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INTRODUCTION 
Unmanned air vehicles (UAVs) and unmanned underwater vehicles (UUVs) are becoming 

ubiquitous, and the technologies that drive their development are pushing the envelope of viable 
mission profiles for these systems.  Finding solutions to achieve effective and efficient flight 
performance in unpredictable flow regimes such as urban areas and cluttered indoor environments 
is essential to future UAVs, and also to UUVs in littoral regions and close to marine infrastructures.  
As the demand for these small vehicles grow due to the missions they enable, there is a need to 
rethink the design to achieve the desired performance.   In nature, larger flying animals tend to rely 
on their wings to glide or soar, and these wings provided some of the inspiration for early aircraft 
design.  However, smaller flying animals rely more heavily on wing flapping to create the lift and 
control forces needed for flight, and this is an area that holds promise for small UAVs and UUVs. 

Smaller flying animals such as hummingbirds and bees rely mainly on wing flapping for lift 
generation, as opposed to gliding.  Scientists and engineers have employed a mix of biological, 
prototype and computational studies to understand the wing mechanisms and kinematics of species 
ranging from fruit flies to hummingbirds to bats.  The accumulation of these efforts has led to an 
understanding of the flow physics for different wing geometries, configurations, and kinematics 
for both hover and forward flight, as described by Ramamurti and Sandberg [1,2] and Viswanath 
et al. [3].  The decreasing size of the UAVs and UUVs makes them susceptible to the fluctuating 
magnitude and direction of gusts or vortices.  Flapping wings hold promise for controlling transient 
dynamics of smaller vehicles in complex environments.  Improved modeling of wing surface 
stretching and other deformations is needed to determine the extent to which flexible wing surfaces 
contribute to the agility of flying animals and to provide guidance in materials selection and wing 
shape and kinematics design for flying vehicles.   

We have previously conducted computational studies of flapping wings and flapping wing 
platforms, and compared results of these studies with experimental data from both biological and 
man-made wing counterparts, see Ramamurti et al. [4,5].  However, while these comparisons 
proved useful for aiding the process of designing bio-inspired UAV and UUV platforms, the 
accuracy of the simulated wing kinematics suffered from a lack of a proper wing deformation 
models.  This weakness pointed to the need to develop a fluid-structure interaction (FSI) capability.  
In this report, we discuss the development and validation of a fluid-structure interaction solver.  
This solver is validated against two benchmark test cases. 

THE INCOMPRESSIBLE FLOW SOLVER 
The governing equations employed are the incompressible Navier-Stokes equations in 

Arbitrary Lagrangian-Eulerian (ALE) formulation which are written as,  
𝜌𝐯," + 𝜌𝐯#∇𝐯 + 𝛁𝑝 = ∇𝜇∇𝐯   , (1) 

∇. 𝐯 = 0   , (2) 
where p denotes the pressure, va = v − w is the advective velocity vector, where v is the flow 
velocity and w is the mesh velocity and 𝜇 is the turbulent viscosity. Thus, the equations are 
Eulerian for zero mesh velocity and Lagrangian if the mesh velocity is the same as the flow 
velocity. The present time-accurate flow solver uses a spatial discretization based on a Galerkin 

___________
Manuscript approved September 30, 2022.
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procedure with linear tetrahedral elements, and a temporal discretization based on fractional steps 
for velocities and pressure. The details of the flow solver have already been discussed extensively 
elsewhere (Ramamurti et. al. [6-7]) in connection with successfully validated solutions for 
numerous 2-D and 3-D, laminar and turbulent, steady and unsteady flow problems. 

Coupling Structural Solver to CFD 

The coupling of the fluid flow and the elastic structural deformation can be carried out in two 
ways.  The first method discretizes the structure using finite elements but assumes that only small 
elastic deformations occur. Based on the finite element model, a modal decomposition is carried 
out, and the eigenmodes of the structure are obtained.  These eigenmodes are then coupled to the 
fluid solver. The second strategy involves discretizing the structure using finite elements and 
solving the structural deformation in a time-accurate manner based on the physical properties. Note 
that while in the first method only principal eigenmodes are used, in the second method all the 
eigenmodes that can be seen by the discretization are present, i.e., the maximum possible amount 
of information is used. 

