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Abstract

Consumer multi-material fused deposition modeling (FDM) printers reproduce color im-
ages by stacking translucent filament layers; stack color must be predicted before printing.
Existing workflows predict with a scalar transmission distance (TD) plus manual tuning,
or with dense lookup tables (LUTs) per palette. We ask whether per-filament measure-
ments alone predict arbitrary stack combinations. We present a forward model that com-
poses nominal RGB, per-channel TD, an effective attenuation coefficient per filament, a
shared monochromatic scattering prefactor, and stack geometry into stack color through a
loss-allocation stacking rule; when only a scalar TD is available, the remaining coefficients
are estimated on one printed plate, a LUT-free calibration of the same analytic model.
Staircase-measured per-channel TDs predict 256-cell clear-filament permutation plates with
no parameters fitted on the plates: 18.6 versus 47.2 CIEDE2000 color difference (∆E00) at
best, 42–60% reduction on all six plate/backing combinations (Table 4). Eight scalars fitted
on a plate of five arbitrary non-CMYWK filaments, RGB and per-channel TDs measured
off-plate, explain 780 cells at 6.9∆E00 (white 5.3, black 8.5); a RAW replication reaches 5.5.
A staircase, dual-backing plate, and phone camera supply these properties; a single-point
optical filament sensor implies a 75× absorption scale across CMYW filaments and satu-
rates on transparent ones, so it cannot deliver them (Section 5.4). On ColorChecker targets
across three prints, the model reaches 16.69 versus 30.92∆E00 for the community TD-table
formula (Table 7); coefficients are process-conditioned effective values in the sRGB-encoded
domain, within which one shared model predicts arbitrary stacks from one measurement per
filament.

1 Introduction
Consumer multi-material fused deposition modeling (FDM) printers reproduce color images by
stacking translucent filament layers in Z. The community has converged on a data format: a
nominal RGB color plus a scalar transmission distance (TD) per filament [8, 34]. Tools differ
in how they blend the two values.

Three families of practice answer the prediction problem. Interactive consumer software
treats each filament as a scalar Beer–Lambert (BL) transmission and relies on manual tuning
[2, 8, 21, 34]. Palette-calibrated workflows photograph a board per palette and predict from
a dense measured lookup table (LUT) [17] or fitted palette models [18]. Physically based
optical characterization recovers accurate material parameters under laboratory capture [5, 11,
20]. None composes independently measured consumer-grade filament properties into arbitrary
stacks through one shared formula.

This paper separates the measurement of a filament from the composition of a stack. A
single-material staircase yields per-channel TDs, a dual-backing structured plate supplies the
remaining coefficients, and a phone camera captures both (Fig. 1). One shared forward model
then predicts any stack: any layer count, order, or combination.

We answer three research questions.
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A Measure each filament once B Shared forward model C Predict any stack
phone camera
or RAW camera

single-material staircase
on both backings

per-channel TD:
TDR, TDG, TDB

nominal color F (c)

optional: dual-backing plate
effective coefficients αs, kc
when only a scalar TD exists

property vector
per filament

single-layer transmission
Tch(c) (Eq. 1)

loss-allocation stacking
(Eqs. 3–7)

stack geometry:
order c1, . . . , cL,

thickness d, backing B

stack → predicted

C+M Y+C+WM+Y+C+W
any layer count, order,

combination; a new filament
needs only its own measurement

Figure 1: Measure each filament once, then predict any stack. Left: single-filament artifacts
(staircase; optional dual-backing plate) photographed with a phone or RAW camera supply
nominal color, per-channel transmission distance and, when only a scalar TD exists, effective
coefficients. Middle: one shared forward model (single-layer transmission and loss-allocation
stacking). Right: predictions for arbitrary layer counts, orders and combinations; a new filament
requires only its own measurement.

1. RQ1. Do independently measured filament properties predict unseen stack combinations?
Staircase-measured per-channel TDs predict 256-cell transparent permutation plates at
18.6 versus 47.2∆E00 at best, 42–60% lower error on all six plate/backing combinations,
with no fitting on the plates (Table 4).

2. RQ2. Does the representation transfer to new filament identities? Eight scalars fitted on a
plate of five arbitrary non-CMYWK filaments, with RGB and per-channel TDs measured
off-plate, explain 780 cells at 6.9∆E00; a RAW replication reaches 5.5 (Fig. 4).

