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Challenge: free slip interface

Traditional MPM Augmented MPM Ours
[Stomakhin et al. 2013] [Stomakhin et al. 2014]

© 2020 SIGGRAPH. ALL RIGHTS RESERVED. 3



PREVIOUS WORK SIGGRAPH 1

Lagrangian Solids and Eulerian Fluids [Chentanez et al. 20006] [Batty et al.
2007]

Lagrangian Solids and Lagrangian Fluids [Solenthaler et al. 2007] [Muller et
al. 20135]

Eulerian Solids and Eulerian Fluids [Levin et al. 2011] [Teng et al. 2016]
Hybrid Particle-Grid Methods [Hu et al. 2018] [Han et al. 2019]
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> Discretization
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Material Point Method (MPM) MPM Coupling Issues:

Single grid: self-collision suffers from

—CTransfer ) - numerical stickiness

C Forces ) Multiple grid: tangentially discontinuous
velocity by using different grids is limited
* to explicit time integration

4—CTransfer )—

The Material Point Method for Simulating Continuum Materials. SIGGRAPH course notes. 2016.

On hybrid lagrangian-eulerian simulation methods: practical notes and high-performance aspects
SIGGRAPH course notes, 2019.
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IQ-MPM METHOD
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- Traditional Solid: - Solid with ghost matrix:

Similar to compressible air
U(F?°) =W (F
( ) ( ) \IJ(FS,JQ) :\IJS(FS)+\P9(J9)
Arbitrary nonlinear hyper-elasticity supported:

Fixed Corotated model [Stomakhin et al. 2012] g( 79\ _ 1 Jr 19  1\2
Neo-Hookean model v (J ) - 5)‘ (J 1)

Saint Vernant-Kirchhoff model Half Lame’s first parameter
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GOVERNING EQUATIONS (GENERAL) SIGGRAPH I,

For any phase k (fluid or solid):

Dpk . " ) g: gravity
Dt tpVeve =0, X € Q% n*: outward normal
Dk . ) QF: solid/fluid domain
PTt—V-a —-pg=0, x € Q pk:density
k .
ko ko K v™.velocity
c"-n" =b, X € 0Q) o*: Cauchy stress
vE .ok = Ulg, x € (9Q/S< bl:c free surface bc
2 K K Vg: slip bc
V' = Vne, X € 0Q ,
NS NS vllf,S: no-slip bc

Automatic MPM coupling is inherently restricted to sticky and no-slip interactions
To allow free-slip boundary conditions, we add velocity and pressure continuity for solid and fluid interfaces

(Vs—f)-nS:O, x el ps—psz, x €.
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Strong coupling force exerted
from the fluid to the solid

8,1 yS,M

At

V . ,US,n—Fl —|_ p _ pg,n
ANIJIAL ANITJIMAL

Energy based solid-wall collision

Y J —|_1
- ”Zst’” — VoS ypentt = P

4+ ffs,n—|—1

g,n+1

» Solid and ghost matrix share velocity
v® =Y

Solid

« Coupling force is along normal direction
Ghost Matrix ffs,n+1 _ pntlpsn
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SPLITTING SOLVE OIGGRAPH [,

)
( Us,n\ Us,n—i—l
ps,n ps,n—i—l
Uf7n vf,n+1
,Us,n*
p.f)n pf,n—l—l
N —
ST pySy* ;M pyS,M s,Mn s,n—l—l S,MN,,8,%*
P v o v . O_s,* _ P v P v + Vpg,n+1 . hn+1ns,n _ P v
At At At At
* Fully nonlinear Newton solve  Linear system coupled with fluid

» Solve pressure first and substitute
them back
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GOVERNING EQUATIONS (FLUID) SIGGRAPH I,

Density does not change over time
for incompressible fluid

Uf,n—i—l
At

plpfom
At

ol

4+ fo,’rH—l _ fsf,n—l—l + fw,n—|—1

V.ot =0

Divergence free condition

 Fluid touches slip boundary walls by constraints

Fluid
fin+1 nf = f
v os 1 = v

» Coupling force is also along normal direction
* Incompressibility is assuming that

A = OO
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851 9,8,%

\V4 g,n+1 hn—i—l CN O P
+Vp n v

Governing pS SNt
equation At

Unknown variables

*

-\ /- s,n s_,Us,n—i—l $,M 48 . 5,8,
/ P 4 d:c-l—/ qs-Vpg’an:U—/qs-ns’nhanS:/ P @ " dx

eak form . .
Solid Solid Solid-fluid Solid

interface
Test function Integration domain
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S, %k

S, S | vs,n—l—l S,M S |
Weak form / P q ~ dx + / qs . Vpg,n—l—ldx . / qs . ns,nhn—i—lds _ / P q U do
S S 1" S

At

Continuous variables

AV O Z o 2

Discret?zation 7 Z & Ns 2
on variables

Contlnuous variables Discretized variables Order
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MPM Limitation Solid velocity order = 1

Computational Limitation Any order < 2

Stability Limitation velocity order > pressure order
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O solid particle [ | solid velocity DOF 8’3 solid pressure DOF solid element
O fluid particle fluid velocity DOF 83 fluid pressure DOF fluid element
B{v*}B{p*} — B{h} — B{v/} B{p’}
Solid’s velocity and pressure order £3 2:30 £33 ®
1 ] < <M
Solid-fluid coupling pressure order oT ; OW w
o 821818

Fluid's velocity and pressure order : :

B2B1 — Bl — B2B1 B2B0 - B0 — B1B0
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*

81 S . )55
qs ) ns,nhn—i—lds _ / P th dr

ps,nqs . ,Us,n—i—l ) gl
Weak form A7 de + | ¢° - Vp?"idx —
S S F

Continuous integrations

S, NTS,2 . S ATS,2
v For solid (MPM), /Q PN (@)de =y mp N ()
Discretization 2

. . o] t
on mtegrauons Particles quadrature

For fluid, ?
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@solid particle quadrature : H
OFluid zarticle:uadrature | | | O O O SOIId partIC|e
[EFull luid element
? B o © fluid particle
0000|0609 O @ @)
m|m|m .rﬁ B © interface search radius
B | ._@
~ Il interface fluid volume quadrature
B|m|m|m(m]|m(gs
f H|®|®|E| D@ }\ oriented interface quadrature

Particles quadrature Good

Cut cell +

. : Bad Good Bad
analytical integration

Interface quadrature Good Good Good
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» Discontinuous pressure and high order
velocity in inconsistency
* Derived from weak form
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MORE RESULTS
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Density = 200 kg/m3 Density = 700 kg/m3 Density = 1200 kg/m3
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THANK YOU!
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