The discretization of the elastic structure via finite elements results in the system, 

Mẅ + Dẇ + Kw = 	𝐟					, (3) 

where M, D, and K are the mass, damping and stiffness matrices, respectively, w is the vector of 
nodal displacement and f is the external force.  The matrices M and K are symmetric positive 
definite, and can be used to obtain a system of eigenmodes by solving the eigenvalue problem, 

(−𝜔$%𝐌+𝐊) ∙ 𝑒$ = 0, 		𝑖 = 1, 𝑛			.	 (4)	
The vector of unknowns w can be written in terms of the eigenvectors as 

𝐰 = 𝑒$𝑎$, (5) 
resulting in 

𝐌𝑒$𝑎̈$ + 𝐃𝑒$𝑎̇$ + 𝐊𝑒$𝑎$ = 𝐟			. (6)	
Assuming 𝑒&𝐃𝑒$ = 𝑑$$𝛿$&, we can decompose Eq. (5) by multiplying with 𝑒& , and using the 
orthogonality properties of M and K,  

𝑒&𝐌𝑒$ = 𝛿$&, and 𝑒&𝐊𝑒$ = 𝜔$%𝛿$& 			, (7) 
where 𝛿$& is the Kronecker delta.  This results in a decoupled system of ordinary differential 
equations 

𝑎̈& + 𝑑&&𝑎̇& + 𝜔&%𝑎& = 	𝑓& = 𝐟 ∙ 𝑒&   . (8)	
This system of ODEs can be solved either given the forcing loads f resulting in the nodal 
displacement w, or given the motion 𝑎$, resulting in the nodal displacement w. In some cases, the 
eigenvectors are not scaled according to Eq. (7).  Instead, they are of the form 

𝒋$ = 𝛼$𝑒$   , (9) 
and the nodal displacement w is written as 

𝐰 = 𝒋$𝑏$, (10) 
resulting in 

𝑏̈$ + 𝑑$$𝑏̇$ + 𝜔$%𝑏$ =
'

()𝒊)𝟐
𝐟 ∙ 𝒋$   . (11)
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The scaling factor 𝛼$ can be obtained by applying a known force and matching the corresponding 
displacements and is used as an input in coupling the modes with the CFD solver. If we consider 
beam elements, the basic equation is 

𝜌𝐴𝑤̈ + 𝐸𝐼	𝑤,++++ = 𝑞  , (12) 
where w is the displacement, 𝜌 is the density, A is the cross-sectional area of the beam, E is the 
Young’s modulus, I is the area moment of the beam and q is the force per unit length.  The 
eigenfunctions for this system can be written as 

𝑤 = 𝑤,𝑤-(𝜆𝑥), 		𝑤,++++ = 𝜆.𝑤  . (13) 

Substituting this in Eq. (12) and applying a Galerkin approximation, we get 
𝜌𝐴𝑐/𝑤̈, + 𝐸𝐼𝜆.𝑐/𝑤, = ∫𝑞𝑤-(𝜆𝑥)	𝑑𝑥 , 				𝑐/ = ∫𝑤-%(𝜆𝑑𝑥)𝑑𝑥   . (14) 

The force integral can be approximated by point collocation as 
∫𝑞𝑤-(𝜆𝑥)	𝑑𝑥 = ∑ 𝑤-(𝜆𝑥$)	𝐹(𝑥$)$    , (15) 

resulting in the following eigenmode system 
𝑚𝑤̈ + 𝑘𝑤 = ∑ 𝑤-(𝜆𝑥$)	𝐹(𝑥$)$    , (16) 

where m = 𝜌𝐴𝑐/, and  𝑘 = 𝐸𝐼𝜆.𝑐/. For different boundary conditions, such as cantilevered beam 
and free beams, the eigenvalues can be found from standard test books.  These are used to validate 
the coupled solver.  

