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« DLO Model description
— External forces
— Internal forces
— Force propagation
* Real-time knotting and unknotting
— Collision detection
— Collision management
 Khnotting and unknotting case study and result
— Force study
— Knotting
— Unknotting

11/02/2007




Simon Fraser University

MODEL DESCRIPTION Burnaby, Canada

Mass Points - physics

— A sequence of mass points laying on
the centre line of the suture

« Cylinder - geometry
— During graphic rendering, we use

cylinder as segment to connect two
successive points

* Forces - Haptic

— To computer the configuration of the
suture, we need to obtain the net Rope model
force acting on each point, and then
use Euler method to get the positions.
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MODEL DESCRIPTION
- EXTERNAL FORCES

Input forces
— by the user with the grippers

Friction forces
— during knotting or unknotting
« Contact forces
— Self contact
— Obstacle
— Used to computer friction forces

 Gravitational force
fg =Gm

Where
G=98N/kg

m - Mass of one mass point
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USER INPUT FORCE Burnaby, Canada

Virtual coupling

technique

— introduces a spring-
damper between a
simulated body and
the device end
effecter

we can use different
constants for
computing the output
force for the device
versus the input force
for the simulated body Virtual Coupling

Reference: J.E. Colgate, M.C. Stanley, J.M. Brown, Issues in the haptic display of tool use,
Intelligent Robots and Systems 95
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FRICTION

Friction force

— Static Friction (not implemented in this
project)
Kinematic Friction
Relative velocity of contact points

Suppose F is a point along segmentpp
E is a point along segment PP
Then, the velocities of point E and F are:

vi.=0-a)v, +av,

c=U=-b)v_ +bv,

a - the fraction of point F along segment PP
b - the fraction of point E along segment
The relative velocity of point E and F is:

V.=V, =V,

r

ctd
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Two sliding segments

2r-d

d

Intersection of two
segments in contact
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FR[CT[ON — CONT. Burnaby, Canada

Friction force
— Direction of Friction

v, — (v, en)n

ef:_

v, =(v,sm)n||

S
V. - Relative velocity A v, — (v en)n

n - Unit vector from point E to F
Direction of Friction

— Normal Force

f =(k (2r—d)—k (v, -h))h

k - Spring constant d - Distance between center lines of two segments
rs

7 - Rope radius \ Relative velocity
k,,- Damper constant o _ ynit vector of normal force
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FRICTION — CONT.

* Friction force
— Kinematic Friction

ff = M“fn ”éf
Where
w - Friction constant

fn - Normal force
éf - Friction direction vector
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INTERNAL FORCES Burnaby, Canada

* Linear spring force
f =k Ale,

Where

_ ~ P,-P
Al lih .

1 1

” Ci
! 1B, = Fl

r

ll_ - Current length of rope segment

lr - Rest length of rope segment Linear Spring

kz' Linear spring constant

 Linear damper

t, =k,(v,,- Vi)éi
where

i+1 =V
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INTERNAL FORCES - CONT.

Torsional spring

a A

Simon Fraser University
Burnaby, Canada

£, =k, t
A VA |

ol ~
t.
B || i+l

“n|R

i+l

f, =-(f,, +£.,)

Where
arcsin(|| e, , -€. ||)

N

7t —arcsin(|| e, - €, ||)

t., =¢x(e_xe) t_ =¢ x(e xe)

i+1 i—

~

t.., t. - unit vectors of directions of f;;, f,

i+1
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INTERNAL FORCES - CONT.

 Torsional damper

vl i vz'+ _via) i\:i-
_k (( 1 b) ( 1 ) 1
|5, - £ || BT INE - F

i (Vi+ _via i+
fi+1 (( b) 1 )) 1
| B - Fl || MDA Py Al

f R _(f +f+1)

where

ktd - Torsional damper constant

N

v, =V, -t

i Ti-1°

vV, =Vt

i-1°
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INTERNAL FORCES - CONT.

