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Abstract 
Background: Advanced biomaterials have become central to modern orthopedic and 

orthodontic care as clinicians confront complex bone defects, implant failures, infection 

risks, and the demand for predictable tooth movement. Conventional metallic, ceramic, 

polymeric, and dental materials often exhibit limited bioactivity, suboptimal 

osseointegration, stress shielding, or inadequate control of force delivery and bacterial 

colonization. 

Objective: This review synthesizes recent progress in bioactive, biodegradable, 

nanostructured, and smart biomaterials applied to bone regeneration, orthopedic 

implantology, and orthodontic alignment, highlighting enabling technologies such as 

nanotechnology, three-dimensional (3D) printing, tissue engineering, and surface 

engineering. 

Methods: A structured literature synthesis was performed across major databases using 

targeted search terms related to orthopedic and orthodontic biomaterials, bone 

regeneration, dental implants, nanobiomaterials, tissue engineering, 3D printing, and smart 

systems. Peer-reviewed experimental, clinical, and review studies were prioritized, with 

emphasis on recent publications. 

Results: Bioactive ceramics (hydroxyapatite, β-tricalcium phosphate, bioactive glass), 

biodegradable polymers (PLA, PLGA, PCL), magnesium alloys, polymer–ceramic 

composites, and nanostructured surfaces improve osteoconductivity, cellular responses, 

and osseointegration. Surface modifications and antibacterial coatings reduce infection 

risk. 3D-printed patient-specific implants and scaffolds enable customized porosity and 

anatomy. In orthodontics, nickel–titanium alloys, ceramic brackets, thermoplastic clear-

aligner polymers, and emerging shape-memory and bioactive materials enhance force 

delivery, aesthetics, and plaque control. Smart, stimuli-responsive, and drug-eluting 

systems offer spatiotemporal therapeutic control. 

Conclusion: Bioactive, nanostructured, and digitally manufactured biomaterials 

outperform many conventional options in regenerative capacity and personalization. 

Remaining challenges include long-term safety, degradation control, regulatory pathways, 

manufacturing reproducibility, and cost. Continued integration of nanotechnology, 4D 

printing, artificial intelligence (AI)-assisted design, and regenerative strategies is expected 

to accelerate clinical translation toward personalized orthopedic and orthodontic therapies.
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1. Introduction 

1.1. Evolution of Orthopedic and Orthodontic Biomaterials  

Biomaterials for skeletal and dental applications have progressed from passive structural substitutes to bioactive systems that 

actively guide tissue responses. Early metallic and ceramic implants prioritized mechanical strength and inertness. Subsequent 

generations incorporated surface treatments and bioactive compositions that promote osseointegration and bone apposition. 

Contemporary approaches integrate tissue-engineering principles, degradable matrices, and digital fabrication to create  
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constructs that remodel in concert with host tissue [1–3]. Rising 

clinical demand for biocompatible, durable, and biologically 

functional materials reflects both demographic pressures 

(aging populations, trauma) and patient expectations for 

minimally invasive, aesthetic, and predictable outcomes [4, 5]. 

 

1.2. Clinical Need for Advanced Biomaterials  

Large bone defects, non-unions, and osteoporotic fractures 

frequently exceed the regenerative capacity of native tissue. 

Implant failure arises from aseptic loosening, infection, 

inflammation, and inadequate osseointegration. Orthodontic 

challenges include friction and force inconsistency with 

conventional brackets and wires, root resorption, enamel 

demineralization, and periodontal inflammation. Long-term 

mechanical–biological stability remains difficult to achieve 

with purely bioinert materials [1,2,6]. 

 

1.3. Emerging Biomaterial Technologies  

Key platforms now include nanomaterials, bioactive 

ceramics, biodegradable polymers, advanced metal alloys, 

hydrogels, composites, 3D-printed scaffolds, and stimuli-

responsive smart biomaterials. These systems enable tailored 

degradation, controlled release of growth factors or 

antimicrobials, and patient-specific geometry [3–5]. 

