled sub-
meshes, and writes a single PrusaSlicer-compatible .3mf project
in which each region carries the corresponding slicer setting. We
slice each project in PrusaSlicer 2.9.6 and print the examples on a
Prusa Core One+ using PLA, a 0.4 mm nozzle, and 0.2 mm layers.
For the infill examples, we disable top and bottom skins so that the
printed artifacts expose the internal infill structure.

4.1.1 Infill Density. Figure 6 shows two compiled infill-density
fields. The rectangular prism defines a linear infill density gradi-
ent from 5% to 80% along the 𝑥-axis. We set the partition count
to 𝑁 = 12, and the compiler discretizes the scalar field into 12 in-
tervals and outputs 12 aligned sub-meshes. PrusaSlicer then plans
each region with the assigned infill density. The printed artifact
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bar_size_x = 100.0
bar_size_y = 25.0
bar_size_z = 25.0

infill_expr = (
f"5 + 75 * ((x + {bar_size_x / 2}) / {bar_size_x})"

)

bar = pv.RectPrism(
pv.Vec3(0, 0, 0),
pv.Vec3(bar_size_x, bar_size_y, bar_size_z),

)
bar.set_attribute(

pv.DefaultAttributes.INFILL_DENSITY,
pv.FloatAttribute(infill_expr),

)

Listing 1: Source definition for the linear infill-density bar
in Fig. 6a.

exposes the expected monotonic change in cell density along the
designed axis, showing that the slicer interprets the generated re-
gion settings as ordinary local planning controls.

The bracket example tests the same compilation mechanism on
an application-motivated design. The source field assigns high in-
fill density near the three mounting holes and low infill density
elsewhere, then blends the transition over a 13 mm radius to pro-
duce a smooth field over the bracket. The implicit design specifies
an infill-density field ranging from 10% to 70%. We set the parti-
tion count to 𝑁 = 6, and the compiler discretizes this range into
six infill regions. In the sliced preview and printed artifact, the
densest infill appears around the mounting holes and decreases
away from them. This result demonstrates a practical use of set-
tings meshes: the designer specifies where increased local stiffness
is desired, while the downstream slicer still supplies its native infill
pattern, toolpath ordering, and printer-specific planning.

4.1.2 Fuzzy Skin. Figure 8 visualizes our evaluation of settings
meshes for two fuzzy-skin parameters. As shown in Figure 7, PrusaSlicer
exposes two settings to control fuzzy skin: point thickness and
point distance. Fuzzy-skin thickness sets the maximum outward
perturbation from the nominal perimeter path, while fuzzy-skin
point distance sets the spacing between successive perturbation
points. Larger thickness increases the amplitude of the surface tex-
ture, and larger point distance produces a coarser texture.

The source design assigns fuzzy-skin thickness as a linear field
from 0.0mm to 1.0mm along the vertical axis and fuzzy-skin point
distance as a separate linear field from 0.5mm to 1.5mm along the
horizontal axis. The compiler partitions these fields into regular
setting regions andwrites the corresponding per-region fuzzy-skin
overrides. The printed swatches show the expected independent
effects: increasing thickness increases roughness amplitude, while
increasing point distance produces a coarser and less dense texture.
These examples show that settings meshes can control multiple
slicer-exposed parameters as spatial gradients without redefining
the surface texture as geometry.

We next apply fuzzy-skin settings to a more complex implicit
object. Figure 9a defines semantic regions for the Stanford bunny,
including the body, feet, ears, tail, and eyes.These regions are volu-
metric attributes, not surface-only paint strokes. We highlight this
distinction because we use the same implicit volumetric design for
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(a) Rectangular Prism (b) Bracket

Figure 6: Generated settings meshes for spatially varying in-
fill density. (a) A rectangular prism defines a linear infill-
density field from 5% to 80%, which the compiler partitions
into 12 sub-meshes and exports as a configured .3mf project.
(b) A bracket defines high infill near three mounting holes
and lower infill elsewhere, blended over the object and parti-
tioned into six regions. In both examples, PrusaSlicer plans
the local infill from the generated region settings.
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Figure 7: Fuzzy-skin parameters exposed by the downstream
slicer. Thickness controls the maximum offset from the
nominal perimeter, while point distance controls the spac-
ing between perturbation points along the perimeter.

