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1. INTRODUCTION 

Mechanobiology represents a multicompetency field that 

incorporates elements of engineering and both biotechnology 

& medtech (biomeds & medtech) for understanding the 

impact of mechanics on biological systems [1]. Physical 

stimuli have a crucial role in directing the development of the 

cell as well as morphogenesis of a tissue as well as 

pathogenesis [2]. Due to the complexity of biological systems 

from molecules to tissues, computational simulation has 

emerged as an important analytical tool to deal with 

mechanobiological challenges [3]. 

Computational methods, including finite element analysis 

(FEA), molecular dynamics (MD) simulations, and multiscale 

Modelling, allow researchers to replicate mechanical 

interactions within and between cells and tissues[4],[5]. 

These techniques offer valuable insights into the 

biomechanical environments of biological systems and have 

a wide range of applications, such as in wound healing, bone 

reModelling, and cardiovascular development[6],[7]. This 

paper reviews the existing methodologies in computational 

mechanobiology, emphasizes their applications, and 

discusses the integration of data across various biological 

scales. It also explores the challenges related to model 

validation and the potential of emerging technologies, like 

machine learning, to improve predictive capabilities in 

mechanobiological research[8],[9]. 

COMPUTATIONAL MECHANOBIOLOGY: METHODS, 
APPLICATIONS, AND FUTURE DIRECTIONS  

Computational mechanobiology combines simulation 

techniques with biological insights to examine the intricate 

interactions between mechanical forces and biological 

responses at various scales. This section discusses important 

methodologies, their application, and how they have 

deepened our understanding of cellular and tissue dynamics. 

A. Methodologies in Computational Mechanobiology 

Several computational methodologies have been established 

to explore mechanobiological phenomena, notably finite 

element analysis (FEA), molecular dynamics (MD) 

simulations, and agent-based modelling (ABM). FEA is 

commonly used to model the mechanical behavior of tissues 

at various loading conditions. It facilitates the spatial 

decomposition of complex tissues, allowing for localized 

analysis of stress and strain, which is essential for 

understanding bone remodelling, morphogenesis, and tissue 

adaptation [1]. In contrast, MD simulations concentrate on 

atomic-scale mechanics, enabling a detailed investigation of 

protein unfolding, cytoskeletal dynamics, and cell membrane 

deformation. This method is particularly useful for 

deciphering mechanotransduction pathways—how cells 

translate mechanical signals into biochemical responses [2]. 

Furthermore, ABM models the behaviors and interactions of 

individual cells, providing insights into tissue-level outcomes 

such as wound healing and cancer cell invasion [3]. 

B. Simulation and Modelling Techniques 

Multiscale Modelling connects the molecular, cellular, 

and tissue levels to provide a more comprehensive 

simulation of biological systems. These models 

consider interactions at lower scales, such as molecular 

binding, and convey their impacts to higher levels, like 

tissue growth. For example, multiscale models that 

analyze bone remodelling merge cellular responses to 

 
ABSTRACT 

The study of mechanobiology looks at how mechanical forces affect biological systems at all scales, 
from molecules to tissues. This study emphasizes how complex biomechanical processes may be 
simulated using computer tools including finite element analysis, molecular dynamics, and multiscale 
Modelling. These techniques offer insights into tissue morphogenesis, bone reModelling, wound 
healing, and cardiovascular development. Researchers can create more accurate treatment plans and 
tailored medicine by combining simulations and data analytics to gain a deeper understanding of 

mechanotransduction mechanisms. 

https://doi.org/10.5281/zenodo.18168961


1711 

 

mechanical loads with the evolution of macroscopic 

bone structure, offering predictive insights into stress 

distribution and healing outcomes[4]. Similarly, 

cardiovascular simulations examine the stresses induced 

by blood flow on vessel walls, enhancing our 

understanding of vascular reModelling, congenital heart 

development, and the progression of atherosclerosis. 

These models aid in identifying mechanical thresholds 

that trigger biological changes, which can guide the 

design of vascular grafts and stents[5]. 

 

Fig. 1  Multiscale Modelling framework of biological tissues 

 C. Data Integration and Multiscale Analysis 

The reliability of computational models hinges on effective 

data integration from biological experiments. Merging 

imaging data (such as confocal microscopy), gene expression 

profiles, and mechanical measurements allows researchers to 

calibrate and validate their simulations with precision. 

