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Abstract 

This paper presents a comprehensive comparative analysis of recent advances in smart bone 

prosthetics. The emphasis is made on the integration of embedded sensors, adaptive control systems, 

and wireless monitoring into metallic, carbon-based and bioceramic materials. The evaluation of 

essential characteristics of mechanical strength, durability, and biocompatibility is combined with its 

integration of smart functionality. The key mechanical properties, such as tensile strength, Young’s 

modulus, and fatigue life, are reviewed to assess how each material supports long-term prosthetic 

performance. Concurrently, biocompatibility factors, tissue integration and inflammatory response 

are examined to ensure safe and effective clinical application. The integrative approach can help 

clinicians and biomedical engineers to fine-tune the selection of the optimal material-smart system 

and provide individually tailored combinations to specific patient needs and surgical-operative 

contexts. 

Keywords: smart prosthetics; bone graft; bone implant; bioceramics; bioglass; sensors; smart 

materials; composites; biocompatibility; signal processing 

 

1. Introduction 

1.1. Contextual Background 

Orthopedic and bone prosthetics have been documented since antiquity. It has significantly 

evolved over the past few decades. Industry 4.0 is described as “physical, digital and biological 

convergence” [1] . In bone prosthetics and osseous implants, this is reflected in the introduction of 

new materials with specific properties and in digitalization. Historically, materials used for 

prosthetics were mostly metals, wood, and leather, with little attention to biocompatibility, durability 

or wear resistance. The introduction of lightweight metals such as titanium in the mid-20th century, 

bioceramics [2], and carbon fiber composites [3] offered bone prosthetics with higher strength-to-

weight ratios. AI-enabled design opens up possibilities for the complex integration of other elements, 

such as sensors and actuators [4]. Advancements in prosthetic sensing capabilities added a dynamic 

informational dimension. Modern bone prosthetics and osseous implants can incorporate a variety 

of embedded sensors that measure force, motion, position, chemical properties, and 

electromyographic signals, enabling real-time monitoring and adaptive control [5]. Smart materials 

with sensor-like properties, such as piezoelectric polymers, shape-memory alloys [6], and carbon 

nanotube- or polymer-based composites with unique properties [7], can also be incorporated. Active 

responses to environmental stimuli like pressure, temperature, or electrical signals enable nuanced 

follow-up and necessary intervention. Continuous flow of data from sensors can be analyzed by AI 

applications for adaptation, personalization and optimization of prosthetic function, often in real 
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time. Reinforcement learning techniques allow smart prosthetic devices to self-improve, enhance 

mobility and improve user experience. AI and ML tools are also actively used for material and 

structural design, including 4D printing [8], and sensor data is important in this context. 

1.2. Problem Statement 

Research into bone prostheses and osseous implants has achieved considerable advances in the 

development of metallic, carbon-based and bioceramic materials. Significant improvements have 

been made in prosthetics, mechanical properties and clinical performance. Metallic alloys, such as 

titanium, cobalt-chromium, and zirconium, offer exceptional strength and durability compared to 

stainless steel, making them appropriate for high-load applications, while magnesium and zinc alloys 

are suitable for biodegradable applications [9]. Carbon-based composites, such as carbon fiber-

reinforced polymers, provide lightweight alternatives that enhance patient mobility [10]. Bioceramic 

prosthetics show unique strength, high biocompatibility and osseointegration [11]. A significant 

number of studies also reported on bioglass biocompatibility and clinical outcomes [12]. Metallic 

alloys, bioceramics, bioglasses and carbon-based composites exhibit exceptional mechanical strength, 

durability, and weight efficiency. However, their distinct contributions and limitations within the 

rapidly evolving domain of smart prosthetic systems remain only partially elucidated, with nuanced 

interactions yet to be fully explored [13]. 

However, integrating new materials into smart prosthetic systems, incorporating advanced 

features such as embedded sensors, adaptive actuators, and real-time biomechanical feedback loops, 

introduces complex challenges that must be fully addressed. A comprehensive comparative analysis 

integrating materials science, smart functionality, and clinical applicability is essential for further 

development of bone prosthetics and osseous implants. This nuanced approach has to elucidate the 

trade-offs among metallic alloys, bioceramics, and carbon-based composites. 

1.3. Comprehensive Review Aims 

This review seeks to: 

1. Analyze and align data on material properties of metallic alloys, bioceramics, and carbon-based 

composites in smart orthopedic prosthetics. Comparative evaluation includes key characteristics 

such as tensile strength, Young’s modulus, fatigue life, density, and corrosion resistance. 

2. Analyze the application of these materials in smart prosthetic designs for osseous implants and 

bone prosthetics, to assess their impact on functional performance. The focus is on integrating 

advanced functionalities: real-time biomechanical feedback, adaptive joint control, and sensor 

systems. 

3. Evaluate the biocompatibility of these materials within intelligent prosthetic systems: aseptic 

inflammatory responses, immune and other potential adverse reactions. 

4. Identify and compare the clinical contexts in which metallic alloys, bioceramics, and carbon-

based composites are most effective in smart prosthetics. Patient-specific factors such as activity 

level, body weight, anatomical requirements, and lifestyle are considered to guide the 

development of potential personalized prosthetic solutions. 

5. Identify possible gaps in the current state of intelligent prosthetic systems and propose 

directions for future studies to enhance the functionality and patient-centered outcomes. 

2. Biological and Mechanical Properties of the Bone 

Bone, an organ composed of specialized tissues, is a load-bearing and protective structure. It 

supports body or body-part weight, facilitates movements and shields vital organs from potential 

mechanical damage. Bone, as an organ and tissue, also participates in calcium and phosphate 

metabolism and serves as a hematopoietic structure. It actively interacts with the immune system 

through cytokines. Interleukin-6 (IL-6) and Tumor Necrosis Factor alpha (TNF-α) regulate 
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inflammatory processes and bone remodeling. Both are produced by osteoblasts and other cell types 

[14]. 

2.1. Biological Structure and Function 

Bone is primarily a composite tissue. It consists of an osteoid, a mineralized extracellular matrix, 

and an interspersed cellular network. The extracellular matrix is composed primarily of collagen type 

I (30%) and hydroxyapatite crystals (60%) [15]. Bone provides mechanical strength against applied 

forces and resistance to elastic deformation, while preserving functional geometry and architectural 

integrity. 

Bone matrix is produced and remodeled by cells differentiated from Mesenchymal Stem Cells 

(MSCs) [16]. Osteoblasts are lineage-committed, pre-terminally differentiated cells responsible for the 

synthesis of type I collagen and the deposition of hydroxyapatite crystals. Osteocytes are terminally 

differentiated cells responsible for bone remodeling through mechanosensory functions and 

paracrine signaling. Osteoclasts are multinucleated resorptive cells that degrade bone matrix via their 

acidification and proteolysis [17]. Bone morphology and microarchitecture are determined by the 

dynamics of osteoblast-osteoclast coupling coordinated by osteocytes. Repair is initiated by the initial 

inflammatory response, soft callus formation, and finalizes with hard callus mineralization. Bone is 

immunologically active. IL-6 and TNF-α link immune signals to bone resorption via the Receptor 

Activator of Nuclear Factor kappa-B Ligand (RANK/RANKL/NF-κB) pathway [18]. 

Dense cortical bone tissue is organized into osteons. A central Haversian canal of the osteon is 

surrounded by concentric matrix lamellae with embedded cellular lacunae. Haversian canal houses 

blood vessels and nerves. They are connected to traverse Volkmann’s canals and smaller canaliculi. 

Interstitial lamellae occupy spaces between osteons. The bone tissue is extensively vascularized. 

Blood vessels penetrate the cortical bone through canals and trabecular bone via marrow spaces. 

[19,20]. Figure 1 presents the structure of the bone. 

 

Figure 1. Bone microstructure: Osteon (created by authors). 

2.2. Bone Development as Tissue and Organ 

The bone morphology at the macroscopic level is determined by a combination of 

developmental, genetic, and functional factors (Figure 2). Homeobox (HOX) genes encode 

transcription factors that guide embryonic patterning and skeletal development [21]. They establish 

patterns and assign positional identity of bones along the anterior–posterior body axis. Bone 

Morphogenetic Protein Growth Factors (BMP GFs) induce osteoblast differentiation and consequent 
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bone matrix formation with a certain shape and density [22]. Fibroblast Growth Factors (FGFs) 

stimulate cell proliferation and differentiation in specific bone-forming regions. The activity is 

reflected in cortical thickness and growth plate activity. Wnt/β-catenin regulates gene expression, 

responsible for the trabecular orientation and overall bone geometry [23]. Postnatal adaptation is 

done by mechanotransduction. Osteocytes sense strain and refine the macro shape to optimize load 

distribution and functional performance in accordance with Wolff’s law. 

Long bone (e.g., femur, humerus) ossification geometry is acquired through endochondral 

ossification [24]. Chondroblasts create a cartilage template with excretion of type II collagen and 

proteoglycans. Chondroblasts then mature into chondrocytes, proliferate, become hypertrophic, 

calcify extracellular matrix and undergo apoptosis. Subsequent vascularization brings MSC 

osteoprogenitors from bone marrow or periosteum. MSCs differentiate into osteoblasts, which 

produce bone matrix and induce mineralization [25]. In endochondral ossification cartilage is 

progressively replaced by mineralized bone along a prepatterned growth axis. In this process length, 

curvature, and diaphyseal–epiphyseal proportions of the bone are established. Flat bones (e.g., 

cranial vault, sternum) are produced through intramembranous ossification [24]. Bone is directly 

generated from MSCs. 

In the postnatal period, during childhood and adolescence, long bones grow from the physis, or 

the cartilage epiphyseal plate, located between the metaphysis (shaft) and epiphysis [25]. During this 

period, new cartilage is produced on the epiphyseal side. Then it undergoes endochondral 

ossification on the metaphyseal side. In adulthood, the ossified epiphyseal line remains as a remnant. 

 

Figure 2. Femoral bone macrostructure: Epiphysis and upper part of diaphysis (created by authors). 

2.3. Biophysical Structure and Function 

The bone morphology at the macroscopic level is determined by a combination of 

developmental, genetic, and functional factors (Figure 2). Homeobox (HOX) genes encode. 

Table 1. Hierarchical scales of bone organization. 

Scale Cortical Bone Trabecular Bone Cartilage 

Molecular 

(0.1–2 nm) 

Protein–mineral 

interactions; collagen–

hydroxyapatite  

composite 

Collagen–

hydroxyapatite 

composite, but less 

dense 

Collagen–proteoglycan  

interactions, highly hydrated  

glycosaminoglycan matrix 
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Nanoscale  

(2–200 nm) 

Collagen type I fibrils 

reinforced with 

hydroxyapatite crystals 

Collagen type I fibrils 

with hydroxyapatite, 

lower  

mineral density 

Collagen type II fibrils; 

generally non-mineralized 

(except calcified zones). 

Sub-micro 

(0.2–10 

µm) 

Lamellar collagen fibril  

orientation alternating 

between layers 

Lamellar or woven  

arrangement in 

trabecular rods and 

plates 

Dense collagen II fibril mesh 

with proteoglycan 

aggregates 

Micro-scale 

(10–500 

µm) 

Osteons (Haversian 

systems), concentric 

lamellae 

Trabeculae (rod- and  

plate-like struts) 

aligned to mechanical 

loading 

Chondrocytes in lacunae are  

dispersed in the extracellular 

matrix 

Macro-

scale (mm–

cm) 

Dense outer shell; 

defines bone shape, 

stiffness, and main load-

bearing capacity 

Porous lattice; 

contributes to 

lightness, shock  

absorption, and 

adaptive  

remodeling 

Smooth articular surfaces; 

flexible support and shock 

absorption in joints 

Cortical or compact bone forms the dense outer layer. It provides necessary mechanical rigidity, 

compressive strength, and resistance to bending and torsion. Cortical bone comprises approximately 

80% of total skeletal mass. It is mainly responsible for primary load-bearing capacity [26]. Trabecular, 

cancellous (spongy) bone has a porous, three-dimensional lattice structure. It reduces bone weight 

and provides shock absorption through optimized energy dissipation. Porous structure facilitates 

metabolic exchange. Trabecular bones have a higher surface area-to-volume ratio. It facilitates 

enhanced bone remodeling rate, efficient oxygen and nutrient transport, and robust hematopoietic 

activity [27]. 

The extracellular matrix is composed of collagen type I (30%) and hydroxyapatite crystals (60%). 

The volume fraction of the mineral phase is 33-43% due to its compactness (Figure 3a). 

The Voigt bound for the cortical bond assumes uniform strain across phases, yielding an upper 

bound on stiffness. Vi reflects a volume fraction of phase i, Ei is the elastic modulus of phase i, and N 

is the total number of phases: 

 𝐸𝑉 = ∑ 𝑉𝑖
𝑁
𝑖=1 𝐸𝑖  (1) 

The Reuss bound assumes uniform stress across phases and provides a lower bound for stiffness, 

where Vi/Ei is the compliance contribution: 

𝐸𝑅 = 1/(∑ (𝑉𝑖

𝑁

𝑖=1
/𝐸𝑖)) (2) 

Hill’s average is a simple form: 

𝐸𝐻 =  
𝐸𝑉 +  𝐸𝑅

2
 (3) 

The mechanical behavior of cellular solids, such as trabecular bone, is better described by the 

Gibson–Ashby power-law model (Figure 3b). 

Extending this two-framework analysis to all five bone classifications reveals a broader principle 

governing skeletal mechanical behavior (Figure 4). Sometimes bones are classified according to shape 

and length. However, Figure 4 shows that bones are mostly cortical or trabecular. 
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(a) (b) 

Figure 3. Micromechanical modelling of cortical and trabecular bone stiffness. (a) Voigt (upper) and Reuss 

(lower) bounds for cortical bone Young’s modulus as a function of hydroxyapatite volume fraction, with the Hill 

average as an intermediate estimate. The shaded region indicates the physiological mineral fraction (33–43%), 

within which predicted moduli correspond to reported cortical stiffness values (15–25 GPa). (b) Gibson–Ashby 

model predictions for trabecular bone Young’s modulus versus relative density (ρ/ρₛ), shown alongside the 

experimental range. The model envelope captures the observed stiffness variation, underscoring relative density 

as the primary determinant of trabecular mechanical behavior. 

 

Figure 4. Young’s modulus predictions across five bone classifications using two micromechanical models. Long 

and sesamoid bones (femur, patella) are evaluated using Voigt–Reuss bounds as a function of mineral volume 

fraction, whereas short, flat, and irregular bones (carpals, sternum, vertebrae) are modelled using the Gibson–

Ashby framework as a function of relative density (ρ/ρₛ). In all categories, predicted moduli fall within 

experimentally reported ranges, indicating that microstructural composition, rather than anatomical form, 

primarily governs skeletal stiffness. 
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 The mechanical behavior of bone exhibits significant variation between its cortical and 

trabecular compartments, reflecting their specialized structural and functional roles (Table 2). 

Cortical bone, constituting the dense outer layer, demonstrates remarkable compressive 

strength, ranging from 75.9 to 136.6 MPa [28] and tensile strength from roughly 100 to 150 MPa [29]. 

Young’s modulus, E=σ/ε, is approximately 15 to 20 GPa [30]. The ratio of stress σ=F/A measured in 

Pascals, where F is the applied force, and A is the cross-sectional area, to strain ε=ΔL/L0, where ΔL is 

the length change, and L0 is the original length. 

Table 2. Key mechanical properties of bone and cartilage tissue. 

Property Cortical Bone Trabecular Bone Cartilage  

Tensile 

Strength 
100–150 MPa 2–12 MPa 

10–25 MPa (depends on 

type and hydration 

level) 

Young’s 

Modulus 
15–20 GPa 0.1–2 GPa 0.5–1 MPa 

Fracture 

Toughness 

2–7 MPa·m1/2; 

enhanced by collagen 

0.5–3 MPa·m1/2,  

depends on density 

and trabecular  

orientation. 

Very low, easily  

deformed 

Fatigue Life 

Withstands cyclic loading;  

microdamage accumulates 

under repeated stress 

Shorter fatigue life;  

microdamage  

accumulates faster 

Not applicable;  

viscoelastic damping 

absorbs energy 

Cortical bone tissue has the capacity to withstand deformation under substantial mechanical 

loads [28]. In contrast, trabecular bone tissue is characterized by its porous, lattice-like architecture. 

