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Abstract: We propose a particle-based stable simulation method for elastoplastic materials. Our method
uses slave particles in addition to the master particles used to represent the object Slave particles allow
for stable calculation of the deformation gradient for elasto-plasticity because they are initially placed at
positions different from those of master particles and prevent zero-energy mode in which the deformation
energy become zero when the distribution of the computational points has locally symmetric property. Slave
particles are advected by the motions of nearby master particles. Further, by adding and removing slave
particles, it is possible to treat deformation with plastic splitting and/or merging. By comparison with ex-
perimental results, we show that the proposed method can simulate a wide variety of materials, from purely

elastic to elastoplastic.
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Fig. 1 Example of zero energy mode. In right figure, the ob-

ject is actually deforming but the deformation energy

becomes zero.
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to realize stable simulation (left). Our method uses

master (blue) and slave (green) particles (right).
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FTRTOH;H13 Intel Corei7-4930K 3.40 GHz % #5#k L 72
PC ECEATL, N=T 4 7 U N5DEMEA v ¥ 2 DRI
lZ OpenVDB [15] %, L > %) ¥ 7'121% Mitsuba [10] & F\»
72, TRTCOMEREZECEHEIZIT O URL 2505 T & 5.
http://slis.tsukuba.ac.jp/pbcglab/files/ipsj_slave.mp4

Slave S—F 4 7 VOEWIZL B Ial—2 3 vy 0¥
B ZEEZ IR LR EZR 7108”7, MT7I12B8F5
Master & #1# Slave 73— 7 1 7 VOIZZF N1 12,582,
19,260 TH A. At = 0.5 [msec| D4, Slave /X—7T 1 7
W7 LTI RTORME R Master /X— 7 1 7 )V TIT - 724E
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B (M7 CTlE40 7L —2HTY I 2b—3 3 Y%k
LTwWAh. —7, Slave S—7 1 7 Vv ) OfFR (7 4)
TEHFRLIALAT Yy TIETHHEL TS I2Lb— g
MTETNAL,

X8I 7 ERLY—VTHALAT Y TlEEERT
FATLIAERTH L. At = 0.5 [msec] TIILEPDOHK L
BB EBRTETVLY, At = 0.7 [msec] TIIFHEIZIEHL
LW ODORHIRETR LA L) BABRREE» B
WENT ZOETENZ—TIROE DL L Y BoER

KL FE—rDINFTA—%

Table 1 Parameters for each scene.

= KTV V| X v 7% [Pa)] | BERE 05 | BEIRE 0,
7, 8, 14 0.35 1.2x108 0.1 0.8
9 () 0.3 6.9x107 None None
9 (F) 0.4 1.0x10° None None
10 (/) 0.2 1.4x10° 4.5x1073 | 1.5x10~2
10 () 0.2 1.4x10° 7.5%107% | 2.5x1073
11 (k) 0.35 5.0x107 None None
11 (°F) 0.25 5.0x10° 0.05 0.5
12 0.4 2.0x107 | 7.5x107* | 2.5x1073
13 (k) 0.25 1.2x10° 0.1 0.75
13 (M) 0.45 2.0x10° 0.05 0.2

=2 AMHERHH

Table 2 Computational times.

= YA LAT v TR [sec] | EHEFR [sec/frame]
9 (k) 0.001 0.9030
9 (F) 0.001 0.9679
10 (%) 0.001 0.6275
10 (£) 0.001 0.8744
11 (k) 0.0005 2.3703
11 (F) 0.0005 2.9802
12 0.0005 1.0914
13 (R) 0.0005 7.0282
13 (M) 0.0005 4.6485
14 0.0005 8.7657

FEREETHEHSTTHY, FHEIZLD Master 78—7 1 7
WVIEIFR D Slave 78— T 4 7 VAR BIAYE —1C 7k o722 £ WY
A TE W EZOND.