Multiscale analysis bridges molecular events like receptor-

ligand interactions with broader processes, including tissue 

repair and organogenesis [6]. By integrating mechanical data 

at both cellular and tissue levels, models can illustrate how 

local stresses impact collective behaviors—such as epithelial 

folding, ECM remodelling, or inflammation. The 

incorporation of 'omics' data, which includes proteomics and 

transcriptomics, further enhances these models, supporting 

the development of personalized medicine approaches. 

D. Cardiovascular Mechanobiology Applications 

Computational methods have been essential in cardiovascular 

mechanobiology, especially for simulating heart development 

and blood flow dynamics. For instance, finite element models 

of embryonic hearts enable the prediction of how abnormal 

pressure distributions might cause congenital defects. Patient-

specific modelling using imaging-derived geometries allows 

one to perform virtual testing of devices or surgical 

procedures [6]. Mechanobiological simulations can also be 

used to intervene for valve replacement, stent deployment, or 

design of tissue-engineered vascular grafts by evaluating how 

devices change the localized mechanical environment and 

initiate biological responses [7]. 

Fig. 1  Multiscale coupling flowchart in heart Modelling 

E. Innovative Techniques for Studying Mechan 

transduction 

Through the process of Mechan transduction, biophysical 

signals are produced from mechanical cues. It is studied with 

the help of tools such as fluorescence resonance energy 

transfer (FRET), atomic force microscopy (AFM), and 

computational molecular mechanics, which are able to 

observe mechanical forces in real time at subcellular levels 

[8].Models will now simulate receptor activation, cytoskeletal 

alignment, and force propagation as a response to mechanical 

stimulation, thus describing disease-related events such as 

fibrosis or cancer metastasis. Computational image analysis 

helps to quantify changes in cell morphology and stiffness in 

sets of images, linking physical forces to functional changes 

in cells. 

F. Future Directions and Challenges 

In view of the fastest pace at which research progresses, still 

there remain challenges in realizing biophysically accurate 

and computationally efficient simulations. One key issue is 

model validation, which requires very precise experimental 

data at several scales. Integrating, on the other hand, high-

throughput data sets like single-cell RNA-seq with relevant 

mechanical models poses technical and interpretational 

problems. Emerging technologies, especially those 
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supporting ML and AI, are poised to address such issues.ML 

models may discover hidden patterns in large biomechanical 

data sets and thus might be of assistance in automating tasks 

like model calibration and optimization. Computationally 

efficient surrogate models rendered by AI may, to some 

degree, make the barely conceivable dimension of real-time 

support for clinical decisions more realizable while ensuring 

substantially less prediction errors. Collaborative efforts of 

computational scientists, engineers, and biologists would be 

the driving force, furthering mechanobiology and realizing its 

applications in medicine, including tissue engineering, 

regenerative therapy, and personalized treatment planning 

[9]. 

2. LITERATURE REVIEW 

The literature review articulates the principal advancements 

in computational mechanobiology and highlights an ample 

assortment of Modelling methods which include FEA (finite 

element analysis), multiscale simulations, MD (molecular 

dynamics), and ABM (agent-based modelling). These 

approaches are essential to study the mechanical response of 

tissues, single cells, and extracellular substances under 

different stimuli. Prendergast [1] investigates the effects of 

mechanical loading on tissue formation by employing finite 

element Modelling to simulate stress-induced growth. Mak et 

al. [2] reveal the force of multiscale integration by coupling 

molecular dynamics with tissue-level mechanics to better 

understand cellular responses considered as a whole. 

 

Tepole [3] presents a methodology based on systems 

biomechanics for Modelling wound healing, emphasizing the 

complexities of mechanical-biochemical feedback in 

regenerating tissues.Considering bone mechanobiology by in 

silico Modelling, Giorgi et al. [4] provide some insights into 

the prediction of fracture healing and osteo-

interventions.Rajagopal et al. [5] delve into the mechanical 

deformation of individual cells, utilizing computational tools 

to assess cytoskeletal behavior under stress. Their models 

help in understanding mechanosensitivity and cell signaling 

pathways. 

 

Newer advances build on these prior technics and 

frameworks. Brown et al. [6] use computational models to 

explore cardiac development and investigate the role of 

mechanical cues in shaping morphogenesis and in congenital 

heart disease. Boaretti et al. [7] advance the perspective on 

multicellular in silico models in studying coordinated cellular 

mechanisms in bone reModelling. Dolan et al. [8] present a 

summary of a suite of techniques—force microscopy, image-

based Modelling—used to explore mechanotransduction at 

various spatial scales. 