this example of surface settings and an example in Sec. 4.2 that
modulates shore hardness over the volume. In this subsection, we
use only the fuzzy-skin thickness and point-distance fields shown
in Fig. 9c–d. The ears, eyes, and feet receive no fuzzy-skin thick-
ness, while the body and tail receive larger thickness values. The
body uses a smaller point distance to create a dense fuzzy tex-
ture, and the tail uses a larger point distance to produce a coarser,
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Figure 8: Generated settings meshes for fuzzy-skin param-
eters. The source design varies fuzzy-skin thickness from
0.0 mm to 1.0 mm and fuzzy-skin point distance from 0.5 mm
to 1.5 mm. The printed swatches show that the compiler can
assign these slicer settings independently across generated
regions.

Table 2: Semantic attribute values assigned to the bunny.
This subsection evaluates the fuzzy-skin settings; Sec. 4.2
evaluates the Shore-hardness field using the same semantic
design.

Region Thickness Point dist. Shore A
(mm) (mm)

Feet 0.0 1.0 85
Ears 0.0 1.0 65
Tail 0.5 1.0 65
Eyes 0.0 1.0 65
Body 0.5 0.5 85

bushier texture. Table 2 lists the region values used for both the
fuzzy-skin settings and the Shore-hardness field evaluated later.

Blending converts the piecewise semantic regions into smooth
spatial setting fields, as shown in Fig. 9b–d. We set the partition
count to 𝑁 = 12 for both fuzzy-skin thickness and point distance.
The compiler constructs the resulting 12 × 12 joint partition, pro-
ducing 144 setting combinations before removing empty regions.

Figure 10 compares printed bunnies compiled with and without
blended setting fields.The unblended print has abrupt texture tran-
sitions where regions change from fuzzy to smooth. The blended
print removes these visible boundary artifacts and produces a gra-
dient change in texture across the body, legs, and tail. This result
shows that the compiler can preserve region structure when sharp

(c) Designed: 
Fuzzy Skin Thickness

Thickness (mm)0.0 0.5

(d) Designed: 
Fuzzy Skin Point Distance

Distance (mm)0.5 1.0

(e) Designed: 
Shore Hardness

Shore Hardness65A 85A

Temperature (C)210 230

(f) Computed: 
Nozzle Temperature

Flow Rate70% 140%

(g) Computed: 
Flow Rate

Body
Feet

Ears
Tail

Eyes

(a) Semantic Regions (b) Semantic Regions 
Blended

Figure 9: Volumetric semantic attributes for the fuzzy-skin
bunny. (a) Semantic regions assign settings to anatomical
regions of the bunny. (b) A design-stage blending opera-
tion, performed before compilation and slicing, converts
the piecewise semantic assignments into smooth volumet-
ric fields. (c,d) The resulting fuzzy-skin thickness and point-
distance fields drive settings-mesh compilation. Panels (e–g)
define the Shore-hardness, temperature, and flow-rate fields
evaluated later for virtual extrusion.

transitions are desired, or apply blended volumetric attributeswhen
smoother setting variation is required.

These examples establish settings meshes as a direct compila-
tion target for slicer-planning parameters. The compiler does not
replace the slicer’s infill generator or fuzzy-skin toolpath logic. In-
stead, it converts heterogeneous attributes into the local settings
that the slicer already understands. The next section evaluates the
complementary case, where a spatial field controls machine state
through virtual extrusion rather than slicer planning.

