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Abstract

The accurate evaluation of gastrointestinal (GI) diseases such as celiac disease (CeD) relies
on the assessment of villous architecture, yet progress in imaging-based diagnostics, par-
ticularly video capsule endoscopy (VCE), is constrained by the absence of anatomically
realistic and reproducible physical models of the intestinal mucosa. Existing benchtop
phantoms typically reproduce gross luminal curvature but fail to capture the sub-millimeter
villous microstructure, the optical scattering behavior, and the luminal folding of native mu-
cosa that together shape its endoscopic appearance. We developed a modular fabrication
framework for an anatomically realistic small intestinal phantom with controlled villous
microstructure. High-resolution drop-on-demand photopolymer material jetting was used
to print discrete patches of villous-like micropillar arrays with tunable height, diameter,
and spacing parameterized from histological data spanning Marsh 0 to 3c classifications.
The printed patches were then dyed for mucosal-color realism, bonded onto a polyester–
spandex substrate, rolled into a continuous tube, and shaped with adjustable retainer rings
to introduce luminal folds. Optical microscopy confirmed dimensional fidelity within ±10%
of design values with patch-to-patch variation below 7%, and VCE imaging of healthy
and atrophic configurations achieved structural similarity (SSIM) values of 0.625 and
0.761 against clinical mucosal imagery. This reproducible platform supports VCE device
validation, imaging dataset generation, and clinician training in gastrointestinal imaging.

Keywords: intestinal phantom; villous microstructure; video capsule endoscopy (VCE);
celiac disease; PolyJet 3D printing; additive manufacturing

1. Introduction
The accurate visualization of the small intestinal mucosa is vital for evaluation and

characterization of a range of gastrointestinal (GI) disorders, including celiac disease (CeD),
Crohn’s disease, and inflammatory enteropathies. These diseases are characterized by
alterations in villous architecture, particularly villous atrophy, crypt hyperplasia, and
mucosal flattening, which are linked to impaired nutrient absorption and compromised
mucosal function [1]. Figure 1 illustrates representative endoscopic images demonstrating
features of villous atrophy alongside normal mucosal architecture. The villous surface
architecture of the small intestinal mucosa, composed of sub-millimeter ridges and folds,
plays an important role in shaping tissue surface topology and governs optical scattering,

Bioengineering 2026, 13, 943 https://doi.org/10.3390/bioengineering13080943

https://crossmark.crossref.org/dialog?doi=10.3390/bioengineering13080943&domain=pdf&date_stamp=2026-08-21
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/bioengineering
https://www.mdpi.com
https://orcid.org/0000-0001-5786-0608
https://orcid.org/0000-0003-4110-4175
https://doi.org/10.3390/bioengineering13080943


Bioengineering 2026, 13, 943 2 of 14

mechanical compliance, and absorptive surface area. Alterations in villous architecture
associated with tissue properties serve as structural tissue biomarkers that reflect mucosal
injury during disease progression [2,3].

 
Figure 1. Endoscopic view of small intestinal mucosa. (A) Healthy mucosa with well-defined villous
architecture and surface texture. (B) Flattened surface indicative of villous atrophy in celiac disease.

Video capsule endoscopy (VCE) provides minimally invasive visualization of the
small intestine, which is difficult to access with conventional endoscopy due to its long
length and complex looping. VCE has proven effective in detecting mucosal abnormalities,
but quantitative analysis and algorithmic interpretation remain limited by the lack of
anatomically realistic, reproducible testbeds that can replicate the complex micro-texture of
real intestinal mucosa [4,5]. Most validation studies for VCE- and AI-based lesion detection
rely on clinical datasets that exhibit variability in illumination, orientation, and tissue
motion, making standardization and benchmarking difficult [6]. Deep-learning models
have demonstrated strong performance for VCE-based celiac and lesion detection [7–9],
yet their development and fair benchmarking remain constrained by the availability of
standardized, well-annotated data.

