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Abstract

Computational fabrication workflows increasingly require designers to specify spatially varying behavior, appear-
ance, material composition, and process state. Yet most workflows still force these intentions into printer-specific
representations, such as material fractions, voxel labels, mesh partitions, or slicer settings. This coupling makes
heterogeneous designs difficult to reuse across fabrication systems because each backend requires a different realiza-
tion of the same intended property. We present a compiler architecture for heterogeneous fabrication that treats
computational fabrication design as a staged, typed lowering problem. A source design consists of implicit geometry
and named, typed spatial attribute fields over a shared object domain. These attributes may encode measured
data, visual appearance, target mechanical behavior, material recipes, process parameters, or other user-specified
attributes. Translation models then derive compiler-required realization attributes from available source or intent
attributes, and backend compilers emit machine-facing outputs such as voxel material stacks, process-annotated
G-code, or configured slicer project files. This organization separates source modeling, attribute translation, and
backend compilation, allowing a design to remain expressed in fabrication-agnostic semantic terms while each
fabrication toolchain determines how those terms are translated into executable instructions. We validate the method
through fabricated objects and real-world measurements across sampled volumetric data, CT-derived visual and
mechanical models, Shore-hardness fields, and full-color fields, and by automatically implementing these desired
attributes via material jetting and material extrusion. These results show that one source design can be lowered into
distinct material, process, and slicer representations without rewriting the design for each target. We provide the
representation, translation framework, compiler interface, and demonstrated workflows as an open-source Python

package to accelerate research in heterogeneous computational fabrication.

1 Introduction

Heterogeneous additive manufacturing (AM), a strategy
to enable functional-as-printed objects, requires designers
to specify more than shape. Depending on the application,
a printed object may need spatially varying appearance,
mechanical behavior, material composition, or process
state. Yet many fabrication workflows still ask designers
to express these intentions in printer-specific terms: mate-
rial fractions, voxel labels, mesh partitions, temperatures,
or slicer settings. These quantities are necessary for fab-
rication, but they are poor primary representations of
design intent. A printer or print preparation software may
require material mixtures, discrete voxel assignments, or
process-control commands to realize a design. However,
a designer may want to specify a target mechanical prop-
erty (e.g., stiffness or elasticity), preserve color across
fabrication processes, or derive printable properties from
CT radiodensity data. When the designer must author
printer-specific quantities directly, the design becomes
coupled to a specific fabrication backend and the intended
physical property is obscured.

This coupling of fabrication process to intended prop-
erties constrains designers by requiring them to express
intent in process-specific terms, a limitation further com-
plicated by the fact that different fabrication systems

may realize the same semantic attribute through different
mechanisms. For example, Shore hardness can be realized
through calibrated rigid—soft material fractions on ma-
terial jetting systems or through temperature-controlled
foaming on material extrusion systems. Similarly, color
can be realized as voxel-scale material assignments in
inkjet printing or as halftoned color regions in filament-
based workflows. In each case, the printer-specific at-
tributes differ, but the source attribute specification can
remain unchanged. This observation motivates the cen-
tral argument of this paper: heterogeneous fabrication
should treat material mixtures and process parameters
as derived attributes, not as the primary design represen-
tation.

Prior work has made heterogeneous objects increas-
ingly representable and printable. Functional and volu-
metric representations describe spatially varying fields,
while programmable fabrication methods produce mate-
rial, voxel, or process-specific outputs [6,35,36,48,49,52].
However, many existing workflows bind the design to a
particular attribute type, material model, or printing sys-
tem. For example, Stratasys Digital Materials workflows
allow designers to request Shore hardness values and au-
tomatically compute soft-rigid material mixtures, but
only within a proprietary PolyJet preparation pipeline
and only for spatially uniform values. The same intent



cannot be directly retargeted to another process that
realizes hardness through a different physical mechanism.
A more general representation should let designers spec-
ify object intent independently from the printer-specific
attributes used to realize it.

We frame heterogeneous fabrication as a staged trans-
lation problem inspired by compiler-based workflows. In
conventional computing, a programmer writes source
code in a high-level language that expresses what a pro-
gram should compute; compilers then lower that program
through target-dependent representations into instruc-
tions that execute on a specific computer architecture.
The programmer does not normally write machine instruc-
tions directly. Instead, the language, compiler, libraries,
and architecture together determine how high-level in-
tent becomes executable behavior. Our work applies this
separation of concerns to fabrication.

This paper presents a field-based representation and
compilation workflow that implements this view. A de-
sign consists of implicit geometry and named, typed
spatial attribute fields over a shared object domain. A
designer may directly specify attributes at either a high
level, such as hardness, modulus, toughness, color, or
radiodensity, or a lower level, such as material volume
fractions, temperatures, flow rates, or slicer settings. Our
method defines how these fields compose under model-
ing operations, how conflicts and undefined regions are
resolved, and how derived attributes are computed from
existing fields. Translation models encode calibrated,
empirical, analytical, or user-defined mappings between
attribute types. The resolver uses these models to derive
compiler-required attributes when the source design does
not provide them directly.

We validate the method through fabricated examples
that test whether requested attributes survive translation
and compilation. The experiments use a range of source
inputs and target outputs, including analytic fields, sam-
pled volumetric data, material-jetting outputs, color fabri-
cation workflows, and material-extrusion process control.
In several cases, we compile the same source design to dis-
tinct fabrication domains without rewriting the design in
printer-specific terms. These examples show that intent-
level attributes can be preserved through backend-specific
realization, while also exposing the different constraints,
fidelities, and artifacts of each fabrication process.

The contribution of this work is the staged translation
approach to heterogeneous fabrication and the representa-
tion, resolver, and compiler interfaces that operationalize
our approach. Rather than asking designers to author
printer-specific material recipes or process schedules, the
proposed workflow preserves intent as typed spatial fields
and derives realization attributes only when a target com-
piler requires them. This enables design-intent-preserving
cross-compilation across material jetting and material
extrusion (MEX) workflows, while keeping the imple-
mentation extensible to new attribute types, translation

models, and fabrication compilers. We provide an open-
source Python implementation so that new attribute
types, translation models, and fabrication compilers can
be added by the research community.

2 Related Work

Heterogeneous additive manufacturing requires represen-
tations that describe more than boundary shape. A
fabrication-ready design may contain spatially varying
attributes such as material composition, color, opacity,
mechanical behavior, sampled image data, process state,
or slicer-level control. Prior work has developed many of
these capabilities, but often under different assumptions
about the properties that the designer can author and
what the fabrication system can consume. Some methods
emphasize expressive heterogeneous fields; others empha-
size practical translation to a particular printer, material
model, or voxel format. This section reviews these lines
of work through the lens of the proposed representation:
typed spatial attributes that can be composed, translated,
and compiled to target-specific fabrication outputs.

2.1 Heterogeneous Field Representations

Early heterogeneous object models, summarized as M1
in Table 1, establish that material and property infor-
mation should be represented as part of the object, not
only assigned after geometry creation. Kumar and Dutta
introduce a materially graded object model in which ma-
terial composition functions are attached to geometric
regions and represented locally as volume fractions [20].
Kumar et al. generalize this view into an attribute-based
object modeling framework in which geometry is the
base attribute and other attributes, including material
composition, microstructure, properties, and physical pa-
rameters, are defined over the object domain [19]. These
works provide an important precedent for treating hetero-
geneous material information as first-class modeling data.
However, their fabrication-facing representation remains
centered on prescribed material allocation rather than a
general mechanism for translating intent-level attributes
into different material systems or process parameters.
Functional and hypervolume representations, summa-
rized as M2, are foundational implicit modeling ap-
proaches. Pasko et al. introduce functional represen-
tations for geometry, where solids are described by math-
ematical fields rather than boundary meshes [36]. Hyper-
Fun and constructive hypervolume modeling extend this
idea to multidimensional attributes, allowing objects to
carry fields such as density, opacity, color, or material-like
quantities within a constructive modeling tree [34,35,40].
Our work builds on these concepts of implicit modeling
and heterogeneous representations. These prior works
focus on rendering and theoretical heterogeneous model-
ing. They begin to address the challenges of designing



geometry and attributes but leave a gap in translating
this design to fabrication, which we address with our
method.

