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This review examines the latest advancements in maxillofacial reconstruction, focusing on transformative in-
novations in dentistry. Traditional surgical techniques, although effective, are accompanied by challenges such
as inherent risks, complications, and inconsistent outcomes that can be influenced by variations in surgeon
skill. To address these drawbacks, cutting-edge technologies have emerged, emphasizing enhanced precision,
safety, and efficiency in treatment modalities.

Key innovations in this field include 3-dimensional printing (additive manufacturing), virtual surgical plan-
ning, computer-aided design/computer-aided manufacturing (CAD/CAM) technology, and tissue engineering.
These advancements not only revolutionize diagnostics but also streamline workflow processes, offering sus-
tainable, timely treatments while improving therapeutic results and aesthetic outcomes. The integration of
CAD/CAM technology enhances workflow efficiency by simplifying complex processes in dental prosthetic de-
sign. Simultaneously, additive manufacturing facilitates the creation of intricate dental implants with superi-
or accuracy. Virtual surgical planning provides clinicians with valuable preoperative insights, enabling tailored
surgical interventions, while tissue engineering presents regenerative solutions to complex reconstructive
challenges.

Despite these technological breakthroughs, the adoption of these innovations requires significant initial invest-
ments and extensive training for healthcare professionals. While logistical and financial obstacles can arise, the
long-term benefits, such as enhanced patient care and superior aesthetic results, are considerable.

In conclusion, this article aims to evaluate the transformative impact of digital and additive manufacturing tech-
nologies on maxillofacial reconstruction and to underscore their crucial role in advancing modern dentistry.
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Introduction

Oral maxillofacial reconstruction includes orthognathic surgery
and addressing the treatment of diseases and injuries relat-
ed to aesthetic and functional aspects of the soft and hard
tissues [1]. The procedures performed on the oral and maxil-
lofacial region range from the removal of affected teeth and
performing complex facial reconstructions, to treating cleft lip,
oral cancer, chronic facial pain disorders, and the palate [2].
The maxillofacial area has a core role in how an individual de-
fines themselves and relates with others [3]. In particular, fa-
cial appearance is a significant aspect of one’s identity and
capacity to show emotion, converse, and eat.

Oral maxillofacial reconstruction has traditionally relied on com-
prehensive preoperative planning, which includes developing
physical models and using different imaging approaches [4].
Other standard practices include dental casts, 2-dimension-
al (2D) imaging, computed topology scans, panoramic radiog-
raphy, and cephalograms [2]. Conversely, the standard prac-
tices are associated with limitations. For instance, 2D imaging
does not offer the comprehensive details that 3-dimensional
(3D) imaging offers [2].

The standard techniques applied in oral maxillofacial recon-
struction are made up of a range of bone grafting methods and
surgical osteotomies [2]. While the standard strategies have
been reported to be effective, they are characterized by inva-
siveness, prolonged recovery times, and postoperative com-
plications, such as nerve damage, infections, and bleeding [5].
In some instances, complications can result in secondary sur-
gical interventions. The traditional oral maxillofacial recon-
struction techniques significantly depend on surgeons’ expe-
riences and skills, which results in variations in outcomes [2].
Another factor that can result in a variation in outcomes is the
unpredictability of how human tissue responds after surgery,
which can cause unprecedented results. The unpredictability
can result in patient dissatisfaction and an adverse outcome,
which has supported the need for advancements in standard
practices. The delivery of comprehensive patient care requires
opening the mind to novel diagnostic techniques and thera-
peutic interventions. Consequently, in this review, the focus
was discussing the advancements that have been made in fa-
cial bone reconstruction.

