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ABSTRACT

Bone regeneration is an active area that demands the accurate coordination of complicated biological mech-
anisms. Although classical methods tend to emphasize the osteoinductive or osteoconductive traits of bioma-
terials, current studies put a highly important emphasis on the interaction between mechanical signals and 
immune reactions, the so-called immuno-mechanical axis. This review also explores in a detailed manner the 
recent developments in the field of mechano-immunomodulatory approach to bone regeneration. In particular, 
the mechanobiological control of the mesenchymal stem cell (MSC) niche, the effect of mechanotransduction 
pathways, including Piezo1 and YAP/TAZ, and the effect of mechanical substrate stiffness on cell fate are exam-
ined in detail. The interactions between the mechanical stimuli on the crosstalk of macrophages (M1/M2) and 
MSCs, and the immunomodulatory functions of bone healing are described. Moreover, the adoption of artificial 
intelligence (AI) and machine learning (ML) methods into scaffold design to optimize materials-architecture 
interactions and predict cell-material interactions is also explained. The latest trends and ideas until 2025, such 
as digital twins, 4D-bioprinting, and multi-omics AI, are included. Lastly, a solution to translational challenges, 
especially AI-designed implant regulatory hurdles, and a 2030 roadmap is considered. The review offers an 
extensive structure on how next-generation biomaterials can be developed to regulate the immuno-mechanical 
axis of bone regeneration.
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Introduction 
Bone tissue is a dynamic system with the ongoing process of re-

modeling that is governed by a complex of mechanical loading and 
biochemical signals [1,2]. The topic of bone regeneration is partic-
ularly significant in different clinical settings, such as fracture heal-
ing, osteoporosis, and repair of defects following tumor resection. 
Conventional methods in bone tissue engineering (BTE) have been 
mainly concerned with the development of biomaterials that have os-
teoconductivity and osteoinductivity features [3]. Nevertheless, their 

clinical effectiveness has not been very high because of the lack of full 
knowledge of such a complex biological process as bone healing. Over 
the last decades, there has been an emergence of the idea of the im-
muno-mechanical axis, which is the deep and bidirectional connec-
tion between mechanical input and immune reactions during bone 
regeneration [4-6]. This novel paradigm will require that, in addition 
to biocompatibility of biomaterials, there is a need to focus on the cel-
lular interaction with the mechanical environment and, consequently, 
the modulation of the cellular response of immune cells.
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In bone healing, the immune system is central in all stages. The 
line of macrophages, in particular, has a wide range of roles, as it trig-
gers the inflammatory reaction and promotes tissue remodeling and 
repair [7,8]. The phase shift between the pro-inflammatory and the 
anti-inflammatory/regenerative macrophage M1 and M2 is essential 
to effective bone regeneration [9,10]. The biochemical factors alone 
have a significant effect on this phenotypic polarization, and so do the 
mechanical stimuli to which cells are subjected [11,12]. Indicatively, 
mechanical signals can have a direct effect on macrophage polariza-
tion, and thus, their influence on bone healing, including substrate 
stiffness, surface topography, and fluid shear forces [13,14]. The other 
important element in bone regeneration is mesenchymal stem cells 
(MSCs), which have attracted much attention because of their ability 
to differentiate into osteogenic and immunomodulatory properties 
[15,16]. The microenvironment of MSCs is predominantly involved in 
the tight regulation of their fate and functions [2,17]. The mechanical 
characteristics of this niche play a ruling role in the proliferation, dif-
ferentiation, and interaction of MSC with immune cells [18-20]. The 
main signaling pathways of cellular reactions to mechanical stimuli 
include mechanotransduction pathways, especially Piezo1 ion chan-
nels and YAP/TAZ (Yes-associated protein/ Transcriptional coactiva-
tor with PDZ-binding motif) co-activators [21-24]. Not only are these 
pathways stimulated to promote the osteogenic differentiation of 
MSCs, but they also influence the immunomodulatory effect of mac-
rophages [25].

The purpose of this review is to integrate the view on the mech-
ano-immunomodulatory strategies in bone regeneration. To start 
with, the mechanobiological control of the MSC niche and the contri-
bution of mechanotransduction pathways to bone formation will be 
described. The immunomodulatory processes of the macrophage in 
response to mechanical stimuli and the crosstalk of the MSCs with the 
macrophage will be studied further. Third, the deployment of artifi-
cial intelligence (AI) and machine learning (ML) algorithms to create 
streamlined biomaterial scaffolds and forecast cell-material interac-
tions will be mentioned. Lastly, the regulatory issues in the transla-
tion of AI-assisted biomaterials to clinical practice and future trends 
in the topic, specifically in the context of a 2030 roadmap, will be dis-
cussed. It is an in-depth analysis that attempts to create new horizons 
in the creation of improved and focused therapeutic approaches in 
bone regeneration.

