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Grasping - Exercises ﬂ(IT

netitut fiir Technologie

® 1. Friction Triangles
® 2. Grasp Wrench Space
® 3. Force Closure

@ 4. Medial Axes
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Exercise 1: Friction Triangles A\‘(IT

Karlsruher Institut fir Technologie

® Two-dimensional object with y
center of mass ¢

® Point contacts with friction

@ Contact forces are represented by friction
triangles

N

1. Opening angle a for a friction triangle

withu =1
2 _________________________________
2. Draw normal forces and corresponding
friction triangles A SO VAU SN NS SN AU
3. Determine force vectors at the edges of | | | | | |
the friction triangles % 1 > 3 1 5 6 7

D
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Exercise 1.1: Opening Angle of a Friction Triangle

@ Determine the opening angle a of a
friction triangle assuming a friction
coefficient u = 1.

a =

Robotics I: Introduction to Robotics | Exercise 05
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Contact Models: Coulomb’s Law of Friction A\‘(IT

Karlsruher Institut far Technologie

B Empirical Law
B Describes the relation of the tangential force f; to the normal force f,;:

U

fesu-fa

Friction coefficient 1 > 0 (material dependent)
@ For static contact:

n ft <u- fn
® Tangential force acts against an applied force f,.

&
Robotics I: Introduction to Robotics | Exercise 05 H2T



Contact Models: Coulomb’s Law of Friction A\‘(IT

Karlsruher Institut far Technologie

B Empirical Law

B Describes the relation of the tangential force f; to the normal force f,;:

Ufn
ft S.u'fn

B Friction coefficient ;1 > 0 (material dependent)
B A contact starts sliding if:
B fe>fi=Uufn
B Tangential force acts against direction of motion.

® Note: The friction coefficient for sliding friction
may differ from the friction coefficient for static friction!

Robotics I: Introduction to Robotics | Exercise 05



Contact Models: Coulomb’s Law of Friction A\‘(IT

Karlsruher Institut far Technologie

® Empirical Law

B Describes the relation of the tangential force f; to the normal force f,;:
Ifn

Rigid contact
with friction

o =

"

3D: Friction Cone 2D: Friction Triangle

&
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Exercise 1.1: Opening Angle of a Friction Triangle

@ Determine the opening angle a of a
friction triangle assuming a friction
coefficient u = 1.

tan(a) = ”fi =uU

arctan(x

d)
i
2

SKIT

Karlsruher Institut fir Technologie

a = arctan(u)

= arctan(1) = % = 45°

Robotics I: Introduction to Robotics | Exercise 05
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Exercise 1.1: Bonus A\‘(IT

Karlsruher Institut fir Technologie

® How could we determine the friction
coefficient between two materials?

fo = cos(a) - £
fo = sin(@) - f,
The box starts sliding if
fe=1"fn

sin(a) = u - cos(a)

Box: Material A

)

fn h

I

tan(a) = u Ramp: Material B

&
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Exercise 1.2: Drawing Friction Triangles

SKIT

Karlsruher Institut fir Technologie

_____________________________________________

@ Contact points: e

, - I T ne(y)

P1= (4)' P2= (2) P3 = (2) A — ce=(h
@ Corresponding force vectors: o e ( ° (5)
___________ S T

f1= (—8.5)' f2= (095)' fs = (0(.)5) - O

@ Task: Draw the force vectors and the
corresponding friction triangles.

a = arctan(u) = 45°

Robotics I: Introduction to Robotics | Exercise 05



12

Exercise 1.2: Drawing Friction Triangles

® Draw normal force

SKIT

Karlsruher Institut far Technologie
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Exercise 1.2: Drawing Friction Triangles A\‘(IT

Karlsruher Institut fir Technologie

® Draw normal force

® Opening angle:

a = arctan(u)

&
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Exercise 1.2: Drawing Friction Triangles A\‘(IT

Karlsruher Institut fir Technologie

® Draw normal force

® Opening angle:

a = arctan(u)

@ Draw triangle V

D
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Exercise 1.2: Drawing Friction Triangles A\‘(IT

Karlsruher Institut fir Technologie

® Draw normal force

® Opening angle:

a = arctan(u)
@ Draw triangle W

D
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Exercise 1.2: Drawing Friction Triangles A\‘(IT

Karlsruher Institut far Technologie

Yy

® Force vectors 1 o o
0 =3
fl — (_O 5)) ) TR R o - (4) -----------
_ (0 4

2= (os) . R
f3= (0.5)

2 o . o————_

3 : : 5

.a=450 P3_(2) Pzz(z)

TR . —— U T — .