B9 IS D/INT A=Y %2 TETLIHERTH S,
Rl s BRSO B NRVA SR S ALY LN AT 3
SETWAD, WikEHER S % Master, Slave /8X—F 1 7 )b
X ZFNEN 4,096, 6,647 & L, BEREZHEELRVWI LT
TLD X)) AR ABHL WS, M9 REIEHR
TV ENESL, Vo rBEe RECEETHILTER
LIZ S WIWIRDS, TEIGSEICR T vy Y kA KE L, ¥
VI ENEL LI OO D WIIROEH BT SN T

7 Slave S—=T 4 Z VOHIIZE DY I aL— gy ORMENEZ
TEMWDOLE. /A Slave 72 L, 4ld Slave 1)

Fig. 7 Comparison of the numerical stability of the simula-

tions with and without slave particles. Left: the method

without slave particles. Right: the method with slave

particles.

8 Slave S—T 1 7 VHNTH A LAT v TIREERIER. L
13 At = 0.5 [msec], £ild At =0.7[msec] T¥ Izl —¥ 3
v EATo 7z
Fig. 8 Simulation of different time steps with slave particles.
Left: At = 0.5 [msec]. Right: At = 0.7 [msec].

9 VR EMEICET S LY — yOfE, REFIETIE LED XD ZEVEEEER2 S T
BOL)BFELPVHMKRE TN 2 TES

Fig. 9 Comparison of materials with different stiffness settings applied to the cube

falling on the ground. Our algorithm is able to simulate objects with materials

ranging from highly elastic (top row) to only slightly elastic (bottom row).
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Wo (B REIER 1 21).

GRS Tl CRIRE DR E L2 R 5 Z & TH 10 12
IRL72E ) IR DWEZROBMEARb Y I 2L -V a ™
TRETHAH. 10 1EH 9 EF UL HFEREET S04
BTHY, WIKkEHET 5 Master, Slave 7¥—7 1 7 V1
ZNEN 4,096, 6,647 TH 5. X 10 £ TIIBERE %5 <
BRELTBY, KREREETLHLBEITLOIIRITRES )
ETAEEEIRT. K10 ATIEHBREEZEEEL TS
0, BRO%L L O HBEERL R, TLOBIKRI K

— | S ——

B 10 5% 2 MHERST A — 5 & fHomkoy Iab—a .
FEIMATEAVN S <, 4 EBUATRAA X Witk

Fig. 10 Simulation of different plastic materials. Left: moder-

ately plastic. Right: highly plastic.

ELRBRIBIRCER LT F > T05,

B IR T, WA/ ST X — 8 2 B2 12
E0BEE 11 ISRT. 0y —ry THWET V<Yl
RIZZFNEH 11,161, 20,242 O Master, Slave /X—7 1 7
VTHREIN TS, RBEFLEIC L o THHEZIZIKT 3
IBELEOIRBENEHITE L 2 EDTERTE 7.

WAL EER DALy T a OB ER 12 &
13 |Z/RT. 12 TlX 1 @ ® Master 73— 7 1 7 VT
BN Y — MROWKRE 7 0 ATRIROBEEY IZE T
SRR TH S, Master, Slave /X—T 4 7 VT ZF N
ZIN 7,569, 31,680 THhbH. WEROFETIIRZ o7z X
I BEOWIRCORETETIEW) 2 TE, 512
OB EERREED Y I 2L —2aryTETWAS. 1313
FTp DB /8T A —F o= =R IR REE
WNCHET SHFERTH L, N=—BIRFZFNEFN 17,263
& 25,411 @ Master, Slave /X—7 4 7 L CHE SN A, 1K
a2 ORI KEL DT A L) BERBIRZTBY,
INT A= REZ DI ETHHBROITOIIRERD L) %
ZRLWRETH L. K12 TEROMEIIBWTIE, Bk

11 7= VRO (BB &R (TE)
Fig. 11 Simulation of elastic and elastoplastic materials using armadillo model. Top:

elastic. Bottom: elastoplastic.