VALIDATION OF THE COUPLED MODEL 
Most natural flyers such as bats use an articulated skeleton covered with an elastic membrane 

for morphing their wings during flight.  In this research effort, we consider bio-inspired wings 
comprised of carbon fiber structures and an elastic Mylar membrane between them. In order to 
validate the coupled solver, the problem is broken into two parts: one for the coupled fluid and 
beam case and the second for the coupled fluid and membrane case. 

Coupled solver for Beams: 
In order to validate the coupled solver for the beam structures, we selected the case described 

by Turek and Hron [8] of flow around a cylinder with an elastic beam behind the cylinder.  The 
flow is incompressible and in the laminar regime, ranging from Reynolds number, Re = 20 to 200.  
The overall set up consists of a solid cylinder with the elastic beam submerged in the channel flow. 
Then self-induced oscillations in the fluid and the beam are monitored and the time-dependent 
displacements are compared. The coupled solver described above using eigen modes is employed 
for the simulation.  This coupled code was scaled for a cantilevered beam with a point load at the 
end of the beam.  Next, the solver was used to simulate the benchmark case shown in Figure 1.  
The domain has length L = 2.5m and height H = 0.41m.  The center of the cylinder is positioned 
at (0.2m, 0.2m) measured from the bottom left corner of the channel and the radius of the cylinder 
is r = 0.05m. The elastic beam has length l =0.35m and height h = 0.02m.  The right bottom corner 
is positioned at (0.6m, 0.19m) and the left end is fully attached to the cylinder. The control point 
A is attached to the structure and is moving in time with A(0) = (0.6m, 0.2m). Two sets of physical 
parameters are considered and are shown in Table 1.  Here, the 𝜌-, 𝜈-,	and	𝜇- are the density, 
Poisson’s ratio and dynamic viscosity of the solid, 𝜌0 and	𝜈0 are the density and kinematic 
viscosity of the fluid, and 𝑈W is the mean inflow velocity.  Defining Reynolds number by 𝑅𝑒 =
2𝑟𝑈W/	𝜈0, the two cases correspond to Re = 20 and 200. 
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A parabolic inflow velocity profile is prescribed as 
𝑣+(0, 𝑦) = 1.5𝑈W 1(231)

(2/%)#
   . (17) 

Re = 20 Re = 200 
𝜌- [103 Kg/m3] 1 1 
𝜈- 0.4 0.4 
𝜇- [106 kg/ms2] 0.5 2.0 
𝜌0 [103 Kg/m3] 1 1 
𝜈0 [10-3 m2/s] 1 1 
𝑈W [m/s] 0.2 2.0 

Table 1. Physical parameters for Coupled CFD and structural solver validation. 

Fig. 1. Turek-Hron benchmark configuration, (a) computational domain and (b) structural 
details.

Fig. 2. Displacement time history for the Turek-Hron benchmark case, Re = 20. 

(a) 

(b)
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Several eigenmodes were included in the coupled solver and for the first test case of Re = 20 all 
of the modes reached a steady state solution as shown in Fig. 2.  The converged displacement is 
8.787 × 10-4m compared to the values of 8.209 × 10-4 reported in [8]. The computed drag and lift, 
are D =14.25 and L = 0.69, are compared with Turek-Hron’s results of D = 14.295 and L =0.76.  
For the unsteady case of Re = 200, the displacement time history is shown in Fig. 3.  The mean 
displacement is 1.572 × 10-3m with the range of ±34.21 × 10-3m.  This is in good agreement with 
results reported for various coupled solvers reported by Turek et al. [9], which are in the range of 
(1.45 – 1.55) × 10-3, ±35 × 10-3.   Figure 4 shows the instantaneous pressure and velocity
distribution for the case of Re = 200. 

Fig. 3. Displacement time history for the Turek-Hron benchmark case, Re = 200. 

Fig. 4. Flow results for Turek-Hron benchmark case, Re = 200, (a) pressure distribution and (b)
magnitude of velocity. 

