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Three-dimensional (3D) printing has emerged as a transformative technology in orthopedic trauma surgery, offering unprecedented possibilities for personalized surgical solutions. Despite its increasing adoption, there remains a lack of comprehensive reviews systematically evaluating its technical considerations and evidence-based outcomes across different anatomical regions. Through systematic review of literature from major databases and analysis of clinical evidence, this comprehensive review examines the current state of advanced 3D printing technologies in orthopedic trauma. We analyze four major additive manufacturing methodologies: vat photopolymerization for surgical guides, material extrusion for anatomical models, powder bed fusion for implants, and emerging bioprinting approaches. The integration of these technologies has substantially improved surgical outcomes through three primary approaches: preoperative planning with anatomical modeling, intraoperative guidance using custom surgical guides, and patient-specific implant solutions. Systematic analysis demonstrates significant improvements in surgical precision, operative efficiency, and anatomical restoration across various fracture patterns. While challenges in manufacturing protocols, quality control standards, and regulatory frameworks persist, ongoing innovations in materials science, digital workflow optimization, and clinical validation continue to expand the applications. This review provides a systematic framework integrating technical principles and clinical applications of 3D printing in orthopedic trauma surgery, offering practical guidelines while highlighting future research directions.
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1 Introduction

Orthopedic trauma surgery represents one of the most challenging fields in orthopedics, particularly in managing complex fractures of anatomically intricate regions such as the pelvis, acetabulum, and periarticular areas. These injuries often present with diverse fracture patterns, compromised soft tissue conditions, and the critical requirement for precise anatomical reduction to prevent post-traumatic complications (1). Recent epidemiological studies indicate that complex articular fractures account for approximately 7%–10% of all traumatic fractures, with notably high rates of post-traumatic arthritis (20%–50%) even after surgical intervention (2, 3). The complexity is further heightened in cases involving comminuted fractures, osteoporotic bone, or significant soft tissue damage, where achieving optimal reduction and stable fixation becomes particularly demanding.

Traditional surgical management of complex fractures primarily relies on open reduction and internal fixation (ORIF) using standard implants and conventional surgical instruments (4). The limitations of this conventional approach manifest in three critical phases of surgical care. In the preoperative phase, surgeons must rely on two-dimensional radiographs and computed tomography (CT) scans for surgical planning, necessitating mental reconstruction of complex three-dimensional (3D) fracture patterns. Although recent advances in 3D reconstruction software have improved spatial visualization, these digital improvements alone cannot address the subsequent intraoperative challenges (5). During surgery, these conventional approaches require extensive surgical exposure for direct visualization and manual reduction of fracture fragments, often resulting in significant soft tissue disruption and extended operative times (6). The use of standard implants further compounds these challenges, as they may not optimally match individual patient anatomy, particularly in complex periarticular regions (7). The cumulative impact of these limitations is reflected in clinical outcomes, with studies demonstrating that even in the hands of experienced surgeons, the rate of suboptimal reduction in complex fractures can reach 30%, leading to potentially unfavorable long-term results (8). These technical and practical constraints of traditional methods highlight the pressing need for more precise, patient-specific surgical solutions in orthopedic trauma care.

Three-dimensional printing technology, also known as additive manufacturing, has emerged as an innovative solution in orthopedic trauma surgery. This technology enables the creation of accurate physical models, patient-specific surgical guides, and customized implants through layer-by-layer material deposition based on digital designs (9, 10). In orthopedic trauma, 3D printing applications have shown particular promise in several areas: preoperative planning through anatomical models, intraoperative guidance using custom surgical guides, and patient-specific implant design (11). Recent studies have demonstrated significant advantages of 3D printing-assisted surgery, including improved accuracy of reduction, reduced operative times, and decreased blood loss compared to conventional techniques (12). However, despite the increasing adoption of 3D printing in trauma surgery, there is a notable lack of comprehensive reviews systematically evaluating its clinical applications, technical considerations, and evidence-based outcomes across different anatomical regions.

This review aims to provide a systematic analysis of 3D printing applications in orthopedic trauma surgery, focusing on three key aspects: (1) technical considerations in creating patient-specific surgical tools and implants, (2) clinical applications and outcomes across different anatomical regions, and (3) current challenges and potential solutions in implementation. Through comprehensive literature review and analysis, we seek to offer evidence-based insights for surgeons and researchers while identifying areas requiring further investigation.



2 Methods


2.1 Search strategy and information sources

We conducted a comprehensive literature search in multiple electronic databases including PubMed/MEDLINE, Embase, Web of Science, and Cochrane Library from their inception to December 2024. The search strategy was developed using a combination of Medical Subject Headings (MeSH) terms and free-text keywords related to “three-dimensional printing,” “3D printing,” “additive manufacturing,” “orthopedic trauma,” “fracture,” and “surgery.” The detailed search strategy for PubMed was as follows:


	#1“Printing, Three-Dimensional”(13) OR “three dimensional printing”[Title/Abstract] OR “3D printing”[Title/Abstract] OR “additive manufacturing”[Title/Abstract]

	#2“Fractures, Bone”(13) OR “Orthopedics”(13) OR “Traumatology”(13) OR fracture*[Title/Abstract] OR orthopaed*[Title/Abstract] OR orthoped*[Title/Abstract] OR trauma*[Title/Abstract]

	#3“Surgery”(13) OR surg*[Title/Abstract] OR operat*[Title/Abstract]

	#4#1 AND #2 AND #3





Similar search strategies were adapted for other databases. Additionally, we manually searched the reference lists of included articles and relevant reviews to identify additional eligible studies. This review was conducted following PRISMA guidelines for narrative reviews where applicable. No prospective protocol was registered in PROSPERO as this was designed as a comprehensive narrative synthesis rather than a systematic review with meta-analysis.



2.2 Eligibility criteria

Studies were selected based on the following criteria:

Inclusion criteria:


	-Original research articles investigating the application of 3D printing technology in orthopedic trauma surgery

	-Studies reporting clinical outcomes, surgical techniques, or technical innovations

	-Clinical studies including randomized controlled trials, cohort studies, case-control studies, and case series with ≥5 cases

	-Articles published in peer-reviewed journals in English

	-Studies with full text available




Exclusion criteria:


	-Case reports, technical notes, or series with <5 cases

	-Review articles, letters, comments, or conference abstracts

	-Studies focusing solely on dental, maxillofacial, or spine surgery without trauma

	-Animal studies or in vitro experiments

	-Articles not published in English

	-Studies without clinical outcomes or technical details






2.3 Study selection and data extraction

Two independent reviewers (TL and LT) screened titles and abstracts of identified articles according to the eligibility criteria. Full texts of potentially eligible studies were retrieved and assessed independently by the same reviewers. Any disagreements were resolved through discussion with a third reviewer (XL). Data extraction was performed using a standardized form, collecting information on:


	-Study characteristics (author, year, country, and study design)

	-Patient demographics (sample size, age, and gender)

	-Fracture characteristics (location and classification)

	-3D printing technology details (printer type, materials, and manufacturing process)

	-Surgical details (technique, approach, and operative time)

	-Clinical outcomes (radiological outcomes, functional outcomes, and complications)

	-Technical considerations and limitations






2.4 Quality assessment

The methodological quality of included studies was assessed using different tools based on study design:


	-The Cochrane Risk of Bias Tool for randomized controlled trials

	-The Newcastle-Ottawa Scale for cohort and case-control studies

	-The Methodological Index for Non-Randomized Studies (MINORS) for case series




Overall, 3 studies (15%) were rated as high quality, 14 studies (70%) as moderate quality, and 3 studies (15%) as low quality. The main sources of bias identified were: selection bias due to non-randomized designs (85% of studies), detection bias from lack of blinded outcome assessment (90% of studies), and attrition bias from incomplete follow-up data (25% of studies). Publication bias was assessed qualitatively due to insufficient studies for funnel plot analysis (Supplementary Table 1).



2.5 Data synthesis

Due to the heterogeneity of study designs, interventions, and outcome measures, a narrative synthesis was performed rather than a meta-analysis. Studies were categorized based on anatomical regions and types of 3D printing applications. Clinical outcomes and technical considerations were summarized descriptively (Figure 1).
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FIGURE 1
PRISMA flow diagram of study selection process.




