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Purpose: To evaluate digitally fabricated nasoalveolar molding (NAM) prostheses using open-source software against conventionally
manufactured prostheses using an in vitro assessment of material mechanical properties, and fabrication efficiency.

Materials and Methods: Following IRB approval, a retrospective, in vitro comparative study was conducted using previously
obtained, deidentified neonatal maxillary gypsum casts from patients with unilateral cleft lip and palate. NAM prostheses were
fabricated using either conventional cold-cure acrylic resin or a digital workflow using open-access software (Meshmixer, Autodesk)
and stereolithography 3D printing (Formlabs). Surface deviation relative to reference casts, fabrication time, flexural strength, flexural
modulus, and microscopic structural analysis of 3D printed resin versus conventional materials were evaluated.

Results: Digital NAM prostheses demonstrated significantly (n = 17, p = 0.038) reduced surface cast-based deviation compared to
conventional prostheses (mean deviation: 1.53 + 0.19 mm vs. 1.69 + 0.25 mm), reflecting nearly 10% improvement in fit relative to the
reference cast with the digital method. Materials analysis revealed that 3D-printed resin blocks of standardized testing dimension
demonstrated significantly higher flexural strength (n =7, p < 0.0001) at 67.17 = 4.8 MPa compared to conventional acrylic blocks at
28.7 + 3.32 MPa. Flexural modulus was also significantly (n = 7, p < 0.0001) different between groups, with values of 1713 + 131.6
MPa for 3D printed resin and 797.5 + 99.0 MPa for conventional acrylic, indicating greater stiffness in the 3D printed resin material.
Microscopic analysis revealed a uniform, void-free structure in 3D printed resin blocks in contrast to visible air entrapment in
conventional cold-cure acrylic blocks.

Conclusion: Within the limitations of this in-vitro study using gypsum casts as a reference standard, this work validates a digital
workflow for NAM prosthesis fabrication using freely available open-source software (Meshmixer). By providing a reproducible, cost-
free workflow, this study offers a practical guide for clinicians initiating digital NAM design and future sequential treatments,
supporting wider accessibility and precision in presurgical NAM therapy, particularly in resource-limited settings.

Keywords: nasoalveolar molding, cleft lip and palate, additive manufacturing, 3d printing, digital workflow, open access, Meshmixer,
CAD/CAM

Introduction

Cleft lip and palate (CLP) are among the most common congenital craniofacial anomalies, affecting approximately 1 in
1050 live births worldwide.'™ These defects result from failed fusion of the maxillary and nasal prominences during
early embryonic development and require coordinated multidisciplinary care to address feeding, speech, hearing, growth,
and psychosocial challenges. Comprehensive management typically involves integrated craniofacial teams including
pediatrics, dentistry, otolaryngology, speech pathology, orthodontics, prosthodontics, and reconstructive surgery.’
Presurgical infant orthopedic (PSIO) therapies have been developed to improve surgical and functional outcomes.
Among them, nasoalveolar molding (NAM) has become a widely adopted adjunct since its introduction in the
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1990s.5'" Owing to neonatal cartilage plasticity influenced by maternal estrogen—related hyaluronic acid, NAM begun
within the first weeks of life can gradually align cleft segments and improve nasal symmetry before primary lip repair,
usually performed at two weeks to the first three months of age.'? Clinical studies indicate that NAM can reduce cleft
severity, enhance nasolabial esthetics, and decrease the need for secondary surgical revisions.'*'*

Despite these benefits, conventional NAM fabrication remains labor intensive and operator dependent with overall
increased burden of care on both patients and providers.'>'® Traditional appliances are fabricated manually from acrylic
resin on gypsum casts derived from neonatal impressions affording a multi-step process requiring significant technical
expertise, multiple laboratory procedures, and considerable time. Treatment also demands frequent clinical adjustments
and follow-up visits, which can impose substantial logistical and financial burdens on families, including travel costs,
missed work, and lost income.'”'® These factors collectively limit accessibility, particularly in resource-constrained
regions. Digital technologies such as intraoral scanning, computer-aided design (CAD), and additive manufacturing have
emerged as promising alternatives to simplify NAM production and improve precision.'®?* Digital NAM workflows
allow virtual appliance design and three-dimensional (3D) printing, shortening fabrication time and reducing material
variability while eliminating risks associated with neonatal impressions.”*** Clinical reports and systematic reviews
suggest that digital NAM achieves outcomes comparable to conventional methods, with additional benefits including
safer data acquisition, faster reproduction, and improved predictability through virtual simulation of segment
movement.?> ¢

