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The integration of biodegradable magnesium (Mg)-containing materials with additive manufacturing technologies has opened promising avenues for next-generation biomedical implants. Owing to their unique combination of biodegradability and mechanical compatibility with bone, Mg alloys and composites have emerged as candidates for temporary orthopedic and cardiovascular devices. This review critically examines recent progress in 3D printing of Mg-containing biomaterials, with a focus on material design, fabrication strategies, and translational pathways toward clinical application. We analyze the performance of leading additive manufacturing techniques—including Selective Laser Melting (SLM), Wire Arc Additive Manufacturing (WAAM), Binder Jetting (BJAM), and 3D Gel Printing (3DGP) in tailoring biocompatibility and mechanical behavior to meet clinical demands. Beyond conventional material assessments, this review also identifies critical challenges in evaluating customized 3D printed implants, emphasizing the need for adapted regulatory and testing frameworks. By mapping advances from laboratory research to clinical translation, this review underscores the transformative potential of 3D printing Mg-containing biodegradable implants in bone repair. With their advantages to provide temporary support, stimulate osteogenesis, and gradually resorb without secondary surgery, Mg-containing constructs represent a cornerstone for the future of customized and sustainable implant technologies.
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1 INTRODUCTION
Given the significance of individual variations, 3D printing technology has emerged as a critical tool in advanced therapeutics (Zhu et al., 2025; Tetsuka and Shin, 2020; Kumar Pankaj et al., 2021; Wang et al., 2016; Ngo et al., 2018; Gu et al., 2012; Kaur and Singh, 2019; Roseti et al., 2017; Murphy and Atala, 2014). By utilizing patient-specific CT or MRI scan data, 3D printing technology enables the design and fabrication of customized implants or scaffolds that precisely match the anatomical structure and clinical requirements of individual patients. Currently, titanium alloys (Sheng et al., 2022; Guo et al., 2022), stainless steel (Mahajan et al., 2023; Liang et al., 2023), and cobalt-chromium (Mahajan et al., 2023; Liang et al., 2023; Sing et al., 2016) alloys are widely adopted as 3D-printing materials for orthopedic and dental implants due to their superior mechanical properties and biocompatibility.
Very recently, biodegradable alloys such as iron (Fe), zinc (Zn), and magnesium (Mg) have been drawn great attention (Ngo et al., 2018; Mahajan et al., 2023; Liang et al., 2023). Unlike inert metals, they are designed to gradually degrade in the physiological environment, ultimately being absorbed or metabolized by the body. This degradation eliminates the need for secondary removal surgery and reduces long-term complications associated with stress shielding. It also provides a temporary mechanical function that aligns with the tissue healing process.
Amongst biodegradable metals, Fe and Zn based biomaterials have demonstrated favorable corrosion stability and biocompatibility (Qin et al., 2019; Kumar Rakesh et al., 2021). Fe alloys exhibit high mechanical strength but degrade too slowly, which limits their timely resorption in vivo. Conversely, Zn alloys offer moderate degradation rates and promising antibacterial effects, yet their relatively low strength and ductility restrict their applications in load-bearing environments.
Mg and its alloys and composites stand out as the most promising candidates for clinical translation because of their unique combination of properties (Liang et al., 2023; Qin et al., 2019; Kumar Rakesh et al., 2021; Karunakaran et al., 2020; Li et al., 2018; Nabiyouni et al., 2018; Manakari et al., 2017). As a naturally occurring element in the human body, Mg exhibits exceptional biocompatibility to harmonize metabolically with calcium and other physiological components. Notably, Mg-containing alloys and composites possess inherent biodegradability, allowing gradual degradation in vivo and eliminating the need for secondary surgical removal. Furthermore, the degradation process releases hydrogen gas, creating a highly alkaline microenvironment that has been proved to enhance osteogenesis. Mechanically, Mg-containing alloys and composites demonstrate elastic moduli closer to those of natural bone tissue compared to traditional titanium or stainless-steel implants, thereby reducing stress shielding effects and mitigating risks of bone resorption. These facilitates Mg-containing materials as potential candidates for hard tissue regeneration.
To fully harness the potential of biodegradable metals, advanced manufacturing (AM) technologies, particularly 3D printing have played a pivotal role. Unlike conventional fabrication methods, AM enables precise control over implant geometry, porosity and internal architecture, facilitating the design of customized implants tailored to individual anatomical and mechanical needs. Moreover, 3D printing allows integration of material and structural optimization, enabling the fine tuning of mechanical strength and degradation behavior. As the degradation rate and mechanical reliability are critical for Mg-containing biomaterials, 3D printing provides a powerful platform to engineer structure and function that could enhance osteointegration while maintaining structural integrity during healing. As such, the convergence of biodegradable Mg-based materials with advanced manufacturing represents a paradigm shift in the development of next-generation biomedical implants.
However, current 3D-printing magnesium-containing biomedical materials still face multiple challenges towards actual use. The challenges mainly lie in its high chemical reactivity, low physical strength and the often-neglected manufacturing and evaluation process, as the individual variability in customized device may need further assessment in customized manufacturing and individual compatibility.
Based upon the above discussions, it is worthwhile to review both material and manufacturing progress in 3D Printing of Mg-containing biomedical materials. To realize this purpose, we concluded its translational trajectory from material development to practical clinical applications. We critically examined the advancements in materials design and 3D fabrication techniques, with special emphasis focusing on evaluating the customized biomedical materials and devices. We hope this review would help bridge current gap between laboratory-scale innovations and clinically viable solutions, addressing both technical challenges and fabrication considerations for its actual commercialization.
2 CLASSIFICATION OF 3D-PRINTING MG-CONTAINING BIOMEDICAL MATERIALS
Currently, 3D-printing Mg-containing biomedical materials can be categorized into two primary systems: Mg-containing metallic materials and Mg-containing composite materials.
2.1 Mg-containing metallic materials
Pure magnesium, despite its low density of 1.74 g/cm3, suffers from inadequate tensile strength and poor corrosion resistance compared to conventional engineering alloys. Consequently, 3D-printing magnesium materials are predominantly developed as magnesium alloys or composite systems to enhance corrosion resistance. In perspective of Mg alloys, they are typically synthesized by alloying with rare earth elements such as RE, Ce, Y or other metal elements such as Ca, Zr, Sr, Zn and Al. These additions are designed to refine grain size, modulate internal stresses, phase distribution and metal microstructures, thereby improving the material mechanical and corrosion properties. So far, established alloy systems mainly include Mg-RE-Zr (WE series), Mg-RE-Zn (EZ series), Mg-Zn-Zr (ZK series), Mg-Al-Mn (AM series), Mg-Al-RE (AE series), and Mg-Al-Zn (AZ series). All series have been demonstrated of their advantages for biomedical usage. The WE series, exemplified by WE43, offers superior degradation control with rates as low as 0.2 mm/year due to stable oxide layers formed by rare earth elements like Y and Nd, making it suitable for long-term implants such as load-bearing bone plates and cardiovascular stents. Additionally, Y3+ ions could enhance osteointegration by promoting bone mineralization density up to 30% increase in vitro (Liu Bingchuan et al., 2024; Min et al., 2023). The EZ series achieves an optimal balance between mechanical strength and degradation resistance, where Zn provides solid solution strengthening while REs mitigate localized corrosion, resulting in 40% less hydrogen cavity formation compared to AZ alloys (Salehi et al., 2019). ZK series alloys such as ZK60, exhibit exceptional biocompatibility of cell viability >95% owing to the presence of physiological elements Zr4+ and antibacterial Zn2+. When coupled with high tensile strength up to 350 MPa, it is ideal for orthopedic load-bearing devices (Xie et al., 2024). The AM series, namely AM60, demonstrates outstanding biosafety with well-defined metabolic pathways for Al3+/Mn2+, facilitating rapid endothelialization for cardiovascular applications (Rezanezhad and Azadi, 2024; Beyzavi et al., 2023). AE series alloys such as AE44, feature refined β-Mg17Al12 phases via RE additions, reducing pitting corrosion depth by 60% versus AZ91. It also enables uniform degradation and offers a cost-effective solution for medium-term implants such as dental screws with low RE content of <2%. The AZ series leverages Zn2+ to accelerate bone healing by 20%–30% through upregulation of Runx2/RANKL pathways and benefits from near-net-shaping capabilities for fabricating porous bone scaffolds, although its rapid degradation necessitates further surface modifications (Salehi et al., 2023a; Hartmann et al., 2024).