00 1 2 3 4 5 6 _i,x
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Exercise 1.2: Drawing Friction Triangles A\‘(IT

B--mmmmmmpmm e R EEEEEEE e m e e mmmmmmmmmmsy
® Force vectors | | : ' : | |

fi= (_085) ----------- ----------- i m() -
F2= (o) | LA .

I3 (0(.)5) | . I t .

N

B = 45°

D
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Exercise 1.2: Drawing Friction Triangles A\‘(IT

B--mmmmmmpmm e R EEEEEEE e m e e mmmmmmmmmmsy
® Force vectors | | : ' : | |

pe() SE I

f2 (o(_)s)’ R S - -

f3=(o5) | N

B = 45°

N

D
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Exercise 1.2: Drawing Friction Triangles A\‘(IT

B--mmmmmmpmm e R EEEEEEE e m e e mmmmmmmmmmsy
® Force vectors | | : ' : | |

pe() S

f2 (o(_)s)’ R S - -

fa= () - vV v

B = 45°

N

D
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Exercise 1.3: Force Vectors at the Edges A\‘(IT

Karlsruher Institut far Technologie

® Determine the force vectors e e R s S
at the edges of the friction
triangles e o 4} """"""

| c i

&
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Exercise 1.3: Force Vectors at the Edges A\‘(IT

Karlsruher Institut far Technologie

® Determine the force vectors B e S e
at the edges of the friction
triangles. N o 4} """"""

8 Lo

® Force of friction fp acts : f .

perpendicular to f S e o~ $: e
-

&
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Exercise 1.3: Force Vectors at the Edges A\‘(IT

® Determine the force vectors
at the edges of the friction
triangles.

® Force of friction fp acts
perpendicular to f

Rlifrll =p-f1

22 Robotics I: Introduction to Robotics | Exercise 05
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y
Y R REEEEEEEE R e
al - : l SO U N
i C
3pooooe- oo e
7.~
| - Ir |
e e .
0 i :x
0 1 2 3 4 5 6 7



Exercise 1.3: Force Vectors at the Edges A\‘(IT

Karlsruher Institut fir Technologie

® Determine the force vectors B e S e
at the edges of the friction
triangles. N o 4} """"""
8 R — KA
® Force of friction fy acts fa: f L N7
perpendicular to f 2 oo - ; : oo
e

slfell=w-ie0 J

® Force vectors at the edges:
fa=1+Tr
fo=F—1r

&
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Exercise 1.3: Force Vectors at the Edges

feLffrll=p-lIflbu=1
fa=F+frfo=F—Ffr

Robotics I: Introduction to Robotics | Exercise 05
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Exercise 1.3: Force Vectors at the Edges A\‘(IT

Karlsruher Institut far Technologie

frRLfAfrll=p-lIfllp=1 ST S N
fa=Ff+frfo=F—fr pl;fR,1§ 5 5 5

D
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Exercise 1.3: Force Vectors at the Edges A\‘(IT

Karlsruher Institut far Technologie

Fr LF lfall = lIF N e =1 S R e
fa=Ff+frfo=F—fr pl;fR,1§ 5 5 5

AT
J1= (_8_5) 3p ----------- o e
=) I
fR,1=,U'fl,1=1-(O(')5) o

D
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Exercise 1.3: Force Vectors at the Edges A\‘(IT

Karlsruher Institut fir Technologie

frL L AfRll=p-llf Il p=1 5y ---------- S A A
fa=F+frfo=F—fr A e Pr Jra | ]
N fa 5

_( 0
f1= (_0_5) 3 S N

fl,1=(0(')5) S | VW -

fR,1=.U'fl,1=1'(O(')5) 1

N—
_|_
(@)
St
N—"
I
Ve
(@)
ol
N—"

far=f1+fr1= (_8_5
foa=fi—fr1= (_8.5) - (065) = (_

D
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Exercise 1.3: Force Vectors at the Edges

SKIT

Karlsruher Institut far Technologie

y
feLflfrll=p-lIflu=1 [ T T T
i L N2 | ] |
0 i f far
f — | b1 a,
2 (0.5) A _— -
IR YA
| | | P2 |
N T - S N
S R R S