Oral Maxillofacial Reconstruction
Advancements

The dental profession has undergone significant evolution
over the years and continues to advance as new technologies
and methodologies emerge [6]. A key driver of this progress
is the necessity to address illnesses stemming from infectious
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agents and cellular-level changes effectively. When selecting
reconstructive approaches, various factors are considered, in-
cluding the defect size, vascularization patterns, types of tis-
sues affected, surgeon and patient preferences, and avail-
ability of donor tissues for transfer [3]. For small hard tissue
defects, the preferred method remains non-vascularized au-
tologous tissue transfers. Current options for reconstruction
encompass autologous block bone grafts, local and regional
rotational flaps, free flaps, autologous nerve grafts, allografts,
xenografts, and prosthetic solutions [3]. However, dental and
medical professionals face considerable challenges in recon-
structing maxillofacial defects caused by trauma, congenital
anomalies, or malignant pathologies [3]. The primary objec-
tives of reconstructive surgery should extend beyond restor-
ing preoperative form and function, to include minimizing in-
traoperative time and reducing patient morbidity [6].

Key Innovations in Maxillofacial
Reconstruction

Significant technological advancements in maxillofacial recon-
struction have revolutionized the field. Among these innova-
tions, additive manufacturing (3D printing), virtual surgical
planning (VSP), computer-aided design/computer-aided man-
ufacturing (CAD/CAM), and tissue engineering have emerged
as critical tools in surgical planning and execution. These tech-
nologies have enabled improvements in precision, reduced op-
erative times, and enhanced patient outcomes. Key methods
such as VSP and 3D printing allow for more personalized and
detailed surgical planning, thereby improving surgical preci-
sion and predictability. The use of CAD/CAM technologies fur-
ther enhances customization and the quality of prosthetic res-
torations [3,7].

Digital Technology

A contemporary trend in dentistry is the shift toward photopo-
lymerization and powder-based 3D printing, which offer sever-
al advantages, including cost-effectiveness, adaptability, and
swift fabrication processes [8,9]. Ensuring precision and valid-
ity while minimizing risks is essential and drives innovations
in oral and maxillofacial reconstruction. Key advancements in
digital technology for this field include 3D printing, VSP, and
CAD/CAM. The present study highlights advancements in tis-
sue engineering as a critical area of progress.

VSP and 3D Printing

The digital workflow in modern dentistry encompasses image
acquisition, post-processing data, and 3D printing [10]. In oral
and maxillofacial reconstruction, VSP is invaluable by leverag-
ing patient-specific imaging data acquired through computed

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€947152-2




Alfayez E.:
Advances in oral and maxillofacial reconstruction
© Med Sci Monit, 2025; 31: 947152

REVIEW ARTICLES

Table 1. Applications, benefits, and challenges of additive manufacturing in dentistry.

Applications

Orthodontic models

Maxillofacial implants

Benefits

High precision and accuracy

Challenges

High initial costs

Biocompatible materials

Limited material availability

tomography or cone-beam computed tomography scans. These
scans are then converted into 3D digital models, enabling vi-
sualization of intricate anatomical structures and simulation
of various surgical outcomes [2,11].

Post-processing data transforms the imaging into digital files
compatible with 3D printers. Using CAD, virtual 3D representa-
tions of anatomical structures are rendered, allowing for seg-
mentation to develop models for advanced evaluation, plan-
ning, customization, and printing. VSP facilitates the creation
of surgical tools, such as occlusal splints, drilling and cutting
guides, custom plates, and skeletal prostheses, which provide
detailed preoperative insights [7]. When paired with 3D print-
ing, VSP enhances efficiency from presurgical planning to post-
surgical outcomes [12]. This approach allows virtual visualiza-
tion of procedures, improving surgical precision, predictability,
and customization to address individual patient needs [2]. The
ability of VSP to simulate outcomes enhances procedural un-
derstanding, manages patient expectations, and fosters pa-
tient satisfaction [2,13,14].

Sahim and El Quars highlight that VSP aids orthodontists in
planning tooth movements and predicting hard and soft tis-
sue changes during surgery [12]. Additionally, it promotes com-
munication between patients and surgeons, reducing opera-
tive time and complications while improving precision [13].
VSP enables visualization of interosseous relationships, bony
interferences, and segment overlaps, although its success de-
pends on addressing potential sources of error [15].