To take one step further, currently scientists manage to integrate alloy design principles with 3D-printing requirements or to balance the degradation kinetics and mechanical strengthening compatibility with tissue response. As depicted in Figures 1a,b, Chen et al. fabricated porous Mg–1Zn–1Ca–0.5 Mn (LP-ZMX101) scaffolds via melt infiltration into Ti scaffolds followed by mold removal (Yu et al., 2024). The LP-ZMX101 alloy exhibited extended hydrogen evolution duration of approximately 200 h owing to the continuous reticular secondary phases acting as corrosion barriers (Figure 1c). These scaffolds demonstrated exceptional biocompatibility and non-cytotoxicity, supporting their clinical viability. Mohammad et al. developed mechanically strengthened Mg-2Zn-0.2Ag screws (Figure 1d) through solvothermal processing combined with multi-directional forging to regulate the material microstructure (Asadollahi et al., 2024). The alloy achieved an ultimate shear strength of 149.5 MPa, with enhanced corrosion resistance via phosphate layer formation in PBS. Cell adhesion and viability were also significantly improved compared to pure Mg. Long et al. alternatively employed first-principles calculations and experimental phase diagrams to identify the novel ternary Mg41(Gd,Sr)5 alloy in Figure 1e. Their work established a comprehensive mechanical-thermodynamic database for Mg-Gd-Sr systems, accelerating the development of high-performance Mg-containing alloys for biomedical devices (Long et al., 2023).
[image: A complex set of diagrams and images illustrating the process and materials involved in bioinspired magnesium-based scaffolds. Diagram (a) shows a production process flow. Image (b) depicts a close-up of a scaffold structure. Section (c) illustrates the corrosion process over time. Section (d) compares different microstructures and grain sizes. Image (e) contains a phase diagram and microstructural composition. Diagram (f) outlines the 3D printing and lyophilization process. Images (g) and (i) show microstructures of different materials. Diagram (h) illustrates cellular interactions promoting osteogenesis. Diagram (j) summarizes biomimicry strategies for scaffold development.]FIGURE 1 | (a) Flowchart of the preparation of Mg alloy scaffolds ZMX101 alloy scaffold (Yu et al., 2024); Copyright 2024, John Wiley and Sons (b) The intermediate of Ti and Ti-Mg alloy scaffold (Yu et al., 2024); Copyright 2024, John Wiley and Sons (c) Corrosion mechanism of the ZMX101 alloy scaffolds (Yu et al., 2024); Copyright 2024, John Wiley and Sons (d) optical microstructures of the Mg–2Zn–0.2Ag alloy in AC (as-cast), ST (Solution treated) and MDF (multi-directional forging) states (Asadollahi et al., 2024); Copyright 2024, Springer Nature (e) BSE-SEM image and the isothermal sections of the Mg-rich Mg-Gd-Sr system at 673K (Long et al., 2023); Copyright 2023, Elsevier (f, g) Preparation and characterization of MgO2 nanoparticles and MgO2/PLGA scaffolds (Li et al., 2024); Copyright 2023, John Wiley and Sons (h) Schematic diagram of potential pro-osteogenesis mechanism of MgO2/PLGA scaffolds (Li et al., 2024); Copyright 2023, John Wiley and Sons (i) 3D printed AMP-PLA scaffold and MC3T3 adhesion after a 7 day culture (Elhattab et al., 2021); Copyright 2021, American Chemical Society (j) compatibilized MgF2 (cMgF2) and nHA blended in mPCL by gentle cryomilling and fabricated into porous 3D scaffolds using a melt extrusion-based additive manufacturing system (Bas et al., 2019). Copyright 2021, American Chemical Society.2.2 Mg-containing composite materials
Besides Magnesium alloy, recent innovations have been extended to the field of Mg-containing composites, which could address both limitations of Mg and polymers/ceramics while enabling controlled Mg2+ release to stimulate osteogenesis and suppress inflammation. In 2021, Lin et al. designed a porous Mg scaffold using magnesium powder-reinforced epoxy resin (Lin et al., 2021). After sintering at 610 °C, the scaffold achieved a porosity of 64.4% and compressive strength of 20.05 MPa. In vivo studies in rat femoral condyle models confirmed enhanced cancellous bone regeneration and controlled Mg degradation via CT/X-ray analysis. In 2024, Lai et al. engineered a multifunctional MgO2/poly (lactic-co-mannitol glycolic acid) scaffold for sequential Mg2+ and reactive oxygen species release in Figure 1f (Li et al., 2024). This porous system portraited in Figure 1g synergistically prevented tumor recurrence via H2O2-induced apoptosis/ferroptosis and M1 macrophage polarization. It also inhibited bacterial infection and promoted bone repair via Mg2+-mediated Wnt3a/GSK-3β/β-catenin pathway activation and M2 macrophage polarization as schemed in Figure 1h.
In terms of Mg-containing ceramic-polymer composites, they have also emerged as a cutting-edge material in this field. For instance, in Figure 1i Karim et al. developed amorphous magnesium phosphate (AMP)-polylactic acid (PLA) composites via melt blending. AMP-PLA scaffolds exhibited superior pre-osteoblast adhesion, proliferation and accelerated degradation compared to pure PLA (Elhattab et al., 2021). Salil et al. fabricated poly(ε-caprolactone)-calcium magnesium phosphate scaffolds mimicking natural bone matrix texture, porosity, and chemistry. The NIH/3T3 fibroblast assays revealed >100% viable cells by day 3 versus controls (Parupelli et al., 2023). And bioinspired from bone non-collagenous proteins, Hutmacher et al. synthesized a ternary composite of medical-grade PCL (mPCL), nano-hydroxyapatite(nHA) and compatibilized MgF2 nanoparticles as depicted in Figure 1j (Bas et al., 2019). MgF2 nanoparticles were functionalized with peptide-PEG conjugates to biomimicking the bone non-collagenous proteins. The mPCL/nHA/cMgF2 scaffolds demonstrated impressively enhanced mechanical properties, osteogenic differentiation, and mineralization in vitro.