4.2 Process-State Control with Virtual
Extrusion

Next, we evaluate virtual extrusion: whether the compiler can con-
trol machine state through slicer-native tool assignments. In this
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Figure 10: Printed fuzzy-skin bunnies compiled from semantic setting fields. The unblended bunny has sharp texture tran-
sitions at semantic-region boundaries, while the blended bunny uses a joint 12 × 12 settings partition to produce smoother
texture variation.

workflow, the compiler partitions process-state fields into discrete
regions, maps each region to a logical tool, and relies on the slicer’s
toolchange events to output the corresponding G-code commands.
We demonstrate thismechanismwith temperature responsive foam-
ing filaments, where nozzle temperature controls expansion, den-
sity, and Shore hardness, and flow-rate compensation preserves ge-
ometry. All examples in this section are slicedwith PrusaSlicer 2.9.6
and printed by a Prusa MK4S.

4.2.1 Foaming-Filament Calibration. Wefirst characterize the pro-
cessmodels needed to use foaming filaments as controllable attribute-
translation targets. We evaluate ColorFabb VarioShore TPU and
ColorFabb LW-PLAby printing single-wall calibration samples over
a range of nozzle temperatures. Each sample uses a designed wall
thickness of 0.45 mm, corresponding to one wall with a 0.4 mm
nozzle, and repeats that wall for 20mm in height. For each temper-
ature, we print four samples, measure each wall with a micrometer,
and report the mean wall thickness with one standard deviation.

Figure 11a shows uncompensated wall expansion as a function
of nozzle temperature. Both materials expand as temperature in-
creases. VarioShore TPU begins expanding near 208∘C and reaches
approximately 0.97 mm wall thickness at high temperature, corre-
sponding to about 216% of the designed wall thickness. LW-PLA
begins expanding at a higher temperature, near 222∘C, and reaches
approximately 0.85 mm, or about 188% of the designed wall thick-
ness. At low temperatures, both materials print slightly below the
designed wall thickness, so the compensation model must correct
both under-extrusion and over-expansion.

We compute the flow-rate multiplier required at each tempera-
ture from the measured wall expansion:

𝜆(𝑇 ) = 𝛼 𝑊𝐷
𝑊(𝑇 ) , (1)

where 𝜆(𝑇 ) is the flow-rate multiplier at temperature 𝑇 , 𝛼 = 1.0 is
the base flow-rate multiplier, 𝑊𝐷 = 0.45 mm is the designed wall
thickness, and𝑊(𝑇 ) is the averagemeasuredwall thickness at tem-
perature 𝑇 . Figure 11b plots the resulting compensation model for
both materials.The compiler interpolates the measured calibration
data to evaluate 𝜆(𝑇 ) and converts the resulting multiplier to the
percentage form required by the emitted G-code command.

Figure 11c validates the compensationmodel. After applying the
temperature-dependent flow-rate multiplier, both TPU and LW-
PLA remain close to the 0.45 mm target despite large changes in
foaming expansion. This result establishes the process-state pair
used by virtual extrusion: temperature controls the material re-
sponse, while flow-rate compensation preserves bead geometry.

We then use the compensated process to characterize density.
We print 30 mm × 30 mm × 7 mm solid blocks at 100% infill with
normal top and bottom skins, apply the calibrated flow-rate com-
pensation, measure the mass and external dimensions, and com-
pute density from mass divided by measured external volume. Fig-
ure 11d shows that density decreases monotonically with temper-
ature for both materials. This relationship defines an inverse trans-
lation model from target density to nozzle temperature, followed
by the temperature-to-flow-rate model in Eq. 1.This calibration de-
fines an inverse translation model: target density maps to nozzle
temperature, and temperature then maps to flow-rate compensa-
tion.

VarioShore TPU also changes Shore A hardness with tempera-
ture.We characterize this relationship by printing 30mm×30mm×
7 mm samples in compliance with ASTM D2240 and measuring
Shore A hardness with a durometer. Figure 11e shows that hard-
ness decreases as temperature increases, consistent with the in-
creased foaming and reduced density observed in Fig. 11d. This
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(f) SEM Images of Printed Layers of TPU
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Figure 11: Calibration data for temperature responsive foaming filaments. (a) Uncompensated wall expansion for VarioShore
TPU and LW-PLA. (b) Flow-rate multiplier computed from measured wall expansion. (c) Compensated wall-thickness valida-
tion, showing measured wall thickness near the 0.45 mm target across temperature. (d) Density as a function of temperature
for compensated solid samples. (e) Shore A hardness as a function of temperature for VarioShore TPU. (f) SEM images of un-
foamed and foamed TPU, showing the transition from intact microsphere additives to gas-filled pores.

calibration defines another inverse translation model: target Shore
hardness maps to nozzle temperature, and temperature then maps
to flow-rate compensation.