It exhibits considerably lower tensile strength of 2–12 MPa, but can be up to 30 MPa and a Young’s 

modulus as low as 0.1–2 GPa, but can be up to 8.8 GPa [30]. It is an effective shock absorber. Cartilage, 

a compliant and viscoelastic tissue, possesses an intermediate tensile strength of 10–25 MPa, 

depending on hydration levels, and a markedly lower Young’s modulus of 0.5–1 MPa [31,32]. 

Collagen and HA fractions create a clear correlation with cortical and transverse Young`s modulus 

(Figure 5). 

 

Figure 5. Cortical and transverse Young`s modulus vs hydroxyapatite/collagen fractions. 

Anisotropic property of cortical bone with Haversian system running in longitudinal or 

transverse direction. It can influence the direction of fraction lines. 

Cortical bone has a fracture toughness of 2–7 MPa·m¹ᐟ² [33]. Trabecular bone, however, displays 

reduced toughness of 0.5–3 MPa·m¹ᐟ², making it more susceptible to microfractures under load. This 

property is enhanced by collagen-mediated energy dissipation, which can mitigate crack propagation 
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[34]. Cartilage exhibits minimal fracture resistance, with its integrity heavily reliant on the viscoelastic 

properties of its extracellular matrix. The matrix effectively dissipates energy but offers little inherent 

toughness [35]. Cortical bone endures cyclic loading through gradual microdamage accumulation, 

while trabecular bone fatigues more rapidly. Cartilage relies entirely on viscoelastic deformation for 

energy dissipation rather than on conventional fatigue resistance. 

Bone stress–strain behavior comprises elastic deformation, yield, and plastic flow prior to 

fracture. This biomechanical profile provides the basis for considerations in prosthetic design. Ideally, 

it should replicate the native bone stiffness of approximately 20 GPa to prevent stress shielding. Stress 

shielding is a well-known phenomenon in which overly rigid implants redistribute loads, often 

inducing localized bone resorption due to reduced stress. Prosthetic materials must possess sufficient 

toughness to ensure long-term durability. Alignment of implant mechanical properties and 

biochemical compatibility with native tissue is essential in preventing loosening, microdamage, and 

early failure [36]. 

Bone tissue condition is dynamic. It is influenced by age, mechanical load, nutritional habits, 

and acquired or inherited disease (Table 3). Ageing is reflected in bone mass decline, progressing to 

osteopenia or osteoporosis, due to reduced osteoblast activity and increased resorption by still-active 

osteoclasts. Gravity and physical activity maintain structural integrity, while lower gravity or 

reduced activity also lead to bone tissue decline. Nutritional deficiencies, particularly of calcium and 

vitamin D, can significantly impair mineralization. Inherited or acquired disorders, hormonal 

imbalances, chronic inflammation, medications, or metabolic diseases can significantly alter bone 

density and architecture. Repeated microtrauma can induce cumulative structural and cellular 

changes in bone tissue condition [35]. 

Table 3. Main factors of bone tissue pathology. 

Factor Effect on Bone Tissue 

Age (osteopenia, osteoporosis) 
Decline in bone mass due to reduced osteoblast 

activity and stable resorption by osteoclasts 

Mechanical load; Gravity 
Maintains structural integrity; reduced load or  

inactivity accelerates bone decline 

Nutrition (calcium, vitamin D deficiency,  

malnutrition) 

Impaired mineralization, reduced bone strength, 

and increased susceptibility to fractures 

Inherited conditions (osteogenesis imperfecta, 

osteopetrosis) 

Alters bone density and architecture;  

predisposition to fractures and deformities 

Hormonal disorders (hyperparathyroidism, 

thyroid disorders, diabetes) 

Dysregulated remodeling: can increase  

resorption or reduce formation 

Immune-mediated diseases (rheumatoid  

arthritis, lupus, chronic inflammation) 

Chronic inflammation promotes osteoclast  

activation, microarchitectural deterioration 

Renal and metabolic diseases (chronic kidney 

disease, chronic metabolic acidosis) 

Alters bone mineralization and strength due to 

disrupted calcium-phosphate balance 

Repeated microtrauma 

Causes cumulative structural and cellular 

changes, leading to microfractures and  

deformities 

Medications (glucocorticoids, proton pump  

inhibitors, heparin, loop diuretics, phenytoin)  
Impair bone formation or increase resorption  

2.4. Bone–Implant Mechanical and Biocompatibility 

Osseointegration of the bone implant is influenced by surface texture, structure, chemistry, and 

bioactivity. Rough or porous surfaces enhance osteoblast adhesion and matrix deposition. Some 

alloys, such as titanium Ti-6Al-4V, are coated with hydroxyapatite for cementless implantation [37]. 

Rapid cell adhesion and proliferation within 7–14 days is desirable. Bioactive coatings can also be 

used to promote immune acceptance and minimize potential aseptic inflammation. Inadequate 
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biocompatibility can lead to fibrous tissue formation, encapsulation, hindered integration, loosening, 

or fracture [38]. 

There are other potential incompatibility problems, such as differences in the mechanical 

properties of the bone and implant (Figure 6). The mismatch, especially in high-stiffness synthetic 

implants, can cause stress shielding (Figure 7). Most of the load is taken by the implant, and reduced 

bone tissue load leads to resorption [39]. Young`s modulus of the material ideally has to be matched 

to that of the bone. It is also important for bone prostheses to distribute loads evenly. Energy 

absorption with 10–20% energy dissipation is acceptable. Fatigue resistance, for example, in a femoral 

implant, must exceed 10^6 cycles. 

 

Figure 6. Young’s modulus of common prosthetic materials compared with cortical and cancellous bone. 

Metallic implants (stainless steel, cobalt–chromium alloy, titanium alloy) and bioceramics (alumina, 

hydroxyapatite) exhibit stiffness values far exceeding those of native bone (1–19 GPa), underscoring the 

mechanical mismatch at the bone–implant interface. 
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Figure 7. Compressive and flexural strength of selected material classes compared with bone tissues. Metallic 

alloys (316LVM stainless steel, Ti-6Al-4V, Co-Cr-Mo) exhibit strengths of 300–1000 MPa, far exceeding cortical 

bone (5–150 MPa), while UHMWPE and cancellous bone show comparatively low strength. This pronounced 

mismatch contributes to uneven load transfer and stress shielding at the implant–bone interface. 

Prosthetic design has to match these mechanical and biological criteria to ensure durability, 

functional performance, and patient-specific compatibility [40,41]. There are a number of 

biocompatibility standards applicable to synthetic implants and grafts (Table 4). Materials are tested 

for local genotoxicity, carcinogenicity, reproductive toxicity, hemocompatibility, cytotoxicity, and 

implantation histology (ISO 10993-3, -4, -5, -6) [42], toxicokinetics (ISO 10993-13, -14, -15, -16), 

chemical characterization (ISO 10993-17, -18) and possible immunotoxicity. In turn, contact between 

biological liquids and tissues and metallic implants and graft materials can lead to material corrosion, 

so ASTM standards apply. 

Table 4. Main biocompatibility standards for synthetic implants and grafts. 

Metric 
Governing 

Standards 
What It Covers  Use 

Biological response tests 
ISO 10993-3, -

4, -5, -6 

Genotoxicity,  

carcinogenicity,  

reproductive toxicity,  

hemocompatibility,  

cytotoxicity, implantation 

histology 

Baseline  

biocompatibility;  

selected by device type 

or contact type 

Skin sensitization 
ISO 10993-

10:2021 

Sensitization assays (in 

vitro or in chemico) 
Skin, mucosal contact 

Systemic toxicity ISO 10993-11 
Acute, sub-chronic, chronic 

systemic effects 

Devices with potential 

systemic exposure 

Degradation of products 

and toxicokinetics 

ISO 10993-13, 

-14, -15, -16 

Identification and 

quantification of polymer, 

ceramic, metal degradation 

and  

toxicokinetics 

Applied for 

degradable, corrosive 

devices 
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Chemical 

characterization  

ISO 10993-17, 

-18 

Extractables, leachables  

allowed limits 
Biological evaluation 

Immunotoxicology 
ISO/TS 

10993-20 

Immunotoxicity principles 

and methods 

Optional, if immune 

concerns exist 

Nanomaterial guidance 
ISO/TR 

10993-22 

Evaluation guidance for 

nano-structured materials 

Optional for nano- 

enabled devices 

Irritation 
ISO 10993-

23:2021 

Standalone irritation assays 

(skin, mucosa) 

Contact-type 

dependent 

Metallic implant 

corrosion (small 

devices) 

ASTM F2129 
Potentiodynamic  

polarization 
Small metallic implants 

Corrosion of dental 

metals/alloys 

ISO 

10271:2020 

Corrosion behavior in oral 

environment 
Dental implants 

General metal corrosion 
ASTM G31, 

ASTM G59 

Immersion mass loss (G31), 

polarization resistance 

(G59) 

Supplemental metal/ 

alloy testing 

3. Material Properties of Metallic Alloys, Bioceramics, and Carbon-Based 

Composites 

Bone prostheses and osseous implants have specific physical and chemical properties that 

depend on the materials used (Table 5). Strength, weight, wear resistance, biocompatibility, and 

osseointegration can be tailored to different types of bone replacement. Main prosthetic functionality 

must be accompanied by the ability to integrate with smart systems or to demonstrate specific 

properties that can be utilized in smart bone prostheses [43]. 

Metals and metallic alloys possess high tensile strength, ductility, fatigue resistance, moderate 

to high weight, moderate to high wear resistance, and generally good sensor-integration potential. 

Titanium and cobalt-chromium alloys are widely used due to their mechanical robustness and 

corrosion resistance, although long-term ion leaching remains a concern [44]. 

Bioceramics and bioglasses, such as alumina, ZrO₂, and hydroxyapatite, have high compressive 

strength but are brittle in tension. Their weight is moderate, and wear resistance is high. These 

materials exhibit excellent biocompatibility and osseointegration, though their insulating nature 

limits smart integration capabilities [45]. 

Carbon-based composites, such as carbon fiber (CF), carbon nanotubes (CNT), and graphene, 

have exceptional strength-to-weight ratios. They are ultra-lightweight with tunable wear resistance. 

Most demonstrate good biocompatibility and are ideal for sensor integration due to their electrical 

conductivity and inherent smart properties [43]. 

Table 5. Properties of materials used for bone prostheses. 

Property  

Metallic Alloys  

(316LVM steel, 

Ti, Co–Cr, Zr, 

Mg) 

Bioceramics 

(Alumina, 

ZrO₂, SiO, 

HA) 

Carbon-Based  

(CF, CNT, 

Graphene) 

Combinations of 

Materials 

Strength 

High tensile 

strength, ductile, 

fatigue resistant 

High 

compressive 

strength, brittle 

in tension 

Very high 

strength-to-

weight ratio 

Hybrid and 

composite systems 

(bioceramic-coated 

Ti,  

CF-reinforced Ti), 

PMMA: combine 

high compressive and  

tensile strengths,  

brittleness and  
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ductility 

Weight 

Higher (Ti 

lighter, Co–Cr 

heavier) 

Moderate 

(heavier than 

carbon-based) 

Low 

(ultra-

lightweight) 

Composites (CF with 

Ti or bioceramic  

coatings) reduce 

weight while 

maintaining 

structural  

integrity 

Wear 

resistance 

Moderate–High  

(Co–Cr excels, Ti 

moderate) 

High (Al₂O₃, 

ZrO₂ ideal for 

articulating 

surfaces) 

Good, tunable 

with matrix  

modifications 

Bioceramic coatings 

on metallic or carbon-

based substrates  

enhance wear 

resistance  

Biocompatibil

ity 

High (Ti, Zr 

High; Co–Cr 

moderate due to 

ion release risks) 

High (bioinert 

Al₂O₃, ZrO₂; 

bioactive HA) 

Good (CF 

reliable; CNT, 

graphene 

biocompatibility 

is debated 

Hybrid and 

composite systems 

(HA-coated Ti or CF) 

have bioactive 

properties of  

bioceramics to  

enhance 

biocompatibility 

Osseointegrat

ion 

High (Ti, Zr 

facilitate strong 

bone integration) 

High (HA,  

bioactive glass 

promotes bone 

bonding) 

Limited 

(dependent on 

matrix, e.g., 

polymer coatings) 

Bioceramic-metallic 

composites (HA-

coated Ti) optimize 

osseointegration, 

strength with  

bioactive surfaces 

Prosthetic use 

Structural  

load-bearing,  

osseointegration 

components 

Bearings,  

coatings,  

articulating 

surfaces 

Lightweight 

limbs, embedded 

sensor platforms 

Hybrid and 

composite 

applications  

(bioceramic-coated Ti 

for load-bearing 

joints, CF-Ti for  

lightweight smart 

limbs)  

Smart 

integration 

High  

(conductive,  

supports sensors 

and actuators, 

adaptive alloys) 

Limited  

(insulation  

properties  

require  

coatings for 

sensor  

compatibility) 

High (inherently 

conductive, ideal 

for sensors) 

Hybrid and 

composite systems 

(Ti with 

CNT/graphene  

coatings) enhance 

conductivity and  

sensor integration 

Smart sensors 

or sensor-like 

properties 

High (Ti, Zr  

support  

embedded 

sensors; Mg 

offers 

bioresorbable 

sensor potential) 

Limited  

(minimal  

conductivity; 

sensor-like 

properties via 

coatings, e.g., 

piezoelectric 

HA) 

High 

(CNTs/graphene 

are highly 

conductive,  

enabling strain 

and pressure  

sensors,  

bioelectrical 

signal detection) 

Combinations (CNT-

coated Ti, bioceramic-

CF hybrids) enable 

advanced sensor  

functionalities; 
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Every type and subtype of material has particular mechanical and physical properties that make 

it more compatible with certain bone tissues. Cortical bones are usually grafted with metallic alloys 

for load-bearing due to their high tensile strength and fatigue resistance [44]. Specific subchondral 

bone areas can be mapped with bioceramics due to compressive forces and wear stresses at joints. 

These materials, such as alumina and zirconia, offer high biocompatibility and wear resistance but 

are brittle under tension [46]. Trabecular bones match with carbon-based materials, which are 

lightweight, potentially porous, and offer excellent strength-to-weight ratios and conductivity for 

smart integration [43]. 

Composite and hybrid implants and grafts often include several materials. Coatings and 

significant inclusions are used in composites, while hybrids are mixed on the molecular or nanoscale. 

Metamaterials are usually designed by combining smart properties and sensor functions. 

There are additional types of bone tissue (Table 6) that can influence the feasibility of synthetic 

materials’ application. Woven bone is usually found in areas of rapid development, such as a 

fractured callus or the embryonic skeleton. Other forms of bone tissue are pathological -- 

osteoporotic, osteomalacic, rickets bone, or Paget’s disease bone. Due to low density and poor 

organization, there is little to no possibility of synthetic implants and grafts. 

Polymer materials such as CF-PMMA and CFR-PEEK can be used as fixators in cases of fracture, 

mostly as plates or rods, with limited potential for macro-scaffolding or full implants or grafts. Recent 

studies show that nanofiber-coated CF-PEEK composites improve hydrophilicity and osteogenesis, 

making them promising for orthopedic applications despite their bioinert base [47]. Calcium 

Phosphate Cement (CPC), based on hydroxyapatite or brushite, can be used as an osteoinductive 

filler, but has limited mechanical abilities and is often used for osteoplasty and filling in non-load-

bearing areas [48]. 

Table 6. Normal and pathological types of bone tissue compatible with synthetic implants and graft material. 

