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Abstract 

The management of craniofacial anomalies represents a complex and significant 

challenge in orthodontic and craniofacial orthopedic practice, requiring precise 

diagnosis and highly individualized treatment strategies. Conventional approaches, 

reliant on two-dimensional radiographs and standardized appliances, often fall short 

in addressing the intricate three-dimensional (3D) skeletal, dental, and soft tissue 

discrepancies characteristic of conditions like cleft lip/palate, craniosynostoses, and 

severe skeletal malocclusions. This review aims to synthesize current advancements 

and elucidate the clinical and translational frameworks integrating advanced imaging 

and additive manufacturing technologies into contemporary care. The rationale centers 

on the paradigm shift towards digital workflows that enhance diagnostic accuracy, 

enable virtual treatment simulation, and facilitate the fabrication of patient-specific 

devices. Key methodological frameworks include the utilization of cone-beam 

computed tomography (CBCT) for 3D skeletal assessment, intraoral and facial 

scanning for digital dentofacial modeling, and various 3D printing technologies for 

fabricating customized brackets, aligners, and orthopedic appliances. Major clinical 

applications span from sophisticated treatment planning for cleft care to the fabrication 

of custom distraction osteogenesis devices and digitally planned surgical splints for 

orthognathic surgery. Concluding remarks emphasize that the integration of these 

technologies fosters more predictable, efficient, and patient-centered outcomes, with 

future directions pointing towards artificial intelligence-assisted planning and 

bioactive, smart appliances for truly translational orthodontic innovation.
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1. Introduction 

Craniofacial anomalies encompass a broad spectrum of congenital and acquired conditions affecting the growth and morphology 

of the skull and facial structures. These include, but are not limited to, cleft lip and palate (CLP), craniosynostosis syndromes, 

hemifacial microsomia, and severe dentofacial deformities [1]. In orthodontic and craniofacial orthopedic practice, these 

anomalies present profound clinical challenges, as they involve complex interactions between skeletal bases, dentition, and soft 

tissue envelopes, often impairing function, aesthetics, and psychosocial well-being. Conventional diagnostic and therapeutic 

approaches, primarily based on lateral cephalograms, dental casts, and manually fabricated appliances, are inherently limited in 

capturing and manipulating the intricate three-dimensional (3D) nature of these defects [2]. 

These limitations underscore the rationale for a digital and customized therapeutic strategy. The advent of advanced imaging 

modalities and additive manufacturing (3D printing) technologies has catalyzed a transformative shift. This digital workflow  
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enables clinicians to move from analog approximations to 

precise, data-driven interventions [3]. The integration of these 

technologies facilitates a seamless continuum from diagnosis 

through virtual treatment simulation to the fabrication of 

patient-specific devices, thereby enhancing precision, 

improving interdisciplinary collaboration, and potentially 

reducing overall treatment time. 

This review article provides a comprehensive analysis of 

these technological integrations within the strict scope of 

clinical orthodontics and craniofacial orthopedics. It will 

focus on applied and interdisciplinary clinical integration, 

excluding unrelated biomedical or pure engineering 

discussions. The primary objectives are to outline the 

conceptual frameworks guiding digital care, detail the 

specific applications of advanced imaging and 3D printing, 

evaluate their clinical and translational impact in managing 

craniofacial anomalies, and discuss persisting challenges and 

future research directions to optimize patient-centered 

outcomes. 

 

2. Conceptual and Clinical Frameworks in Craniofacial 

Orthodontics 

Effective management of craniofacial anomalies is grounded 

in a deep understanding of underlying biological principles 

and structured within evidence-based, patient-specific 

frameworks. 

 

2.1. Growth and Biomechanical Principles 

Successful intervention requires respect for the unique 

growth patterns and biomechanical environment of the 

craniofacial complex. Anomalies often disrupt normal 

growth vectors, such as in unilateral cleft lip and palate where 

the maxillary segments collapse and deviate. Orthopedic 

forces, whether for maxillary expansion or protraction, must 

be precisely directed to achieve desired skeletal changes 

without adverse effects, leveraging an understanding of bone 

biology and suture mechanics [4]. Digital planning now allows 

for the simulation of these biomechanical responses to 

applied forces before clinical implementation. 

