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Insect flight

ïFast, skillful, fascinating fliers

ïComplex unsteady aerodynamics

ïLimited knowledge

Our goals

ïFree flight (6 degrees of freedom)

ïLong term behaviour

ïManoeuvres

I. Introduction



Morphological modeling

Body geometry from Holtzman & Kaufman. (2013)Wing profile from Han et al. (2004)

II. Modeling of Flight ïMorphology

Model insect flight

Fry, S.N., Sayaman, R., and Dickinson, M.H. (2005). Journal of Experimental Biology 208, 2303ï2318.
Han, C. (2004) Development 131, 1563ï1575.
Holtzman, S., and Kaufman, T. (2013) http://flybase.org/reports/FBrf0220532.html. 
Straw, A.D., Lee, S., and Dickinson, M.H. (2010). Current Biology 20, 1550ï1556.



II. Modeling of Flight ïDynamics

Equations of motion

ïAssumptions:

Rigid wing and body, negligible wing mass, homogeneous body 

density distribution

ïGoverning equations
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II. Modeling of Flight ïNumerical model

Fluid-body interaction

ïDiscretized equations of motion
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Predictor-corrector solution

Predictor:

Corrector
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II. Modeling of Flight ïNumerical model

Regular finite difference:
Background Cartesian Mesh

Generalized finite difference (GFD):
Moving Mesh

Computational domain and discretization
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Ang, S.J., Yeo, K.S., Chew, C.S., and Shu, C. (2008). International Journal for Numerical Methods in Engineering 76, 1892ï1929.
Wang, X.Y., Yeo, K.S., Chew, C.S., and Khoo, B.C. (2008). Computers & Fluids 37, 733ï746.



II. Modeling of Flight ïNumerical model

Governing equations of fluid flow

Incompressible 3D Navier-Stokes equations

Arbitrary Lagrangian ïEulerian formulation (ALE)

Boundaries: 

Insect ïnon-slip surfaces

Far field ïzero gradient
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II. Modeling of Flight ïNumerical model

Projection method

Fractional time step method of Chew et al. (2006)

Time integration: Crank-Nicolson scheme

Poisson equation
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Chew, C.S., Yeo, K.S., and Shu, C. (2006).  Journal of Computational Physics 218, 510ï548.



III. Accelerating CFD Computation

Analysis of computational cost

ïPoisson equation

BiCGSTAB/GMRES solver, GPU nested projection iterations

ïNodal search for overlapped nodes

ADT search, GPU acceleration

ïSolution of 

SVD, Parallelization on CPU
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III. Accelerating CFD Computation

Speedup of CUDA code

Speedup of Poisson Solver Speedup of Projection Iterations

Speedup of Nodal Search Time cost in one FSI-step



IV. Results ïValidation

Validation case

Wing model: D.hydei

R=2.98mm, f=188Hz, Re = 115, m=1.8mg

Relative error: mean lift +13.48%

mean drag +9.691%

Wing Kinematics
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Muijres et al. (2014) Unfiltered

Muijres et al. (2014) Filtered

Current CFD
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Muijres et al. (2014) Unfiltered
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Muijres, F.T., Elzinga, M.J., Iwasaki, N.A., and Dickinson, M.H. (2015) Science 344, 172ï177. 



IV. Results ïFree flight

Flight performance �±80 cm/s flight

Body orientation

Pitch

Body displacement

Wing kinematic adjustment