Mechanobiological Control of the Stem Cell Niche in 
Bone Regeneration.

The highly complex bone regeneration process depends on the 
specific mechanobiological control of the stem cell niche, a dynamic 
microenvironment determining the growth, differentiation, and mo-
tility of the mesenchymal stem cells (MSCs) [2,15]. The niche includes 
not only physical and chemical properties of the extracellular matrix 
(ECM), but also the interactions with other cells and biomechanical 
interactions [17,19]. The mechanical stimuli that the MSCs experi-
ence can be of different forms, including substrate stiffness, tension, 

compression, and fluid shear forces, and these mechanical factors 
determine the osteogenic differentiation potential of MSCs [1,18,20]. 
This part will explore the mechanobiological control of the MSC niche, 
the basic mechanisms behind mechanotransduction, and the impor-
tance of substrate stiffness in cell fate determination.

Mechanical Niche and Cell Fate Properties of the MSC

The mechanical properties of the MSC niche form part of the core 
factors that have a direct effect on the behavior of MSCs in bone-re-
newal. The stiffness of substrates is a key factor in determining which 
pathway of osteogenic, chondrogenic, or adipogenic MSCs differenti-
ation takes place [18,21]. As an example, substrates with a stiffness 
range of values within the physiological range of bone tissue (approx-
imately 25-40 kPa) cause the osteogenic differentiation of MSCs to 
flourish, whereas softer substrates can stimulate adipogenic or neu-
rogenic differentiation [18,22]. This demonstrates the significance of 
imitating the mechanical characteristics of the desired tissue in bio-
material development. But, this is not the only thing; how cells detect 
substrate stiffness and how the cellular responses can be elucidated 
by a complicated process called mechanotransduction.

It is not just the stiffness of the ECM that affects the mechanical 
perception of MSCs and, consequently, their further differentiation, 
but also its topographical properties, porosity, and ligand density 
[7,19]. Nanostructured surfaces are able to induce osteogenic differ-
entiation faster, improving cell-surface interactions and using certain 
mechanosensors [7]. These biomimetic strategies hold a great prom-
ise in the creation of an optimized biomaterial for bone regeneration. 
However, contradictory results of various research studies indicate 
that not all views are completely agreed on the impact of nanostruc-
tured cues on M1 polarization [17,22]. This implies that mechanical 
signal influences on cell behavior are relative to context, and one pa-
rameter might not be adequate.

Mechanotransduction Pathways Piezo1 and YAP/TAZ

Mechanotransduction is the way by which mechanical stimuli are 
translated into biochemical signals in the cells. Although there are 
many molecular pathways that are implicated, Piezo1 ion channels 
and YAP/TAZ (Yes-associated proteins/ Transcriptional coactivator 
with PDZ-binding motifs) co-activators are crucial in the mechani-
cal sensing of MSCs and in bone regeneration [21,23,24]. Piezo1 Ion 
Channels: Piezo1 is a mechanosensitive cation channel found in the 
cell membrane. Upon mechanical stress of cells, Piezo1 channels open 
and cause an influx of calcium ions into the cell [25]. This calcium 
influx promotes many signaling pathways, which affect cellular pro-
cesses, especially osteogenic differentiation. Piezo1 has been iden-
tified to stimulate osteogenic differentiation of MSCs and accelerate 
bone formation [13]. Moreover, Piezo1 was reported to be involved 
in macrophage polarization, which could justify the change to the M2 
(regenerative) macrophage phenotype [25]. These results indicate 
that Piezo1 plays a significant role in the crosstalk between the two 
MSCs, as well as immune cells, when bone regenerating.
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YAP/TAZ Co-activators: YAP and TAZ are important effectors of 
the Hippo signaling pathway and are important to cellular responses 
to mechanical stimuli [23,24]. In response to mechanical tension or 
cells cultivating on solid surfaces, YAP and TAZ relocate to the nucle-
us and regulate the expression of genes associated with osteogenesis 
[21,24]. On the other hand, low mechanical tension or soft substrates 
cause YAP/TAZ to be retained in the cytoplasm and inactivated, thus 
suppressing osteogenic differentiation [22]. YAP/TAZ activity is tight-
ly connected with cytoskeletal tension and cell shape; increasingly 
spread and tensed cells tend to have an increased YAP/TAZ activity 
[21]. This process is the way that the surface topography and stiffness 
of biomaterials determine the osteogenic fate of MSCs. It is also start-
ing to be evidence-based that YAP/TAZ also contributes to the activi-
ties of immune cells and thus augments the molecular underpinning 
of the immuno-mechanical axis [24].