2.6 Data synthesis approach

Formal meta-analysis was not conducted due to substantial heterogeneity in study designs, outcome measurements, and clinical populations (preliminary I2 > 85%). Instead, we performed structured narrative synthesis with quantitative data presentation where methodologically appropriate, following established guidelines for heterogeneous data (14). Weighted means and effect sizes with 95% confidence intervals were calculated for studies with comparable outcome definitions.




3 Technical process and digital workflow in medical three-dimensional printing

The implementation of 3D printing in medical applications requires a sophisticated digital workflow encompassing three critical phases: data acquisition, digital processing, and additive manufacturing (15). The initial phase involves obtaining digital representations through various methodologies, including computer-aided design (CAD) software for de novo creation, high-resolution optical scanning with photogrammetry capabilities, open-source repositories of pre-validated models, and most significantly in medical applications, the conversion of Digital Imaging and Communications in Medicine (DICOM) datasets from radiological examinations (16). DICOM data from CT or magnetic resonance imaging (MRI) undergoes sophisticated segmentation and reconstruction processes to generate volumetric models suitable for 3D printing.

The cornerstone of the digital processing phase lies in the conversion of these various data formats into Standard Tessellation Language (STL) files, which has emerged as the universal standard for 3D printing applications (17, 18). The STL format employs triangulation algorithms to create a mesh representation of the object’s surface geometry, where the density of triangular facets directly correlates with the model’s resolution and final print quality. Contemporary software platforms, such as advanced mesh manipulation tools and specialized medical modeling applications, facilitate crucial optimization processes including error detection, mesh refinement, and the validation of model integrity. These platforms employ sophisticated algorithms to ensure model printability by addressing critical parameters such as wall thickness, support structure requirements, and manifold geometry validation (19).

The final manufacturing phase involves the transformation of the digital model into physical form through layer-by-layer material deposition (20). This process begins with the computational slicing of the STL file into discrete layers, where the layer thickness and deposition parameters are meticulously calibrated to achieve optimal resolution and structural integrity. The relationship between layer characteristics and print quality follows a complex algorithm where variables such as material properties, thermal dynamics, and mechanical constraints must be precisely balanced to achieve the desired outcome. This sophisticated workflow has enabled the production of highly accurate, patient-specific medical models and devices with unprecedented anatomical fidelity and clinical utility (21).

The successful clinical integration of 3D printing workflows requires addressing several practical implementation challenges. Turnaround time typically ranges from 24 to 48 h from imaging to surgical delivery, requiring careful coordination with surgical scheduling, particularly in urgent trauma cases. Software interoperability between different imaging platforms (PACS systems), modeling software (MIMICS, 3D Slicer), and printer preparation tools necessitates standardized file formats and compatible protocols. Sterilization requirements vary by material, with ethylene oxide sterilization (12–24 h) suitable for most polymers, while some materials require gamma radiation or specialized protocols. Intra-hospital coordination demands seamless communication between radiology departments (imaging optimization), biomedical engineering teams (model processing), sterile processing units (component sterilization), and surgical staff (timing coordination). Successful implementation requires dedicated workflow coordinators, standardized communication protocols, and contingency planning for equipment failures or urgent cases (Figure 2).
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FIGURE 2
Workflow of medical 3D printing.




4 Overview of 3D printing technology

Three-dimensional printing has emerged as a transformative technology in orthopedic trauma surgery, offering unprecedented possibilities for personalized surgical solutions (10, 11). Various additive manufacturing technologies have been adapted for medical applications, each offering distinct advantages for specific clinical requirements (22) (Table 1 and Figure 3).


TABLE 1 Comprehensive analysis of 3D printing technologies in orthopedic applications.


	Technology
	Process parameters
	Key materials
	Technical ratings*
	Clinical applications
	Key features





	FDM
	Temperature: 180–250°C
 Layer height: 0.1–0.3 mm
	PLA, PETG, ABS, PCL
	Accuracy: 3/5
 Resolution: 2/5
 Surface: 2/5
 Usability: 5/5
	Surgical guides
 External fixators
 Educational models
	(+) Cost-effective, easy operation
 (−) Limited detail, low precision



	SLA
	Layer resolution: 25–100 μm
 Cure time: 1–2 s/layer
	Photopolymer resins
	Accuracy: 5/5
 Resolution: 5/5
 Surface: 5/5
 Usability: 5/5
	Anatomical models
 Custom guides
 Surgical templates
	(+) High precision, smooth finish
 (−) UV sensitivity, limited strength



	SLS/DMLS
	Laser power: 100–200 W
 Layer height: 20–40 μm
	Ti6Al4V, CoCr, Nylon
	Accuracy: 5/5
 Resolution: 4/5
 Surface: 4/5
 Usability: 4/5
	Patient implants
 Fixation devices
 Custom instruments
	(+) High strength, durable
 (−) High cost, slower speed






Ratings are derived from a literature review of technical characteristics, primarily based on Beredjiklian et al. (23) and Formlabs (9), reflecting relative performance in accuracy, resolution, surface quality, and usability for orthopedic applications. FDM, fused deposition modeling; SLA, stereolithography; SLS, selective laser sintering; DMLS, direct metal laser sintering; PLA, polylactic acid; PETG, polyethylene terephthalate glycol; ABS, acrylonitrile butadiene styrene; PCL, polycaprolactone; Ti6Al4V, titanium-6 aluminum-4 vanadium alloy; CoCr, cobalt-chromium alloy.

*Ratings based on scale of 1–5, where 1 = poor and 5 = excellent.
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FIGURE 3
Different types of 3D printing technologies commonly used in orthopedic applications.



4.1 Fused deposition modeling

Fused deposition modeling (FDM) technology operates by extruding thermoplastic filaments through a heated nozzle in a precise layered pattern (24, 25). The material, initially solid, transitions through a semi-molten state during extrusion before solidifying upon deposition. Common materials include polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), and polyethylene terephthalate glycol (PETG), with support structures often required for complex geometries (26, 27). In trauma orthopedics, FDM has been successfully applied to create cost-effective external fixation devices using PLA material, demonstrating feasibility for temporary fracture stabilization through favorable cost-effectiveness profiles driven by reduced material expenses, simplified manufacturing workflows, elimination of complex supply chain requirements, and minimal equipment investment requirements, while maintaining essential mechanical functions and offering potential cost savings through decreased operative time and reduced inventory management compared to traditional approaches (28). The primary cost drivers include printer acquisition (desktop-level systems), material costs (thermoplastic filaments), and minimal staff training requirements, with indirect cost benefits arising from reduced surgical complexity and improved patient management efficiency. Environmental considerations for FDM technology include both challenges and opportunities for sustainable healthcare manufacturing. The use of biodegradable materials such as PLA offers advantages in waste management and environmental impact reduction, while support material waste and failed prints can often be recycled through local programs or reprocessed for non-medical applications. Energy consumption for desktop FDM systems is relatively modest compared to industrial manufacturing alternatives, and the potential for point-of-care production reduces transportation-related environmental costs. However, proper disposal protocols for biomedical waste and consideration of material lifecycle impacts remain important factors for sustainable implementation, particularly relevant for widespread adoption in public health settings where environmental responsibility is increasingly prioritized.



4.2 Stereolithography

Stereolithography (SLA) represents a high-precision approach utilizing liquid photopolymer resins that undergo selective curing through ultraviolet laser exposure (29, 30). This technology enables the production of highly detailed structures with exceptional surface quality, making it particularly suitable for surgical guides and anatomical models (31, 32). In trauma orthopedics, SLA has proven particularly valuable for acetabular fracture surgery through the fabrication of precise anatomical models and customized surgical guides, demonstrating significant improvements in surgical accuracy and reduction of radiation exposure while achieving consistent extra-articular screw placement (33)



4.3 Selective laser sintering

Selective laser sintering (SLS) technology employs high-powered CO2 lasers to selectively fuse powder materials into solid structures (34, 35). The process involves incremental lowering of the print bed as layers are successively added. While capable of processing various materials including metals and ceramics, nylon remains the predominant choice for medical applications due to its favorable properties (36, 37). In trauma orthopedic applications, SLS has demonstrated significant utility in creating anatomical models for surgical planning and validation, with particular success in mandibular reconstruction where nylon models produced through SLS provide accurate representations for preoperative planning and mechanical testing of fixation designs (38).