3 CLASSIFICATION OF 3D-PRINTING TECHNIQUE FOR MG-CONTAINING BIOMEDICAL MATERIALS
The history of 3D printing in biomedical applications dates back to the late 1980s, shortly after the invention of stereolithography by Charles Hull in 1986 (Huang et al., 2020). It witnessed great developments in the past 20 years, and now it could be broadly classified into material extrusion, vat photopolymerization, powder bed fusion, binder jetting, material jetting, and direct energy deposition categorized by material deposition method. Considering the character of magnesium, concurrently Selective Laser Melting (SLM), Wire Arc Additive Manufacturing (WAAM) and Binder Jet (BJAM) methods have been widely used in the additive manufacturing of Mg-containing alloys for biomedical application.
3.1 SLM technique
The principle of SLM molding is based on additive manufacturing, where the metal powder particles are selectively melted layer by layer to actually form a solid, dense metal part using a high-powered laser (Sing et al., 2016; Wu et al., 2021; Zhang and Attar, 2016; Murr et al., 2009; Vandenbroucke and Kruth, 2007). As depict in Figure 2a, first a thin layer of metal powder is evenly spread across a build platform. Second a high-power fiber laser selectively scans and fully melts the powder in areas defined by the 3D model current layer. This creates a fully dense metal structure. After each layer is melted and solidified, the build platform lowers slightly, and a new layer of powder is spread on top. The process repeats until the entire part is formed. Finally, the build chamber cools and the solidified part is then removed from the workbench. Compared with Selective Laser Sintering, the whole SLM has been processed under inert atmosphere to avoid the oxidation of metal powder under elevated temperature. SLM produces fully dense, high-strength and high accuracy metal parts and therefore have great advantages in printing magnesium-containing biomedical implants.
[image: Diagram explaining the process and effects of selective laser melting (SLM) for materials. (a) Illustrates the SLM setup with a laser source. (b) Displays different porous structures. (c) Shows interaction of porous scaffolds with calcium/phosphate products. (d) Compares extruded and SLM-processed cylinders with microstructures. (e) Details the spatial and time scale of corrosion in extruded vs. SLM materials, highlighting differences in surface layers and corrosion patterns. (f) Bar chart showing phase content changes over different treatments. (g) Microstructure images exhibiting various grain structures and micropores.]FIGURE 2 | (a) The illustration of SLM printing; (b) diamond (D), gyroid (G), and Dodecahedron (Do) model of the three different AM Mg scaffolds (Liu et al., 2024b); Copyright 2024, Elsevier (c) Corrosion mechanism diagrams for G, D, and Do models (Liu et al., 2024b); Copyright 2024, Elsevier (d) 3D reconstructions under HR μ-CT. Defects were rendered with cyan (AlMangour et al., 2023); Copyright 2024, Elsevier (e) The spatiotemporal “bulk erosion” mode compared with the “surface corrosion” mode (AlMangour et al., 2023); Copyright 2024, Elsevier (f) Phases content of as-built and T4 treatment (Xie et al., 2023) Copyright 2023, Elsevier (g) SEM micrographs of AZ91D sample before and after solution treatment (Xie et al., 2023). Copyright 2023, Elsevier.Research on SLM of Mg-containing metals could date back to the mid-2000s (Ng C. C. et al., 2011; Ng ChiChung et al., 2011). Early investigations primarily focused on understanding the feasibility of processing magnesium and its alloys using SLM, given their relatively low melting points and high chemical reactivity, particularly in the presence of oxygen. These characteristics pose significant challenges for the actual feasibility.
To face the above-mentioned challenges, a thorough understanding of the thermodynamics and kinetics involved in the SLM process have been carried out in the last 10 years. In 2024, Liu et al. systematically investigated the effects of process parameters, structural design, and post-treatment on ZK60 magnesium alloy scaffolds fabricated by SLM (Liu Hao. et al., 2024). By employing three different structural models of Gyroid, Diamond, and Dodecahedral (Figure 2b), the authors achieved refined microstructures and improved mechanical and corrosion properties. Under optimized printing parameters, the scaffolds reached a relative density above 97%. After electrolytic polishing, the Gyroid model exhibited the largest surface area and smooth transitions, while the Dodecahedral model demonstrated the best mechanical performance, with a yield strength of 24 MPa and an elastic modulus of 425 MPa. In addition, the corrosion rate was significantly reduced from 5.67 mm/year to 1.34 mm/year for Gyroid model, as the designed larger exposure area in Hank’s solution results in a denser accumulation of Ca/P corrosion products on the surface (Figure 2c). The interaction between the laser and different metal powder in SLM have also been tremendously investigated. Xie et al. explored the influence of zinc content on powder characteristics, porosity, microstructure, and corrosion behavior in SLM-processed MgxZn0.2Mn alloys (Bian et al., 2024). Increasing Zn content led to larger powder and pore sizes, as well as reduced corrosion resistance due to more severe localized corrosion. Hu et al. examined the impact of T4 solution treatment on the microstructure and corrosion behavior of SLM-fabricated AZ91D alloys (Figures 2f,g) (Xie et al., 2023). The T4 treatment could dissolve β-Mg17Al12 phases to improve grain uniformity (Figure 2f) and therefore significantly enhanced corrosion resistance by 70% and reduced hydrogen evolution rate by 57%. Besides the yield strength remained as high as 181 MPa. Hendea et al. combined mechanical alloying (MA) with SLM to produce Mg-10Zn-0.8Ca-0.5Zr biodegradable implants with customized geometries (Hu et al., 2023). The MA process yielded spherical, homogenous powders suitable for SLM. And the printed samples exhibited low porosity of less than 1% and mechanical properties comparable to human bone. Corrosion behavior was also comparable to commercial ZK60 alloys. AlMangour et al. studied the feasibility of fabricating pure magnesium via SLM using a combination of experimental and full-scale simulation approaches (Hendea et al., 2023). They identified optimal densification windows between 80 and 140 J/mm3 and revealed twin-structured microstructures associated with rapid solidification. Their work provided theoretical insights into the densification and thermal behavior of magnesium under different energy densities.
The understanding of SLMed Mg-containing material has also been deepened. Recent studies by Bian et al. reported an unusual “bulk corrosion” mode in SLM-processed AZ91D magnesium alloys (Figures 2d,e) (AlMangour et al., 2023). This corrosion mechanism was attributed to the highly reactive microstructure introduced by the SLM process, including microstructural defects, dislocation density and localized strain. It resulted in corrosion rates two orders of magnitude higher than conventional counterparts. High-resolution CT scans and corrosion tests demonstrated that surface flaws initiated rapid penetration, leading to material disintegration, significant cytotoxicity, and adverse bone reactions in vivo.
In terms of application scenarios, recent investigations have attempted to extend SLM technique for surface modification. In 2021, Yao et al. applied SLM for surface modification of Mg-Ca and Mg-Zn-Ca alloys, achieving improved microhardness and reduced corrosion rates from 2.1 to 1.0 mm/year. These enhancements were attributed to laser-induced grain refinement as well as impurity suppression. In another study, Yao et al. fabricated a Fe-based amorphous Fe48Cr15Mo14B6C6 (MG) layer on pure Mg via SLM (Yao et al., 2022). The resulting Mg/MG hybrid composite exhibited dramatically improved mechanical strength. The hardness increased from 0.46 GPa to 14.3 GPa and the elastic modulus increased from 44 GPa to 202 GPa. The corrosion resistance was also reduced from 0.89 to 0.11 mm/year, alongside excellent cell adhesion and low cytotoxicity. And recently Cao et al. managed to fabricate porous Zn-1 Mg-0.1Sr scaffolds (a Mg-containing Zn alloy) using SLM, which exhibited promising potential for bone implant applications (Cao et al., 2024). The scaffolds showed a compressive strength of 33.71 ± 2.51 MPa, a yield strength of 27.88 ± 1.58 MPa, and an elastic modulus of 2.3 ± 0.8 GPa. In vitro degradation tests revealed a corrosion rate of 0.36 ± 0.01 mm/year after 14 days. Extracts at 10% and 20% concentrations enhanced MC3T3-E1 preosteoblast activity with no observed cytotoxicity. However, the impact of high-concentration extracts and degradation byproducts requires further in vivo evaluation.