 

2.2. Evidence-Based Diagnostic and Digital Workflow 

Models 

Diagnosis has evolved from a static, qualitative assessment 

to a dynamic, quantitative 3D analysis. Evidence-based 

models now integrate multi-modal imaging data—cone-

beam computed tomography (CBCT) for bone, 3D 

photographs for soft tissue, and intraoral scans for 

dentition—into a unified digital patient file [5]. This 

composite model serves as the foundation for all subsequent 

planning. Structured digital workflow frameworks, such as 

the "scan-plan-print" sequence, standardize this process, 

ensuring reproducibility and facilitating communication 

between the orthodontist, surgeon, and dental technician [6]. 

 

2.3. Patient-Specific Therapeutic Planning Strategies 

The core of modern care is therapeutic planning tailored to 

the individual’s unique anatomy and treatment goals. This 

involves virtual surgical simulation (VSP) for orthognathic 

cases, where the surgeon and orthodontist collaboratively 

plan osteotomies and final occlusion on the digital model. For 

orthopedic correction, such as midface distraction, the 

trajectory and device placement can be pre-determined. This 

strategy shifts treatment from a reactive to 

a proactive model, where the endpoint is visualized and 

planned at the outset, and all appliances are designed to 

achieve that specific outcome [7]. This level of customization 

is paramount for the heterogeneous presentations seen in 

craniofacial anomalies. 

 

3. Advanced Imaging Modalities in Craniofacial 

Assessment 

Accurate 3D imaging is the indispensable first step in the 

digital management pathway, providing the detailed 

anatomical data required for precise planning. 

 

3.1. Cone-Beam Computed Tomography (CBCT) 

CBCT has revolutionized skeletal assessment in craniofacial 

orthodontics. Its relatively low radiation dose compared to 

medical CT, combined with high-resolution 3D imaging, 

makes it ideal for evaluating complex anomalies [8]. Clinical 

applications include assessing alveolar bone defects in cleft 

patients, visualizing impacted teeth in dysmorphic 

syndromes, evaluating airway morphology, and providing 

accurate 3D volumetric data for virtual surgical planning of 

orthognathic or craniofacial procedures. It allows for 

quantification of asymmetry and precise localization of vital 

structures, thereby increasing the safety and predictability of 

interventions. 

 

3.2. Three-Dimensional Facial Scanning and Soft Tissue 

Analysis 

While CBCT captures hard tissue, 3D facial scanning (via 

stereophotogrammetry or structured light) provides a 

detailed, static record of the facial soft tissue contour. This is 

crucial for assessing facial aesthetics, planning soft tissue 

corrections, and monitoring growth or treatment changes 

over time [9]. Advanced software can superimpose 3D facial 

scans onto CBCT-derived skull models, creating a composite 

"soft tissue envelope over skeletal framework" view. This 

integration is vital for predicting the soft tissue response to 

skeletal movements in orthognathic surgery and for designing 

appliances that account for lip and cheek posture. 

 

3.3. Digital Occlusal Analysis and Virtual Treatment 

Simulation 

Intraoral scanners have replaced physical impressions, 

generating highly accurate digital dental models. These 

models can be articulated in virtual space and analyzed with 

sophisticated software to measure arch dimensions, tooth-

size discrepancies, and occlusal relationships. The most 

powerful application is virtual treatment simulation. For clear 

aligner therapy in complex cases, the entire tooth movement 

sequence can be planned digitally. In surgical cases, the 

digital dental models can be segmented and repositioned to 

simulate the final surgical occlusion, which then informs the 

design of the surgical splint [10]. This process eliminates the 

inaccuracies of model surgery on physical casts. 
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Table 1: Classification of Craniofacial Anomalies and Corresponding Orthodontic Challenges 
 

Anomaly Category Examples Primary Structural Issues Key Orthodontic/Orthopedic Challenges 

Clefting Disorders 
Cleft Lip, Cleft Palate, 

Cleft Lip & Palate 

Alveolar bone defect, maxillary 

segment collapse, oronasal fistula. 