3. RQ3. How well can the required properties be obtained with consumer tools? A single-
point optical filament sensor implies a 75× absorption scale across CMYW filaments
and saturates on transparent ones, while the phone-camera procedure recovers the black-
filament coefficient kK at 23.66± 0.51 across four prints (Section 5.4, Table 8).

Our contributions are threefold.

1. A forward model that predicts stacked-filament color from independently measurable
per-filament properties (nominal RGB, per-channel transmission distance, effective atten-
uation coefficient) and stack geometry through a loss-allocation stacking rule. Calibration,
where needed, is LUT-free calibration of an analytic forward model.

2. Transfer validation. Staircase measurements predict unseen combinations with no fit-
ting on the target plates (Section 5.1); the same representation carries five arbitrary
non-CMYWK filaments with eight fitted scalars (Section 5.2); physical prints lead the
community TD-table formula (Section 5.3).

3. A consumer-accessible characterization procedure (single-material staircase, dual-
backing structured plate, phone camera) that supplies the properties direct sensors cannot,
with phone-JPEG and RAW captures reaching the same accuracy.

Section 2 reviews related work; Section 3 presents the forward model, Section 4 the characteri-
zation procedure, Section 5 the results by research question, Section 6 the discussion.
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2 Related Work
2.1 Consumer stacked-filament tools
HueForge popularized stacked-filament color images on consumer FDM printers through the
transmission-distance workflow: users assign a TD value per filament and tune layer transi-
tions until the preview matches intent [8]. Kromacut implements the HueForge-compatible
base-10 BL transmission T = 10−d/TD for single-layer thickness d as an open library [34].
Slicer integrations carry layered color into mainstream tools: Bambu Studio Color Mixing [2]
predicts layer-alternation color following the OrcaSlicer-FullSpectrum fork, whose blending is
powered by the Kubelka–Munk-based FilamentMixer library [12, 23]; Prusa ColorMix previews
layer-interleaved color with a Yule–Nielsen halftone model fitted to measured swatches [21, 22].
OpenColor couples a four-flux adding-doubling radiative-transfer model with Gaussian-process
residuals [19]. Across these tools the input is nominal RGB plus a scalar TD; prediction rests
on manual tuning and preview features, not on a calibrated stacked-transmission predictor.

2.2 Palette-calibrated prediction
Lumina prints a multi-color calibration board, photographs it, and reproduces target colors by
nearest-neighbor lookup in the measured table [17]; the table is the model, and new filaments or
thicknesses call for a new board. ChromaPrint3D photographs a calibration board to populate
a color database, fits a photo-calibrated forward model on it, and matches print recipes [18].
Both systems measure mixed palettes, and both bind prediction to one palette.

2.3 Optical characterization of printing materials
Color 3D printing research spans contoning [1], high-fidelity surface color [3], dual-extrusion
color mixing [24], line-based halftoning [15], scattering-aware texture reproduction [4], geometry-
aware compensation [31], neural acceleration [25], multispectral ink reproduction [28], thickness-
controlled layered color on filament printers [29], and automated filament inking [16]; thin white
cores measurably shift surface color on material-jetting systems [7]. Layered-media color pre-
diction builds on the Kubelka–Munk two-flux lineage [13, 14, 26, 36]. Four-flux models predict
2.5D layered prints [32]; FDM transmittance varies strongly with material and wavelength [6];
spectrophotometer measurements of printed slabs at several thicknesses recover scattering and
absorption coefficients [20]; inverse rendering recovers volume-transport parameters of pho-
topolymers [5]; photographing a few thicknesses yields spectral coefficients at low cost [10]. The
closest academic counterpart is the scattering-aware calibration of Iser et al. [11]: one print-
able calibration target, captured with a camera or spectrometer, recovers per-resin albedo and
extinction on a full-color photopolymer printer. We target FDM filaments, phone-camera cap-
ture, and a property interface, nominal RGB plus per-channel TD, that the consumer ecosystem
already exchanges.

2.4 Position
Prior work either measures materials with laboratory instrumentation or predicts stacks from
palette-level data; this work composes the first into the second. The per-filament property
interface accepts better instrumentation, a spectrometer or a RAW pipeline, without changes
to the forward model. Table 1 contrasts the data dependencies of the five systems.
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Table 1: Data dependency of stacked-color prediction systems. Ours measures each filament
independently (nominal RGB, per-channel TD) and predicts new combinations without further
measurement; when a scalar TD is the available input, eight scalars are fitted on one dual-
backing plate.