12 REFETE 1IBONS—T 4 7 VTHER SN DIFFICHCIEER) 2L b TE2
Fig. 12 Our method is able to treat thin objects composed of one-layer of master par-

ticles.
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183 MIROBEYICRLLNT A=Y 52 12NZ—BIROA 7V = 7 b2 ET SE256
DI, RISV NS WG THRE L THHEL 72 b LDk E & FEER L
TWwa, TERIZBUHEENKE CHEETORITELZIIHENTLE > T D

Fig. 13 Comparison of different plastic materials applied to the bunny model falling

onto the obstacle. Low plastic bunny still have shape after collision (top row),

and high plastic bunny model does not have shape after collision (bottom row).

pebeuties s tooclaliRGE

14 HEEWRDSHEET 25 E 00, b7 L — A0EGEIC, B Lwwoy= —JRIRD

7Yy bEERBISENLTWA

Fig. 14 Our method can simulate elastoplastic objects merging each other. From the

left to right, adding new bunny model above old bunny model, and new bunny

model merge old one.

BEEW) F IR - 72 WRDTE 2 5 £ 9 BB S 7T,
I A v ¥ 2k AR 5 B0 BEEORMIE 2 TEIR
EWHODIIT 72O KRELHELLDTH Y, FHHEIC
FHWT28—=F 4 Z VDR T2 DT R, DB Tl
HAWRE D) LORELRAD T L 2R TR ZX 14 12
RY. ZENZ—FRIREHERT H/85—T 1 7 VEIZENEN
12,582, 19,260 TH 5. DL ) I[ZHiEMAZ K4 LT
A, WHRE) LA TA L) Y — Vb IRETHETIE
Wz DI EDEFIZLVIEPO SN

BRBICRETEINA—T 4 7 VDA EH V2 L&
LEIBZEBOLITR T S2 IO L0 DEBROKREY
15 1IRT. 15 O Y — ¥ TlENZ —TRIR o Pk
Frlal—TvarypPELilonTRLEBIML TV,
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BN —TRIRIZE 13 Db D EF U8S—F 1 7 VETHE
TENTWE, 7V 27 MPHFIET DRIHEERONL S
E 13 SR LT, KEBXURITE FAICENEN4
flrb e o TWhE, TDY— IZBIFAEMHERE & Master,
Slave /¥—7 1 7 VEOZALEZE 16 ISR 7. X 16 754
5 I, REFEOFTHEFRE IS ET—T 127
BUAKAE L, FIEEHOIE S ITIEIE L TWin S &%)
Mh. B, K16 12B\T 8,600 7L — 4B X 1810,800
7 L= LHECRMERE K E L LA LW Ao, 20
fHETH 7Y =7 bR EEEL, BRIV E 722 LT
WHDSHE Z 72 Z LRI TH B, R LTI S — 7 1
INVOEFRIZT) v FHiEE H\Wiz720, sHEEm Ok
BIAF L CRER AT B2 2 REMIEH L. L
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| i e

15 JRVEMEZERPIC N = — AR OB IR & L HOBI L 72356 D6l

Fig. 15 Simulation of many elastoplastic materials using bunny model in a large sim-

ulation space.

80 T T T T T ™ 200000
computational time
the number of master particles
70 - the number of slave particles 1
60 - - 150000
50 s
3 8
5 o
<G 40 - 100000 -=
=) =1
8 <
[ =¥
30 -
20 50000
10 |-
e
0 L L L L L T S
0 2000 4000 6000 8000 10000 12000

Frame
16 15 OFEHEIER & Master/Slave 7S— 7 4 7 WV
Fig. 16 Computational time of Fig.15 with the number of

master/slave particles.

L, MEFEEEET LBITEEERIC Green [6]) DNy
Vawnwic iR CPU ECTEREL THW 0, 7)) v
FEICHEIEL TR A7 =530 % <, LEZAE)ED
WFIENS—F 4 7 VIS L T 5,

6. FEDESHDFEE

KL TE N =T 4 7 Vi ER BRI 2L —
Y a LT Slave S—F A4 ZVERAWAEZ LT, HiE
PORE LB ARBEOY I 2L —v g VTR E
L 7z. Slave /8X—F 1 7 )V % Master /3X— 7 4 7 VODE) &
WZEDbE TR SIEL LT, FHEEMICHIR SN WE
ELLRMEZ, 72, BRI D2WKOSH - AL %
Slave /S—7 4 7 VDB - I %479 2 & CTHEEIC L 7=,
At O Y L TIE, Slave /¥—F 1 7 LB - BIE
DEMB L OHFEIZOWTORGFENH L. M5 IR LzE
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