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Fluid-Structure Interaction (FSI) represents one of the most complex domains of computational mechanics,
involving the bidirectional coupling between fluid dynamics and structural mechanics. As engineering demands
evolve—ranging from the aerodynamic optimization of yacht sails to the simulation of biological cell membranes—
the need for robust, customizable, and transparent numerical solvers has increased. While commercial software
packages offer powerful capabilities, the development of a FEM-Matlab code for Fluid-Structure Interaction
provides researchers and engineers with the granular control necessary for high-fidelity multi-physics analysis. This
article explores the theoretical foundations, numerical implementation, and practical applications of FSI solvers
developed within the Matlab environment using the Finite Element Method (FEM).

Understanding the Mechanics of Fluid-Structure Interaction

At its core, FSI occurs when a fluid flow exerts pressure or shear forces on a solid structure, leading to deformation.
In turn, the deformation or motion of the structure alters the fluid flow field, creating a feedback loop. This

interaction can be categorized into two primary regimes: steady-state FSI, where the system reaches an
equilibrium, and transient FSI, where the interaction is time-dependent, such as the fluttering of a flag or the
beating of a heart valve.

The technical challenge in modeling these systems lies in the differing mathematical descriptions used for fluids
and solids. Fluid flows are typically described using the Eulerian framework, where the observer focuses on fixed
points in space. Conversely, solid mechanics utilize the Lagrangian framework, where the observer tracks
individual material particles. Reconciling these two frameworks requires advanced techniques such as the
Arbitrary Lagrangian-Eulerian (ALE)formulation, which allows the computational mesh to move in a controlled
manner to accommodate structural displacement without compromising element quality.

The Mathematical Foundation: Governing Equations

To implement a FEM-Matlab solver, one must first define the governing partial differential equations (PDESs) for both
domains and the interface conditions that bind them.

1. Fluid Domain (Navier-Stokes Equations)

For an incompressible fluid, the conservation of momentum and mass is governed by the Navier-Stokes equations:
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2. Structural Domain (Elastodynamics)

The motion of the solid is governed by the second law of motion in a Lagrangian frame:

o <2, +&B0O'K" O rrA + fext



Where d is the displacement vector, < 2 —2 FtR 66/A—-B FV¢6i0@re &mlichy stress tensor. For many FSI
applications, such as the simulation of sails, the structure is modeled as an isotropic homogeneous membrane,
focusing on membrane stresses and neglecting bending stiffness.

3. Interface Conditions

The coupling at the fluid-structure interface (92’ Bust satisfy two conditions:

1. Kinematic Condition (Velocity Continuity): u =" d/" t. The fluid velocity at the interface must match the structural
velocity.

2. Dynamic Condition (Force Equilibrium): <6b r & O As - n. The traction exerted by the fluid must equal the stress in
the solid at the interface boundary.

Numerical Coupling Strategies in Matlab

When developing a FEM-Matlab code, the choice of coupling strategy is paramount. These strategies are broadly
classified into Monolithic and Partitioned approaches.

Partitioned vs. Monolithic Coupling



Feature Monolithic Approach Partitioned Approach

Matrix Structure Single, unified large system matrix. Separate matrices for fluid and solid.

Computational Cost High per iteration; requires large Lower per iteration; modular.
memory.

Stability Unconditionally stable if converged. Potential for "Added-Mass" instability.

Implementation Complex; requires custom solver. Easier; can reuse existing solvers.

Application Strongly coupled (e.g., Loosely coupled (e.g., aeroelasticity).

hemodynamics).

In the context of the Matlab scripts mentioned in technical literature (such as those by D. Trimarchi), a partitioned
approach is often favored. This allows the fluid solver and the structural solver to be developed independently and
coupled via an iterative loop (e.g., the Dirichlet-Neumann coupling). This is particularly efficient for sail
aerodynamics where the fluid domain might be solved using a Vortex Lattice Method (VLM) or Unsteady Vortex
Lattice Method (UVLM) while the sail structure is handled via FEM.

Step-by-Step Implementation of a FEM-Matlab FSI Solver

A robust implementation follows a structured modular workflow. Below is the procedural breakdown for a partitioned
solver targeting membrane structures in flow.

Phase 1: Pre-processing and Mesh Generation

The geometry is discretized into finite elements. In Matlab, this typically involves defining a nodal coordinate matrix
and an element connectivity matrix. For FSI, two meshes are required: the fluid mesh and the structural mesh. If

the meshes are non-conforming, an interpolation or Radial Basis Function (RBF)mapping must be implemented
to transfer loads and displacements accurately between the domains.

Phase 2: The Structural FEM Module

For a structure like a rectangular sheet or a sail, the structural module performs the following:

* Element Stiffness Matrix (K): Derived from the principle of virtual work. For membrane elements, this includes
geometric stiffness to account for large deformations (P-Delta effects).

e Mass Matrix (M): For dynamic simulations involving flapping (Limit Cycle Oscillations).

¢ Assembly: Global matrices are assembled from local element matrices.

¢ Boundary Conditions: Application of Dirichlet (fixed supports) and Neumann (external forces from the fluid)
conditions.

Phase 3: The Fluid Solver Module

Depending on the complexity, the fluid may be modeled as an inviscid flow using UVLM or a viscous flow using a
BEM/FEM coupling. The fluid solver calculates the pressure distribution across the structural surface based on the
current velocity and shape of the structure.