Method Single-filament input Mixed-palette
measurement

New-palette
workflow

New-
combination
measurement

Forward model

HueForge /
Kromacut

RGB + scalar TD no supply and
tune values

no scalar BL,
manual tuning

Lumina (dense
LUT)

optional calibration
board

print new
board

often yes lookup

ChromaPrint-
3D

calibrated material
data

board + color
database

recalibrate
palette

training data
required

fitted palette
model

Iser et al. 2025 per-resin albedo +
extinction from one
printed target (camera
or spectrometer)

single
calibration
target

re-characterize
resins

no radiative-
transfer fit

Ours independently
measured RGB +
per-channel TD; with a
scalar TD, 8 scalars
fitted on one plate

optional
(dual-backing
plate)

measure new
filaments

no shared analytic
model

3 Forward Model
3.1 Material-property interface
The predictor consumes a fixed per-filament property vector and the stack geometry. For each
filament c the vector holds the nominal color Fch(c), the transmission distance tdc (per-channel
tdch,c = TDR, TDG, TDB), and the effective attenuation coefficient kc; the monochromatic
scattering prefactor αs and the remap pair (std, γtd), Eq. (2), are global. A stack is an ordered
sequence c1, . . . , cL, bottom layer first, at single color-layer thickness d, over N primaries.

The nominal color is the filament printed opaque: the eight-layer cell of a single-filament
ramp plate (Section 4), photographed on white backing with white-balance correction. It enters
as an appearance proxy through the absorbance Ach(c) = (255 − Fch(c))/255 ∈ [0, 1], not as
a reflectance albedo. We keep kc rather than the radiative-transfer coefficients µ or σ because
the model is not radiative transfer. Throughout, d = 0.08 mm (0.04–0.20 mm supported),
Bch = 1 (white) or ≈ 0.05 (black cardstock), N = 5 (cyan, magenta, yellow, white, black; 4–16
supported); Table 2 collects the notation.

3.2 Single-layer transmission
The layer transmission has two forms, selected by what is measured. (i) With staircase-measured
per-channel distances, Tch(c) = 10−d/tdch,c ; nothing is fitted on the target plates. (ii) With a
scalar distance, from a sensor or a published table,

Tch(c) = exp
(
−
(
αs

tdc
+ kc ·Ach(c)

)
· d
)
, (1)

with αs and kc estimated from a printed plate (Section 3.5). The monochromatic term αs/tdc
is identical across R, G, B, keeping white filament semi-opaque; the wavelength-dependent
absorption term kc ·Ach(c) varies per channel, separating cyan, magenta, and yellow (Fig. 2(a)).
The monochromatic term is exact for a broadband scatterer (TiO2 white pigmentation) and
approximate for tinted scatterers; Section 5 tests it on colored scatterers. A scalar reading
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Symbol Meaning Unit
c filament (material) index
ch ∈ {R,G,B} color channel
Fch(c) nominal per-channel color (opaque ramp-cell measurement) 8-bit sRGB
Ach(c) per-channel absorbance proxy, (255− Fch(c))/255 dimensionless
d single color-layer thickness mm
tdc transmission distance of filament c mm
tdch,c per-channel transmission distance (TDR, TDG, TDB) mm
TDsensor,c single-point optical-sensor reading (TD1S) mm
αs monochromatic scattering prefactor (global) dimensionless
kc effective attenuation coefficient of filament c mm−1

Tch(c) single-layer per-channel transmission, Eq. (1) dimensionless
std, γtd TD power-law remap scale and exponent, Eq. (2) dimensionless
L number of layers in the stack count
c1, . . . , cL stack composition, bottom layer first
N number of filament primaries count
Rch(i) per-channel light remaining after the first i layers fraction
ℓch(i) per-channel loss allocated at layer i fraction
ℓch(bg) per-channel loss reaching the backing (= Rch(L)) fraction
Lch(i), Lch(bg) normalized loss-allocation weights fraction
Bch per-channel backing reflectance (1 white; ≈ 0.05 black cardstock) dimensionless
Pij(θ) predicted color of grid cell (i, j) 8-bit sRGB
Gij , G measured color of grid cell (i, j); the plate measurement grid 8-bit sRGB
θ vector of free parameters
J(θ) fitting objective, Eq. (8) ∆E76

∆E00 CIEDE2000 color difference (reporting metric) ∆E
∆E76 CIE 1976 color difference (optimization metric) ∆E

Table 2: Notation of the forward model.