(a) 

(b)
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Coupled solver for membranes: 
In this case, the structural model employed is based on Smith and Shyy [10] for elastic 

membranes subjected to a normal force.  The governing equation for this model is 

𝜌-ℎ𝑦̈ + 𝜌-𝑐5𝑦̇ + 𝐸ℎ(𝛿, + 𝛿) `1 + a
61
6+
b
%
c
3	$#
	𝑦,++ = 𝛥𝑝			,	 (18)	

where 

𝛿 = 𝐿 − 𝐿,, 			𝐿 = ∫ f1 + a61
6+
b
%8%

, 𝑑𝑥   . (19)

Here, y is the vertical displacement, 𝜌- is the density of the membrane, h is the thickeness, 𝑐5 is 
the damping or drag coefficient, E is the modulus of elasticity, L is the length of the membrane, 
and 𝛿is the increase in length of the membrane. Following the finite element discretization, Eq.18 
can be written as 

Mÿ + Dẏ + Ky = 	𝐟					. (20) 

This system is integrated in time using the implicit Newmark scheme [11] with the parameters 
𝛽=0.25 and 𝛾=0.5, which is unconditionally stable.  The next step is to obtain the integration 
constants, b1through b6 as 

𝑏' =
'

9∆"#
	 , 𝑏% =

'
9∆"

	 , 𝑏; =
'
%9
− 1	, 𝑏. = 𝛾∆𝑡𝑏'	,	 

𝑏< = 1 − 𝛾∆𝑡𝑏%	, 𝑏= = ∆𝑡(1 − 𝛾𝑏; − 	𝛾)			. (21 a-f) 

Next, the effective stiffness matrix is obtained as 

𝐊l = 𝐊 + 𝑏'𝐌+ 𝑏.𝐃  , (22) 
And the effective force vector is 

𝐟m = 𝐟 + 𝐌(𝑏'𝑦>3' + 𝑏%𝑦̇>3' + 𝑏;𝑦̈>3') 
							+𝐃(𝑏.𝑦>3' − 𝑏<𝑦̇>3' − 𝑏;𝑦̈>3')   . (23) 

Next, the new displacements are computed solving 
𝐊l	𝑦𝒏 = 𝐟m   , (24) 

and the new velocities and accelerations are computed using 

𝑦̇> = 𝑏.(𝑦>- 𝑦>3') + 𝑏< 𝑦̇>3' + 𝑏= 𝑦̈>3' 
𝑦̈> = 𝑏'(𝑦>- 𝑦>3') - 𝑏% 𝑦̇>3' - 𝑏; 𝑦̈>3'   . (25 a,b) 

For the validation case for a membrane model of Rojratsirkul et al. [12] was simulated.  The 
membrane airfoil geometry consists of thin latex sheet stretched between a leading edge and a 
trailing edge mount, shown in Fig. 5.  Experimental observations show that the membrane 
deformation is nearly two-dimensional for the range of angles of attack tested. Simulations were 
performed for 𝛼 = 4° to 20°, for structural parameters of Eh = 50, 𝜌-h = 0.589, and Re = 2500, as 
described in Gordnier [13]. 
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Fig. 5. Membrane Wing Geometry of Rojratsirikul, Wang and Gursul [12].
The mean deflection of the membrane is compared to the computed results of Gordiner [13]. 