3.2 WAAM technique
Wire Arc Additive Manufacturing (WAAM) is a form of Directed Energy Deposition that utilizes an electric arc as the heat source and metal wire as the feedstock to fabricate large-scale metallic components layer by layer (Javadi et al., 2019; Zuo et al., 2022). According to Figures 3a,b, (Yi et al., 2022; Han et al., 2018), the principle behind WAAM involves melting the wire using a welding arc and depositing the molten material onto a substrate, where it solidifies to form the desired geometry. Typical procedures are as follows: first a metal wire feedstock is loaded into a wire feeding system. And metal-based substrate is thoroughly cleaned and fixed onto the build platform. An inert shielding gas is continuously supplied to the melt pool to prevent metal oxidation and contamination during process. Second, the electric arc is initiated between the wire electrode and the substrate. The wire melts in the arc heat and deposits onto the substrate, forming a weld bead. Third, the torch follows the programmed toolpath to deposit material layer by layer. Each layer solidifies before the next is added. Inter-layer temperature may be controlled to reduce residual stresses and improve bonding. Finally, the manufactured part is subjected to surface treatment to ensure dimensional accuracy and quality compliance.
[image: (a) Diagram of a welding setup showing a power supply, welding torch, arc, molten pool, and substrate. (b) Image of equipment with labeled components: wire feeder, reinforced conductor, drop feeder, and extruder. (c) Four microstructure images labeled (a) to (d) showing varying patterns and colors. (d) Schematic of a gas tungsten arc welding system with components like power source, torch, AZ91D wire, and deposition direction. (e) Robotic welding setup with labeled elements and a mechanical test sample. (f) Electron microscopy images: (a) and (b) show microscopic structures; (c) and (d) display diffraction patterns with labeled crystallographic orientations.]FIGURE 3 | (a) The illustration of WAAM printing; (b) an overall system for WAAM (Han et al., 2018); Copyright 2018, Mdpi (c) After corrosion microstructure of AZ91D produced by WAAM and casting (Han et al., 2018): (a,c) AZ91D casted; (b,d) AZ91D WAAM; Copyright 2018, Mdpi (d) GTA-WAAM system and the fabricated component (Cai et al., 2024); Copyright 2024, KeAi (e) CMT-WAAM process experimental setup and AZ31 Mg alloy deposited thin wall with samples used for metallurgical, mechanical, and corrosion test (Manjhi et al., 2023); Copyright 2023, Elsevier (f) TEM Analysis (a-b) secondary phase particles in the α-Mg matrix and (c-d) selected area electron diffraction (SAED) patterns of WAAMed AZ31 (Manjhi et al., 2023). Copyright 2023, Elsevier.Compared to other additive manufacturing techniques like SLS and SLM, which use powdered materials and high-energy lasers to fuse particles within a powder bed, WAAM offers significantly higher deposition rates and is more cost-effective for producing large metal parts. However, WAAM typically yields lower dimensional accuracy and surface quality, requiring post-processing, while SLM and SLS can achieve finer resolutions and are better suited for intricate geometries.
As an emerging technique in additive manufacturing, WAAM processed Mg-containing materials are relatively in the early stage of understanding the feasibility and advantages in biomedical field. In 2018, Han et al. investigated WAAM of AZ91D magnesium alloy and found that the resulting samples exhibited dense, crack-free microstructures composed of a hexagonal close-packed Mg matrix and finely dispersed Al5Mg11Zn4 precipitates as depicted in Figure 3c (Han et al., 2018). Electrochemical impedance spectroscopy revealed improved corrosion resistance compared to cast AZ91D, indicating the potential for biomedical uses. Very recently, Cai et al. explored Gas Tungsten Arc-based WAAM (GTA-WAAM) for AZ91D fabrication (Figure 3d) (Cai et al., 2024). Their study presented the alternation of coarsen and fine grain zones and the dynamic dissolution and re-precipitation of β-Mg17Al12 and Al8Mn5 during thermal cycling. The resulting components had isotropic mechanical properties, with a tensile strength of 243.6 MPa and elongation capability of 11.7%. Manjhi et al. employed Cold Metal Transfer (CMT)-based WAAM to manufacture AZ31 alloy thin walls (Figure 3e) (Manjhi et al., 2023). The microstructure consisted of equiaxed grains with varying sizes along the build height. The precipitates β-Mg17Al12 and η-Al8Mn5 enhanced both mechanical strength and corrosion resistance in Hank’s balanced salt solution, outperforming wrought AZ31 in corrosion performance (Figure 3f). And Gneiger et al. developed a high strength AEX11 magnesium alloy (Mg-Al-Zn-Ca-RE) tailored for WAAM, showing superior performance compared to commercial AZ61, especially after T6 heat treatment (Gneiger et al., 2020). The enhanced properties were attributed to the formation of Mg17Al12 and Al-RE strengthening phases and refined grain structures with low porosity.
In perspective of process optimization, several progresses have also been accomplished. For instance, Ying et al. studied the effects of process parameters on WAAM of AZ61 alloy. Under optimal conditions of current, voltage and wire feed rate, the alloy exhibited refined equiaxed grains, low porosity, and excellent mechanical properties (UTS of 260 ± 14 MPa, elongation of 16% ± 3%) (Ying et al., 2022). And Yang et al. optimized deposition parameters for NZ30K alloy (Mg-Nd-Zn-Zr) in WAAM (Yang et al., 2025). Their findings emphasized the sensitivity of weld bead quality to current and travel speed, identifying 100–120 A and 2–3 mm/s as the optimal range to avoid macro/micro defects and achieve good metallurgical bonding.
3.3 Binder jet technique
Binder Jet is a powder bed-based additive manufacturing process where a liquid binder is selectively deposited onto a bed of metal powder to form a solid part layer-by-layer. For Mg-containing alloys, the process begins with the uniform spreading of a thin layer of alloy powder over the build platform. An inkjet printhead then selectively deposits a binder onto regions defined by the digital cross-section of the 3D model. This creates a “green” part with low mechanical strength.
After each layer is completed, the powder bed is lowered, and a new powder layer is spread. This process is repeated until the entire part is formed. Once printing is complete, the green part is carefully removed from the surrounding unbound powder and subjected to post-processing steps, typically including curing, de-binding, and high-temperature sintering under controlled atmospheres to densify the structure and achieve desired mechanical properties (Figure 4a).