Bone Type and 

Synthetic 

Analogue 

Bone Structure and 

Density 

Material Strength 

and Function  

Bone Locations and 

Examples 

Cortical bone: 

metallic alloys; CF-

PMMA 

Compact osteons, 

high density 

High tensile & 

compressive; 

structural load-

bearing 

Slow, lifelong turnover; 

diaphysis of long bones, 

flat bone cortex (femoral 

shaft,  

tibial shaft, humeral 

diaphysis) 

Trabecular bone:  

 bioceramics; 

porous Ti and Mg 

alloys 

Porous trabecular  

lattice, low density 

Moderately 

compressive, low 

tensile; lightweight 

support,  

energy absorption 

and dissipation 

Rapid, stress-adaptive; 

epiphyses,  

vertebral bodies, pelvis 

(vertebrae, femur 

epiphysis, calcaneus bone) 

Woven bone: 

 HA composites, 

PLGA, Mg 

scaffolds 

Random collagen,  

immature, low  

density 

Low tensile, 

moderate  

compressive; rapid  

temporary support 

in  

repair and growth 

Very fast turnover; 

fracture callus, fetal 

skeleton (healing fracture,  

embryonic skeleton) 

Subchondral bone: 

HA-Bioglass  

Composites 

Dense layer beneath 

cartilage, high  

density 

Very high 

compressive; shock 

absorption, load 

distribution 

Moderate turnover; joint 

surface (distal femur, tibial 

plateau,  

humeral head) 

Osteoporotic bone: 
Cortical thinning,  

trabecular loss,  

Reduced strength,  

fracture-prone 

Altered remodeling; 

vertebrae, hip, wrist 
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 CPC, CFR-PEEK, 

CF-PMMA  

(vertebroplasty) 

porous, low density (compression fractures, 

hip fractures) 

Osteomalacic or 

rickets bone:  

limited CFR-PEEK 

fixation 

Poor mineralization, 

soft, low density 

Weak, deforms  

under load 

Defective mineralization; 

long bones, vertebrae, ribs 

(bowing legs, fragility 

fractures) 

Pagetic bone: 

limited CFR-PEEK 

fixation 

Disorganized mosaic 

lamellae, enlarged, 

variable density 

Structurally 

irregular,  

locally weak 

Excessive turnover; pelvis, 

skull,  

femur, tibia (bowed femur, 

skull thickening) 

3.1. Physical and Mechanical Properties of Synthetic Implant and Graft Materials 

Physico-mechanical parameters of synthetic materials are essential metrics for the functionality 

of bone implants. Mechanical loads and mechanical stresses’ sustainability influence structural 

integration and usability (Table 7). 

Table 7. Main physico-mechanical features of synthetic bone implants and grafts. 

Metric Description Relevance and examples 

Tensile strength 

(MPa) 

Maximum stress 

material can withstand 

while  

being stretched 

Load-bearing capability in tension-dominated  

regions: femoral shaft, ulna, tendon insertions 

Compressive 

strength (MPa) 

Resistance to  

compressive forces 

Weight-bearing structures: vertebrae, femoral 

head, tibial plateau, calcaneus 

Fatigue life  

(cycles) 

Number of load cycles 

before failure 

Long-term durability in repeatedly loaded sites: 

hip and knee joints, lumbar spine, femoral  

diaphysis 

Young’s modulus 

(GPa) 

Stiffness vs. elasticity of 

the material 

Stress distribution and compatibility with  

cortical bone: diaphyses, subchondral bone at 

joints 

Density (g/cm³) Material weight 
Prosthesis mass, mobility in large  

reconstructions: femur, pelvis, long bones 

Wear and 

Abrasion 

Resistance 

Material degradation  

under friction 

Long-term performance in articulating sites: hip, 

knee, temporomandibular joint 

Fracture 

Toughness 

(MPa·m½) 

Resistance to crack  

propagation 

High-stress locations: femoral neck, acetabulum, 

vertebral arches 

Tensile strength is the maximum stress the material can sustain when subjected to elongation. It 

dictates the load-bearing capacity of long bones under bending or at tendon insertion sites. 

Compressive strength reflects the ability to withstand compressive loads and is important in weight-

bearing sites such as the vertebrae, femoral condyles, and tibial plateau. Fatigue life is the number of 

cycles of repeated load that the material can withstand before failure [49]. Young’s modulus is a 

measure of stiffness related to elasticity. The modulus can be matched to that of the host bone (Figure 

8). Excessive material stiffness leads to stress shielding, resulting in bone tissue resorption. 

Insufficient stiffness may lead to mechanical collapse or implant loosening [50]. Fracture toughness 

is a metric of resistance to material crack initiation and crack propagation. 

The weight of the material is related to density. Lightweight materials reduce musculoskeletal 

energy expenditure. It enhances mobility, improves usability while maintaining safety. Wear and 

abrasion resistance are important in joint replacements. Insufficiently smooth surfaces may exacerbate 
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cartilage degradation and joint loosening, leading to further mechanical damage. Microscopic wear 

particles can trigger an aseptic inflammatory response, leading to subsequent implant loosening. 

Simplified stress-strain curves for bone tissue and the main types of prosthetic materials are 

shown in Figure 9. 

 

Figure 8. Simplified comparative stress–strain behaviour of bone tissues and prosthetic materials. Metals 

(titanium), ceramics (alumina), composites (carbon fibre), cortical bone, and trabecular bone are shown for 

comparison. Ceramics fail at ~0.3% strain abruptly, metals yield near ~1% and fracture around ~3%, while 

composites sustain the highest strains (~5%), most closely resembling trabecular bone. The pronounced stiffness 

mismatch between metallic implants and bone highlights the importance of modulus matching to mitigate stress 

shielding and subsequent bone resorption. 
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Figure 9. Elastic stress–strain behavior of prosthetic materials compared with cortical bone. Metallic alloys 

(316LVM stainless steel, Ti-6Al-4V, Co-Cr-Mo) show high stiffness and strength but fracture at low strains (<1%), 

whereas CFR-PEEK and UHMWPE exhibit lower moduli and larger strain capacities, more closely 

approximating cortical bone (E ≈ 17.4 GPa, σ ≈ 115 MPa). These contrasts illustrate the trade-off between strength 

and modulus matching in implant material selection. 

3.1.1. Metallic Alloys 

Metallic alloy substrates provide high thermal and electromagnetic conductivity. Titanium 

alloys, such as Ti-6Al-4V, have a conductivity of 1.7 × 10⁶ S/m [51], while 316SL steel exhibits 1.4 × 10⁶ 

S/m [52]. They support rapid heat spreading and efficient DC and low-frequency AC conduction. 

However, alternating fields can induce surface currents in the implant. The current density decays 

rapidly with depth from the metal surface, and the decay rate depends on frequency, conductivity 

and magnetic permeability [53]. Metallic substrates can produce RF coupling, localized heating and 

variable signal attenuation. Frequency, Environment, Form and Surface (FEFS) determine these 

effects. Frequency sets induced current distribution and alloy surface depth. The environment, such 

as surrounding tissue permittivity and conductivity, controls EM absorption. Form, such as implant 

geometry, length and leads, creates antenna and resonance behaviour. Surface properties and 

coatings govern current confinement and contact losses [54]. The substrate is intended to be suitable 

for smart sensors and actuators, especially for the integration of smart alloys, but is limited by these 

effects. 

Some alloys are adaptive, such as shape-memory alloys (e.g., NiTi with transformation 

temperatures of 0-100 °C) and magnetostrictive materials (e.g., Terfenol-D or Galfenol with 

magnetostriction of 1000-2000 ppm). They can be integrated directly into metallic matrices or applied 

as functional coatings 10-100 μm thick [55,56]. These systems can provide temperature-responsive 

stiffness adaptation with elastic modulus changes from 28 GPa (austenite) to 70 GPa (martensite), 

magnetic field-controlled actuation with strain rates up to 10⁴ s⁻¹, or stress-responsive mechanical 

property modulation [57]. The metallic substrate provides structural stability while the smart 

component delivers responsive functionality. Smart components can be integrated as capsules and 

films, protected from direct contact with biological tissues and liquids due to biocompatibility and 

corrosion concerns. 

Magnesium alloys are biodegradable with average corrosion rates of 0.1-1 mm/year. The 

biodegradability can be controlled through alloying and coatings [58]. Smart sensors embedded in 

biodegradable magnesium matrices can provide temporary monitoring capabilities with functional 

lifetimes of 3-12 months. In this time, the implant is dissolved and replaced by natural tissue [59]. 

This approach helps to avoid responses against long-term foreign body presence and can provide 

additional data [60]. 

However, there are identified challenges related to both the structural integrity of the prostheses 

and their sensor functionality. Sensor integration involves structural modification of prosthetic 

implants. Pin-socket sensor systems require drilling numerous holes in the implant surface to mount 

sensors, which may cause structural damage to the implant itself [61]. This mechanical alteration can 

potentially compromise the load-bearing capacity and long-term durability of the prosthesis. It raises 

questions about the trade-off and balance between monitoring capabilities and the structural integrity 

of smart metallic prostheses. 

Beyond structural concerns, sensors themselves can undergo unwanted degradation in the 

biological environment. Sensors attached to standard implant surfaces experience debonding from 

the underlying substrate within a few weeks of implantation. Furthermore, sensors attached to 

porous tissue ingrowth surfaces can lose their original accuracy as tissue ingrowth progresses [61]. 

This degradation is a serious limitation for long-term monitoring. Sensor readings can become 

unreliable precisely when longitudinal data would be most valuable. 

Material compatibility also poses significant issues, as direct bonding of sensing elements can be 

a biological irritant or hazard [62]. For long-term biocompatible implantation, common ferromagnetic 
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materials such as cobalt and nickel, used in some sensor designs, are cytotoxic. They require careful 

attention to packaging quality, encapsulation and cover, as well as lifetime performance monitoring 

[63]. Mechanical tightening methods may damage the sensor patches themselves. A significant 

technical restriction is the size of the sensors and telemetry systems. They have to be sufficiently 

miniaturized to fit within standard bone grafts or prostheses without requiring significant structural 

modifications [61]. These changes can jeopardize implant performance and safety. Miniaturization 

also reduces the capabilities of sensors to function, to collect reliable information and to have the 

necessary range of parameters. 

Metallic alloys are extensively used in load-bearing bone prosthetic replacements. They possess 

high tensile strength, ductility, and fatigue resistance (Figure 10). 

 

Figure 10. Stress–strain behavior of prosthetic metallic alloys. Stainless steel 316L, Ti-6Al-4V, Co-Cr-Mo, Zn-

0.8Li-0.4Mg, and a Mg alloy are shown with their yield points, tensile strengths, and fracture strains. Co-Cr-Mo 

exhibits the highest strength (~2100 MPa) but limited ductility, whereas the Mg alloy reaches the greatest fracture 

strain (~12%), illustrating the strength–ductility trade-off among implant metals. 

For example, stainless steel 316L is non-magnetic, with high corrosion resistance [64]. It has less 

than 0.03% of carbon, 16–18% of chromium, 10–14% of nickel, 2-3% of molybdenum and manganese, 

silicon, phosphorus, sulfur, nitrogen, and less than 2% each. Chromium forms a passive Cr₂O₃ oxide 

layer, which makes 316L steel corrosion-resistant [65]. Nickel stabilizes the austenitic 12-atoms Face-

Centered Cubic (FCC) structure (Figure 11) at room temperature. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 May 2026 doi:10.20944/preprints202605.0674.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0674.v1
http://creativecommons.org/licenses/by/4.0/


 18 of 60 

 

 

Figure 11. Face-centered cubic (FCC) unit cell of 316L stainless steel. The FCC lattice illustrates the distribution 

of Fe, Cr, Ni, and Mo atoms within the 12-atom austenitic structure. Nickel stabilizes the FCC phase at room 

temperature, enhancing the alloy’s ductility and corrosion resistance. 

Any main alloy atom can be in every position due to close atomic radii sizes: Fe ≈ 1.26 Å, Cr ≈ 

1.28 Å, Ni ≈ 124 pm = 1.24 Å, Mo ≈ 139 pm = 1.39 Å. Molybdenum enhances pitting and crevice 

corrosion resistance, especially in chloride environments, which is important for tissue compatibility 

[66]. High strength and fatigue life (Table 8) make the material useful for long bone replacement. 

However, relatively high weight (density) and moderate wear resistance make it a suboptimal choice 

as a prosthetic alloy. The high Young’s modulus typical of most prosthetic alloys can cause stress 

shielding [67] 

Table 8. Physico-mechanical properties of alloys used for bone implants and grafts. 

Property 

316L 

Stainless 

Steel 

Ti-6Al-4V Co-Cr-Mo Notes 

Tensile strength 

(MPa) 
500–1000 900–1100 800–1400 

Determines the ability to 

withstand elongation in bones, 

tendons 

Compressive 

strength (MPa) 
500–1000 900–1100 800–1400 

Supports weight-bearing sites 

(vertebrae, femoral condyles, 

tibial plateau) 

Fatigue life >10⁶ cycles >10⁶ cycles >10⁶ cycles 
Ensures durability under 

physiological cyclic loads 

Young’s modulus 

(GPa) 
190–210 110–120 200–230 

Compared to cortical bone (10–

20 GPa), potential stress 

shielding 

Fracture 

toughness 

(MPa·m½) 

40-60 50–100 30–60 
Resists crack initiation and 

propagation 
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Wear, abrasion 

resistance 
Moderate 

Moderate 

(enhanced 

with 

coatings) 

High 

Particle generation (<1 μm for 

Co-Cr-Mo) leads to 

inflammation and implant 

loosening 

Density (g/cm³) 7.8–8.0 4.4–4.5 8.3–8.5 
Influences of musculoskeletal 

energy expenditure 

Vickers Hardness 

(HV) 
150–200 300 300–400 

Higher hardness, better for 

articulating surfaces, reduces 

cartilage wear 

Titanium alloys, such as Ti-6Al-4V, are comparatively light and have relatively high strength, 

Young`s modulus and fatigue life. Ti-6Al-4V has alpha and beta phases (Figure 12). The proportion 

of the two phases in the alloy depends on the thermomechanical treatment [65]. 

 

Figure 12. Crystal structures of the α- and β-phases in Ti-6Al-4V. The hexagonal close-packed (HCP) α-phase 

shows Ti and Al atoms arranged in alternating A- and B-layer stacking, while the body-centered cubic (BCC) β-

phase is stabilized by V. The relative proportions of these phases depend on thermomechanical processing, 

which governs the alloy’s mechanical properties. 

The alpha phase is hexagonal close-packed (HCP) and is stabilized at room temperature by 

aluminium. Atoms in HCP are also packed in layered ABAB triangles, when A-level atoms occupy 

positions dissimilar to level B atoms. The beta phase is body-centered cubic (BCC) and is stabilized 

at room temperature by vanadium. Atoms are packed in a more complex ABC way, which is also 

characteristic of FCC. Another alpha-beta implant titanium alloy is Ti-6Al-7Nb. Nitinol, a nickel-

titanium alloy, is used in monolithic and foam form and possesses superelastic and shape-memory 

effects [68]. 

Cobalt–Chromium–Molybdenum (Co–Cr–Mo) alloys are dense and hard. Due to these qualities, 

Co–Cr–Mo alloys are used for articulating surfaces in joint replacements [65]. Wear particles 

generated from these surfaces can elicit inflammatory responses and contribute to implant loosening 

[66]. 

3.1.2. Bioceramics 

Bioceramics possess extremely high compressive strength (Table 9) but can be brittle under 

tensile stress (Figure 13), with a relatively low fatigue life of 10³–10⁴ cycles [69]. 
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Figure 13. Stress–strain behaviour of bioceramic materials used in prosthetic applications. Hydroxyapatite (HA), 

Bioglass 45S5, tricalcium phosphate (TCP), alumina (Al₂O₃), and zirconia (ZrO₂) are shown for comparison. 

Alumina exhibits the highest strength (~1200 MPa) but fails abruptly at ~0.5% strain, while zirconia combines 

high strength (~900 MPa) with slightly greater fracture strain (~0.6%). Bioactive ceramics (HA, Bioglass 45S5, 

TCP) display lower strengths (50–150 MPa) and higher fracture strains (up to ~1.2%), more closely aligning with 

cortical bone. These trends highlight the trade-off between mechanical strength and bioactivity in bioceramic 

selection. 

The hardness, structural stability, and high wear resistance make them effective for joint 

resurfacing, dental implants, and coating materials. Alumina (Al₂O₃), or corundum, has a fine-

grained polycrystalline structure in which a hexagonal close-packed oxygen lattice with Al³⁺ ions in 

octahedral sites is formed. It has trigonal symmetry [70]. Strong ionic-covalent Al–O bonds are 

responsible for the properties of the material (Figure 14). It makes Alumina suitable for compression 

bearing, for example, in articulating surfaces and in joint prostheses, for wear resistance [71]. Usually 

not used alone, and combined with other materials, such as alloys. Due to the high Young’s modulus 

can create stress shielding. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 May 2026 doi:10.20944/preprints202605.0674.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0674.v1
http://creativecommons.org/licenses/by/4.0/


 21 of 60 

 

 

Figure 14. Corundum 2D hexagonal projection. 