4.4 Direct metal laser sintering

Direct metal laser sintering (DMLS) specifically focuses on metal component fabrication, particularly utilizing titanium alloys and stainless steel in fine powder form (39, 40). This technology enables the direct production of complex metallic implants through laser-driven sintering processes (41, 42). The clinical potential of DMLS has been demonstrated through successful custom prosthesis development, as exemplified by a case where DMLS-produced talonavicular replacement restored full functionality in a professional athlete, allowing return to high-level competition through precisely replicated joint biomechanics (43).



4.5 Bioprinting

Bioprinting encompasses three primary approaches: extrusion, inkjet, and laser-assisted methods (44). These systems utilize bioinks—typically composed of cells and supportive materials such as collagen, gelatin, or hyaluronic acid—to fabricate tissue-like structures through precise layer-by-layer deposition (45, 46). The extrusion-based approach, sharing principles with FDM, has been adapted for biological material deposition, enabling the creation of complex 3D architectures (47). A significant advancement in this field is the use of functionalized hydrogels as bioinks, which are engineered by incorporating bioactive molecules such as growth factors (e.g., bone morphogenetic protein-2, BMP-2), peptides, or nanoparticles to enhance their biological and mechanical properties (48, 49). These hydrogels can mimic the native extracellular matrix, promoting cell adhesion, proliferation, and differentiation, particularly osteogenic differentiation critical for bone regeneration (50, 51). In the context of orthopedic trauma, functionalized hydrogels hold promise for repairing complex bone defects, such as those resulting from comminuted fractures or non-unions, by providing scaffolds that not only support structural integrity but also deliver bioactive cues to accelerate healing (52). Despite these advances, challenges persist, including maintaining cell viability during the printing process, achieving sufficient mechanical strength for load-bearing applications, and ensuring scalability for clinical use (53). While bioprinting with functionalized hydrogels remains largely experimental, its potential to transform orthopedic trauma surgery lies in its ability to integrate patient-specific designs with regenerative capabilities, offering a future avenue for personalized bone repair. An alternative approach in bioprinting technology involves the development of functional scaffold surfaces with subsequent dynamic cellularization in bioreactor systems. This strategy enables superior cell-material interactions by first creating precisely engineered surfaces with optimized topographical and biochemical properties, followed by controlled ex vivo cultivation under physiologically relevant mechanical and chemical stimuli, thereby enhancing osteogenic differentiation and bone regeneration potential for complex traumatic defects (54).



4.6 Geographical considerations and resource adaptations

The application of 3D printing in orthopedic trauma surgery varies significantly across geographical regions, influenced by disparities in infrastructure, expertise, and economic resources. In high-income settings, advanced trauma centers leverage sophisticated additive manufacturing systems—such as SLS and DMLS—to produce patient-specific implants and surgical guides with high precision (9). However, in resource-limited environments, such technologies are often inaccessible due to complex cost structures including substantial equipment acquisition expenses, ongoing software licensing fees, specialized training requirements, and maintenance contracts for industrial-grade systems (55). This geographical divide underscores the need for resource-adapted solutions to ensure equitable access to 3D printing benefits in trauma care. Low-cost alternatives have emerged as a viable strategy to bridge this gap through favorable cost-effectiveness profiles. FDM technology, utilizing affordable recyclable materials like PLA or PETG, offers attractive economic advantages through multiple cost drivers: minimal equipment investment for desktop-level systems, reduced material expenses, simplified training requirements, and elimination of complex supply chain dependencies, while providing potential cost savings through improved surgical efficiency, reduced operative time, and decreased inventory management requirements compared to traditional manufacturing approaches (28). The direct costs include printer acquisition and material expenses, while indirect benefits encompass workflow simplification and enhanced surgical precision. Open-source platforms further enhance accessibility by providing freely available design templates and printing protocols, reducing reliance on proprietary systems and enabling local production (56). Studies from resource-constrained settings highlight the feasibility of such adaptations; for instance, point-of-care manufacturing in hospitals has been shown to minimize outsourcing delays and costs, making 3D printing viable even in smaller centers (56, 57). These approaches align with the concept of “do it yourself” evolving into scalable “point-of-care manufacturing,” where local infrastructure supports immediate clinical needs (57). Despite these advancements, challenges remain. Limited access to high-resolution imaging (e.g., CT scanners) and reliable electricity in low-income regions hampers the digital workflow essential for 3D printing (55). Moreover, while low-cost materials like PLA suffice for temporary devices or models, their mechanical properties may not meet the demands of permanent load-bearing implants, necessitating further material innovation (18). Nevertheless, the integration of affordable technologies and open-source resources offers a promising pathway to democratize 3D printing, potentially transforming orthopedic trauma care in underserved areas by improving surgical precision and reducing treatment costs (10).



4.7 Legal and regulatory considerations

The integration of 3D printing into orthopedic trauma surgery introduces complex legal and regulatory challenges that must be addressed to minimize risks and protect patients and practitioners. A primary concern is the distribution of liability between surgeons and manufacturers when patient-specific devices, such as custom implants or surgical guides, fail. Unlike standardized devices with established accountability frameworks, the bespoke nature of 3D-printed solutions blurs responsibility lines—surgeons may design or modify specifications, while manufacturers produce the physical product (58). This ambiguity could lead to disputes over whether failures stem from design errors, material defects, or surgical application, necessitating clear legal guidelines to define accountability (59). Informed consent presents another critical issue. Custom implants, often produced through additive manufacturing techniques like DMLS, deviate from traditional devices with well-documented safety profiles. Patients must be informed of the experimental nature, potential risks (e.g., implant failure and biocompatibility issues), and limited long-term data associated with these novel solutions (60). This requires detailed consent processes tailored to individual cases, increasing the burden on clinicians to ensure comprehension and transparency (61). Failure to adequately inform patients could expose practitioners to legal risks, particularly in jurisdictions with stringent malpractice laws. Compliance with regulatory standards, such as those set by the U.S. Food and Drug Administration (FDA), further complicates adoption. The FDA classifies 3D-printed medical devices based on risk, requiring rigorous validation for patient-specific implants (Class II or III), including preclinical testing, manufacturing consistency, and post-market surveillance. For instance, custom titanium implants must meet biocompatibility and mechanical strength standards (e.g., ASTM F136), yet rapid prototyping workflows often lack standardized quality controls, posing challenges for approval (62). In resource-limited settings, where local production may bypass such oversight, ensuring compliance becomes even more critical to safeguard patient outcomes. Addressing these legal and regulatory hurdles through standardized protocols and international collaboration is essential to fully realize 3D printing’s potential in trauma care. Regulatory frameworks for 3D-printed orthopedic implants vary significantly between countries, with some nations having more advanced or clearer regulations than others. While the FDA has established specific guidance documents, the European Union implements the Medical Device Regulation (MDR 2017/745), and countries like China have developed their own pathways through the National Medical Products Administration (NMPA). This regulatory heterogeneity creates challenges for global implementation of 3D printing technologies in orthopedic trauma care (58, 63, 64).



4.8 Learning curve and technical expertise requirements

The successful implementation of 3D printing in orthopedic trauma surgery requires significant technical expertise across multiple domains and involves substantial learning curves that must be carefully considered in clinical planning. Digital image processing represents the first critical skill requirement, where personnel must achieve proficiency in DICOM data manipulation, anatomical segmentation using software platforms such as MIMICS or 3D Slicer, and quality control validation of 3D models. Studies suggest that basic competency in image segmentation requires 20–30 supervised cases, while advanced complex anatomical modeling may require 50+ cases for consistent quality output.

Surgical planning expertise involves understanding patient-specific anatomical variations, biomechanical principles, and the translation of digital models into clinically relevant surgical strategies. Manufacturing workflow management requires knowledge of printer operation, material selection, quality control processes, and sterilization protocols for printed components.

Multidisciplinary coordination represents perhaps the most challenging aspect, requiring seamless integration between radiology departments (image acquisition), biomedical engineering teams (model processing and printing), and surgical staff (clinical application). Successful programs typically establish dedicated personnel responsible for workflow coordination and maintain regular communication protocols.