Other heterogeneous modeling methods make spatial
material variation more accessible for CAD and manufac-
turing workflows. Source-based heterogeneous solid mod-
eling, summarized as M3, defines material gradation from
editable point, axial, planar, and surface sources, making
graded distributions easier to specify relative to geometric
features [42,43]. Trivariate spline and subdivision-volume
methods, summarized as M4, represent geometry and vol-
umetric attributes with continuous spline or subdivision
fields and develop extraction or slicing procedures for
additive manufacturing [26,29,39]. GraMMaCAD, sum-
marized as M5, provides an interactive BRep-based in-
terface for assigning spatially varying FGM distributions
to imported CAD models [27]. These systems provide
important mechanisms for authoring, representing, and
extracting heterogeneous material fields. However, the
authored field is generally treated as the fabrication-
relevant quantity itself: a material gradation, volumetric
attribute, or FGM distribution to be sliced, sampled,
or assigned. As a result, the representation does not
clearly separate design-intent from fabrication-specific
attributes, nor does it provide a general mechanism for
deriving backend-specific material recipes or process pa-
rameters from a single fabrication-agnostic high-level
source design. Our work addresses this gap by treating
material fractions, colors, mechanical properties, sampled
measurements, and process states as typed attributes that
can be composed and translated according to compiler
requirements.

Programmable multi-material fabrication methods,
summarized as M6, move heterogeneous modeling closer
to manufacturable output. OpenFab and Foundry in-
troduce procedural volumetric material design work-
flows that generate printable multi-material represen-
tations [48,49]. OpenFab frames fabrication as a pro-
grammable pipeline and shows that procedural 3D tex-
tures and volumetric material descriptions can be trans-
formed into material assignments for multi-material print-
ing. In their workflow, however, the designer generally
encodes the relationship between object behavior and
material assignment directly in the design. OpenFab
provides a powerful way to author heterogeneous mate-
rial distributions, but it does not separate intent-level
attributes from machine- or material-specific derived at-
tributes.

Spec2Fab, summarized as M7, addresses the comple-
mentary problem of translating user-facing specifications
into printable material assignments through a reducer—
tuner framework [6]. It is one of the closest conceptual
predecessors to our work because it recognizes that de-
signers often want to specify perceptual or functional
goals rather than low-level printer materials. Its trans-
lation, however, is organized around a comparatively

monolithic optimization pipeline that couples the specifi-
cation, material search, and target fabrication process to
inkjet material assignment. Our work adopts the design-
by-intent motivation, but represents translation models
as modular field operators over typed attributes. This
allows an authored field, such as shore hardness, modulus,
toughness, RGBA color, or radiodensity, to be resolved
differently depending on the selected compiler.

Voxel-based fabrication frameworks, summarized as
MS, provide a direct route to manufacturable heteroge-
neous objects. VoxelFuse stores geometry and material
information in voxel grids and supports multi-material de-
sign, manufacturing constraints, and simulation-oriented
workflows [2]. Voxels naturally encode occupancy and
material labels, and many printers and simulation tools
can consume sampled volumetric data. The limitations
are that sampling fixes the resolution early and that voxel-
based representations can degrade under affine transfor-
mations. High-resolution material jetting can require
very large voxel grids, while toolpath-based processes
still require additional translation from voxel labels into
slices and G-code. Voxel methods therefore provide prac-
tical sampled representations, but do not by themselves
preserve resolution-independent design intent or support
retargeting one high-level source design to multiple real-
ization fields.

OpenVCAD, summarized as M9, combines signed-
distance geometry with implicit material volume-fraction
fields for multi-material additive manufacturing [52].
Later extensions add a Python interface, simulation in-
tegration, lattice workflows, slicer-project export, and
gradient-informed slicing for material extrusion [50,51,53].
These works show the value of implicit geometry and
implicit material fields for resolution-independent het-
erogeneous fabrication. Their primary heterogeneous
representation, however, remains material volume frac-
tions. Some process controls are supported, but they
are introduced through a representation originally built
around material fractions. Our work makes the distinc-
tion explicit: material fractions are one possible derived
attribute, not a universal design representation. Typed
attributes allow properties, measurements, visual fields,
material recipes, and process states to coexist and be
translated according to manufacturing requirements.

Table 1 summarizes these methods. The comparison
is not intended to rank generality in the abstract, but
to identify which capabilities were demonstrated in the
cited works. Prior methods support important subsets
of heterogeneous modeling and fabrication. We are not
aware of a prior system that jointly demonstrates typed
implicit attributes, attribute conflict semantics, attribute
derivation, process attributes, and cross-fabrication com-
pilation from a single fabrication-agnostic source design.



Table 1. Comparison of representative heterogeneous modeling and fabrication methods. Ratings indicate demonstrated
capabilities in the cited works; they are not intended to rank generality in the abstract or imply that a feature was a goal of that
work. Method groups are M1: cellular and attribute object models [19,20]; M2: FRep, HyperFun, and constructive hypervolume
models [34-36,40]; M3: source-based heterogeneous solid modeling [42,43]; M4: trivariate spline and subdivision-volume
models [26,29,39]; M5: GraMMaCAD [27]; M6: OpenFab and Foundry [48,49]; M7: Spec2Fab [6]; M8: VoxelFuse [2]; and
M9: OpenVCAD [50-53]. For I1, Y’ indicates that a usable implementation is currently obtainable through public download
or by request. The comparison highlights that prior methods support important subsets of heterogeneous modeling, but do
not jointly demonstrate typed implicit attributes, attribute conflict semantics, attribute derivation, process attributes, and

cross-fabrication compilation.
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2.2 Programmatic and Data-Driven Au-
thoring

Many heterogeneous and procedural design methods use
programming interfaces because spatial fields are difficult
to author through direct manipulation alone. Hyper-
Fun provided a language for functional representation
modeling [34]. OpenFab used a shader-like language for
procedural material behavior [49]. OpenSCAD popular-
ized script-based constructive solid geometry for conven-
tional geometric CAD [18]. Early OpenVCAD versions
likewise used a custom scripting language for implicit
geometry and volume fractions [52], while later work
moved the workflow into Python [50]. These methods
demonstrate that code is an expressive design represen-
tation. However, a programming interface does not by
itself define the semantic structure of heterogeneous fabri-
cation. There remains a research gap in what properties
are being authored in these code-based languages and
in how code is translated into manufacturable formats.
Extending these prior methods, our work demonstrates
the design of arbitrary high-level attributes, intermediate

translation between attributes, and cross-compilation of a
single design into multiple manufacturing-process specific
formats.

2.3 Translation Models and Process At-
tributes

A design-intent workflow also requires models that trans-
late desired properties into realizable material or process
fields. One source for these models is recent material-
calibration work that provides reusable local mappings
from target properties to printable recipes. Smith et
al., for example, introduce a data-driven mapping from
mechanical targets such as modulus and toughness to
digital material mixtures [44]. Such models are useful in
our setting because they can be treated as field operators:
if the source design contains spatially varying mechanical
attributes, the same calibrated relationship can be evalu-
ated throughout the object to produce compiler-required
material fractions.

Process parameters further expand the set of attributes



that a compiler may require and are therefore useful in
translation models. Spatially varying behavior can arise
from material assignment, but also from laser power,
extrusion rate, print speed, beam focus, nozzle tempera-
ture, material mixing ratio, or flow rate, depending on
the printing modality [7,21,24,46,51]. Mixing systems in
material extrusion and direct ink writing likewise demon-
strate that material ratio can be a controllable process
state rather than only a static material label [22,23,33,37].
These examples motivate process attributes as first-class
fields in heterogeneous design. A compiler may require
temperature, flow rate, mixture ratio, or slicer settings
rather than a material-fraction vector, and a staged trans-
lation workflow can derive these realization attributes
from higher-level intent when a valid model exists.