28 Robotics I: Introduction to Robotics | Exercise 05



Exercise 1.3: Force Vectors at the Edges A\‘(IT

Karlsruher Institut fir Technologie

frLFllfRll=p-llfllu=1 T g

Al ___________ i p.
J2 = (0(_)5) | ___________ foidNT a;lc ___________
fiz= (_8.5) 2 ----------- | W | fob’? __________
fR,2=,U'fl,2=1-(_8'5) T I _______________________
faz=Ff2+fr2= (0(.)5) + (_8'5) = (_0055)

Jo2=t2=fr2 = (0(.)5) -(77) = (8:2)

D
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Exercise 1.3: Force Vectors at the Edges A\‘(IT

Karlsruher Institut far Technologie

Y
frRLFAfRII=u-lIflu=1 o S T A A
0 i o P o
fs=r2=(,c) e\
' Jo S A '
fa3 fb,3
I SN
Pz P2
| S S — — S SR S—
00 1 2 3 4:1 5 6 7X

&
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Exercise 1.3: Force Vectors at the Edges A\‘(IT

Karlsruher Institut far Technologie

frLflfrll=p-llfllu=1 T - - -

TS
f3 - fz = (0(_)5) T fb,lAlfaJ

. W
e fa f
fos=faz = (g5) [ '3\& WA 2 AN

fo3=Fp2= (gg)

&
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Exercise 1.3: Bonus

How does the friction triangle change when >
the friction coefficient decreases?

a4

a) The width increases while the height
remains the same. 3

b) The width decreases while the height
remains the same. 2

c) Width and height decrease.

d) The height decreases, while the width 1

remains the same.

Robotics I: Introduction to Robotics | Exercise 05
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-----------------------------------------------------------------------------

fb,l fa,l
c
______________________ . .
faz [ o3
______________________ JaN/frs
| Pz b2
0 1 2 3 4 5 (-:3 7:’(



Exercise 1.3: Bonus

How does the friction triangle change when 5 A S
the friction coefficient decreases? "
| S S | SNSRI SRR
a) The width increases while the height Joa A far
remains the same. sho e
b) The width decreases while the height f“% Ibs
remains the same. R S . Sa2 Y frp
c) Width and height decrease. | Ps P2
d) The height decreases, while the width 2} ---------------------------------
remains the same.
00 1 2 3 ill 5 6 7

® The normal force f remains the same
=>» same heigth

W If u decreases, ||frl| = 1 - ||f || decreases
as well =» width decreases

33 Robotics I: Introduction to Robotics | Exercise 05
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Exercise 1.3: Bonus A\‘(IT

Karlsruher Institut far Technologie

.. . y
How can the original force of friction be Spr AR S
restored despite a reduced friction | | | | | | |
coefficient? P A | P | ]
 For AN T |
: c i
L RREEEEEEE e
fa,3 fb,3
S S iy fop
5 P3 D2
4 R R S S SN SO S
0 x
0 1 2 3 4 5 6 7

&
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Exercise 1.3: Bonus A\‘(IT

Karlsruher Institut far Technologie

-----------------------------------------------------------------------------

How can the original force of friction be 5
restored despite a reduced friction

coefficient? | I ........... 5 ’ 5 5 T
 [Fon & for |
5 C 5

-> Increase the normal force f 3 o

faW b3 W
Risk: 2 """""" | . Saz i fb’f ----------

The object being grasped could | | . | | |
be damaged N — — A— o S— S

&
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Exercise 1.3: Bonus A\‘(IT

Karlsruher Institut fir Technologie

How can we describe the set of feasible
force vectors using f, and f;, assuming a
fixed normal force f,,?

f=FfatB (fp —fa) with €[0,1]
fa f fb

f=(=F) fa+B [y X

f=ki-fatka [

W|thk1+k2=1 andk120, kzZO

D
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Exercise 1.3: Bonus

How can we describe the set of feasible
force vectors using f, and f;, assuming an
arbitrary normal force f,,?

f=ke-fatka [

37 Robotics I: Introduction to Robotics | Exercise 05
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fa

fo

fn
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Exercise 2: Grasp Wrench Space ‘(IT

Karlsruher Institut fir Technologie

0.5 —0.5 1 A I

far = (—0.5)' So1= (—0.5) ___________ o,
fas = Faz=(2) N

_ _ 05 T ___________ fa, f ,.3 ___________

o3 =Ffv2= (0.5) R ‘3ﬁ7 bl foNy/ for

1. Wrenches at the contact points 2+ ----------- ROR. S— |

2. Grasp Wrench Space for p; and p,’

3. Grasp Wrench Space for p4, p2 and p3

&
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Exercise 2.1: Compute Wrenches A\‘(IT