The time investment for establishing competent 3D printing capabilities is substantial, with most institutions reporting 6–12 months to achieve consistent clinical integration and 12–24 months to optimize workflows for efficiency. These implementation challenges must be weighed against the demonstrated clinical benefits when considering adoption of 3D printing technology in orthopedic trauma centers.




5 Applications of 3D printing in orthopedic trauma


5.1 Quantitative clinical outcomes overview

Structured analysis of comparable studies demonstrated consistent benefits of 3D printing-assisted surgery (Table 2). Key improvements included reduced operative time (mean difference: −17.3 min, 95% CI: −23.2 to −11.4, p < 0.001), decreased blood loss (−67 ml, 95% CI: −98 to −36, p < 0.01), and superior reduction quality (87.4% vs. 71.2% excellent/good results, RR: 1.23, 95% CI: 1.15–1.31, p < 0.001). Complication rates were significantly lower (8.7% vs. 15.3%, RR: 0.57, 95% CI: 0.38–0.85, p < 0.01).


TABLE 2 Quantitative outcome summary for key clinical parameters in 3D printing-assisted orthopedic trauma surgery.


	Outcome category
	Studies (n)
	Patients (n)
	3D printing group
	Control group
	Effect size (95% CI)
	p-Value
	Heterogeneity (I2)





	Primary outcomes



	Operative time (min)
	12
	485
	78.4 ± 15.2
	95.7 ± 18.6
	MD: −17.3 (−23.2, −11.4)
	<0.001
	89%



	Blood loss (ml)
	8
	324
	245 ± 89
	312 ± 106
	MD: −67 (−98, −36)
	<0.01
	76%



	Secondary outcomes



	Fluoroscopy exposure (times)
	6
	198
	8.2 ± 3.4
	15.6 ± 5.8
	MD: −7.4 (−9.8, −5.0)
	<0.001
	68%



	Hospital stay (days)
	5
	186
	8.6 ± 2.3
	10.2 ± 3.1
	MD: −1.6 (−2.8, −0.4)
	<0.05
	82%



	Quality outcomes



	Reduction quality (excellent/good %)
	15
	672
	87.40%
	71.20%
	RR: 1.23 (1.15, 1.31)
	<0.001
	45%



	Functional outcome (good/excellent %)
	13
	548
	86.80%
	76.30%
	RR: 1.14 (1.07, 1.21)
	<0.01
	52%



	Safety outcomes



	Overall complications (%)
	10
	412
	8.70%
	15.30%
	RR: 0.57 (0.38, 0.85)
	<0.01
	31%



	Revision surgery (%)
	8
	356
	4.20%
	9.80%
	RR: 0.43 (0.22, 0.84)
	<0.05
	18%






Effect sizes are presented as mean differences (MD) for continuous outcomes and risk ratios (RR) for binary outcomes, with 95% confidence intervals calculated using inverse variance and Mantel–Haenszel methods respectively. The I2 statistic indicates percentage of variation attributable to heterogeneity rather than chance, with p values calculated using random-effects models due to anticipated heterogeneity. Weighted means were calculated based on individual study sample sizes, including only studies with comparable outcome definitions and control groups. High heterogeneity (I2 > 75%) confirms the appropriateness of our narrative synthesis approach, with effect sizes provided for descriptive purposes rather than formal meta-analysis due to methodological heterogeneity. Data synthesized from studies detailed in this table [References (67–98)]. MD, mean difference; RR, risk ratio; CI, confidence interval.






5.2 Overview of clinical implementation

Three-dimensional printing technology has fundamentally transformed the landscape of orthopedic trauma surgery through three primary clinical applications: preoperative anatomical modeling, patient-specific surgical guides, and customized implants. Each modality addresses distinct challenges in surgical planning and execution while collectively enhancing the precision and predictability of trauma surgery outcomes (65–67).

Preoperative anatomical modeling represents the cornerstone application of 3D printing in orthopedic trauma surgery. By converting radiological data into tangible physical models, this technology bridges the gap between two-dimensional imaging and complex 3D fracture patterns. High-resolution anatomical models, typically manufactured using stereolithography or fused deposition modeling, enable surgeons to comprehensively evaluate fracture morphology, plan reduction sequences, and optimize implant positioning before entering the operating room. Systematic review of the current evidence demonstrated that 82% of investigations comparing 3D printed anatomical models with traditional preoperative planning protocols reported enhanced surgical outcomes. Notably, a substantial decrease in operative time was consistently observed in greater than 50% of the analyzed studies (9).

The evolution of surgical guides marks the second critical application of 3D printing technology, translating preoperative planning into precise intraoperative execution. These patient-specific instruments are designed through sophisticated computer-aided processes that integrate anatomical data with planned surgical trajectories. Manufactured predominantly through stereolithography using biocompatible photopolymer resins, surgical guides provide exact references for osteotomy planes, drill trajectories, and reduction landmarks. The clinical implementation of these guides has demonstrated remarkable improvements in surgical accuracy, with studies reporting mean deviations of less than 1.5 mm from planned trajectoriesand significant reductions in radiation exposure (mean reduction: 43%, p < 0.001) (68, 69). The technology has proven particularly valuable in anatomically challenging regions such as the acetabulum and periarticular fractures, where precise implant positioning is crucial for optimal outcomes.

Custom implant fabrication represents the most advanced application of 3D printing in orthopedic trauma, enabling the production of patient-specific implants that precisely match individual anatomy and biomechanical requirements. Through selective laser melting or electron beam melting technologies, titanium alloy and cobalt-chromium implants can be manufactured with optimized mechanical properties and surface characteristics. These implants often incorporate complex geometric features such as porous structures for enhanced osseointegration and pre-planned fixation trajectories (70). Clinical studies have demonstrated superior outcomes with custom implants in complex acetabular reconstruction and periarticular defects (71), reporting improved anatomical restoration and reduced complication rates compared to conventional implants (72). However, the implementation of custom implants requires careful consideration of manufacturing time, regulatory requirements, and cost-effectiveness parameters.

The integration of these three applications has established a comprehensive framework for addressing complex orthopedic trauma cases. Quantitative analysis of clinical outcomes demonstrates significant improvements in surgical precision, with average reductions of 23%–35% in operative time and 35%–45% in blood loss when compared to conventional techniques (73, 74). While the initial investment in 3D printing technology may be substantial, the long-term benefits in improved surgical outcomes and reduced complications present a compelling argument for its implementation in specialized trauma centers (9). Furthermore, ongoing advances in manufacturing technologies and materials science continue to expand the possibilities for personalized orthopedic trauma care (Table 3).


TABLE 3 Anatomical region-based applications and clinical outcomes of three-dimensional printing in orthopedic trauma surgery.


	Anatomical region
	Authors (year)
	3D printing application
	Technical details
	Clinical outcomes





	Acromion



	Os acromiale and fracture
	Beliën et al. (12)
	3D printed model
 Pre-bent distal clavicle plate
	CT protocol: 0.5 mm slice
 FDM printing with ABS/PLA
 Off-label use of LCP plate
	Complete healing in all cases
 Good functional scores in fracture cases
 Variable results in os acromiale



	Clavicle



	Midshaft fracture
	Jeong et al. (75)
	3D printed model for MIPO
 Pre-bent plate template
	CT slice thickness: 1 mm
 Mirror imaging technique
 Small incisions: 2–2.5 cm
	Complete healing
 Minimal soft tissue damage



	Comminuted fracture
	Kim et al. (76)
	Real-size 3D model
 Surgical planning guide
	Customized plate contouring
 Locking compression fixation
	Improved surgical efficiency
 Good bone union



	Proximal humerus



	Neer 3-part and 4-part
	You et al. (73)
	3D-printed fracture models
 Virtual surgical simulation
 Implant selection planning
	CT: 1 mm slice thickness
 MIMICS 16.0 software
 3D System Project printer
	Reduced surgical time (77.65 ± 8.09 vs. 92.03 ± 10.31 min)
 Less blood loss (235.29 vs. 281.25 ml)
 Fewer fluoroscopy times (7.12 vs. 10.59)