TDsensor,c enters through a power-law remap,

tdc = std · (TDsensor,c)
γtd , (2)

fitted jointly with the optical coefficients (std ≈ 1.48, γtd ≈ 0.20 on CMYWK). Consumer tools
exchange the scalar form T = 10−d/TD, one channel-independent distance per filament [34]; we
call it the TD-table formula and use it as the prediction baseline in Section 5.

3.3 Stack composition
The stacking rule allocates the per-channel light budget of a single downward pass across layers
and backing (Fig. 2(b)). It is a heuristic single-pass loss-allocation rule, justified empirically in
Section 5. Let Rch(i) denote the per-channel light remaining after the first i layers:

Rch(0) = 1, Rch(i) = Rch(i− 1) · Tch(i) for i = 1, . . . , L. (3)

The loss allocated at layer i is

ℓch(i) = Rch(i− 1) · (1− Tch(i)), (4)

and the residual reaching the backing is

ℓch(bg) = Rch(L). (5)

Normalized by their per-channel sum, the weights are

Lch(i) =
ℓch(i)∑L

j=1 ℓch(j) + ℓch(bg)
, Lch(bg) =

ℓch(bg)∑L
j=1 ℓch(j) + ℓch(bg)

. (6)
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Incident light (per channel ch)

Filament layer c, thickness d d

Transmitted per channel: Tch(c)

Tch(c) = exp
(
−
(

αs/tdc︸ ︷︷ ︸
monochromatic term

+ kc · Ach(c)︸ ︷︷ ︸
wavelength-dependent absorption

)
· d

)
monochromatic term

same attenuation on every channel
wavelength-dependent absorption

gives CMY its color

Cyan

#3D79C6
A = (0.76, 0.53, 0.22)

TR < TG < TB

absorbs R most,
passes B most

wavelength-dependent absorber

White

#FFFFFF
A = (0, 0, 0)

TR = TG = TB

monochromatic
term only

reduces to the scalar form

Black

#0B0F0C
A ≈ (0.96, 0.94, 0.95)
TR ≈ TG ≈ TB ≈ 0

nearly opaque
monochromatic

(a)

c1 (Cyan)

c2 (Magenta)

c3 (Yellow)

c4 (White)

Reflective backing Bch

Incident: Rch(0) = 1

ℓch(1)

ℓch(2)

ℓch(3)

ℓch(4)

ℓch(bg) = Rch(L)

Remaining light (Eq. 3):
Rch(0) = 1
Rch(i) = Rch(i−1) · Tch(i)

Raw light-loss (Eq. 4):
ℓch(i) = Rch(i−1) · (1−Tch(i))

Backing residual (Eq. 5):
ℓch(bg) = Rch(L)

Normalize (Eq. 6):

Lch(i) =
ℓch(i)∑

j ℓch(j) + ℓch(bg)

Compose (Eq. 7):
RGBch = Lch(bg)Bch

+(1−Lch(bg))
(
1−

∑
i Ach(ci)Lch(i)

)

One-layer limit, L=1

For Bch = 1, Eq. 7 reduces to
RGBch = 1−Ach · (1− Tch)

2

(b)

Figure 2: Forward model. (a) The single-layer transmission of Eq. (1): the monochromatic
term αs/tdc and the wavelength-dependent absorption term kc · Ach(c). (b) The stacking rule
of Eqs. (3)–(7): a single downward pass allocates the per-channel light budget across layers and
backing.

The output mixes the backing with the layer-absorbance-weighted stack color:

RGBch = Lch(bg) ·Bch +
(
1− Lch(bg)

)
·

(
1−

L∑
i=1

Ach(ci) · Lch(i)

)
, (7)

the 8-bit output being RGBch × 255 clipped to [0, 255].

3.4 Color-space convention
All model quantities (nominal RGB, Ach, per-layer transmission, output) and all measurements
and ∆E comparisons live in the 8-bit sRGB-encoded domain; this is the domain in which
filament colors and TD values are published and exchanged in the consumer ecosystem, and
in which camera images are delivered. Equations (1)–(7) are therefore an empirical model
in encoded space; the fitted coefficients (αs, kc, tdc) absorb the encoding nonlinearity and
are process-conditioned. Staircase transmission is measured in linear light, with the sRGB
electro-optical transfer function (EOTF) and EXIF exposure normalization, and converted to
the encoded convention with TDenc = 2.2 · TDlin. All reported evaluation color differences
are CIEDE2000 [9, 27], written ∆E00. To maintain numerical smoothness during fitting and
avoid the hue-angle boundary discontinuity of ∆E00, the optimization objective evaluates the
continuous Euclidean CIELAB distance (∆E76), separating the optimization metric from the
standard perceptual reporting metric.