Recent studies have explored the use of in vitro phantoms and computational recon-
structions to replicate intestinal morphology [10–12]. However, most existing benchtop
models—typically fabricated from silicone or hydrogel—capture only the gross curvature
of the intestinal wall and fail to reproduce the fine villous microstructure that governs
optical scattering and mechanical compliance. Even advanced training models exhibit
smooth, featureless surfaces and lack the subsurface light diffusion and depth-dependent
reflectivity characteristic of real mucosa [13–15]. Hydrogel-based tissue surrogates have
achieved partial optical realism, but their microfeatures are poorly defined, and their me-
chanical properties do not match those of hydrated intestinal tissue. These limitations
reduce their usefulness for video capsule endoscopy (VCE) validation, optical calibration,
and algorithmic training, underscoring the need for a phantom that combines both mi-
crostructural fidelity and deformability. Figure 2 summarizes representative intestinal and
gastrointestinal phantoms alongside the structural, optical, and validation capabilities most
relevant to capsule-endoscopy realism, positioning the present work against the current
state of the art.

To address these limitations, this study introduces a modular fabrication framework
for creating anatomically realistic small intestinal phantoms that integrate microstructural
fidelity with anatomically realistic luminal curvature and folding. The approach com-
bines high-resolution photopolymer material-jetting with a compliant woven substrate to
produce a soft, deformable construct that reproduces the villous microstructure, surface
geometry, and endoscopic visual appearance of intestinal mucosa. Quantitative histo-
logic measurements reported in the literature (Figure 3), including villus height, crypt
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depth, and established morphometric descriptors associated with Marsh classifications,
informed the development of parametric CAD models (Figure 4), capturing the progres-
sion from healthy elongated villous architecture (Marsh 0–1) to flattened atrophic surfaces
(Marsh 3b–3c) [10,16,17]. By integrating these data-driven design principles with an adapt-
able patch-based fabrication process, the resulting phantom reliably reproduces villous
microstructure, luminal folds, and the mucosal appearance captured under endoscopic
imaging. Discrete patches representing different disease stages can be independently
fabricated and assembled in arbitrary spatial arrangements, allowing the framework to
support user-defined disease distributions, scalable phantom lengths, and extension to
other tubular mucosal tissues. Together, these capabilities establish a standardized, repro-
ducible platform for optical benchmarking, VCE device validation, and the generation of
high-quality imaging datasets to support clinician training and the AI-based evaluation
and characterization of GI disorders.

 

Figure 2. Comparison of representative intestinal and gastrointestinal phantoms against capabilities
relevant to VCE realism [10,13–15].

 

Figure 3. Morphometric parameters of villous morphology across Marsh classifications. Villus height,
diameter, area, and surface area compiled from histological literature for Marsh 0–3c.

https://doi.org/10.3390/bioengineering13080943

https://doi.org/10.3390/bioengineering13080943


Bioengineering 2026, 13, 943 4 of 14

Figure 4. CAD models of villous microstructure across Marsh stages. Parametric designs show de-
creasing villus height (VH) and spacing (VS) with increasing diameter (VD), from healthy (Marsh 0–1)
to atrophic (Marsh 3b–3c).

2. Materials and Methods
Development of the intestinal phantom followed a modular fabrication workflow

combining quantitative histological modeling, high-resolution 3D printing, and compliant
structural assembly. The overall process, summarized in Figure 5, comprised five sequential
stages: 3D microstructure printing, optical dyeing, compliant patch assembly, tubular
forming, and controlled luminal folding.

 

Figure 5. Fabrication workflow of the intestinal phantom. (A) Villous-array printing, (B) optical
dyeing, (C) patch assembly on the fabric substrate, (D) tubular forming around a rod, and (E) luminal
folding with adjustable retainer rings.