2.4 Voxel, Color, and Medical Image Fab-
rication

Material jetting and PolyJet-style systems motivate sam-
pled output because they can assign discrete materials at
droplet or voxel scale. Color 3D printing has therefore
developed sophisticated printer-dependent reproduction
methods, including scattering-aware texture reproduc-
tion, geometry-aware compensation, neural acceleration
of scattering prediction, and gradient-based material-
assignment optimization [8,31,38,45]. These methods
address the final conversion from desired appearance to
printer-specific material arrangements. In our workflow,
color reproduction is treated as a compiler-side realization
problem: RGBA color is one typed attribute that may
be authored, sampled, or derived, and specialized color
pipelines can then convert that attribute into process-
specific voxel or slicer outputs.

Medical image-based fabrication presents a related
sampled-data problem. Patient-specific models are used
for pre-surgical planning, procedural rehearsal, educa-
tion, and clinical communication [10,47,55]. Many work-
flows convert CT or MRI data into segmented surfaces
using marching cubes or related surface extraction meth-
ods [5,9,17,25,28,30,54|. These workflows are practical,
but they reduce volumetric image data to boundaries or
labels before fabrication. Voxel-based medical printing
preserves more of the original scan information and has
been used to map medical images to full-color material-
jetting outputs [11-15]. Our work follows the volumetric
view, but treats scan intensity as a typed sampled source
attribute rather than as a fixed route to one printer
color space. The same input radiodensity field can be
mapped to outputs such as visual attributes, mechanical
attributes, or material recipes depending on the selected
translation models and compiler.

2.5 Summary

Prior work provides strong components for heterogeneous
fabrication: field-based representations, procedural ma-

terial design, voxel fabrication, specification-to-material
optimization, process-aware slicing, color reproduction,
and medical image printing. The remaining gap is a
representation and compilation model that makes these
capabilities composable at the level of design intent. We
address this gap by framing heterogeneous design as a
staged compilation process in which high-level attribute
specifications are lowered through interchangeable fab-
rication toolchains. This organization allows the same
high-level design intent to be retargeted across fabrica-
tion modalities without rewriting the source design in
the vocabulary of each machine.

3 Methods

We represent heterogeneous objects as spatial fields over a
common domain. A source design consists of implicit ge-
ometry and a set of named, typed attribute fields. Later
stages operate on this same representation: modeling
operations compose fields, translation models derive ad-
ditional fields when needed, and fabrication compilers
sample the resolved fields into process-specific outputs.
We first define the source design, since composition, trans-
lation, and compilation all depend on this mathematical
framework.

3.1 A Field-Based Representation for
Heterogeneous Objects

Let an object be defined by a scalar implicit geometric
field
¢:R> =R, (1)

where p = (z,y,2) € R? is a three-dimensional spatial
point and ¢(p) € R is its signed distance to the object’s
boundary. We use the convention that ¢(p) < 0 denotes
points inside the object, ¢(p) = 0 denotes points on the
boundary, and ¢(p) > 0 denotes points outside the object.
The solid domain is therefore

Q={peR’|¢(p) <0} (2)

This convention fixes the geometric meaning of all subse-
quent field evaluations. Objects may be authored directly
from analytic signed distance functions, but the represen-
tation does not require analytic primitives. Triangular
meshes and CAD boundary representations can also enter
the workflow by first converting them to signed distance
fields, preserving a single spatial query interface for down-
stream heterogeneous modeling.

A source design pairs this geometric field with a finite
set of named, typed attribute fields,

A= {(niaTivAi)}?;lv (3)
where n; is a semantic name, T; is the return type, and



is an attribute field that returns a value at each point
inside or on the object. An attribute may be implemented
by an evaluator

A QxR T, (5)

such that _

Ai(p) = Ai(p, 6(p))- (6)
Here, the second argument is a one-dimensional scalar
containing the signed distance from p to the object’s
boundary. This formulation allows attribute values to
depend both on spatial position and on distance from the
boundary while preserving A; as a field defined over the
solid domain. The name identifies the field’s meaning,
such as color, hardness, radiodensity, material composi-
tion, or process state. The type specifies the structure of
the returned value. In this work, we demonstrate scalar
attributes, three- and four-dimensional vector attributes,
and material-fraction vectors, although the representation
is not restricted to these types.

Attribute evaluators may be analytic, sampled, or de-
rived. Analytic attributes are functions of position, ob-
ject parameters, or geometric quantities. As shown in
Figure 1, they can express parametric behavior such
as Cartesian, radial, cylindrical, periodic, or boundary-
dependent gradients. Sampled attributes incorporate
externally generated volumetric data, such as CT or MRI
volumes, image stacks, OpenVDB grids, or simulation
outputs. Sampled data can be treated the same way as
analytic data after interpolation defines an evaluator over
Q: it can be queried, composed, translated, and compiled.
Derived attributes are produced by translation models
described in Section 3.3.

This evaluator model is the representation-level ab-
straction. A source design is not a mesh, voxel stack,
material partition, or printer program. It is a queryable
field object whose geometry and heterogeneous properties
share a common spatial interface, while permitting dis-
continuities and definitions over multiple disjoint regions.
This abstraction lets analytic design intent and sampled
data coexist in one object, defers printer-specific material
and process decisions until later stages, and provides
the mechanism by which composition, translation, and
compilation operate.

3.2 Composition Semantics for Attribute
Fields

The field representation in Section 3.1 defines how a single
heterogeneous object is evaluated. Design workflows,
however, build objects compositionally. Designers define
primitives, transform them into position, and combine
them into larger structures. We represent this process as a
design graph whose leaf nodes define geometric primitives,
and whose interior nodes transform or combine the fields
returned by their children. Evaluation at a point proceeds
recursively through the graph: each node queries its

(a) Linear Gradient in Y

¥

205C Temperature 235C

(b) Non-linear Gradient in Z

&

20 Toughness 40

(c) Radial Gradient (d) Signed Distance Gradient
I | ] | i
40A Shore Hardness 95A 155 Modulus 100
(e) Periodic Gradient (f) Sampled Radio

Density Data

10% Infill Density  80%

-1000 Radio Density 1000

(g) Color Gradient in © (h) Volume Fraction

Gradient in X

- soft [l Rigid

Color (RGB or RGBA) Volume Fractions

Figure 1. Representative attribute fields expressible through
the proposed field representation. Analytic attributes can
vary in Cartesian coordinates (a), (b), and (h); spherical
coordinates (c); cylindrical coordinates (g); signed distance
from the boundary (d); or periodic functions (e). Sampled
attributes, such as CT-derived radiodensity (f), enter the
same framework through interpolated field evaluators. The
volume-fraction example in (h) is visualized as discrete mate-
rial assignments for clarity, but the underlying attribute is a
continuous material-fraction field. These examples illustrate
possible evaluators rather than an exhaustive set of supported
attributes.



children and applies a local operator to the returned
geometry and attributes.

Transforms act by changing the coordinate frame in
which a child is queried. Let T be a rigid transform or
uniform scale, let s be the corresponding scale factor, and
let ¢ denote the child node. The transformed geometry
is evaluated as

or(p) = s 9(T ' p), (7)

with s = 1 for rigid transforms. Attributes follow the
same inverse-coordinate rule:

Air(p.d1(p)) = Ai (T, 0e(T™'p)). (®)

Thus, transforms do not resample or rewrite the design.
They only change the spatial query passed to the child
evaluator. We restrict this rule to rigid transforms and
uniform scaling because these operations preserve the
signed-distance.