	Distal humerus



	Cubitus varus deformity
	Zhang et al. (77)
	Patient-specific osteotomy template
 3D printed surgical guides
	CT: 0.625 mm slice thickness and 0.35 mm in-plane resolution
 MIMICS 16.0 software
	88.89% excellent results and 11.11% good results
 Mean postoperative carrying angle: 7.3°
 Mean correction: 21.9°



	Cubitus varus deformity
	Gemalmaz et al. (78)
	Custom 3D printed resection guide
 Novel intercalary osteotomy method
 3D printed bone models
	Web-based 3D planning
 Patient-specific instrumentation
 Triceps sparing technique
	Perfect conformity of plate and screw fixation
 Full range of motion at 3 months
 No pain and good union



	Intercondylar fracture
	Shuang et al. (79)
	3D printed osteosynthesis plates
 Pre-operative planning models
	CT: 1 mm slice thickness
 MIMICS software
 Patient-specific plate design
	Shorter operative time (70.6 vs. 92.3 min)
 Better functional outcomes
 83.1% good/excellent results



	Elbow fractures
	Yang et al. (80)
	Patient-specific surgical models
 Pre-operative planning
 Surgical simulation
	CT protocol: 1 mm slice thickness
 Comparison of PLA vs. ABS materials
 FDM printing technology
	Shorter surgical duration
 Lower blood loss
 Higher elbow function scores
 83.1% good/excellent results



	Distal radius



	Distal radius malunion
	de Muinck Keizer et al. (81)
	3D-planned corrective osteotomies for post-traumatic deformity correction
 Custom cutting guides
	High resolution CT-based modeling
 Patient-specific surgical guides
	96% cases restored to normal anatomical parameters
 35° improvement in ROM
 Grip strength restored to 85%



	Hand



	Thumb loss (grade III)
	Zhang et al. (82)
	Dual model comparative printing
 Wrap-around flap design
 Donor site planning
	Accuracy ≤ 0.1 mm in model precision
 Second toe donor site planning
 CT-guided cutting templates
	92 ± 3% thumb length restoration
 85 ± 5° IP joint motion
 Two-point discrimination 8 mm



	Vascularized bone transfer



	Scaphoid/lunate AVN + MFC/MFT reconstruction
	Taylor and Iorio (83)
	MFT flap surgical templates
 Vascular anatomy mapping
 Bone flap cutting guides
	0.2 mm spatial resolution
 CT angiography integration
 Donor site templating
	95% model-anatomy conformity
 Reduced OR time by 52 min
 98% flap success rate



	Shoulder



	Severe glenoid deficiency
	Stoffelen et al. (84)
	Custom titanium implants for revision arthroplasty
 Patient-specific bone stock analysis
 Multi-trajectory screw planning
	0.6 mm CT slice thickness
 45%–65% porous titanium design
 300–600 μm optimal pore size
	VAS pain improved (7.2–1.8)
 ROM: 135° forward elevation
 93% implant stability at 2.5-year follow-up



	Pelvic



	Anterior pelvic ring fracture
	Xu et al. (85)
	3D printed plate template model for pre-contouring plates
 Patient-specific curved plate design system
 Validation using 3D printed pelvic model
	CT scan slice thickness: 3 mm
 OOOPDS software for plate design
 FDM printer with ABS material
 Print settings: 160 mm/s travel speed, 65 mm/s print speed, 50% infill
	Significantly reduced plate pre-contouring time (6.24 ± 2.39 min vs. 62.50 ± 21.45 min)
 Reduced 3D printing time by ∼90% (58.29 ± 33.45 min vs. 926.9 ± 202.95 min)
 Significantly lower cost ($1.50 vs. $220 for full pelvic model)



	Unstable pelvic fracture
	Cai et al. (86)
	1:1 scale anatomical models for preoperative planning
 Simulated screw positioning
 Intraoperative reference
 Intraoperative reference
	MIMICS software for 3D reconstruction
 FDM printer with ABS material
 1:1 physical model
	Reduced operative time (58.6 vs. 72.3 min)
 Reduced fluoroscopy exposure (29.3 vs. 37 times)
 Excellent/good Matta score: 78.5%
 Excellent/good Majeed score: 81.5%



	Acetabulum



	Acetabular fracture
	Xu et al. (85)
	3D printed plate templates for pre-bending
	CT: 1.5 mm slice thickness
 OOOPDS software
 FDM printer with ABS material
 Print settings: travel speed 160 mm/s, 65 mm/s print speed, 50% infill
	93% reduction in plate precontouring time
 90% reduction in printing time vs. full pelvis model
 Significant cost reduction ($1.50 vs. $220)



	Acetabular fracture
	Maini et al. (72)
	Patient-specific pre-contoured plates
 3D printed anatomical models
 Pre-operative surgical planning
	CT scan with MIMICS 8.13 software
 SLS printing with nylon polyamide
 EOS EOSINT P380 printer
	Reduced blood loss (100 ml less)
 Reduced operative time (12 min less)
 Better quality of reduction



	Acetabular fracture
	Tomazevic et al. (68)
	Individually designed 3D printed plates
 Custom drill guides
 Pre-operative planning with EBS software
	CT: 1.5 mm slice thickness
 SLS with PA2200 polyamide
 Precision: 0.15 mm
	Mean displacement with standard implant: 1.1 mm
 Mean displacement with 3D printed implant: 0.8 mm
 Significantly improved reduction accuracy



	Acetabular fractures
	Maini et al. (72)
	3D printed model for pre-operative planning
 Patient-specific pre-contoured plates
	CT: 1.5 mm slice thickness
 MIMICS 8.13 software
 Nylon polyamide material
 EOSINT P380 printer
 SLS technology
	Reduced blood loss (620 ml vs. 720 ml)
 Decreased surgical time (120 min vs. 132 min)
 Better fracture reduction (4.75 mm vs. 7.60 mm displacement)
 Significant improvement in reduction (p < 0.05)



	Femur



	Distal femur fracture
	Lin et al. (87)
	3D printed anatomical models
 Navigation module for lates/screws
 Virtual surgery planning
	CT: 0.625 mm slice thickness
 MIMICS 14.0 software
 STL format output
 Navigation templates design
	21 plates, 180 screws placed
 High correlation between planned and actual positions (r = 0.941–0.989)
 No significant differences in screw positions (p > 0.05)



	Distal femoral varus osteotomy (opening wedge)
	Arnal-Burró et al. (88)
	Patient-specific cutting guides
 Custom positioning guides
 3D printed spacer wedges
	CT scan with 1 mm slices
 FDM printing with PLA material
 Ethylene oxide sterilization
	More accurate axial correction
 Reduced OR time (32 min less)
 Less fluoroscopy (59 images less)
 Cost savings of €412 per case



	Distal femoral varus osteotomy (closing wedge)
	Shi J et al. (89)
	Patient-specific cutting guides
 Locking guides for reduction
	CT scan with 0.625 mm slices
 SLS printing with PA2200 nylon
 Digital planning via MIMICS
 SLS technology
	Better WBL coordinate accuracy (4.9% vs. 7.6% deviation)
 Shorter surgery time (77.7 vs. 96.5 min)
 Reduced fluoroscopy (6.1 vs. 34.7 images)



	Tibia



	Lateral tibial plateau
	Yang et al. (74)
	Pre-operative 3D printed model for osteotomy planning
 Individually 3D printed models for measurements and surgical procedures
 CT-based reconstruction and modeling
	CT scan: 1 mm slice thickness
 MIMICS Innovation Suite 16.0 software
 FDM 3D printer
 Pre-operative measurements of osteotomy parameters
	Average operation time: 77.1 min (range 70–90 min)
 Average blood loss: 121.4 ml (range 90–180 ml)
 Average healing time: 12 weeks
 Significant improvement in Rasmussen scores (p < 0.05)
 No complications



	Tibial plateau
	Giannetti et al. (90)
	Pre-operative and intra-operative real size 3D model
 3D printed surgical guides
 Minimally invasive fixation approach
	CT scan: 1 mm slice thickness
 Osirix Dicom Viewer software
 ProJet 660 Color 3D printer
	Reduced operative time: 148.2 ± 15.9 vs. 174.5 ± 22.2 min (p = 0.041)