[image: Diagram of five figures related to 3D printing and material analysis: (a) illustrates a 3D printing process with components like the printhead, powder bed, and curing furnace. (b) shows implant design and a comparison with a ruler. (c) displays cranial implant prototypes and their structure. (d) presents a graph comparing hydrogen volume release over time for different coatings, accompanied by diagrams of magnesium samples. (e) contains microscopic images of materials showing different surface textures and structures, labeled from a to f.]FIGURE 4 | (a) The illustration of BJAM printing; (b) Binder-jet printed and sintered Mg-Zn-Zr parts for biomedical applications (Salehi et al., 2025); Copyright 2025, Elsevier (c) Binder jet printed spherical cap-shaped Mg implants inspired by the shape of human partial skull, in the green condition (Salehi et al., 2024); Copyright 2024, KeAi (d) Hydrogen evolution comparison between uncoated, hydroxyapatite-coated and phosphoric on coated porous Mg-Zn-Zr scaffolds with phosphate conversion coating forming process (Kuah et al., 2022); Copyright 2022, Mdpi (e) Microscopic morphology of the green body; and the macroscopic morphologies and microstructures of the sintered bodies under different stepwise sintering processes (Zhang et al., 2025). Copyright 2025, Elsevier.In recent years, Binder Jet Additive Manufacturing (BJAM) has emerged as a promising, scalable, and geometry-friendly technique for processing Mg alloys at low-temperatures. Currently, ongoing research has focused on powder preparation, sintering enhancement, composite reinforcement, pore architecture control, and bio-surface modification to improve densification, mechanical strength, and biocompatibility of the printed components. For instance, Zhao et al. successfully fabricated high-density AZ91D-based composites via BJAM by adding SiC particles (Zhao et al., 2025). The addition of SiC effectively disrupted the surface oxide layer on Mg particles and enhanced liquid-phase infiltration. It resulted in a sintered density of 97.02% and a compressive strength of 235 MPa, demonstrating the synergistic effect on sintering densification and mechanical performance. In Figure 4b, Salehi et al. explored the biomedical potential of BJAM-processed Mg-Zn-Zr scaffolds that mimic the cortical bone structure, achieving a tensile strength of 130 MPa and compressive strength of 349 MPa with excellent cytocompatibility (Salehi et al., 2025). They also proposed a hybrid manufacturing workflow integrating BJAM with automated dry machining to enable digital manufacturing of patient-specific implants as presented in Figure 4c (Salehi et al., 2024). The resulting surface roughness of 1.05–1.28 μm satisfied clinical implant standards.
To address the challenge posed by native MgO layers during sintering, Salehi further introduced calcium-containing ceramic nanoparticles as sintering aids (Salehi et al., 2023b). These nanoparticles would react with MgO to form CaO, reducing oxide thickness and increasing relative density to 93.5%, alongside improvements in elongation and tensile properties. Kuah et al. applied hydroxyapatite (HA) and phosphate conversion coatings to porous Mg-Zn-Zr scaffolds (Kuah et al., 2022). These coatings significantly reduced the corrosion rates by up to 4.8-fold compared to uncoated dense samples (Figure 4d). However, hydrogen entrapment within pore channels still limited the overall protective effect.
Furthermore, the fabrication steps have also been optimized. In Figure 4e, Zhang et al. investigated the effects of stepwise sintering protocols on the microstructure and properties of BJAM-fabricated AZ91D parts (Zhang et al., 2025). The optimal strategy yielded a relative density of 91.77%, compressive strength of 202.33 MPa, and tensile strength of 89.45 MPa, remarkedly higher than those obtained via traditional two-step sintering.
3.4 Inkjet printing (3D-gel printing)
To address the issue of printing Mg containing composite material, in 2016 Ren et al. proposed a modified direct inkjet printing called 3D-gel printing, which utilizes radical polymerization of organic monomer to hold the composite material to form the green part of the scaffold (Ren et al., 2016). As depicted in Figure 5a, a typical 3DGP process is composed of four main steps, which are premixing solution, slurry preparation, initiator addition and printing. Compared with custom 3D printing technique, the 3D-gel printing extends the printable materials further to ceramic, metal and their composites (Figure 5b). And both cost and energy consumption are reduced as high-energy beam and inert gas atmosphere are no longer needed in the process.
[image: Diagram illustrating a multi-step process for creating and analyzing bio-printed scaffolds. Panel (a) shows a schematic of 3D printing using a syringe and curing lamp. Panel (b) presents photos of finished scaffolds. Panel (c) compares green and sintered samples at varying magnesium concentrations. Panel (d) demonstrates a 3D printed scaffold with a diagram and different photographic angles. Panel (e) provides a cross-sectional schematic of the scaffold interacting with osteoblasts, showcasing magnesium and other components.]FIGURE 5 | (a) The illustration of 3DGP printing; (b) Porous Mg-xZn scaffolds prepared by the 3DGP process (Ren et al., 2016); Copyright 2016, Elsevier (c) The macro view of MgxCa3-x(PO4)2 porous scaffolds printed by 3DGP (Shao et al., 2020); Copyright 2020, Springer Nature (d) Schematic diagram of the additive manufacturing fabrication process and SEM image of the fabricated 3D PCL/MH composite scaffold (Abdal-hay et al., 2020); Copyright 2020, Elsevier (e) Schematic diagram of the 3D microenvironment created by the PCL/MH nanocomposite scaffold which showing beneficial effect on cellular behavior (Abdal-hay et al., 2020). Copyright 2020, Elsevier.In 2020, Shao et al. fabricated porous MgxCa3-x(PO4)2 composite scaffolds using 3DGP combined with liquid-phase precipitation of precursor powders (Figure 5c) (Shao et al., 2020). The research systematically investigated the effects of different Mg2+ doping levels on scaffold properties. Results showed that increasing Mg2+ content reduced powder particle size with enhanced sintering behavior. The as-fabricated scaffolds presented decreased porosity and improved compressive strength of a maximum of 1.89 ± 0.21 MPa. Degradation studies in PBS revealed that Mg doping initially promoted weight gain due to apatite precipitation but slowed the degradation over time. While the mechanical strength remains best suited for cancellous bone repair, the scaffolds exhibited good bioactivity and biodegradability. Notably, the 3DGP technique offered significant advantages including precise control over scaffold geometry, interconnected porous structure, material versatility, cost-effective processing and customization potential.
In 2023, Lin et al. made the first attempt to fabricate Mg-containing scaffold using the 3DGP (Figure 5a) (Lin et al., 2023). The process involved preparing a printable slurry of Mg and Zn powders with an optimal solid content of 60%, followed by extrusion-based printing and sintering. Compared to laser-based additive manufacturing, 3DGP avoids flammability issues with Mg powder and reduces oxidation risks. And the shrinkage was <5% after sintering, maintaining scaffold geometry. In addition, they found that adding a small amount of 10 wt% Zn significantly improved mechanical strength up to 13.03 MPa and corrosion resistance, making the 0.9Mg–0.1Zn composition most suitable for bone engineering applications.
3.5 Extrusion-based 3D printing
Extrusion-Based 3D Printing is another additive manufacturing technique for Mg containing composite material for fabricating tissue engineering scaffolds. In this process, a thermoplastic polymer such as polycaprolactone (PCL) is heated above its melting point and extruded with composite materials through a fine nozzle to form continuous filaments. These filaments are deposited layer by layer according to a computer-aided design model to create 3D structures with controlled geometry, porosity, and architecture.