For an angle of attack 𝛼 = 4°, a steady state of the deflection was achieved, and Fig. 6 shows the 
comparison of the present results. Observe the improvement in the results when the CFD grid is 
refined form 52.4K points to 124.8K points.  For 𝛼 = 12°, both explicit and implicit CFD 
timestepping schemes were employed for the simulation. Fig. 7a shows the time history of the 
displacement of the mid-chord, and it is clear that the implicit scheme is unable to capture the 
unsteady physics.   In terms of computational effort, the explicit scheme takes 5 hours on 1 node 
of an Intel Xeon cluster architecture, compared to 40 minutes for the implicit scheme.  Figure 7b 
shows the comparison of the mean deflection, and the explicit scheme compares well with the 
results of Gordnier [13].   Figures 8 and 9 show the instantaneous pressure and velocity contours 
for the implicit and explicit schemes, respectively, and it is clear that the implicit scheme does not 
capture the unsteady flow field for this higher angle of attack. At 𝛼 = 16°, both explicit and implicit 
schemes result in a limit cycle oscillation of the mid chord point, with the higher mean and 
amplitude from the explicit scheme, as shown in Fig. 10a. Fig 10b shows the comparison is better 
for the implicit scheme.  For 𝛼 = 20°, the explicit scheme does not converge into a limit cycle 

Fig. 6. Mean deflection of the membrane at a = 4°.
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Fig. 7. Results for the membrane deflection for a = 12°, (a) comparison of the mid-chord
displacement, and (b) comparison of the mean deflection. 

Fig. 8. Instantaneous (a) pressure and (b) magnitude of velocity contours for the flow past the 
membrane at a = 12°. Re = 2500, using the implicit scheme. 

(a) (b) 

(a) 

(b)
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Fig. 9. Instantaneous (a) pressure and (b) magnitude of velocity contours for the flow past the 
memebrane at a = 12°. Re = 2500, using the explicit scheme. 

Fig. 10. Results for the membrane deflection for a = 16°, (a) comparison of the mid-chord
displacement, and (b) comparison of the mean deflection. 

(a) 

(b) 

(a) (b) 
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Fig. 11. Results for the membrane deflection for a = 20°, (a) time history of the mid-chord
displacement, and (b) comparison of the mean deflection. 

Fig. 12. Instantaneous (a) pressure and (b) magnitude of velocity contours for the flow past the 
memebrane at a = 20°. Re = 2500, using the implicit scheme.

(a) (b) 

(a) 

(b)
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oscillation, but the implicit scheme does, as shown in Fig. 11a. Again, the comparison with the 
results for this case is good. Figure 12 shows the instantaneous pressure and velocity contours at 
the end of the simulation.  

Coupling with a Comprehensive CSD Code: 

Most natural flyers such as bats use an articulated skeleton covered with elastic membrane for 
morphing their wings during flight.  In this research effort, we consider bio-inspired wings 
comprised of carbon fiber structures and elastic Mylar membrane between them.  A coupled CFD-
Computational Structural Dynamics (CSD) solver was developed for this purpose.  The structural 
solver, ASICSD, is a finite element code intended to model large structural deformations. The 
spatial discretization is performed via unstructured grids of finite elements that can be of 0-D (point 
masses), 1-D (beams, trusses), 2-D (shells, plates) or 3-D (solid) topology. The temporal 
integration is explicit. The code incorporates a large library of materials and various equations of 
state (EOS), as well as many kinematic options, such as slide lines and contacts. After each time 
step, ASICSD obtains all the ‘wetted faces’ and makes them available to the flow solvers.  

The Lagrangian dynamic equilibrium equation written on the spatial configuration at time t 
(Ω") is given by 

𝜌ü − ∇ ∙ 𝜎 = 𝐟			in	Ω", (26) 

with the compatible initial and boundary conditions. The Cauchy stress tensor σ is obtained from 
a constitutive material equation. In Eq. (26), 𝜌 is the density of the material, u the displacement 
field, ü	the acceleration and f the body force. 