Boolean composition combines the fields returned by
multiple children. For geometry, we use standard signed-
distance Boolean operations for union, intersection, and
difference [36]. These operations define the composed
solid domain for the node. The additional question for
heterogeneous modeling is not how to combine geometry,
but how attributes should behave when geometric oper-
ations combine regions that carry different fields. We
handle this with two local semantic rules: conflict resolu-
tion, which applies when several children define the same
attribute at the same point, and attribute availability,
which records when a queried attribute is absent from
part of the composed object, as discussed in the next
section.

3.2.1 Hierarchy, Overrides, and Attribute Con-
flicts

Attributes can be attached at any node in the design
graph. A parent-level attribute may introduce a new
named field over the composed geometry, or override
a field with the same name and type provided by its
children. Parent override is the simplest hierarchical rule:
if a node defines attribute a over its output domain, that
field is exposed for a independent of child values. This lets
a designer construct geometry from several components
while assigning one attribute field over the result.

If no parent override is supplied, Boolean composition
can create attribute conflicts. A conflict occurs only when
multiple contributing children define attributes with the
same name and type at the same point. Attributes with
different names or different types do not conflict; they
coexist as separate fields. Figure 2 shows this case for
two overlapping bars whose union produces an overlap
region with multiple candidate values.

We formulate conflict resolution as a typed reduction
over candidate attribute samples. For an attribute iden-
tified by name and type, let

Vu(p) = {v1,v2, ..., 05} 9)

be the values sampled from contributing children at point
p. A resolver for attribute a is a function

Vout = Ra(Va<p))a (10)

that maps the candidate samples to a single value of the
same type. The resolver is invoked only when multiple
contributing children define the same named and typed
attribute at p.

One resolver is child-order priority: the first child, in
the order added to the node, that defines the queried
attribute at p supplies the value. This rule is determin-
istic and valid for any attribute type. Other resolvers
can be selected when they match the semantics of the
field, including extrema for ordered scalar values, aver-
aging for compatible scalar or vector fields, and custom
user-defined operations. Material-fraction fields may use
specialized resolvers when a mixture operation is intended.
Any such resolver must return a valid material-fraction
vector, preserving nonnegative components that sum to
one.

Conflict rules define the meaning of heterogeneous com-
position. The same geometric union can yield different
attribute fields depending on whether the overlap selects
one child, preserves an extremum, averages compatible
values, or applies a custom operation. By making these
rules explicit and local to the design graph, the proposed
representation gives attributes compositional semantics
under the same hierarchy, transforms, and Boolean oper-
ations used to construct geometry.

3.2.2 Attribute Availability and Undefined Re-
gions

Composition can also produce regions where a queried
attribute is not defined. This is distinct from a con-
flict. Conflict resolution chooses among multiple values;
availability records whether any value exists. Because
attributes are attached to nodes in the design graph, an
object can be geometrically valid while carrying different
attribute sets in different regions. If V,(p) (as defined in
Eq. 9) is empty, then attribute a is undefined at p.

Undefined attributes are a normal intermediate state
during modeling. They become errors only when a down-
stream translation model or compiler requires the missing
attribute at a point where it is undefined. This distinction
allows different parts of a source design to be authored at
different semantic levels and made compatible later. A
designer may provide a default field, introduce a parent-
level override, or apply a translation model that derives
the missing attribute before the design reaches a down-
stream consumer.

Figure 3 illustrates this workflow with a heterogeneous
dog-bone specimen. The gripping tabs are specified di-
rectly as rigid volume fractions, while the central gauge
region is specified by target modulus and toughness.
During authoring, the tabs do not define modulus or
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Figure 2. Attribute conflict resolution for overlapping child
nodes. The source row shows two independently authored
objects before union. Subsequent rows show the same geomet-
ric union resolved using priority, maximum, average, and a
custom summation operation. Columns show scalar, 3D /4D
vector, and material volume-fraction attributes. Conflict reso-
lution is defined per attribute type; if no resolver is specified,
child-order priority is used. The geometry is unchanged across
rows, while the resolved overlap value depends on the selected
semantic rule.

toughness, and the central region does not yet define
volume fractions. Before compilation, the pair of me-
chanical attributes in the gauge region is lowered into
volume fractions by a translation model, as described
in Section 3.3. The tabs and gauge region then expose
compatible material-fraction fields and can be combined
into one material-recipe design.

Making availability explicit separates geometric validity
from attribute completeness. A composed object may
be valid as geometry even when some attributes are
unavailable in some regions. Only the attributes required
by a later translation or compiler must be defined over
the domain consumed by that downstream operation.
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Figure 3. Region-specific attribute authoring in a single
dog-bone design. The tabs are authored directly as rigid
volume fractions, while the central gauge region is authored
using target modulus and toughness. These choices intention-
ally leave some attributes undefined in some regions during
authoring. Before compilation, the mechanical attributes in
the gauge region are translated into volume fractions, making
the regions compatible for union and blending. Undefined
attributes are valid intermediate states unless they remain
unresolved when required by a downstream translation or
compiler.

3.3 Lowering Attributes for Fabrication

The preceding sections define how attributes are repre-
sented and composed. We now define how an authored
attribute becomes useful to a particular fabrication pro-
cess. The key distinction is between what an attribute
means and how a backend realizes it.

Attributes play three roles in the lowering workflow.
Source attributes describe measured, simulated, or exter-
nally generated data, such as CT-derived radiodensity
or OpenVDB density and temperature grids. Design-
intent attributes describe the desired object property or
behavior, such as Shore hardness, modulus, toughness,
or density. Realization attributes describe the material or
process state required by a fabrication backend, such as
volume fractions, temperature, flow rate, or slicer-level
settings. These categories describe how an attribute is
used in a workflow, not a fixed property of the name.
RGBA color may be authored as visual intent, imported
as source data, or consumed directly by a color-printing
backend. Similarly, volume fractions often act as a re-
alization attribute, but designers may also author them
directly when fabricating calibration coupons used to
measure material behavior and fit new translation mod-



els.

An attribute translation model is a field operator that
derives one or more new named attributes from exist-
ing attributes. This differs from the conflict resolvers in
Section 3.2.1: resolvers reduce multiple candidate values
of the same attribute, while translations create new at-
tributes from different inputs. For example, a translation
may lower shore hardness into volume fractions, map
radiodensity into RGBA color, or compute temperature
and flow rate from a target density field. The transla-
tion node preserves the child geometry and exposes the
original attributes together with any translated outputs.

Formally, let a translation model M; define a local map-
ping from input attribute samples to output attribute
samples. For an output attribute 3, the translated evalu-
ator is

Ap(p, ¢(p)) = M; ({Aq, (p, (D)) }iz1) ,
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beq, (11)

where M; is the analytical, empirical, calibrated, or user-
defined translation model and A,,, Aq,, - - ., Aq, denotes
the set of input attributes. A model may produce multi-
ple output attributes (e.g., Ag,, Ags,,...) such that each
output is evaluated as a field over the same spatial domain.
This definition of translation models allows functional
composition, mapping, or remapping of attributes that
is propagated only when the output is queried.

Many fabrication translations encode inverse design
relationships. The designer specifies a desired property
field, and the translation computes the material recipe
or process state expected to realize that property on
a given fabrication system. For example, a calibrated
material model can lower modulus and toughness into
volume fractions for a multi-material inkjet workflow [44].
Other translations connect source data to design intent
before fabrication-specific lowering occurs. A CT-derived
radiodensity field may be mapped directly to RGBA
color for visual anatomical printing, or first mapped to
mechanical attributes that are later lowered into material
fractions as we will demonstrate in the results. In each
case, translation models act as functional lowering rules
between semantic fields.

3.3.1 Attribute Resolver

Designers may insert translation nodes manually when
the intended fabrication path is known. However, manual
insertion can make a source design unnecessarily backend-
specific. A design authored in terms of shore hardness
should not need to contain separate hard-coded transla-
tion chains for every material system and printer it might
later target. To avoid this coupling, we use an attribute
resolver that selects and inserts translation nodes from a
registered translation graph.