2.1. Data-Driven Design and Parametric CAD Modeling

Histological metrics (Figure 3) guided the design of villous microstructures across
disease severities. The villous dimensions used to parameterize the CAD models were
compiled from a cumulative review of published histological studies reporting the quanti-
tative morphometry of small intestinal mucosa across Marsh stages [16–19], rather than
from any single database. Staging follows the Marsh grading scheme [20] as modified by
Oberhuber et al. to subdivide the Marsh 3 lesion into 3a–3c categories [21]. Villus height
(VH), base diameter (VD), and spacing (VS) were parameterized for five configurations
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ranging from healthy (Marsh 0–1; 1.0 mm height, 0.25 mm diameter, 0.35 mm spacing) to
severely atrophic (Marsh 3c; 0.1 mm height, 0.5 mm diameter, 0 mm spacing). Figure 4
illustrates the CAD models representing these morphologies.

Villus arrays were modeled in SolidWorks 2025 as periodic lattices on 80 × 30 mm
rectangular plates, each representing a discrete mucosal patch. Parametric modeling
allowed systematic variation to simulate disease severity. Five primary configurations to
represent the continuum from healthy to fully atrophic tissue are as follows:

• Healthy (Marsh 0): 1.0 mm height, 0.25 mm diameter, 0.35 mm spacing.
• Intermediate 1: 0.75 mm height, 0.30 mm diameter, 0.30 mm spacing.
• Intermediate 2 (Marsh 3a): 0.50 mm height, 0.30 mm diameter, 0.20 mm spacing.
• Atrophic (Marsh 3b): 0.20 mm height, 0.35 mm diameter, 0.20 mm spacing.
• Severe Atrophy (Marsh 3c): 0.10 mm height, 0.50 mm diameter, 0 mm spacing

2.2. Microstructure Printing and Conditioning

STL models were printed on a Stratasys J826 PolyJet (Stratasys Ltd., Minnetonka, MN,
USA) system in a translucent flexible photopolymer produced by blending Agilus30 with
Vero to a Shore A 60–70 durometer (14–16 µm layer thickness); this blended digital material
is referred to hereafter as “Agilus 70A” for its ~70 Shore A hardness. The material was
selected for reasons tied to the phantom’s imaging purpose: its translucency provides the
subsurface light diffusion that underlies optical realism, and its low durometer keeps the
printed patches flexible enough to roll into the tubular geometry and conform to the folds
induced by the retainer rings, so that the assembled phantom presents realistic curvature
and luminal folds under the capsule [22]. All patches were printed in a single, fixed
orientation, with the 80 × 30 mm substrate plane laid parallel to the build tray (XY plane)
and the villous micropillar axes aligned with the build direction (+Z), so that each pillar was
formed by the successive deposition of layers along its long axis. This orientation was held
constant across all Marsh-stage configurations to standardize feature fidelity and to avoid
the anisotropy and staircase effects that an in-plane orientation would introduce, since
build orientation is known to affect the dimensional accuracy of fine features in PolyJet
material jetting [23].

The modular, patch-based build also defines the fabrication throughput. The ten
80 × 30 mm patches forming one representative phantom were printed together in a single
build, requiring approximately 85–90 min on average. Because material jetting deposits
each layer across the full tray simultaneously, total print time is governed primarily by
build height and is largely independent of the number of patches per layer, so the ten-patch
build corresponds to roughly 8.5–9 min per patch. The patch count per phantom is not fixed
and can be increased to extend phantom length, with print time scaling by the number of
build trays rather than linearly with patch count. These times exclude the post-processing
steps described below.

After printing, patches were conditioned through a three-step sequence of support
removal, dyeing, and drying. Support material was first removed, after which each patch
was immersed in a warm scarlet-dye bath for 24 h to achieve a reddish, translucent tone
visually similar to intestinal mucosa (Figure 5B). Patches were then air-dried gradually
at room temperature before assembly, with drying controlled to prevent dimensional
distortion of the fine villous features.

Because the resin’s inherent properties determine not only initial performance but
also durability, its behavior over time warrants consideration. As with all photopolymers,
material properties evolve with aging: continued crosslinking under ambient ultraviolet
exposure, moisture uptake, and thermal cycling can alter mechanical response and dimen-
sional stability, effects documented for the Agilus/Vero family and for PolyJet materials
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more broadly [24,25]. Long-term stability, and its mitigation through controlled storage
and surface protection, is therefore identified as a translational consideration and a target
for future characterization.