	Tibial plateau
	Huang et al. (91)
	3D printed navigational templates
 Library of 3D plate models
 Patient-specific surgical guides
	CT scan: 0.5 mm slice thickness for plates
 186 locking plates library
 MIMICS 14.0 software
 3D printer precision: 0.1 mm
	Entry point deviation: x-axis 0.23 ± 0.62 mm, y-axis 0.83 ± 1.91 mm



	Foot



	Calcaneal fractures
	Chung et al. (92)
	Real-size 3D printed calcaneal model
 Mirror imaging of uninjured side
 Used for pre-contouring plates before surgery
	CT protocol: 1 mm slice thickness
 FDM printing technology
 Used MIMICS software for DICOM to STL conversion
	Successful minimally invasive plate fixation
 Accurate plate pre-contouring
 Reduced surgical time and complications



	Talar neck
	Wu et al. (93)
	3D reconstruction model from CT data using MIMICS software
 Simulation of 4.0 mm screw placement trajectories
 Definition of safe zones for posterior screw insertion
	CT protocol: 1 mm slice thickness
 15 normal feet scanned
 Used for determining optimal screw entry points and angles
 Safe zone location between 30% and 60% width of talus
	Safe screw insertion parameters defined:
 48.7 mm screw length
 5.6° lateral angle
 7.4° superior angle
 Improved surgical precision and reduced complications



	Distal tibia and malleolus
	Chung et al. (94)
	Real-size 3D printed models of tibia and malleolus
 Mirror imaging technique for fracture planning
 Pre-operative plate contouring
	CT protocol: 1 mm slice thickness
 3D printing time: approximately 3 h
 Cost under $150 per model
	Successful application in 4 complex tibial cases
 13 malleolar fracture cases with no fixation failures
 Particularly beneficial for diabetic and osteoporotic patients






ABS, acrylonitrile butadiene styrene; AVN, avascular necrosis; FDM, fused deposition modeling; IP, interphalangeal; LCP, locking compression plate; MFC, medial femoral condyle; MFT, medial femoral trochlea; MIMICS, Materialise Interactive Medical Image Control System; MIPO, minimally invasive plate osteosynthesis; OR, operating room; PLA, polylactic acid; ROM, range of motion; SLS, selective laser sintering; STL, standard tessellation language; VAS, Visual Analog Scale; WBL, weight bearing line.




Beyond direct surgical applications, 3D printed models provide significant educational advantages that enhance institutional value. Preoperative team discussions benefit from physical models that allow surgeons, residents, and support staff to visualize complex anatomy collaboratively. Interprofessional collaboration is improved through enhanced case understanding and communication between surgical teams, anesthesiologists, and nursing staff. In teaching hospitals and trauma centers, 3D models serve as valuable educational tools for resident training, enabling hands-on simulation and case-based learning that bridges theoretical knowledge with practical application.



5.3 Upper extremity applications

The application of 3D printing in upper extremity trauma requires meticulous consideration of anatomical complexity and biomechanical demands unique to each anatomical region (16). High-precision printing technologies, particularly SLM and SLA, are essential for reproducing the intricate anatomical structures of small joints and delicate periarticular regions, with required precision tolerances of ±0.1 mm for surgical guides and implants (70). Material selection must balance mechanical properties with biocompatibility requirements, where Ti6Al4V alloys demonstrate superior performance for load-bearing applications in shoulder reconstruction, while biocompatible photopolymer resins excel in producing accurate surgical guides for complex elbow and wrist procedures. Technical challenges primarily involve maintaining printing accuracy for small-scale anatomical features while ensuring adequate structural integrity, particularly in regions with high mechanical stress concentration such as the proximal humerus and distal radius.


5.3.1 Acromion and clavicle

The application of 3D printing technology has demonstrated significant advantages in the surgical management of acromial and clavicular pathologies. Beliën et al. (12) evaluated a modified technique utilizing patient-specific 3D printed models for plate pre-bending in treating symptomatic os acromiale and acromial fractures, reporting successful bone union in their case series and demonstrating that this approach enabled more precise anatomical fit of plates and reduced intraoperative contouring time. The integration of 3D printing with minimally invasive plate osteosynthesis (MIPO) has shown promising results. Jeong et al. (75) developed a systematic approach combining 3D-printed models with intramedullary K-wire guidance for midshaft clavicular fractures. Their methodology incorporated obtaining 3D CT scans (slice thickness ≤ 1 mm) of both clavicles, creating anatomical models through fused deposition modeling, and using these models for accurate plate pre-contouring. The surgical technique utilized controlled reduction with intramedullary K-wire and subsequent plate fixation through minimal incisions. Kim et al. (76) further validated this approach through comparative clinical studies, documenting improvements in surgical parameters. Their findings indicated that 3D printing-assisted surgery achieved a 92% accurate reduction rate compared to 78% with conventional techniques. The success of this technique depends on several critical parameters: high-resolution CT imaging, accurate 3D model production using ABS or PLA materials, appropriate implant selection, and meticulous pre-contouring based on individual anatomical characteristics.



5.3.2 Proximal humerus

Surgical management of proximal humeral fractures remains challenging due to complex fracture patterns and poor bone quality. To address these challenges, You et al. (73) investigated the application of 3D printing technology in treating complex proximal humeral fractures by comparing two distinct preoperative planning approaches: 3D printing-assisted surgery and conventional thin-layer CT planning. In the 3D printing group (n = 34), patient-specific fracture models were created based on CT data using MIMICS software and a 3D System Project printer, enabling surgeons to perform preoperative planning, simulate surgical procedures, and predetermine implant specifications. In contrast, the control group (n = 32) relied solely on conventional thin-layer CT scans for surgical planning. Both groups underwent ORIF through a deltopectoral approach. The 3D printing-assisted technique demonstrated superior surgical efficiency through enhanced preoperative planning and reduced intraoperative decision-making, resulting in shorter operative times, decreased blood loss, and reduced fluoroscopy exposure while achieving comparable fracture healing outcomes. These findings highlight the value of 3D printing technology in optimizing surgical treatment of complex proximal humeral fractures.



5.3.3 Distal humerus

The applications of 3D printing technology in distal humeral pathologies have demonstrated significant advantages in both complex fracture treatment and deformity correction. For intercondylar humeral fractures, Shuang et al. (77) conducted a randomized trial comparing conventional and 3D printing-assisted approaches in 13 patients. Using patient-specific plates designed through CT-based modeling, they reported significantly reduced operative time (70.6 ± 12.1 vs. 92.3 ± 17.4 min) and improved elbow function scores, with 83.1% of patients achieving good or excellent outcomes.

For post-traumatic cubitus varus deformity, Zhang et al. (78) pioneered a CAD approach for creating precise osteotomy guides. Through detailed CT imaging (0.625 mm slice thickness) and MIMICS software reconstruction, they developed patient-specific templates that achieved accurate correction of carrying angles from 22.7° varus to 7.3° normal alignment. Building on this technique, Gemalmaz et al. (79) introduced a modified osteotomy method using 3D-printed guides specifically designed to prevent lateral condyle prominence – a common complication in conventional procedures. Their approach integrated 3D planning through mirror imaging of the contralateral normal elbow to achieve optimal correction.

Yang et al. (80) further evaluated the comprehensive benefits of 3D printing technology in complex elbow fractures through a controlled study of 40 patients. Beyond demonstrating improved surgical efficiency and reduced blood loss, their research provided valuable insights into material selection for surgical modeling. They found PLA to be superior to ABS for surgical applications due to its better structural stability under sterilization, more precise surface detail reproduction, and absence of toxic emissions during printing. Additionally, their study validated the cost-effectiveness of the technology, with each model costing only $2–3 while significantly improving surgical outcomes.



5.3.4 Distal radius

Three-dimensional printing technology has demonstrated particular value in corrective osteotomies of the distal radius, where precise anatomical reconstruction is crucial for optimal functional outcomes. The complexity of wrist biomechanics and the frequent occurrence of post-traumatic deformities make this anatomical region an ideal candidate for computer-assisted surgical planning. de Muinck Keizer et al. (81) conducted a systematic review and meta-analysis evaluating 3D-planned corrective osteotomies of distal radius malunions, analyzing 68 patients across 15 studies. The results showed that 3D-guided techniques achieved restoration of anatomical parameters to within 5° of normal values in 96% of cases (81). Specifically, palmar tilt and radial inclination were corrected to within 2 mm of planned positions, with significant improvements in range of motion (mean flexion-extension arc increased by 35°), forearm rotation (supination-pronation arc improved by 28°) and grip strength (restored to 85% of the contralateral side) (81). The complication rate was 16%, primarily comprising transient sensory disturbances and delayed union that resolved without secondary intervention (81). Long-term follow-up demonstrated that accurate 3D correction of the deformity resulted in sustained functional improvement and high patient satisfaction scores, with radiographic evidence of maintained reduction at a mean follow-up of 12 months (81).



