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Problems With No Experimental Solution

Computational biomechanics addresses critical challenges that remain impossible or impractical to measure directly. These fundamental
limitations drive the necessity for computational approaches in modern biomedical research and clinical practice.

Aortic Aneurysm Stress

Internal wall stresses in patient-specific aneurysms cannot be
measured in-vivo without invasive catheterization that would
compromise vessel integrity and patient safety.

Shock-Wave Distribution

Energy propagation patterns during extracorporeal shock wave
therapy in tendon or bone cannot be measured safely without
damaging the tissue of interest.



Problems With No Experimental Solution (continued)

Bone-Implant Interface Brain Deformation in TBI

Tissue deformation during mild traumatic brain injury occurs too
rapidly and in regions too inaccessible for direct measurement

Load transfer mechanics at the critical bone-implant interface

remain unobservable in living patients, yet determine long-term

implant success. during injury events.



Answering the The Core Value Proposition

Computational biomechanics enables researchers and clinicians to answer questions
U b I that are unmeasurable, dangerous, unethical, or impossible to test experimentally.
n m e a S u ra e This capability transforms our understanding of biological systems under mechanical
loading.

* Reconstructs internal variables — stress, strain, energy density fields invisible to
imaging

* Predicts responses under novel loading scenarios and interventions

* Personalizes models to individual patient anatomy, physiology, and pathology
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What Is Computational Biomechanics?

Computational biomechanics represents the quantitative modeling of biological tissues, organs, and systems subjected to mechanical
loading. It synthesizes multiple disciplines to create predictive frameworks for understanding biological behavior.

Continuum Mechanics Foundation Numerical Methods

Applies fundamental principles of solid and fluid mechanics to Leverages finite element, finite volume, and meshless

biological materials with complex, heterogeneous properties. computational techniques to solve governing equations.

Imaging Integration Physiological Context

Incorporates CT, MRI, ultrasound, and optical imaging data to Integrates biological and physiological data to ensure

construct patient-specific geometric models. mechanical predictions align with tissue function and
adaptation.

The field predicts tissue and organ behavior under physiological conditions, pathological states, and therapeutic interventions, providing
insights unattainable through experimental methods alone.



Why Computational Approaches Are Necessary

The inherent complexity of biological systems and practical limitations of experimental approaches create an essential role for
computational methods in biomechanics research and clinical application.
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Biological Complexity

o Tissues exhibit nonlinear, anisotropic,
and viscoelastic behavior

o Material properties vary substantially
between individuals

e Microstructural organization influences
macroscopic response

o Time-dependent adaptation and
remodeling occur continuously

Experimental Limitations

Critical variables (stress, strain energy)

remain internal and invisible

In vivo testing faces strict ethical
restrictions

Experiments are expensive, time-
consuming, or destructive

Controlled parametric studies are
impractical in living systems

Clinical Demands

o Personalized medicine requires
patient-specific predictions

o Device development needs rapid
design iteration

e Treatment planning increasingly
demands quantitative forecasting

e Risk stratification requires mechanistic
understanding



Scientific and Clinical Importance
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Mechanistic Understanding Device Evaluation

Clarifies the fundamental mechanisms underlying disease progression, tissue Enables rigorous pre-clinical evaluation of medical devices, implants, and
injury, and healing responses through quantitative stress-strain analysis. surgical instruments before animal or human testing.

03 04

Clinical Decision Support Translational Bridge

Supports personalized diagnosis, prognosis, and treatment planning with Provides critical connections between controlled experiments, clinical imaging
patient-specific biomechanical predictions. data, and patient outcomes in real-world settings.
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The integration of computational predictions with clinical workflows is transforming how we understand, diagnose, and treat mechanically-mediated pathologies
across biomedical disciplines.



Fundamental Methodologies

Computational biomechanics draws upon diverse mathematical frameworks and numerical techniques to model the complex behavior of

biological tissues and fluids.
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Continuum Mechanics Numerical Discretization Constitutive Modeling

Solid mechanics for tissues and bones; Finite element method (FEM), finite Hyperelastic, viscoelastic, and plastic

fluid mechanics for blood flow and volume method (FVM), smoothed material laws; damage mechanics;

interstitial transport; poroelastic theory particle hydrodynamics, and meshless growth and remodeling frameworks;

for bone and cartilage. methods for solving partial differential fiber-reinforced formulations.
equations.

Multi-Physics Coupling Data-Driven Methods

Fluid-structure interaction (FSI), thermo-biomechanics, electro- Machine learning-assisted constitutive modeling, neural

mechanical coupling, and mass transport in deforming tissues. networks for parameter identification, and reduced-order

models for real-time simulation.