However, most current digital NAM workflows rely on proprietary CAD platforms (eg, Exocad, 3Shape, Rhino-based
systems) that require paid licenses, dedicated hardware, and technical expertise.’’ ' The cost of these systems can be
prohibitive in smaller clinics and low-resource environments, limiting the broader adoption of digital methods. A few
studies have reported digital NAM fabrication using commercial software, but open-access workflows remain under-
explored. Among available free tools, Autodesk MeshMixer is a cost-free mesh-editing and modeling program widely
used in dentistry for tasks such as trimming digital impressions and preparing files for 3D printing. Despite its popularity,
there are few detailed reports describing complete NAM design workflows using MeshMixer. Demonstrating the
feasibility of such a process is important, as its free access, modest hardware requirements, and active user community
would significantly improve access of digital NAMs.

This study was aimed at specifically addressing this gap by evaluating a complete digital NAM fabrication workflow
using open-source design software (Autodesk MeshMixer) and stereolithography-based 3D printing (Formlabs Form 3).
We hypothesized that the digital workflow could produce NAM prostheses with surface adaptation comparable to
conventionally fabricated plates, while offering improved accessibility, reproducibility and process efficiency (time
and costs). To evaluate specific concerns of the change from current clinical workflow, this study compared the digital
approach with conventional NAM fabrication through both qualitative and quantitative assessments. The primary
outcome assessed surface deviation following iterative closest point (ICP) alignment, serving as an objective measure
of prosthesis to cast adaptation. Secondary outcomes included workflow feasibility and comparative analysis of fabrica-
tion efficiency. Demonstrating this feasibility may help lower the technical and financial barriers to digital NAM adoption
in diverse clinical environments.

Methods
Study Design and Sample Selection

This investigation was conducted as an in vitro laboratory study utilizing retrospectively collected clinical casts. Ethical
approval for this in vitro study was obtained from the University at Buffalo Institutional Review Board in conjunction
with the Erie County Medical Center (ECMC) Office of Research Compliance (IRB Protocol #7405 approved 2023)
prior to initiation of the study. This investigation was designed as an exploratory early feasibility study based on the finite
number of archival unilateral cleft casts available in the institutional records during the study period. Accordingly, no
a priori formal sample size or power calculation was performed; instead, all eligible casts meeting the inclusion criteria
were included. Seventeen de-identified neonatal maxillary gypsum casts from patients with unilateral cleft lip and palate
(UCLP) were obtained from the archival records of the ECMC Department of Oral Oncology and Maxillofacial
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Prosthetics. Clinical casts were originally obtained in the craniofacial clinic during the period January 2022 to June 2023
from clinical impressions taken prior to initiation of nasoalveolar molding (NAM) therapy at approximately two weeks of
age. All laboratory fabrication and analysis for the present in vitro study were conducted between July 2023 and
June 2024. Each cast served as the anatomical reference for fabrication of one conventional and one digital NAM,
allowing direct comparison of the two fabrication techniques derived from the same underlying anatomy. In total, 17
conventional and 17 digital prostheses (34 appliances) were analyzed that included fifteen left-sided clefts and two right-
sided clefts casts. Additional digital prostheses were generated from repeated workflows for several casts to qualitatively
evaluate the consistency of the digital fabrication protocol.

Conventional NAM Fabrication

Conventional NAM prostheses were fabricated using established clinical laboratory protocols previously described for
presurgical infant orthopedics (Figure 1A-I).*? All conventional acrylic NAM prostheses were fabricated by an
experienced dental laboratory technician who did not participate in the digital design workflow. Palatal undercuts were
relieved using block-out putty (Great Lakes Dental, Lab Putty and Catalyst Kit, 100-075) to facilitate insertion and
removal of the prosthesis. Autopolymerizing acrylic resin (Biocryl ICE Acrylic Kit, Great Lakes Dental Technologies,
Tonawanda, NY, USA) was applied using the salt-and-pepper technique, in which polymer powder and monomer liquid
are sequentially applied to the cast until the desired appliance thickness is achieved. Polymerization was performed under
pressure according to manufacturer recommendations. Following cold-cure polymerization, prostheses were finished and
polished using acrylic rotary burs and pumice slurry to obtain smooth surfaces. Completed prostheses were digitized
using a 3Shape E4 desktop scanner (3Shape, Copenhagen, Denmark) with a scanning resolution of approximately 50 um,
generating Standard Tessellation Language (STL) surface files for digital analysis.