Zirconia (ZrO₂) is monoclinic at room temperature and has a stabilized tetragonal FCC structure 

with Y³⁺ doping [72]. It has strong ionic and covalent Zr–O bonds. Cations (Zr⁴⁺ and Y³⁺) form a face-

centered cubic (FCC) lattice (Figure 15). Anions (O²⁻) occupy all the tetrahedral sites with possible 

vacancies. The monoclinic transformation under stress increases fracture toughness. 

 

Figure 15. FCC Zirconia stabilized by Yittria. 

Hydroxyapatite (HA, Ca₁₀(PO₄)₆(OH)₂) has ionic Ca–O and phosphate covalent bonds, which 

are weak compared to metals, and forms crystals with a hexagonal lattice. It can be porous or dense 

polycrystalline. Highly brittle, it is bioactive via the Ca–P framework and is often used as an 

osteoconductive scaffold or coating for other materials [73]. 

Bioglass (45S5) is one of the types of bioglass. It is an amorphous silicate network (Si–O–Si), 

partially disrupted by Na⁺ and Ca²⁺ modifiers (Figure 16) [74]. It has mostly covalent Si–O bonds, and 

ionic modifiers disrupt the network [75]. The microstructure is non-crystalline glass. HA and bioglass 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 May 2026 doi:10.20944/preprints202605.0674.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0674.v1
http://creativecommons.org/licenses/by/4.0/


 22 of 60 

 

have Young’s moduli closer to those of cortical bone. It is bioactive due to surface ion exchange with 

body fluids [76]. Bioactivity will be discussed in one of the sections below. 

 

Figure 16. Bioglass microstructure. 

The most frequently used bioceramics in medical implants are Alumina, Zirconia, 

Hydroxyapatite (HA), and Bioglass. They might differ in mechanical strength and biological 

compatibility. Alumina and Zirconia are the structural performers. They have high tensile and 

compressive strength, excellent wear resistance, and superior hardness, making them suitable for 

load-bearing applications such as joint prostheses. However, their high stiffness (Young’s modulus) 

can lead to stress shielding, in which the bone surrounding the implant weakens due to reduced 

mechanical loading. 

HA and Bioglass sit at the opposite end. Their modulus closely matches cortical bone, reducing 

stress shielding, and they offer superior bioactivity. However, they are significantly weaker in 

tension, fatigue, and fracture toughness, which makes them prone to catastrophic brittle failure under 

cyclic or tensile loading (see Table 9). 

Table 9. Physico-mechanical properties of bioceramics used for bone implants and grafts. 

Property 
Alumina 

(Al₂O₃) 

Zirconia 

(ZrO₂, Y-

TZP) 

Hydroxyapatite 

(HA) 

Bioglass 

(45S5 

type) 

Notes 

Tensile 

strength (MPa) 
200–400 500–1000 40–100 40–100 

Brittle fracture risk; 

ceramics generally 

poor in tension 

Compressive 

strength (MPa) 
2000–4000 1500–2000 300–1000 200–500 

Suitable for  

compressive loads, 

but rarely used 

alone in load-

bearing sites 

Fatigue life 
10³–10⁴ 

cycles 

10⁴–10⁵ 

cycles 
<10³ cycles 

<10³ 

cycles 

Brittle nature limits 

cyclic durability 

Young’s  

modulus (GPa) 
380–400 200–210 80–110 35–40 

Close to cortical 

bone in bioglass and 
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HA; ceramics risk 

stress shielding 

Fracture 

toughness 

(MPa·m½) 

3–5 5–10 0.7–1.2 0.5–0.8 

Much lower than 

metals; prone to  

catastrophic fracture 

Wear, abrasion 

resistance 
High High Low Low 

Alumina/zirconia 

used in joint  

prostheses for wear 

resistance 

Density (g/cm³) 3.9–4.0 5.8–6.1 3.1–3.2 2.6–2.8 

Lower density than 

metals lighter  

implants 

Vickers 

hardness (HV) 
1800–2000 1200–1300 400–600 450–600 

High hardness 

resists scratching 

but increases 

brittleness 

3.1.3. Carbon-Based Materials 

Carbon-based composite materials have adequate strength (Table 10), high fatigue life [77], 

Young’s modulus comparable to those of bone tissue, significant fatigue life and low density. It can 

be used for vertebroplasty, micro- and macro-scaffolding [78]. 

Table 10. Physico-mechanical properties of carbon-based materials used for bone implants and grafts. 

Property 
CF-

PMMA 
PEEK 

UHMWP

E 

PLLA/PDL

A 

CNT 

reinforced 

composites 

Notes 

Tensile 

strength 

(MPa) 

90–150 90–100 40–50 
50–70 /  

40–60 
200–1500 

Determines  

ability to resist 

elongation;  

critical in  

fixation and 

structural  

implants 

Compressive 

strength 

(MPa) 

80–120 100–120 20–30 
70–100 /  

50–80 
200–800 

Important for 

weight-bearing 

applications 

(vertebrae,  

interbody 

cages) 

Fatigue life 10⁵ cycles 
>10⁶ 

cycles 

>10⁶ 

cycles 

0.8–1×10⁵/ 

0.6–0.8×10⁵ 

cycles 

10⁶–10⁷ 

cycles 

Ensures  

long-term  

durability 

under cyclic 

physiological 

loads 

Young’s 

modulus 

(GPa) 

3–5 3–4 0.8–1.5 2–4 / 1–3 10–100 

Compared to 

cortical bone 

(10–20 GPa), 

closer modulus 

reduces stress 

shielding 
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Fracture 

toughness 

(MPa·m½) 

1–2 3–4 2–6 2–4 / 1.5–3 5–15 

Resists crack  

initiation and 

propagation, 

important for 

reliability 

Wear,  

abrasion  

resistance 

Poor, 

moderate 

Modera

te 
Moderate Moderate  High 

Particle  

generation and 

wear debris 

Density 

(g/cm³) 
1.2–1.3 1.3–1.4 0.93 

1.2–1.3/  

1.1–1.2 
1.2–1.4 

Lower density 

reduces  

musculoskeletal 

energy  

expenditure 

Vickers  

hardness 

(HV) 

20–30 20–25 10–20 
20–25 /  

15–20 
50–200 

Hardness  

improves  

surface  

durability and 

reduces  

scratching and 

wear 

Pyrolytic carbon demonstrates high hemocompatibility. It is used in mechanical heart valves 

and orthopedic joint surfaces. It minimizes platelet adhesion, reduces thrombus formation, and 

avoids activation of the complement cascade. This limits systemic inflammatory responses. Clinical 

applications in orthopedics include pyrocarbon arthroplasty in acute unreconstructable radial head 

fractures [79]. 

Carbon nanotubes and graphene derivatives exhibit size- and dose-dependent cytotoxicity. 

Smaller nanoparticles are capable of penetrating cellular membranes. They can generate oxidative 

stress by disrupting mitochondrial function. Larger sheets tend to demonstrate lower cytotoxicity 

and improved stability. Functionalization strategies can include PEGylation, carboxylation, or 

peptide grafting [80]. They improve cytocompatibility by regulating protein corona formation and 

controlling cellular uptake. It shifts the biological response from an inflammatory to a regenerative 

response. At the organismic level, immune interactions are complex and can vary in accordance with 

the size, shape, and surface chemistry of the nanomaterial. Graphene oxide and carbon nanotubes 

may activate macrophages and dendritic cells. Biodistribution studies indicate potential 

accumulation in reticuloendothelial organs, including the liver, spleen, and bone marrow [81]. 

Most carbon-based materials, such as carbon fiber-reinforced PEEK (CF-PEEK) are inherently 

bioinert. It limits their ability to integrate directly with bone or soft tissues. Ultra-High-Molecular-

Weight Polyethylene (UHMWPE) is also biologically inert. This limits immune responses and tissue 

irritation, as well as osseointegration, often resulting in fibrous tissue formation rather than direct 

bone bonding [82]. Plasma treatments and chemical functionalization can introduce oxygen, nitrogen, 

or hydroxyl groups, thereby improving wettability and facilitating protein adsorption. For example, 

oxygen plasma treatment of single-walled carbon nanotube films has been shown to enhance human 

osteoblast attachment and proliferation [83]. 

The application of bioactive coatings includes HA, calcium phosphates, and short peptide motifs 

such as arginine-glycine-aspartic (RGD) acid. It provides osteoconductivity and osteoblast adhesion 

[84]. Systems that combine carbon nanostructures with biodegradable polymers can provide load-

bearing strength and the biological signals necessary for tissue integration. It improves 

osseointegration and stimulates vascularized bone formation. Porous carbons and carbon foams have 

been investigated as lightweight scaffolds with tunable porosity that can support osteoconduction 

and bone ingrowth [85]. 
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Polylactic acid (PLA) and polylactic-co-glycolic acid (PLGA) are biodegradable polymers used 

in temporary scaffolds and fixation devices, degrading safely without surgical removal [86]. 

Nanomaterials enhance surface bioactivity by increasing hydrophilicity and protein adsorption 

(fibronectin), upregulating osteogenic gene expression (RUNX2, ALP) and extracellular matrix 

mineralization. Degradation rates can be tuned by nanomaterial content, which balances scaffold 

resorption with tissue regeneration. These composites also modulate immune responses by reducing 

pro-inflammatory cytokines (IL-6, TNF-α), fostering a regenerative microenvironment [87]. 

Polymethyl methacrylate (PMMA) is widely used as bone cement for anchoring orthopedic 

implants due to its injectability and rapid setting. However, its brittleness and lack of bioactivity 

necessitate improvements. Incorporating CNTs or graphene enhances compressive and flexural 

strength, improving fatigue resistance under cyclic loading. These nanostructures confer antibacterial 

activity through the generation of reactive oxygen species and the physical disruption of bacterial 

cell walls, thereby reducing biofilm formation [88]. 

Polyetheretherketone (PEEK) composites with graphene oxide (GO) coating show osteogenic 

activity and antibacterial properties [89,90]. GO-decorated PEEK with specific properties 

demonstrates antibacterial activity [91]. It also accelerates cell proliferation and osteogenic 

differentiation. 

Figure 17 demonstrates simplified stress-strain curves for carbon-based and polymer prosthetic 

materials. 

 

Figure 17. Stress–strain behavior of carbon-based and polymer prosthetic materials. CFRP, carbon-nanotube 

composites, and graphene-reinforced polymers achieve high strengths (1200–2000 MPa) but fail at low strains 

(<2%), whereas UHMWPE and PEEK exhibit lower strength yet markedly higher ductility (up to ~6%), more 

closely reflecting the deformation behavior of trabecular bone. 

Carbon fibers in the polymethyl methacrylate (CF-PMMA) matrix (Figure 18) are chopped with 

a maximal length of 100–500 μm, sometimes up to 1 mm. Fibers are made of graphitic carbon with a 

diameter of 5–10. It is used as a bone void filler, in craniofacial reconstruction and vertebroplasty. 
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Figure 18. (CF-PMMA composite). Molecular structure of a carbon fiber–PMMA (CF-PMMA) composite, 

showing aligned carbon fibers embedded within a matrix of carbon (C), oxygen (O), and hydrogen (H) atoms 

across a 10 × 10 × 10 nm volume. The reinforcing carbon fibers provide structural stiffness within the compliant 

PMMA matrix, supporting its use as a bone void filler in craniofacial reconstruction and vertebroplasty. 

Polyetheretherketone (PEEK) is a semicrystalline thermoplastic with a relationship of 30–35% 

crystalline and 65–70% amorphous (Figure 19) [92]. Crystalline regions form small lamellae with a 

thickness of 10–50 nm. They make fibers with a granular structure. This part provides stiffness, tensile 

strength, and thermal stability, while the amorphous part is non-granular and provides flexibility 

and impact resistance. It is used as rods and vertebral interbody fusion cervical, lumbar, and thoracic 

cages. 
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Figure 19. Microstructure of polyetheretherketone (PEEK). The molecular architecture shows crystalline 

lamellae (30–35%) embedded within an amorphous matrix (65–70%) in a 10 × 10 × 10 nm volume. The crystalline 

phase imparts stiffness and tensile strength, while the amorphous regions provide flexibility and impact 

resistance, supporting PEEK’s use in spinal rods and interbody fusion cages. 

Ultra-high molecular weight polyethylene (UHMWPE) is a semi-crystalline polymer with a 

higher level of crystallinity, from 40 to 60%. It is softer than CF-PMMA or PEEK but has high 

toughness and wear resistance [93]. It is suitable for articulating surfaces in joint replacements, such 

as a liner or tibial insert in the knee reconstruction. 

Poly-L-lactic acid (PLLA) and poly-D-lactic acid (PDLA) are two stereoisomers of polylactic acid 

(PLA). While PLLA is semicrystalline, PDLA is mostly amorphous. They have specific 

biodegradation times: 1.5-5 years for PLLA and 6-12 months for PDLA. A mixture of both can help 

to regulate resorption time. While PLA is softer than other polymers and can be brittle, it is suitable 

for temporary supporting structures. 3D printing is applicable [92]. 

Carbon nanotubes are not a standalone material, but a reinforcement for a polymer matrix. 

Single-wall carbon nanotubes (SWCNTs) (Figure 20) have a hexagonal carbon layer as a wall, or 

multi-wall carbon nanotubes (MWCNTs). PMMA, PLLA, and PEEK can be reinforced with CNTs via 

dispersion at weight percentages below 5% to avoid agglomeration or brittleness. CNTs can be 

aligned to achieve maximum tensile strength along the axis or oriented randomly to achieve quasi-

isotropic, uniform mechanical improvement. CNT-reinforced composites are used as spinal cages, 

orthopedic plates and screws, resorbable bone scaffolds, and joint-bearing surfaces [77,78]. 
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Figure 20. Single-Wall Carbon Nanotube (SWCNT). 

3.1.4. Composite and Hybrid Material Combinations 

The complexity of mechanical requirements, biocompatibility characteristics, and surface 

interactions may necessitate the creation of implants and grafts composed of more than one material 

and with a specific architectural composition (Table 11). Two or more components can have different 

types of relationships with different proportions, such as hybrid materials as molecular mixtures, 

composite materials as layered structures or macro mixtures, cores or bases with coating or more 

complex relationships (Figure 21). 

 

Figure 21. Ashby modulus–density map for prosthetic material families compared with bone. Metals (Co-Cr, Ti-

6Al-4V, 316L steel) and bioceramics (alumina, zirconia, hydroxyapatite) exhibit moduli far above those of 
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cortical and cancellous bone, while CFR-PEEK and PEEK plot closest to cortical bone in both stiffness and 

density. UHMWPE aligns with cancellous bone, highlighting the potential of polymers and composites to reduce 

modulus mismatch in advanced prosthetic designs. 

Main components usually provide basic functionality, such as load-bearing, filling, or 

bioactivity. Metamaterials with specific mechanical or physical properties can be used as such a 

component (see Table 11). Sub-wavelength unit cells in metamaterials can focus different types of 

waves [94] to enhance osseointegration and regeneration [95]. Ultrasound at 1–10 MHz has 

wavelengths of approximately 0.15–1.5 mm and is often used to stimulate metamaterials with 

submillimeter structures (10–100 μm) [96]. Smart materials exhibit additional responsiveness to 

external environmental stimuli such as temperature, pressure, electric field, and pH [97]. Some smart 

materials can be designed as metamaterials. 

Table 11. Composite and hybrid bone implant and graft materials. 