Workflow of a Typical Computational
Study

A systematic pipeline transforms clinical imaging data into actionable biomechanical predictions
through carefully orchestrated computational steps.

Problem Definition

1
Formulate research question and identify key mechanical variables to predict
5 Geometry Acquisition
Extract anatomical geometry from CT, MRI, or optical imaging modalities
Mesh Generation
3
Create computational discretization with appropriate element types and density
Material Properties
4
Characterize constitutive behavior through testing or inverse parameter identification .
b
Boundary Conditions T
5 —
Define physiologically realistic loading scenarios and constraints
Computation
6
Select appropriate solver and run simulations with convergence monitoring
Verification & Validation
7
Confirm numerical accuracy and compare predictions with experimental data
Uncertainty Analysis
8

Assess sensitivity to parameters and quantify prediction confidence




Application: Orthopaedic Biomechanics

Computational methods have transformed orthopaedic research and
clinical practice by enabling quantitative predictions of bone, joint, and
soft tissue mechanics under physiological and pathological loading
conditions.

Key Research Areas

» Bone mechanics — Fracture risk assessment using patient-specific
finite element models from CT imaging with predictions of yield
strength

o Implant biomechanics — Design optimization for total joint
replacements with failure prediction and stress-shielding analysis

o Multi-scale modeling — Linking microstructural architecture to
macroscopic mechanical behavior and adaptation

These computational approaches are increasingly used to guide surgical planning, evaluate implant designs pre-clinically, and identify
patients at elevated fracture risk for targeted intervention.
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Application: Cardiovascular
Biomechanics

Cardiovascular computational biomechanics addresses critical challenges in

understanding blood flow dynamics, vessel wall mechanics, and medical device (a) PGI‘["E ne E.DI‘tiE ‘ir’Ell"ir’E {diﬂStDlE]
performance in the circulatory system.

Hemodynamic Analysis

Computational fluid dynamics reveals flow patterns, wall shear stress distributions,
and regions prone to atherosclerotic plaque formation in patient-specific arterial
geometries.

Device Mechanics (b) Bovine pericardial valve (diastole)

Finite element analysis of stents and heart valves under physiological pulsatile

(d) Bovine pericardial valve (systole)

loading evaluates structural durability, deployment mechanics, and tissue
interaction.

Aneurysm Risk

Coupled fluid-structure interaction models predict aneurysm wall stress and rupture
risk, supporting clinical decisions for surgical intervention timing.

Surgical Planning

Patient-specific models simulate outcomes of different surgical approaches,
enabling virtual treatment planning and optimization before intervention.

These computational tools are progressively integrating into clinical workflows for risk
stratification and personalized cardiovascular treatment strategies.




Application: Soft Tissue and Organ Mechanics

Soft tissue and organ mechanics explores how biological tissues and organs respond to various physical forces, providing crucial insights for
medical diagnosis, treatment, and device development. Computational models are essential tools in this field, allowing us to simulate complex
biological systems.

Key ResearCh AreaS Measurement of Transient finite Pressure measurements

corneal biometry element model + CFD simulations

(b)

* Analyzing Organ Function — Computational models help us understand
the complex mechanical behavior of various internal organs, from their
natural deformations during function to their response in disease states,

enabling deeper insights into diagnosis and treatment strategies. l ///////////////ﬁf
it

e Simulating Tissue Response to Forces — By simulating how soft tissues

_ ) . T Corneal Model Air-puff Model
react to impacts, pressure, or stretching, we can predict potential injury | |
patterns and better understand mechanisms behind various conditions
that are difficult to observe directly in a clinical setting. Corneal deformation
Calculated Experimental

e Skin & Connective Tissues — Models analyze the mechanical properties
of skin, ligaments, and tendons, aiding in understanding elasticity, wound
healing processes, and the outcomes of reconstructive procedures.

¢ Musculoskeletal System — These models help analyze the movement, ! \\\\\\\\\\\\
force generation, and injury potential within muscles and related structures "&\\\\\\\\ \
under various dynamic loading scenarios, improving rehabilitation and
sports science.

Iterative estimation of the set of
biomechanical parameters providing the
best predictions

These computational approaches are increasingly vital for advancing our understanding of biomechanics, leading to improved diagnostic tools,
more effective treatment planning, and innovative medical device design in clinical practice.



