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Abstract 

 Hydrogels have emerged as key materials in the field of 3D printing, particularly in biomedical engineering, 

owing to their high-water content, biocompatibility, and tunable mechanical properties. This review explores the 

classifications, properties, fabrication techniques, and current applications of hydrogel-based materials in 

additive manufacturing. Furthermore, challenges and future perspectives are discussed to provide a roadmap for 

continued development and clinical translation. 

1. Introduction 

The advent of 3D printing in the last two decades has revolutionized the manufacturing landscape, enabling 

precise, layer-by-layer fabrication of complex structures. Among various printable materials, hydrogels stand 

out for biomedical and tissue engineering applications due to their ability to mimic the extracellular matrix 

(ECM) of biological tissues [1]. Hydrogels are hydrophilic polymeric networks capable of retaining large 

amounts of water while maintaining structural integrity [2]. 

2. Classification of Hydrogels 

Hydrogels can be classified based on their origin, crosslinking method, and responsiveness: 

2.1 Natural vs. Synthetic Hydrogels 

Natural hydrogels: Gelatin, alginate, chitosan, collagen, hyaluronic acid [3]. 

Synthetic hydrogels: Polyethylene glycol (PEG), polyvinyl alcohol (PVA), Pluronic F127 [4]. 

2.2 Physically vs. Chemically Crosslinked 

Physical: Ionic or hydrogen bonding (e.g., alginate-Ca²⁺  gels). 

Chemical: Covalent networks formed via photo-crosslinking or click chemistry [5] as shown in Table 1. 

3. 3D Printing Techniques for Hydrogels 

3.1 Extrusion-Based Bioprinting 

Most common for hydrogel printing. It allows high cell viability and is compatible with shear-thinning bioinks 

like gelatin-methacrylate (GelMA) [6]. 

3.2 Inkjet Bioprinting 

Non-contact, drop-on-demand printing. Ideal for low-viscosity hydrogels but limited in structural fidelity [7]. 
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Table 1: Comparison of natural and synthetic hydrogels in terms of biocompatibility, printability, and 

degradation. 

Property Natural Hydrogels Synthetic Hydrogels 

Examples Gelatin, Alginate, Collagen, 

Chitosan 

PEG, PVA, Pluronic F127, 

PEGDA 

Biocompatibility Excellent (inherent bioactivity) Generally good (can be tailored) 

Printability Often poor (low viscosity, batch 

variability) 

High (consistent, tunable rheology) 

Crosslinking Often ionic or enzymatic Photo/chemical crosslinking 

(UV/thermal) 

Degradation Control Limited tunability Precisely controllable (via 

chemistry) 

Mechanical Strength Weak (often needs reinforcement) Good (tailored for mechanical 

applications) 

Cell Affinity High (natural ECM mimicry) Low unless functionalized 

Cost and Availability Relatively cheap, widely available Often expensive, requires synthesis 

 

3.3 Stereolithography (SLA) 

Utilizes photo-crosslinkable hydrogels like PEGDA with UV-curable resins for high-resolution scaffolds [8]. 

4. Properties of Printable Hydrogels 

Key parameters influencing hydrogel suitability for 3D printing include: 

1. Rheology and shear-thinning behavior [9] 

2. Crosslinking kinetics [10] 

3. Swelling ratio and mechanical stiffness [11] 

4. Biocompatibility and degradation [12] 

5. Applications in Biomedical Engineering 

5.1 Tissue Engineering 

Cartilage, skin, and vascular grafts [13] 

Use of cell-laden bioinks for direct cell printing 

5.2 Drug Delivery 

Hydrogel matrices allow controlled drug release profiles tailored by mesh size and degradation [14]. 

5.3 Wound Healing 

Hydrogels like chitosan and alginate form bioactive dressings promoting moist healing environments [15]. 

5.4 Organ-on-a-Chip Systems 

Miniaturized constructs using photopolymerizable PEG-based hydrogels simulate organ microenvironments 

[16]. 

Figure 4 near here 
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6. Challenges and Future Perspectives 

Despite significant progress, several barriers remain: 

Limited mechanical strength of hydrogels [17] 

Need for standardized rheological parameters for bioink design [18] 

Integration with vascularization and long-term in vivo studies [19] 

Emerging strategies such as 4D bioprinting (stimuli-responsive hydrogels) and composite hydrogels (e.g., 

nanocellulose-reinforced GelMA) aim to address these gaps [20]. 

7. Conclusion 

Hydrogels hold great promise as bioinks for 3D printing due to their biomimetic properties and tunability. 

Continued advances in material chemistry, crosslinking strategies, and hybrid fabrication techniques will pave 

the way for clinical-grade tissue engineering and biomedical devices. 
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