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MOTIVATION 
Why MAV? Why Flapping Wings? What is the research gap?
There has been a growing interest in 
the last decade to develop Micro-Air 
Vehicles (MAV) due to the wide range 
of applications envisioned for them:

Remote monitoring

Aid in Agriculture activities

Search and Rescue

Communication support

Small scale MAVs work on low Reynolds 
regimes, where 

Low-speed operation of MAVs lead to 
unsteady aerodynamics, with similar 
convective and flapping characteristic times

Solution in nature are flapping-
wings due to maneuverability 

and energy efficiency

There exists no complete model for the FSI problem of flapping-wing MAVs 
due to the complex aero-structural-dynamics coupling

Extraterrestial exploration Present

FWMAV model Trimmed-flight solver - Hover

Fluid-Structure Interaction model

METHODOLOGY

System of rigid bodies inspired on fruit fly 

Body kinematics with 2-1-2 wing Euler angles

Fluid flow solved using the Incompressible Navier-Stokes equations

Body Dynamics: Solved through the Rigid Body Dynamics Library 

TUCAN: In-house GPU-accelerated DNS solver    , using Immersed Boundary 
Method 

Flapping-wing vehicles show time-periodic trimmed flight solutions 
 

Problem linearization

Create an orthogonal basis using Krylov subspaces

Solution spanned by 

Update state vector guess

Solution is sought in a flapping period               for a state vector 

Solver Jacobian-Free Newton-Krylov

An iterative-based solver integrating body dynamics and fluid variables, 
leveraging on the GMRES  algorithm to solve the resulting linear system of 
equations.

Vehicle kinematics Fluid flow

Stroke plane:
Flapping:
Pitching:

: vertical position and velocity
: horizontal position and velocity
: torso pitching and angular rate

Immersed-Boundary forcing to 
ensure no-slip at the body surfaces

Generalized position vector

coupling

Torso

Right wing

Left wing

Right and left wing hinges

OBJECTIVES 

Develop a numerical tool to compute trimmed flight solutions of FWMAVs, coupling fluid DNS with 

rigid-body solvers

Analyze aerodynamic performance and stability of trimmed flight solutions

Extend the solver to flexible bodies, assessing the full aero-structural-dynamic problem

Generate Reduced Order Models (ROM) of flight dynamics for control

Done

Work in 

progress

Start

RESULTS
Initial hypothesis: Solutions are achievable neglecting the fluid degrees of freedom in the trimmed-flight solver

Refined hypothesis: More accurate solutions are achievable including a latent space of fluid degrees of freedom in the solver
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POD:

Flow video
Time-to-double a 
initial perturbation

Stability analysis: Linear stability assessed via Floquet multipliersWing control parameters Power requirement
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Wing control parameters Power requirement

Bifurcation

Stability analysis: Flow visualization:
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vorticity magnitude

Analysis of wing-inertia effects

Analysis of 

wing-to-vehicle mass ratio

Periodic orbits achieved for the FSI problem of FWMAVs
Stability analysis depict unstable periodic orbit solutions
Increasing wing inertia produces larger vehicle motion and power consumption
Increasing       produces a bifurcation of the most unstable Floquet multiplier

CONCLUSIONS
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