Abdalla Abdal-hay presented a novel approach to fabricating bioactive, biodegradable scaffolds for bone regeneration in Figure 5d (Abdal-hay et al., 2020). Using extrusion-based 3D printing, PCL was blended with 5% and 20% weight of magnesium hydroxide (MH) nanoparticles (<50 nm) and extruded at 95 °C through precision needles to produce scaffolds with six orthogonal layers. The printed PCL/MH scaffolds demonstrated interconnected porosity, enhanced tensile modulus and a controlled degradation profile over 150 days. In vitro, the scaffolds supported superior osteoblast adhesion, proliferation, and differentiation via ALP and RUNX2 expression compared to PCL-only controls as depicted in Figure 5e. The study highlights the potential of MH as a biocompatible filler that tailors both mechanical and biological properties, offering a promising 3D printable solution for bone tissue engineering applications.
3.6 Fiber deposition-based 3D printing technique
Fiber deposition-based 3D printing is an emerging additive manufacturing technique that integrates fiber reinforcement into a thermoplastic matrix with layer-by-layer deposition. This technique enhances the mechanical performance of printed parts, making it particularly attractive for load-bearing biomedical applications such as orthopedic implants and prosthetics.
Fu et al. managed the magnesium phosphate-zinc silicate bio-ceramic scaffold with three-dimensional macro-porous structure by this technique (Fu et al., 2025). The incorporation of zinc silicate could lower the scaffolds porosity to increase the scaffold compression strength. And this scaffold gradually degraded in aqueous environment with the simultaneous release of Zn and Si ions, which further enhance the cell proliferation and osteogenic differentiation.
To summarize the differences of above-mentioned 3D printing techniques for Mg-containing biomaterials, the key processing parameters, advantages and current limitations have been listed in Table 1.
TABLE 1 | The comparison of different 3D printing techniques.	Technique	Key process parameters	Advantages	Current limitations
	Selective Laser Melting (SLM)	laser power, scan speed, hatch spacing, layer thickness, inert gas atmosphere	high precision, fully dense parts, complex porous structures, tunable microstructure	risk of oxidation and flammability, process sensitivity, bulk corrosion issues, expensive setup
	Wire Arc Additive Manufacturing (WAAM)	arc current and voltage, wire feed rate, travel speed, shielding gas flow, inter-layer temperature	high deposition rate, cost-effective for large components, scalable	lower accuracy and surface quality, risk of coarse grains, requires post-processing
	Binder Jet Additive Manufacturing (BJAM)	powder layer thickness, binder saturation level, curing and sintering temperature, powder characteristics	low temperature process, good design freedom, near-room temperature operation	low green part strength, challenges in densification, rapid degradation due to porosity
	3D Gel Printing (3DGP)	slurry composition, initiator concentration, extrusion speed, curing and sintering profile	low oxidation risk, cost-effective, suitable for composites, shape fidelity	limited mechanical strength, shrinkage after sintering, limited for non-load-bearing
	Extrusion-Based 3D Printing	extrusion temperature, nozzle diameter, printing speed, polymer/ceramic/Mg filler ratio	simple process, material versatility, biocompatible composites, porous scaffolds	lower mechanical strength than metals, slow printing speed, limited load-bearing use
	Fiber Deposition-Based 3D Printing	deposition temperature, fiber orientation, feed rate, matrix–fiber compatibility	enhanced mechanical strength with fiber reinforcement, suitable for load-bearing implants	complex process control, compatibility issues, limited research in biomedical field


4 EVALUATION OF 3D PRINTING MG-CONTAINING BIOMEDICAL MATERIALS
3D-printing magnesium-containing biomedical materials have to meet a series of stringent performance requirements before actual clinical applications. These requirements encompass biocompatibility, mechanical properties, degradability, corrosion resistance, as well as other indicators related to safety and efficacy (Liang et al., 2023; Hu et al., 2023; Zhai et al., 2023).
4.1 Biocompatibility evaluation
Mg fabricated via SLM exhibited promising biocompatibility attributes for temporary implants, but notable caveats still remain. The degradation products, mainly Mg2+ ions were generally non-toxic and participate in natural metabolic pathways promoting osteogenesis and bone healing. They were demonstrated by multiple in vitro and in vivo studies (Liu Hao. et al., 2024; Cao et al., 2024). However, adverse reactions were observed in certain SLM fabricated Mg alloys. This adverse effect could lead to rapid material disintegration, local alkalinity, hydrogen gas accumulation, and inflammatory responses (AlMangour et al., 2023). While most SLM fabricated Mg implants did not provoke immune rejection or allergic responses, we note that fast degradation can still cause mechanical failure and local tissue damage before healing completes (Bian et al., 2024; Xie et al., 2023). Moreover, surface modifications or alloying helped fine-tune degradation rates and microstructural homogeneity, improving both mechanical and biological performance (Yao et al., 2022; Yao et al., 2021). However, excessive ion release or secondary phase formation could still lead to localized toxicity and galvanic corrosion (Yao et al., 2021).
WAAM Studies on AZ31 and AZ61 alloys confirmed that with proper parameter tuning, WAAM could produce equiaxed grains and uniform microstructures, minimizing stress concentrations that might trigger immune rejection or inflammation (Manjhi et al., 2023; Ying et al., 2022). By extra ultrasonic vibration, it could significantly reduce grain size and improve corrosion resistance, thereby lowering the risk of harmful by-products and promoting better tissue integration (Chen et al., 2025). However, high heat input in WAAM could induce coarse grains or columnar structures in some alloys, potentially leading to uneven degradation and compromised healing if not properly controlled.
From the biocompatibility standpoint, BJAM allows for high design freedom and near room temperature printing, reducing risks associated with oxidation or thermal decomposition. However, low initial density of green parts and the formation of MgO surface layers impede densification during sintering, thus affecting mechanical performance and biocompatibility. Therefore, the rapid degradation exacerbated by the high surface area of porous structures produced through BJAM would lead to excessive hydrogen evolution, which may form gas pockets and hinder tissue integration (Kuah et al., 2022).
For 3DGP, the degradation products of the printed Mg-containing scaffolds would primarily be consisted of magnesium hydroxide and phosphate-related compounds, which were found to be non-toxic and could be safely metabolized or excreted by the human body. Taking this advantage, the Mg–Ca–P scaffolds fabricated using 3DGP showed gradual degradation behavior in simulated body fluid, with pH stabilization over time, indicating buffered and biocompatible degradation without excessive alkalization (Ren et al., 2016). But more vitro and vivo experiments need to be done before clinical application.
4.2 Mechanical evaluation
The customized Mg-containing biomedical materials must also possess mechanical properties comparable to those of human bone to ensure their ability to bear loads and support normal skeletal function. In terms of strength and hardness, the yield strength, tensile strength, and hardness of the material should be close to or slightly lower than those of natural bone to prevent stress shielding effects and maintain physiological load transfer. From the perspective of flexural deformation, the elastic modulus of Mg-containing materials should approximate that of cortical bone, typically ranging from 10 to 30 GPa. An excessively high modulus may lead to stress concentration and uneven load distribution, while a modulus that is too low may result in insufficient mechanical support. Furthermore, adequate toughness and ductility are essential to prevent brittle fracture and sudden failure under mechanical stress. We note that the composition of the alloy and the structural design of the scaffold are in strong relationship to the mechanical properties, the characteristic of different 3D printing technique (e.g. composition, temperature, porosity) do exhibit distinct application trajectories regarding to the mechanical properties (Table 2).