Digital NAM Fabrication Workflow

The digital fabrication workflow began with scanning the same gypsum casts using the 3Shape E4 desktop laboratory
scanner, producing high-resolution STL files (Figure 2A—F). A detailed step-wise outline of the digital fabrication
workflow (Supplemental Figures 1 and 2). Briefly, the digital files were imported into Meshmixer (Autodesk, San Rafael,

CA, USA) for virtual prosthesis design (Figure 3A). This software was specifically selected as an open access primary
design platform that provides robust mesh editing tools suitable for constructing and modifying intraoral prostheses,
thereby supporting an open-access workflow replicable in diverse clinical environments. Digital prosthesis design
followed a standardized workflow consisting of model orientation and preparation (Figure 3B). Mesh refinement and
artifact removal, including trimming extraneous geometry and repairing surface irregularities of digitized gypsum casts
using Meshmixer analysis and smoothing tools (Figure 3C). Identification and digital block-out of anatomical undercuts
was performed using sculpting tools to create relief in areas that would otherwise impede prosthesis insertion and
removal (Figure 3D). Undercut relief was applied with an approximate offset of 0.5-1.0 mm in the palatal undercut
regions. Generation of the prosthesis shell created using offset and extrusion functions to produce a uniform appliance
thickness of approximately 2.0 mm (Figure 3E). Surface smoothing and inspection were performed to ensure continuity
of the prosthesis surface and absence of mesh defects and additional accessories like button and vent were added
(Figure 3F). All digital prosthesis designs were performed by a single trained operator following a standardized protocol
to minimize inter-operator variability. Completed prosthesis designs were exported as STL files and imported into the
free software PreForm (Formlabs, Somerville, MA, USA) for print preparation, 3D printed support generation, and build-
orientation optimization.

Additive Manufacturing and Post-Processing

Digital prostheses were fabricated using a Stereolithography 3D printer (Form 3, Formlabs, Somerville, MA, USA). The
Form 3 SLA printer was chosen because it is widely used for its ability to generate high-resolution printing with
biocompatible photopolymer resins. Prostheses were printed using Dental LT Clear resin (Formlabs), an FDA-cleared,
long-term intraoral material that has been validated for occlusal splints and intraoral appliances, thereby providing
a clinically relevant material for NAM-like devices in this experimental setting. Printing parameters included a 25-pm
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Figure | Conventional workflow to fabricate NAM prosthesis (A) clinical image prior to NAM treatment (B) taking an alginate impression of the area (C) generating
a gypsum cast (D) Cleft palate block out (E) generating the base plate for the prosthesis (F) finishing and polishing the acrylic prosthesis (G) clinical image of NAM fitted
with clinical tape and elastics on retention button (H) clinical image post-NAM treatment (I) procedural steps and estimated time for conventional workflow.

layer thickness and optimized print orientation to minimize support contact with intaglio surfaces. Following printing,
prostheses underwent standardized post-processing according to manufacturer guidelines. Printed components were
washed in 99% isopropyl alcohol for 20 minutes using a Form Wash system to remove uncured resin. After air-drying
for approximately 30 minutes, prostheses were post-cured at 60°C for 60 minutes under 405 nm ultraviolet light using
a curing unit (Form Cure, Formlabs) to achieve optimal material properties. Support structures were removed and contact
points were smoothed using fine abrasive instruments. Completed prostheses underwent visual inspection to confirm
structural integrity and surface quality prior to analysis.
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Figure 2 Digital workflow to fabricate NAM prosthesis (A) Indirect technique using a desktop scanner (3Shape, desktop E4 scanner) (B) alternate method for fully digital
workflow using intraoral scan to capture cleft palatal anatomy (C) digital model of the prosthesis in Meshmixer (D) model preparation for 3D printing manufacturing using
PreForm slicer program (STL to GCode), the red and green arrows indicate axis of rotations (E) 3D printed NAMs using FormLabs Form3 stereolithography printing (F)
procedural steps and estimated time for digital workflow steps.