The integration of 3D printing complements perioperative
planning by enabling detailed visualization and simulation of
surgical procedures [2,7]. VSP and 3D-printed surgical guides
minimize angular and linear deviations, enhancing dental im-
plant accuracy [11]. 3D technology offers precise surgical vi-
sualization, improving accuracy and reducing uncertainties [5].

Three-dimensional printing has revolutionized the production
of custom dental implants, bridges, crowns, and orthodon-
tic appliances, using CAD data [16,17]. This technique builds
physical 3D models layer by layer, using methods such as ste-
reolithography, selective laser sintering, and fused deposition
modeling [17]. Combining additive manufacturing with VSP

offers promising solutions for reconstructing complex maxillary
defects and minimizing soft tissue reconstruction needs [18].

Applications of 3D printing in dentistry include creating 3D
templates for missing teeth replacements, designing digital
teeth models with CAD, producing surgical guides, printing
orthodontic aligners, and fabricating crowns, tools, and cus-
tom prosthetics [17]. Its benefits include cost efficiency, pre-
cise customization, and rapid production [17].

Three-dimensional printing also improves surgical outcomes,
including preoperative planning, intraoperative execution, and
postoperative rehabilitation [7,19]. For maxillofacial trauma,
it aids in planning osteotomies, repositioning bones, and pre-
bending osteosynthesis plates [10]. Three-dimensional-printed
anatomical models based on patient data support surgical
training and navigation, producing dental implants from ma-
terials such as ceramics, titanium, and titanium alloys [10].
For example, selective laser melting creates 3D-printed jaws
by fusing metal powders layer by layer [20]. Commonly used
3D printing materials include polypropylene, acrylics, polyeth-
ylene, and polylactic acid, the latter valued for its low melting
point, strength, and biocompatibility [10].

Postoperatively, 3D printing has introduced custom prosthetics
and implants that expedite recovery and enhance rehabilita-
tion outcomes. It also enhances patient communication through
tangible models that clarify surgical procedures, improving in-
formed consent [21]. Furthermore, 3D-printed surgical guides
reduce surgical time, enhance precision, and minimize com-
plications [22]. Anatomical models produced via 3D printing
allow accurate analysis of defects, restoration of symmetry,
and understanding of complex structures, like the maxilla, or-
bit, and mandible. These models aid preoperative evaluation
and patient motivation [7]. Table 1 summarizes the key appli-
cations, benefits, and challenges of 3D printing in dentistry.

CAD/CAM Technology

The implementation of CAD/CAM technology has significant-
ly advanced the field of dentistry, offering innovative solu-
tions across various domains. Restorations using CAD/CAM
can be classified into 3 categories: chairside, laboratory, and
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Table 2. Comparison of traditional methods and computer-aided designing/computer-aided machining (CAD/CAM) technology in terms

of efficiency, cost, and precision.

Parameter
Efficiency Time-consuming
st Lower initial cost
CPrecision  Variable, operator-depe

Customization Limited

Traditional methods

CAD/CAM technology

Rapid production

High customization

centralized production. Chairside restorations involve taking
an impression and fabricating the restoration in a single pa-
tient visit, without laboratory involvement, providing time ef-
ficiency but at a higher cost. Laboratory production follows a
more traditional approach, in which impressions are sent to
laboratory technicians for processing. Centralized production
involves digitizing the impression in a laboratory and outsourc-
ing fabrication to an external facility before returning the fi-
nal restoration to the dentist [23].

CAD/CAM is applied across a broad spectrum of dental pro-
cedures, including single-unit restorations and complex sur-
geries. This technology enhances the quality of prostheses by
reducing manufacturing time and enabling accurate error de-
tection [24,25]. Additionally, CAD/CAM supports craniofacial
reconstruction, offering improved patient comfort, aesthetic
outcomes, and surgical predictability. Its use in developing pa-
tient-specific surgical guides and implants facilitates the tran-
sition from VSP to actual surgical procedures [26].

