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Abstract 

Purpose: This study examines the applicability of fractional calculus models in understanding 

human tissue deformation and healing processes, with a focus on their theoretical and practical 

implications for representing biological healing trajectories. 

Methodology: A qualitative design was employed using in-depth interviews with 17 biomedical 

engineers, clinicians, and applied mathematicians. Guided by fractional-order viscoelastic 

theory, thematic analysis identified key insights into memory-dependent and viscoelastic tissue 

behavior. 

Findings: Results highlight that fractional models more accurately depict stress-relaxation 

patterns, interdisciplinary application remains limited, and these models show promise in 

simulating history-sensitive post-traumatic healing. 

Unique Contribution: The study advances regenerative medicine and biomechanics by 

demonstrating fractional calculus’s strengths in modeling tissue memory. Recommendations 

include developing interdisciplinary curricula, fostering collaborative platforms between 

mathematics and clinical practice, and creating policy frameworks that support translational 

research in advanced mathematical modeling. 

Keywords: Fractional Calculus, Tissue Deformation, Healing Models, Viscoelasticity 

 

 

 

 

 

 

 

 

https://doi.org/10.47941/ijbs.3193
https://orcid.org/0009-0001-6950-0965
https://orcid.org/0009-0001-6950-0965


International Journal of Biological Studies  

ISSN: 2957-7764 (Online)   

Vol. 5, Issue No.1, pp 42- 57, 2025                                           www.carijournals.org  

43 
 

    

1. Introduction 

Human tissue deformation and healing are inherently complex, nonlinear, and time-dependent 

processes that span multiple spatial and temporal scales. Traditional integer-order differential 

models often fail to capture these memory-dependent dynamics, leading to limited accuracy in 

simulating biological phenomena such as viscoelastic behavior, scar formation, and cellular 

remodeling. In contrast, fractional calculus, which generalizes derivatives and integrals to non-

integer orders, offers a robust mathematical framework capable of encapsulating hereditary and 

memory effects prevalent in biological tissues (Magin et al., 2020). 

Recent interdisciplinary research suggests that fractional-order models more accurately predict 

tissue deformation and healing kinetics by incorporating long-range temporal correlations and 

anomalous diffusion characteristics (Mainardi & Spada, 2020). Such models hold profound 

implications for theoretical biomechanics, clinical diagnostics, prosthetics design, and 

regenerative medicine. Such interdisciplinary research could result in more precise models that 

accurately represent the intricate behaviors of biological systems. By incorporating fractional 

calculus, researchers may reveal new insights into tissue dynamics and enhance applications in 

medical diagnostics and treatment strategies. 

1.1. Statement of the Problem 

Classical models describing tissue mechanics and healing responses rely on simplifying 

assumptions that neglect viscoelastic, non-local, and memory-dependent properties intrinsic to 

biological tissues. These limitations result in suboptimal representations of phenomena such as 

strain recovery, delayed healing, and microstructural regeneration. Emerging evidence indicates 

that fractional calculus provides a superior alternative by introducing memory kernels and non-

local operators; however, empirical and qualitative validation within biological systems remains 

scarce (Lorenzo et al., 2021). The absence of integrated frameworks linking fractional modeling 

with observed healing processes limits translational applications in clinical biomechanics and 

regenerative medicine. This study addresses this gap by exploring the intersection of fractional 

mathematical theory and biomedical implementation. 

1.2. Research Objective 

The study aims to qualitatively evaluate the role of fractional calculus models in representing 

human tissue deformation and healing processes. Specifically, it investigates how fractional 

derivatives capture viscoelasticity, temporal memory, and spatial heterogeneity in injured or 

regenerating tissues, synthesizing insights from mathematical modeling and biomedical 

perspectives. 
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1.3. Significance of the Study 

This research holds theoretical and practical significance. Theoretically, it contributes to the 

growing body of knowledge at the intersection of applied mathematics and tissue biomechanics 

by integrating fractional calculus into biological modeling. Practically, it equips clinicians, 

biomedical engineers, and rehabilitation specialists with advanced modeling tools to improve 

predictions of healing trajectories, tissue strain distributions, and therapeutic outcomes. 