Hybrid or composite 

type 

Mechanical properties and 

components 

Biological notes and anatomical 

applications 

Metal with dispersed 

ceramic particles  

(Ti–HA, Ti–ZrO₂) 

Metal component: High strength 

and stiffness; Ceramic component: 

Moderate stiffness, brittle 

Strong load-bearing,  

osseointegrative; hip and knee 

prostheses, spinal fixation; joint  

arthroplasty surfaces 

Metal core with  

bioglass coating  

(Ti–Bioglass) 

Metal core: High strength; Bioglass 

coating: Lower stiffness, brittle 

Bioactive, antibacterial; dental  

implants, craniofacial plates,  

articular surface coatings 

Polymer–Ceramic 

composite (PEEK–

HA, PLLA–HA) 

Polymer matrix: Low-to-moderate 

strength; Ceramic filler: Moderate 

stiffness 

Bioactive, degradable,  

osteoconductive; spinal cages, 

bone scaffolds, craniofacial 

scaffolds 

Polymer–Bioglass 

composite (PLGA– 

Bioglass) 

Polymer matrix: Low-to-moderate 

strength; Bioglass filler: Lower  

stiffness 

Bioactive, degradable; spinal 

cages, craniofacial scaffolds, 

cartilage  

repair 

Carbon fiber  

reinforced ceramic 

composite (CF–HA, 

CNT–HA) 

Ceramic matrix: Moderate-to-high 

stiffness; Carbon fibers:  

Reinforcement 

Osteoconductive, high fatigue life; 

craniofacial plates, spinal fixation 

plates, load-bearing joint implants 

Carbon fiber  

reinforced bioglass 

composite (CF–

Bioglass, CNT–

Bioglass) 

Bioglass matrix: Lower stiffness, 

brittle; Carbon fibers:  

Reinforcement 

Osteoconductive, high fatigue life; 

craniofacial plates, spinal fixation 

plates, articular coatings 

Biphasic ceramic–

bioglass composite 

(HA–Bioglass, TCP–

Bioglass) 

Ceramic component: Moderate-to-

high stiffness; Bioglass component: 

Lower stiffness, brittle 

Highly bioactive, controlled  

degradation; bone defect fillers, 

dental scaffolds, joint surfaces 

Metal core with  

ceramic and bioglass 

coatings (Ti–HA–

Bioglass) 

Metal core: High strength; Ceramic 

coating: Moderate stiffness; 

Bioglass coating: Lower stiffness 

Load-bearing with bioactivity; 

hip/knee prostheses, spinal 

fixation, craniofacial plates 

Polymer–Ceramic–

Carbon hybrid 

(PEEK–HA–CF) 

Polymer matrix: Low-to-moderate 

strength; Ceramic filler: Moderate 

stiffness; Carbon fibers: 

Reinforcement 

Combines stiffness, toughness,  

fatigue resistance; spinal cages,  

craniofacial plates, articular  

surfaces 
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Polymer–Ceramic–

Carbon–Bioglass  

hybrid (PEEK–HA–

CF–Bioglass) 

Polymer matrix: Low-to-moderate 

strength; Ceramic filler: Moderate 

stiffness; Carbon fibers:  

Reinforcement; Bioglass filler: 

Lower stiffness 

Combines stiffness, toughness,  

fatigue resistance, bioactivity;  

spinal cages, craniofacial plates,  

articular surfaces 

Multicomponent  

polymer–ceramic–

carbon–bioglass–

metal/alloy (PEEK–

HA–CF–Bioglass– 

Ti–Ni fibers  

Polymer matrix: low-to-moderate 

strength (continuous 3D); Ceramic: 

moderate stiffness; Carbon fibers: 

reinforcement; Bioglass: bioactive 

filler; Metal/alloy fibers: high  

stiffness, functional -smart 

Multifunctional: adaptive stiffness, 

bioactivity, fatigue resistance;  

spinal cages, craniofacial plates, 

load-bearing, stimuli-responsive 

implants  

Two-component composites and hybrids: Metal alloys with dispersed ceramic particles (Ti–HA, 

Ti–ZrO₂) consist of a metal matrix reinforced with ceramic particles. The metal forms a continuous 

3D component, while ceramic particles are dispersed. They are added for better osseointegration in 

load-bearing prostheses and spinal fixation [98]. Metal core with bioglass surface coating (Ti–

Bioglass) combines a continuous titanium component with a thin bioglass outer layer. In addition to 

being surface-resistant to wear, it offers bioactivity and antibacterial properties. These properties are 

also used in dental implants and craniofacial plates [99]. Interpenetrating polymer–ceramic 

composites (PEEK–HA, PLLA–HA) integrate a strong polymer matrix with dispersed ceramic 

particles. Some scaffolds achieve partial 3D interpenetration at the microstructural level. They can 

form supportive, degradable, osteoconductive spinal cages and craniofacial scaffolds. However, 

modulus mismatch with bone can still occur [100]. Biphasic ceramic–bioglass composites (HA–

Bioglass, TCP–Bioglass) are suitable as bioactive bone defect fillers and dental scaffolds. However, 

brittleness limits load-bearing use [99]. Carbon fibere-reinforced ceramic composites (CF–HA, CNT–

HA) embed continuous or oriented carbon fibers into a ceramic matrix. They enhance tensile strength 

and fatigue life for osteoconductive craniofacial and spinal fixation plates [101]. Carbon fiber-

reinforced bioglass composites (CF–Bioglass, CNT–Bioglass) similarly combine a bioglass matrix 

with reinforcing carbon fibers, improving fatigue resistance. The brittleness of bioglass can limit 

toughness [99]. 

Three-component composites and hybrids: Polymer–ceramic–carbon composites (PEEK–HA–

CF) consist of a polymer matrix, dispersed ceramic fillers, and carbon fiber reinforcements. The 

polymer provides a continuous 3D component. Ceramics act as discrete stiffening fillers. Carbon 

fibers provide reinforcement in specific directions. These implants, grafts, and structures are 

osteoconductive and mechanically robust and can be used as scaffolds suitable for spinal cages and 

craniofacial plates [100,101]. 

Four or more-component composites hybrids: Multicomponent composites and hybrids (PEEK–

HA–CF–Bioglass) can integrate polymers, ceramics, carbon, bioglass, and metals. The polymer forms 

a continuous matrix, ceramic and bioglass act as reinforcing or bioactive fillers, and carbon fibers 

provide high-strength reinforcement. These 3D structures balance stiffness, toughness, fatigue 

resistance, and bioactivity for spinal cages and craniofacial plates. Fabrication requires careful control 

of interface adhesion and component distribution to avoid delamination or mechanical instability 

[100,101]. Metal or alloy fibers can be added to provide high stiffness. They can also exhibit specific 

functional properties, such as shape memory or magnetostrictive responses. These multicomponent 

systems are often designed as lattices or interconnected cellular architectures. They can combine 

mechanical robustness, controlled energy absorption, bioactive signals, and adaptive response in a 

single implant. Composites can include layers. Proper component integration and interface 

engineering are important to prevent delamination or stress concentrations (Figure 22). They can be 

used in spinal, craniofacial, and load-bearing orthopedic applications. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 May 2026 doi:10.20944/preprints202605.0674.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0674.v1
http://creativecommons.org/licenses/by/4.0/


 31 of 60 

 

 

Figure 22. Toughness versus Young’s modulus for prosthetic material families compared with bone. Metallic 

alloys (Ti-6Al-4V, 316L stainless steel, Co-Cr) combine high modulus with high fracture energy, whereas 

bioceramics (hydroxyapatite, zirconia) show high stiffness but low toughness, reflecting their brittleness. 

Cortical bone occupies an intermediate region, while polymers such as UHMWPE provide high toughness at 

low modulus. These contrasts underscore the need for careful interface engineering to avoid stress 

concentrations in load-bearing orthopedic applications. 

3.2. Biocompatibility of Composite and Hybrid Systems 

The biological compatibility of bone implants is evaluated across several domains (see Table 4). 

The main focus points can be grouped into the following categories: biological compatibility and 

cellular response; osseointegration and bone remodeling; surface and interfacial properties; and 

material stability and mechanical performance (Table 12). The ISO 10993 series provides a 

standardized framework for assessing cytotoxicity, immunogenicity, genotoxicity, and tissue 

compatibility (Food and Drug Administration (FDA), 2023). It employs both in vitro cellular assays 

and in vivo histopathological examination of peri-implant tissues (ISO 10993-1:2018). Initial material 

screening typically employs cytotoxicity testing using osteoblasts or mesenchymal stem cells. 

However, recent studies have revealed significant limitations in the standard ISO 10993-5 protocols, 

particularly concerning the cell variability in test conditions and the lack of specificity for certain 

biomaterials in direct contact with cells [102,103]. There are also ways to register septic and aseptic 

inflammatory reactions. The local inflammatory environment is characterized by cytokine release 

profiles. Levels of IL-6 and TNF-α are measured [104]. The balance between pro-inflammatory M1 

and pro-regenerative M2 macrophage phenotypes influences whether the implant triggers chronic 

inflammation or productive tissue remodeling [105]. 

Osseointegration is the establishment of a direct structural connection between bone and 

implant. It represents the primary functional outcome for load-bearing implants [105]. 

Osseointegration and bone remodeling are evaluated in several ways. They are measured through 

alkaline phosphatase activity, mineralization patterns, and expression of RUNX2 and osteocalcin 

[106]. Osteogenic differentiation assays determine whether the material actively supports bone 

formation and osseointegration [107]. Osseointegration and overall biocompatibility can be affected 

by surface properties. Surface properties exert direct control over early biological events at the bone-

implant interface. Microscale and nanoscale topography, surface roughness, wettability, and surface 
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energy are modulating the initial protein adsorption layer. This layer dictates cell adhesion, spread 

and differentiation [108]. 

Material degradation and ion-release kinetics are also factors in biocompatibility. Excessive 

metal ion leakage can induce cytotoxic effects locally or on the organizmic level. It can also cause 

systemic accumulation [109]. Mechanical compatibility requires matching the implant’s elastic 

modulus shielding [110]. It also has to be connected to cyclical loads. Wear resistance in a wet, 

corrosive biological environment can indicate surface particles detaching from the implant. 

Table 12. Biocompatibility and Osseointegration Assessment Criteria for Bone Implants. 

Metric Description Assessment Method(s) 

Overall  

Biocompatibility (ISO 

10993 Series) 

Integrated evaluation of local 

and systemic biological  

responses to the implant, 

encompassing cytotoxicity, 

immunogenicity, 

genotoxicity, tissue 

compatibility. 

In vitro: ISO 10993-5 (cytotoxicity), -10 

(irritation), -11 (systemic toxicity). In 

vivo: subcutaneous or intramedullary 

implantation; histopathology of  

peri-implant tissue, inflammation,  

fibrosis, necrosis; systemic  

compatibility 

Cytotoxicity (ISO 

10993-5) 

Measures the viability of  

osteogenic cells in contact 

with the material or its 

extract. 

MTT, Alamar Blue, or Live/Dead  

assays using osteoblasts, MSCs, or 

MC3T3-E1 cells. 

Inflammatory or  

Immune Response 

Measures local immune  

reaction to the implant. 

Cytokine assays (IL-6, TNF-α),  

macrophage polarization (M1/M2) by 

immunostaining. 

Osteogenic  

Differentiation  

Potential 

Evaluates the material’s 

ability to induce osteoblast  

differentiation and  

mineralization. 

ALP activity, Alizarin Red staining, 

qPCR or immunostaining for RUNX2, 

OCN, COL1A1. 

Tissue Integration   

Osseointegration Score 

Quantifies bone–implant 

interfacial bonding and tissue 

ingrowth. 

Histomorphometry, BIC %, micro-CT, 

or histology. 

In Vivo Bone  

Remodeling Response 

Assesses new bone formation, 

remodeling, and resorption 

around the implant. 

Histology, micro-CT, dynamic 

histomorphometry (fluorochrome 

labeling). 

Surface Roughness and 

Topography 

Characterizes micro- and  

nanoscale surface features 

that affect cell behavior. 

AFM, profilometry, SEM. 

Surface Energy and 

Wettability 

Reflects hydrophilicity and 

surface chemistry influencing 

protein adsorption. 

Contact-angle measurement,  

surface-free-energy calculation. 

Protein Adsorption 

Profile 

Identifies and quantifies  

proteins bound to the surface. 
BCA assay, SDS-PAGE, LC-MS. 

Biofilm Formation  

Potential 

Evaluates bacterial adhesion 

and colonization on the  

implant surface. 

Crystal-violet assay, SEM, or confocal 

microscopy with S. aureus /  

S. epidermidis. 

Ion Release / Leaching 

Quantifies release of metallic 

ions or degradation  

by- 

products. 

ICP-MS, AAS of immersion media. 

Corrosion /  

Degradation Rate 

Assesses chemical breakdown 

under physiological  

conditions. 

Potentiodynamic polarization,  

immersion in SBF or PBS, ICP-MS, 

gravimetric loss. 
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Mechanical  

Compatibility (Elastic 

Modulus, Strength) 

Comparable stiffness and 

strength with cortical or  

trabecular bone. 

Compression, bending, or  

nanoindentation testing. 

Fatigue and Wear  

Resistance 

Evaluates resistance to cyclic 

mechanical loads and wear in 

wet environments. 

Fatigue testing, fretting wear, cyclic 

compression in SBF. 

Composite and hybrid systems integrate several material components. Interfaces are engineered 

using electrophoretic deposition, sol-gel processing, plasma spraying, sputtering, Chemical Vapor 

Deposition (CVD), Physical Vapor Deposition (PVD), dip coating, laser cladding, ion implantation, 

biomimetic mineralization, and 3D printing [111]. Complex compositions can synergize controlled 

biological interactions through the careful choice of components` order and contact surfaces. Levels 

of inflammatory cytokines IL-1β, IL-6, and TNF-α are reduced around HA-coated titanium in Ti–HA 

implants [112]. The HA layer releases calcium (Ca²⁺) and phosphate (PO₄³⁻) ions at biocompatible 

concentrations that upregulate osteogenic genes (ALP, OCN, RUNX2) through calcium-sensing 

receptor activation and MAPK pathway signaling [113,114]. In the HA-Ti system, ion scavenging 

effects reduce Reactive Oxygen Species (ROS) production and preserve mitochondrial function. This 

maintains cell viability 80-90% in direct-contact assays for cytotoxicity studies [115]. Surface energy 

modifications enhance the adsorption of fibronectin and vitronectin (Figure 19), stimulating integrin-

mediated focal adhesion (FA) and mechanotransduction intracellular pathways [116]. Histological 

analysis shows reduced local fibrous encapsulation with capsule thickness below 50 μm. 

Histomorphometry demonstrates Bone-Implant Contact (BIC) reaching 80-95% at 12 weeks post-

implantation [66]. Other positive effects have been observed in Diamond-Like Carbon (DLC) 

coatings. Levels of anti-inflammatory cytokines IL-10 and TGF-β1 are increased around DLC-coated 

titanium implants. It demonstrates enhanced anti-inflammatory and regenerative responses [117]. 

Carbon fiber-reinforced polymer composites have mechanical properties that more closely 

match those of natural bone. They have a reduced elastic modulus and lower stress-shielding effects. 

However, carbon components demonstrate inherent bioinertness. It limits direct osseointegration 

[118]. CF-PEEK composites with bioactive additives address it. Incorporation of HA or bioactive glass 

into the polymer matrix provides osteoconductivity. while preserving the mechanical advantages of 

carbon reinforcement. Surface energy modifications by surface plasma treatment or bioactive glass 

deposition increase implant wettability and fibronectin and vitronectin absorption, thereby 

improving osteoblast attachment [83]. These composites or hybrids achieve BIC percentages of 70-

85% with thinner fibrous capsule formation if compared to untreated carbon-polymer systems. It also 

reduces activation of the complement system and improves hemocompatibility. It means lower 

occurrence of immune-mediated inflammation and clotting. 
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Figure 19. Influence of surface energy on protein adsorption and mechanotransduction at the implant interface. 

Low-energy untreated surfaces exhibit limited fibronectin and vitronectin adsorption, sparse integrin clustering, 

and weak focal adhesion formation, resulting in reduced AK/Src signalling. High-energy modified surfaces 

promote dense protein adsorption, integrin clustering, and robust focal adhesion assembly, activating the 

AK→Src→MAPK pathway and supporting osteogenic differentiation. 

A biodegradable composite of the systems can be designed with control of degradation kinetics 

with preserved biocompatibility. Magnesium alloys with polymer-ceramic coatings can regulate 

Mg²⁺ ion release at a level (Cusanno et al., 2025) sufficient to activate Wnt signaling pathways for 

osteogenesis, but below the trigger level of hypermagnesemia. Protective coatings buffer local 

changes in tissue and fluid pH during degradation (Husak et al., 2018). They reduce ROS production. 

Coatings suppress pro-inflammatory cytokine expression. For example, IL-1β level is reduced 

(Frumento and Ţălu, 2025). In vitro, studies demonstrate cell viability of 90-95%. In vivo tissue 

integration processes show BIC exceeds 85% with fibrous capsule thickness below 30 μm. Tantalum-

infused bioactive glass combines tantalum’s hemocompatibility and corrosion resistance with 

bioactive glass’s osteoinductive ion release. It is suitable for load-bearing applications with direct 

bone contact (Wang, X., et al. 2022). 

