7486 wHabolAEr s e (AL A 20 % Al 5

(= 2

pp. 1486~1497, 1996

ohdelo] A 334 A FE A

Analysis of Three-Dimensional Rigid-Body Collisions with Friction
—Collisions between Ellipsoids—

Inhwan Han and Jeongho Cho

Key Words :

Sy
wl)

Three-Dimensional Rigid-Body (3221 #+4)),
and Momentum {3 #-§-r-tF o]},
tional Impact (v} 2325, Sliding and Sticking (v] 2z3] & #]),

Ellipsoid (e}] %)), Theory of Impulse
Poisson’s Hypothesis (Poissone] 714}, Fric-
Forward Sliding \-‘{—U] Iz

Abstract

The problem of determining the 3-dimensional motion of any two rough bodies after

a collision

involves some rather long analysis and vet in some points it differs essentially from the corre-

sponding problem in two dimensions. We consider a special problem where two rough ellipsoids
moving in any manner collide, and analyze the three dimensional impact process with Coulomb

friction and Poisson’s hypothesis.

The differential equations that describe the progress of the

impact induce a flow in the tangent velocity space, the flow patterns characterize the possible

impact cases. By using the graphic method in impulse space and numerical integration technique,

we analyzed the impact process in all the possible cases and presented the algorithm for determin-

ing the post-impact motion. The same principles could be applied to the general problem in three
dimensions. We verified the effectiveness of the analysis results by simulating the numerous

significant examples.
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Table 1 Summary of previous work-Rigid body impact models®

I ‘ Analysis
mpac
Assumptions b . and Remarks
hypothesis
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Rigid,; Newton's . ‘
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w/friction; kinematic . . .
[1984] . solution dratic programming problem
planar hypothesis
Rigid; Poisson’s : . .
Keller ) g . . © Analytical Fomulation for three
r . w/friction; impulse . . . .
71986 . . solution dimensional dynamics
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Rigid; Newton's . . .
Brach ) g . . . Analytical Broader interpretation of
. B w/ friction; kinematic . . .
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Table 3 Category | examples: physical parameters

Category 1 ‘ mass a b c Ixx lyy Iéz

examples [kg] [m] [m] [m] [kg m?] [kg m?] [kg m?]
Ex1-1 0.35 0.05 (.05 0.05 TU()OBS 0.00035 0.00035
Ex1-2 0.35 0.05 0.05 0.08 KO()0623 0.000623 0.00035
Ex1-3 0.35 0.08 0.05  0.05 0.00035 0.000623 7"_76.000623
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Table 4 Category Il examples:physical parameters
Category Body 1 ’ Body 2
= | mass a | b c Ixx ] Iyy Izz  jmasqd a b c [ Ixx Iyy lzz
TP kgl m) i D] kg ] | Tkg me) | kg e |kl [m]| [m)| (m]| Tk m?) | kg m] | (kg el
Ex2-110.23[0.02]0.02/0.02|0.0000368|0.0000368|0.0000368/0.350.05/0.05 0.05/ 0.00035 | 0.00035 | 0.00035
Ex2-210.23]0.02/0.02/0.02]0.0000368|0.0000368|0.0000368|0.35/ 008 0.05/0.05 0.00035 | 0.000623 | 0.000623
Ex2-310.23/0.02/0.02[0.02]0.0000368]0.0000368{0 . 000036810.35]0.05(0 05 0.08) 0.000623 | 0.000623 | 0.00035
Ex3-1 0.2310.02/0.02/0.04/ 0.000092 | 0.000092 0.0()0036810‘35 0.0810.05/0.05| 0.00035 | 0.000623 | 0.000623
Ex3-210.23[0.02{0.02/0.04] 0.000092| 0000092 |0.0000368 0,35[0.05 0.05/0.08] 0.000623 | ©.000623 | 0.00035
Ex3-3 0.2310.04 0.0210.02 ().0000368‘ 0.000092 | 0.000092 ‘0.35 0‘0810.05 0.05 0.00035&.00()623 0.000623 ’
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Fig. 9 Continued




1496 el gk
0037
o
.;0.2 «L e=0.0
[=2]
5 0.1 —~-—-e=05
c
w R e e=1.0
0.0 0.6
Friction Coefficient
(c} Ex2-3
03 T
§ 0.25 +—
O 0.2 S -
>0.15 4 e=0.0
5 0.1 ‘4 ~ =~ ex(5
§oos-~ =
H Otmegrmgonnnn e e=1.0
0.0 0.6
Friction Coefficient u
(e) Ex3-1
@ 0.3 T
wn
202 L:-—:""‘ “““““““““ e=0.0
E P e=1.0
O s :
0.0 0.6
Friction Coefficient p
(g) Ex3-3

0.21 -
0
g AR T B R
- ( ——Ex2-1
=
& 02 I - - Ex2-2
a ¢ e Ex2-3

0.19 + t + + +

0.0 0.6

Friction Coefficient p
(d) Ex2-1, 2, 3:e=05

(=

3

w ST
8
02 %w—“ e e e ot e e e an
=~ ———e=0.0
o
g 01 — .= =05
<
W OLN~~.,._,_M,._“_, ------- e=1.0
0.0 0.6
Friction Coefficient u
(f) Ex3-2
m0.22 T
a ! e -
So.21 T - Exa-1
2 e
g 0.2 - Ex3-2
& Yo e Ex3-3
0.19 + — + ; +
0.0 0.6

Friction Coefficient u
thy Ex3-1, 2, 3:e=05

Fig. 9 Category 1l examples:impact analysis results (percent energy loss)

./_‘T:
AA 25, A Fobe
agol sl Ha, A EH
73 f-oll e wpakbe o o3a g qls)

Al ®et elvzl el are

_

o Al dAshAl ek ApA o

% $%elun

4 FE(e=1)¢9
FEollvi=) zast

Ex 1-30)| 4 7}

o3

AR 1

F 2A vebdan Ex 12004 b ubAl depud,
gk e AR EE A elfA7E oA i
<)
=

o) zpol7b A ARt} oj Hu Fro] ol mw

2 st e,

4.2 JiEZ2 1N F 24X =
Flg 7011 Bofxl= o2 &5}

=
=
Bedsl g shepo)

o] Table 40| hebibet, Fig. 9ol 3= of 4]

A
el 4= SdshA Lepde Fig.

