ME 254, Lectures 4 and 5

Compliant mechanisms
—Mobility Analysis




Degrees of freedom (DoF)

 Minimum number of scalar inputs needed
to define the complete configuration of the
mechanism.

* Also equal to the minimum number of
inputs needed for deterministic motion.
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Kutzbach-Grubler’s formula

3D

DoF =6(n—1)=5f,—4f, =3f,-2f, - f:
n = number of r1gid bodies (called links)
/. = joints that allow i relative motions

2D
DoF =3(n—-1)-2f, -1,



Familiar examples
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How many DoF do these have?

roller

flexible metal
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Let's derive the Grubler’s formula.
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DoF formula extended to
compliant mechanisms

Midha, Murphy, and Howell (1995)
3D Ananthasuresh and Howell (1996)

DoF = 6(nseg_1) ZS; ZS; 6 J nC —671 +Z]ns0]
J J=

2D : : ;

DoF =3(n ,,—1) —2(3 —j)nKj —2(3 —j)ncj —3n, + Zjnscj
j=1 j=1 j=l1

n,, =number of segments (rigid or compliant)

n,; = number of kinematic pairs allowing j relative dof
n., = number of elastic pairs allowing j relative dof

n,. =number of fixed connections

n,; = number of segments with segment compliance of j
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Let us understand the formula.
2D : :

DoF =3(n ., )= (3= j)mg =) (3= j)ng =3n, + D jn,,

j=1 j=1 j=l1

\O]
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Let us understand the formulae.

2D : : :
Dokl = 3(nseg_1)_2(3_j)n1<j _2(3_])71@ _3nﬁx +Zjnscj
j=1 Jj=l1 J=1
3D ;

5 6
DoF =6(n ,,~1)= ) (6= j)ng =2 (6= j)ng =6n, + 2 jn,,
j=1
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Example 1
2D : :

DoF :3(nseg_1)_Z(3_j)nKj _2(3_])71@ _3nﬁx +Zjnscj

j=1 j=! j=!

\O]
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Understanding

“segment compliance”
2D 2

3
DOF:3(nseg_1)_Z(3_j)nKj _2(3—])71@ _3nﬁx+ jnscj
j=1

\O]

.

J=1 Jj=1
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A simple example

Il @z (Wheel)

3 (Flexible rope)

daf

l . wiE T TLTak
Winch a | 2 2 )
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Example 2
2D :

3
DOF:3(nseg_l)_Z(3_j)nKj _2(3—])71@ _3nﬁx+ jnscj
j=1

.

J=1 Jj=1

\O]
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Virtual rigid segments (VRSs) to take
care of applied forces/moments

2D 2

3
DOF:3(nseg_1)_Z(3_j)nKj _2(3—])71@ _3nﬁx+ jnscj
j=1

\O]

.

J=1 Jj=1
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Elastic arm example

(a) 3 (flexible beam) | C-I!ISIE' FLEEE l ?‘Iﬁ_r HK.!' ﬂﬂfj dﬂf
|| a 4 E 2 —I 2
3 (Cable) by G 2 2 o
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A compliant gripper

N
[
| ¥
3 [ I o
5
4 ¥
& I ﬂ |
& | ¥
7L f
| ¥
| r
5
L
E —_—
Ground segment: |
VRS's: 3,5,7
Compliant segments: 2, 4, 6, 8
| Case nseE nfix nsel nsc3 dof
| a 8 8 0 4 9
h 8 B 4 {0 1
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et us count...

n., =5 (Between segments 1-2, 2-3, 3-4, 1-8, and 7-8)
n, =4 (Between 2-5, 4-6, 5-7, and 6-8)

n_, =2 (Bodies 5 and 6; in case of doubt, assume segment compliance of 3 in 2D)

f=3(n,, —1)~2n, —3n, +3n_, =3(8-1) - 2(5) - 3(4) +3(2) =21-10-12+6 =5
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Compliant stapler

| Compliant pivieds

Case nseg nfix nKi nCl nsc3 | dof
1 3

| Stapler 5 2 1 2
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DoF of the rolamite elastic pair

roller

flexible metal

This rolamite elastic pair has one degree of freedom. Let us see if our counting also
gives the same.

n,, =4 (two rollers, one flexible segment, and the fixed frame above and below)
1., =2 (two rollers with the flexible segment)

n_, =1

n,. =2 (the flexible segment with the fixed frame at two places)
f=34-1)-22)-32)+3(1)=9-4-6+3=2
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DoF of a nail-clipper

/
ﬂ \
1

3
d0f=3(nseg—l)—2(3—j)nl{j —Z(3—j)ncj —3nﬁx +Zjnscj

[\

dof =3(4—-1)-2n,, —ng, —3nﬁx +n,
=(3x3)—(2x1)-1-(3x2)+(1x1)
—9-2-1-6+1=1
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Main points
2D : : ;
DoF =3(n,,—1)— Z Z J)ng =3n, +2 jn,

3D |

5 6

DoF = 6(nseg—1)—2(6—j)n[<j —Z(6—j)ncj —6n ;. +Zjnscj

j=1 j=l1 j=1

e Extended Grubler’s formula gives maximum DOoF for
compliant mechanisms.

* Segment compliance

— Needs interpretation

— Assume 3 (in 2D) and 6 (3D) when in doubt
* Introduce a Virtual Rigid Segment (VRS)

— where there is a force on an elastic segment
— where two elastic segments meet
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Further reading

Proceedings of

The 1996 ASME Design Engineering Technical Conferences and
Computers in Engineering Conference

August 18-22, 1996, Irvine, California

96-DETC/MECH-1217

CASE STUDIES AND A NOTE ON THE DEGREES-OF-FREEDOM
IN COMPLIANT MECHANISMS

G. K. Ananthasuresh Larry L. Howell
Microsystems Technology Laboratories Mechanical Engineering Department
Massachusetts Institute of technology 242 Clyde Building

60 Vassar 5t Brigham Young University
Cambridge, Massachusetts 021398 provo, Utah 84602
E-mail: suresh@mtl.mit.edu E-mail; lhowell @ et.byu.edu
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An example that does not work
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Kaleidocycle mechanism
with elastic pairs

Six-tetrahedrons joined together
with six flexural hinges

N '.q' XTI 7Y Fai"
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Bricard linkage: formula fails!

DoF =6(n—=1)-5f—-4f,-3f,-2f,— /s
=6(6—1)—(5x6)—(4x0)—(3x0)—(2x0)—(1x0)
=30-30=0

A closed-loop 6R linkage
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