Surface Deviation Analysis
Three-dimensional surface comparisons were performed using CloudCompare software (version 2.12.4, EDF R&D,
Telecom ParisTech, France) (Supplemental Figure 3). Surface alignment between digital models was achieved using the

Iterative Closest Point (ICP) algorithm, which iteratively minimizes spatial discrepancy between two meshes by
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A. B.
Step 1: STL File Acquisition )
(_step 2: Model Orientation and Preparation |

[ Step 3: Model Mesh Cleanup ]
C. D. i

('step 4: Cleft Palate Block-Out |

[ Step 5: Digital Appliance Fabrication ]

E [ Step 6: Appliance Accessories ] E

Figure 3 Stepwise methodology for digital fabrication of NAM plates using Meshmixer. The image in the center outlines each step to generate the prosthesis. (A)
Acquisition of the digital file in Meshmixer software (B) Model is oriented and prepared for digital manipulation (C) Model is refined by removing artefactual defects,
smoothened boundaries and defects are clearly isolated and outlined (D) The cleft space is blocked out to begin simulating the prosthesis foundation (E) The base is
extended and forms the initial prosthesis that is further refined into final prosthesis format as shown in image on left, the lateral profile is outlined in the right image (F)
Accessories like retention button and central vent are added prior to finalizing prosthesis and 3D printing. A detailed workflow with each of these steps is outlined in the
Supplemental Materials.

identifying the closest point correspondences across surfaces and applying rotational and translational transformations
until convergence criteria are met. Prior to experimental analysis, the alignment protocol was validated using identical
digital models of a standard coin (US Penny) of known dimension to confirm that the ICP algorithm produced negligible
deviation under ideal conditions (Supplemental Figure 4). For each cast, a cast-to-prosthesis comparison was performed

in which the internal (intaglio) surface of the NAM appliance was aligned to the corresponding maxillary cast. Following
ICP registration, deviation values were calculated as point-to-surface distances from the intaglio surface of the prosthesis
to the reference cast across the entire basal seat region, excluding peripheral areas beyond the vestibular reflection. Mean
absolute deviation and standard deviation were extracted from CloudCompare output for each prosthesis and used as the
primary trueness metric for statistical analysis. Deviation values were calculated as point-to-surface distances across the
intaglio surface of each prosthesis. Deviation maps were visualized using standardized color scales representing the
magnitude and direction of deviation. Mean deviation values and standard deviations were extracted directly from the
CloudCompare output for statistical analysis. Surface analysis was performed by an independent investigator who was
blinded to the fabrication method of each prosthesis to minimize analytical bias.

Materials Analysis and Mechanical Testing

Mechanical testing was performed to compare flexural properties of the materials used for conventional and digitally
fabricated prostheses. Specimens of conventional acrylic and 3D-printed resin were fabricated and tested according to
ASTM D790-17 standards for flexural testing of polymeric materials, using a three-point bending configuration on
a universal testing machine. Rectangular specimens were prepared with standardized dimensions of 2 mm thickness,
45 mm length, and 12.7 mm width. Seven specimens were fabricated for each material group (n = 7 per group). Flexural
strength and modulus of elasticity were measured using a universal testing machine under three-point bending conditions.
Material cross-sections were examined using a stereomicroscope (Nikon) to qualitatively evaluate internal material
structure, including the presence of voids, air entrapment, or structural irregularities. Digital images were captured;
contrast and brightness were adjusted uniformly to maintain consistent visualization.
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Statistical Analysis

Statistical analyses were performed using GraphPad Prism (v10.4.0, Boston, MA). Data normality was assessed using the
Shapiro—Wilk test. For group comparisons, unpaired 7-tests with Welch’s correction were used for all continuous
outcomes (flexural modulus and strength) while surface deviation analyses was performed pairwise between the
conventional and digital prostheses corresponding to the same cast. Statistical significance was defined as p < 0.05.