Managing arch form and collapse; bone grafting; 

achieving stable occlusion; midface retrusion. 

Craniosynostosis 

Syndromes 

Apert, Crouzon, 

Pfeiffer 

Premature cranial suture fusion; 

midface hypoplasia; crowded, 

impacted teeth. 

Severe maxillary hypoplasia; airway management; 

aligning teeth in deficient bone; planning for 

monobloc/Le Fort III advancement. 

Hemifacial Conditions 

Hemifacial 

Microsomia, 

Goldenhar Syndrome 

Unilateral underdevelopment of 

mandible, maxilla, ear, soft tissue. 

Correcting 3D asymmetry; cant of the occlusal plane; 

mandibular lengthening via distraction; building a 

treatment plan for asymmetry. 

Severe Dentofacial 

Deformities 

Skeletal Class II, 

Class III, Open Bite 

Discrepancy in jaw size, position, 

and relationship. 

Coordinating orthodontic decompensation with precise 

surgical jaw repositioning; planning for stability and 

functional occlusion. 

 
Table 2: Advanced Imaging Modalities in Craniofacial Orthodontics 

 

Imaging Modality Primary Clinical Indications Key Advantages Limitations/Considerations 

Cone-Beam CT 

(CBCT) 

Alveolar cleft assessment, impacted tooth 

localization, airway analysis, surgical 

planning for orthognathic/distraction. 

True 3D visualization; accurate 

linear/volumetric measurement; 

relatively low radiation dose. 

Radiation exposure (however minimal); 

cost; requires training for interpretation; 

soft tissue detail limited. 

3D Facial Scanning 

(Photogrammetry) 

Pre-/post-operative facial aesthetic 

analysis, growth monitoring, soft tissue 

simulation for surgery, appliance design 

considering lip posture. 

Non-invasive, instant capture; 

no radiation; high-resolution 

soft tissue detail; allows for 

archival comparison. 

Static image only; requires patient 

cooperation; initial equipment cost; data 

requires specialized software. 

Intraoral Digital 

Scanning 

Digital impression for models, clear 

aligner therapy, virtual setup creation, 

design of custom appliances/splints. 

High accuracy; patient comfort; 

immediate digital model; 

facilitates digital workflows. 

Learning curve; difficulty with severe 

gag reflex or excessive saliva/blood; 

initial scanner cost. 

Virtual Treatment 

Simulation Software 

Planning clear aligner tooth movements, 

performing virtual orthognathic model 

surgery, designing surgical splints. 

Allows pre-visualization of 

outcome; facilitates 

interdisciplinary planning; 

improves precision of appliance 

design. 

Software cost and training; "Garbage In, 

Garbage Out"—dependent on accuracy 

of input scans. 

4. Three-Dimensional Printing and Customized 

Orthodontic Devices 

Additive manufacturing, or 3D printing, is the physical 

manifestation of the digital treatment plan, enabling the 

fabrication of appliances tailored to the unique anatomy of 

each patient. 

 

4.1. Additive Manufacturing Technologies 

Several 3D printing technologies are employed in 

orthodontics, each with specific attributes. Stereolithography 

(SLA) and Digital Light Processing (DLP) use photopolymer 

resins cured by light, offering high accuracy and smooth 

surfaces ideal for surgical guides, splints, and clear aligner 

molds [11]. Selective Laser Sintering (SLS) fuses polymer 

powder (like nylon), suitable for durable, flexible appliances. 

Fused Deposition Modeling (FDM), while less accurate, is 

low-cost and used for study model printing. Direct metal laser 

sintering (DMLS) is used for printing custom metal brackets 

or implant surgical guides. 