Figure 11f provides a physical interpretation of these trends. At
196∘C, the TPU remains largely unfoamed and the microsphere
additives remain visible. At 250∘C, the microspheres expand into
gas-filled pores within the printed material. This change in pore
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Figure 12: Density inverse designwith foaming TPU.The bar
is 200mm long and is designed to place its center of mass (b)
18mm to the right of the geometric center (a).The printed ar-
tifact balances at the designed offset, showing that the com-
piled temperature and flow-rate fields realize the intended
density distribution.

structure explains why increasing temperature lowers both den-
sity and Shore A hardness, and why temperature can serve as the
process-state variable for inverse design.

4.2.2 Density Inverse Design. Figure 12 demonstrates density-based
inverse design with foaming TPU. The source design is a 200 mm-
long bar whose density field is chosen to place the center of mass
18 mm to the right of the geometric center. The design uses two
calibrated density states from Fig. 11d: a low-density foamed state
of 0.413 g cm−3 and a high-density unfoamed state of 1.123 g cm−3.
The solver selects the density switch point required to achieve the
requested offset.

The printed bar balances at the designed off-center location. We
determine the realized center of mass by finding the point along
the printed artifact where it remains balanced on a support and
measuring that point relative to the geometric center.The observed
balance point confirms that the density field compiles into a phys-
ically meaningful mass distribution. The user specifies the high-
level density objective, and the attribute-translation models derive
the temperature and flow-rate fields that virtual extrusion applies
during slicing and printing.

4.2.3 Shore-Hardness Inverse Design. Figure 13 validates the Shore-
hardness inverse model from Fig. 11e on a gradient bar. The source
design specifies a linear Shore-hardness field from 65A to 85A. Be-
fore compilation, the translationmodel computes the required tem-
perature field, and the flow-rate compensation model in Eq. 1 com-
putes the companion flow-rate field. Virtual extrusion then assigns
the resulting process-state tuples to logical tools in a PrusaSlicer
project. We measure hardness at 11 evenly spaced points along the
printed bar and compare the measurements with the designed val-
ues. The measured gradient follows the target field with a mean
absolute error of 0.5 Shore A, indicating that the compiled process-
state assignments preserve the intended mechanical-property gra-
dient over the sampled locations.

4.2.4 Foaming Fuzzy Bunny. The foaming fuzzy bunny combines
process-state control with the settings-mesh control evaluated in
Sec. 4.1.The semantic design is the same one summarized in Table 2
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Figure 13: Shore-hardness inverse design with foaming TPU.
The source design specifies a linear 65A–85A hardness gra-
dient. The measured values along the printed bar follow the
designed gradient with amean absolute error of 0.5 Shore A.

and visualized in Fig. 9. The body and feet use the higher hardness
value of 85A, while the tail, ears, and eyes use the softer 65A value.
The fuzzy-skin thickness and point-distance fields remain active,
so the compiler must coordinate two slicer-setting fields with one
process-state field.

We set the partition count to 𝑁 = 6 for fuzzy-skin thickness,
fuzzy-skin point distance, and nozzle temperature. The compiler
then discretizes the three fields into a 6 × 6 × 6 product space. This
example simultaneously exercises multiple compilation targets: a
single volumetric design produces a slicer-ready project contain-
ing local surface texture settings and local machine-state control.
The interaction savings for this joint design are quantified later in
Sec. 4.4.