Together, these studies demonstrate how computational 

Modelling has transformed mechanobiology. Through 

simulating mechanical environments with great accuracy, 

they facilitate linking experimental data to theory and 

promoting developments in personalized medicine, 

regenerative therapies, and target-specific intervention 

design. With mechanobiology increasingly interfacing with 

artificial intelligence and high-throughput data analytics, 

these tools will find increasingly more use in biomedical 

exploration. 

3. DISCUSSION 

Computational mechanobiology has dissolved the barriers of 

our limited insight into how mechanical forces impinge upon 

cellular mechanisms at a molecular, cellular, or tissue level. 

In this paper, I synthesize some Modelling techniques 

deployed in an interdependent fashion, such as finite element  

Cardiovascular mechanobiology has profited the most with 

such computational advancements. Models for simulating 

embryonic cardiac development and vascular remodelling 

have shown how shear stress and tissue elasticity are involved 

in formation and disease [6]. Another important advance is 

the development of patient-specific simulations relying on 

real-world data, bringing mechanobiology closer to clinical 

translation. analysis (FEA), molecular dynamics (MD), 

multiscale simulations, and agent-based Modelling that help 

us form a sturdy framework for analysis in tissue mechanics, 

Mechan transduction, and disease progression. Multiscale 

models work as a link between molecular events and tissue-

level responses. Cytoskeleton deformations extracted from 

MD simulations that go into the FEA for the tissue level have 

allowed substantial progress in the meantime, recent 

developments in Mechan transduction research using FRET 

imaging, atomic force microscopy, and image-based 

Modelling have enabled us to image and quantify force 

transmission pathways in cells [8]. Such advancements have 

been instrumental in elucidating and understanding cellular 

processes such as migration, proliferation, and apoptosis, 

contributing greatly to our knowledge of cancer metastasis 

and immune responses. Nevertheless, several limitations of 

computational mechanobiology still exist. The complexity of 

feedback loops that control biochemical signalling and 

mechanical forces cannot yet be captured accurately. 

Furthermore, model predictions still need to be 

experimentally validated on a large scale to increase their 

reliability. The next lines of work may seek to enhance pattern 

recognition in simulation data through machine learning 

algorithms and to develop hybrid models that combine 

physical simulations with data-driven methods [19]. This 

table presents a comparative overview between our proposed 

Modelling approach and key studies published by major 

publishers such as Springer, IEEE, and Elsevier. The 

comparison highlights differences in tools/methods used, 

focus areas, and the novelty or contributions of each study.  

Notably, our work integrates AI and image-based simulations 

in a generalizable multiscale mechanobiological framework, 

offering broader applicability across tissue systems. In 

contrast to earlier research that concentrated on domain-

specific applications like cardiovascular development [6] or 

wound healing [3], as illustrated in Table 2, our Modelling 

framework integrates AI and image-based simulations to 

present a more universal and scalable method. Our model 

offers greater versatility and potential clinical utility since it 

combines multiscale feedback and spans across tissue 

systems, unlike previous efforts.  
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4. CONCLUSIONS: 
Computational mechanobiology has gained a pivotal status as 

an interdisciplinary area in which multiscale biological 

processes instruct and control the development of mechanical 

force. This paper has reviewed major methodologies such as 

FEA, MD, and multiscale Modelling and their application in 

bone regeneration, wound healing, cardiovascular 

development, and single-cell mechanics. These tools may 

allow not only a more mechanistic look at biological 

processes/diagnostics but also new pathways to designing 

therapeutics. Through computational mechanobiology, the 

precise Modelling of mechanical environments and their 

biological effects will lead to patient-based medicine through 

consultative models for patient implants or cardiovascular 

interventions. Persistent engineering problems such as model 

validation, dynamic feedback, and biological variation on 

growth have to be addressed by the field if it is to reach its 

full potential. The goal would see integration of artificial 

intelligence with extremely high-throughput biological data 

that can overcome many of these challenges and allow 

formustr simulations and predictive tools that account for the  

living system's complexity. Going forward, cross-disciplinary 

collaboration will be necessary to improve computational 

mechanobiology's fidelity, applicability, and real-world 

impact in healthcare and biomedical engineering. Going 

forward, obtaining clinically actionable insights in 

mechanobiology will require the convergence of artificial 

intelligence, validated computational simulations, and high-

throughput biological data. 