Carbon nanomaterials can catalyse the formation of ROS, such as superoxide, hydrogen 

peroxide and hydroxyl radicals. High ROS levels lead to oxidative stress with damage to molecules, 

lipids, proteins, and DNA. It can also trigger programmed cellular death or apoptosis and 

unprogrammed necrosis. The high aspect ratio of carbon nanotubes and the sharp edges of graphene 

sheets can physically disrupt cell membranes. It alters membrane integrity and potential and can 

damage the structure and functionality of integral membrane proteins, including ion channels and 

receptors. Inside the cell nanostructures can interfere with mitochondrial function, reduce ATP 

production, and disrupt cytoskeletal organization. Protein adsorption onto their surfaces may induce 

endoplasmic reticulum stress and activate inflammatory pathways. 

Carbon nanomaterial-bioceramic hybrids can address the cytotoxicity concerns associated with 

native carbon nanostructures, such as graphene, graphene oxide, carbon nanotubes (CNTs), and 

carbon nanodots (CNDs). Carbon nanomaterial concentrations below 25 μg·mL⁻¹ in composite 

formulations exhibit low cytotoxicity in vitro, with reductions in viability at higher levels attributable 

to apoptosis, particularly above 50 μg·mL⁻¹ (Zhou et al., 2017). At 200 μg·mL⁻¹, carboxyl and hydroxyl 

functionalized MWCNTs aggregate more than non-oxidized MWCNTs and cause necrosis and a 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 May 2026 doi:10.20944/preprints202605.0674.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0674.v1
http://creativecommons.org/licenses/by/4.0/


 35 of 60 

 

higher level of DNA oxidation. Ceramic encapsulation and surface modification can reduce all these 

effects. HA and bioglass can also be incorporated. PEGylation and peptide grafting can further 

improve cytocompatibility by regulating protein corona formation and controlling cellular uptake. It 

can shift biological responses from inflammatory and cytotoxic toward regenerative (Spinelli et al., 

2022). 

Multicomponent composite or hybrid systems combine distinct biocompatibility mechanisms in 

a single implant construct. Titanium-CNT-HA composites or hybrids integrate HA for calcium and 

phosphate ion signaling carbon nanotubes for ROS scavenging and mechanical reinforcement. They 

can also incorporate RGD-like peptide motifs (Arg-Gly-Asp) for enhanced integrin binding. These 

systems demonstrate complex biocompatibility profiles. They include inflammatory cytokine levels` 

reduction, improved hemocompatibility through reduced platelet adhesion, and long-term tissue 

integration. Cell viability exceeds 85-95% and osseointegration has a BIC of 80-95% (Williams, 2021). 

Table 13. Physico-mechanical properties of bones and materials ordered by Young’s modulus. 

Group 

Young’s 

Modulus 

(GPa) 

Tensile 

Strength 

(MPa) 

Compressive 

Strength 

(MPa) 

Densit

y 

(g/cm³) 

Examples / Notes 

Porous / 

Immature / Weak 

Bones 

0.1–12 5–60 2–120 0.1–2.2 

Cancellous, woven,  

osteomalacic,  

osteoporotic, Pagetic 

bones; very low 

stiffness; energy 

absorption;  

deformable 

Mature Cortical / 

Load-Bearing 

Bones 

15–25 50–150 100–250 1.8–2.1 

Cortical, lamellar,  

Haversian, subchondral 

bone; main structural 

support 

Dense  

Pathological 

Bones  

(Osteopetrotic) 

25–35 50–100 200–400 2.5–3.0 
Extremely stiff, brittle; 

low repair potential 

Lightweight  

Metals &  

Composites 

45–150 200–1500 200–950 1.6–4.5 

Mg, Ti, CF,  

CF-reinforced Ti; high 

strength-to-weight,  

fatigue resistant,  

conductive 

Bioactive / Hard 

Ceramics 
80–500 100–1000 200–4000 3.1–5.6 

HA, Al₂O₃, ZrO₂, SiC;  

extremely hard, brittle; 

coatings or articulating 

surfaces 

Heavy Metals 210 700–1000 800–1200 6.5–8.3 
Co-Cr, high stiffness, 

wear-resistant, heavy 

Nanostructured 

Carbon Materials 
500–1000 

3000–

5000 
600–1000 1.3–1.5 

CNTs, Graphene;  

ultra-high strength-to-

weight; conductive; 

ideal for smart 

prosthetics 

4. Integration of Smart Functionality Elements 

4.1. Integration Problem 
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Bone implants and grafts based on the biomedical materials discussed above have transitioned 

from passive implants to active, responsive systems capable of adapting to physiological conditions 

in real time (Hager et al., 2015). Smart materials and metamaterials possess biocompatibility and 

mechanical properties and can exhibit dynamic responses to mechanical, electrical, thermal, or 

chemical stimuli (Meng and Li, 2013). Multi-component composite or hybrid systems incorporating 

these materials can develop implants that adapt, sense, and respond to their biological environment 

(Jani et al., 2014). 

Smart materials can change their properties in response to external stimuli. They include shape-

memory effects, piezoelectric responses, magnetostrictive behavior, and conductivity modulation 

(Sun et al., 2012). Conventional biomaterials can be integrated with smart components. It provides a 

range of diagnostic and therapeutic functionalities, including controlled drug release, real-time 

clinical monitoring, adaptive mechanical capabilities, and active tissue integration via bioelectric 

stimulation (Mano, 2008). The constraint for smart component integration is ensuring structural 

integrity. The complexity of the problem rises in implants with multiple material components and 

several functionalities (Ratner et al., 2004). 

The integration of smart functionality into biomedical implants has three primary categories. 

They include smart materials, sensors and actuators (Ponmozhi et al., 2009). Smart materials are 

stimuli-responsive and can autonomously adapt to environmental changes. Sensors are primarily 

used to monitor physiological parameters and implant performance. Actuators can provide 

mechanical and electrical stimulation, active peri-implant bioenvironmental response, or localised, 

precisely focused delivery of medication, bioactive substances, or cells. 

Sensors embedded within specific implant parts enable real-time detection of mechanical 

loading, such as strain, stress or pressure. Sensitivity can be as little as from 0.01% for strain. Sensors 

can also detect and transmit chemical changes, such as pH, ion concentrations, and biomarker levels. 

Sensitivity can be 10⁻⁹ M for biochemical detection. Thermal variations registration, such as 

temperature gradients, may indicate aseptic inflammation or infection (Kim et al., 2011; Windmiller 

and Wang, 2013). 

Actuators in smart bone implants can provide controlled therapeutic outputs through multiple 

modalities. Piezoelectric actuators enable mechanical stimulation with displacements at the 

nanometer to micrometer scale. It facilitates mechanotransduction and bone remodeling (Tandon et 

al., 2018). Electrical stimulation systems can produce current densities in the range of 5–20 μA/cm². 

They have been shown to enhance osteogenesis and accelerate bone healing (Griffin and Bayat, 2011). 

Smart materials can combine sensing and actuation capabilities within single-component or multi-

component architectures. It enables closed-loop feedback systems in which detected stimuli trigger 

appropriate material responses without external intervention (Lendlein and Kelch, 2002). The 

integration of sensors, actuators, and smart materials into multi-component composite or hybrid 

systems enables complex implant functionalities. It can include self-monitoring for early problem 

detection, adaptive load distribution to prevent stress shielding, controlled drug delivery triggered 

by physiological needs, and bioelectric stimulation optimized through real-time feedback (Dvir et al., 

2011). 

4.2. Material-Specific Smart Integration Capabilities 

The integration of sensing, actuation, and computational capabilities into orthopedic implants 

requires consideration of material-specific constraints on electronic functionality (Table 14). Sensor 

accuracy varies across material platforms due to their intrinsic mechanical and electrical properties. 

It is often defined as the precision of embedded force, strain, or electromyographic (EMG) signal 

acquisition, but is not limited to it. Metallic implants, particularly titanium and its alloys, provide 

rigid substrates. It enables accurate strain-gauge integration and force measurement. However, the 

electrical conductivity of alloys necessitates electromagnetic interference (EMI) shielding to prevent 

signal degradation (Ledet et al., 2018). 
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Bioceramics such as hydroxyapatite and zirconia provide efficient electrical insulation. It 

minimizes interference, but the bioceramic brittle nature limits sensor embedding to surface-

mounted configurations (Peres et al. 2022). Polymeric materials such as polyetheretherketone (PEEK) 

and polycaprolactone (PCL) facilitate conformal sensor integration through their flexibility. 

However, viscoelasticity can introduce time-dependent signal drift under sustained loading 

conditions (Klimm and Kwok, 2022). Composite materials architectures with carbon fiber 

reinforcement and polymer matrices offer tunable mechanical properties. They can balance the 

rigidity required for accurate sensing and the flexibility needed for patient-specific adaptation 

(Niinomi and Nakai, 2011). 

Response latency, or the temporal delay between physiological input detection and adaptive 

actuation, is minimal in rigid metallic and ceramic systems. It increases marginally in polymeric 

platforms due to their viscoelastic compliance (Kumar et al. 2023). Signal-to-noise ratio (SNR) is 

significantly higher in electrically insulating ceramics and polymers compared to conductive metals. 

Metallic alloys generate electromagnetic artefacts, and active filtering or shielding strategies have to 

be applied (Ledet et al. 2018). Power efficiency is influenced by thermal management requirements. 

It is measured in milliwatts per sensing or actuation function. The high thermal conductivity of metals 

demands additional insulation to prevent tissue heating. Polymers have low thermal mass, 

supporting energy-efficient operation (Kumar et al. 2023). 

Wireless data stability is important for remote monitoring and telemetry. It is material-specific. 

Metallic components attenuate radiofrequency (RF) signals and require strategic antenna placement. 

Bioceramics and polymers demonstrate RF transparency, which enhances wireless communication 

reliability (Huang et al. 2025). Rigid metallic systems provide consistent mechanical feedback. 

Flexible polymeric substrates or sensors can provide continuous strain monitoring (Burton et al., 

2021). 

Table 14. Material-dependent smart functionality criteria for bone implants and grafts. 

Metric Description Relevance / Material Considerations 

Sensor Accuracy 

(%) 

Precision of  

embedded force, 

motion, or EMG 

sensors. 

Metals: High stiffness allows accurate strain/force 

sensing; may need EMI shielding. 

Bioceramics: Brittle; limits embedded sensors, mainly  

surface-mounted. 

Polymers: Flexible substrates allow conformal sensors;  

minor drift under load. 

Response Latency 

(ms) 

Time from input 

to adaptive  

actuation. 

Metals: Minimal latency due to rigidity. 

Bioceramics: Minimal latency; rigid but brittle. 

Polymers: Slightly higher latency due to viscoelastic  

compliance. 

Signal-to-Noise 

Ratio (SNR) 

Quality of  

biosignal  

acquisition vs. 

background 

noise. 

Metals: Conductive; may generate EM interference;  

requires shielding. 

Bioceramics: Electrically insulating; naturally reduces  

interference. 

Polymers: Flexible; isolates sensors; low interference. 

Power Efficiency 

(mW per function) 

Energy  

consumption of 

embedded  

electronics. 

Metals: High thermal conductivity; may require  

insulation. 

Bioceramics: Low conductivity; careful thermal design 

needed. 

Polymers: Low thermal mass; energy-efficient. 

Wireless Data 

Stability (%) 

Reliability of  

telemetry, 

remote 

monitoring, and 

wireless control. 

Metals: May attenuate RF signals; antenna placement  

critical. 

Bioceramics: RF-transparent; good wireless signal  

propagation. 

Polymers: RF-transparent; stable wireless signals. 
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Self-Adaptation; 

AI and ML 

Learning Rate 

Speed and  

efficiency of  

ML-driven  

adjustments to 

tissue and usage 

patterns. 

Metals: Rigid feedback supports predictable learning. 

Bioceramics: Limited deformation; mainly surface sensor 

adaptation. 

Polymers: Flexible; allows adaptive sensing and  

personalized calibration. 

4.2.1. Bioceramic Implants and Grafts 

Bioceramics present challenges for smart integration. It has insulating properties, with a 

resistivity of 10⁸- 10¹⁴ Ω·cm for HA. It limits direct electrical functionality (Hench, 2006). These 

limitations can be overcome through coating, composite, and hybrid design strategies. Conductive 

coatings, such as CNTs, graphene, conductive polymers of 1-10 μm thick on ceramic substrates, can 

provide electrical functionality with sheet resistance 10²-10⁴ Ω/sq. Implants still maintain the 

bioactive properties of the ceramic core (Vallet-Regí and Ruiz-Hernández, 2011). 

Sensors` functionality in bioceramic systems requires surface modifications or embedded 

conductive components. Carbon nanotube coatings with a thickness of 5-50 μm on bioceramic 

surfaces can provide strain sensing capabilities with gauge factors of 10-100. The configuration 

maintains biocompatibility, with cell viability exceeding 90% (Zhang et al., 2020). Another approach 

is the integration of conductive polymers, such as PEDOT: PSS or polyaniline, via infiltration into 

porous ceramic structures. The optimal porosity is 40-70%. In this way, it is possible to create 

composite and hybrid systems. They can be both bioactive and possess smart sensing properties, with 

conductivities of 1-100 S/cm (Balint et al., 2014). 

An exception is piezoelectric hydroxyapatite with bioactivity and smart functionality. A single 

ceramic component has a piezoelectric coefficient d33 = 2-7 pC/N (Lang, 2011). The material can 

generate electrical charges in response to mechanical loads at physiological load stress levels of 1-10 

MPa. The piezoelectric response can enhance bone formation by 30-50% through bioelectrical 

stimulation mechanizms, voltage-gated calcium channels activation (Sheikh et al., 2015). 

4.2.2. Carbon-Based Smart Bone Prostheses 

Carbon-based materials possess a number of useful qualities and high potential for sensory 

integration, either as part of the material or as standalone sensors. Some carbon-based materials not 

only have suitable mechanical properties (Popov, 2004; Lee et al., 2008) but also have inherent 

conductivity, such as 10³-10⁶ S/m for CNTs and 10⁴-10⁶ S/m for graphene and can be integrated into 

a suitable carbon-based matrix. CNTs and graphene demonstrate high capabilities for strain sensing 

with gauge factors of 10-1000, pressure detection with sensitivity 0.1-10 kPa⁻¹, and bioelectrical 

monitoring applications with impedance 10³-10⁶ Ω at 1 kHz [119,120]. CNTs have a high aspect ratio 

of length to diameter, bigger than 1000. They can enable the formation of percolation networks at 

loadings of 0.1-2 wt%. It can also provide sensing capabilities in composite structures [121]. 

Carbon nanomaterials can be integrated into composites used in bone prosthetics. The 

piezoresistivity properties make it capable of strain sensing through electrical resistance changes of 

ΔR/R = 1-10% per 1% strain under mechanical deformation [122]. These sensory systems can detect 

implant loading patterns with a resolution of 0.01% strain. Another possibility is to monitor tissue 

healing responses through changes in mechanical compliance. They can provide feedback for 

adaptive control of mechanical properties with response times under 10 ms [123]. The high sensitivity 

and fast response times of carbon-based sensors make them suitable for real-time monitoring 

applications, such as gait analysis and joint loading assessment [120]. 

Graphene-based systems can demonstrate multi-modal sensing capabilities. For example, 

mechanical sensing with a gauge factor of 2-200; thermal sensing with a temperature coefficient of 

resistance 10⁻³-10⁻⁴ K⁻¹; chemical detection with limits of 10⁻⁹-10⁻¹² M for glucose and lactate [124,125]. 

Graphene-enriched materials can monitor multiple physiological parameters simultaneously. It 

enables comprehensive information on implant performance and tissue responses at sampling rates 
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up to 1 kHz. The atomic-scale thickness of graphene, 0.34 nm per layer, enables its integration without 

affecting the overall material properties [126]. 

Polyetheretherketone (PEEK) composites with graphene oxide (GO) can support multimodal 

cellular- and tissue-focused therapeutic applications. It can be operated via synergistic photothermal 

and photodynamic effects, with temperature control for localized therapy [89]. GO-PEEK systems 

demonstrate electrical conductivity. It enables bioelectrical signal monitoring and electrical 

stimulation applications in orthopaedic implants [127,128]. 

Polymethylmethacrylate (PMMA) bone cement modified with graphene nanoplatelets (GnP) 

demonstrates electrical conductivity. This property enables real-time monitoring of the healing 

process via resistance measurements during polymerization [129]. Multi-Walled Carbon Nanotubes 

(MWCNTs) in PMMA at 0.1-0.5 wt% provide piezoresistive sensing capabilities. It can detect load 

and microdamage in cemented implants [130,131]. 