Figure 14 shows the printed artifact. The surface texture follows
the fuzzy-skin fields, while the subtle color shift follows the tem-
perature and foaming field. Lighter regions correspond to higher-
temperature, lower-density, softer foamed TPU; darker regions cor-
respond to lower-temperature, higher-density, harder TPU. The
eye region makes this contrast visible because it preserves a sharp
transition. This result shows that virtual extrusion can operate to-
gether with settings meshes in a single downstream slicer work-
flow, allowing high-level volumetric attributes to control both pro-
cess state and slicer-planned surface texture.

4.3 Color and Material-Fraction Control with
Halftoning Filament Mixing

Finally, we evaluate halftone filament mixing: whether the com-
piler can translate material-fraction and color attributes into slicer-
ready projects for downstream color-mixing workflows. In these
examples, the printer is a Prusa XL with five PLA filaments loaded
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Figure 14: Foaming fuzzy bunny printed from a compiled
PrusaSlicer project. The object combines fuzzy-skin set-
tings with virtual-extrusion control of nozzle temperature
and flow-rate compensation. Lighter regions correspond
to higher-temperature, lower-density, softer foamed TPU,
while darker regions correspond to lower-temperature,
higher-density, harder TPU.

as cyan, magenta, yellow, black, and white (CMYKW). The com-
piler does not perform the final filament-level halftoning. Instead,
it exports ColorMix- and FullSpectrum-compatible .3mf projects
containing the virtual recipes and sub-mesh assignments that PrusaSlicer
or OrcaSlicer consume during slicing.

4.3.1 Material-FractionGradients. Wefirst evaluate directmaterial-
fraction compilation using a 100 mm × 20 mm × 20 mm rectangu-
lar bar. The source design defines a linear two-material volume-
fraction field from 100% cyan to 100% magenta along the 𝑥-axis.
We set the partition count to 𝑁 = 20, and the compiler discretizes
the field into 20mixture regions before exporting the same abstract
material-fraction design to both Prusa ColorMix and Orca Full-
Spectrum. Both samples are printed on the same Prusa XL with
the same CMYKW PLA filaments, a 0.4 mm nozzle, and 0.2 mm
layers.

Figure 15 compares the two printed gradients and analyzes the
spatial structure of their halftoning artifacts. This example eval-
uates how each downstream slicer realizes a prescribed material-
fraction field. We therefore focus on the spatial structure of the
printed halftone pattern, measuring coarse color banding along the
gradient rather than treating the rendered cyan–magenta interpo-
lation as a calibrated color target. Each photograph is converted to
CIELAB space, and a local estimate of the intended cyan–magenta
gradient is subtracted so that the remaining residual emphasizes
halftoning artifacts. We then compute a sliding-window spectral
analysis along the 100 mm sample length. Within each window,
the metric integrates residual color variation at long spatial peri-
ods orthogonal to the gradient direction. Higher values indicate
wider, more visible halftone bands; lower values indicate finer al-
ternation that visually blends more smoothly.

ColorMix and FullSpectrumproduce similarmean coarse-banding
scores over the full bar, with means of 8.39 and 8.23, respectively.
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Figure 15: Material-fraction gradient reproduced through
downstreamhalftoning workflows.The source design varies
linearly from cyan to magenta and is exported to both
Prusa ColorMix and Orca FullSpectrum using the same
CMYKW PLA filaments. Coarse-banding analysis shows
similar mean banding over the full sample, and both meth-
ods produce stronger low-frequency artifacts near the gradi-
ent endpoints where one filament has low participation.

Additionally, the spatial profile shows that both methods produce
more visible low-frequency banding near the ends of the gradi-
ent, where one material participates at a low fraction. This arti-
fact becomes especially apparent below 25 mm and above 75 mm,
corresponding to mixtures dominated by one filament. The high-
magenta end shows stronger visible striping, which is consistent
with the observed perceptual dominance of magenta over cyan in
these prints. Although the mean scores are similar, FullSpectrum
shows a larger coarse-banding peak above 75 mm than ColorMix.
We therefore use this experiment to constrain the full-color palette
in the next section: nonzero components in mixed-filament recipes
must be at least 25%.