 

2. Classification and Properties of Orthopedic and 

Orthodontic Biomaterials 

2.1. Metallic Biomaterials  

Titanium and its alloys offer high strength-to-weight ratios, 

corrosion resistance, and favorable osseointegration; porous 

and β-type formulations reduce modulus mismatch. Stainless 

steel provides cost-effective strength but higher corrosion 

risk. Cobalt–chromium alloys deliver superior wear 

resistance for load-bearing articulations. Nickel–titanium 

alloys exhibit superelasticity and shape memory critical for 

orthodontic archwires. Magnesium-based alloys are 

biodegradable, gradually transferring load to regenerating 

bone, although rapid corrosion must be controlled [1,4]. 

 

2.2. Ceramic Biomaterials  

Hydroxyapatite and β-tricalcium phosphate are 

osteoconductive and resorbable to varying degrees. Bioactive 

glasses form hydroxycarbonate apatite layers and release 

osteogenic ions. Zirconia and alumina provide high strength 

and aesthetics for dental and selected orthopedic applications, 

with ongoing work on toughness and low-temperature 

degradation [7]. 

 

2.3. Polymeric Biomaterials  

Polylactic acid (PLA), polyglycolic acid (PGA), poly (lactic-

co-glycolic acid) (PLGA), and polycaprolactone (PCL) are 

biodegradable and widely used in scaffolds. Polymethyl 

methacrylate (PMMA) remains a bone-cement standard. 

Polyether ether ketone (PEEK) offers radiolucency and 

modulus closer to bone. Hydrogels enable injectable, cell-

laden, or drug-loaded delivery [8,9]. 

 

2.4. Composite and Nanostructured Biomaterials 

Polymer–ceramic composites, nanohydroxyapatite, 

graphene-based materials, and bioactive nanocomposites 

combine mechanical reinforcement with enhanced cellular 

interactions and mineralization [6,10]. 
 

Table 1: Classification, properties, and major orthopedic and orthodontic applications of advanced biomaterials 
 

Biomaterial 

class 
Examples Key properties 

Orthopedic 

applications 

Orthodontic/dental 

applications 
Major limitations 

Metals 
Ti alloys, Mg alloys, 

NiTi, CoCr 

High strength, corrosion 

resistance, shape memory 

Load-bearing implants, 

porous scaffolds 
Archwires, brackets 

Stress shielding, corrosion 

(Mg), ion release 

Ceramics 
HA, β-TCP, bioactive 

glass, zirconia 

Osteoconductivity, 

bioactivity, aesthetics 
Bone grafts, coatings Abutments, brackets 

Brittleness, limited 

toughness 

Polymers 
PLA, PLGA, PCL, 

PEEK, hydrogels 

Tunable degradation, 

processability 
Scaffolds, cements Aligners, adhesives 

Lower strength, variable 

degradation 

Composites/Na

no 

Polymer–HA, 

graphene, nHA 

Combined mechanics + 

bioactivity 
Composite scaffolds Nano-coated surfaces 

Manufacturing 

complexity, long-term 

safety 

3. Biomaterials for Bone Regeneration 

3.1. Bone Tissue Engineering  

Successful constructs combine scaffolds (structural and 

signaling support), cells (osteoprogenitors or stem cells), and 

signaling molecules (growth factors, ions). Biomaterials 

regulate attachment, proliferation, differentiation, and matrix 

deposition [2,6]. 

 

3.2. Bioactive Scaffolds  

Hydroxyapatite, β-TCP, bioactive-glass, polymer, and 

composite scaffolds provide interconnected porosity and 

surface chemistry conducive to osteogenesis. Hybrid designs 

improve mechanical competence while retaining bioactivity 
[3,8]. 

 

3.3. Injectable and Self-Healing Biomaterials  

Injectable hydrogels and self-healing polymers enable 

minimally invasive filling of irregular defects and sustained 

local delivery of cells or factors [9,12]. 