Effect of Substrate Stiffness on MSC Differentiation

One of the most well-characterized mechanical factors that result 
in the differentiation pathway of MSCs is substrate stiffness. The in 
vitro experiments have presented strong evidence to prove that MSCs 
can be differentiated into different degrees of rigidity [18,21,22]. To 
illustrate, soft substrates (0.1-1 kPa) facilitate neurogenic differentia-
tion, intermediate stiffness substrates (8-15 kPa) facilitate myogenic 
differentiation, and stiff substrates (25-40 kPa) facilitate osteogenic 
differentiation [18]. This effect is used to demonstrate that cells are 
able to adapt to their surroundings by sensing the mechanical cues 
and changing their gene expression and cellular behavior in response.
Substrate stiffness has been shown to influence MSC differentiation, 
and these mechanisms happen via cell-ECM interactions and cyto-
skeletal tension, as well as through mechanotransduction pathways 
[21]. Cells are able to exert more tension on rigid substrates, which 
enhances actin-myosin contractility and results in reorganization of 
the cytoskeleton. This enables the cells that are attached to the ECM 
through integrins to send mechanical messages to the cell. These cues 
trigger mechanosensors, such as Piezo1 and YAP/TAZ, which stimu-
late the transcription of osteogenic transcription factors and, there-
fore, bone development [23,24].

It is, however, important to note that substrate stiffness does not 
work by itself in isolation and needs another factor to work; that is, 
biochemical and biophysical factors. As an example, other factors that 
cause MSC differentiation include growth factors, cytokines, and cell-
cell interactions [15]. As such, multi-factorial methods that are based 
not only on mechanical properties but also biochemical directions 
need to be embraced when developing biomaterials in bone regen-
eration. Such a combined method, which is more closely reminiscent 
of the sophisticated mechanobiological processes of the MSC niche, 
will allow us to create more powerful methods of bone regeneration. 
Future studies should focus on the improved comprehension of this 
sensitive equilibrium amid the mechanical and biochemical cues and 
their implementation into the biomaterial design.

Immunomodulatory Mechanisms: Macrophage 
Cross-Talking with MSCs in the Presence of 
Mechanical Stimuli

The complexity of bone regeneration is also contingent upon the 
fact that it is a complex process that requires the dynamism of the 
immune system, especially the macrophage [5,6]. The functions of 
macrophages are wide-ranged since they include the instigation of 
the inflammatory response, tissue repair, and remodelling after tissue 
injury [7,8]. In this section, dynamic shifts between the M1 (pro-in-
flammatory) and M2 (anti-inflammatory/regenerative) macrophage 
phenotypes, the effect of mechanical stimuli on polarization, and the 
complex crosstalk between the macrophages and the mesenchymal 
stem cells (MSCs) are going to be explored.

Macrophage Polarization and its Use in Bone Regenera-
tion

Very flexible immune cells, macrophages may develop many phe-
notypes upon exposure to microenvironmental cues. The most com-
mon phenotypes are the pro-inflammatory M1 macrophages and the 
anti- inflammatory/regenerative M2 macrophages [4,26]. M1 Macro-
phages are normally triggered by pro-inflammatory cytokines, includ-
ing lipopolysaccharide (LPS) and interferon-gamma (IFN-γ). Produc-
ing significant levels of pro-inflammatory cytokines (such as TNF-α, 
IL-1β, IL-6) and reactive oxygen species (ROS), M1 macrophages are 
engaged in host defense against pathogens as well as in the removal 
of damaged tissues [27]. The arrival of M1 macrophages is one of the 
steps that must be taken during the first bone healing process to in-
duce the inflammatory response and to clear out the damaged tissue. 
Still, an extended or excessive M1 reaction might lead to persistent 
inflammation and bone resorption, therefore impairing regeneration 
[28]. Surprisingly, other research shows that M1 macrophages might 
induce osteogenic differentiation of MSCs indirectly, even if this effect 
is typically transient and circumstances dependent [27]. 

Usually stimulated by anti-inflammatory cytokines, including IL-4 
and IL-13, M2 macrophages, by creating anti-inflammatory cytokines 
(e.g., IL-10, TGF-β) and growth factors (e.g., VEGF, PDGF), M2 macro-
phages aid tissue repair, angiogenesis, and immunosuppression [29]. 
Solving inflammation and starting tissue repair, the M1-M2 transition 
is critical in the last stages of bone healing. Directly promoting osteo-
blast differentiation and bone formation are M2 macrophages [9,29]. 
Therefore, a compelling method to maximize bone healing [4,6] is the 
development of biomaterials that drive macrophage polarity towards 
M2 phenotype.