Karlsruher Institut far Technologie

w

fx S I
® Wrenchesin 2D: w = fy | | | | | | |
7 | | | | | |

® Torquein 2D:
T=dxf=dx'fy_dy'fx

= det <dy fy> 2p """""" T

&
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Exercise 2.1: Compute Wrenches A\‘(IT

Karlsruher Institut far Technologie

x o —
® Wrenchesin 2D: w = fy | | | | | | |
T ) L : v : : ] :
® Torquein 2D:

T=dXf=dy f,—dy-fx TN
] ARt SEETEEEEEE ——————
A S N N S N

% 1 2 3 4 5 6 7"

&
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Exercise 2.1: Compute Wrenches

fx
® Wrenchesin2D: w = fy
T

® Torquein 2D:
T=dxf=dx'fy_dy'fx

t=m-c=()-(0)-

d2=p2—c=(§)

d3=P3—C=(

3
2

)~ (

4
3

)=(C

Robotics I: Introduction to Robotics | Exercise 05
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Exercise 2.1: Compute Wrenches A\‘(IT

Karlsruher Institut far Technologie

a=(Ma=Coshrn=Cos) 7,
Ta1 = o Zl d, | |
T — 133 p:

&
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Exercise 2.1: Compute Wrenches A\‘(IT

Karlsruher Institut fir Technologie

a= (D= =G 7,
Tg1 = d1 X a1 i """""" Z; d, |
()< T

=(-1)-(-05)—1-0.5

=05-05=0

&
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Exercise 2.1: Compute Wrenches A\‘(IT

Karlsruher Institut far Technologie

a=(Ma=Coshrn=Cos) 7,
Tp1 = L B Z; d, | |
T — 133 p:

&
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Exercise 2.1: Compute Wrenches
di = (1) far = (Cys) Foa = (To2)
Tp1 =d1 X fp1

=() (o)

= (-1) - (=0.5) = 1- (~0.5)

=05+05=1

45 Robotics I: Introduction to Robotics | Exercise 05
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d,
d; d, |
P3 p:

H2T



Exercise 2.1: Compute Wrenches A\‘(IT

Karlsruher Institut far Technologie

6= ()= ()=
. ”””””” ~N |
Ta2 = 3o ”””””” d, d, |
T — pP3 I;z -----------

D
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Exercise 2.1: Compute Wrenches
4= (1) faz = (o5) o2 = (g5)

Ta2 =dy X fa2 = (_11) X (_0055)
=1-05—-(-1)-(-0.5)

=05-05=0
Tpo = dy X fpo = (—11) X (82)

=1-05—-(—-1)-0.5
=05+05=1

Robotics I: Introduction to Robotics | Exercise 05

Karlsruher Institut fir Technologie

-------------------------------------------------------------------------------

d,
””””””””””” d; d,
""""""""""" P3 P2

H2T



Exercise 2.1: Compute Wrenches A\‘(IT

Karlsruher Institut far Technologie

6= (D= (=G
T ”””””” ~N |
Ta3 = o """""" d, d, |
T — pP3 I;z -----------

D
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Exercise 2.1: Compute Wrenches

as = (T3) fas = (g5 ) 15 = (572)

Ta3 =d3 X fg3 = (:D X (_0055)

=(-1)-05—-(-1) - (—0.5)

=—-05-05=-1
Tpz = d3 X fp3 = (:D X (82)

=(-1)-05—-(-1)-0.5
=—-05+05=0

Robotics I: Introduction to Robotics | Exercise 05

Karlsruher Institut fir Technologie

-------------------------------------------------------------------------------

ffffffffffffffffffffff p1
d,

””””””””””” d; d,

______________________ P3 I;z

H2T



Exercise 2.1: Compute Wrenches

fai= (_0055)’ o1 = (:85)

faz =Ffa2 = (_0055)

fvo3="Fp2= (82)

Tg1 = 0, Tp1 = 1
Tgo = 0, Tpo = 1
Tg3 = —1, Tp3 =0

50 Robotics I: Introduction to Robotics | Exercise 05

SKIT

Karlsruher Institut far Technologie




Exercise 2.1: Compute Wrenches

fai= (_0055)’ o1 = (:83)

—0.5
fa,3 =fa,2 = ( 0.5 )
0.5
fb,3 = fb,z = (0_5)
Ta1 =0, Tp1 =1
Ta2 =0, Tpo =1
Tg3 = —1, Tp3 =0