 

4.2. Customized Brackets and Aligner Systems 

Moving beyond stock brackets, digitally fabricated custom 

bracket systems (e.g., SureSmile®, Insignia™) use the 

patient’s 3D model to design a bracket whose base contour 

matches the individual tooth anatomy and whose slot 

prescription is calculated to guide the tooth to its planned 

position with minimal wire bending [12]. Similarly, clear 

aligner therapy for complex craniofacial cases relies entirely 

on the digital setup and the 3D printing of a series of 

sequential models on which aligners are thermoformed, 

allowing for controlled movement of teeth within a 

dysmorphic arch. 

 

4.3. Patient-Specific Orthopedic Appliances 

This represents a significant innovation for craniofacial 

orthopedics. Custom palatal expanders can be designed to fit 

the peculiar anatomy of a cleft palate, applying forces more 

precisely. For mandibular distraction osteogenesis, patient-

specific distraction devices can be designed and 3D-printed, 

along with surgical guides for precise osteotomy and device 

placement, optimizing vector control—a critical factor in 

correcting asymmetry [13]. These bespoke appliances improve 

fit, comfort, and clinical efficacy. 

 

4.4. Integration with Surgical-Orthodontic Protocols 

The integration is most evident in the fabrication of digitally 

designed intermediate and final surgical splints for 

orthognathic surgery. Based on the virtual model surgery, 

these splints are 3D-printed to fit the pre-surgical dental 

alignment and guide the jaws into the planned post-surgical 

occlusion with unparalleled accuracy [14]. This eliminates 

laboratory errors and ensures the surgical plan is executed 

precisely. 
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Table 3: Three-Dimensional Printing Technologies Used in Orthodontic Device Fabrication 
 

Technology Process Common Materials Accuracy & Key Applications in Orthodontics 

Stereolithography (SLA) 
UV laser cures liquid 

photopolymer layer-by-layer. 

Photopolymer resins (e.g., 

biocompatible Class IIa 

resins). 

High (± 50 μm). Surgical guides, occlusal splints, 

clear aligner molds, detailed study models. 

Digital Light Processing 

(DLP) 

UV light projector cures entire 

resin layer simultaneously. 
Photopolymer resins. 

High (± 50 μm). Similar to SLA; faster print times 

for full-arch models. 

Selective Laser Sintering 

(SLS) 

Laser fuses powdered polymer 

particles. 
Nylon, polyamide. 

Good (± 100 μm). Durable appliances, indirect 

bonding trays, retainers. 

Fused Deposition 

Modeling (FDM) 

Thermoplastic filament 

extruded through heated 

nozzle. 

PLA, ABS. 
Moderate (± 200 μm). Low-cost study models, 

non-critical diagnostic appliances. 

Direct Metal Laser 

Sintering (DMLS) 
Laser fuses metal powder. 

Titanium alloys, Cobalt-

Chrome. 

Excellent (± 30 μm). Custom metal brackets, 

surgical guides for implants, custom distraction 

device components. 

 
Table 4: Customized Orthodontic and Orthopedic Devices for Craniofacial Management 

 

Device Type Primary Indications Customization Features Reported Clinical Outcomes/Benefits 

Custom Bonded 

Brackets 

Complex malocclusions, severe rotations, 

partially erupted teeth in anomalies. 

Bracket base contour matched to 

individual tooth anatomy; 

torque/tip preset for planned final 

position. 

Reduced chair time for wire bending; 

potentially more efficient tooth 

movement; improved finishing precision 

[12]. 

Digital Clear 

Aligners 

Mild to moderate crowding/spacing; 

adjunctive treatment pre/post-surgery; non-

compliant orthopedic expansion (e.g., with 

attachments). 

Sequence planned on digital 

setup; aligners fabricated on 3D-

printed models of each stage. 

Improved aesthetics and hygiene; 

applicable to a wider range of cases with 

staging and attachments. 

Patient-Specific 

Palatal Expanders 

Maxillary constriction in cleft palate, 

asymmetric expansion needs. 