TABLE 2 | The mechanical strength of 3D printing scaffolds with commercial and bone reference.	Material and process	Compressive yield strength (MPa)	Ultimate compressive strength (MPa)	Tensile yield strength (MPa)	Ultimate tensile strength (MPa)	Elongation (%)	Elastic Modulus (GPa)<	Relative density (%)	References
	ZK60(SLM)	24						30	Liu et al. (2024b)
	Zn-1 Mg-0.1Sr (SLM)	33.7		27.9			2.3	30	Cao et al. (2024)
	Porous Zn	16.2		10.2			0.8	38	Cao et al. (2024)
	AZ91D(WAAM)			110.0	243.5	11.7			Cai et al. (2024)
	AZ91D(BJAM-TH4)		202.3		89.4	0.69		91.7	Zhang et al. (2025)
	AZ91D (ASTM standard B91-12)			160	230	3			Cai et al. (2024)
	Mg–Zn–Zr (BJAM)		349.3	99.9	130.3	2.1	21.5	86.8	Salehi et al. (2023b)
	Mg5.9Zn0.13Zr0.2Ca (BJAM)		407.0	92.8	173.0	5.7		93.9	Salehi et al. (2025)
	Mg–Zn–Zr (Cast Ingot)	118.0	354.0	140.0	278.0	14.0			Salehi et al. (2025)
	0.9Mg–0.1Zn(3DGP)		14.3				0.24	34.8	Lin et al. (2023)
	Cranial Bones	96.5 ± 35.9			20.4–124.6		11.5–32.5	86.9 ± 4.2	Salehi et al. (2025)
	Femur	167			121–172.5		9.55–17.3	90.6 ± 3.0	Salehi et al. (2025)


For instance, Zn-1 Mg-0.1Sr scaffolds produced by SLM exhibited an elastic modulus of 2.3 ± 0.8 GPa and yield strength of 27.88 ± 1.58 MPa, closely resembling cancellous bone and ensuring better compatibility for low-load-bearing applications (Cao et al., 2024). Post-processing techniques such as T4 heat treatment were shown to reduce strength slightly while significantly enhancing corrosion resistance, indicating a trade-off between mechanical robustness and degradability (Xie et al., 2023). The introduction of metallic glass coatings on pure Mg not only boosted hardness from 0.46 to 14.3 GPa but also improved wear resistance without compromising structural cohesion (Yao et al., 2022).
Recent studies on WAAM-fabricated magnesium alloys reveal that their mechanical properties can be tailored to closely match those of human bone, making them promising candidates for load-bearing biomedical implants. For instance, WAAM-processed AZ91D alloys demonstrated yield strengths of around 110.5 MPa and ultimate tensile strengths up to 243.6 MPa with elongations of 11.7%. It offered a balanced combination of strength and ductility superior to their cast counterparts (Cai et al., 2024). Similarly, CMT-based WAAM of AZ31 alloys achieved tensile strengths of 224 MPa and elongation values of approximately 23%, with improved mechanical isotropy due to equiaxed grain structures (Manjhi et al., 2023). Furthermore, the development of novel high-strength alloys such as AEX11 via WAAM has led to significant improvements, with yield strengths and tensile strengths exceeding 170 MPa and 245 MPa respectively, supported by good ductility up to 14% (Gneiger et al., 2020). These values fall within or slightly above the mechanical range of cortical bone, ensuring adequate support without inducing stress shielding.
In terms of BJAM, the recent improvements in green part densification and sintering have mitigated issues of brittleness and low ductility previously seen in early BJAM-fabricated scaffolds. Zhang et al. demonstrated that a stepwise sintering process could yield AZ91D samples with a compressive strength of 202.33 MPa, tensile strength of 89.45 MPa and density of 91.77%, which closely align with the mechanical benchmarks for cortical bone (Zhang et al., 2025). This was attributed to enhanced grain bonding and reduced porosity. Similarly, Salehi et al. reported that Mg-Zn-Zr alloys fabricated through BJAM exhibited yield strength up to 124 MPa and modulus values within 10–25 GPa, ensuring compatibility with human bone and avoiding stress shielding (Salehi et al., 2023a). Some studies also explored reinforcement strategies, such as incorporating SiC particles to increase the hardness and flexural resistance, though at the cost of some ductility (Zhao et al., 2025).
In 3DGP, Mg–Ca–P scaffolds exhibited a compressive strength of 8.1–11.6 MPa and an elastic modulus ranging from 0.3 to 0.5 GPa. These values are comparable to cancellous bone but still below those of cortical bone (Ren et al., 2016). Similarly, Mg–Zn based scaffolds reported compressive strengths up to 16.5 MPa, with mechanical integrity maintained during early-stage degradation and ensuring temporary support during bone healing. The lower elastic modulus suggests that 3DGP-fabricated scaffolds may be more suitable for non-load-bearing or moderate-load applications unless further reinforced.
4.3 Biodegradation evaluation
One significant advantage of Mg-containing metallic materials lies in their biodegradability. However, both the degradation rate and the by-products of degradation are critical factors in evaluating their performance. In general, the biodegradation of magnesium in vivo is primarily governed by its electrochemical corrosion in aqueous physiological environments such as body fluids, which could contain dissolved oxygen, proteins, and electrolytes. The fundamental corrosion reaction involves anodic dissolution of Mg and cathodic hydrogen evolution, which has been widely acknowledged in previous references as follows.
Mg→Mg2++2e−
2H2O+2e−→H2+2OH−
Mg2++2OH−→MgOH2
Initially, the generated Mg(OH)2 film could act as a protective barrier that can slow down further corrosion. However, the protective layer could be further destabilized due to the conversion of Mg(OH)2 into highly soluble species like follows:
MgOH2+Cl−→MgCl2+2OH−
This continuous dissolution–reprecipitation cycle accelerates localized corrosion and pitting. And in porous or additively manufactured Mg structures, microstructural heterogeneities such as second phases, grain boundaries, and residual stress further intensify galvanic corrosion. Therefore, it is important to control biodegradation rate of as-prepared Mg-containing scaffolds.
Firstly, the degradation rate of Mg-containing materials should align with the healing process of bone tissue. If degradation occurs too rapidly, the implant may lose its mechanical support prematurely. Conversely if it degrades too slowly, it may result in prolonged corrosion and other complications. Ideally, the degradation period of Mg alloys should range from several months to one to 2 years, depending on the specific requirements of the implantation site. Secondly, the control of degradation to minimize hydrogen release should be considered during in vivo degradation. And the by-products should be non-toxic and capable of being gradually absorbed by the body.
In previous studies, SLMed ZK60 scaffolds showed a significant reduction in corrosion rate from 5.67 mm/year to 1.34 mm/year after coating treatment, highlighting the importance of surface modification in controlling degradation kinetics (Liu Hao. et al., 2024). However, some SLMed Mg alloys exhibited a bulk erosion mechanism rather than uniform surface corrosion, leading to rapid material disintegration and potential adverse tissue reactions (AlMangour et al., 2023). In contrast, the Zn-1 Mg-0.1Sr alloy scaffold demonstrated a more controlled degradation profile, with a moderate corrosion rate of 0.36 mm/year and no evidence of cytotoxic by-products, making it suitable for bone regeneration applications (Cao et al., 2024). Alloying strategies, such as incorporating Zn, Ca, Sr or rare earth elements, helped regulate the corrosion rate but also introduced risks of galvanic corrosion or potential ion-related toxicity when not optimized (Bian et al., 2024; Yao et al., 2021).