The primary advantages of CAD/CAM include its precision, cus-
tomization capabilities, and ability to produce aesthetic resto-
rations. It allows for the use of diverse materials, such as met-
als, composites, and ceramics, thereby broadening the scope
of prosthetic restoration options [23,27]. In clinical practice,
CAD/CAM has demonstrated efficacy in various applications,
including direct metal laser sintering for metal restorations,
3D-printed prototypes for alloy casting, and milling of fiber-
reinforced composites and lithium disilicate ceramics. These
techniques provide a balance of precise fitting, stability, and
individualized restoration shapes [27].

Furthermore, CAD/CAM enhances the efficiency of dental di-
agnostics, including implant impressions, pulp exposure man-
agement, caries assessment, and temporomandibular disor-
der diagnoses [28]. While the cost and limited availability of
CAD/CAM remain challenges, the ability of CAD/CAM to im-
prove accuracy, reduce errors, and deliver high-quality out-
comes has established it as a transformative technology in
modern dentistry [23,26]. Table 2 shows the comparison of
traditional methods and CAD/CAM technology in terms of ef-
ficiency, cost, and precision.

Tissue Engineering

Regenerating large maxillofacial defects presents significant
challenges, particularly in cases involving the loss of biocrit-
ical bone segments [10,12]. However, advancements in 3D
printing have opened new avenues for personalized tissue re-
generation therapies [29]. The development of patient-specif-
ic 3D-printed bioactive scaffolds underpins the application of
tissue engineering in tailored treatments. Tissue engineering
integrates stem cells, growth factors, and biomaterials, to re-
store the structure and functionality of damaged tissues. These
components work in tandem to create a complex microenvi-
ronment that includes the vascular system, which is crucial
for nutrient delivery, waste removal, pulp regeneration, and
inflammatory response regulation [30-32].

Tissue engineering therapies leveraging stem cells have been
identified as promising avenues for enhancing current maxillo-
facial and oral reconstructive practices [3]. Advances in tissue
engineering and biomaterial sciences have shown the poten-
tial of stem cell-based therapies in maxillofacial reconstruction
[33]. Nonetheless, a significant limitation remains the lack of
clinically implemented stem cell-based devices or products to
replace microsurgical free tissue transfer, which continues to
be the criterion standard. Despite this, stem cell therapy of-
fers an emerging alternative with the potential to improve re-
construction outcomes [33].

This innovative field shows promise as a substitute for autol-
ogous bone grafts in bone defect reconstruction, as it enhanc-
es tissue regeneration through the use of cytokines, growth
factors, and stem cells [3,33,34]. For example, advanced plate-
let-rich fibrin has demonstrated efficacy in accelerating bone
regeneration in allografts and reducing healing times after max-
illary sinus augmentation. Combining serum albumin-coated
bone allografts with advanced platelet-rich fibrin can facilitate
implantation after 3 months, achieving outcomes comparable
to the standard 6-month healing period [35].

While tissue engineering holds great promise for the future of
reconstructive surgery, facilitating regeneration in tissues com-
promised by various dental pathologies [34], restoring complex
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Table 3. Key components of tissue engineering in maxillofacial
reconstruction.

Component Role

Provide structural support for tissue
growth

Stimulate cellular processes and
regeneration

Scaffolds

Stem cells Promote tissue repair and regeneration

tissue structures with full functionality remains a significant
challenge that requires continued research and innovation.
Table 3 highlights the key components of tissue engineering,
including scaffolds, growth factors, and stem cells, and their
roles in maxillofacial reconstruction.

Conclusions

The ongoing advancements in oral and maxillofacial surgery
have ushered in a transformative era characterized by the
adoption and refinement of various technologies, techniques,
and innovative approaches. These developments have played
a pivotal role in reshaping traditional surgical methodologies,
enabling enhanced precision, optimizing efficiency, and signif-
icantly improving patient outcomes. The integration of digital
technologies into oral and maxillofacial reconstruction repre-
sents a cornerstone of this progress, revolutionizing the field
by providing clinicians with tools to achieve unprecedented
levels of accuracy and reliability.