2.3. Compliant Patch Assembly and Tubular Forming

After dyeing, patches were adhered edge-to-edge to a polyester–spandex substrate,
forming a flexible composite sheet (Figure 5C). The sheet was rolled around a 25–30 mm
diameter rod and sealed longitudinally with silicone RTV adhesive to create a continuous
tube (Figure 5D). This step established the primary intestinal geometry while maintaining
elasticity and curvature. The polyester–spandex substrate was selected to provide the
macro-scale elastic deformability required for tube forming, luminal curvature, and retainer-
ring folding, decoupling this bulk flexibility from the microstructural fidelity of the printed
villous layer. It was not intended to reproduce the stress–strain response of the intestinal
wall; a quantitative mechanical comparison against native tissue is deferred to future work.

2.4. Topological Shaping and Retainer Rings

To introduce physiologic folding, 3D-printed adjustable retainer rings were attached
along the phantom (Figure 6). Each ring incorporated ten circumferential set screws
for controlled wall indentation, enabling the precise formation of duodenal-like folds
(Figure 5E). The modular design allowed quick repositioning and repeatable fold patterns
without structural deformation.

 
Figure 6. Adjustable retainer-ring assembly for topological shaping. Dual rings mount modularly
along the phantom; ten circumferential ports hold fold-inducing set screws for controlled wall
indentation, and a base stand supports the phantom during folding and imaging.

2.5. Benchtop Simulation and Optical Validation

Prior to imaging, phantoms were immersed in saline for 12 h to reproduce the wet,
hydrated optical environment of the lumen. The phantom was then integrated into a
benchtop intestinal cavity simulator designed to reproduce the geometric and optical con-
ditions of the in vivo small bowel (Figure 7) [26]. The phantom was mounted on perforated
pegboards using repositionable pegs that constrained its path into intestinal-like bends
along its length, while the modular retainer rings described in Section 2.4 imposed localized
wall indentations to reproduce physiologic luminal folds. This arrangement allowed the
macro-scale bends and folds to be adjusted independently of the villous microstructure,
emulating the curvature and looping encountered during small-bowel navigation.
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Figure 7. Submerged benchtop intestinal cavity simulator for VCE evaluation. The phantom is
mounted on perforated pegboards in an opaque, saline-filled tank; repositionable pegs induce
intestinal-like bends and retainer rings impose luminal folds. A dedicated entry point admits
the capsule, and a top lid excludes ambient light. Inset: assembled phantom with peg and
retainer-ring elements.

The assembled simulator was submerged in saline within an opaque isolation tank,
maintaining the phantom in a hydrated state throughout the imaging process. During
acquisition, a top lid sealed the tank to exclude ambient light so that the only illumination
reaching the phantom originated from the capsule itself. This replicated the dark, enclosed
environment of the intestinal cavity and prevented external light from confounding the
optical measurements. A dedicated VCE entry point on the simulator permitted controlled
introduction and advancement of the capsule through the phantom lumen.

A Medtronic PillCam SB3 capsule was passed through the phantom under these
conditions, and the captured video was used for the qualitative endoscopic comparison
and the SSIM-based benchmarking against clinical imagery reported in Section 3.2.

3. Results and Discussion
The fabricated villous microstructures were evaluated for dimensional fidelity, patch-

to-patch reproducibility, and optical performance under endoscopic imaging. Dimensional
measurements underpinning the following analyses were obtained from the high-resolution
optical microscopy of each fabricated patch using a uniform image-processing pipeline.
Because exhaustive measurement of every pillar across each 80 × 30 mm patch was imprac-
tical, a representative 4 × 4 sub-region containing 16 pillars was selected at a randomly
chosen location on each patch. Binary thresholding was first applied to isolate the pillar
base contours within this sub-region and a Hough circle transform was then used to localize
the center coordinate ci and base diameter di of each pillar i ∈ {1, . . . , 16}. The height hi

of each pillar was extracted as the surface elevation at its corresponding circle center, and
the edge-to-edge spacing sij between two adjacent pillars i and j was computed as the
Euclidean distance between centers minus the half-diameter of each pillar:

sij =
⃦⃦

ci − cj
⃦⃦
−

di + dj

2
(1)
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Applied uniformly to 10 independently fabricated patches per Marsh-stage configu-
ration (n = 160 pillars per group, sampled from one randomly located 4 × 4 sub-region
per patch), this procedure yielded the per-pillar measurements

