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NEW ANALYTICAL METHOD TO ANALYZE THE FSI OF FLEXIBLE PLATES

Based on the moments of the Euler-Bernoulli equation:

Fluid forces:

Actuating point forces and moments at pivot

(including e.g. springs and dampers):
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LINEAR APPROXIMATION • Small-amplitude pitching, heaving and flexural deformation

• Pivot axis close to the leading edge

• Inextensible plate

• Potential flow

MOMENTS

• Transversal momentum conservation equation

(Lift)
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MOMENTS (CONT.)
• Moment about the leading edge conservation (torsional balance equation)

• Flexural moments conservation equations

(Fluid moment)

...

(Fluid flexural moments)
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Fifth-order polynomial approximation for flexible pitching and heaving foil with two dregrees of freedom for 

the flexural deformation (passive – unknown):

Captures accurately up to the first two natural bending modes J. Fluid Mech. 1015, A35 (2025)

Leading edge: 

Trailing edge:

Non-dimensional (scaled with c/2 and U)

FOIL MOTION AND DEFORMATION APPROXIMATION TO OBTAIN 

ANALYTICAL EXPRESSIONS FOR THE FLUID FORCE AND MOMENTS

(heave and pitch)

(free trailing edge)
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MOMENTS

Non-dimensional parameters:       mass ratio                    stiffness
Point force and moment

(forced or/and  passive)
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HARMONIC MOTION
Reduced frequency:

Analytical expressions for the fluid force and moments using von Kármán and Sears decomposition of  

vorticity density distribution                            

added-mass and wake contributions 

Pressure in terms of  vorticity distribution:

For instance, quasisteady bound circulation
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LIFT

Non-circulatory or added mass contirbution

Alll the fluid force and moment coefficientes contain a added-mass and a circulatory contributions 

Circulatory contribution Theodorsen’s function

MOMENT

Added mass contirbution Circulatory contribution
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FLEXURAL MOMENTS
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VALIDATION OF THE FLEXURAL DEFORMATION

D... are the fluid contributions

In vacuum (D... = 0) recovers almos exactly 

the first two resonant bending frequencies:

Passive flexural deformation by solving the system of two linear equations for the flexural deformation amplitudes

(two las moment equations)

Resonant frequencies with FSI:
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VALIDATION OF THE FLEXURAL DEFORMATION

Comparison with experimental results by Paraz, Eloy and Schouvelier (2014) for pure heave:

Correction with nonlinear 

fluid damping

Foil motion at the first 

resonant frequency

Foil motion at the second 

resonant frequency
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PROPULSION PERFORMANCE

THRUST from vortical impulse theory

(Lift :                                                                                  )

Added mass contribution:

Circulatory contribution:
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CYCLE-AVERAGED THRUST

POWER

Inertia and fluid contributions:

Fluid contributions:

added-mass and circulatory:

Inertia:

... 

functions of  the reduced frequency 

and the phase shifts

Only circulatory contributions
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EFFICIENCY

COMPARISON WITH EXPERIMENTAL RESULTS
Quinn, Lauder and Smits (2014)

Paraz, Schouveiler and Eloy (2016) for U=0



APPLICATION TO AN ELASTICALLY MOUNTED FLEXIBLE PITCHING 
FOIL ACTUATED BY A GIVEN TORQUE AT THE LEADING EDGE

R. Fernandez-Feria (ramon.fernandez@uma.es) 15J. Fluids Structures (2025; under review)
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PASSIVE HEAVE, PITCH, AND DEFORMATION

Resulting from the linear equations:

Actuating         force                    or                                torque at the leading edge

Forced 

oscillating torque
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Inertia of  the foil and its elastic support (linear and torsional springs and dampers)

FSI

...
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RESONANT FREQUENCIES

In vacuum

• Springs modes

• Two bending modes

Partially taking into account the FSI (only k2 terms) for a rigid foil

Pitching only (Coincide with Moore (2014))
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Passive pitch and deformation (no passive heave)

Bending modes

Torsional spring 

mode

Pitch amplitude

Trailing edge flexural 

deformation amplitude
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PROPULSION PERFORMANCE (same case)

Thrust Power Efficiency
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AQUATIC PROPULSION Mass ratio 

Spring mode

Bending mode

(too high frequency)

Thrust
Efficiency
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AQUATIC PROPULSION Mass ratio 

Nondimensional frequency and spring constant for maximum efficiency at the SPRING MODE

remain almost constant as the stiffness is varied.

Case study:

Optimal propulsion: JUST ABOVE THE SPRING MODE
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AERIAL PROPULSION Mass ratio 

Spring mode

Bending mode

(not too high frequency)

Thrust
Efficiency

Bending mode

(not too high frequency)

Optimal propulsion:
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CONCLUSION

• The FSI of  a flexible pitching foil elastically supported at its leading edge and 

 actuated by a given torque is analyzed, characterizing analytically its propulsion 

performance for small-amplitude of  the oscillation and deformation

• Values of  the nondimensional parameters for optimal propulsion are obtained for 

both aquatic and aerial propulsion

 The optimal dimensional parameters have to be tuned with the freestream speed. For instance, for

 aquatic propulsion

•  Can serve as a guide for the design of  efficient aquatic and aerial thrusters.

 Experimental validation as a future work
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