Results

Surface Deviation Analysis

Surface deviation analysis demonstrated measurable differences between conventional and digitally fabricated NAM
prostheses (Figure 3A-F). When aligned to their respective reference casts using iterative closest point (ICP) registration,
conventional acrylic NAM prostheses exhibited a mean surface deviation of 1.69 + 0.25 mm, whereas digitally fabricated
prostheses demonstrated a mean deviation of 1.53 + 0.19 mm (Figure 4A—C). This difference was statistically significant
(n = 17 specimens per group, p = 0.038), representing approximately 10% lower mean deviation for digitally fabricated
prostheses. Deviation magnitudes were interpreted according to clinically relevant tolerance thresholds for prosthesis
adaptation: Excellent fit: + 0.2 mm deviation; Acceptable fit: + 0.5 mm deviation; Poor fit: >+ 1.0 mm deviation. For
descriptive purposes, deviation magnitudes were grouped into conceptual categories for prosthesis adaptation. These
ranges were selected to provide an intuitive framework for interpreting millimeter-scale gap values in this in-vitro model,
drawing on general prosthodontic literature that emphasizes sub-millimetric marginal and internal gaps as desirable for
fixed restorations, although no NAM-specific thresholds have been established.

Mechanical Properties

Mechanical testing demonstrated distinct differences between materials used for conventional and digitally fabricated
prostheses (Figure 4D). Three-point flexural testing revealed that the 3D-printed resin specimens (Formlabs Dental LT
Clear) exhibited significantly greater flexural strength, with a mean value of 67.17 + 4.8 MPa, compared to 28.70 £ 3.32
MPa for conventional cold-cure acrylic specimens (Biocryl ICE acrylic) (n = 7 per group, p < 0.0001) (Figure 4E).
Moreover, flexural modulus was also higher in the 3D-printed resin specimens (1713 = 131.6 MPa) than conventional
acrylic specimens (797.5 = 99.0 MPa) (p < 0.0001) (Figure 4F). This suggests that the digitally fabricated NAMs were
stiffer and more resilient.

Microscopic Analysis

Microscopic evaluation of material cross-sections demonstrated qualitative structural differences between conventional
acrylic and 3D-printed resin materials (Figure 4G—H). Conventional cold-cure acrylic specimens exhibited heterogeneous
internal structures, including visible voids and opaque regions consistent with air entrapment during manual mixing and
polymerization. 3D-printed resin specimens demonstrated uniform, homogenous internal structures, without visible voids
or air bubbles under light microscopy.

Discussion

This study demonstrates the feasibility of an open-access digital workflow for fabrication of nasoalveolar molding
(NAM) prostheses using freely available design software and stereolithographic (SLA) additive manufacturing.
Accordingly, the interpretation of these findings is intentionally limited to in vitro outcomes such as cast-based surface
adaptation, material mechanical behavior, and fabrication efficiency, without inferring direct clinical effects on NAM
treatment results. Within the limitations of this in vitro investigation, digitally fabricated NAM prostheses demonstrated
lower mean surface deviation relative to conventionally fabricated acrylic devices. Deviation maps visualized through
color-coded heat maps revealed distinct surface adaptation patterns. Conventional prostheses frequently demonstrated
localized over-contouring or under-contouring in palatal regions, particularly along the alveolar ridge and cleft margins.
In contrast, digitally fabricated prostheses exhibited more uniform surface adaptation patterns, reflecting greater
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Figure 4 Comparative analysis of conventional and digital NAMs. (A) Example of a patient cast used to generate conventional acrylic prosthesis (top) and a 3D printed digitally
fabricated NAM prosthesis (bottom) that were overlaid on the reference cast (yellow). (B) Conventional acrylic NAM (top) and digital NAM prosthesis (bottom) showing intaglio
surfaces of both NAM plates. A heat map gradient shows accuracy of fit with blue being most accurate while green, yellow, red being progressively less. (C) Quantitative analysis of surface
discrepancies was performed and analyzed for statistical significance (n = 17, p = 0.00380) (D) Mechanical characterization of standardized sample block using a universal testing machine
for 3-point flexural strength and modulus was performed (E) Flexural strength among conventional and 3D printed blocks were analyzed (n = 7, p < 0.0001) (F) Flexural modulus among
conventional and 3D printed blocks were analyzed (n =7, p <0.0001) (G) Digital images were assessed for material translucency among conventional cold cure acrylic (left) anda SLA 3D
printed resin block (H) Phase microcopy of the cold cure acrylic block (top) noted voids (red arow) and trapped spaces in conventional block with higher opacity than the more
homogenous SLA 3D printed resin sample (bottom). Scale bar = 100 uM.

8 https: Clinical, Cosmetic and Investigational Dentistry 2026:18



Genovesi et al

consistency of the digitally designed geometry. Deviation thresholds are consistent with previously reported prostho-
dontic and digital dentistry tolerance ranges for intraoral prosthetic adaptation.