« Swivel damper

(Vi —Vi)'S,
Sw s
(Rl

(V.,;—V.)'S.
fi+1=ksw : S
| B, -

f,= (£, + f,)
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Swivel/Damper

Linear Damper

P;
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FORCE PROPAGATION Burnaby, Canada

« Consideration:
Prevent suture from being stretched too long or

compressed too short: AT
AR

l min

lmax - Maximum length

[ . - Minimum length i [ max i

Suturing segment model

Condition A — No propagation of user input force

it/ >/ >/ .

max

All the user input forces have been
converted to internal forces Pi:

Pulling with one hand

11/02/2007




r i FO RCE PRO PAGATION — Simon Fraser University
e CONT. Burnaby, Canada

« Condition B
— Pulling with one hand

Z _ lmax l]p li | > Zmax
i l i l]( li | < lmin

where i

Il.'- Expected length of the segment

— Force computation

fp = (fh . éi )él Pulling with one hand
fm — (fh ) em )em

where

fh- User input force, fp - Force component which propagated,

f i Force component which creates motion
~ e xf,
e .- the segment direction vector e =—
| & xf, ||
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FORCE PROPAGATION — Burnaby, Canada
CONT.

* Condition C (Pulling two points)
— Force computation method is same as in condition B.
— Starting from point P to P
— Second compute from P, fo P

l

Pulling with two hands
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COLLISION DETECTION AND Simon Fraser University

Burnaby, Canada

— Bounding-Volume Hierarchy( BVH )
+ Self-collisions
 Collision with other objects

— Collision Management

- If segment distance d < 2r, each segment
move away with ¥ —d /2 +¢ /2. Where BVH of a suture
€ is safety margin. , with five segments

* Velocity calculation — applying impulses to segment end points

Where 1= ant vi P

, : - Impulse Va P,

1 Py,”  JF
F

f - Normal force Va
n

At - Time interval
Two sliding
segments
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COLLISION MANAGEMENT —
w / CONT Burnaby, Canada
-

— Collision Management

* Velocity calculation i 2]
a’+b*+(1-a) +(1-b)""

i
v " =v +(-a)—n,
i, m

new
v, " =v, +a—n,

m
v =v_ +(1-b)—n,
] m

AN
new
v, " =v,+b—n,
m

a - Fraction of point F along p p
b - Fraction of point E along 55
ctd

m - Mass of one point
n - Unit vector of normal force

Reference: R. Bridson, R. Fedkiw, J. Anderson, Robust treatment of collisions,
contact and friction for cloth animation 2002
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FORCE STUDY

« Condition - rope swings freely

Simon Fraser University
Burnaby, Canada

M mfps: 159.28; gfps: 26.55; modifyTime: 5.2B4080ms, gRenderTime: 4. 23909 9%ms
EnatTying  Option
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FO RCE STU DY Burnaby, Canada

Spring Force - acting on one node (15th
in this example)

= k,Al@,

Spring force acting on the 15th node when K = 200.0

1 BBE 1375 2062 2749 3436 4123 4810 2497 6184 6871 7958 2245 BU3Y 0A1Y
RE.ope update rame
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FO RCE STU DY Burnaby, Canada

Spring Damper Forces

f, =k, (v

i+1

B Vi)éi

Spring damer acting on the 15th node when B = 20

7 N ]
X

/ /
[N { /1)
_/ NN f NS

1 373 1157 1735 2313 28391 3469 4047 4625 5203 5751 63359 693537 7315 5093 5671 9249 9327

Eope upiate frame
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%“ Fo RCE STU DY Burnaby, Canada

 Torsional Spring Forces

f,=-(t, +1.,,)

Torsional Spring for the 15th noede when Kt= 6.0

)

i A

2106 4211 B36 841 10526 12631 14736 16841 18946 21051 23146
F.ope update frame
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FORCE STUDY Burnaby, Canada
Torsional Damper Forces

((vzl Vi) (Vi+1_via)) Ei-1
| B, = F | || a— BB —F

V. V. . —V. .
fi+1 — (( i-1 zb) ( i+1 la)) i+1
[Fa P|| [P =F I | B, -F

f,= ~(f,, +,,,)

Torsional damper for the 15th node when Bt =0.05

Fao 149 223 297 311 445 319 583 BT 741 815 838 963 10371111 1183

Rope update frame
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FO RCE STU DY Burnaby, Canada

<

v
S SOMMES"*\ °

Swivel Damper Forces
(Vi-l — Vi) 'S
R PAEYA
f =k (Vi+1_Vi).s§
i+1 SW
| B, -

t,=-(f,+1.,)