3.4. Nanotechnology in Bone Regeneration  

Nanostructured surfaces, nanohydroxyapatite, nanoparticles, 

and graphene-based materials enhance osteoblast activity, 

mineralization, and osseointegration by mimicking 

extracellular-matrix topography and increasing surface area 

for protein adsorption [6,10]. 

 

4. Innovations in Orthopedic Implantology 

4.1. Advanced Metallic Implants  

Porous titanium, surface-engineered alloys, and magnesium 

systems address modulus mismatch and controlled 

degradation [1,4]. 

 

4.2. Surface Modification and Osseointegration  

Plasma spraying, laser treatment, acid etching, anodization, 

nanostructuring, and bioactive coatings increase surface 

roughness, wettability, and hydroxyapatite nucleation, 

accelerating bone–implant contact [11]. 
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4.3. Antibacterial Biomaterials  

Silver or copper nanoparticles, antimicrobial coatings, and 

drug-eluting surfaces reduce biofilm formation and implant-

associated infection [10]. 

 

4.4. 3D-Printed Orthopedic Implants  

Additive manufacturing produces patient-specific geometry, 

controlled porosity, and lattice structures that promote bone 

ingrowth while matching anatomical contours. Challenges 

include residual stresses, surface finish, and regulatory 

validation [4,11]. 

 

5. Biomaterials in Orthodontics and Dental Alignment 

5.1. Orthodontic Brackets and Archwires  

Stainless-steel and ceramic brackets, nickel–titanium and β-

titanium wires, and shape-memory alloys provide controlled 

force delivery with varying friction and aesthetics [13]. 

 

5.2. Clear Aligner Materials  

Thermoplastic polymers (PETG, TPU, multilayers) balance 

transparency, elasticity, stress relaxation, and durability. 

Emerging smart and directly 3D-printed polymers aim to 

improve force consistency and reduce waste [14,15]. 

 

5.3. Biomaterials for Controlled Tooth Movement 

Material stiffness, elasticity, and surface friction directly 

influence force magnitude, rate of tooth movement, and 

treatment duration [13,14]. 

 

5.4. Antibacterial and Bioactive Orthodontic Materials 

Coatings and fillers that reduce plaque accumulation, enamel 

demineralization, and gingival inflammation are under active 

investigation [15]. 

 

6. 3D Printing, Digital Dentistry, and Personalized 

Biomaterials  

CAD/CAM, intraoral scanning, digital treatment planning, 

patient-specific implants and scaffolds, bioprinting, and AI-

assisted design improve precision and personalization. 

Workflows progress from imaging to virtual design, additive 

fabrication, biological and mechanical validation, and 

clinical use [4,11,16]. 
 

 
 

Fig 1: Schematic workflow of advanced biomaterial development for orthopedic and orthodontic applications. 

 

7. Smart and Next-Generation Biomaterials  

Stimuli-responsive, self-healing, shape-memory, drug-

releasing, growth-factor-delivery, and biosensor-integrated 

systems enable on-demand therapeutic responses and real-

time feedback [16–19]. 

 

8. Materials and Methods 

8.1. Literature Search Strategy  

Databases searched included PubMed/MEDLINE, Scopus, 

Web of Science, ScienceDirect, and Google Scholar. 

 

8.2. Search Terms  

Combinations of “orthopedic biomaterials,” “orthodontic 

biomaterials,” “bone regeneration,” “dental implants,” “3D 

printing,” “nanobiomaterials,” “tissue engineering,” “smart 

biomaterials,” and “osseointegration.” 

 

8.3. Inclusion and Exclusion Criteria  

Included were peer-reviewed experimental, clinical, and 

high-quality review articles with clear methodology, 

preferentially from 2020–2026. Excluded were non-scientific 

sources, duplicates, and studies lacking sufficient 

methodological detail. 

 

8.4. Data Synthesis  

Evidence was organized by material class, biological and 

mechanical performance, clinical application, regenerative 

potential, limitations, and translational readiness. 