 

 

Table. 1 Literature Survey of Computational Mechanobiology 

Sr No. Title of the 

Article, Author, 

Year of 

Publication 

 Focus of Study, Design, 

Objectives, Methods 

Used, and Sample Size 

 Findings of the 

Study and Their 

Conclusions 

Remarks of Scholar on 

Limitations 

References 

1. Computational 

Mechanobiology 

P.J. Prendergast, 

2004 

Simulating tissue 

responses to mechanical 

stimuli using FEM; 

analysis of mechanical 

cues in growth. 

Provided early 

insights into tissue 

reModelling 

mechanisms under 

stress 

Limited applicability to 

soft tissue and lacks 

biochemical coupling. 

 

 

 

          1.                                            

2. Multiscale 

Mechanobiology 

M. Mak, T. Kim, 

M.H. Zaman, R.D. 

Kamm, 2015 

Combined molecular-to-

multicellular simulations; 

integrated physical and 

biological layers. 

Demonstrated that 

multiscale models 

are key in bridging 

molecular events 

to tissue-level 

behavior. 

High model complexity 

and difficulty in 

validating across scales. 

          2 .                                            

3. Computational 

Systems 

Mechanobiology of 

Wound Healing 

A.B. Tepole, 2017 

Systems biomechanics 

Modelling of tissue 

repair processes using 

multiscale frameworks. 

Developed a 

model explaining 

skin wound 

healing under 

various loading 

conditions. 

Challenges in applying 

the model to non-

healing or chronic 

wounds. 

         3. 

4. In Silico Bone 

Mechanobiology 

M. Giorgi, S.W. 

Verbruggen, D. 

Lacroix, 2016 

Simulation of mechanical 

forces in bone healing; use 

of FEM for tissue 

differentiation. 

Effective in 

predicting bone 

adaptation and 

stress propagation 

during healing. 

Cellular heterogeneity 

and inflammation 

responses are not fully 

integrated. 

         4. 

5. Computational 

Modelling of 

Single-Cell 

Mechanics 

V. Rajagopal, W.R. 

Holmes, P.V.S. 

Lee, 2018 

Modelling cellular 

deformation and 

cytoskeletal behavior in 

response to mechanical 

loads. 

Advanced 

understanding of 

cellular 

mechanoresponse 

mechanisms. 

Simplified assumptions 

of cytoskeletal 

dynamics limit model 

realism. 

        5. 

Table 2: Comparative analysis of our Modelling framework against standard publications 

 

Sr. 

No 
Study / Publisher 

Tools/Methods 

Used 
Focus Area Novelty / Contribution Reference 

1 Springer (Mak et al., 2015) Multiscale Molecular to Integration of molecular- [2] 
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Modelling Tissue Level 

Simulation 

to-cellular scales; limited 

in AI use 

2 IEEE (Brown et al., 2023) 
Cardiovascular 

Simulation 

Heart 

Morphogenesis 

High simulation accuracy; 

focused on congenital 

heart defects 

[6] 

3 Elsevier (Tepole, 2017) 
Wound healing 

Modelling 

Tissue response to 

mechanical 

loading 

Insightful multiscale 

Modelling; lacks 

generalization across 

systems 

[3] 

4 This Work (ISVE 2025) 

AI + image-based 

multiscale 

Modelling 

Cross-tissue 

mechanobiology 

Modelling 

Scalable AI-integrated 

framework with image-

driven simulation for 

broad applications 

– 

 

REFERANCES: 
[1]  Prendergast, P.J., 2004. Computational mechanobiology. 

In Computational bioengineering: Current trends and 

applications (pp. 117-133). 

[2]  Mak, M., Kim, T., Zaman, M.H. and Kamm, R.D., 2015. 

Multiscale mechanobiology: computational models for 

integrating molecules to multicellular systems. Integrative 

Biology, 7(10), pp.1093-1108. 

[3] Tepole, A.B., 2017. Computational systems 

mechanobiology of wound healing. Computer methods in 

applied mechanics and engineering, 314, pp.46-70. 

[4] Giorgi, M., Verbruggen, S.W. and Lacroix, D., 2016. In 

silico bone mechanobiology: Modelling a multifaceted 

biological system. Wiley Interdisciplinary Reviews: 

Systems Biology and Medicine, 8(6), pp.485-505. 

[5] Rajagopal, V., Holmes, W.R. and Lee, P.V.S., 2018. 

Computational Modelling of single‐cell mechanics and 

     cytoskeletal mechanobiology. Wiley Interdisciplinary 

Reviews: Systems Biology and Medicine, 10(2), p.e1407. 