4.3.2 Full-Color Reproduction. We next evaluate full-color compi-
lation from an sRGB attribute field.The source design is amountain-
scene image, shown in Figure 16, imported as an RGB color field
and extruded volumetrically into a 150 mm × 110 mm × 10 mm
object. The same source design is compiled to Prusa ColorMix and
Orca FullSpectrum using the same CMYKW PLA base filaments.
For both workflows, the palette-selection algorithm receives the
same manufacturer-reported color values for the loaded CMYKW
base filaments, listed in Appendix A.2.

The compiler selects a bounded palette from printable recipes
containing either a single physical filament or mixtures of two or
three base filaments. Mixed recipes must satisfy the 25%minimum
nonzero component fraction motivated by the material-fraction
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gradient result in Fig. 15. ColorMix and FullSpectrum use differ-
ent recipe prediction models, so the optimizer may select differ-
ent recipes even though both workflows start from the same phys-
ical CMYKW filament colors. Appendix A.2 reports the selected
palettes for the mountain example.

Figure 16 compares the printed mountain samples. We photo-
graph each sample under fixed camera settings, lighting, and align-
ment, register the photograph to the digital reference, and com-
pare the images in CIELAB space using CIEDE2000 color differ-
ence,Δ𝐸00. LowerΔ𝐸00 indicates closer color reproduction. Before
computing Δ𝐸00, we Gaussian filter both the reference and printed
sample images in CIELAB space with 𝜎 = 12 pixels. This filtering
emphasizes regional color reproduction rather than bead-scale or
pixel-scale variation.

We also compute an excess texture metric to isolate fabrication
artifacts. First, we remove the smooth color component from both
the printed image and the reference image, leaving only fine-scale
residual variation. We then compare these residuals and subtract
the residual variation already present in the reference. Higher val-
ues therefore indicate additional high-frequency texture introduced
by the printing process.

ColorMix reproduces the mountain benchmarkmore accurately
than FullSpectrum under these conditions. The ColorMix sample
has a mean Δ𝐸00 of 11.73, compared with 16.63 for FullSpectrum.
ColorMix also produces a smoother printed image, with mean ex-
cess texture of 3.04 compared with 6.69 for FullSpectrum. The er-
ror and texture maps in Fig. 16 show that FullSpectrum introduces
stronger horizontal banding across large regions of the image, while
ColorMix preserves smoother sky and mountain regions. These re-
sults show that, for this CMYKW PLA palette and benchmark im-
age, the compiler can target both slicer workflows from the same
volumetric color design, and the downstreamworkflow choice pro-
duces measurable differences in color fidelity and texture quality.

4.4 Reduction in Manual Slicer Interactions
The preceding examples use the slicer interface as a compilation
target rather than as a manual authoring environment. We quan-
tify this difference by counting the number of repetitive slicer in-
teractions that a user would need to recreate the same assignments
manually.We define one interaction as a single click or one grouped
text-entry action. The counts assume PrusaSlicer 2.9.6 and a fa-
vorable manual baseline: the model is already partitioned into the
required sub-meshes, all sub-meshes are already aligned, and the
user only needs to apply the correct settings or material assign-
ments. The count therefore excludes mesh generation, file export,
import, alignment, repair, naming, and slicing. It measures only
the repetitive assignment work that the compiler replaces.

Table 3 lists the primitive interaction counts used in this esti-
mate. Setting infill density requires four interactions per sub-mesh,
setting both fuzzy-skin parameters requires nine interactions per
sub-mesh, and assigning a material or logical tool requires three
interactions per sub-mesh. Our compiler writes these assignments
directly into the .3mf project, so the corresponding manual assign-
ment count is zero for the compiled workflow.

Table 4 applies these primitive counts to the examples in this
paper. For joint partitions, the reported totals assume the worst
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Figure 16: Full-color reproduction fromone volumetric RGB
color design compiled to two downstream halftoning work-
flows. Photographs are registered to the reference image and
compared using Gaussian-filtered CIEDE2000 color differ-
ence, Δ𝐸00, to measure regional color fidelity. Excess texture
isolates high-frequency artifacts introduced by fabrication.
For this CMYKWPLAbenchmark, ColorMix produces lower
mean color error and lower excess texture than FullSpec-
trum.