{︁
hi, di, sij

}︁
that underpin

the dimensional dataset summarized in the following subsections, alongside complemen-
tary qualitative and quantitative observations from PillCam endoscopic imaging of the
assembled phantom.

3.1. Microstructural Accuracy and Fidelity

Dimensional fidelity was assessed by comparing the per-pillar measurements{︁
hi, di, sij

}︁
against the CAD design targets VH , VD and VS specified in Section 2.1 across

the five Marsh-stage configurations. Two complementary metrics were extracted from the
dataset described above. The first, the measured mean ( µ) and the standard deviation ( σ)

of each per-pillar quantity pooled across all 160 pillars within a configuration, captured
overall fabrication accuracy, corresponding to the realized values of VH , VD and VS. The
second metric characterized patch-to-patch reproducibility, the property most relevant to
the modular assembly strategy. For each Marsh-stage configuration, a patch-level mean
µk was first computed for each patch k ∈ {1, . . . , 10} by averaging the 16 per-pillar mea-
surements of the quantity of interest (VH , VD or VS) within that patch. The coefficient of
variation was then computed across the resulting set of patch means as follows:

CV =
σpatch

µgrand
× 100% (2)

where µgrand = 1
10 ∑k µk is the grand mean of the ten patch-level means and σpatch is their

sample standard deviation. Defined this way, CV quantifies how much independently
fabricated patches deviate from one another, rather than the pillar-to-pillar variability
within a single patch, and therefore speaks directly to whether patches can be interchanged
within an assembled phantom.

As summarized in Figures 8–10, the measured means for VH , VD, and VS remained
within ±10% of their design values across all configurations, and the between-patch CV
remained below 7% across every dimension and Marsh stage (CV is undefined for VS

at Marsh 3c, where the design value is zero). Together, these results indicate that the
material-jetting process is both accurate (low bias relative to design) and reproducible (low
variation across replicates) at sub-millimeter scales. Representative microscopic images
of the fabricated patches (Figure 8, right) corroborate the quantitative findings, showing
uniform pillar geometry and consistent replication across the printed arrays.

3.2. Visual Realism and Optical Performance

Figure 8 compares VCE images captured from the healthy and atrophic phantom
configurations. The healthy model (VH = 1.0 mm, VD = 0.25 mm, VS = 0.35 mm)
exhibited strong surface texture, natural mucosal sheen, and detailed shadowing, while
the atrophic model (VH = 0.1 mm, VD = 0.5 mm, VS = 0.0 mm) appeared smoother with
reduced contrast and flattened topology. Together, these contrasting appearances replicate
the endoscopic presentation of Marsh 0 and Marsh 3b–3c villous atrophy, respectively. The
fabricated height distributions visualized by the PillCam (Figure 8, left) correspond closely
to those measured by microscopy (Figure 8, right). Variations in villus height and spacing
produced clear differences in apparent optical scattering, evidenced by changes in image
brightness, shadowing, and surface contrast under endoscopic illumination.
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Figure 8. Healthy versus atrophic villous structures in the fabricated phantom. (A) Healthy model:
tall, closely spaced villi with strong surface texture under endoscopic imaging. (B) Atrophic model:
short, flattened villi with smoother appearance and reduced contrast. Color maps show the measured
villus height distribution.

Figure 9. Dimensional fidelity and patch-to-patch reproducibility across Marsh classifications. For
each dimension, the measured mean (µ) ± SD (σ) is shown against the design target, with the
coefficient of variation (CV) quantifying patch-to-patch reproducibility.