3.5 Fitting objective
When direct sensors cannot supply a property, it is estimated from a printed plate. Let G be
the plate’s measured per-cell color grid, Gij the color of cell (i, j), and Pij(θ) the prediction for
its stack code. The objective minimizes the mean Euclidean CIELAB color difference (∆E76)
plus a weak ordering regularizer:

J(θ) =
1

|G|
∑

(i,j)∈G

∆E76

(
Pij(θ), Gij

)
+ λk ·Πk({kc}), (8)
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Material TD1S (mm) TDR TDG TDB Fit R2

Kingroon transparent PLA 100 (sat.) 17.9 18.9 17.2 0.988
Ziro light cyan clear 48.9 1.35 2.54 4.09 0.998
Sunlu transparent yellow 100 (sat.) 22.1 15.4 5.38 0.963
iSANMATE light pink 100 (sat.) 11.2 2.03 2.51 0.990

Table 3: Per-channel transmission distances (mm) recovered from single-material staircases for
four transparent filaments, with the raw TD1S sensor reading for comparison; R2 is the mean
log-linear fit quality per material.

where Πk favors the ordering kK > kW > kM > {kC , kY } with λk = 0.5, and sensor-seeded
fits carry a weak TD1S ordering prior on the tdc (Section 4). All fits use differential evolution
[30] through SciPy [33]. Free parameters vary by experiment: none on the transparent plates,
eight scalars on the five-arbitrary-filament plate, eight per PLATE-06 print (Section 5). Bound,
prior, and single-backing ablations are tabulated in the supplementary material.

4 Material Characterization Used in This Work
4.1 Staircase per-channel transmission distances
Two single-filament artifacts characterize each material. A ramp plate prints the filament at 1,
2, 4, 6, and 8 layers on white backing; its eight-layer cell gives the nominal color Fch(c) and
its attenuation over layer count gives the rate against which sensor readings are interpreted
(Section 5.4). A single-material staircase recovers per-channel transmission distances from one
white/black photograph pair. The clear track prints eight steps of 0.32–10 mm design thickness
at 0.28 mm layers on the Anycubic Kobra X; the opaque track prints twelve steps of 0.08–4.8 mm
at 0.08 mm layers on the Bambu Lab H2C. The same step across backings gives the round-trip
transmission

T 2 =
Sw − Sb

BGw −BGb
,

with S and BG the step and local-background readings under white (w) and black (b) backing;
a log-linear fit over the thin range (d ≤ 3 mm) yields TDR, TDG, TDB at R2 0.963–0.998
(Table 3). Where illumination geometries differ, an offset-augmented estimator s(d) = C +
A · 10−d/TD uses all steps. Channel orderings match pigment physics unconstrained: cyan
TDR < TDG < TDB; yellow TDB ≪ TDG < TDR; pink TDG ≈ TDB ≪ TDR; neutral
near-equal. Rounding to the layer grid shifts well-sampled channels by at most 1.2% with every
ordering preserved; per-step fits and confidence intervals are in the supplementary material.
The TD1S (BIQU AJAX optical filament sensor) saturates at its 100 mm ceiling on three of
four materials (Table 3).

4.2 Dual-backing structured plate
One structured plate under two backings supplies enough constraints to estimate the remaining
coefficients. PLATE-06 lays out 30× 26 = 780 cells covering the exhaustive 1–4-layer CMYWK
codes with corner markers; each print is photographed once under white and once under black
out-of-plate backing. Border-anchored photometric normalization removes the ≈1.8-stop ex-
posure difference (1/215 s vs. 1/60 s) with a measured border-leak discount. The objective is
Jwhite + Jblack over eight parameters per print: αs, std, γtd, kC through kK .
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Plate (profile) Backing Per-channel TD Scalar TD Reduction (%)
CMYG (default) white 21.5 45.5 52.8
CMYG (adjusted) white 18.6 47.2 60.5
CMYW (crossed) white 28.3 50.8 44.3
CMYG (default) black 23.1 40.0 42.2
CMYG (adjusted) black 22.1 38.7 43.0
CMYW (crossed) black 31.8 61.8 48.6

Table 4: Clear-plate cross-validation: mean camera-pipeline ∆E00 (CIEDE2000) per 256-cell
four-layer permutation plate. “Per-channel TD” uses staircase-measured TDR/TDG/TDB with
no parameters fitted on the plate; “Scalar TD” replaces them with one scalar TD per filament.
Reduction is the relative error decrease of the per-channel route.

