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Introduction
 Fluid-structure interaction (FSI) is common and understand the mechanism can unlock the innovation of bionic field.

 Lattice Boltzmann method (LBM) has gained the popularity on its simple implementation and inherently parallel 

running feature.
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 Immersed boundary method (IBM):

 Internal fluid effect (from the fluid enclosed by the geometry) becomes a major 

error source contaminating the accuracy of the solid body simulation, especially at 

high Reynolds number (Re > 50). 

 Some algorithms to eliminate this error have existed in the field, e.g., Feng’s and 

Lagrangian points approximation algorithms.

 Objective: Build up a FSI solver to simulate biological fluid mechanics, such as sea 

butterfly swimming.



Lattice Boltzmann Method (LBM)
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𝑓𝑖
𝑒𝑞

Ԧ𝑥, 𝑡 = 𝜔𝑖𝜌[1 +
𝑢𝑒𝑞 ∙ 𝑐𝑖

𝑐𝑠
2 +
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In LBM:

Fluid node

Collision: Streaming:

𝑓𝑖 Ԧ𝑥, 𝑡 𝑓𝑖
∗ Ԧ𝑥, 𝑡

𝑓𝑖 Ԧ𝑥 + 𝑐𝑖 , 𝑡 + 1

𝑢 Ԧ𝑥 =
1

𝜌
෍

𝑖

𝑓𝑖 Ԧ𝑐𝑖 +
Ԧ𝐹 Ԧ𝑥

2𝜌
∆𝑡

For external force Ԧ𝐹 Ԧ𝑥 , we use Shan/Chen[2] force 

correction term:

𝑢𝑒𝑞 Ԧ𝑥 =
1

𝜌
෍

𝑖

𝑓𝑖 Ԧ𝑐𝑖 +
𝜏

∆𝑡

Ԧ𝐹 Ԧ𝑥

𝜌
∆𝑡

Relaxation time: 𝜏 =
𝜈

𝑐𝑠
2 +

∆𝑡

2

Pressure: 𝑝 = 𝜌𝑐𝑠
2

Velocity: 𝜌𝑢 = σ𝑖 𝑓𝑖 𝑐𝑖

Density: 𝜌 = σ𝑖 𝑓𝑖



Immersed Boundary Method (IBM)
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1. Velocity interpolation at Lagrangian vertex 𝑋:

𝑢 𝑋 = ෍

Ԧ𝑥

∆𝑥3𝑢 Ԧ𝑥 𝛿(𝑋, Ԧ𝑥)

2. Force calculation at Lagrangian vertex 𝑋 :

Ԧ𝐹 𝑋 = 2𝜌 𝑋
𝑢𝑏 𝑋 − 𝑢 𝑋

∆𝑡
3. Force spreading to Eulerian fluid nodes in the kernel core:

Ԧ𝐹 Ԧ𝑥 = ෍

𝑋

Ԧ𝐹 𝑋 𝛿(𝑋, Ԧ𝑥)

Delta function ( Ԧ𝑟 = 𝑋 − Ԧ𝑥):

𝛿 𝑋, Ԧ𝑥 =

1

8
3 − 2 Ԧ𝑟 + 1 + 4 Ԧ𝑟 − 4 Ԧ𝑟 2 0 ≤ Ԧ𝑟 ≤ ∆𝑥

1

8
5 − 2 Ԧ𝑟 − −7 + 12 Ԧ𝑟 − 4 Ԧ𝑟 2 ∆𝑥 < Ԧ𝑟 < 2∆𝑥

0 Ԧ𝑟 ≥ 2∆𝑥
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𝛿
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‖𝑟‖

Delta Function

Fluid node Solid vertex

Lagrangian system: 𝑋

Eulerian system: Ԧ𝑥

Kernel core

∆𝑥

𝑢𝑏
Ԧ𝑋



Rigid Body Motion
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Governing Equations:

Translational velocity: 𝑀
𝑑𝑈

𝑑𝑡
= Ԧ𝐹

Angular velocity: 𝑰𝐵
𝑑Ω𝐵

𝑑𝑡
+ Ω𝐵 × (𝑰𝐵Ω𝐵) = 𝑺𝑇𝑇

Fluid node

x

y

Eulerian (global) frame

Center of mass: 𝐶𝑂𝑀

Lagrangian (local) frame

Rotation matrix 𝑺:

𝑺 =

𝑞0
2 − 𝑞2

2 − 𝑞3
2 + 𝑞1

2 2(𝑞1𝑞2 − 𝑞0𝑞3) 2(𝑞1𝑞3 + 𝑞0𝑞2)

2(𝑞1𝑞2 + 𝑞0𝑞3) 𝑞0
2 − 𝑞3

2 − 𝑞1
2 + 𝑞2

2 2(𝑞2𝑞3 − 𝑞0𝑞1)

2(𝑞1𝑞3 − 𝑞0𝑞2) 2(𝑞2𝑞3 + 𝑞0𝑞1) 𝑞0
2 − 𝑞1

2 − 𝑞2
2 + 𝑞3

2

Where

Quaternion unit vector (orientation of the geometry):

𝑄 = (𝑞0, 𝑞1, 𝑞2, 𝑞3)

Force on solid: Ԧ𝐹 = σ
𝑋

Ԧ𝐹(𝑋)

Torque on solid: 𝑇 = σ
𝑋

(𝑋 − 𝐶𝑂𝑀) × Ԧ𝐹(𝑋)

𝑀: mass of solid body 

𝑰𝐵: inertia matrix of solid body

Subscript 𝐵: the property about the local frame



Internal Fluid Effect Elimination

Feng’s approximation[3]:
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Lagrangian Points Approximation (LPA)[4]:

Governing equations of rigid body motion:

𝑈𝐵
𝑡+∆𝑡 = 1 +

𝜌𝐹

𝜌𝑆
𝑈𝐵

𝑡 −
𝜌𝐹

𝜌𝑆
𝑈𝐵

𝑡−∆𝑡 + 𝑚𝑆
−1𝑺𝑇 Ԧ𝐹∆𝑡

Ω𝐵
𝑡+∆𝑡

= 1 +
𝜌𝐹

𝜌𝑆
Ω𝐵

𝑡 −
𝜌𝐹

𝜌𝑆
Ω𝐵

𝑡−∆𝑡 + 𝑰𝑺𝑩
−1[𝑺𝑇𝑇 + Ω𝐵

𝑡−∆𝑡 × 𝑰𝑭𝑩Ω𝐵
𝑡−∆𝑡

− Ω𝐵
𝑡 × 𝑰𝑺𝑩

Ω𝐵
𝑡 ]∆𝑡

Force around the shell:

Ԧ𝐹𝑖𝑛

Ԧ𝐹𝑜𝑢𝑡
Ԧ𝐹

Ԧ𝐹 = Ԧ𝐹𝑖𝑛 + Ԧ𝐹𝑜𝑢𝑡

𝑃𝑖𝑛 𝑡 = ෍

𝑋𝑖𝑛

𝑢 𝑋𝑖𝑛, 𝑡 Δ𝑉𝑖𝑛

𝐿𝑖𝑛 𝑡 = ෍

𝑋𝑖𝑛

(𝑋𝑖𝑛 − 𝐶𝑂𝑀) × 𝑢 𝑋𝑖𝑛, 𝑡 Δ𝑉𝑖𝑛

Ԧ𝐹𝑖𝑛 = −
𝑃𝑖𝑛 𝑡 − 𝑃𝑖𝑛 𝑡 − ∆𝑡

∆𝑡

𝑇𝑖𝑛 = −
𝐿𝑖𝑛 𝑡 − 𝐿𝑖𝑛 𝑡 − ∆𝑡

∆𝑡

𝑇 = 𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡

Fluid node

𝒕 𝒕 + ∆𝒕

Artificial vertex

𝑋𝑖𝑛



Multi-Step IBM
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∆𝑡𝐹

∆𝑡𝑆

Direct forcing IBM:

Obtain Ԧ𝐹 𝑋, 𝑡 + 𝑖∆𝑡𝑆 for solid

and Ԧ𝐹 Ԧ𝑥, 𝑡 + 𝑖∆𝑡𝑆 for fluid

Set the number of sub step for 

multi-step IBM: 𝑖𝑠𝑜𝑙𝑖𝑑 =
∆𝑡𝐹

∆𝑡𝑆
, 

initialize 𝑖 = 0

Solid solver:

Update the solid motion by 

the force Ԧ𝐹 𝑋, 𝑡 + 𝑖∆𝑡𝑆

If 𝑖 < 𝑖𝑠𝑜𝑙𝑖𝑑 − 1, increase 𝑖 by 1

Use Shan/Chen force to update the fluid domain 

for the next fluid step:

𝑢𝑒𝑞 Ԧ𝑥, 𝑡 + ∆𝑡𝐹

=
1

𝜌
෍

𝑖

𝑓𝑖 Ԧ𝑐𝑖 +
𝜏

∆𝑡𝐹
෍

𝑖

Ԧ𝐹 Ԧ𝑥, 𝑡 + 𝑖∆𝑡𝑆

𝜌
∆𝑡𝑆

If 𝑖 = 𝑖𝑠𝑜𝑙𝑖𝑑 − 1

∆𝑡𝑆 and ∆𝑡𝐹:
Mitigate instability when 

coupling fluid and solid solvers.



Validation: Oblate spheroid in linear shear flow[5]
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Simulation Setup

Domain size: 200*80*40 LB unit

Center of mass (𝐶𝑂𝑀) position: (100, 40, 20)

Neutrally buoyant spheroid:
ρS

ρF
= 1

Spheroid size:

𝑎 = 8    b = 16     𝑐 = 16

Empirical solution

Period (𝑇): 𝛾𝑇 = 200 81 − 𝑅𝑒 −0.5

𝑅𝑒 =
4𝜌𝑏2𝛾

𝜇

𝛾 =
2𝑢𝑊

𝐻

𝑥

𝑧

𝑦 𝐶𝑂𝑀

𝑢𝑊

𝑢𝑊

2𝑎

2𝑏 (2𝑐)

𝐻
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Results: Oblate spheroid in linear shear flow

10

30

50

70

90

40 50 60 70 80

γT

Re

Empirical LPA

Feng Shell

Period vs. Re for two internal fluid 

effect elimination algorithms

𝐸𝑟𝑟𝑜𝑟 =
𝑛𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙 − 𝑒𝑚𝑝𝑖𝑟𝑖𝑐𝑎𝑙

𝑒𝑚𝑝𝑖𝑟𝑖𝑐𝑎𝑙

Re LPA Feng

50 1.66% 4.77%

60 0.49% 6.24%

70 1.66% 13.85%

75 17.05% Inf

Error for each algorithm

Re = 70, LPA Re = 70, Feng

Re = 75, FengRe = 75, LPA

Thickness 𝑖𝑠𝑜𝑙𝑖𝑑 Stable?

0.1 4 No

0.1 8 No

0.1 10 Yes

0.1 16 Yes

Stability of shell solid 

simulation



Validation: Sediment of a sphere[6]
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Simulation Setup

Domain size (depth*width*height): 100*100*160 mm

Diameter of sphere (𝐷): 15 mm

Density of sphere (𝜌𝑆): 1120
𝑘𝑔

𝑚3

Sphere center initial position: (50 mm, 50 mm, 127.5 mm)

Gravity 𝑔 = 9.8
𝑚

𝑠2

Test cases

𝑅𝑒 =
𝜌𝑓𝑢∞𝐷

𝜇
𝑢∞: final velocity

[4]

𝑥

𝑧

𝑦

𝑔

𝐷
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Results: Sediment of a sphere

Trajectory and velocity under different Re with different internal 

fluid effect eliminations

Re = 1.5

Re = 32.2Re = 11.6

Re = 4.1



Conclusion:

• Multi-step IBM can help to stabilize the FSI simulations using the thin shell geometry.

• Demonstrate internal fluid effect under higher Reynolds number (𝑅𝑒 > 50).

• LPA maintains a good estimation of internal hydrodynamics for high Reynolds number (𝑅𝑒 ≤ 70).

• Feng’s algorithm provides competitive accuracy when Reynolds number is small (𝑅𝑒 < 50).
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Future work:

• May further analyze and find a better way to eliminate the internal effect for larger Reynolds number.

• Apply our FSI solver to simulate sea butterfly swimming.
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Thank you!
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