The translation graph is a dependency graph over
named, typed attributes and registered translation mod-
els. It is distinct from the design graph: the design

Algorithm 1: Resolve compiler-required at-
tributes
Input: Source design D, available attributes S,
compiler-required attributes R, registered
translations M, workflow tags G
Output: Adapted design D’ exposing all
attributes in R

1 D'+ D;

2 A+ S;

3 while R ¢ A do

4 &+ {M € M| inputs(M) C
A A tags(M) match G};

5 if £ =0 then

6 return error: required attribute cannot be
L resolved;

7 Select M* € £ that advances an unresolved
required dependency;

8 Wrap D’ with the translation node constructed
by M*;

9 A+ AU outputs(M*);

10 return D’;

graph defines spatial composition, while the translation
graph defines how attributes can be lowered into other
attributes. As shown in Figure 4, nodes represent single
attributes or paired attribute requirements, such as mod-
ulus+toughness. Directed edges represent translation
models. Each edge records its required input attributes,
output attributes, model constructor, and optional work-
flow tags. Workflow tags restrict a translation to a par-
ticular material system, calibration context, or backend
workflow, such as via F.PLA (foaming PLA) versus via
F.TPU (foaming TPU).

Algorithm 1 shows this process. Given a source design
and a target compiler, the resolver performs dependency
resolution over the available attribute set. It begins with
the attributes already exposed by the design and the
attributes required by the compiler. A translation is
eligible when all of its input attributes are available and
its workflow tags are compatible with the requested work-
flow. Applying the translation adds its output attributes
to the available set. The resolver continues until all re-
quired realization attributes are available, then wraps
the original source design with the selected translation
nodes. The result is not a new representation; it is the
same queryable field object augmented with the operators
needed to expose the requested realization attributes.

This dependency-resolution step is the lowering stage
of the proposed workflow. The source design may con-
tain high-level intent or source data, while the compiler
declares the realization attributes it needs. The resolver
inserts only the translation models needed to satisfy those
requirements. If no compatible translation path exists,
the design cannot be compiled for that backend without
additional authored attributes or registered models.
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Figure 4. Attribute translation graph used to satisfy
compiler-required attributes. The source design provides
density, while the selected material-extrusion compiler for
foaming PLA requires temperature and flow rate. Nodes rep-
resent typed attributes or paired attribute requirements, and
directed edges represent registered translation models. Work-
flow tags, such as via F.PLA, via F.TPU, and via inkjet,
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lected fabrication toolchain. The highlighted route shows the
selected lowering path used to expose the attributes required
by the compiler.
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3.4 Fabrication Compilation

The preceding sections define how source designs are
represented, composed, and lowered into realization at-
tributes. Compilation is the final stage: a compiler con-
sumes a resolved field object and emits the format re-
quired by a target fabrication or rendering workflow. In
this work, compilers are not the primary novelty. We
adapt established voxel, toolpath, and slicer-project ex-
port strategies into a common interface so that each
compiler can declare the attributes it requires and sam-
ple the same resolved spatial representation.

In our proposed method, each compiler declares a set
of required attributes:

Ry ={A1, As, ..., Ay}, (12)
where b denotes the target workflow. The resolver de-
scribed in Section 3.3.1 inserts translation nodes until
the design exposes all attributes in R;. Then a compiler
defines the mapping from the set of required attributes
to workflow-specific output, denoted Oy:

Cy : (¢, Rp) — O, (13)

The compiler then samples geometry and attributes ac-
cording to the target workflow: voxels for material jetting,
toolpath locations for material extrusion, or sub-mesh
regions for slicer-project control.

3.4.1 Inkjet Compilation

Voxel-based inkjet and material-jetting workflows require
a discrete printable material assignment at each sampled
voxel or droplet location. We adapt two inkjet compiler
strategies into the attribute interface defined above. Both
consume resolved volume fractions or RGBA color fields
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and convert continuous spatial attributes into material-
specific voxel stacks.

The stochastic compiler, adapted from OpenVCAD [52],
samples the resolved material distribution independently
at each voxel and assigns one printable material according
to that distribution. This approach is simple and readily
parallelizable, but sampling each location independently
can produce local statistical imbalances, resulting in visi-
ble clusters of one material despite a smoothly varying
target composition [1]. The structured compiler instead
applies three-dimensional error diffusion inspired by the
work of Brunton et al. [3,4]. It assigns one material per
voxel while propagating quantization error through the
voxel grid, which improves local agreement between the
requested continuous field and the accumulated printed
material distribution. As shown in Table 2, this improve-
ment increases export time.

3.4.2 Material Extrusion Compilation

Material extrusion workflows require different compila-
tion strategies because fabrication output is organized
around paths, slicer regions, settings, and process-state
changes rather than independent voxel assignments. We
adapt two prior MEX compiler families into the proposed
attribute interface: Gradient-Informed Toolpath Plan-
ning [51] and Slicer Project Control [53]. Both consume
resolved spatial attributes, but they target different levels
of machine control.

Gradient-Informed Toolpath Planning compiles at-
tributes directly into process-annotated G-code. The
original method encoded process states, such as temper-
ature, indirectly as material volume fractions [51]. We
adapt the compiler to consume resolved temperature and
flow rate fields directly during path generation, allowing
spatial attributes to influence path construction and pro-
cess scheduling without this intermediate encoding. This
compiler is useful when the fabrication result depends on
non-instantaneous process states, such as nozzle tempera-
ture for foaming filaments or mixture ratio for in-hotend
filament mixing.

Slicer Project Control, proposed by Wade et al. [53],
targets workflows where a conventional slicer performs fi-
nal toolpath generation. The compiler discretizes resolved
fields into sub-meshes or slicer-control regions and ex-
ports configured project files in which each region carries
the appropriate slicer-level setting. This method sup-
ports attributes such as infill density, temperature, flow
rate, and RGB color while preserving access to mature
slicer functionality. We use it in the results to compare
cross-compiled outputs produced from the same resolved
design.

These MEX compilers therefore serve complementary
roles. Gradient-informed slicing provides direct con-
trol over path generation and process-state scheduling,
whereas Slicer Project Control uses slicer project files



to route spatial attributes through existing slicing work-
flows.

3.5 Cross-Compilation Across Fabrica-
tion Toolchains

Cross-compilation follows from the staged organization of
the proposed workflow. Its value is that fabrication intent
can be preserved independently of any particular machine
or process, allowing designers to retarget, compare, or
replace fabrication toolchains without rebuilding the de-
sign around each toolchain’s process-specific controls. A
design is authored once as geometry plus named, typed at-
tributes. Translation models then lower those attributes
into the material, process, or slicer-control fields required
by a selected fabrication backend. Finally, compiler mod-
ules emit the machine-facing artifact for that backend.
Unlike conventional workflows in which design intent is
embedded directly in printer- or slicer-specific parame-
ters, this structure organizes computational fabrication
as a programming-oriented, multi-backend compilation
workflow: designers author source-level fabrication intent,
while target-specific compilers determine how that intent
becomes printable instructions.

Figure 5 summarizes the complete method. The mod-
eled object remains the source representation. Attribute
translation provides the intermediate lowering layer, us-
ing either measured calibration data, inverse process
models, or functional mappings. The compiler layer
then consumes only the attributes required by the se-
lected target and emits an output in the appropriate
representation: voxel material stacks for inkjet printing,
process-annotated G-code for gradient-informed material
extrusion, or configured .3MF projects for slicer-based
workflows. Because these stages remain separate, the
same source design can be retargeted without rewriting
the design in the vocabulary of each printer or slicer.