4.3 Capture
The same interface accepts a consumer phone and a RAW pipeline. Primary capture uses an
iPhone 16 Plus (JPEG, auto exposure and white balance), build-plate side up in a consumer
LED light box; glare masking excludes pixels with V > 245 and cells are sampled over their
central 40–60%. A Sony A7M4 replication decodes RAW deterministically to sRGB. An in-frame
ColorChecker fits a per-shot camera-to-CIELAB transform at leave-one-out residual ∆E00 2.64,
so reported ∆E values are camera-pipeline-relative. CMYWK validation prints use Bambu PLA
Basic filament on Bambu Lab printers (H2C primary, Bambu P1S second-printer replication);
clear-track prints use the Kobra X.

5 Results
The results answer RQ1 (Section 5.1), RQ2 (Section 5.2), and RQ3 (Section 5.4), then the
stacking-rule comparison (Section 5.3) and an application print (Section 5.5). All plates follow
the print and capture protocol of Section 4.

5.1 RQ1: Prediction of Unseen Stacks from Single-Filament Measurements
Profile-matched staircases supply per-channel TDs, and the stacking rule composes them with
no parameters fitted on the target plates: 256-cell clear permutation plates (four-layer codes,
0.84 mm color layers) under two slicer profiles and a crossed-infill variant, on both backings
(Table 4, Fig. 3).

Measured per-channel TDs cut the scalar-TD error by 42–60% on all six plate/backing
combinations; the best case reaches 18.6 versus 47.2 ∆E00 (CIEDE2000). Black-backing pho-
tographs are EXIF-normalized; the plates carry no white reference and are not white-balanced.
Per-cell diagnostics are in the supplementary material.

5.2 RQ2: Transfer to New Filament Identities
Five arbitrary opaque filaments, none used in model development, fill the five roles of the 30×26
five-arbitrary-filament plate (RANDMIX5): translucent grey, matte magenta, matte ice-blue,
beige, purple (Table 5). Nominal colors and per-channel TDs come from independent staircases;
eight scalars are fitted on the plate (αs, std, γtd, one kc per filament); the claim is eight fitted
numbers against a 780-entry measured table.

The model reaches all 780 cells at combined ∆E00 6.9 (white 5.3, black 8.5; median 6.9,
maximum 15.4), less than half the default-coefficient error of 15.9 (Fig. 4). The CMYWK
primaries reach 9.23–9.76 under the identical protocol (Section 5.4).
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Sunlu transparent yellow
TD = 22.1/15.4/5.38 mm

0 5 10
step thickness d (mm)
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iSANMATE light pink
TD = 11.2/2.03/2.51 mm

CMYG permutation plate (adjusted profile):
fit-free prediction vs. photo
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(b)
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G

B
used in fit

excluded

Figure 3: Transparent track. (a) Staircase per-channel TD fits for four transparent filaments;
the log-linear fit uses the thin-range steps. (b) Fit-free prediction versus photograph of a 256-
cell clear permutation plate; cell structure and hue families align.

Slot Filament Nominal color tdstair (mm) tdeff (mm) kc

C grey (Panchroma translucent) #7B7872 3.44 9.45 0.50
M magenta (Sunlu matte) #B43C74 0.37 1.59 7.24
Y ice-blue (matte) #A9DDF3 1.09 3.75 7.90
W beige (Bambu) #F6E5CC 1.97 6.04 6.07
K purple (Bambu) #5950B4 0.59 2.30 1.06

Table 5: The five-arbitrary-filament plate (RANDMIX5). tdstair is the staircase-measured TD,
locked during the fit; tdeff = std · tdγtdstair with the fitted remap. Fitted on the plate: αs = 6.09,
std = 3.50, γtd = 0.80, and the five kc; nominal colors and tdstair are measured off-plate.