Swivel damper for the 15th node when Bs =0.2

S

f ]
1’ 7
J o I~
v l|'.|,| luu.r'-'

a
1 geyT 1733 2599 3463 4331 3187 BOB3 6929 7793 9661 9327 1039311239

Rope update frame
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FORCE STUDY

* Friction - sliding over itself (one contact point)

Simon Fraser University
Burnaby, Canada

M mfps: 119.09; gfps: 23.B2; modifyTime: 7.164406ms, gRenderTime: 4.111633ms
EnotTying  Option
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FO RCE STU DY Burnaby, Canada

* Friction
fo=ulf, e
£, =k, 2r—d)=k,(v, n))n € =-—

v, —(v_en)n

v, = (v, -)a|

Friction force when mu= 0.1

0.3

L N I i
T T mrn H
SRIITPVAIENEETINININ P LA YT M
| N LIV v

I:I TrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrTrrrrrrTrrrrTrrrrrrTd LILLILIL
1 6 11 16 2 26 3 36 41 46 31 26 61 66 Y1 Y6 81 &6 91 96

Haptic update frame
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Friction

FORCE STUDY

Simon Fraser University
Burnaby, Canada

1.6 7

1.4
1.2

1
0.3
0.6
0.4
0.2

0

Friction force when mu = 0.5

N

i

I

1
1

1
1
H

i

1
]

}

N

i

W

1V Y - ¥ y |
1 B 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96

Haptic upsdate frame
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FO RCE STU DY Burnaby, Canada

Friction force when mu= 1.0

] 1
AT I
I T T
T O
Al | 7
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FO RCE STU DY Burnaby, Canada

* Friction

Friction force when mu = 2.0

'l Ty Jrl. I
| | w11l HIHHVH”\{“
VJ 1 UULI H il

'.-' 13 19 25 31 3? 43 4EI 55 51 ET TH TEI E=5 El1 Eﬁ’
haptic update frame

7 -
3]
a
4
3
2
1
a
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CASE STUDY AND RESULT — Burnaby, Canada
CONT.

Knotting Experiments

— We build several different models with
various combinations of component
forces

— Model 1
« Linear spring
« Linear damper

Fig.1 of Model 1 Fig.2 of Model 1
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KNOTTING EXPERIMENTS —
CONT.

— Model 2: Same as model 1 with
added torsional spring

Fig.1 of Model 2 Fig.2 of Model 2
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KNOTTING EXPERIMENTS — Burnaby, Canada
CONT.

— Model 3: Same as model 2 with added
torsional damper

Fig.1 of Model 3 Fig.2 of Model 3
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KNOTTING EXPERIMENTS—
CONT.

— Model 4: Same as model 3 with added
swivel damper

Fig.1 of Model 4 Fig.2 of Model 4
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KNOTTING EXPERIMENTS— Burnaby, Canada

 Conclusion:
— model 4 is the most realistic model
— We take model 4 for the following experiments

o
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CASE STUDY AND RESULT — i
CONT.

Force propagation Experiments
— Take model 4 as example

— Plot the output forces which feed the haptic device in each
haptic update frame during pulling

— One Hand Pulling

Output Force with One Hand Pulling

Time

Screen shot of one hand pulling Force plot of one hand pulling

11/02/2007




;l Simon Fraser University
\F: FORCE PROPAGATION EXPERIMENTS—
SSOMMF.S??‘

Burnaby, Canada
CONT.
— Two-Hand Pulling

Force Output for Phantom Omni One

Haptic Update Frame

Force Output for Phantom Omni Two

|

Screen shot of two-hand pulling

Haptic Update Frame

Force plot of two-hand pulling
11/02/2007
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CASE STUDY AND RESULT — CONT. Burnaby, Canada

 Unknotting Experiments

— Successful unknotting
* Over hand knot

Unknotting 1

Over hand knot
Unknotting 2
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UNKNOTTING EXPERIMENTS — Burnaby, Canada
CONT.

— Successful unknotting
» Figure of eight knot

Unknotting 1

Figure of eight knot

Unknotting 1
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UNKNOTTING EXPERIMENTS —
CONT.

— Unsuccessful unknotting
» Figure of eight knot

Unsuccessful unknotting 1 Unsuccessful unknotting 2
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Thank you very much!
Any questions?
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