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Structural design?Aerodynamic design?

Aerodynamic 
load

Structural 
deformation

Structural sizing (optimization) 
based on margin of safety (M.S.)

Aerodynamic shape  
optimization

Solid mechanics, Fracture 
Material Science

Fluid dynamics

Digitalization of integrated design process with multi-physics simulation
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Microscale analysis for composite material 
[ ]μm − mm

Macroscale aeroelastic / 
design analysis [ ]m

Aircraft design simulator

Digital engineering in aircraft design

Date, Abe, et al., J. Aero. Sci. Tech. 2022
Abe, et al., CM3-ECCOMAS (invited, 2023)
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• Failure mode cannot be accurately captured by one-way coupled analysis
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 One-way (CFD → CSD)
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Aerostructural design in equilibrium condition 6
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Challenges in high-fidelity FSI for aircraft design

Sequential iteration High-fidelity models
✓ 5 - 20 times aeroelastic iteration 

✓ 50 - 200 times structural-sizing iter.

✓ High-aspect-ratio wing requires larger iter.

5 iter. 9 iter.
13 iter.

✓ CFD at real high-load conditions

✓ CSD with damage propagation
Fiber direction

A.S. Iyer, Y. Abe et al., C&F, 226, 104989, (2021)
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Conventional iterative method for static FSI

 Structural deformation in equilibrium condition

Internal force External force

Structural solver Flow solver

(      : displacement)

Transformation 
matrix
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Residual minimization approach in static FSI

 Force-based fully partitioned (FFP)

Structural solver Flow solver Structural solver Flow solver
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✓ Response surface of the residual force:  

✓ Find the deformation minimizing
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 Force-based fully partitioned (FFP) Nonlinear Block Gauss-Seidel (BGS)

Residual minimization approach in static FSI 10
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 Leading edge deformation of CFRP wing

✓ GM-FFP is highly parallelizable in iterative direction. 

                  =>  It becomes faster if the iteration of BGS is large.

Residual minimization approach in static FSI 12

 BGS v.s. GM-FFP  (AoA = 0 deg.)

 Elapsed time with CPU (4 cores for 1 simulation)

approx. 4 times speed-up

✓ GM-FFP is parallelizable in iterative direction. 

                  =>  It becomes faster if the iteration of BGS is large. 
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Deep Koopman dynamical model
Morton et al., NeurIPS 2018;  Takeishi et al., NeurIPS 2017

xt+1 = F(xt) g(xt+1) = g(F(xt)) = g(xt)

15

Nonlinear Linear
Observable g

G
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Deep Koopman dynamical model
Morton et al., NeurIPS 2018;  Takeishi et al., NeurIPS 2017

Ỹ = AX̃ + BΓ
Flow state 

(latent)
Displacement 

(physical)

Unknown

xt+1 = F(xt) g(xt+1) = g(F(xt)) = g(xt)
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Deep Koopman dynamical model

• Flow around cylinder

• Flow variables: X, Y

input: u = [z, ··z]T
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Deep Koopman dynamical model

ReconstructedOriginal (pressure field)
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• Lift force history                                                  • Relative error (loss function)

Deep Koopman dynamical model 19
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 Iteration at fixed time

Internal force External force

Structural solver Flow solver

( : displacement)u

Dynamic FSI

tn

tn+1

λ = S(u) f = A(u)

λ(u) − f(u) = 0

Farhat and Lesoinne CMAME (2000)
Barcelos et al., CMAME (2006)
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 Iteration at fixed time

Internal force External force

( : displacement)u

Dynamic FSI

tn

tn+1

λ = S(u) f = A(u)

λ(u) − f(u) = 0

Farhat and Lesoinne CMAME (2000)
Barcelos et al., CMAME (2006)

High-fidelity simulations in each physics?
Large number of degrees of freedom in space 
Communications between “big” solvers at each time step

21
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Proof of concept (preliminary…)

Design parameter
Estimater

Residual force

Displacement (designed input)

• Observer-based control design (DMDc-based flow dynamics)

Lift force

Estimater

Residual force can be replaced by simulation results

24

Conclusions

Data-driven FSI approach was proposed with
• Residual force minimization 
• Deep Koopman dynamical model

Parallelization of computing residuals for FSI solution was introduced 

Deep autoencoder was applied in the Koopman dynamical model
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