The staircases resolve wavelength dependence. Magenta transmits red while absorbing green
at tdG 0.17 mm (R2 0.9999); its per-channel TDs span 0.17–0.63 mm against a single broadband
reading of 1.8 mm, which no scalar TD represents. For near-neutral beige the single TD1S
reading, 3.5 mm, matches its fitted green-channel TD of 3.3 mm.

A Sony A7M4 RAW re-capture of the same plate, refit under the identical protocol, reaches
∆E00 5.5 (white 4.9, black 6.1) from a 15.4 baseline (details in the supplementary material):
the accuracy belongs to the model and the staircases, not to one camera pipeline. The eight
coefficients are what a laboratory photometric instrument would measure directly; under such
capture the model runs in pure prediction.
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Figure 4: RANDMIX5: photographs, model reconstructions, and per-cell ∆E00 maps of the
780-cell arbitrary-filament plate under both backings; combined mean 6.9, white 5.3, black 8.5.
All five filaments are unseen non-CMYWK materials; nominal RGB and per-channel TDs come
from independent staircases.

Stacking form Held-out mean ∆E00

Loss allocation (ours) 15.96
Sequential compositing 25.96
Simplified Kubelka–Munk 27.41
Calibrated scalar Beer–Lambert 15.91

Table 6: Stacking-rule ablation on the COMPARE-01 plate: mean held-out ∆E00 (CIEDE2000)
over 72 ColorChecker patches whose codes are not used for fitting. The first three rows share
the same transmission model and fitted coefficients; the compositing rule alone differs. The
calibrated scalar Beer–Lambert row is a one-coefficient scalar model fitted on the same plate.

5.3 Stacking Rule and Comparison with the Community Formula
With the transmission model and fitted coefficients fixed, Table 6 swaps the compositing rule
alone; evaluation is held out on 72 ColorChecker patches not used for fitting. Loss allocation
reaches 15.96 ∆E00, sequential compositing 25.96, a simplified Kubelka–Munk form 27.41; the
rule alone moves held-out error by 10 ∆E00. On a fixed CMYWK palette with on-plate cal-
ibration, a one-coefficient scalar model matches this error; the per-channel representation is
what the transparent and arbitrary-filament plates need, where no palette-level fit exists or the
filaments are arbitrary.

The head-to-head prints 24 ColorChecker targets per method on one plate, three independent
sessions captured together (Table 7). The model cuts the community TD-table formula’s error
[34] by 45–47% on every print, a mean margin of +14.23 ∆E00 (16.69 versus 30.92). The
uncalibrated scalar Beer–Lambert formula with the same nominal colors trails by 1.1–1.6 ∆E00

on each print. A P1S reprint preserves the ordering: 11.31, 14.25, 21.20 ∆E00.

5.4 RQ3: Characterization Accuracy with Consumer Tools
The properties the model needs are obtainable with a phone camera; a single-point transmission
sensor does not supply them. The TD1S optical sensor reads one broadband TD: 6.1, 2.9, 5.0,
and 2.0 mm for white, magenta, yellow, cyan. Combined with the attenuation rates measured
on the single-filament ramp plate (Section 4), these readings imply a global α spanning 3.0 to
226.5, a 75× range; black saturates the sensor’s 0.1 mm floor, and three of the four transparent
filaments saturate its 100 mm ceiling.

The dual-backing plate supplies them (Table 8, Fig. 5): four independent prints recover the
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Print Ours Uncalibrated scalar BL TD-table formula
w-1 16.89 17.97 31.46
w-2 16.59 18.18 30.18
w-3 16.59 17.71 31.13
Mean 16.69 17.95 30.92

Table 7: COMPARE-01 physical head-to-head: mean camera-pipeline reproduction ∆E00

(CIEDE2000) over 24 ColorChecker targets per print; three independent print sessions, one
capture session. The TD-table formula is the community base-10 Beer–Lambert with sensor
TDs [34].