Mechanical Stimuli Effect on Macrophage Polarization

Biochemical signals are not the only factors that control mac-
rophage polarization, and mechanical stimuli to which the cells are 
exposed are heavily regulated as well. The phenotyping and func-
tions of macrophages can be affected by certain factors, including 
substrate rigidity, surface topography, shear forces in fluid, and cyclic 
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mechanical forces [11-14]. Substrate Stiffness: Macrophage response 
to substrate stiffness has been found to be comparable to the MSCs’ 
response, with a few differences. In general, the softer substrates are 
more prone to M2 polarization, and harder substrates could stimulate 
M1 polarization [12]. Nevertheless, the complication of such an asso-
ciation is obvious in contrasting findings provided by various bodies 
of knowledge. In the case of a few studies, it is proposed that the stiff-
ness of nanostructured surfaces causes M1 polarization [17], whereas 
it is also proposed that certain stiffness ranges favor M2 polarization 
[12]. These inconsistencies demonstrate the necessity of a better 
insight into the effect of particular geometries, chemical functional-
izations, and experimental environments of nanostructured cues on 
macrophage responses.

Mechanotransduction Pathways: The Piezo1 ion channels have 
a major role in macrophage mechanosensing and polarization. Me-
chanical stress on Piezo1-activated macrophages stimulates calcium 
influx, promoting M2 polarization and TGF-β1 release, which subse-
quently promotes bone formation [25]. Equally, the alternating me-
chanical loading has the capability of activating the other (M2-like) 
macrophages, thus facilitating osteogenesis [9,14]. The results imply 
that the mechanical characteristics of biomaterials may directly me-
diate the immunomodulatory functions of macrophages and direct 
bone regeneration.

Macrophage-MSC Crosstalk and Mechanical Control

The interaction between macrophages and MSCs crosstalk is 
important in bone regeneration, and this is heavily controlled by 
mechanical signals [10,16]. MSCs may secrete several factors which 
determine the polarization of macrophages (e.g., PGE2), and macro-
phages may secrete cytokines and growth factors which determine 
osteogenic differentiation of MSC [30,31]. Effects of MSCs on the po-
larization of the Macrophage: MSCs can induce an M2 macrophage 
polarization in macrophages through their immunomodulatory 
activity. This action may take place by secretion of soluble factors 
like prostaglandin E2 (PGE2) [30]. PGE2 facilitates M2 polarization 
through changes in the metabolic condition of the macrophage. Thus, 
the development of biomass to increase the immunomodulatory 
properties of MSCs is one of the possible solutions that can maximize 
bone regeneration. Macrophage effects on MSC Differentiation. Mac-
rophages and especially M2 macrophages can directly promote os-
teogenic differentiation and bone formation in MSCs. As an example, 
TGF-β1 released by M2 macrophages is a significant growth factor, 
which facilitates osteogenic differentiation of MSCs [29]. Moreover, 
the conditional media of mechanically stimulated macrophages have 
been indicated to stimulate osteogenic genes in human mesenchymal 
stromal cells [31]. Such results have shown that the impact of the me-
chanical stimulus on macrophages, in turn, can indirectly affect the 
osteogenic fate of MSCs.

Mecano-Immunomodulatory Biomaterials. To achieve success in 
bone regeneration, the mechanical sensing of MSCs and the immuno-
modulatory action of the macrophages should work together [3,4,6]. 

These biomaterials have the opportunity to maximize their physical 
characteristics, including surface topography, stiffness, and porosity, 
to induce macrophage polarization to M2 phenotype and also induce 
MSC osteogenic differentiation [7,32]. As an illustration, BCP ceram-
ics stimulated in certain micro-vibration fields have proven to be ef-
fective with cascade amplification on immune activation up to bone 
regeneration [32]. Such a combined strategy has potential in the for-
mulation of more potent therapeutic programs through manipulation 
of the immuno-mechanical axis in bone regeneration. 

AI-Based Design of Biomaterials: Scaffold 
Architecture Optimization and Cell-Material 
Interactions Prediction

Conventional trial-and-error methods of designing biomaterials 
to regenerate bones are lengthy and expensive processes that are, in 
most cases, unable to sufficiently consider the multifactoriality of the 
complex biological systems. The recent progress in artificial intelli-
gence (AI) and machine learning (ML) provides the opportunity to 
redefine the design of biomaterials, such that the optimization of the 
scaffold architecture and enhanced predictability of the cell-material 
interactions can be achieved [33-35]. In this section, the contribution 
of ML and generative AI to the optimization of scaffold architecture, 
predicting cell-material interactions, and the future of next-genera-
tion biomaterials to regenerate bone will be discussed.