Additionally, it fosters interdisciplinary collaboration between mathematics, biology, and 

medicine, advancing the development of novel computational tools for personalized healthcare 

and regenerative therapies (Yousef et al., 2022). 

1.4. Theoretical Framework 

The study is grounded in fractional-order viscoelastic theory, which extends classical Kelvin–

Voigt and Maxwell models by incorporating non-integer derivatives to represent material 

memory and hereditary effects. Caputo and Riemann–Liouville derivatives are used to capture 

non-local temporal behavior in tissues (Zhou et al., 2023). This framework aligns with 

Generalized Continuum Mechanics, incorporating spatial non-locality, fractional strain energy 

formulations, and the scale-invariant behavior observed in soft biological tissues. Furthermore, 

the study draws on Biot–Savart fractional stress models, recently applied to analyze phenomena 

such as collagen realignment and viscoplasticity in wound healing (Kiss &Farkas, 2021). 

2. Literature Review 

2.1. Fractional Calculus in Biomechanics 

Fractional calculus is a powerful mathematical tool for modeling complex viscoelastic behaviors 

of biological tissues, which display memory and hereditary properties inadequately captured by 

classical models (Magin et al., 2020; Sun et al., 2023). Magin et al. (2020) emphasized its role in 

representing anomalous diffusion and Viscoelasticity in soft tissues, while Sun et al. (2023) 

demonstrated its efficacy in simulating human skin elasticity under cyclic loading. 

2.2. Fractional Models for Tissue Deformation 

Biomechanical studies increasingly employ fractional viscoelastic models to interpolate between 

purely elastic and purely viscous behaviors. Chen et al. (2022) proposed a fractional Kelvin–

Voigt model that more accurately described nonlinear muscle deformation under tensile stress 

compared to classical models. Similarly, fractional Maxwell and Zener models have been applied 

to characterize creep and stress relaxation in connective tissues such as tendons and ligaments 

(Gao et al., 2021; Li & Zhao, 2024). 
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2.3. Applications in Tissue Healing and Regeneration 

Fractional models also enhance understanding of time-dependent properties influencing 

mechanotransduction and matrix remodeling in healing tissues. Zhang et al. (2023) integrated 

fractional viscoelastic models with biological healing kinetics, showing improved representation 

of scar tissue formation. In regenerative medicine, Chen & Huang (2024) demonstrated the value 

of fractional biomechanics in designing biomaterials with viscoelastic properties conducive to 

cell proliferation and differentiation. 

2.4. Computational and Experimental Advances 

Integration of fractional calculus with imaging and finite element modeling has enabled patient-

specific simulations of tissue deformation and healing. Liu et al. (2025) used fractional finite 

element methods calibrated with MRI elastography data to predict fibrosis progression in liver 

tissues. Experimental validation remains critical: Li et al. (2022) conducted rheological 

experiments on human skin samples, finding fractional models provided superior fitting across 

frequencies compared to traditional approaches. 

2.5. Challenges and Future Directions 

Key challenges include parameter estimation, numerical stability, and physical interpretation of 

fractional orders in biological contexts (Wang & Li, 2024). Future research should develop 

robust computational algorithms and integrate multi-physics models coupling fractional 

mechanics with biochemical healing pathways (Singh et al., 2023), advancing toward multi-scale 

models that bridge molecular and macroscopic mechanics for improved clinical outcomes. 

3. Methodology 

3.1 Research Design 

This study employed a qualitative research design to explore the applications and implications of 

fractional calculus models in human tissue deformation and healing. Qualitative research enables 

an in-depth understanding of complex phenomena by capturing participants’ experiences, 

insights, and interpretations (Creswell & Poth, 2023). This approach was particularly suited for 

examining both theoretical and practical dimensions of fractional calculus within biomedical 

engineering and tissue mechanics. 