Phase 4: The Coupling Loop (lterative Procedure)

1. Initialize structural displacement dO.
2. Step A: Update the fluid domain mesh based on dn.



3. Step B: Solve the fluid equations to find the pressure pn+1 and forces Ffluid.

4. Step C: Transfer Ffluid to the structural solver as a load.

5. Step D: Solve the structural FEM system for new displacement dn+1.

6. Step E: Check for convergence: ||[dn+1 - dn|| &lt; tolerance. If not converged, repeat from Step A.

Phase 5: Post-processing

Visualization of results using Matlab's patch or trisurf functions to display pressure contours over the deformed
structural geometry. This phase also includes calculating lift, drag, and stress distributions.

Case Study: Sail Aerodynamics and Yacht Design

One of the most prominent applications of the FEM-Matlab code for FSlis in the analysis of yacht sails. Unlike
rigid wings, sails are highly flexible membranes. Their shape (the "flying shape") is determined entirely by the
balance between aerodynamic pressure and the internal tension of the fabric.

In a study by D. Trimarchi (2009), sails were modeled as isotropic homogeneous membranes. The simulation
utilized a Matlab-based FEM code to analyze how sails deform under varying wind conditions. Key findings
included:

¢ Non-linear Effects: The necessity of accounting for geometric non-linearity, as small changes in sail curvature
lead to significant shifts in the center of pressure.

e Computational Efficiency: By using Matlab, researchers could rapidly iterate on different sail plans and
materials (e.g., Kevlar vs. Dacron) by simply modifying the Young's modulus in the stiffness matrix.

 Validation: Results from the FEM-Matlab code were compared against wind tunnel data, showing high
correlation in predicting lift-to-drag ratios for modern racing yachts.

Technical Challenges: Stability and the "Added-Mass" Effect

A significant hurdle in FSI modeling, particularly in partitioned solvers, is the Added-Mass Effect. = This  occurs
when the density of the fluid is comparable to the density of the structure (e.g., water interacting with rubber or air
interacting with extremely light membranes). In such cases, the fluid acts as an additional mass on the structure,
which can cause the numerical solver to diverge if the time step is not sufficiently small or if an explicit coupling
scheme is used.

Solutions to Stability Issues:

e Implicit Coupling: Using sub-iterations within each time step to ensure the kinematic and dynamic conditions
are met simultaneously.

¢ Aitken’s Relaxation: An adaptive acceleration technique used to stabilize the iterative interface updates. It
dynamically adjusts the relaxation parameter based on previous iterations to speed up convergence.

» Strongly Coupled Partitioned Schemes: Utilizing a predictor-corrector approach where the structural
displacement is predicted before solving the fluid domain.

Advanced Topics: BEM/FEM Coupling and Bio-Flows

Beyond sails, the FEM-Matlab framework is being extended to biological simulations. For instance, simulating the
motion of a cell within a microfluidic channel requires a Boundary Element Method (BEM)for the fluid and FEM
for the cell membrane. BEM is particularly efficient here because it only requires discretization of the cell surface
and the channel walls, reducing the dimensionality of the fluid problem.

Research at LLNL and other institutions has focused on Efficient Techniques for Fluid Structure Interaction



using high-order finite elements. High-order elements (quadratic or cubic shape functions) provide better accuracy
for curved boundaries, which are ubiquitous in biological membranes and vascular walls.

Comparison of Numerical Methods for FSI



Method Domain Type Pros Cons

Standard FEM Fluid &amp; Solid Versatile, handles complex Requires mesh
geometries. deformation/remeshing.

BEM Fluid Reduces dimensionality; Limited to linear/potential
high accuracy. flows.

UVLM Fluid (Thin foils) Extremely fast for Neglects viscosity and
aerodynamics. thickness.

Immersed Boundary Interface No remeshing required. Lower accuracy at the

interface boundary.

Practical Optimization in Matlab

To ensure the 2,000+ line codes typical of these projects run efficiently, several Matlab-specific optimizations are
recommended:

¢ Vectorization: Avoid for loops when assembling the global stiffness matrix. Use sparse matrix allocation with
index vectors (i, j, s) to build matrices in one call.

¢ Pre-allocation: Always pre-allocate arrays for displacement and pressure history to prevent memory
fragmentation.

« Parallel Computing Toolbox: Utilize parfor for sensitivity analysis or when running multiple FSI simulations
across different parameters (e.g., varying Reynolds numbers).

e Solver Choice: For the linear system Ax = b, use mldivide (the backslash operator), which automatically
selects the best algorithm (LU, Cholesky, etc.) based on matrix properties. For very large systems, consider pcg
(Preconditioned Conjugate Gradient).

Broader Implications for Engineering and Research

The development and use of a custom FEM-Matlab FSI solver transcend simple academic exercise. In the
aerospace sector, this approach enables the study of Limit Cycle Oscillations (LCO)in flexible wings, a critical
safety factor for high-altitude long-endurance (HALE) aircraft. In renewable energy, FSI analysis is vital for
designing offshore wind turbine blades that can withstand extreme aeroelastic loading.

Furthermore, the transparency of Matlab code allows for the seamless integration of Machine Learning (ML)
models. Researchers are now using FSI data to train Reduced Order Models (ROMs) or Physics-Informed
Neural Networks (PINNs). These surrogate models can predict structural responses in milliseconds, enabling real-
time control and structural health monitoring. As computational power continues to grow, the coupling of FEM with
other multi-physics phenomena—such as conjugate heat transfer or electromagnetic effects—uwill further expand
the horizons of what can be simulated and optimized within the Matlab environment. The journey from the basic
deformation analysis of a yacht sail to the complex simulation of a flapping sheet in a three-dimensional flow
highlights the enduring power of the Finite Element Method in solving the world’s most challenging interaction
problems.
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