Scaffold Architecture Optimization Using Machine Learn-
ing

The architecture of scaffolds plays a significant role in the bone 
regeneration of biomaterials. The pore size, pore interconnectivity, 
surface area, and mechanical properties are the parameters that have 
a direct effect on cell adhesion, proliferation, differentiation, and nu-
trient/waste transport [36]. ML algorithms have the potential to train 
on large datasets and learn these complex interactions to generate 
an optimal scaffold architecture to obtain desired biological behav-
ior. Supervised Learning Approaches: Supervised learning models are 
used to discover the relationships between known scaffold designs 
and their experimentally measured biological responses (e.g., osteo-
genic differentiation, immunomodulation). As an example, artificial 
neural networks (ANNs) or support vector machines (SVMs) can be 
trained to estimate the behavior of various scaffold geometries and 
different material mixes on cell behaviors [37]. These models can be 
used to determine the best scaffold parameters, which can be used in 
a particular application by utilizing the information obtained through 
high-throughput screening data. To illustrate this, a single study came 
up with an explainable ML-based probabilistic framework to design 
scaffolds in bone tissue engineering [33].

Generative Design and Generative AI: Generative AI provides the 
capability to design new and optimized scaffolds using existing data. 
Such tricks as generative adversarial networks (GANs) and variation-
al autoencoders (VAEs) are able to produce novel scaffold geometries 
that fulfill given design constraints and goals (e.g., a specific mechan-
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ical stiffness and porosity) [38]. These techniques are very useful in 
coverage of design space and the identification of new scaffold de-
signs that would not be feasible using conventional techniques. The 
example is that AI-optimized lattice structures can be employed in 
biomechanical scaffold design [36]. It has also been shown that AI-as-
sisted designing of tissue engineering scaffolds with the help of vir-
tual tomography and 3D convolutional neural networks (CNNs) [37].

Multi-omics AI and Cell-Material Interactions Prediction

Successful bone regeneration is dependent on the interaction of 
biomaterials with the cells. Such interactions depend on a variety of 
parameters, such as the surface chemistry of the material, its topogra-
phy, mechanical characteristics, as well as the genetic and epigenetic 
conditions of the cells. These complicated interactions can be predict-
ed using ML models, and the biological responses of the biomaterials 
can be predicted.

1.	 Cell-Material Interaction Prediction: ML algorithms can 
be trained on materials datasets (e.g., stiffness, roughness, chem-
ical composition) and cellular outputs (e.g., gene expression, pro-
tein production, differentiation status) datasets. These models 
have the ability to forecast the possible biological performance of 
innovative biomaterials without any significant in vitro or in vivo 
tests [39]. This hastens research and development activities and 
allows more specific biomaterial designs. Indicatively, biomimetic 
nanofiber scaffolds can reduce the inflammatory response, which 
can be predicted using machine learning and graph theory to re-
generate tissues [39]. 

2.	 Multi-omics AI: It is one of the recent trends as of 2025 to 
combine multi-omics data (genomics, transcriptomics, proteom-
ics, metabolomics) with AI. It is an effective method to study the 
molecular complexity of cell-material interactions. Multi-omics 
artificial intelligence can be used to investigate the impact of bio-
materials on cells in a comprehensive manner, to identify new 
biomarkers, and to develop individualized bone regeneration 
plans. Indicatively, AI has been applied to optimize PCL/PEG elec-
trospun scaffolds to promote in vivo wound healing [40].

4D Bioprinting and Digital Twins

The future of AI-based biomaterial design is in the fact that it will 
be integrated with new technologies, including digital twins and 4D 
bioprinting.

1.	 Digital twins: Digital twins are virtual versions of a physi-
cal system or process—biomaterial design. In biomaterial design, 
a digital twin of a scaffold can be designed to simulate the ma-
terial properties, scaffold architecture, and predicted biological 
responses. These computer models are constantly revised and 
optimized by real-life data, and it is possible to optimally tune the 
behavior of scaffolds in real-time and change it. By shortening the 
time and cost of the development process, digital twins can mini-
mize the in vitro and in vivo experiments.

2.	 4D Bioprinting: Although 3D bioprinting uses fixed struc-
tures, 4D bioprinting can be used to print smart biomaterials ca-
pable of deforming or altering their functionality with time. These 
biomaterials have the capability of changing in a pre-programmed 
way in reaction to external factors like temperature, pH, light, or 
mechanical stress. The design of 4D bioprinted scaffolds can be 
optimized using AI, and structures that are capable of responding 
dynamically to physiological loads and better supporting bone re-
generation can be produced. This prepares the customized and 
responsive therapeutic modalities in bone regeneration.