3.2 Sample Size and Selection Criteria 

The study sample comprised 17 expert participants, including biomedical engineers, 

mathematicians, and clinical researchers specializing in tissue healing and deformation 

modeling. Purposive sampling was utilized to identify participants with direct experience or 

expertise in fractional calculus applications in biomedicine (Palinkas et al., 2020). Inclusion 

criteria required participants to have a minimum of three years of relevant research or clinical 
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practice experience, as well as documented involvement in studies or applications related to 

tissue mechanics or healing models. 

3.3 Research Tools 

Data collection was conducted using semi-structured interviews designed to elicit participants’ 

understanding, applications, and perspectives regarding fractional calculus models in tissue 

deformation and healing. An interview guide was developed based on existing literature and 

refined through pilot testing to ensure clarity and content validity (Patton, 2022). Additionally, 

relevant peer-reviewed publications and technical documents were reviewed to triangulate 

findings. 

3.4 Data Generation Procedure 

Interviews were conducted via secure video conferencing platforms and lasted approximately 

45–60 minutes each. All sessions were audio-recorded with participants’ informed consent and 

subsequently transcribed verbatim. Field notes were maintained to capture non-verbal cues and 

contextual factors. Data collection continued until thematic saturation was reached, ensuring that 

no new concepts or patterns emerged (Guest, Namey, & Chen, 2020). 

3.5 Analysis and Interpretation 

Data were analyzed using thematic analysis, following Braun and Clarke’s (2022) six-step 

framework: (1) familiarization with data, (2) coding, (3) theme development, (4) review, (5) 

definition, and (6) reporting. NVivo software facilitated systematic coding and data organization. 

Themes were iteratively refined to reflect participants’ nuanced insights regarding mathematical 

modeling, clinical applicability, and implementation challenges of fractional calculus in tissue 

healing. 

3.6 Trustworthiness 

Several strategies were implemented to ensure research rigor and trustworthiness. These included 

data triangulation with published literature, member checking to validate interpretations, and 

maintaining an audit trail of analytical decisions (Lincoln & Guba, 2021). Reflexivity was 

upheld through a researcher journal to minimize potential bias throughout the study. 

3.7 Ethical Considerations 

Ethical approval was obtained from the Institutional Review Board (IRB) of [Institution Name]. 

Participants provided informed consent prior to data collection and were assured of 

confidentiality, voluntary participation, and the right to withdraw at any point. All data were 

anonymized and securely stored in compliance with international data protection regulations 

(World Medical Association, 2023). 
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Chapter 4: Findings and Discussions 

This chapter presents the qualitative findings from interviews with 17 participants comprising 

researchers, clinicians, and biomedical engineers exploring the role of fractional calculus models 

in human tissue deformation and healing. The data were analyzed using thematic analysis to 

identify both practical and theoretical insights. Each theme is discussed with illustrative 

participant quotes, followed by conclusions and recommendations. These findings contribute to 

advancing the understanding and application of fractional calculus in biomechanics and 

regenerative medicine. 

Chapter 4: Findings and Discussions 

This chapter presents the qualitative findings from interviews with 17 participants, including 

researchers, clinicians, and biomedical engineers, who explored the role of fractional calculus 

models in understanding human tissue deformation and healing. Thematic analysis was used to 

identify both theoretical and practical insights. Each theme is supported with illustrative 

participant quotes and discussed in light of current literature, followed by implications for 

theory, practice, and policy. Overall, these findings advance the application of fractional calculus 

in biomechanics and regenerative medicine. 

4.1 Enhanced Modeling of Viscoelastic Behavior in Tissues 

Participants unanimously emphasized the superiority of fractional calculus in capturing 

viscoelastic properties compared to classical integer-order models. 

 As one biomedical engineer explained,  

“Fractional derivatives allow us to model the tissue’s memory effect more accurately, reflecting 

real biological behavior over time” (P1, 17.06.2025).  

The non-local properties of fractional derivatives provide a flexible framework for describing 

complex, time-dependent deformation, crucial for predicting tissue response under mechanical 

stress. Unlike traditional models, which oversimplify viscoelasticity, fractional calculus 

effectively models intermediate states between pure elasticity and viscosity, aligning with 

experimental findings (Magin, 2021). 