SKIT

Karlsruher Institut far Technologie

Wa,l = (fa,lr Ta,l) = (0-5:_0-51 0) Wb,l = (fb,l»Tb,l) = (—0.5, —0.5, 1)
Waz2 = (fa2 Taz) = (—0.5,0.5,0) wp2 = (fp2Tp2) = (0.5,0.5,1)
Was = (fa3 Taz) = (=05,05,-1)  wy; = (fu3 7hs) = (0.5,0.5,0)

51 Robotics I: Introduction to Robotics | Exercise 05



Exercise 2.2: Grasp Wrench Space for 2 Contact Points A\‘(IT

Karlsruher Institut fir Technologie

® Draw the projection of the Grasp T - b I
Wrench Space onto the (fy, T) plane .« e
for the contact points p4 and p, Loi c |

I ps P2

&
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Force-closed Grasps A\‘(IT

Karlsruher Institut fir Technologie

B Question: Can a grasp counteract any external wrenches?

B Assumption: Contacts can exert arbitrarily large forces.
— We can multiply each wrench wy; with an arbitrary factor k;; > 0.

B Resulting question: Can the grasp generate arbitrary wrenches?
— If so, the grasp can generate —w, 4 and the grasp is force-closed.

53 Robotics I: Introduction to Robotics | Exercise 05



Force-closed Grasps A\‘(IT

Karlsruher Institut fir Technologie

® Grasp matrix (2D)

— 3IX2m
G = [Wa,1»Wb,1,Wa,2;Wb,z, o Wam wb)m] E R

W A grasp is force-closed, if it can counteract any external wrench wy;:

VWext = (fxffyff) € R*:
3k € R?™, k> 0:

G'k‘l‘WeXt:O

&
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Force-closed Grasps A\‘(IT

Karlsruher Institut far Technologie

® Grasp matrix (2D)

— 3IX2m
G = [Wa,1»Wb,1,Wa,2;Wb,z, o Wam wb)m] E R

W A grasp is force-closed, if it can counteract any external wrench wy;:

VWext = (fxffyff) € R*:

3k € R?™, k> 0:

G k+We =0 pos(G) = R3

&
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Linear Hull and Convex Hull A\‘(IT

Karlsruher Institut fir Technologie

Linear Hull Positive linear Hull Convex Hull

span(A)z{ {zlki-ai|kiE]R{} pos(A)={ {zlk-ai|ki20} COHV(A)={ {zlki-ai|ki20and2iki=1}

conv(4) € pos(4) S span(A4)

&
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Which Wrenches can be generated: Example in 2D A\‘(IT

Karlsruher Institut fir Technologie

® Wrenches (edges of the friction cones):
B wy =4 -1 30", w,p=@ -1 =37
Bwy=Cu 1 3w, wyu=@w 1 307

® Projections of the 3D Wrench space onto subspaces:

A

A
WG| fy WC, | =

Wz1 W22 W11 W32
. fx‘ fr
fx;fy'PIane- > f+» Tz-Plane: >
w w
11 12 WZNQ
wc wc

WCl WCZ

® If the total set of wrenches spans R3 = Wrenches can be created in all directions.
B = Grasp is force-closed.

&
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Exercise 2.2: Grasp Wrench Space for 2 Contact Points A\‘(IT

Karlsruher Institut fir Technologie

® Draw the projection of the Grasp T A b I
Wrench Space onto the (f,,7) plane « A S S
for the contact points p{ and p, I PR

® What is the Grasp Wrench Space? C — """""" I S A

&
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Grasp-Wrench-Space (2D)

SKIT

Karlsruher Institut fir Technologie

Let w4, ..., Ww,,, € R3 be the wrenches of the friction triangles of all contacts.

The Grasp-Wrench-Space GWS is the convex hull of the w;

m m
GWS = conv({w,;}) = {Z kiw; | k; = 0 and z k; = 1}
i=1 i=1

A
fy W3

W11

linear hull convex hull linear hull

Robotics I: Introduction to Robotics | Exercise 05

W11 f

GWS

A
fy Wy

fx

Wiz

convex hull

H2T



Exercise 2.2: Grasp Wrench Space for 2 Contact Points A\‘(IT

® Draw the projection of the Grasp

Wrench Space onto the (fy, t) plane

for the contact points p4 and p,

W1 = (0.5, —0.5, 0)
Wgz = (—0.5, 0.5, 0)