5.3.5 Hand

The application of 3D printing technology in hand reconstruction presents unique challenges and opportunities due to the intricate anatomy and precise functional requirements of digital structures. The technology has proven particularly valuable in thumb reconstruction, where both anatomical accuracy and aesthetic outcomes are critical considerations. Zang et al. (82) developed a dual-model comparative analysis technique, simultaneously producing high-precision anatomical models (accuracy ≤ 0.1 mm) of both the patient’s healthy thumb and the prospective donor toe. This innovative approach enabled detailed morphological assessment and surgical simulation preoperatively. In their cohort of 20 patients, this methodology achieved remarkable outcomes: reconstructed thumb lengths reached 92% ± 3% of the contralateral side, interphalangeal joint motion averaged 85 ± 5°, and opposition function scores improved to excellent levels (82). The surgical procedure utilized CAD for precise osteotomy planning and customized cutting guides, facilitating accurate bone harvest and anatomical reconstruction (82). Notably, donor site morbidity was significantly reduced (5% complication rate) compared to conventional techniques (historical rates 15%–20%), attributed to precise preoperative planning of tissue harvest and optimized surgical approach (82). Postoperative functional assessment demonstrated restoration of key pinch strength to 78% of the contralateral hand and two-point discrimination averaging 8 mm at 12-month follow-up (82). The integration of 3D printing not only enhanced surgical accuracy but also demonstrated significant benefits in reducing operative time (mean reduction 45 min, p < 0.01) and improving overall surgical efficiency (82).



5.3.6 Vascularized bone transfer

Vascularized bone transfer represents one of the most technically demanding applications of 3D printing in reconstructive surgery, requiring precise understanding of both osseous anatomy and vascular relationships. The integration of volumetric CT angiography data with 3D printing has enabled unprecedented preoperative planning capabilities for these complex procedures. Taylor and Iorio (83) developed an innovative surgeon-based 3D printing protocol that incorporated CT angiography data processing using open-source software to generate high-resolution 3D models (spatial resolution 0.2 mm) integrating both osseous and vascular anatomical details. This technique proved particularly valuable for complex free flap procedures including medial femoral condyle (MFC) flaps, medial femoral trochlea (MFT) flaps, and fibular osteocutaneous flaps (83). Analysis of 45 upper extremity reconstructions demonstrated 95% conformity between 3D printed models and intraoperative anatomy (83). The technique significantly reduced operative time (mean reduction 52 min, p < 0.001) and donor site complications (from conventional 18% to 7%, p < 0.01) (83). Flap success rates improved to 98%, with average bony union time decreased by 2.3 weeks compared to historical controls (83). The methodology also facilitated precise preoperative planning of pedicle length and orientation, reducing the need for intraoperative vascular modification and contributing to improved outcomes (83). Cost analysis demonstrated that despite initial investment in printing technology, the reduction in operative time and complications resulted in net cost savings of approximately $3,200 per case (83).



5.3.7 Shoulder arthroplasty

The complex 3D anatomy of the glenohumeral joint and the challenges of revision arthroplasty make the shoulder an ideal candidate for patient-specific 3D-printed solutions. Particularly in cases of severe glenoid bone loss, conventional reconstruction techniques often prove inadequate to address the geometric complexities of the defect. Stoffelen et al. (84) demonstrated the efficacy of 3D printing applications in complex glenoid reconstruction through an innovative case series. Their approach utilized high-resolution CT scanning (0.6 mm slice thickness) and reverse engineering techniques to design patient-specific titanium glenoid implants (84). The key innovation lay in their multi-porous titanium mesh design (45%–65% porosity, pore size 300–600 μm), which optimized both initial stability and osseointegration (84). The implant design incorporated multiple fixation points determined through preoperative stress analysis, with screw trajectories planned to maximize bone purchase in areas of preserved bone stock (84). Clinical follow-up of 15 patients at 2.5 years demonstrated significant improvements: Visual Analog Scale (VAS) pain scores decreased from 7.2 to 1.8 (p < 0.001), and Constant shoulder scores improved by 35 points (p < 0.001) (84). Range of motion showed significant improvement, with mean forward elevation increasing from 85° to 135° and external rotation improving from 15° to 45° (84). Radiographic evaluation showed excellent bone integration without implant loosening or migration in 93% of cases (84). The study highlighted the particular value of 3D printing technology in addressing severe glenoid bone loss, where traditional reconstruction options are limited.




5.4 Lower limb trauma

Lower extremity trauma presents unique surgical challenges characterized by complex 3D fracture patterns, compromised bone quality, and the critical requirement for precise anatomical reduction to restore biomechanical function. The management of periarticular fractures, particularly in weight-bearing joints, demands exceptional precision as articular incongruity can lead to significant post-traumatic complications. These technical demands are further complicated in cases involving severe comminution, osteoporotic bone, or compromised soft tissue envelope, where traditional surgical approaches often prove inadequate.


5.4.1 Pelvic and acetabular fractures

Pelvic and acetabular fractures represent some of the most challenging scenarios in orthopedic trauma surgery, characterized by complex 3D anatomy and demanding requirements for precise reduction. The integration of 3D printing technology has significantly enhanced surgical approaches to these injuries by improving preoperative planning capabilities and offering novel implant solutions. In a comprehensive systematic review of 486 cases, Papotto et al. (95) demonstrated that 3D printing-assisted surgery significantly improved surgical outcomes, with mean reductions of 25.4 min in operative time and 145 ml in blood loss, alongside superior fracture reduction quality compared to traditional techniques. These findings were further validated by Tomaževič et al. (68), who reported that patient-specific 3D printed plates and drill guides achieved significantly better reduction accuracy, with fracture displacement less than 1 mm in 92% of cases and a 43% reduction in fluoroscopy exposure. Xu et al. (85) further advanced the practical implementation by developing rapid prototyping protocols that reduced plate template production time by 90%, making the technology more feasible for acute trauma settings. Zhang et al.’s (71) comparative study revealed that patients treated with 3D-printed custom-made metal plates for posterior wall and column acetabular fractures demonstrated significantly improved hip joint function and pain scores at 12-month follow-up, though Hung et al. (96) found no significant differences in hospital stay duration between 3D printing-assisted and conventional surgery groups in elderly patients.

The technology has proven particularly valuable for surgical planning and resident training. Hurson et al. (97) reported that 3D printed models significantly enhanced surgeons’ understanding of individual fracture anatomy, especially benefiting novice surgeons. Maini et al.’s (72) research demonstrated superior implant fit with patient-specific pre-contoured plates compared to traditional intraoperative contouring, while Bagaria et al. (98) emphasized the technology’s role in achieving near-anatomical reduction in complex acetabular fractures. Kim et al.’s (99) retrospective analysis of 14 acetabular and 10 clavicular fractures showcased how 3D models facilitated pathoanatomy understanding, reduction planning, and precise positioning of percutaneous posterior column screws.

The benefits of 3D printing extend to minimally invasive techniques as well. Cai et al.’s (86) comparative study of 137 cases demonstrated that 3D printing-assisted minimally invasive cannulated screw fixation achieved significantly reduced operative time and fluoroscopy usage while maintaining comparable reduction quality. Wu et al.’s (100) investigation validated the accuracy of 3D printing in treating old pelvic fractures, showing strong correlation between preoperative plans and postoperative outcomes. Additionally, Zeng et al.’s (101) evaluation of 38 unstable pelvic fractures treated with 3D printing-assisted internal fixation through a minimally invasive para-rectus approach demonstrated excellent outcomes in terms of implant placement accuracy, reduced trauma, and decreased blood loss. These collective findings underscore the comprehensive benefits of 3D printing technology in enhancing both surgical precision and clinical outcomes for complex pelvic and acetabular fractures.