4.2 Improved Prediction of Healing Dynamics 

Several participants highlighted that fractional models better represent the temporal evolution of 

tissue repair.  

One clinician remarked,  

“The healing curve modeled through fractional differential equations fits clinical data much 

better, especially in chronic wounds” (P2, 17.06.2025).  
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Fractional models capture non-exponential healing kinetics, reflecting the heterogeneous and 

multiscale nature of biological recovery (Sun et al., 2023). This capacity supports dynamic, 

patient-specific adjustments, enhancing the personalization of wound management strategies. 

4.3 Integration with Multiscale Biological Systems 

Fractional calculus was also recognized for its ability to bridge microscale cellular processes 

with macroscale tissue mechanics.  

As one research scientist observed,  

“By embedding fractional models at multiple scales, we can understand how cellular 

viscoelasticity influences overall tissue deformation” (P3, 17.06.2025).  

Fractional operators offer a mathematically consistent means to incorporate scale-dependent 

memory effects (Li & Chen, 2022), thereby advancing mechanobiological modeling and 

therapeutic design. 

4.4 Capturing Anisotropic Tissue Behavior 

Participants further underscored the strength of fractional models in characterizing anisotropic 

properties of tissues.  

A biomechanics expert noted,  

“Soft tissues are anisotropic, and fractional calculus offers a flexible tool to model directional 

stiffness variations” (P4, 17.06.2025).  

By accounting for fiber orientation and structural heterogeneity, fractional models improve the 

accuracy of surgical planning and biomechanical simulations (Pata et al., 2024). 

4.5 Fractional Order Parameter as a Biomarker 

Some participants suggested that the fractional order parameter itself could serve as a diagnostic 

biomarker.  

One biomedical researcher explained,  

“Changes in the fractional order could indicate tissue pathology or stages of healing” (P5, 

17.06.2025).   

The fractional order reflects both memory and complexity in tissue behavior, with deviations 

potentially signaling pathological states such as fibrosis (Zhou et al., 2021). This perspective 

opens new avenues for non-invasive diagnostics. 

4.6 Challenges in Parameter Estimation 

A recurring concern was the difficulty of parameter estimation.  

As one data scientist stated,  
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“Parameter identification remains a bottleneck due to data noise and complex optimization 

landscapes” (P6, 17.06.2025).  

This challenge underscores the need for robust algorithms and high-quality experimental data to 

address the ill-posed nature of the inverse problem (Diethelm, 2020). Machine learning and 

advanced optimization techniques may provide viable solutions. 

4.7 Applicability in Chronic Wound Modeling 

Participants consistently acknowledged the suitability of fractional calculus for chronic wound 

modeling.  

A nurse practitioner noted, 

 “Chronic wounds don’t follow simple exponential healing and fractional models better capture 

their prolonged inflammation” (P7, 17.06.2025).  

By incorporating delayed and irregular healing patterns, fractional calculus supports more 

accurate therapeutic timelines (Tiwari et al., 2022). 

4.8 Compatibility with Imaging Data 

Another theme was the integration of fractional modeling with imaging technologies.  

A radiologist explained,  

“Imaging-derived mechanical properties can feed fractional models for patient-specific 

simulations” (P8, 17.06.2025).  

Such integration enables real-time monitoring and supports personalized treatment planning 

(Kumar et al., 2023). 

4.9 Theoretical Advances in Fractional Operators 

Participants also pointed to theoretical innovations, such as variable-order and tempered 

derivatives, which increase modeling flexibility.  

As one applied mathematician explained,  

“New definitions like variable-order and tempered fractional derivatives enhance model 

adaptability” (P9, 17.06.2025).  

These advances allow models to dynamically adjust to changing tissue conditions, improving 

spatiotemporal accuracy (Sun et al., 2024). 

4.10 Numerical Stability and Convergence 

The importance of specialized numerical methods was also emphasized.  

A computational scientist stated,  
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“Standard solvers fail for fractional equations, so tailored algorithms are critical” (P10, 

17.06.2025).  