The benefits of 3D-based technologies in dentistry are exten-
sively documented, showcasing their impact on improving clin-
ical outcomes, while streamlining procedural workflows. These
technologies have proven instrumental in increasing diagnos-
tic accuracy, reducing surgical errors, and enhancing treatment
predictability. Tools such as cone beam computed tomogra-
phy and 3D imaging have become integral components in the
assessment and planning stages of oral and maxillofacial re-
construction. By offering detailed anatomical visualizations,
these tools enable personalized treatment plans tailored to
the specific needs of each patient. Furthermore, 3D printing
has emerged as a transformative tool, allowing for the fabri-
cation of anatomical models, surgical splints, patient-specif-
ic implants, and prostheses. This capability not only reduces
manufacturing times but also fosters more efficient and pre-
cise surgical interventions.

Parallel to these advancements, the field of tissue engineering
has made remarkable strides. The application of stem cell ther-
apies in regenerative medicine introduces a groundbreaking
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dimension to oral and maxillofacial surgery. Tissue engineer-
ing leverages the body’s natural healing mechanisms by inte-
grating biomaterials, growth factors, and stem cells to regen-
erate and restore damaged tissues. This approach has shown
immense promise in addressing challenges such as bone and
soft tissue defects, particularly in complex reconstructive sce-
narios. As a result, tissue engineering represents a forward-
looking strategy with the potential to augment or even replace
traditional methods, such as autologous grafting and micro-
surgical tissue transfer.

Looking ahead, the continued evolution of these technologies
is expected to drive further innovations in oral and maxillo-
facial surgery. The synergistic application of advanced imag-
ing modalities, 3D printing, and tissue engineering will likely
redefine the standards of care, offering patients safer, faster,
and more effective solutions. However, alongside these ad-
vancements, ongoing research and development are essential
to address challenges such as material biocompatibility, cost-
effectiveness, and regulatory considerations. As the field pro-
gresses, it is poised to not only improve clinical outcomes but
to also enhance the overall patient experience, solidifying its
role as a critical domain in contemporary medicine.

Future Directions

Advancements in oral and maxillofacial restorations have revo-
lutionized dentistry; however, digital technologies often entail
substantial initial investment costs [25]. This section delves
into the challenges and future directions in this evolving field.

The application of VPS and 3D technology has demonstrat-
ed improved clinical outcomes [35], but integrating 3D tech-
nology into routine practice poses financial challenges [7].
However, ongoing advancements in software and manufac-
turing processes have the potential to reduce these costs over
time. Another hurdle with 3D printing is the time-intensive na-
ture of manufacturing. While simple anatomical models can
be printed in healthcare facilities, complex implants require
specialized manufacturing units, adding to time and costs [7].
Additionally, complications, such as implant rejection, infec-
tion, or loosening, can occur, emphasizing the need for ran-
domized controlled trials to establish causality [7].

Post-processing measures, such as mitigating unfavorable re-
sponses to metallic residues and surface topologies, are es-
sential to improve 3D-printed implant outcomes [36]. Future
advancements should focus on developing materials with en-
hanced biocompatibility to reduce graft rejection and infection
risks [7]. The stiffness and flexibility of materials should mim-
ic natural bone properties, and further clinical evidence is nec-
essary to validate the long-term benefits of 3D-printed dental
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implants [10]. Challenges including insufficient legal regula-
tions, randomized controlled trials, and standardized proce-
dures, particularly for vascularization in scaffolds, need to be
addressed before widespread clinical application can occur.

Additive manufacturing technologies offer numerous advan-
tages but also face challenges that require resolution to maxi-
mize their potential [16]. For instance, magnetic resonance im-
aging data cannot be directly used in additive manufacturing,
and certain materials, such as some polymers, composites, and
high-strength metals, are incompatible with the process [16].
Future efforts should align the rapid evolution of additive man-
ufacturing with the development of biocompatible materials
to enable cost-effective prosthodontic model production [17].
Enhancing collaboration between laboratory technicians and
clinicians could foster solutions for producing custom dental
models [17]. Nevertheless, optimizing printing parameters and
improving the printability of biocompatible materials remain
critical research areas [36].

The use of CAD/CAM technology in diagnostics has proven valu-
able but is not without challenges. High costs and significant
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