4 Results

The results evaluate whether source designs authored
in intent-level attributes can be lowered, compiled, and
fabricated across distinct processes. We first specify
the calibrated translation models used as reusable low-
ering rules in later examples. We then fabricate a set of
diverse sampled volumetric attributes from simulation,
medical, and industrial CT data using color inkjet com-
pilation. These examples progress from single-process
visual prints to a presurgical planning example that com-
piles the same sampled source data into both visual
and mechanical material-jetting outputs. Finally, we use
cross-compilation examples to test whether a single source
design can be realized through different material systems
and fabrication toolchains, first for Shore-hardness fields
and then for full-color fields. Together, these results show
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Figure 5. Overview of the proposed multi-backend com-
pilation workflow for heterogeneous fabrication. A modeled
object expresses geometry and high-level spatial attributes.
Attribute translation lowers these fields into realization at-
tributes. Backend compilers then request the attributes re-
quired by their target workflow and emit machine-facing out-
puts. Separating source modeling, attribute translation, and
backend compilation enables the same design to be retargeted
across fabrication systems.

how attribute-level specification can preserve design in-
tent while exposing the different constraints and artifacts
introduced by each compiler and process.

Detailed calibration procedures, fitted coefficients,
lookup tables, and supporting validation data are pro-
vided in the supplementary information.

4.1 Calibrated Attribute Translation
Models

First, we describe the three translation models used
to fabricate our results. Two are adopted from prior
work, where they were developed for specific fabrication
workflows rather than as components of a generalized
attribute-modeling method. The third is a new inkjet
material-jetting calibration introduced here. In our sys-
tem, all three models serve as reusable translation layers
that lower high-level physical-property fields into the ma-
terial recipes or process parameters consumed by different
compilers.

For mechanical-property specifications, we adapt the
digital material model of Smith et al. [44] as a transla-
tion from modulus and toughness to volume fractions.
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Figure 6. Inkjet Shore A hardness translation model for
Vero/Agilus30 material jetting mixtures. Calibration spec-
imens were printed with prescribed Vero volume fractions,
with the remaining fraction assigned to Agilus30. Points show
measured Shore A hardness values with error bars indicating
one standard deviation across five specimens per mixture.
The fitted inverse model defines the translation from target
shore hardness to the volume fractions required by the inkjet
material compiler.

The output volume-fraction vector specifies mixtures of
Vero, Agilus30, and the printer’s non-curing cleaning
fluid. Smith et al. established an inverse design mapping
between target mechanical properties and printable ma-
terial recipes, and showed that the reachable property
range overlaps with soft-tissue mechanical properties.
This translation is used later for the CT scan of feet
example in Fig. 10.

For material extrusion with foaming TPU, we adopt
the calibrated process models of Wade et al. [51,53]. This
workflow uses two linked translations. The first maps
target shore hardness to nozzle temperature. The second
maps temperature to a compensatory flow rate. Together,
these fields form the process-attribute pair consumed by
the MEX compiler to control foaming behavior while
maintaining geometric accuracy. In the cross-compilation
results, this model pair provides the material-extrusion
realization of the same Shore-hardness intent used for
inkjet.

We also introduce a new shore hardness to volume
fractions model for inkjet with Vero and Agilus30. Cali-
bration specimens were printed at prescribed Vero volume
fractions from 0% to 35%, with the remaining fraction
assigned to Agilus30. Five specimens were printed for
each mixture. The measured calibration range spanned
40.8 to 91.0 Shore A. Because the inkjet compiler requires
material fractions, we fit the inverse relationship directly,
yielding a translation from target shore hardness to the
volume fractions consumed by the compiler. This model
provides the material-jetting lowering path used in the
Shore-hardness cross-compilation result. Figure 6 shows
the fitted relationship; full fitting details, coefficients,
and error statistics are provided in the supplementary
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Figure 7. Fabrication of OpenVDB volumes as sampled
source attributes. (A) Fire volume printed from density and
temperature fields mapped to RGBA color. (B-D) Tornado
and dust-devil volumes printed from density fields mapped to
color and opacity. (E) Explosion sequence printed from density
and temperature fields. Each sampled volume is compiled
using a stochastic color inkjet compiler, demonstrating that
simulation-style volumetric data can be resampled into printer-
resolution material assignments.

information.

4.2 Sampled Volumetric Attributes

Sampled volumes can serve as source attributes in the
same lowering and compilation workflow as analytic fields.
Volumetric datasets often carry spatial information on
native grids, including simulation fields, graphics vol-
umes, and CT scan data. We import these data as sam-
pled attributes, interpolate them over the object domain,
translate them to target attributes, and compile the re-
solved fields at the resolution required by the selected
fabrication toolchain.

4.2.1 Volumes and OpenVDB

Figure 7 demonstrates this workflow with OpenVDB
volumes from simulation-style datasets [16,32]. Scalar
density fields, and paired density—temperature fields, are
mapped to RGBA color attributes and compiled using
the stochastic color inkjet compiler. These examples show
that volumetric data commonly used in graphics and sim-
ulation can become fabrication source attributes without
first converting the volume into segmented regions or
surface meshes. This example highlights the method’s
ability to treat sampled volumetric fields as first-class
design attributes for fabrication.

4.2.2 CT Scans

Figures 8 and 9 apply the sampled-attribute workflow to
CT data from medical and industrial sources. In Fig. 8,
a brain CT volume is imported as a sampled radioden-
sity source attribute and mapped to RGBA color for
color inkjet fabrication, preserving continuous variation
through the tumor, surrounding tissue, and anatomical



Inkjet 3D Printed CT Scan of Human Brain with Tumor

Figure 8. Inkjet 3D print of a human brain CT volume with
a visible tumor. The CT data is imported as a sampled radio-
density attribute and mapped to RGBA color for stochastic
color inkjet compilation. The printed result preserves contin-
uous radiodensity gradients through the volume rather than
reducing the scan to segmented surface meshes.

gradients. In Fig. 9, radiodensity from a CT scan of
an Apple Vision Pro is mapped to color and opacity,
exposing internal wires, circuit boards, cameras, and me-
chanical components as volumetric visual features. In
both cases, the compiler operates directly on continuous
scan-derived attributes rather than requiring the data to
be reduced to segmented regions, labeled surfaces, or ex-
terior geometry. These examples highlight the method’s
ability to treat CT volumes as fabrication-ready attribute
sources across different scan domains.

The previous CT examples compile sampled radioden-
sity to visual attributes for color inkjet printing. In
contrast, Figure 10 demonstrates how one sampled CT
source can drive multiple fabrication targets. Starting
from a single CT scan of a pair of feet, we generate
two physical realizations. The first maps radiodensity
to RGBA color for visual inkjet printing. The second
maps radiodensity to mechanical attributes, modulus
and toughness, using anatomical-region property targets
consistent with the ranges reported by Smith et al. [44]
and HU-to-anatomy mappings [41]. These mechanical
attributes are then lowered to volume fractions using
Smith’s model and compiled for material jetting. The
resulting print is not only a visual anatomical model,
but a multi-stiffness artifact whose mechanical response
varies through the volume: the bones inside the toes are
rigid, while the surrounding skin and heel regions remain
soft and compliant. The full radiodensity—RGBA color
and radiodensity—modulus+toughness mappings are pro-
vided in the supplementary information. This example
highlights the compiler’s ability to translate one sam-
pled source attribute into distinct visual and mechanical
fabrication outcomes.

4.3 Cross-Compilation Across Fabrica-
tion Toolchains

Cross-compilation demonstrates an advantage of sepa-
rating design intent from fabrication-specific realization.
We evaluate whether the same source attributes can be
realized through different physical mechanisms, compiler
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Inkjet 3D Printed CT Scan vs. Real Apple Vision Pro

Figure 9. Volumetric inkjet print of an Apple Vision Pro
CT scan compared with the physical artifact. The normalized
radiodensity volume is mapped to color and opacity attributes,
allowing internal electronic and optical structures to remain
visible in the printed model. Inset (A) highlights internal
wires, circuit boards, and a camera. Inset (B) shows a motor
and lead screw used to adjust the interpupillary distance of the
displays. An interactive side-by-side comparison is available
in the online project gallery.

requirements, and output formats. This separation is
valuable not only across fundamentally different fabri-
cation processes, but also across variants of the same
process. For example, material-jetting systems may dif-
fer in available materials, voxel encodings, calibration
relationships, supported mixing strategies, and machine-
facing file formats, particularly across manufacturers and
printer generations. By retaining attributes at the source
level, these differences can be handled through target-
specific translation models and compilers rather than by
reformulating the design for each machine.