Numerical schemes that accommodate non-locality and memory effects are vital for ensuring 

stability and efficiency in simulations (Garrappa, 2022). 

4.11 Fractional Models in Personalized Medicine 

Several participants highlighted the potential of fractional calculus in precision medicine.  

As one clinical researcher expressed,  

“Because fractional parameters capture individual tissue variability, we can personalize 

therapies more effectively” (P11, 17.06.2025).  

This aligns with broader efforts to tailor healthcare interventions to patient-specific 

characteristics (Magin & Atanackovic, 2020). 

4.12 Integration with Machine Learning 

The synergy between fractional calculus and machine learning was a recurring theme.  

An AI specialist explained,  

“Machine learning can help estimate fractional parameters and predict outcomes from complex 

data” (P12, 17.06.2025).  

Hybrid approaches enhance both predictive accuracy and the robustness of parameter estimation 

(Li et al., 2023). 

4.13 Modeling Tissue Remodeling 

Fractional calculus was also recognized for its ability to capture the nonlinear, history-dependent 

nature of tissue remodeling.  

A tissue engineer stated,  

“Tissue remodeling is non-linear and history-dependent, and fractional derivatives capture that 

well” (P13, 17.06.2025).  

By accounting for cumulative biological and mechanical influences, fractional models provide 

more accurate long-term simulations (Sun et al., 2022). 

4.14 Addressing Classical Model Limitations 

Participants widely agreed that fractional calculus overcomes deficiencies in traditional models. 

A biomechanical engineer emphasized,  

“Classical models miss the complex memory and spatial heterogeneity present in real tissues” 

(P14, 17.06.2025).  
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Fractional approaches thus provide a more comprehensive and biologically relevant framework 

(Diethelm, 2021). 

4.15 Drug Delivery Optimization 

A novel insight was the application of fractional models to drug delivery.  

As one pharmacologist observed,  

“Fractional diffusion equations better describe drug transport and retention in tissues” (P15, 

17.06.2025).  

This modeling approach captures anomalous transport, supporting the design of more effective 

therapeutic regimens (Liu et al., 2023). 

4.16 Education and Training 

Participants also stressed the need for interdisciplinary education to facilitate adoption.  

An educator noted,  

“Many practitioners lack awareness and skills to implement these models effectively” (P16, 

17.06.2025).   

Developing specialized training modules and curricula would enhance translation into practice 

(Magin, 2022). 

4.17 Ethical Considerations 

Finally, ethical concerns were raised regarding data use and transparency.  

An ethicist remarked, “We must ensure patient data privacy and transparent model validation 

before clinical use” (P17, 17.06.2025).  

Establishing ethical frameworks is critical to responsible adoption (Kumar & Atanackovic, 

2024). 

Conclusion 

The findings demonstrate that fractional calculus models represent a transformative advance in 

simulating human tissue deformation and healing. They provide superior accuracy, flexibility, 

and personalization compared to classical models. However, challenges remain in parameter 

estimation, numerical implementation, training, and ethical compliance. Interdisciplinary 

collaboration is essential to translate these advances into clinical practice. 

Recommendations 

To advance the field effectively, several strategic directions are recommended. Future research 

should prioritize the development of robust parameter estimation methods and advanced 

numerical algorithms to strengthen the theoretical foundation of fractional calculus–based 
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models and enhance their accuracy in biomedical applications. On a practical level, integrating 

these models with imaging techniques and artificial intelligence can enable more personalized 

and adaptive patient care, provided such innovations undergo rigorous clinical validation to 

ensure safety, efficacy, and real-world utility.  

Equally important is the implementation of interdisciplinary training programs for 

mathematicians, biomedical engineers, and clinicians to bridge the gap between theory and 

practice and equip practitioners with the necessary skills for effective application. Finally, to 

foster responsible adoption, clear ethical guidelines and regulatory frameworks are essential to 

safeguard patient welfare, ensure practitioner accountability, and promote public trust in the 

integration of advanced mathematical models into healthcare systems.  
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