The equilibrium variational form at the spatial configuration is obtained by multiplying Eq. 
(26) by a test function 𝛿u ∈ V that fulfills the imposed boundary condition and continuity
requirements. After integrating by parts, the following is obtained

∫ 𝜌𝛿u ∙ 𝒖̈	
@ = −∫ 𝜖(𝛿u)	:	

@ 𝜎𝑑Ω + ∫ 𝛿u	 ∙	
@ 𝜎𝑑Ω + ∫ 𝛿u	 ∙	

A&
t𝑑Γ,			∀	𝛿u	∈	V, (27) 

where 𝜖(∙) is the spatial symmetric gradient operator.  𝜖(𝛿u) is the spatial strain rate tensor, which 
is obtained from the standard finite element kinematic interpolation, t is the surface traction tensor 
applied on the boundary of Ω	(∂Ω)in the actual configuration, and ΓB is the normal Neumann part 
of ∂Ω. Following the finite element approximation, Eq. (27) can be written as 

Mü + Du̇ + Ku = 	𝐟					, (28) 
where M is the standard mass matrix, D the damping matrix, K the stiffness matrix, and f the 
external force. Eq. (28) is discretized in time with the standard Newmark method. Given the 
solution at 𝑡>3', the solution at 𝑡> can be obtained from 

u𝒏 = u𝒏3𝟏 + ∆𝑡u̇>3' + ∆"#

%
[(1 − 2𝛽)ü>3' + 2𝛽ü>] , (29) 

u̇𝒏 = u̇𝒏3𝟏 + ∆𝑡[(1 − 𝛾)ü>3' + 𝛾ü>]   , (30) 
where ∆𝑡 is the time step and 𝛽 and 𝛾 are scalar parameters. With 𝛽 = 0, we get an explicit 
scheme, the stability of which is dependent on the ∆𝑡. 
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Application to Notional Flapping Wing Vehicle: 
The flapping wing prototype we chose to test this coupled solver was developed by researchers 

at Stanford University [14].  The wing consists of a hinged leading edge and flexible spars, all 
made of carbon fiber, over which a thin Mylar membrane is stretched and which allows for 
decoupled membrane deformation betweeen them, as shown in Fig. 13. The carbon fiber rods are 
of various diameters as shown in Fig. 13, with a Young’s modulus E =140GPa and a Poisson’s 
ratio n = 0.45.  The mylar film is 0.05cm thick with E= 4GPa and n = 0.35.  The carbon fiber 
beams were discretized using Hughes-Liu beam elements, while the mylar membrane is discretized 
using the MITC3 triangular elements. 

Fig. 13. Fully extended wing planform of the Stanford DelFly robot. 

In order to simulate a realistic vehicle with flapping wings, a cylindrical body was added.  
Simulations over this configuration, shown in Fig. 14, are performed with the vehicle moving at a 
velocity of 1 Chord/sec.  Several parametric studies varying the amplitude, frequency of the 
flapping wing, in addition to the location of actuation of the wing either at the leading edge of the 
root or the entire chord along the root are performed.  This configuration was used earlier for the 
development of a coupled CFD-Control tool [15], in which the kinematics of the flapping wings 
were prescribed from experimental studies.  In this work, the motion of the leading edge tip and 
the elbow joint are monitored.  Some of the results are discussed next. 

Fig. 14. Notional flapping wing vehicle configuration. 
First, the wing was actuated at one point, the root of leading edge spar, with an amplitude of 

F = ±30° and a sinusoidal flapping frequency of 12.5Hz. In comparison, the experimental studies, 
were performed with the stroke amplitude of the wing was nearly 25° and a flapping frequency of 
14Hz. Figure 15 shows the force time history of thrust production and the excursion of the two 

V = 1 Chord/sec 
1 

2 
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leading edge points. From Fig. 15a, the mean thrust at the vehicle speed of 8cm/s is nearly zero, 
implying that the vehicle will be able to fly at this speed given this kinematics for flapping. Figure 
15b shows that the elbow and the tip of the leading edge are nearly 180° out of phase.  Fig. 16 
shows the pressure distribution on the surface of the wing at an instant t = 1.939s, when the two 
leading edge points are moving in opposite directions. Varying the outer leading edge spar 
thickness and the Young’s modulus did not significantly change the phasing between the leading 
edge points. The flapping frequency was reduced to 5Hz and the results showed that the mean 
thrust increased to nearly 0.03N and the displacement of the points along the leading edge are more 
than doubled as compared to 12.5Hz and, furthermore are in phase, as shown in Fig. 17. 