In WAAM, it enables microstructural control for tuning degradation rates. The incorporation of ultrasonic vibration during deposition could control the AZ31 corrosion rate from 0.815 to 0.200 mm/year and limiting hydrogen accumulation by promoting dense protective film formation (Chen et al., 2025). AZ61 and AZ91 alloys also exhibited decreased susceptibility to localized corrosion due to their compact grain structures and reduced intergranular defects, thereby aligning degradation more closely with tissue regeneration requirements (Ying et al., 2022; Cai et al., 2024). Moreover, advanced alloy designs, such as AEX11 and Mg-Nd-Zn-Zr compositions, introduced rare earth elements and Ca to improve corrosion stability. These elements facilitated the formation of stable, bio-inert degradation by-products while slowing down corrosion to a desirable rate (Gneiger et al., 2020; Yang et al., 2025). Although WAAM could enable microstructural control for tuning degradation rates, the in vivo validation is still necessary to ensure long-term biodegradability and safe hydrogen management in clinical.
The degradation rate of BJAM-fabricated Mg alloys was found to be highly dependent on factors such as porosity, alloy composition and post-processing treatments. For instance, Mg–Zn–Zr scaffolds exhibited a corrosion rate of approximately 0.31 mm/year in simulated body fluid, which falls within the acceptable range for temporary orthopedic implants and supports initial phases of bone healing without causing premature loss of mechanical integrity (Zhang et al., 2025). In contrast, uncoated AZ91D samples showed significantly higher degradation rates, exceeding 0.8 mm/year, due to their high porosity and the presence of intermetallic β-Mg17Al12 phases that promote galvanic corrosion. Several studies applied surface modifications, such as hydroxyapatite and phosphate coatings towards reduced degradation rates by 30%–50%, bringing them closer to the desired 0.2–0.5 mm/year range (Kuah et al., 2022). For example, the Mg–Ca–P scaffolds exhibited a gradual degradation profile with weight loss rates ranging from 5.2% to 13.6% over 28 days in simulated body fluid, depending on the Ca/P ratio and sintering conditions (Shao et al., 2020).
4.4 Surface treatment
Last but not least, surface treatment of Mg-containing materials plays an increasingly important role in the development of customized medical devices. An appropriate surface roughness could enhance cell adhesion and proliferation while excessively rough surfaces may trigger undesirable tissue responses or lead to stress concentration. Therefore, surface modifications strategies such as coatings, anodization, and phosphitylation were generally adopted to improve the integration between bone tissue and the implant, thereby accelerating bone healing and enhancing osseointegration. For instance, electrolytic polishing of SLM fabricated ZK60 scaffolds led to smoother surface transitions, reducing micro-stress concentrations while maintaining interconnected porosity beneficial for tissue ingrowth (Liu Hao. et al., 2024). In contrast, unmodified SLM-fabricated surfaces often presented microscale defects and residual roughness due to rapid solidification, which could exacerbate localized corrosion and adversely affect tissue compatibility (Hendea et al., 2023).
In contrast, the 3DGP technique did not offer precise, localized control of surface roughness, but it enabled bulk roughness modulation through material and sintering design. The as-printed scaffolds typically exhibit moderate to high surface roughness, with reported average roughness values ranging from 4.5 to 12 µm (Shao et al., 2020). Although surface roughness was demonstrated to be a key parameter in device performance, few papers have been published regarding this phenomenon.
4.5 Extra material and device evaluation for advanced manufacturing
Beyond the above-mentioned materials efficacy and safety, we notice that there are still several important evaluations that need to be done for 3D-printing biomedical materials and devices. Since customized biomedical devices are designed based on the specific needs of individual patients, they exhibit high variability and are produced in limited quantities. As a result, it is not feasible to conduct preclinical and clinical studies according to the same requirements typically applied to standardized medical devices. Therefore, the evaluation methods applicable to standardized devices are no longer fully suitable for customized medical device products.
Typically, the unique materials and devices requirements for 3D-printing technique lie in the additional material control evaluation for customized materials and devices. In 2017, the Food and Drug Administration of America guideline “technical considerations for additive manufacturing” iterated the additional material control evaluation in the fabrication of 3D-printing medical devices as labelled in red in Figure 6. The unique evaluation perspectives include control of raw material consistency and potential issues arising from material reuse and recycling during additive manufacturing. It specified that medical devices produced via additive manufacturing must describe the process of material recycling and provide evidence demonstrating that such reuse does not adversely affect the final device. However, few papers in this review considered the recyclability of as-designed materials.
[image: Flowchart depicting stages of a process: Design, Build, Test, Software, and Post Treatment. Design includes equipment and image accuracy, model interaction, and testing. Build emphasizes raw material control and recycling processes. Test covers physio-chemical and mechanical performance, biocompatibility, and sterilization. Software involves file conversion, machine parameters, transmission pathways, and positioning. Post Treatment addresses treatment processes and their effects on performance. An arrow indicates the process flow.]FIGURE 6 | A brief summary according to the FDA guideline “technical considerations for additive manufacturing”.Moreover, the international medical device regulators forum also required the validation of computational models and simulation methods, along with a comparative analysis of the risk-benefit profile against conventional treatment approaches and approved alternative medical devices. Therefore, in our point of view, extra materials and devices evaluations should be established considering the unique feature of AM fabricated biomedical materials and devices.
5 CONCLUSION AND OUTLOOK
In this review, we have comprehensively examined the current state of 3D-printing Mg-containing biomedical materials, encompassing both alloy and composites. Mg-containing alloys achieve synergistic regulation of degradation rate, mechanical properties, and biocompatibility through alloying with rare earth elements and physiological metals. Mg-containing composites further optimize degradation kinetics and multifunctionality such as anti-tumor and antibacterial through combination with polymers, ceramics or nanoparticles. These material innovations provide diverse options for 3D-printing customized bone repair implants, with the core lying in balancing the relationship among mechanical and biological activity through compositional design.
On the processing side, additive manufacturing techniques such as selective laser melting (SLM), wire arc additive manufacturing (WAAM), binder jetting (BJAM) and extrusion-based printing each offer unique advantages. These methods allow unprecedented control over scaffold geometry, porosity, and degradation behavior. But their process–microstructure-performance relationships remain highly sensitive and must be precisely optimized to ensure reliable outcomes. Collectively, these findings underline that 3D-printing Mg containing constructs have strong potential to advance customized Mg-containing implants.
Despite these promising developments, several scientific gaps and challenges remain that require further research. First, long-term in vivo degradation and safety studies are scarce and systematic investigations are needed to evaluate hydrogen release, local tissue responses and functional integration during healing. Second, material recycling and powder reuse which are critical for regulatory approval and sustainable manufacturing, remain underexplored in Mg-containing AM systems. Third, the field lacks standardized yet adaptable evaluation protocols that bridge laboratory findings with clinical requirements, especially for patient-specific devices where individualized responses must be taken considerations. Furthermore, enhancing cross-scale characterization tools that couple microstructural, mechanical, and biological performance is essential to accelerate clinical translation. Finally, interdisciplinary integration across materials science, computational modeling, and clinical practice will be crucial to optimize design pipelines, establish predictive frameworks, and validate patient-specific implants.
Addressing these challenges will pave the way for Mg-containing 3D printing to transition from experimental demonstrations to reliable clinical solutions. With sustained collaboration across scientific and medical communities, Mg-containing 3D-printing constructs are positioned to become cornerstone technologies in next-generation orthopedics and beyond.
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