The differences observed in surface deviation may reflect advantages inherent to digital design and additive
manufacturing workflows. Internal adaptation influences how securely a NAM plate seats on the palate and how molding
forces are transmitted to soft tissues and alveolar segments; therefore, lower cast-based surface deviation in this in-vitro
model is interpreted as improved trueness of fit with potential relevance for prosthesis retention and tissue loading,
although these clinical outcomes were not directly measured here. In conventional fabrication, multiple manual steps
including block-out of undercuts, acrylic adaptation, and polymerization may introduce variability during prosthesis
formation. In contrast, digital workflows allow prosthesis geometry to be defined precisely within the computer-aided
design (CAD) environment and reproduced consistently through additive manufacturing. However, it should be acknowl-
edged that improved adaptation observed in this study cannot be attributed solely to elimination of manual steps. Other
factors including scanner accuracy, CAD operator technique, and printer resolution may also influence the final prosthesis
geometry and surface adaptation. As such, the apparent advantages of the digital workflow should be interpreted as
hypothesis-generating and not as definitive evidence that removal of manual steps is the primary driver of improved fit.

Evaluation of prosthesis fit in digital dentistry is commonly conceptualized within the framework of trueness and
precision, as defined by ISO standards. Trueness refers to the deviation of a manufactured object from the reference
geometry, while precision reflects repeatability across repeated fabrications. Previous CAD/CAM prosthodontic inves-
tigations have assessed both parameters using three-dimensional inspection software to quantify deviation across multiple
manufacturing methods.*® The present study primarily evaluated trueness by comparing prosthesis geometry to the
originating cast using surface deviation analysis. Future studies incorporating repeated digital fabrications could further
evaluate precision and reproducibility of the proposed workflow. Virtual surface deviation analysis using 3D inspection
software has become a widely accepted method for evaluating prosthetic adaptation. Nevertheless, complementary
approaches for assessing actual physical gaps, such as the silicone replica technique, have been used extensively in
prosthodontic research to measure marginal and internal fit under digital microscopy.** Incorporation of such physical
validation methods may further strengthen future investigations comparing digital and conventional NAM fabrication
techniques.

Mechanical testing revealed that the SLA 3D-printed resin exhibited statistically higher flexural strength and flexural
modulus compared with conventional acrylic, indicating greater resistance to bending forces and increased stiffness
under standardized test conditions. While these findings confirm that the printed resin is mechanically stronger and stiffer
in vitro, the clinical relevance of these differences remains uncertain. In practice, forces applied during normal NAM use
are likely lower than those used in laboratory testing, and both materials are expected to provide sufficient strength
without compromising tissue safety. Increased strength and stiffness may reduce the risk of accidental fracture but could
also alter force transmission to oral tissues; clinical studies are needed to determine how these material properties affect
appliance durability, patient comfort, and overall efficacy during NAM therapy.

These structural irregularities identified through light microcopy of the conventional acrylic are consistent with
previously described limitations of manually fabricated acrylic prostheses. The layer-by-layer polymerization process
used in stereolithography manufacturing likely contributed to the more consistent internal material structure observed.
These qualitative observations may partially explain the higher flexural strength observed in the SLA resin specimens. In
addition to fabrication accuracy, digital workflows offer potential advantages in terms of efficiency and reproducibility. In
the present study, observational timing during protocol development suggested that digital prostheses could be fabricated
in substantially less operator-intensive time than conventional laboratory procedures, largely because many manual steps
(acrylic mixing, adaptation, and finishing) are replaced by automated printing and post-processing. It is important to
emphasize that these measurements were descriptive and not obtained through a formal time-motion analysis, they
should be interpreted qualitatively rather than as definitive evidence of a specific percentage reduction in fabrication time.

Similarly, caregiver adherence and parental burden during NAM therapy represent important clinical considerations,
as prior studies have highlighted the cumulative impact of repeated clinic visits, travel time, and lost income on families
undergoing NAM treatment. While the digital workflow evaluated in this in-vitro study primarily targets laboratory-side
efficiency and does not directly alter the number of scheduled clinical visits, it may offer provider-level advantages, such
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as reduced technician time for manual acrylic processing, the ability to rapidly reproduce or replace appliances from
stored design files, and the potential to integrate remote or distributed manufacturing models in future clinical applica-
tions that could ultimately help reduce aspects of caregiver burden or improve compliance. However, the present study
did not measure financial costs, visit frequency, or caregiver-reported outcomes, and any potential reductions in
travel-related expenses or loss of income remain speculative. Consequently, the impact of digital NAM workflows on
patient-level and family-level costs should be regarded as hypothesis-generating and will require prospective clinical
evaluation.