60 Robotics I: Introduction to Robotics | Exercise 05

Karlsruher Institut fir Technologie

Y

S o A o o R
P1

4 e————

kR S T .c ___________

S ° :
ps P2

B ST SO SO A I S T

0 ' X

4] 1 2 3 4 5 6 7

Wy = (=0.5,—0.5, 1)
Wb,Z = (05,

0.5, 1)
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Exercise 2.2: Grasp Wrench Space for 2 Contact Points

wg1 = (0.5, —0.5, 0) wp 1 = (—0.5,—-0.5, 1)
Wq2 = (—0.5, 0.5, 0) wp, = (0.5, 0.5, 1)
@ Projection of the Grasp Wrench Space onto (fy, ‘L') for p; and p,

T

[EEN

Robotics I: Introduction to Robotics | Exercise 05
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Exercise 2.2: Grasp Wrench Space for 2 Contact Points A\‘(IT

Wa1 = ( —0.5, 0) Wp1 = ( —0.5, 1)
Wa,z — ( 05, O) Wb,Z — ( 05, 1)
® Projection of the Grasp Wrench Space onto (fy, T) for p1 and p,

T

1
\/
1
p s

Robotics I: Introduction to Robotics | Exercise 05
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Exercise 2.2: Grasp Wrench Space for 2 Contact Points

Wa1 = ( —0.5, 0) Wp1 = ( —0.5, 1)
We 2 = ( 0.5, 0) Wpo = ( 0.5, 1)
® Projection of the Grasp Wrench Space onto (fy, T) for p1 and p,

T

M

Robotics I: Introduction to Robotics | Exercise 05
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Exercise 2.3: Grasp Wrench Space for 3 Contact Points

Was = (05, —05, 0) Wp1 = (=0.5,—0.5, 1)

Wep = (=0.5, 0.5, 0) Wy, = (0.5, 05, 1)

Was = (=0.5, 0.5,—1) wps = (0.5, 0.5, 0)
—i 1 fy

Robotics I: Introduction to Robotics | Exercise 05
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Exercise 2.3: Grasp Wrench Space for 3 Contact Points

We1= (05 —05, 0) Wy, =( 05 —05 1)

Wa,z — ( 05, O) Wb,Z — ( 05, 1)

Was = ( 0.5,—1) Wy s = ( 0.5, 0)
—i 1 fy

Robotics I: Introduction to Robotics | Exercise 05
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Exercise 2.3: Grasp Wrench Space for 3 Contact Points

Wa,l — ( _0.5, O)
Wa,z — ( 05, O)
Wa3 = ( 0.5,—1)

Robotics I: Introduction to Robotics | Exercise 05

Wp1 = _05, 1)
Wp o = 05, 1)
wp3 = ( 0.5, 0)
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Exercise 3: Force Closure ‘(IT

nstitut fir Technologie

o .
® Are the following grasps -
force-closed? e o o N War |
3o i ----------- .C -----------
1. Two-finger grasp: p1, p 1 - WalN/ Wz WS Woi
| ‘ D3 P2
2. Three-finger grasp: p1,p, and p3 R R e —_—

® How would you calculate the
e-metric for the two grasps?

&
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Exercise 3: Two-finger grasp

iy
o—0

Y
B Fm e o o o
L D1
7 Y - A R S
fb,l fal
C
] R [ S
o faz fop
:pz H
1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, : ,,,,,,,,,,,,,,,,,,,,,,
. | | | | .
0 1 2 3 4 5 6 7

Is the two-finger grasp force-closed?

Ik eR"Vk>0

Robotics I: Introduction to Robotics | Exercise 05
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Exercise 3: Two-finger grasp

® What is pos(G)?

Yy
B ool
L D1
Y S e N A A S
fb,l fal
Cc
| R L S S
A B faz fo2
1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, L
0 : : ;
0 1 2 3 4 5 6 7

Robotics I: Introduction to Robotics | Exercise 05
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Exercise 3: Two-finger grasp A\‘(IT

Karlsruher Institut fir Technologie

® What is pos(G)? :
fx
pos(G') = {(@) ER3 |t > 0} + R3
T

a
XN
[N  /

&
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Exercise 3: Two-finger grasp A\‘(IT

Karlsruher Institut fir Technologie

® What is pos(G)? :

fx
pos(G) = {(@) e R3
T

® The grasp cannot generate torques 7 < 0

TZO}iRS

y
XN
W 4

&
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Exercise 3: Two-finger grasp

y
o - -l
; 2.
4 ,,,,,,,,,,,,,,,,,,,,,, L l L
c
Fhoo s o |
A : f o
i P2 ;
L S S S S
o :
0 1 2 3 4 5 6 7
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Exercise 3: Two-finger grasp A\‘(IT