£ W3] 7]

g 3
T8k Feol v ® Zango] zalZ2 Bodx g gl
o} gl Il #EAY FANEL Fhe| oz

9ol 4 % & g

= #A-s, Ex 22 2.1, 23, :LE]JL Ex 3-3, 3-1,

d2e o' ohfrl Frage] zA b}, gt
Hlae] HelMe wpabAlgsk 743 42 o a7} of
Uz g atelsd FrejxA slch, e,
Fhell e} 1o} 72k ol a) Ztago] B wA
vhebubar glen,

5.2 E

N
it ok on e
¥

5w Aol e 9&‘%% 6}1% Al Al skedet, ol
S A Had 7 ole] 25 2% zgd)
o FENEE mAEE vlEgyosdy, %
FAEFHNMY rlnELes HAEE FoA
TEeR sRASle], Folxl mulel g 259
bedt A% A¥steln EFe13ch. Routhel



shaeo] AAE 34U FAEE 4 1497

e 3 " FEe

el el e A wA < st
o <k A

ol B4 a4

7 7bA Aol efel AHSrE Aol ds Fdd

Ak, 2dlo Fobw dAE ZA 27149 e n

2|2 vpre], oA A wlgell g Al Eelo] A

AL A 4lekel

vhakelo] AaH Akl A FEe] kel »
B B mgeld A4 R g4 da 53t
gk a5 sl ®leh ofwl A elxE, 3k
TAle Agete 23k TAloh AHHeE o f o
4E P g5 gleh, B mdelads, Al S
FrAq Aws oyl S, wbpdkst &
ek 3akel el dia] HM-e Fasgich o 2
she dubFel 3aksl A FEe TA AL &
A2 849 5 A& eR oA, =g, ¥
well sl A4 s AARE Ao o 2 &
B AS=E dof T Aolrh

= 7

(1) Wu, S.-C. and Haug, E.J., 1990, “A Substruc-
ture Technique for Dynamics of Flexible
Mechanical Systems with Contact-Impact,”
ASME Journal of Mechanical Design, Vol. 112,
pp. 390~ 398.

(2) Zukas, J. A. 1990, “High Velocity Impact
Dynamics,” John Wiley & Sons, Inc., pp. 1~63.

(3) Han, I. and Gilmore, B.]., 1993, “Multi-Body
Impact Motion with Friction -Analysis, Simula-
tion and Experimental Validation,” Destgnated
as Best Technical Paper 1990 ASME Design
Automation Conference, and ASME Journal of
Mechanical Design, Vol. 115, pp. 412~422.

(4) Brach, R.M,, 1989, “Tangential Restitution in
Collisions,” Proc. of ASME Winter Awnnual
Meeting, AMD-Vol. 103, pp. 1~7.

(5) Keller, J.B., 1986, “Impact with Friction,”

ASME ]. of Applied Mechanics, Vol. 53, pp. 1~4.

(6) Wang, Y.-T., 1992, “Amnalysis and Simulation
of Mechanical Systems with Multiple Frictional
Contacts,” Ph.D. Dissertation, Mechanical Engi-
neering and Applied Mechanfts, University of
Pennsylvania.

(7) Bhatt, V. and Koechling, J., 1994, “Classifying
Dynamic Behavior During Three Dimensional
Frictional Rigid Body Impact,” Proc. of IEEE
Inil Conf. on Robotics and Automation, pp. 2342
~2348.

(8) Bhatt, V. and Koechling, J., 1995, “Three-
Dimensional Frictional Rigid-Body Impact,”
ASME Journal of Applied Mechanics, Vol. 62,
pp. 893~893.

(9) Marghitu, D.B. and Hurmuzlu, Y., 1995,
“Three-Dimensional Rigid-Body Collisions with
Multiple Contact Points,” ASME Journal of
Applied Mechanics, Vol. 62, pp. 725~732.

(10) Stronge, W.J., 1990, “Rigid Body Collisions
with Friction,” Proc. R. Soc. Lond., A 431, pp.
169~ 181.

(11) Routh, E.J., 1891, Dynamics of a System of
Rigid Bodies, MacMillan and Co., London, pp.
265~269.

(12) Wang, Y. and Mason, M.T., 1992, “Two-
Dimensional Rigid-Body Collisions with Fric-
tion,” ASME Journal of Applied Mechanics, Vol.
59, pp. 635~642.

(13) Brach, R.M., 1989, “Rigid Body Collisions,”
ASME J. of Applied Mechanics, Vol. 56, pp. 133
~138.

(14) Wang, Y.-T., Kumar, V. and Abel, J., 1992,
“Dynamics of Rigid Bodies Undergoing Multiple
Frictional Contacts,” Proc. of IEEE Int. Conf.
on Robotics and Automation, pp. 2764 ~2769.

(15) Brach, R.M., 1991, “Mechanical Impact
Dynamics -Rigid Body Collisions,” John Wiley &
Sons, New York, pp. 147~159.

(16) Dupont, P.E., 1992, “The Effect of Coulomb
Friction on the Existence and Uniqueness of the
Forward Dynamic Problem,” Proc. of IEEE Int.
Conf. on Robotics and Automation, pp. 1442
~1447.