Print αs kC kM kY kW kK Mean ∆E00 Default
PLATE-06-H2C-A 2.23 3.50 4.31 3.66 6.32 23.19 9.23 18.91
PLATE-06-H2C-B 2.21 2.48 3.58 2.79 10.93 24.43 9.56 18.30
PLATE-06-H2C-C 2.54 2.57 3.92 2.93 14.00 23.79 9.73 18.38
PLATE-06-H2C-D 1.83 2.61 3.98 2.92 9.81 23.23 9.76 18.67

Table 8: Dual-backing fitted coefficients for four independent PLATE-06-H2C prints (780 cells
each); errors are mean camera-pipeline ∆E00 (CIEDE2000), combined over both backings.
“Default” is the same metric with default coefficients and no fitting. The ordering kK > kW >
kM > {kC , kY } is recovered on every print, kK averages 23.66 (sd 0.51), and the combined error
spans 9.23–9.76 (mean 9.57, sd 0.21), 47–51% below the default coefficients.

ordering kK > kW > kM > {kC , kY } every time and cut the combined error 47–51% below
the default coefficients, to 9.23–9.76 ∆E00 (mean 9.57, sd 0.21). Re-photographing print D
with the Sony RAW pipeline and refitting gives 9.62 versus 9.76 ∆E00 with materially different
coefficients (std 4.53 versus 1.18): the transmission constrains the product αd/TD, so accuracy
transfers while the decomposition is capture-conditioned. Bound-widening and prior ablations
leave kK and the error unchanged (supplementary material).

5.5 Application
The forward model drives an end-to-end image-to-print pipeline: K-means in CIELAB extracts
the palette; each pixel takes the stack code minimizing ∆E00 to the available filaments; greedy
meshing merges same-code regions (70–80% box-count reduction); output is STL or 3MF. The
printed translucent CMYW panel is muted front-lit and saturated stained-glass backlit (Fig. 6).
The same model supplies both the code search and the predicted appearance.

6 Discussion
Rather than requiring high-dimensional radiative-transfer parameters, the model targets a low-
parameter interface: nominal RGB plus transmission distance, the pair the consumer ecosystem
already exchanges and a phone can measure. The staircases follow the few-sample, multi-
thickness measurement spirit of [10, 11]; the permutation plates validate stacking generaliza-
tion, not the coefficients. The same interface accepts physically based characterization as its
measurement backend.

Four-flux, inverse-rendering, and spectrophotometric characterization [5, 11, 20, 32] deliver
exactly the quantities the interface consumes. As such instrumentation reaches the consumer,
the dual-backing plate gives way to direct measurement; the forward model is unchanged.

The absorption ordering is not an artifact of one vendor’s CMYWK set: five arbitrary non-
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PLATE-06-H2C-A: measured vs. model (combined E00 = 9.23)

Figure 5: PLATE-06-H2C-A under both backings: photographed per-cell RGB, model recon-
struction, and per-cell ∆E00 map on a unified scale. Combined mean ∆E00 9.23 over all 780
cells (median 8.5; 65% of cells below 10).

Figure 6: Application print. Source image (left), the printed translucent layered CMYW panel
front-lit (center), and the same panel backlit (right), where subtractive transmission through
the stacked filaments yields saturated stained-glass color.

CMYWK filaments recover physically coherent wavelength-dependent absorption under the
same protocol (magenta: tdG 0.17 mm while transmitting red; Table 5). The monochromatic
scattering term, exact for broadband scatterers, also carried the tinted scatterers (ice-blue,
beige) in the same test.

Our evaluation defines a clear operational envelope: (1) across repeated prints within a
batch, characterization exhibits strong repeatability (error standard deviation 0.21∆E00 and
kK stability of 23.66± 0.51); (2) the recovered coefficients serve as process-conditioned effective
optical quantities anchored to the print and capture setup (with camera-pipeline colorimetry
anchored at a ∆E00 residual of 2.64); and (3) the forward formulation captures the macroscopic
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transmissive behavior of stacked layers with computational efficiency suitable for interactive
slicer workflows.

7 Conclusion
This paper presented a forward model mapping independently measured filament properties and
stack geometry to arbitrary stack color. Staircase measurements predict unseen transparent
stacks at 18.6 versus 47.2∆E00, 42–60% below scalar-TD error on all six cases (Table 4).
Five arbitrary non-CMYWK filaments follow at 6.9∆E00 with eight fitted scalars (Fig. 4);
physical prints lead the community TD-table formula by 14.2∆E00 (Table 7). A staircase, a
dual-backing plate, and a phone camera supply what single-point sensors cannot. Within the
process-conditioned scope of its coefficients, a single shared model predicts arbitrary stacks.
Future work extends the model to volumetric color arrangements [35].

Data and Code Availability
Plate designs, print configurations, photographs, fitted-coefficient reports and the analysis
scripts for every table are in the paper artifact directory of the project repository, together
with the supplementary material.
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