Table 3: Primitive manual interaction counts used to esti-
mate repetitive slicer assignment effort in PrusaSlicer 2.9.6.

ID Manual assignment task Interactions

1 Set both fuzzy-skin parameters 9
2 Set infill density 4
3 Assign material or logical tool 3

case in which every cell of the Cartesian-product partition is non-
empty and corresponds to a unique settings combination, such that
each region produces a separate sub-mesh. The infill-density bar
in Fig. 6a contains 12 sub-meshes, each requiring an infill-density
assignment, for a total of 48 manual interactions. The fuzzy-skin
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Table 4: Estimated manual slicer interactions required to
recreate the assignments used in the paper examples. The
compiled workflow embeds these assignments directly in
the generated .3mf project.

Example Meshes Task IDs Interactions

Infill bar 12 2 48
Infill bracket 6 2 24
Fuzzy sheet, 5 × 5 25 1 225
Fuzzy sheet, 10 × 10 100 1 900
Fuzzy bunny 144 1 1,296
Foaming fuzzy bunny 216 1, 3 2,592
Volume-fraction gradient 20 3 60
Mountains 10 3 30

bunny uses a 12 × 12 joint partition over two fuzzy-skin param-
eters, yielding at most 144 sub-meshes and 1,296 manual interac-
tions. The foaming fuzzy bunny combines fuzzy-skin settings with
virtual-extrusion tool assignments over a 6×6×6 joint partition. Un-
der the same worst-case assumption, recreating this project man-
ually would require both fuzzy-skin assignment and logical-tool
assignment for each of 216 sub-meshes, for a total of 2,592 interac-
tions.

These counts show the scaling problem that motivates slicer
project compilation. Manual assignment effort grows linearly with
the number of generated regions and with the number of inde-
pendent controls assigned to each region. This estimate further as-
sumes that the user has already completed the non-trivial tasks
of partitioning the model and maintaining exact alignment among
the resulting regions. A manual workflow may also introduce un-
necessary or inconsistent partitions, whereas the compiler con-
structs the partition directly from the user-specified discretization
parameters. By embedding settings,material assignments, and virtual-
tool assignments during compilation, the proposed workflow re-
moves this repetitive interface work while preserving the down-
stream slicer’s native planning and preview capabilities.

4.5 Runtime Benchmarking
We report runtime benchmarking to evaluatewhether slicer project
compilation remains practical as partition count increases. We use
a 200 mm × 50 mm × 50 mm rectangular prism and compile three
single-gradient benchmarks.The settings-mesh benchmark applies
a grid infill-density gradient from 5% to 95% along the bar. The
virtual-extrusion benchmark applies a temperature gradient from
200∘C to 250∘C, with flow-rate compensation computed from Eq. 1.
The half-toning benchmark applies a broad sRGB color gradient
and exports color-recipe assignments. For each case, we vary the
number of actual exported partitions, record compiler wall-clock
time, and slice the generated .3mf project in PrusaSlicer 2.9.6 for
a Prusa XL.

Figure 17a shows that compiler time increases approximately
linearly for all three targets. Half-toning has the largest constant
factor because it serializes color-recipe metadata, while settings
meshes and virtual extrusion remain lower-cost. At 40 partitions,
the largest compile time is about 60 s, and the other two targets re-
main near 20 s. Downstream slicing also remains tractable (Fig. 17b).

Virtual extrusion and half-toning scale close to linearly, while grid
infill-density settings meshes grow faster, likely because many lo-
cal infill regions increase toolpath-planning complexity in PrusaSlicer.
Even so, the longest slicing time is approximately 21 s.