Next, the wing was actuated along the entire root chord. For a pitch amplitude of 30°, the 
flapping wings achieve a maximum mean thrust of 0.03N at 5Hz, and the mean thrust decreases 
with increase in flapping frequency to 12.5Hz, as shown in Fig. 18a.  Figure 18b shows the 
displacement of the leading edge tip (solid line) and the elbow joint (dotted line) for the three 
frequencies tested. The leading edge tip displacement is nearly doubled as the frequency is 
increased from 2.5Hz to 5.0Hz and reduces as the frequency is further increased.  At the lower 
frequencies, both the leading edge points are in phase and nearly 180° out of phase at f = 12.5Hz. 

Fig. 15. Time histories for the notional flapping wing vehicle at f = 12.5Hz, F = ±30°, (a) thrust 
and (b) displacement of the leading edge elbow and tip. 

Fig. 16. Surface pressure distribution on the flapping wing at t= 1.939s. 

(a) (b) 
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Fig. 17. Time histories for the notional flapping wing vehicle at f = 5Hz, F = ±30°, (a) thrust and 
(b) displacement of the leading edge elbow and tip.

Fig. 18. Time histories of (a) thrust and (b) displacement of the leading edge points for the 
flapping wing, F = ±30°. 

(a) (b) 

(a) (b) 
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Fig. 19. Time histories of (a) thrust and (b) displacement of the leading edge points for the 
flapping wing, F = ±15°. 

Fig. 20. Surface pressure distribution on the flapping wing at the extrema of thrust production 
during one flapping cycle, F = ±15°, f = 5.0Hz, (a) t/T= 0.0, (b) 0.215, (c) 0.48, (d) 0.73 
and (e) 1.0. 

(a) (b) 

(a) (b) (c) 

(d) (e) 
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Fig. 21. Surface pressure distribution on the flapping wing at the extrema of thrust production 
during one flapping cycle, F = ±15°, f = 12.5Hz, (a) t/T= 0.25, (b) 0.5, (c) 0.75, 
and (d) 1.0. 

A similar trend is observed for a stroke amplitude of 15°, with the maximum mean thrust at f = 
5.0Hz being reduced to 0.0125N, shown in Fig. 19. Figures 20 and 21 show the wing deformation 
and the surface pressure distribution corresponding to the minimum and maximum thrust 
production instants shown in Fig. 19 at the flapping frequency of 5Hz and 12.5Hz, respectively. 
At 12.5Hz, the leading edge spars appear to be dominated by the second mode of oscillation of a 
cantilevered beam and hence, the two points are out of phase. This needs to be verified by 
computing the eigenmodes of the entire wing and using the first coupled solver described here. 
Also, in the experimental studies of this flapping wing vehicle, the wing folds along the elbow 
during the stroke. In order to simulate this, additional joint boundary conditions need to be 
implemented, which is outside of the scope of this effort.  

SUMMARY AND FUTURE WORK 
A CFD solver was coupled to three different structural solvers in order to simulate flexible 

flapping wing dynamics. The first one was based on eigen modes and was validated using the 
Turek-Hron problem of elastic beam structures behind a cylinder at various Re.  The comparison 
was good for both Re = 20 and the unsteady case of Re = 200. The second solver used a membrane 
model for the structure and was validated against results in the literature for various angles of 
attack. The third, a comprehensive nonlinear finite element structural solver was coupled to the 
CFD solver and tested for the simulation of flapping wings with both carbon fiber beams and mylar 
membranes.  Several parametric studies varying the amplitude and frequency of the flapping wing 
were performed, and the maximum thrust production was found to be at 5Hz for a vehicle moving 
at a velocity of 1 chord/s. For this flapping wing vehicle, additional joint boundary conditions and 
the capability to allow for collapsible membranes, need to be incorporated in order to compare 
with the experimental studies.  Another approach will be to simulate this complex fluid structure 
interaction using the eigen modes for this configuration and use the coupled solver described in 
this report. 

(a) (b) 

(c) (d) 
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