A notable aspect of the present workflow is the use of open-access CAD software. Many previously reported digital
NAM protocols rely on proprietary software platforms that can present significant financial barriers, particularly in
resource-limited healthcare environments.>>° By contrast, freely available software such as Meshmixer provides robust
mesh editing capabilities and integration with standard stereolithography printing workflows. The use of accessible
design tools may therefore facilitate broader adoption of digital NAM fabrication approaches across institutions with
varying technological resources.

Limitations of Current Study

Several limitations should be considered when interpreting the results of this study. First, this investigation was
conducted in-vitro using deidentified neonatal casts and therefore does not directly assess clinical performance of the
prostheses in patients. Improved surface adaptation on casts does not necessarily translate to improved intraoral retention,
tissue response, or treatment outcomes during NAM therapy. Second, the sample size consisted of seventeen casts. While
this is typical for early feasibility studies, it limits statistical power to detect smaller differences and constrains general-
izability. Future studies with larger, prospectively determined samples will be required to confirm these findings. Third,
the study relied on virtual surface deviation analysis to evaluate prosthesis adaptation. Although this approach allows
detailed three-dimensional comparison of prosthesis geometry, it does not directly measure internal gaps under clinical
loading conditions. Complementary validation methods, such as silicone replica analysis, may provide additional insight
into the physical adaptation of prostheses. Finally, digital fabrication requires access to scanning and additive manu-
facturing technologies. While these tools are becoming increasingly available, variability in equipment availability,
material costs, and institutional infrastructure may influence the feasibility of implementing digital NAM workflows in
some clinical settings. Moreover, like conventional NAM, CAD/CAM-based NAM remains dependent on frequent
follow-up, specialized clinical teams, and caregiver adherence, and the present in-vitro findings do not yet address these
shared limitations at the patient-care level.

Future Research Directions

Future investigations should focus on prospective clinical comparisons between digitally fabricated and conventionally
fabricated NAM prostheses. Important outcome measures include cleft gap reduction, nasal symmetry improvement,
treatment duration, appliance retention, and caregiver-reported satisfaction. Additional work is also needed to evaluate
precision and reproducibility of digital NAM fabrication through repeated appliance production from identical datasets.
Integration of complementary validation methods, such as silicone replica analysis, may further strengthen assessment of
prosthesis adaptation.>’® Advances in digital dentistry also create opportunities to explore fully digital clinical work-
flows, including directly intraoral scanning of neonatal arches to eliminate conventional impression procedures. Such
approaches could potentially reduce patient discomfort and streamline clinical processes. Finally, emerging research in
computational design and artificial intelligence may enable automated treatment planning systems capable of generating
sequential NAM prostheses based on initial patient anatomy (Figure SA—C). This workflow has been well validated with
tooth aligners and could be extended here to CLCP care via these digitally fabricated NAMs. Although these technol-
ogies remain in early stages of development, they represent a promising direction for future research aimed at improving
efficiency, accessibility, and personalization of presurgical infant orthopedic therapies.

e We recognize that this study focuses on the digital adaptation of the intraoral plate component; future research will
incorporate the nasal stent into the design of subsequent appliances.
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Figure 5 Concurrently printed Digital NAMs for sequential future treatments (A) Simulated representation of three cases where progressive extrapolation of desired
nasoalveolar arches can be envisioned (B) Prosthesis design file for NAM with retention button (C) Series of NAM prostheses fabricated generated with SLA 3D printing as
per projected anatomy.

Conclusions

Within the limitations of this in vitro investigation, digitally fabricated NAM prostheses produced using open-access
design software and stereolithographic printing demonstrated lower mean surface deviation and reduced fabrication time
compared with conventional acrylic prostheses. Mechanical testing indicated that the printed resin material exhibited
greater flexural strength and stiffness relative to cold-cure acrylic. While these findings support the technical feasibility of
an open-access digital NAM workflow, clinical studies are required to determine whether these differences translate to
reduced burden of care and improved treatment outcomes in patients with unilateral cleft lip and palate.

Ethics Statement
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involvement was required for this in vitro comparative analysis.
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