Karlsruher Institut far Technologie

® The grasp cannot generate torques
T<O0

® The grasp cannot counteract
external torques T,y > 0

&
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Exercise 3: Three-finger grasp

-O-

Y
B Fm e o o o
L D1
7 Y - A R S
fb,l fal
C
] R [ S
o | $ :faz . fop )
i D3 | D2
1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, : ,,,,,,,,,,,,,,,,,,,,,,
0 X
0 1 2 3 4 5 6 7

Is the grasp force-closed?
1k eR™"Mk>0 G- k+wy.y =0

Robotics I: Introduction to Robotics | Exercise 05
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Exercise 3: Three-finger grasp

® What is pos(G)?

y
L PP
L D1
4 _________________________________
fb,l fal
C
LR e e
N S S $ fa?2 fvoy
i Pz P2
A SN SR U SO S
. | |
0 1 2 3 4 5 6 7
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Exercise 3: Three-finger grasp

® What is pos(G)?

fx
pos(G) = {(@) c [R3} = R3
T

® The grasp is force-closed

76 Robotics I: Introduction to Robotics | Exercise 05
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Exercise 3: Three-finger grasp, Bonus

SKIT

Karlsruher Institut far Technologie

/R . S
| S R p1 e | S R pp.
TV !
Cc c
] D o e ] D o ey
H
Jo $ SN frz S R t 1 ,,,,,,,,,,,
§P3 :;02 Ps P2
Lf —————————————————————— Lf
% 1 2 3 4 5 6 7" % 1 2 3 4 5 6 7x
Is the three-finger grasp form-closed?
— Form-closure: Assume point contact without friction
77 Robotics I: Introduction to Robotics | Exercise 05 H?T



Exercise 3: Three-finger grasp, Bonus A\‘(IT

Karlsruher Institut far Technologie

5y ””””” o o o fy
p1
4 ______________________ L L
¥ )
4
5 c |
3p eoeasaees . 4
AU S N A S -1 ]
i i D3 i b2 i !
o H— R R S I 1
0 : x
0 1 2 3 4 5 6 7

Is the three-finger grasp form-closed?

— The grasp cannot counteract forces f, >0 or f,, <0

D
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Exercise 3: Force Closure ‘(IT

nstitut fir Technologie

o .
® Are the following grasps -
force-closed? e o o N War |
3o i ----------- .C -----------
1. Two-finger grasp: p1, p 1 - WalN/ Wz WS Woi
| ‘ D3 P2
2. Three-finger grasp: p1,p, and p3 R R e —_—

® How would you calculate the
g-metric for the two grasps?

&
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Grasp Quality: e-Metric

@ Observe Grasps (A) and (B): ;|§ E’; T—y>x

A B
® Which grasp is force-closed? (A) (B)

® (A)and (B)

B Are both grasps equally good?

® With (A), high normal forces have to be excerted to generate friction forces
in y-direction.

B With (B), it is simpler to generate forces in all directions.

@ How can this be quantified?

Robotics I: Introduction to Robotics | Exercise 05



Grasp Quality: e-Metric

@ Observe Grasps (A) and (B):

B Which grasp is force-closed?
® (A)and (B)

Compare the f,, f,-planes
of the wrench spaces:

81 Robotics I: Introduction to Robotics | Exercise 05

(A) (B)




Grasp Quality: Grasp-Wrench-Space ﬂ(IT

Karlsruher Institut fir Technologie

The Grasp-Wrench-Space GWWS is the convex hull of the w;
GWS = conv({w;}) = 3, kiw; | k; =0 and X2 k; = 1} fy
How could one define a measure for the quality of a grasp using
GWS? fx

The &-metric is the radius of the largest sphere around the origin of the
GWS that is still completely contained in GWS.

It is sometimes also called the Grasp-Wrench-Space metric.

Intuition:

B ¢ is the strenght of the smallest wrench which brakes the grasp.
® The grasp withstands all wrenches with a strength of less than &.
W Ife > 0, the grasp is force-closed.

® The larger ¢, the more ,stable” the grasp.

&
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e-Metric: Examples ﬂ(IT
ET

Karlsruher Institut far Technologie

2D workspace ;‘<| |>';
v !