Application: Digital Health & Personalized Medicine

The convergence of computational biomechanics with digital health technologies is creating unprecedented opportunities for personalized,
predictive medicine and real-time clinical decision support.
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Organ-Level Digital Twins Real-Time Decision Support

Patient-specific computational models continuously updated Rapid computational analysis integrated with clinical workflows
with clinical data to predict disease progression and treatment to provide biomechanical predictions during surgical

response for individual patients. procedures or treatment planning sessions.

Wearable Integration Predictive Analytics

Biomechanical models informed by continuous monitoring data Machine learning combined with mechanistic computational
from wearable sensors to track tissue loading and injury risk in models to forecast patient outcomes and optimize

real-world conditions. individualized therapeutic interventions.

These emerging paradigms promise to transform reactive healthcare into proactive, personalized interventions guided by patient-specific
biomechanical predictions.



Challenges in Computational Biomechanics

Despite remarkable progress, significant technical and translational obstacles continue to limit the widespread adoption and impact of
computational biomechanics in research and clinical settings.

Material Characterization

Nonlinear, anisotropic, and time-
dependent material behavior of
biological tissues remains difficult to
characterize comprehensively. Limited
availability of human tissue samples
and individual variability compound
this challenge.

Clinical Translation

Significant gaps exist between
research-grade computational models
and tools suitable for routine clinical
use. Workflow integration, result
interpretation, and regulatory approval
present substantial barriers.

Data Scarcity

Insufficient experimental validation
data for complex loading scenarios and
pathological conditions creates
uncertainty in model predictions. In
vivo validation remains particularly
challenging for internal mechanical
variables.

Model Complexity vs. Utility

Balancing model sophistication with
practical usability remains difficult.
Highly detailed models may improve
accuracy but reduce interpretability
and increase computational cost.

Computational Expense

Three-dimensional, dynamic, multi-
physics models with fine spatial and
temporal resolution require substantial
computational resources, limiting
parameter studies and uncertainty
quantification.



Emerging Trends and Future Directions

Rapid advances in computational power, artificial intelligence, and multi-scale modeling are expanding the capabilities and clinical impact

of computational biomechanics.

D

Real-Time Simulation

Model order reduction techniques and GPU acceleration are
enabling near-instantaneous biomechanical predictions suitable for
intra-operative guidance and interactive surgical planning.
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Multi-Scale Integration

Computational frameworks increasingly bridge molecular, cellular,
tissue, and organ-level mechanics with multi-omic data integration
to capture biological complexity comprehensively.

Al-Enhanced Modeling

Machine learning accelerates constitutive model development,
automates inverse parameter identification, and creates data-driven
surrogate models that complement physics-based approaches.

High-Performance Computing

HPC clusters, GPU acceleration, and cloud computing infrastructure
enable population-scale studies and routine uncertainty
quantification for clinical decision support.

These technological advances are progressively transforming computational biomechanics from a specialized research tool into an integral

component of personalized clinical care.



The Path Forward

Toward Clinical Integration

The future of computational biomechanics lies in seamless integration with clinical
workflows, combining mechanistic understanding with data-driven insights to deliver
actionable predictions at the point of care.

o Automated geometry extraction and mesh generation from routine clinical imaging

o Regulatory pathways for computational model-based medical device evaluation

o Standardized validation frameworks and uncertainty quantification protocols
o Cloud-based platforms democratizing access to sophisticated modeling tools

» Integration with electronic health records for continuous model updating

Realizing this vision requires sustained collaboration among computational scientists, experimental biomechanists, clinicians, and
regulatory agencies to establish standards, validate approaches, and demonstrate clinical value.



Addresses Unmeasurable Questions

Many fundamental biomedical questions have no feasible
experimental solution. Internal stresses, microscale
deformations, and rapid dynamic events remain inaccessible
to direct measurement.

Enables Translation

Essential infrastructure for medical device development,
personalized treatment planning, and digital health
applications that demand patient-specific mechanical
predictions.
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Summary: Why Computational Biomechanics Matters

Fills Critical Knowledge Gaps

Computational biomechanics provides predictive,
mechanistic insights that connect observable phenomena to
underlying mechanical causes, enabling rational design and
intervention.

Rapid Evolution

The field continues advancing rapidly through integration
with artificial intelligence, high-performance computing, and
multi-scale biological data, expanding capabilities and
clinical impact.



Contact & Resources

For more information about my computational biomechanics research,
collaboration opportunities, or consultation, please reach out through the
following channels:

Contact Information

Email: AbediSadjad@gmail.com
Website: www.SadjadAbedi.ir

Institution: Department of Biomedical Engineering - University of Isfahan

[ Questions? I'm happy to discuss computational biomechanics
applications, methodology, or potential collaborations during the Q&A

session.

Scan to visit my research website and access additional

resources
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