First, we cross-compile Shore hardness fields to inkjet,

(b) Inkjet Print Mapped to
Visual Properties

(c) Inkjet Print Mapped to
Mechcanical Properties

(a) CT Scan Render

3 %

Figure 10. CT-derived visual and mechanical attribute
fabrication from the same paired-feet scan. (a) Source CT
volume imported as a sampled radiodensity attribute. (b)
Inkjet print mapped to visual properties through RGBA color.
(c¢) Inkjet print mapped to mechanical properties, including
modulus and toughness, which are then resolved to material
volume fractions. The example demonstrates multi-stage
translation from sampled volumetric data to distinct physical
outputs. An interactive side-by-side comparison is available
in the online project gallery.
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where hardness is realized by Vero/Agilus30 material
fractions, and to material extrusion, where hardness is
realized by foaming TPU process control. Second, we
cross-compile an RGB color field to material-jetting and
filament-based color workflows. These examples test
whether source designs can remain expressed in intended
spatial attributes while translation models and compilers
resolve the target-specific realization details.

4.3.1 Shore-Hardness Cross-Compilation

Figure 11 evaluates Shore-hardness cross-compilation
from a single high-level attribute specification to two
fabrication workflows. The source design for the cali-
bration specimen was specified once as a linear shore
hardness field ranging from 65A to 85A over a 100 mm X
30 mm X 10 mm bar. The gradient start and end posi-
tions were offset 12 mm from the specimen edges along
the x-axis, allowing measurements to be taken within the
geometric constraints of the Shore A protocol. Eleven
locations were sampled at regular intervals along the
gradient.

For inkjet, the translation graph lowered shore hardness
to volume fractions, and the stochastic inkjet compiler
converted the resulting Vero/Agilus30 material fractions
into discrete voxel assignments. For material extrusion,
the same shore hardness field was lowered using the
foaming TPU models of Wade et al. [51,53] to compute
temperature and compensatory flow-rate fields.

Both fabricated bars reproduced the designed hardness
profile closely. The plotted values in Fig. 11a are the
average measurements at each location. Mean absolute
error against the requested hardness profile was 0.3A
for inkjet and 0.5A for foaming TPU material extrusion.
This agreement shows that the same design-intent field
can be resolved into different realization attributes while
preserving the requested functional gradient.

Figure 11b applies the same workflow to a full-scale
insole. The source design specifies a spatial shore hard-
ness field with a compliant 65A heel region, stiffer 85A
arch and lateral-midfoot support regions, and an inter-
mediate 75A region elsewhere, with smooth transitions
between zones. From this single source field, the system
computes the workflow-specific attributes needed for each
compiler: temperature and flow rate for foaming TPU
material extrusion, and soft/rigid material fractions for
inkjet. Together, the calibration bar and insole demon-
strate cross-compilation from one functional specification
to distinct fabrication processes, separating modeling
intent from translation and compiler-specific realization.

4.3.2 Color Cross-Compilation

Figure 12 evaluates color cross-compilation using a
mountain-scene image as a compact benchmark for com-
paring visual reproduction across fabrication toolchains.
The rendered source design was imported as an RGB
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color attribute and extruded into a planar 3D object.
The same source design was compiled across two printing
modalities and four color reproduction workflows. For
material jetting, we evaluated structured error-diffusion
dithering and stochastic compiler output. For fused fil-
ament fabrication on a five-toolhead system, we used
the Prusa ColorMix and OrcaSlicer FullSpectrum results
reported by Wade et al. [53]. We reproduce these FFF
conditions here as comparison points for evaluating cross-
compilation across fabrication modalities.

We quantified color fidelity by photographing each
sample under fixed camera settings, lighting conditions,
and alignment. Each photograph was registered to the
digital reference and compared in CIELAB space us-
ing CIEDE2000 color difference, AFEyy. Before comput-
ing AFEyg, both the reference and sample images were
Gaussian filtered in CIELAB space with o = 12 pixels.
This metric therefore emphasizes regional color reproduc-
tion rather than droplet-, bead-, or pixel-scale variation.
We separately measured print-induced high-frequency
artifacts using an excess texture residual. This resid-
ual isolates high-frequency variation after removing the
low-frequency color component, then subtracts the cor-
responding residual of the reference image so that the
reported value emphasizes texture introduced by fabri-
cation rather than texture already present in the source
image.

The error maps in Fig. 12 show clear workflow-
dependent tradeoffs. Inkjet produced the lowest regional
color errors, with mean A Fyg = 3.19 for structured dither-
ing and AFyy = 3.14 for stochastic output. These work-
flows therefore achieved similar regional color accuracy.
However, structured dithering produced lower excess tex-
ture than stochastic output, with mean texture residuals
of 0.76 and 0.95, respectively. This indicates that deter-
ministic error diffusion better suppresses local grain in
this example, while stochastic compilation provides a sim-
pler and lower-cost computational alternative evaluated
further in Section 4.4.

The MEX outputs reported by Wade et al. [53] pro-
duced larger color errors and higher texture residuals than
the material-jetting outputs, reflecting the lower spatial
resolution, bead-based deposition, and more limited local
color control of the evaluated filament workflows. Prusa
ColorMix achieved a mean AFyy of 11.73 and a mean tex-
ture residual of 3.04, while OrcaSlicer FullSpectrum pro-
duced a mean AFEyg of 16.63 and a mean texture residual
of 6.69. We include these previously reported measure-
ments to expose process-dependent tradeoffs rather than
to present them as independent experimental replications.
Material jetting provided higher regional color fidelity
and lower texture for this benchmark, while FFF pro-
vided a lower-cost and more accessible route to full-color
fabrication through slicer-based filament halftoning.

Across the Shore-hardness and color demonstrations,
cross-compilation preserves attribute-level intent while
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Figure 11. Shore-hardness cross-compilation. (a) Linear 65A—85A calibration bar fabricated by inkjet and foaming TPU
material extrusion, with measured profiles compared against the requested hardness field. Foaming TPU results are reported
by Wade et al. [53] and are provided for comparison. (b) Application-scale insole compiled from one shore hardness field to
workflow-specific realization attributes for foaming TPU material extrusion and inkjet.

exposing workflow-dependent realization quality. The
hardness examples show that functional intent can be
realized across different material mechanisms with small
measured errors. The color examples show that visual
intent can be retargeted across different color reproduc-
tion workflows, while preserving measurable differences in
fidelity and texture. Together, these results demonstrate
that source designs can be portable across fabrication
toolchains without implying that all workflows realize the
design with identical accuracy, resolution, or artifacts.

4.4 Compilation Cost

We measured export time to assess whether resolved
attribute fields can be compiled at fabrication-relevant
scales. Each benchmark reports the wall-clock time re-
quired to take a resolved design and export it to the
corresponding output format. Resolver time was neg-
ligible relative to export time, which is dominated by
sampling the resolved geometry and attributes into the
target representation, quantizing or discretizing fields as
required by the compiler, and writing the output files.
Benchmarks were run as single executions on an Apple
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M5 MacBook Pro using 10 CPU threads.

Table 2 reports bounding-box size, total sampled
points, export time, and sample throughput for the ex-
amples used in the results. The benchmarks consist of
the objects from the results section. The demonstrated
exports range from 2.17e7 to 3.66e10 samples. Stochastic
inkjet compilation scales to tens of billions of samples
for large CT-derived prints, including the paired-feet and
Apple Vision Pro examples. Smaller OpenVDB volumes
export in approximately one to thirteen minutes. The
paired-feet mechanical print is marginally slower than
the paired-feet color print at the same sample count be-
cause the mechanical workflow evaluates a more expensive
translation path before material assignment.