 

9. Comparative Evaluation and Clinical Applications 

Performance metrics include biocompatibility, mechanical 

strength, biodegradability, osteoconductivity, 

osseointegration, antibacterial activity, manufacturing 

flexibility, and clinical applicability. Metals excel in load-

bearing roles; ceramics and composites in regeneration; 

polymers in temporary scaffolds and aligners; smart systems 

in dynamic therapy [1,6,14]. 
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Table 2: Comparative performance and clinical applications of emerging orthopedic and orthodontic biomaterials 
 

Material/technology Biocompatibility 
Mechanical 

performance 

Regenerative 

potential 

Major 

application 
Key advantage Major limitation 

Porous Ti alloys High Excellent Moderate–high 
Load-bearing 

implants 
Osseointegration 

Stress shielding 

residual 

HA/β-TCP scaffolds High Moderate High Bone defects Osteoconductivity Brittleness 

Mg alloys Good Good (temporary) High 
Temporary 

fixation 
Biodegradation Corrosion control 

Polymer–ceramic 

composites 
High Tunable High Scaffolds Multifunctionality Interface stability 

Clear-aligner 

thermoplastics 
High Moderate elasticity Low (mechanical) Tooth alignment 

Aesthetics, 

comfort 
Stress relaxation 

Smart hydrogels High Low–moderate High 
Injectable 

regeneration 

Minimally 

invasive 

Mechanical 

weakness 

10. Clinical Translation, Safety, and Regulatory 

Challenges  

Long-term biocompatibility, controlled degradation, wear-

debris effects, inflammatory responses, infection risk, 

potential toxicity of nanoparticles, manufacturing 

reproducibility, regulatory approval pathways, 

standardization, and cost remain barriers. Multidisciplinary 

collaboration among surgeons, orthodontists, materials 

scientists, engineers, and tissue engineers is essential for 

successful translation [20,21]. 

 

11. Future Perspectives  

AI-assisted discovery, personalized and 4D-printed implants, 

advanced bioprinting, gene-activated matrices, 

nanotechnology, smart drug-delivery systems, self-healing 

materials, digital-twin modeling, and AI-supported 

orthodontic planning are expected to drive next-generation 

solutions [16,18,22]. 
 

 
 

Fig 2: Future roadmap for next-generation orthopedic and orthodontic biomaterials. 

 

12. Discussion  

Advanced biomaterials outperform conventional 

counterparts primarily through improved bioactivity, surface-

mediated cellular responses, and geometric personalization. 

Structure–property–function relationships are central: 

nanoscale topography and chemistry dictate protein 

adsorption and osteoblast behavior; controlled porosity 

balances strength and vascularization; degradable matrices 

permit gradual load transfer. Surface engineering and 

nanotechnology consistently enhance osseointegration and 

reduce infection risk. 3D printing enables anatomical fidelity 

yet faces challenges in residual porosity control, mechanical 

anisotropy, and regulatory validation. Orthopedic 

applications demand high load-bearing capacity and long-

term stability, whereas orthodontic materials prioritize 

controlled force delivery, aesthetics, and low plaque affinity. 

Clinical translation is constrained by long-term safety data, 

manufacturing scale-up, cost, and ethical considerations 

surrounding personalized devices. Sustainability of 

production and end-of-life material management are 

additional emerging concerns. Collectively, these advances 

position biomaterials as active participants in regeneration 

and alignment rather than passive replacements [20–24]. 

 

13. Conclusion  

Major advances in orthopedic and orthodontic biomaterials 

center on bioactive ceramics, biodegradable polymers and 

alloys, nanostructured surfaces, composite systems, and 
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digitally manufactured patient-specific constructs. Tissue 

engineering and 3D printing have expanded regenerative 

capacity and anatomical precision, while smart and stimuli-

responsive platforms offer controlled therapeutic responses. 

These innovations improve outcomes in bone regeneration, 

implantology, and dental alignment. Persistent challenges in 

long-term safety, regulatory pathways, and cost must be 

addressed through multidisciplinary efforts. Integration of 

AI, nanotechnology, and regenerative strategies holds 

substantial promise for personalized, biologically driven 

skeletal and dental therapies. 
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