Iy

fx» fy-Plane of the

Grasp-Wrench-Space fx
with e-sphere around

the origin

Exy-Metric
= 0.0707 =1
in fy, fy-plane £xy = 0.070 Exy
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Exercise 3.3: &-Metric

[N

Three-finger

A
\J

grasp —i

Robotics I: Introduction to Robotics | Exercise 05

fy

SKIT

Karlsruher Institut far Technologie

iy

i Two-finger

1 fy grasp

[EEN




Exercise 3.3: e-Metric A\‘(IT

Three-finger
grasp

N

Karlsruher Institut fir Technologie

N
(eI

Two-finger
grasp

Calculate wrenches at the contact points
Draw the Grasp Wrench Space (convex hull of the wrenches)

Determine the minum distance from the origin to the edge of the
Grasp Wrench Space

&
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Exercise 3.3: e-Metric A\‘(IT

Three-finger
grasp

N

Karlsruher Institut fir Technologie

N
(eI

Two-finger
grasp

e>0 e=0

Calculate wrenches at the contact points
Draw the Grasp Wrench Space (convex hull of the wrenches)

Determine the minum distance from the origin to the edge of the
Grasp Wrench Space

&
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Exercise 3.3: e-Metric, Bonus

What is the value range of the e-metric?

a)
b)
c)
d)
e)

€ € (—o00,00)
le] K 1

€ € (0,0)

e € [0, 00)

e €[0,1]

Robotics I: Introduction to Robotics | Exercise 05
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Exercise 3.3: e-Metric, Bonus

What is the value range of the e-metric?

a)
b)
c)
d)
e)

€ € (—o00,00)
le] K 1

€ € (0,0)

€ €[0,)

e €[0,1]

Robotics I: Introduction to Robotics | Exercise 05
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Exercise 4: Medial Axes A\‘(IT

Karlsruher Institut fir Technologie

® The medial axis of a two-dimensional region G c R? is the set of centers of
the maximum circles in G.
B A circle K is a maximum circle in G if there is no circle K’ for which
K c K' € G is true:
® K C (G and
m-3K:KcK caG

® Draw the medial axes of the regions G4, ..., Gs.

Gl GZ GB G4—

D
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Grasp Planning with Medial Axes ﬂ(IT

Karlsruher Institut fir Technologie

® The medial axis (Blum 1967) describes the topological
skeleton of the object

® In 3D: Consider center of spheres instead of center of
circles

W Grasp candidates can be generated using heuristics
W High percentage of stable and “natural” grasps

® Advantages:
@ Good approximation of the object geometry

B Details are retained

H. Blum, Models for the Perception of Speech and Visual Form. A
transformation for extracting new descriptors of shape, Cambridge,
Massachusetts: MIT Press, 1967, pp. 362—380.

® Good description of symmetries
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes

’,——— "!=~~~~ R ‘\\ ."\\ \\
- R ¥ S
- A N, N,
’ ’ ~. I~ N,
R4 ’ LN
/ ’ ANY N\, )‘
Vs ! SR
7 ] \, \
/ \, \
/ [l \ \
\ N\
] \ \
! \ N
1 \ N/
1 N X
] -
1 s ~ -7\
1 —— \
\
1 |
\ A
\ 7|
\\ S
N V4 1
N, % [}
N, 4 ]
b e 1
N e ]
Seo - 1
————— - 1
’
’
’
/
’
/
/
/
4
/
L
. -
AN o’
~ -
See -
T
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Exercise 4: Medial Axes

=~

-
-
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes J(IT
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Exercise 4: Medial Axes J(IT
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes A\‘(IT

Karlsruher Institut fir Technologie
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7 \
I \
1 \
1 \
| |
i |
H 1
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’
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Exercise 4: Medial Axes

SKIT
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- oo - S~
0 N Vd N
’ N ’ )’
/s S, ’ N
\ /
/ \ / \.
/ \ / \
/ \ / \
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4 \ ] \
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| 1 H
1 1 H |
] 1 I
1 ! ]
\ H \ I}
\ / \ 7
\ ’ \ /
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Exercise 4: Medial Axes A‘(IT
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Exercise 4: Medial Axes A‘(IT

Karlsruher Institut far Technologie
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Exercise 4: Medial Axes A\‘(IT
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes

-
-
S

~
~e

Sean "
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Exercise 4: Medial Axes

A}
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes

Robotics I: Introduction to Robotics | Exercise 05

SKIT

Karlsruher Institut far Technologie



122

Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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Exercise 4: Medial Axes
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