Project size follows the same trend (Fig. 17c). Settings meshes
and virtual extrusion have nearly identical linear storage costs,
while half-toning produces larger files because each partition car-
ries color-recipe assignments. The largest project remains below
25 MB. These results show that increasing partition count, and
therefore gradient fidelity, does not produce prohibitive compile
times, slicing times, or project sizes over the tested range.

5 Conclusion
We present slicer project compilation as an automated bridge be-
tween heterogeneous attribute fields and slicer-native fabrication
workflows. Rather than requiring a designer to manually parti-
tion a graded object, export aligned meshes, assign region settings,
configure material recipes, or post-process G-code, the compiler
emits configured .3mf projects that conventional slicers can load,
preview, slice, and fabricate. The method reduces continuous at-
tributes to labeled sub-mesh regions and serializes those regions as
local slicer settings, process-state assignments, or filament-mixture
recipes. Across the examples, the same compilation framework drove
slicer-planned infill and fuzzy-skin variation, virtual-extrusion con-
trol of nozzle temperature and flow rate, and color or material-
fraction assignments for downstream half-toning workflows.

The results also demonstrate that slicer project compilation be-
comes more useful when paired with calibrated translation models.
For temperature responsive foaming filaments, we characterized
the relationships among nozzle temperature, flow-rate compensa-
tion, density, and Shore A hardness for TPU and PLA workflows.
These models allow a designer to specify high-level property fields,
such as density or Shore hardness, while the compiler receives the
lower-level temperature and flow-rate fields required for fabrica-
tion. The density-shifted balance beam, Shore-hardness gradient,
and foaming fuzzy bunny show how these translations can be used
within a single automatedworkflow for heterogeneous FFF fabrica-
tion. In this workflow, high-level design intent, calibrated material-
process behavior, and slicer-ready project generation remain sepa-
rate steps, but they operate together without manual slicer assign-
ment.

Futurework could focus on addressing the following limitations.
Continuous fields are approximated by a finite number of project
regions, so higher spatial fidelity increases project size and down-
stream slicer workload. The calibrated process models depend on
the material, printer, and print profile, and therefore must be re-
measuredwhen the fabrication setup changes.The generated projects
also depend on slicer-specific .3mf dialects and on the process-
control mechanisms exposed by each slicer. These constraints mo-
tivate extensions to additional slicer backends and, more broadly,
slicers that can natively accept and plan over true heterogeneous
gradients, including continuous toolpath-aware transitions.

By compiling heterogeneous attributes into slicer-ready projects,
the system makes field-based design usable within existing FFF
workflows while preserving the path planning, preview, support
generation, and printer-profile infrastructure ofmature slicers.The
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Figure 17: Runtime and storage scaling for slicer project compilation. A 200 mm × 50 mm × 50 mm prism is compiled with
increasing numbers of exported partitions for grid infill-density settings meshes, temperature-driven virtual extrusion with
flow-rate compensation, and color-recipe half-toning. (a) Compiler time grows approximately linearly. (b) PrusaSlicer 2.9.6
slicing time remains below 21 s, although grid infill-density settings meshes grow fastest. (c) Project size increases approxi-
mately linearly and remains below 25MB.

open-source release provides a reusable implementation compati-
ble with the OpenVCAD design representation, including project-
generation backends and calibrated foaming-filament translation
models. We intend this release to support further work by the com-
munity on functionally graded design, material-process character-
ization, and automated fabrication workflows in which high-level
spatial intent can be carried through to printable artifacts without
manual slicer reconstruction.
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A Appendix
A.1 Code Availability
The implementation, example projects, calibration data, and scripts
used to produce the figures are available at: https://github.com/
MacCurdyLab/OpenVCAD-Public

A.2 Color Palette Recipes
This appendix reports the filament colors and selected virtual recipes
used for the full-color mountain benchmark in Sec. 4.3.2. Table 5
lists the physical CMYKW PLA filaments loaded in the printer. Ta-
ble 6 lists the bounded palettes selected for the ColorMix and Full-
Spectrum exports. Both workflows use the same physical filament
set, but their recipe prediction models differ, so the selected virtual
mixtures are not identical.
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