To complement these qualitative observations with a quantitative measure of visual
realism, the phantom was further benchmarked against clinical capsule-endoscopy imagery
from the publicly available Kvasir-Capsule dataset [27]. For each of the two extreme villous
conditions, 100 PillCam frames were sparsely sampled across the recorded phantom video,
and 100 clinical frames of the matching mucosal appearance were drawn from labeled
Kvasir-Capsule sequences. Sparse sampling spaced the selected frames across each video
to limit the near duplication that consecutive capsule frames exhibit. All phantom imaging
was performed under controlled conditions—within a light-sealed, saline-filled tank with
the capsule as the sole illumination source and the sample hydrated (Section 2.5)—so
that acquisition conditions were held fixed rather than allowed to vary between frames.
From each frame, a 100 × 100 pixel central region of interest was cropped to isolate the
mucosal surface from peripheral lens distortion and vignetting, and a Gaussian filter
then suppressed the sensor noise. The structural similarity index (SSIM), a perceptually
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weighted metric that jointly accounts for luminance, contrast, and local structure on a scale
from 0 (no similarity) to 1 (identical) [28], was evaluated for every phantom-clinical frame
pair, yielding 100 × 100 = 10, 000 values per condition. The resulting distribution therefore
quantifies aggregate textural correspondence between synthetic and native mucosa rather
than pixel-level scene alignment, and averaging the 10,000 values gave a per-condition
mean alongside its standard deviation.

Figure 10. Dimensional accuracy of fabricated villous microstructures. Expected versus measured
villus height (VH), diameter (VD), and spacing (VS) across five configurations (Marsh 0–3c); deviations
remain within ±10%.

The phantom achieved a mean SSIM of 0.625 ± 0.03 against healthy mucosal frames
and 0.761 ± 0.01 against severely atrophic mucosal frames, indicating substantial structural
correspondence with native tissue appearance under capsule-endoscopy imaging in both
conditions. The higher score in the atrophic configuration is consistent with the morpholog-
ical state of the tissue itself: as villous height collapses and inter-pillar spacing approaches
zero, the mucosal surface loses its fine-scale texture and reduces to a comparatively uni-
form, low-relief field, a regime in which both real and synthetic surfaces present fewer
distinguishing structural features and SSIM is correspondingly higher. The lower score in
the healthy configuration reflects a genuine limitation of the current fabrication: the printed
villi are arranged on a strictly periodic lattice, whereas native intestinal villi exhibit local
randomness in position, orientation, and height. This periodicity, while convenient for
parametric CAD specification, introduces regular-grid structural cues that real mucosa does
not possess and that SSIM correctly penalizes. Future iterations will replace the uniform
lattice with a stochastic placement scheme that preserves the literature-derived statisti-
cal distributions of villus height, diameter, and spacing while randomizing individual
pillar positions, an approach expected to bring the healthy-condition SSIM closer to the
atrophic value.

SSIM was adopted as the primary realism metric because it operates in the modality
of intended use and, despite its name, provides a quantitative optical rather than purely
structural comparison. Following Wang et al. [28], SSIM is the product of luminance,
contrast, and structure terms, of which the first two are photometric: the luminance term
compares the mean reflected intensity of phantom and clinical frames and therefore reflects
diffuse reflectance under the capsule’s illumination, while the contrast term compares
intensity variance, which is governed by subsurface scattering and surface relief. The
reported values thus quantify the phantom’s optical fidelity—its reflectance and scattering
behavior as rendered by the capsule—against native mucosa, and not only its structural
resemblance. This image-domain comparison is the appropriate primary measure here
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because video capsule endoscopy is a white-light, surface-reflectance system: the quantity
that governs dataset realism is the integrated optical response the capsule sensor records
against real clinical frames, precisely what SSIM evaluates. Bulk optical coefficients, namely
the scattering and absorption coefficients obtained by integrating-sphere methods [29],
instead describe a material in isolation under controlled spectral illumination. Such coeffi-
cients are the primary descriptors for modalities that exploit spectral or volumetric contrast,
including hyperspectral reflectance [14] and multimodal optical phantoms [30]. On their
own, however, they do not predict the rendered surface appearance that the capsule sensor
records, which is the quantity that governs VCE dataset quality.