Thermoplastic polyurethane (TPU) composites with CNTs are capable of flexible strain sensing. 

It is applied for prosthetic monitoring. CNT-TPU composite yarns demonstrate gauge factors of 67.2 

at strains below 50% and 51.7 at strains exceeding 150% [132]. It enables real-time implant load 

detection with fracture elongation up to 1066%. TPU-CNT composites can serve as multimodal 

sensors for comprehensive prosthetic monitoring [133]. It can detect strain in a 0-160% range, with 

GF = 12.88. It can also sense pressure in 0-55 kPa range, with sensitivity 0.08 kPa⁻¹. 

Graphene-CNT-TPU fabric-based strain sensors have a broad strain range of 112%, high 

sensitivity with GF above 210, low detection limits (0.1‰), and stability over 3000 cycles and can be 

used for joint movement registration [134]. Polydimethylsiloxane (PDMS)-encapsulated CNT 

composites can create soft bioelectronic interfaces with low electrical impedance for electrical 

stimulation and recording from nervous and muscular systems in neural prostheses [135]. Porous 

fluororubber/TPU nanocomposites exhibit piezoresistive sensitivity, with a sensing range of 150 Pa 

for pressure detection [134]. 

4.3. Polycomponent Smart Systems 

The combination of different material classes enables optimization of smart functionality while 

maintaining mechanical stability. Underlying material can be load-bearing and structure-forming, 

while sensing materials, systems, or actuators are integrated into or added to the substrate. Titanium 

substrates with 1-10 μm-thick CNT coatings can increase conductivity from 10⁵ S/m in pure Ti to 10⁶-

10⁷ S/m for sensor integration [136]. It also maintains biocompatibility with cell viability of more than 

95% [137]. This combination helps overcome the conductivity limitations of pure titanium while 

maintaining good corrosion resistance [138]. 

Bioceramic–carbon fiber hybrids can combine smart sensor functionality with sufficient support 

and significant bioactive properties. The carbon fiber reinforcement is usually 10–30 vol%, which 

provides structural support and increases tensile strength by 100–300% [139]. At the same time, it 

provides electrical conductivity up to 2*107 S/m and comparable to that of silver, copper, gold, and 

aluminium [140]. Bioceramic components such as hydroxyapatite and bioactive glass with 30–50 wt% 

contribute bioactivity with apatite formation within 7–14 days and osseointegration capabilities 

[7,141]. Smart polymer components at 5–20 wt% can be integrated into a bioactive environment to 

provide a controlled drug release at regulated rates of 1–100 μg/day. It can also have adaptive 

mechanical properties with stiffness modulation of 50–200% [7,141]. The compatibility between 

different components has to be balanced with maximized synergistic effects. Interface design is 

important for maintaining mechanical integrity. Interfacial shear strength is an important system 

support with efficient bioelectronic sensing and wireless data transfer through the bone-implant 

interface [142]. It can include a monitoring system with minimized signal interference. 

4.3.1. Two-Component Smart Composite and Hybrid Systems 

Smart coating integration 
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Two-component systems with coatings represent the straightforward approach to smart 

material integration. Smart coatings are applied to conventional metal or polymer matrices. The 

smart component typically forms a discrete or surface layer, enabling stimuli-responsive bioactivity, 

local mechanical adaptation, or controlled ion release without compromise of the continuous 

structural matrix [143]. This configuration allows the bulk material to provide mechanical support 

while the smart coating delivers functional capabilities. Coating thickness typically ranges from 1 μm 

to 100 μm [144]. Shape-memory alloy coatings on titanium substrates provide adaptability for the 

prostheses. The coating can undergo reversible component transformations in response to 

temperature changes with transformation temperatures between 37-45 °C, which matches 

physiological conditions [145]. These binary systems provide adaptive stiffness match to surrounding 

bone tissue, with elastic modulus variations of 20-80 GPa depending on component state It reduces 

stress shielding effects and maintains implant stability [55]. The shape-memory effect can be 

programmed to be activated at body temperature. It can gradually adapt to physiological load 

conditions over time, with recovery strains up to 8% [146]. Piezoelectric bioglass coatings can 

generate electrical charges in the range of 1-10 pC/N (Formula 4) in response to mechanical 

deformation [147]. These coatings can provide bioelectric stimulation to enhance bone tissue 

formation. Piezoelectric coefficients d33 range is 5-15 pC/N for bioactive glass-ceramics [148]. 

Piezoelectric charge coefficient d33 

𝑑33 = (
𝜕𝑆3

𝜕𝐸3

)𝑇 = (
𝜕𝐷3

𝜕𝑇3

)𝐸 (4) 

where: 

E is electric field applied voltage per unit distance inside the piezoelectric material (pC/N; V/m); 

S is mechanical strain; relative deformation produced by the electric field or stress (m/m); 

D is electric displacement; surface charge density generated by mechanical stress (C/m²); 

T is mechanical stress; force applied per unit area of the material (N/m² or Pa). 

The piezoelectric response of the prosthesis creates local electric fields of 10-100 mV/mm. It 

promotes osteoblast proliferation and mineral deposition by 30-50% [149]. Natural piezoelectric and 

flexoelectric biomaterials demonstrate high biocompatibility and biodegradability compared to 

conventional ceramic counterparts. Degradation rates can be controllable and range between 3 and 

18 months [150,151]. 

Stimuli-responsive mechanisms 

The integration of smart coatings enables multiple stimuli-responsive mechanisms. that can be 

tailored to specific clinical applications. The pH-responsive polymer coatings based on 

polymethacrylic acid (PMAA) or on chitosan can provide controlled drug release in response to 

infection-related acidosis, pH 5.5-6.5. The release rates increase 5-10-fold at acidic pH compared to 

physiological pH 7.4 [152,153]. 

Thermally responsive systems incorporating poly-N-isopropylacrylamide (PNIPAAM) can 

modulate drug delivery in response to temperature-related inflammatory signals. Local tissue 

temperature elevation to 38-40 °C and lower critical solution temperature (LCST) tunable between 32 

and 42 °C are trigger-related boundaries [154]. Electroactive polymers integrated as surface layers 

can provide controlled mechanical stimulation to surrounding tissues with actuation strains of 2-5% 

at voltages of 1-5 V [155]. These systems can generate small-scale movements or vibrations at 

frequencies of 1-100 Hz. It promotes tissue vascularization and prevents fibrous encapsulation. The 

reduction of capsule thickness is significant, 40-60% compared to passive implants [118]. Electric 

stimulation can be programmed to deliver specific patterns of activation. It can be optimized for 

tissue integration without interfering with normal physiological function; stimulation amplitudes 

range from 10 to 100 μA/cm² [156]. 

4.3.2. Three-Component Hybrid Systems 
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Three-component systems can combine polymer or ceramic matrices with carbon or metallic 

reinforcements and a smart functional component, such as magnetostrictive particles (10-30 vol%) or 

conductive polymers (5-15 wt%). This configuration allows simultaneous load- bearing, passive 

sensing and active feedback capabilities. These systems can modulate stiffness by 50-200%, provide 

vibration damping with loss factors of 0.1-0.3, or deliver bioelectric cues to cells and tissues [157,158]. 

The architecture of three-component systems can be designed as continuous-discrete hybrids, in 

which the smart component is intimately embedded within or along reinforcement pathways at 

volume fractions of 5-25%. This distribution ensures integration of smart functionality throughout 

the material structure. It also maintains efficient load transfer between components with interfacial 

shear strengths exceeding 20 MPa [159]. The continuous matrix gives structural stability, the discrete 

reinforcement enhances mechanical properties by 100-300%, and the smart component provides 

responsive functionality [203]. 

Carbon nanotube-reinforced polymer matrices with embedded piezoelectric ceramic particles 

are examples of three-component smart integration [161]. The particles have 10-40 vol% and are 

usually made of lead zirconate titanate, PZT, barium titanate, BaTiO₃. Another example is a polymer 

matrix with biocompatibility and processability, containing 0.5-3 wt% CNTs. which enhance 

mechanical properties by 50-150% and electrical conductivity by 5-10 orders of magnitude; and 

piezoelectric particles which enable mechanical-to-electrical energy conversion with coupling 

coefficients of 0.3-0.6 [162,163]. It can be used for self-powered sensing applications. There is an 

option to use shape-memory polymer composites incorporating CNTs. They demonstrate high 

sensitivity with gauge factors up to 20 at 5% strain. They can detect subtle physiological movements 

with a resolution of 0.1% strain [125]. 

Conductive polymer components, such as polyaniline, polypyrrole, and PEDOT:PSS, can be 

integrated into three-component systems. They enable electrical stimulation capabilities with 

conductivities of 1-1000 S/cm. It can be controlled externally or through embedded sensor feedback 

[164]. These systems can provide programmable electrical stimulation patterns at current densities of 

1-100 μA/cm² that promote specific cellular responses and enhance nerve regeneration, increasing 

neurite outgrowth by 50-100%. They can also prevent bacterial adhesion through electrochemical 

mechanisms, reducing biofilm formation by 80-95% [165]. Advanced shape-memory alloys 

integrated into MEMS devices demonstrate their capability for precise mechanical actuation at 

microscale levels with displacement resolution of 1-10 nm and force outputs of 0.1-10 mN [166]. 

The multi-component architecture enables the integration of sensing capabilities to monitor 

implant performance and tissue responses in real time. It can have sensitivity up to 0.01% of strain 

and response times below 10 ms. Strain-sensitive carbon nanotube networks can detect mechanical 

loading patterns with gauge factors ranging from 1 to 50. The pH-sensitive polymer components can 

incorporate fluorescent indicators to monitor local tissue conditions with pH resolution of 0.1 units 

[123,167]. This information can be transmitted through conductive pathways with signal-to-noise 

ratios exceeding 40 dB to external monitoring systems [168]. 

Temperature-sensitive components that incorporate thermochromic materials or thermistors 

can detect inflammatory responses at the onset of infection with a temperature resolution of 0.1 °C. 

They can trigger appropriate therapeutic responses through controlled drug release or enhanced 

antimicrobial activity when temperatures exceed 38 °C [153]. The integration of multiple sensing 

modalities within a single system creates comprehensive monitoring capabilities with chemical 

detection limits of 10⁻⁶ M for relevant biomarkers that can significantly enhance implant safety and 

effectiveness [169]. 

4.3.3. Four and Multi-Component Complex Systems 

Four or more component systems represent a sophisticated approach to integrating smart 

materials. They can combine polymer, ceramic, carbon, bioglass, and smart elements. They are able 

to produce mechanically robust systems, with compressive strength 50-200 MPa, fatigue-resistant, 

with more than 10⁶ cycles at 50% of ultimate strength, bioactive, with apatite formation within 7 days 
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in simulated body fluid, and adaptive materials [170,171]. In these systems, metamaterial design 

principles are applied. These principles include unit-cell geometry optimization, negative-Poisson’s-

ratio structures with ν = -0.2 to -0.8, and auxetic architectures. These systems can achieve tailored 

anisotropic stiffness with Ex/Ey ratios in the range of 2-10, energy absorption of 10-50 J/g, and 

mechanical wave-guiding capabilities [172]. 

Metamaterials are structures with properties not found in natural materials. They have 

optimized geometry with design of unit cell shape, connectivity, and angles of cells` struts, beams, or 

voids between these elements [76]. The main goal of these microscopic changes is to achieve the 

desired mechanical properties in macroscopic materials. A combination of metamaterials` properties 

with smart properties gives bone prostheses high functionality and effectiveness. For example, 

auxetic structures with a negative Poisson ratio expand laterally when stretched and can provide 

enhanced energy absorption by 50-200%. They can also improve interfacial bonding with 

surrounding tissues by increasing the contact area by 30-50% compared to conventional materials 

[173]. These structures can be designed with specific directionality to match the anisotropic properties 

of bone tissue (Ex = 10-20 GPa longitudinal, 5-10 GPa transverse), with incorporation of smart 

functionality throughout the architecture. Negative-Poisson’s-ratio materials can provide enhanced 

fracture resistance. The fracture toughness increases by 40-70%, and improved load distribution with 

stress concentrations is reduced by 30-50% compared to conventional materials [174]. When 

combined with smart components, these structures can adapt their mechanical response based on 

loading conditions. They provide enhanced protection against fatigue failure with S-N curve 

improvements of 50-100%. 

Complex multi-component systems can simultaneously address several clinical requirements. It 

includes mechanical support with compressive strength greater than 100 MPa, biological integration 

with 80% bone-implant contact, infection resistance with bacterial adhesion reduced by 90%, and 

real-time monitoring with a strain resolution of 0.01% [142]. The integration of bioglass components 

at 10-30 wt% [99] provides bioactive ion release of Ca²⁺, PO₄³⁻, and Si⁴⁺ at concentrations of 50-200 

ppm. It enhances osseointegration with bone apposition rates of 1-3 μm/day. Conductive components 

at 5-15 wt% enable electrical stimulation at 10-100 μA/cm² and add sensing capabilities [156]. 

Polymer components with 30-60 wt% can provide controlled drug release with zero-order 

kinetics over 1-12 weeks [175]. Ceramic components of 20-40 wt% contribute to mechanical stability 

with an elastic modulus of 10-50 GPa and wear resistance with wear rates less than 10⁻⁶ mm³/Nm 

(Katti, 2004). The spatial distribution of different components can be optimized to match specific 

anatomical requirements. In spinal applications, stiffer components with E = 5-20 GPa can be 

concentrated in load-bearing regions (E = 0.1-1 GPa). More compliant smart components can be 

positioned to interface with neural tissues. Young’s modulus for the spinal cord is 0.5-1 kPa. 

5. Design and Optimization Principles 

5.1. Structural Compatibility Requirements 

Smart and metamaterial components must be structurally compatible with load-bearing 

components to prevent interface failure and ensure long-term implant stability for 10-20 years. The 

mechanical properties of different components should be matched to minimize stress concentrations 

at interfaces with stress concentration factors less than 2. At the same time, they have to maintain 

efficient load transfer throughout the structure with interfacial shear strengths of more than 20 MPa. 

Porous multilateral structures can offer variants for solutions for complex bone replacements, with 

possible inclusions of biomaterials [176]. Thermal expansion coefficients should be similar, with 

minimal mismatch prevent interface stresses during temperature cycling. Physical mismatch in 

thermal material properties between different materials in bone implants can lead to inconsistent 

thermal expansion or contraction under the same thermal loads [177]. 

The bonding strength between components is critical to maintaining structural integrity under 

cyclic loading. It is typical in bone prostheses applications with 10⁶-10⁷ cycles over the implant 
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lifetime. Chemical bonding via silane coupling agents or mechanical interlocking via surface 

texturing with a roughness Ra = 1-10 μm can enhance interfacial strength by 50-200% [178]. The 

interface design has to accommodate differential expansion and contraction. Thermal strains are 

typically 10⁻⁴- 10⁻³ K ¹, while electrical continuity is maintained with a contact resistance of less than 

10 Ω·cm². Mechanical continuity and crack deflection at interfaces are essential [179]. 

Compatibility of processing stages, parameters, and conditions is essential for creating effective 

multi-component systems [180]. There is a significant difference in the range of processing 

temperatures. Polymers are usually processed at temperatures between 20 °C and 200 °C. For 

ceramics, it often exceeds 1000 °C, while for metals the range is commonly 600–1200 °C. The chemical 

processing environments can vary from strongly oxidizing to reducing. It typically covers a pH range 

of 1–14 [181]. 

Mechanical stresses during fabrication can also span quite broad ranges. During polymer 

molding, composite consolidation or thin-film formation, typical compressive stresses are 1–100 MPa, 

and shear or interlayer stresses are around 0.1–10 MPa [182]. During ceramic sintering and metal 

alloy formation, localized stresses can exceed 100 MPa and, in extreme cases, approach the material 

yield strength. Higher transient stresses have to remain compatible across all components to avoid 

delamination, cracking, or warping during thermal cycling and cooling. Sequential processing may 

also be necessary to prevent degradation of temperature-sensitive smart components during high-

temperature processing of ceramic or metallic components. The maximum temperature exposures 

are limited to 100-200 °C for most smart polymers and 400-600 °C for shape-memory alloys [183]. 