Overall, AI and ML are solving the shortcomings of existing meth-
ods in the design of biomaterials, thus allowing the creation of opti-
mized scaffold designs, predicting cell-scaffold interactions, and com-
bining them with new technology, like digital twins or 4D bioprinting. 
These developments present an optimistic avenue for creating more 
efficient and specific therapy techniques in bone regeneration.

Translational Issues: Regulatory Bumps to AI-
Derived Implants and the 2030 Roadmap

Although artificial intelligence (AI) and machine learning (ML)-
based biomaterials have transformative potential in the area of bone 
regeneration, there are serious problems with the implementation 
of these new technologies in the clinic. In particular, the regulato-
ry approval, the safety, the efficacy, and the ethical issues related to 
AI-designed implants are the main obstacles that may stall the devel-
opment of this sphere [41,42]. In this section, the regulatory environ-
ment of AI-enabled medical equipment, the difficulties it faces, and a 
roadmap for hastening the rate of translational advancements in this 
area by 2030 shall be outlined.

Regulatory Environment of AI-Medical Devices

The use of AI and ML algorithms is becoming part of the design, 
production, and utilization of medical equipment. But as opposed to 
the traditional medical devices, AI devices can be adaptive and con-
tinuously learning systems, which challenge the established regula-
tory frameworks in a unique way [43,44]. Regulatory agencies are 
actively attempting to keep up with these new technologies based in 
various territories of the globe (e.g., US FDA, EU MDR, China NMPA, 
etc.) [45,46]. USUS Food and Drug Administration (FDA): The FDA has 
been at the forefront of regulating medical devices based on AI/ML. 
These devices are usually regarded by the FDA as “Software as a Med-
ical Device” (SaMD), and the FDA has embraced a Total Product Life-
cycle (TPLC) model [47]. The purpose of this approach is to make the 
device safe and effective during its lifecycle and take into account the 
fact that it is able to learn and change even after it is released into the 
market. Nevertheless, there are still ambiguities concerning the way 
to deal with the constant change of algorithms and performance [48]. 
In high-risk fields like cardiovascular devices, AI/ML-enabled device 
usage must undergo a stringent assessment procedure [48].
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European Union Medical Device Regulation (MDR): EU MDR has 
put tighter controls on medical devices, although it is relevant to 
AI-enabled devices [42]. The MDR requires conformity tests depend-
ing on the risk of the device. It may also be difficult to collect clinical 
evidence and conduct conformity assessment using AI algorithms due 
to their complexities and lack of transparency, particularly those that 
are highly risky [42]. Analysis of the regulatory environment within 
particular regions, including the role of AI in imaging, identifies gaps 
in the regulatory environment and the requirements for the future 
[49]. China National Medical Products Administration (NMPA): China 
is also actively engaged in the regulation of AI medical devices and is 
building up its own model. In comparison with the USUS and the EU, 
comparative research points to the various regulatory strategies and 
their effects on the world market [45,50].

Regulatory Challenges Experienced

The regulatory approval of AI-powered biomaterials and implants 
has a number of distinct challenges:

•	 Transparency and Explainability: AI algorithms have 
black-box decision-making processes, which are not explained. 
Regulatory organizations need to be informed as to the reason 
some device decisions are made or why performance is attained 
in a given manner. This is highly essential to patient safety [44]. 
Although explainable AI (XAI) algorithms are being devised to re-
solve this problem, they are not yet at a stage of full development 
to use in clinical settings [33].

•	 Data Quality and Bias: AI is as good as the data that it is 
trained on. The lack, absence, or incompleteness of data may cre-
ate mistakes in the functioning of the devices with AI or inequality 
in some groups of patients [51]. The regulatory authorities are 
delegating tougher standards so as to ensure the representative-
ness, quality, and diversity of the datasets being utilized.

•	 Continuous Learning and Adaptation: AI/ML can learn 
indefinitely by using real-world information and enhance its per-
formance. Nevertheless, a major challenge of this adaptation is 
control under the regulation to provide safety and efficiency of 
the device. Approval of each update to the algorithm would be a 
drag on innovation. As a consequence, terms like change manage-
ment and the application of the Real-World Evidence (RWE) are 
getting more and more significant [47].

•	 Cybersecurity and Privacy: Doctors can extract a lot of 
sensitive information related to patients using AI-enabled med-
ical equipment. This data is highly sensitive, and the security and 
privacy of this data against cyberattacks and data breaches are 
major concerns of regulatory bodies. Moreover, poor use or con-
trol of devices is also dangerous.