Designed to fit unique palatal 

vault morphology; can 

incorporate fixation for grafted 

areas. 

Improved comfort and fit; more 

controlled application of force; reduced 

tissue irritation. 

Custom Distraction 

Osteogenesis 

Devices 

Mandibular/midface hypoplasia in 

syndromes (e.g., HFM, Pierre Robin). 

Designed to fit patient's bone 

anatomy; integrated surgical 

guides for osteotomy and pin 

placement. 

Enhanced vector control; improved 

device stability; reduced operative time; 

more predictable symmetric outcomes 

[13]. 

Digitally Planned 

Surgical Splints 

Orthognathic surgery for dentofacial 

deformities. 

Fabricated from virtual model 

surgery; precisely fits pre-

operative dentition. 

High accuracy in transferring virtual 

plan to surgery; improved occlusal 

outcomes; reduced operating time [14]. 

5. Clinical Applications and Translational Integration 

The convergence of these technologies finds its most 

impactful expression in specific clinical scenarios requiring 

interdisciplinary care. 

 

5.1. Cleft Lip and Palate Management 

From infancy through adulthood, digital tools streamline 

care. 3D intraoral scans can document arch form before and 

after nasoalveolar molding (NAM). CBCT precisely defines 

alveolar bone defect volume for grafting. Virtual planning 

can optimize orthognathic surgery for the secondary cleft 

deformity, and 3D-printed splints can be used for 

perioperative stabilization [15]. This integrated approach 

enhances precision across the longitudinal treatment 

timeline. 

 

5.2. Syndromic Craniofacial Conditions 

Conditions like Apert or Crouzon syndrome present with 

severe midface retrusion and dental crowding. 3D imaging is 

critical for planning the complex osteotomies of monobloc or 

Le Fort III advancements. 3D-printed cutting guides and 

intermediate splints improve surgical accuracy. Furthermore, 

digital models allow for planning the alignment of teeth 

within the hypoplastic maxilla, sometimes coordinating with 

surgical exposure of impacted teeth [16]. 

5.3. Complex Malocclusions and Skeletal Discrepancies 

For severe skeletal Class II or Class III malocclusions, the 

integration is seamless. Digital models are used for 

orthodontic decompensation planning. The final surgical 

occlusion is planned virtually, and the resulting 3D-printed 

splints guide the procedure. Post-surgical orthodontics can be 

planned in advance, often utilizing custom brackets or 

aligners designed for the predicted final arch form [17]. 

 

5.4. Interdisciplinary Care Models and Implementation 

The true power of this digital ecosystem is realized in team-

based care. The digital patient file becomes a shared resource 

for the orthodontist, oral and maxillofacial surgeon, 

prosthodontist, and speech therapist. Cloud-based platforms 

allow for simultaneous review and collaborative planning, 

regardless of geographic location. This model not only 

improves outcomes but also serves as a powerful educational 

tool for patients and trainees, visually demonstrating the 

treatment plan and expected results [18]. Translational 

integration into healthcare systems requires addressing costs, 

training, and establishing standardized digital protocols. 

 

6. Challenges and Future Research Directions 

Despite rapid progress, several hurdles must be overcome to 

fully integrate and validate these technologies in mainstream 

practice. 
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6.1. Standardization and Validation 

A significant challenge is the lack of universally accepted 

digital diagnostic criteria and standardized protocols for 

virtual planning. Furthermore, while accuracy is often touted, 

more robust longitudinal clinical studies are needed to 

validate the long-term stability, functional outcomes, and 

cost-effectiveness of treatments using 3D-printed custom 

appliances compared to conventional methods [19]. 

 

6.2. Regulatory, Ethical, and Practical Considerations 

3D-printed medical devices fall under regulatory scrutiny 

(e.g., FDA, CE marking). Ensuring printed appliances meet 

biocompatibility and mechanical strength standards is 

essential. Ethical considerations regarding data privacy and 

security of digital patient files are paramount. Practically, the 

high initial investment in hardware, software, and training 

presents a barrier to adoption for many practices [20]. 