5.2. Component Distribution 

The spatial distribution of different components usually determines the mechanical, biological, 

and functional performance of smart hybrid systems. Coating configurations with a thickness of 1-

100 μm and surface coverage of more than 95% provide maximum surface functionality while 

maintaining bulk mechanical properties. This approach is effective for applications with surface-

specific responses, for example, in coating with a thickness of 2.5-10 μm and controlled drug release 

rates of 7-10 μg over 90 days [184]. It is also effective for bioelectrical stimulation with a current 

density of 1-100 μA/cm². Filler distributions throughout the matrix provide volume-based 

functionality. It maintains processability at a viscosity below 10⁴ Pa·s for injection molding. This 

configuration is suitable for sensing applications with distributed detection. It requires a spatial 

resolution of 1-10 mm. It can also be used for adaptive mechanical properties with response 

throughout the material volume. The response times are less than 1 s [185]. In composites, the filler 

concentration has to be optimized for functional percolation thresholds. Typically, these materials 

contain 0.1-5 wt% CNTs and 1-10 vol% conductive particles [121]. 

Lattice architectures provide control over local material properties. Spatial resolution of 0.1–1 

mm with complex geometries is adjusted to match anatomical requirements [186]. 3D printing 

technologies, such as fused deposition modeling, stereolithography, and selective laser sintering, can 

create lattice structures with varying relative density from 10% to 90%, fiber angles orientation range 

of 0–90° and material composition throughout the implant volume with feature resolution of 50–500 

μm [187]. This approach allows optimization of mechanical properties with stiffness variation 0.5–10 

GPa [186] and biological properties with pore sizes 100–500 μm for bone ingrowth [188]. Functional 

properties are provided by sensor density 1–100 per cm³ [189]. 4D printing techniques, when 

combined with smart materials, enable the fabrication of lattices that can dynamically respond to 

external stimuli. Responses to temperature, humidity, and electric fields can enable adaptive changes 

in shape or mechanical properties over time [186]. 

5.3. Performance Requirements and Optimization 

The optimization of smart hybrid systems requires consideration and balance of multiple 

competing requirements. For example, it can be listed as mechanical tensile strength of more than 

100 MPa, mechanical compressive strength of more than 200 MPa; biocompatibility with cell viability 
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of more than 85%; inflammatory response with grade less than 2; functional responsiveness with 

response time less than 10 s, normalized sensitivity output above 1 [189]. The range of requirements 

is much longer and addressed in the tables above. Multi-objective production optimization 

approaches using genetic algorithms or particle swarm optimization can identify designs that 

provide acceptable performance across all requirements while maximizing critical performance 

parameters, typically requiring 100-1000 iterations [190]. 

Finite element modeling can predict mechanical behavior under physiological loading 

conditions such as 1-10 MPa stress, 0.1-1% strain, and 1-10 Hz frequency. At the same time, it accounts 

for different material properties of each component, such as the elastic modulus, which ranges from 

0.1 MPa to 200 GPa [50,191] These models can identify potential failure modes with stress 

concentration factors above 3 and strains above 5%. They can guide interface design to ensure long-

term durability with safety factors above 2. The models must include fatigue considerations, given 

the cyclic loading environment in biomedical applications, with load cycles of 10⁶-10⁷ over the 

implant lifetime. They can use S-N curves and cumulative damage models in accordance with 

Miner’s rule. 

Biological tests have to evaluate the biocompatibility of the complete multi-component system 

rather than individual components according to ISO 10993 standards. The interaction between 

different components may create unexpected biological responses such as cytotoxicity, sensitization, 

and irritation that are not predicted from single-component testing [66]. Long-term clinical studies, 

6-12 months in vitro, 1-2 years in vivo, are essential to ensure that smart functionality does not 

compromise biocompatibility over extended implantation periods. Cell viability has to be steadily 

maintained above 85%, and inflammatory markers such as IL-6, TNF-α, on levels below 2 baselines 

[118]. 

Functional tests must evaluate complex, smart material responses under realistic physiological 

conditions. The appropriate mechanical load is in the range of 1-10 MPa, 1-10 Hz (human walking 

range is 1-3 Hz), chemical environments with pH 7.4, ionic strength 0.15 M, temperature 37 °C, with 

variations 35-39 °C [192]. The testing protocols have to assess both immediate responses, such as 

response time less than 10 s and sensitivity above 1, and long-term stability of smart functionality: 

performance degradation less than 20% over 6-12 months. Accelerated testing methods with 

increased temperatures 45-60 °C, pH extremes of pH 5-9 or mechanical cycling of 10 Hz for weeks to 

simulate years may be necessary to evaluate performance over clinically relevant time scales of 5-15 

years [193]. 

6. Clinical Applications 

Clinical and functional outcome metrics are used to evaluate the effectiveness of bone implants 

and prosthetic systems (Table 15). Mobility improvement is quantified by comparing patient 

movement before and after implantation using gait speed, stride length, and joint range of motion 

[194]. Functional mobility tests such as the Timed Up and Go or six-minute walk test [195]. Load 

distribution efficiency is assessed through pressure mapping or force-sensing in weight-bearing 

prosthetics to determine how loads are transmitted through bone, soft tissue, or prosthetic interfaces. 

Proper load distribution reduces the risk of tissue damage, implant overload, and stress shielding 

and is an important determinant of long-term implant usage. 

Patient comfort and ergonomics are captured via the Visual Analogue Scale (VAS, 1–10) to 

evaluate comfort, fit, and ease of daily use. user-centred research shows that these patient-reported 

measures predict daily wear and long-term adherence better than isolated laboratory metrics [196]. 

Activity adaptation reflects the implant or prosthetic system’s ability to support a range of activities, 

such as walking on uneven terrain, climbing stairs, or lifting. It is increasingly assessed through 

multimodal protocols that combine wearable inertial sensors, portable force plates, and task-specific 

performance tests. Device longevity is measured as operational lifespan before replacement, revision, 

or significant performance degradation. Complication rate tracks the incidence of adverse clinical 

events, including infection, implant loosening, fracture, or peri-implant bone resorption [197]. 
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Smart prostheses have demonstrated significant improvements across multiple clinical and 

functional metrics. By integrating sensors, actuators, and adaptive ML and AI algorithms, these 

devices enhance mobility, allowing more natural gait patterns, improved stride length, and greater 

joint range of motion. Embedded load-sensing technology distributes forces efficiently, reducing 

tissue stress and the risk of implant overload [197]. Patient comfort and ergonomics are increased 

through real-time adaptive adjustments, reflected in higher VAS scores. Activity adaptation is 

optimized as the prosthesis dynamically responds to terrain changes or varying loads. Additionally, 

continuous monitoring and adaptive control contribute to device longevity by reducing mechanical 

wear and preventing overloading, while complication rates are lowered through precise 

biomechanical alignment and feedback-driven adjustments [194]. Collectively, smart prosthetic 

systems provide a measurable enhancement in functional efficacy, safety, and user satisfaction [197]. 

Table 15. Clinical outcome metrics for the orthopedic prostheses. 

Metric Description 
Relevance / Clinical 

Significance 

Mobility  

Improvement (%) 

Quantitative assessment of patient  

movement compared to pre- and post- 

implant/prosthesis. Includes gait speed, 

stride length, joint range of motion, and 

functional mobility tests (e.g., Timed Up 

and Go, 6-minute walk). 

Measures functional efficacy 

and recovery; indicates how 

well the implant restores 

natural biomechanics. 

Load Distribution 

Efficiency (%) 

Pressure mapping or force-sensing  

evaluation in weight-bearing implants or 

prosthetics, assessing how loads are  

transmitted through bone, soft tissue, or 

prosthetic interfaces. 

Ensures even load sharing,  

reducing the risk of tissue  

damage, implant overload, or 

stress shielding. 

User Comfort / 

Ergonomics (VAS 

1–10) 

Subjective patient-reported scoring for 

comfort, fit, and ease of daily use using  

visual analogue scales or structured  

questionnaires. 

Evaluates daily usability,  

compliance, and patient  

satisfaction. Critical for  

long-term adherence. 

Activity 

Adaptation 

Ability of the implant/prosthetic system to 

support varied activities (walking on  

uneven terrain, stair climbing, lifting, or 

dynamic load adjustment). 

Measures real-world  

applicability and the system’s 

capability to adapt to patient 

lifestyle and activity demands. 

Device Longevity 

(years) 

Operational lifespan before implant  

replacement, revision, or significant  

performance degradation. 

Indicates durability and cost- 

effectiveness, guiding clinical 

decision-making and long-term 

planning. 

Complication 

Rate (%) 

Incidence of adverse clinical events  

including infection, implant loosening, 

fracture, peri-implant bone resorption, or 

other complications. 

Primary safety metric; essential 

for regulatory evaluation and 

risk-benefit analysis. 

6.1. Application Concepts 

Smart, multi-component systems in load-bearing orthopedic applications can provide adaptable 

mechanical stability, with compressive strengths of 120–250 MPa and a gradual transfer of loads to 

the bone. Smart implants with embedded Fiber Bragg Grating (FBG) sensors with a strain resolution 

of 0.005–0.02% and biochemical assays, for example, osteocalcin, with detection limits of 10⁻¹⁰ M, can 

monitor healing progress. They dynamically adjust stiffness via shape-memory polymers, achieving 

15–35% monthly reductions. In this manner, they optimize mechanotransduction and reduce stress 

shielding [198,199]. 
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The integration of antimicrobial components confers infection resistance through the controlled 

release of agents. Silver nanoparticles with a diameter of 0.5–15 ppm, vancomycin 5–150 μg/mL or 

low-intensity electrical stimulation with a range of 1–15 μA/cm² can disrupt biofilm formation and 

reduce bacterial viability by 85–99% [200–202]. These mechanisms are activated in response to early 

indicators: pH 5.8–6.7, temperature 37.5–39 °C. The pH-responsive NO-releasing coatings achieve 

MRSA eradication [203]. These systems can lower periprosthetic joint infection rates from 2–5% to 

less than 1% and enhance implant longevity by 50–80% in high-risk cohorts. 

6.2. Current Clinical Implementations 

Piezoelectric osseointegration enhancers can be embedded in uncemented implants to stimulate 

bone ingrowth. PZT nanofiber coatings harvest micromotion of less than 100 μm to generate electric 

energy of 1–20 μA/cm² at 1–10 kHz. Osteoblast differentiation is boosted without batteries [5]. 

Preclinical trials show 20–40% faster integration with stability at 6–8 weeks vs standard 10–12 and 

50–70% higher pull-out strength of 1.5 kN vs 1.0 kN versus controls. Capacitance stability holds less 

than 5% of annual drift over 5–10 years, supporting more than 10-year durability via impedance 

checks. 

In load-sensing total hip arthroplasties (THA) prostheses can include strain gauge arrays with a 

resolution of 1 N and a range of 0–5 kN, and accelerometers with a sensitivity of 50–100 mV/g and a 

bandwidth of 0–100 Hz. They can track in vivo forces during physical activities such as gait, with 

peak forces up to 5 kN, and register falls [204,205]. Another early example demonstrates 

improvement in reoperation rates. In cohorts of 1000 patients, sensors achieve 80–90% sensitivity in 

detecting aseptic loosening via load asymmetry when it exceeds 20% deviation. It reduces 

reoperations by 40–60% through early interventions [205]. 

Sensor-enabled Total Knee Arthroplasties (TKA) incorporate embedded strain gauges with a 

resolution of 1 N and a range of 0–5 kN, accelerometers with a sensitivity of 50–100 mV/g and a 

bandwidth of 0–100 Hz. Wireless telemetry is used to monitor in vivo forces during walking, stair 

climbing, and other dynamic activities [204,205]. These devices detect abnormal load distributions, 

optimize surgical alignment, guide rehabilitation, and enable early detection of loosening or wear. 

Sensor feedback allows real-time post-operative adjustments to reduce complications and improve 

implant performance. 

Sensor-integrated spinal fusion cages use a number of measurements. PH with ΔpH of 0.1, 

temperature with ΔT of 0.2 °C, and impedance sensors with levels above 5 kΩ for infection vigilance. 

Triggers such as pH below 6.8 or temperature activate medication release at a specific rate from 

polymer matrices [206]. Trials’ reports cite 85–95% sensitivity and specificity for early osteomyelitis; 

a reduction in surgical site infections (SSIs) from 3–5% to less than 1% in monitored cases [207,208]. 

NFC telemetry is used for postoperative decision-making, with no device failures. Spinal fusion cages 

and fixation systems can integrate piezoelectric and impedance-based sensors that measure 

micromotion of less than 100 μm, local electrical changes, and early signs of hardware loosening 

[209,210]. Wireless telemetry transmits data on osseointegration, device stability, and bone healing, 

enabling timely clinical interventions. Early studies report improved post-operative monitoring, 

faster detection of complications, and enhanced patient-specific management. 

Adaptive SMA fixation in Nitinol plates and nails modulates stiffness in the range of 28–90 GPa 

[36,211]. It uses fiber Bragg grating (FBG) sensors with a resolution of 1 με and a range of 0–5,000 με 

[212]. Dynamization trials reduce the non-union rate from 10–15% to 3–5% by ramping up load 

transfer during weeks 6–12 [213]. 

In craniofacial reconstructions, multi-component smart materials show significant promise. 

Complex geometries and diverse tissue interfaces require sophisticated material responses. 3D-

printed prostheses have hierarchical scaffolds incorporating polycaprolactone (PCL) and 

hydroxyapatite (HA) gradients. They adapt their mechanical properties to match those of hard tissues 

(E = 10–18 GPa for cortical bone) and soft tissues (E = 0.5–5 MPa for periosteum and cartilage). They 

facilitate vascular ingrowth and gradient osseointegration over 4–8 months in critical-sized calvarial 
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defects [214,215]. These bioresorbable composites can be enhanced with stimuli-responsive polymers. 

They achieve 70–90% bone volume regeneration in preclinical models, outperforming static 

autografts by reducing donor site morbidity and enabling patient-specific designs via additive 

manufacturing [216,217]. 

6.3. Emerging Applications 

Smart orthopedic implants with integrated sensors enable precise, real-time assessment of bone 

healing [218]. Wireless metamaterial platforms can provide strain resolution of 0.005–0.02% and 

sample at 20–2000 Hz [219], often being electronic-free. Loosening detection via micromotion, with a 

threshold of 5–40 μm, is possible, with load distribution or force resolution of 0.5–5 N [209]. These 

devices can provide predictive alerts 2–5 months before first symptoms are detected by standard 

methods. They register load asymmetry of more than 15%, micromotion spikes of more than 120 μm, 

elevated biomarkers such as IL-6, and TNF-α, elevated more than 1.5 times above baseline. AI-driven 

protocols can optimize rehabilitation, achieving 30–60% faster union rates for tibial fractures 

[199,220]. 

4D-printed smart scaffolds can dynamically direct tissue formation via tunable mechanical cues. 

They have a strain of 0.05–8% with frequency 0.05–15 Hz, provide spatiotemporal growth factors, 

elution of 0.5–150 ng/mL over 2–16 weeks and form bioelectric signals with current density of 0.5–

150 μA/cm² and voltage 0.05–1.5 V/cm) [216,217]. Often, they utilize hybrid PCL-HA with shape-

memory responses, which modulate stiffness from 15–120 MPa initially to 0.5–8 MPa by weeks 6–10. 

They promote seamless scaffold resorption over 4–24 months and vascularized tissue ingrowth 

[214,215]. In vivo models show more than 92% cell viability, proliferation rates 2-4 times higher 

versus static scaffolds, and infiltration depths of 1.5–6 mm within 3–10 weeks. They also accelerate 

functional recovery in cartilage and neural defects [202]. 

6.4. Future Outlook 

Smart implants are increasingly integrating biomaterials, becoming fully autonomous, 

bioadaptive systems with AI. 4D printing and closed-loop bioelectronics are extensively used for 

precise drug delivery and regenerative medicine. The merging of nanomaterials utilization with 

machine learning can help to develop personalized, focused therapeutic approaches and potentially 

halve revision rates with the extension of smart implant lifespans beyond 15 years [208,221]. It is 

envisaged that by 2030, hybrid scaffolds with embedded nanosensors could enable real-time 

modulation of the microenvironment. It will reduce infection risk to less than 0.5% and boost 

osseointegration by 60–80%, including for complex craniofacial and neural repairs. There are still 

challenges of scalability, long-term biocompatibility, and ethical data governance. 
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