•	 Ethical Concerns: AI-enabled medical devices also present 
ethical issues about responsibility, accountability, and patient 
autonomy [52]. The problem of accountability in the event of an 

error (manufacturer, physician, AI algorithm) is even more com-
plicated with the active usage of such technologies.

2030 Roadmap: Translational Progress: Accelerating

Regulatory entities need to be resolved to achieve their potential 
in bone regeneration involving AI-enabled biomaterials, and transla-
tional gains need to be fast-tracked. The actions that can be undertak-
en in this sector by 2030 are as follows:

•	 International Harmonization and Collaboration: The 
gaps between the regulatory structures in various states make it 
difficult to enter the international market. The increased coopera-
tion and integration of regulatory authorities can help to approve 
AI-enabled medical devices faster and more efficiently [46,53].

•	 Creation of Transparency and Explainability Standards: 
Industry/Academic Standards, common standards on improving 
the transparency and explainability of AI algorithms should be 
created. This will enable regulatory bodies to be in a position to 
evaluate the safety and effectiveness of devices better. Elucidation 
ML-based frameworks are going in this direction strongly [33].

•	 Real-World Evidence (RWE) and Continuous Perfor-
mance Monitoring: In order to deal with the constant learning 
capability of AI-enabled gadgets, it is important to consider the 
incorporation of real-world evidence (RWE) into regulatory pro-
cedures. Monitoring of the performance of the devices has to be 
done continuously after the release into the market, and the up-
dates should be recorded [47].

•	 Education and Capacity Building: Education and capacity 
building are required on AI and ML technologies among regulato-
ry authorities, healthcare providers, and biomaterial developers. 
This will see the establishment of knowledge and the safe execu-
tion of new technologies.

•	 Enhancement of Ethical Frameworks: Broad ethical 
frameworks are to be established and put in place to provide the 
ethical utilization of AI-enabled medical devices. Such frame-
works are expected to deal with the problem of responsibility, 
fairness, privacy, and patient autonomy [52].

•	 In Silico Clinical Trials: Computational modeling and sim-
ulations (in silico clinical trials) can be an integral part of regula-
tory procedures, since they can speed the process of developing 
and approving AI-enabled biomaterials [54]. Such methods can 
minimize the quantity of experimental tests so as to minimize the 
cost and speed up the innovation [55-60].

In conclusion, in order to achieve clinical success of AI-enabled 
bio-material in the sphere of bone regeneration, scientific and new 
technology advancement must be supported by a powerful and active 
control system, transparency criteria, and ethics. The 2030 roadmap 
will eliminate these challenges through a multidisciplinary approach 
to AI in bone regeneration (Figures 1-3, Tables 1 & 2).
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Figure 1: Conceptual Map of the Immuno-Mechanical Axis in Bone Regeneration. This schematic figure shows that mechanical signals (e.g., 
substrate stiffness and topography) on a biomaterial surface are detected and transduced by the mesenchymal stem cells (MSCs) and the 
macrophages. 
A.	 Integrins and Piezo1 ion channel-mechanosensors are triggered by the mechanical characteristics of the extracellular matrix (ECM). 
B.	 This activation triggers intracellular signaling cascades and reorganization of the cytoskeleton (such as RhoA/ROCK). 
C.	 These signals facilitate the translocation of the transcriptional co-activators YAP/TAZ to the nucleus. 
D.	 YAP/TAZ, in the nucleus, modulates the expression of osteogenic genes (such as RUNX2 and Osterix), thereby directing the osteogenic 
differentiation of MSCs. 
E.	 At the same time, the mechanical signals trigger the polarization of macrophages to the M2 (anti-inflammatory/regenerative) phenotype. 
M2 macrophages secrete regenerative cytokines and growth factors, including TGF- β1 and VEGF, which promote enhanced osteogenic 
differentiation and angiogenesis in MSC. This complicated system of interactions evidences the critical position of the immuno-mechanical axis 
in bone regeneration.

Table 1: Correlation of Biomechanical Parameters with Immune and Osteogenic Outcomes.
Biomechanical 

Parameter Value Range Immune Response (Macrophage 
Polarization)

Osteogenic Response (MSC Differenti-
ation) References

Substrate Stiffness < 1 kPa (Very Soft) M2-like phenotype, anti-inflammatory Adipogenic or neurogenic differentiation [11], [27]

  8-15 kPa (Medium) Balanced M1/M2 population Myogenic differentiation [11]

  25-40 kPa (Stiff) M1-dominant phenotype, pro-inflam-
matory Strong osteogenic differentiation [11], [14], [27]

  > 60 kPa (Very Stiff) Increased M1 polarization, risk of 
fibrosis Decreased osteogenic potential, apoptosis [14]

Surface Roughness < 10 nm (Smooth) Low immune activation Limited cell adhesion and differentiation [3]