5.4.2 Femoral and tibial fractures

The application of 3D printing technology in femoral and tibial fractures has demonstrated particular value in complex fracture patterns and corrective osteotomies. In a prospective study of 21 distal femoral fractures, Lin et al. (87) integrated 3D-printed guides with MIMICS-based surgical planning, successfully placing 180 screws and 21 plates. Post-operative CT reconstruction validated that all implant specifications and positions matched the preoperative digital designs. Statistical analysis showed high correlation between planned and actual screw entry and exit points across all three axes (correlation coefficients ranging from 0.941 to 0.989, p < 0.0001), with no significant differences in spatial coordinates (p > 0.05) (87). For deformity correction, Arnal-Burró et al. (88) evaluated 3D-printed patient-specific cutting guides in 12 consecutive opening-wedge distal femoral osteotomies, comparing outcomes with 20 traditional technique cases. Their results demonstrated that the 3D-printed guides achieved more accurate axial correction while reducing surgical time by 32 min and fluoroscopic exposure by 59 images. Additionally, the technique showed cost benefits with an estimated savings of €412 per case compared to conventional methods (88). These outcomes were further validated by Shi et al. (89) and Chen et al. (69) in medial closing-wedge distal femoral osteotomies. Shi et al. (89) reported that 3D-printed cutting guides achieved more precise correction with mean weight-bearing line deviation of 4.9% compared to 7.6% in conventional techniques (p = 0.024), while reducing surgical time (77.7 vs. 96.5 min, p < 0.001) and fluoroscopic exposure (6.1 vs. 34.7 images, p < 0.001). Chen et al. (69) demonstrated significant improvement in alignment parameters, with femorotibial angle corrected from 160.40 ± 2.69° to 174.00 ± 1.41° and anatomical lateral distal femoral angle from 64.20 ± 2.11° to 81.87 ± 1.06° (p < 0.001), achieving 93.3% excellent and good outcomes.

In tibial plateau fractures, 3D printing technology has enhanced surgical precision and minimized invasiveness. Huang et al. developed a patient-specific navigational template system with no significant differences between planned and actual screw trajectories (entry point deviations: 0.23 ± 0.62, 0.83 ± 1.91, and 0.46 ± 0.67 mm in x-, y-, and z-axes respectively; projection angle deviations: 6.34 ± 3.42° and 4.68 ± 3.94° in coronal and transverse planes, p > 0.05) (91, 102). Giannetti et al. (90) compared outcomes between 3D printing-assisted and conventional surgery in 40 tibial plateau fractures, finding significantly reduced operative time in the 3D printing group (148.2 ± 15.9 vs. 174.5 ± 22.2 min, p = 0.041) and slightly decreased blood loss (520 vs. 546 ml, p = 0.534), with comparable clinical and radiological Rasmussen scores at follow-up. In a prospective study of seven patients with malunited lateral tibial plateau fractures, Yang et al. (103) demonstrated that 3D printing-assisted osteotomy effectively managed plateau collapse averaging 9.4 mm (range 4–12 mm), with mean operative time of 77.1 min (range 70–90) and blood loss of 121.4 ml (range 90–180 ml), achieving significant improvements in Rasmussen scores (p < 0.05).



5.4.3 Distal tibial and foot fractures

Distal tibial and foot fractures pose unique surgical challenges due to their intricate anatomy and limited soft tissue envelope. Chung et al. (94) demonstrated the value of 3D printing technology in complex distal tibial fractures through accurate reproduction of fracture patterns and preoperative plate contouring, enabling successful minimally invasive fixation through a 5-cm incision and reducing intraoperative plate adjustments. For talar neck fractures, Wu et al. (93) defined optimal posterior screw trajectories using 3D models, establishing that placement between the 50% and 60% location with 5.6° lateral and 7.4° superior angles provided the safest fixation corridor for 48.7 mm screws. In calcaneal fractures, Wu et al. (104) applied 3D printing-assisted minimally invasive techniques in 19 cases, achieving mean operative time of 45 min (range 25–70) and minimal blood loss (mean 14.5 ml), with 89.5% excellent and good outcomes based on American Orthopaedic Foot and Ankle Society (AOFAS) scores and significant improvements in Bohler and Gissane angles (p < 0.05). The surgical advantages were facilitated by Chung et al.’s (92) innovative use of 3D-printed models for precise plate pre-contouring and real-time comparison during fracture reduction.



5.4.4 Ligament reconstruction

In addition to fracture management, 3D printing technology has shown promise in ligament reconstruction procedures. Sha et al. (105) developed a digital navigational template for lateral ankle ligament reconstruction in 15 patients with chronic ankle instability. Their study demonstrated significant improvements in AOFAS scores from preoperative [48.3 ± 5.1 for calcaneofibular ligament plus anterior talofibular ligament (CFL + ATFL) group, 50.4 ± 6.2 for ATFL group] to postoperative (88.1 ± 6.7 and 90.3 ± 7.8, respectively) evaluations (p < 0.001), with 14 patients achieving excellent outcomes and one good outcome (105). For anterior cruciate ligament (ACL) reconstruction, Rankin et al. (106) innovated a patient-specific femoral tunnel guide based on contralateral knee MRI scans, producing guides in various materials including acrylic photopolymer, PA220 plastic, and 316L stainless steel. Statistical analysis confirmed no significant differences between the guide positions and MRI measurements (p = 0.344, 0.189, and 0.233, respectively), demonstrating the potential for accurate anatomical tunnel placement (106).





6 Conclusion

Three-dimensional printing has reshaped orthopedic trauma surgery by enabling precise preoperative planning, intraoperative guidance, and patient-specific implant solutions. This comprehensive review has demonstrated the significant impact of various additive manufacturing methodologies across different anatomical regions. Vat photopolymerization has proven valuable for producing high-precision surgical guides, material extrusion techniques have enabled cost-effective anatomical modeling, powder bed fusion technologies have facilitated the creation of functional implants with enhanced biomechanical properties, and emerging bioprinting approaches offer promising avenues for tissue regeneration.

The integration of these technologies with clinical workflows has resulted in measurable improvements in surgical accuracy, operative efficiency, and anatomical restoration across diverse fracture patterns. While challenges in standardization, quality control, and regulatory compliance persist, the collective evidence indicates that 3D printing has established itself as a valuable tool in modern orthopedic trauma management, effectively bridging traditional limitations through technical innovation and patient-specific approaches.

The successful implementation of 3D printing in neurosurgery and maxillofacial surgery offers valuable insights for orthopedic trauma applications, where neurosurgical programs have demonstrated the importance of standardized workflow protocols with dedicated technical personnel, integrated imaging-to-surgery pipelines that minimize manual handoffs, and rigorous quality assurance systems for patient safety in critical procedures (107, 108), while maxillofacial surgery has particularly excelled in rapid turnaround protocols for trauma cases, cost-effective material selection for temporary applications, and surgeon-engineer collaboration models that optimize clinical utility (109, 110). These successful implementation patterns suggest that orthopedic trauma surgery could benefit from adopting dedicated 3D printing coordinators, standardized communication protocols between departments, and tiered complexity approaches where routine cases establish workflow competency before advancing to complex applications, as the experience from these disciplines emphasizes that successful 3D printing integration requires institutional commitment to structured training programs, multidisciplinary team development, and continuous quality improvement processes rather than ad hoc technology adoption (111).



7 Limitations and potential bias assessment

This review has several methodological limitations. Publication bias likely exists as positive 3D printing outcomes are more likely to be published than negative results. Selection bias occurred due to English-language restrictions and exclusion of small case reports. Study heterogeneity was substantial, with predominantly retrospective designs (65%) and variable follow-up periods limiting evidence strength.

Outcome standardization represents a critical limitation severely affecting evidence synthesis. Functional outcomes varied widely across studies, including region-specific scores (Neer, Harris Hip, Lysholm, AOFAS), generic instruments (SF-36, DASH), and study-specific assessments. Radiological outcomes showed similar heterogeneity with inconsistent reduction quality definitions and measurement protocols.

Most studies originated from specialized centers with established 3D printing capabilities, potentially overestimating benefits achievable in typical clinical settings. Future research should prioritize developing standardized core outcome sets specifically for 3D printing applications in orthopedic trauma.
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