The mountain-scene benchmark isolates the cost of
compiler choice because the inkjet stochastic and dithered
outputs use the same object size and sample count.
Stochastic inkjet export required 3.3 min for 1.64e9 sam-
ples, while dithered inkjet export required 5.6 min for the
same sample count. This difference reflects the tradeoff
observed in the color-quality results: structured dither-
ing reduced local texture artifacts, but its error-diffusion
procedure introduced additional export cost. The MEX
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Figure 12. Color error and texture residuals for the mountain scene compiled across material-jetting and FFF workflows. Row
three reports AEy after Gaussian filtering in CIELAB space, emphasizing regional color accuracy. Row four reports excess
texture residuals, emphasizing print-induced high-frequency variation. The material-jetting workflows produced the lowest
regional color errors and texture residuals, while the FFF workflows introduced larger color deviations and stronger layer- or
halftone-induced texture. Mean values are reported in each panel. The FFF: Prusa ColorMix and FFF: Orca FullSpectrum
photographs, error maps, texture maps, and quantitative measurements were originally reported by Wade et al. [53] and are
reproduced here as comparison points for evaluating cross-compilation across fabrication modalities.

color workflows sampled far fewer points because they op-
erate at slicer-project resolution rather than inkjet voxel
resolution. Their throughput values are therefore not
directly comparable to inkjet throughput; these exports
are dominated by mesh construction and .3MF project
generation rather than dense voxel sampling.

These measurements are provided only as general refer-
ences for computational scale, not as direct performance
comparisons. Earlier programmable multi-material fabri-
cation systems addressed different problem formulations
and did not support the cross-compilation of a common
attribute-based source design across multiple fabrication
backends. OpenFab reported full-volume synthesis for
0.12B-14.2B voxels at 300 DPI, including a 1.8B-voxel
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butterfly in 33 min and a 1.2B-voxel marble table in
25 min [49]. The closest inkjet-scale examples in Ta-
ble 2, including the 1.64B-sample mountain object and
the 1.20B-sample explosion volume, fall within a similar
sample-count regime. The larger CT-derived examples
extend to tens of billions of samples. Although differ-
ences in representation, implementation, hardware, and
supported workflows preclude direct benchmarking, these
references indicate that the proposed workflow operates at
fabrication-relevant scales while additionally supporting
typed attributes, sampled source data, modular transla-
tion models, and multiple compiler targets.



Table 2. Export-time benchmarks for the demonstrated examples. Samples denotes the number of spatial evaluations used
by the compiler, independent of whether the target output is a voxel stack, process-annotated toolpath, or slicer-project
representation. Throughput is reported in millions of samples per second. These benchmarks primarily characterize whether
the compiler supports practical fabrication workflows; in the demonstrated cases, export time is dominated by the number of

spatial samples evaluated rather than by the geometric size of the object alone.

Example Compiler Bounding box (mm) Samples Export (min) Samples/s (10°%)
Fire, Fig. TA Inkjet—Stochastic 100 x 42 x 43 1.86€9 11.4 2.72
Tornado, Fig. 7B Inkjet—Stochastic 49 x 33 x 34 5.79e8 2.0 4.83
Dust devil, Fig. 7C Inkjet—Stochastic 58 x 38 x 38 8.57e8 2.6 5.56
Explosion, Fig. 7TE Inkjet—Stochastic 157 x 30 x 25 1.20e9 13.3 1.51
Brain CT, Fig. 8 Inkjet—Stochastic 154 x 111 x 110 1.95e10 28.20 11.50
Apple Vision Pro CT, Fig. 9 Inkjet—Stochastic 183 x 95 x 178 3.20e10 22.2 24.00
Feet CT, color, Fig. 10B Inkjet—Stochastic 159 x 131 x 169 3.66e10 45.6 13.40
Feet CT, mechanical, Fig. 10C Inkjet—Stochastic 159 x 131 x 169 3.66e10 49.4 12.30
Insole, inkjet, Fig. 11 Inkjet—Stochastic 289 x 104 x 30 9.44e9 16.6 9.49
Insole, MEX, Fig. 11 MEX-Gradient-informed 290 x 105 x 31 1.19e8 1.2 1.72
Mountains, Fig. 12B Inkjet—Stochastic 149 x 106 x 10 1.64€9 3.3 8.32
Mountains, Fig. 12C Inkjet—Dithered 149 x 106 x 10 1.64e9 5.6 4.87
Mountains, Fig. 12D MEX-ColorMix 149 x 106 x 10 2.17e7 17.9 0.02
Mountains, Fig. 12E MEX-FullSpectrum 149 x 106 x 10 2.17e7 17.4 0.02

5 Conclusion

Heterogeneous additive manufacturing needs representa-
tions that preserve design intent without forcing designers
to author printer-specific material recipes, process param-
eters, or slicer settings directly. This paper establishes
typed attribute fields as a design-intent layer for heteroge-
neous fabrication. Geometry is represented as an implicit
object domain, while visual, measured, mechanical, ma-
terial, process, and slicer-level quantities are represented
as named, typed spatial fields over that domain. This
separation lets designers specify what an object should
express, while translation models and compiler modules
determine how that intent is realized for a selected fabri-
cation toolchain.

The central contribution is a staged workflow for hetero-
geneous design and fabrication. Typed attributes provide
a common spatial interface for heterogeneous informa-
tion. Composition rules define how these fields behave
under hierarchy, transforms, Boolean operations, and
overlapping regions. Translation models lower source or
intent attributes into realization attributes when valid cal-
ibrated, empirical, analytical, or user-defined mappings
exist. Compiler modules then request the attributes
they require and sample the resolved fields into process-
specific outputs, including voxel material stacks, process-
annotated G-code, and slicer-project files. Together,
these components separate source design, attribute real-
ization, and machine-specific output.

The results show the value of this separation. Sam-
pled CT and OpenVDB volumes enter the same workflow
as analytic fields and can be translated into visual or
mechanical attributes for fabrication. We also demon-
strate cross-compilation: one shore hardness field is real-
ized through both inkjet material fractions and foaming-
TPU process control, and one RGB color field is realized
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through both material-jetting and filament-based color
workflows. These examples show that the source design
can remain stable while the realization attributes, com-
piler outputs, and fabrication mechanisms change. They
also show that portability does not erase process-specific
behavior; accuracy, texture, resolution, cost, and fabri-
cation artifacts remain measurable consequences of the
selected workflow.

Our results and examples reflect available models and
compilers, but the method is extensible to additional
model and compiler types. New applications require ma-
terial data, process calibrations, analytical mappings, or
learned models that relate intent attributes to realizable
material or process fields. They also require compiler
modules for additional fabrication processes. Future
work should therefore expand translation-model libraries,
add compiler targets beyond the inkjet and material-
extrusion workflows demonstrated here, and accelerate
high-resolution compilation with GPU implementations.
These extensions would make the approach applicable to
broader domains, including pre-surgical planning models,
soft robotics, functionally graded materials, and multi-
functional structures.

We provide the representation, translation framework,
compiler interface, and demonstrated examples as an
open-source Python package implementation. The goal
is to make the system extensible: researchers can add
attribute types, sampled-data sources, calibrated map-
pings, and fabrication compilers as new materials and
processes become available. By organizing heterogeneous
fabrication around typed spatial intent rather than fixed
material recipes, this work provides a foundation for
reusable design specifications, measurable process-specific
realization, and reproducible research in multi-material
and functionally graded additive manufacturing.
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A Appendix

All examples presented in this work, together with the
Python and C++ implementations, are available at
https://matterassembly.org/openvcad. OpenVCAD
supports Windows, macOS, and Linux and can be in-
stalled using pip install OpenVCAD.
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