 

6.3. Emerging Technologies and Future Research 

Future directions are exceptionally promising. Artificial 

Intelligence (AI) and machine learning algorithms are being 

developed to automate aspects of diagnosis and treatment 

planning, such as landmark identification on CBCT scans or 

suggesting optimal tooth movement sequences [21]. Research 

into "smart" orthodontic devices with embedded sensors to 

monitor force levels or patient compliance is underway. 

Bioprinting, though in early stages, holds the potential for 

printing bioactive scaffolds for alveolar bone regeneration in 

cleft defects [22]. Future research must focus on rigorous 

comparative clinical trials, the development of interoperable 

software platforms, and cost-benefit analyses to drive 

evidence-based adoption. 

 
Table 5: Advantages, Limitations, and Clinical Implementation Considerations of Digital and Customized Approaches 

 

Aspect Key Advantages Current Limitations 
Clinical Implementation 

Considerations 

Precision & Accuracy 

High-fidelity 3D anatomical 

reproduction; precise appliance fit; 

accurate surgical transfer. 

Dependent on scan quality; potential 

for software error in planning; printing 

process may introduce微小 errors. 

Invest in high-quality scanning; 

validate digital plans; understand 

tolerances of printing technology 

used. 

Efficiency & 

Workflow 

Streamlined process from scan to 

appliance; reduced chairside time; 

easier archival and duplication. 

Steep initial learning curve for 

software; potential for increased 

planning time upfront. 

Dedicate time for training; develop 

in-house digital workflow protocols; 

consider phased implementation. 

Patient-Centered 

Outcomes 

Improved comfort with custom-fit 

appliances; enhanced communication 

via visual treatment plans; potentially 

shorter treatment time. 

Technology cost may increase 

treatment fees; not all patients are 

candidates for all digital modalities 

(e.g., aligners). 

Transparent patient communication 

about benefits/costs; careful case 

selection for specific digital 

modalities. 

Interdisciplinary 

Collaboration 

Seamless sharing of digital files; 

improved communication in surgical 

planning; coordinated care. 

Requires all team members to have 

compatible software/systems; need for 

clear data-sharing agreements. 

Establish a preferred digital platform 

for the craniofacial team; define roles 

in the virtual planning process. 

Cost & Accessibility 

Long-term potential to reduce costs via 

efficiency and fewer revisions; enables 

complex care previously difficult to 

deliver. 

High capital expenditure for scanners, 

software, printers; ongoing material 

and maintenance costs. 

Conduct a thorough return-on-

investment analysis; explore 

partnerships or centralized printing 

labs to offset costs. 

 

7. Conclusion 

The management of craniofacial anomalies is undergoing a 

profound transformation driven by the integration of 

advanced imaging and additive manufacturing technologies. 

This review has delineated the methodological and clinical 

advancements that define contemporary orthodontic and 

craniofacial orthopedic practice. The shift from two-

dimensional, analog protocols to three-dimensional, digital 

workflows enhances diagnostic accuracy, enables proactive 

and precise treatment planning, and facilitates the fabrication 

of truly patient-specific therapeutic devices. From 

customized palatal expanders for cleft patients to digitally 

planned orthognathic splints and patient-specific distraction 

devices, these innovations translate into more predictable, 

efficient, and tailored patient care. 

The implications for practice are substantial, demanding that 

clinicians acquire new digital literacy skills and embrace a 

model of interdisciplinary, data-driven collaboration. To 

fully realize the potential of this translational shift, 

recommendations for future efforts must include: fostering 

robust clinical research to validate long-term outcomes, 

developing standardized digital protocols and regulatory 

frameworks, and investing in training programs that bridge 

clinical expertise with technological proficiency. Ultimately, 

the goal is to leverage these innovations not as ends in 

themselves, but as powerful tools to improve the quality of 

life, function, and aesthetics for individuals with craniofacial 

differences, setting a new standard for precision and 

personalization in care. 
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