[6] Brown, A.L., Gerosa, F.M., Wang, J., Hsiai, T. and 

Marsden, A.L., 2023. Recent advances in quantifying the 

mechanobiology of cardiac development via computational 

Modelling. Current opinion in biomedical engineering, 25, 

p.100428. 

[7] Boaretti, D., Wehrle, E., Bansod, Y.D., Tourolle né Betts, 

D.C. and Müller, R., 2022. Perspectives on in silico bone 

mechanobiology: computational modelling of multicellular 

systems. European Cells & Materials, 44, pp.56-73. 

[8] Dolan, E.B., Verbruggen, S.W. and Rolfe, R.A., 2018. 

Techniques for studying mechanobiology. 

In Mechanobiology in health and disease (pp. 1-53). 

Academic Press. 

[9] van der Meulen, M.C. and Huiskes, R., 2002. Why 

mechanobiology?: A survey article. Journal of 

biomechanics, 35(4), pp.401-414. 

[10] DiNapoli, K.T., Robinson, D.N. and Iglesias, P.A., 2021. 

Tools for computational analysis of moving boundary 

problems in cellular mechanobiology. WIREs Mechanisms 

of Disease, 13(4), p.e1514. 

[11] Wang, X., Neu, C.P. and Pierce, D.M., 2019. Advances 

toward multiscale computational models of cartilage 

mechanics and mechanobiology. Current Opinion in 

Biomedical Engineering, 11, pp.51-57. 

[12] Liebman, C., McColloch, A., Rabiei, M., Bowling, A. and 

Cho, M., 2020. Mechanics of the cell: Interaction 

mechanisms and mechanobiological models. In Current 

Topics in Membranes (Vol. 86, pp. 143-184). Academic 

Press. 

[13] Jorba, I., Mostert, D., Hermans, L.H., van der Pol, A., 

Kurniawan, N.A. and Bouten, C.V., 2021. In vitro methods 

to model cardiac mechanobiology in health and 

  disease. Tissue Engineering Part C: Methods, 27(3), 

pp.139- 

151. 

[14] Yang, G. and Lee, H., 2015. Computational image analysis 

techniques for cell mechanobiology. Integrative 

Mechanobiology: Micro-and Nano-Techniques in Cell 

Mechanobiology, pp.148-168. 

[15] Sutanto, H., 2024. Mechanobiology of Type 1 

hypersensitivity: Elucidating the impacts of mechanical 

forces in allergic reactions. Mechanobiology in Medicine, 

p.100041. 

[16] Shams, H., Soheilypour, M., Peyro, M., Moussavi-Baygi, R. 

and Mofrad, M.R., 2017. Looking “under the Hood” of 

cellular Mechanotransduction with computational tools: a 

systems biomechanics approach across multiple 

scales. ACS biomaterials science & engineering, 3(11), 

pp.2712-2726. 

[17] Wall, M., Butler, D., El Haj, A., Bodle, J.C., Loboa, E.G. 

and Banes, A.J., 2018. Key developments that impacted the 

field of mechanobiology and mechanotransduction. Journal 

of Orthopaedic Research®, 36(2), pp.605-619. 

[18] García-Aznar, J.M., Nasello, G., Hervas-Raluy, S., Pérez, 

M.Á. and Gómez-Benito, M.J., 2021. Multiscale Modelling 

of bone tissue mechanobiology. Bone, 151, p.116032. 

[19] Holle, A.W., Young, J.L., Van Vliet, K.J., Kamm, R.D., 

Discher, D., Janmey, P., Spatz, J.P. and Saif, T., 2018. Cell–

extracellular matrix mechanobiology: forceful tools and 

emerging needs for basic and translational research. Nano 

letters, 18(1), pp.1-8. 

[20] M. Rahman, “An illustration of the spatiotemporal 

multiscale Modelling framework,” ResearchGate, 

Available: 

https://www.researchgate.net/publication/315501208 

 

[21] Multiscale coupling flowchart in heart 

Modelling,*ResearchGate*, adapted from Liebert 

Publishers.  

Available: 

https://www.liebertpub.com/cms/10.1089/ten.tec.2020.034

2/asset/images/large/ten.tec.2020.0342_figure3.jpeg 

 

https://www.researchgate.net/publication/315501208
https://www.liebertpub.com/cms/10.1089/ten.tec.2020.0342/asset/images/large/ten.tec.2020.0342_figure3.jpeg
https://www.liebertpub.com/cms/10.1089/ten.tec.2020.0342/asset/images/large/ten.tec.2020.0342_figure3.jpeg