  10-100 nm (Na-
no-rough) Promotes M2 polarization Increased cell adhesion, osteogenesis [3]

  > 1 µm (Micro-rough) M1-dominant response, foreign body 
reaction Variable, often reduced osteogenesis [3]

Porosity < 50% (Low) Limited cell infiltration, hypoxia Restricted nutrient and waste transport [37]

  70-90% (High) Good cell infiltration, vascularization Optimal cell growth and differentiation [37]

  > 95% (Very High) - Reduced mechanical stability [37]
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Figure 2: Generative Design Process of AIs in Bone Scaffolds. This flow chart illustrates a cyclical working process where artificial intelligence (AI) 
and machine learning (ML) are being applied to the creation and production of optimized scaffolds to regenerate bone. 
1.	 High-Throughput Screening: Cell behaviors (e.g., cell viability, cell proliferation, cell differentiation, cell cytokine production) are studied 
using the different biomaterial compositions, surface topographies, and scaffold architectures in parallel. This step produces big data. 
2.	 Dataset and ML Model Training: The results of the high-throughput screening are fed into a machine learning model (e.g., Convolutional 
Neural Network - CNN or Generative Adversarial Network - GAN), which is then trained on data. The model acquires the intricate associations 
among material characteristics and biological results. 
3.	 Generative Design: The trained ML model will produce new and optimized scaffold designs with respect to certain performance objectives 
(e.g., maximum osteogenic differentiation and M2 macrophage polarization). 
4.	 In Silico simulation: The created designs are simulated using computational models (e.g., Finite Element Analysis - FEA) to check the 
mechanical characteristics and fluid dynamics of the design. 
5.	 3D Bioprinting and Fabrication: The most promising designs are translated into physical prototypes with the help of sophisticated methods 
of manufacturing, such as 3D bioprinting. 
6.	 Experimental validation: The artificial scaffolds are experimented on in vitro and in vivo models to confirm their functionality. This 
validation data is looped back to the start of the cycle to continue optimizing the ML model further to form a continuous optimization process.

Table 2: Comparison of AI Models for Scaffold Design Optimization.
AI Model Description Advantages Disadvantages Application Example References

Convolutional 
Neural Networks 

(CNNs)

A deep learning model special-
ized in image recognition and 
analysis. Can analyze scaffold 

micrographs.

Can learn complex spatial 
features and patterns—

high accuracy in classifica-
tion and segmentation.

Requires large labeled 
datasets. It can be difficult 

to interpret due to its 
“black box” nature.

Predicting pore size 
and distribution from 
3D scaffold images.

[38]

Generative 
Adversarial Net-
works (GANs)

A model consisting of a 
generator and a discriminator 
network is used to generate 

new data.

Can generate new and 
realistic scaffold designs 

according to specific 
constraints. Effective in ex-
ploring the design space.

Training can be difficult 
and unstable. The quality 
of generated designs can 

be hard to control.

Creating new scaffold 
architectures with 
desired mechani-
cal properties and 

porosity.

[43]

Reinforcement 
Learning (RL)

An ML paradigm where an 
agent learns the best actions 
through trial and error in an 

environment.

Can solve dynamic and se-
quential decision-making 
problems. Can optimize 

design parameters to max-
imize a specific objective.

Defining the reward 
function can be challeng-

ing. The training process is 
long and computationally 

intensive.

Optimizing the shape 
of a 4D bio printed 
scaffold in response 

to physiological 
loads.

-
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Figure 3: The 4D Bioprinting vs. the Standard 3D-Printed Scaffolds comparison under physiological loads. The figure is a comparison between the 
performance of the normal 3D-printed scaffolds and the 4D bioprinted smart scaffolds under physiological loads. 
A.	 Standard 3D-Printed Scaffold: The scaffolds are immobilized. The scaffold is passive in the sense that, under the condition of loading by 
physiological loads (e.g., pressure during walking or chewing), the scaffold does not change its shape or properties actively, but deforms. This is 
not merely a copy of the bodily tissues’ dynamism and flexibility of bone tissue. 
B.	 4D Bioprinted Smart Scaffold: Smart scaffolds include materials that can be changed in shape or functionality over time and are made 
using smart materials. They are first printed in a certain format (T0). Upon the application of a physiological load or some other stimulus (T1), 
the scaffold alters shape in a pre-programmed fashion. As an illustration, it can change the pore size or firmness dynamically under the load. 
This adaptation behavior enables transferring mechanical signals to cells more effectively, which enhances MSC differentiation and tissue 
incorporation, and streamlines the bone regeneration process. This is more physiological and biomimetic in contrast to conventional scaffolds.
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