3.3. Modularity and Extensibility

The patch-based fabrication strategy provides a level of flexibility not achievable with
monolithic phantom designs. Because each 80 × 30 mm villous patch is fabricated, dyed,
and characterized independently before assembly onto the fabric substrate, individual
patches representing different Marsh stages can be combined within a single phantom to
simulate spatially heterogeneous disease—for example, focal atrophy adjacent to healthy
mucosa—as is clinically observed in patchy celiac disease. The fabric substrate length is
unconstrained by the printer build volume, allowing the method to scale to phantoms of
arbitrary length (duodenum-only, full small bowel, and beyond) by appending additional
patches. Damaged or experimentally consumed segments can also be replaced without
rebuilding the full construct, supporting reuse and longitudinal studies. This modularity,
combined with parametric control of villous geometry at the CAD stage and the demon-
strated patch-to-patch reproducibility documented in Section 3.1, makes the framework
readily extensible to other tubular mucosal tissues where surface microstructure governs
imaging contrast.

The same patch-based principle extends the framework beyond celiac villous atrophy
to other focal small-bowel pathologies. Because each patch’s surface geometry and col-
oration are defined parametrically and fabricated independently, distinct disease features
can be encoded as dedicated patch designs: ulcers and erosions as localized surface de-
pressions with darkened or fibrin-toned dyeing, polyps as raised sessile or pedunculated
protrusions, and angiectasias as fine red subsurface vascular features produced through
multi-material dyeing. High-resolution photopolymer processes have similarly been used
to reproduce intestinal surface topographies at comparable scales [31], supporting the
feasibility of this extension. Assembling such patches in arbitrary spatial arrangements
would allow a single phantom to present mixed findings on a shared substrate. Because
these pathologies—like ulcer, polyp, and angiectasia—are underrepresented relative to
normal mucosa in clinical capsule-endoscopy datasets [27], a phantom generating balanced,
controllable examples of each could help address that data imbalance for imaging and
algorithm development.

4. Conclusions
This study presents a reproducible and modular fabrication framework for construct-

ing anatomically realistic intestinal phantoms with controlled villous microstructures.
By integrating high-resolution material-jetting with a compliant woven substrate and
adjustable retainer-ring system, the developed method bridges the gap between digital
morphometric modeling and physically verifiable, tissue-like constructs.

The resulting phantom demonstrates high geometric fidelity and visual realism, of-
fering precise control over villus dimensions and topological folding within a hydrated
environment. Its modular, patch-based architecture decouples microstructure fabrication
from macro-scale assembly, enabling user-defined spatial distributions of disease sever-
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ity, scalable phantom lengths, and straightforward extension to other tubular mucosal
tissues—capabilities that monolithic phantom designs cannot easily provide.

Beyond structural mimicry, this platform establishes a standardized foundation for
evaluating capsule-based imaging devices, validating AI-driven diagnostic algorithms,
and enhancing clinician training. Future development will pursue four complementary
directions. First, the periodic villus lattice will be replaced with a stochastic placement
scheme that randomizes individual pillar positions while preserving the literature-derived
distributions of villus height, diameter, and spacing, an approach expected to raise the
healthy-condition SSIM toward the atrophic value. Second, multi-material fabrication will
be introduced to better match the optical and mechanical heterogeneity of native mucosa,
moving beyond the single-resin villous layer used here. Third, the mechanical properties
of both the villous resin and the woven substrate will be quantitatively characterized
against native tissue through tensile and compression testing, and the phantom’s optical
coefficients will be measured by integrating-sphere methods, complementing the image-
domain validation reported here. Fourth, dynamic peristaltic motion will be incorporated,
driven either actively by the robotic actuation platform under development or passively
through luminal fluid pressure. Together, these advances will extend the realism and
functional scope of the phantom from a static, imaging-focused construct toward a dynamic,
multi-property model of the intestinal mucosa.
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