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Applications of zero-torsion PMs

Canfield’s joint (3-RSR) Z3 sprint (3-PRS) Robotic finger (3-PSP)
Canfield et al. 1996 Wahl, 2006 Tischler et al., 1998
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1 Manipulator Architecture

3-RPS parallel manipulator '] 3-SPR parallel manipulator

[lISchadlbauer, J., Walter, D.R., and Husty, M.: A Complete Kinematic Analysis of the 3-RPS
Parallel Manipulator, 15th National Conference on Machines and Mechanisms (2011).



1 Manipulator Architecture

3-PRS parallel manipulator I°! 3-PUU parallel manipulator °!

limbi

limh3

(21 atifah Nurahmi et al. Operation Modes and Singularities of 3-PRS [3'Wang Liping et al. Optimal design of a 3-PUU parallel mechanism
Parallel Manipulators With Different Arrangements of P-Joints with 2R1T DOFs 6



1 Manipulator Architecture

3-SPR parallel manipulator

ry, = [1,41,0,0]"
3
I‘ﬂqz = [],—%hl,—{th]T
3
l‘gl = []1—%!'.?], \é_ﬁ'l,O]T




2 Constraint equations : 3-SPR parallel manipulator

Study’s kinematic mapping !

H;-':EE%RJ,:{=A){+£[ pEED'
.2 .2 2 2T
_ xXp-+x1°+x2° 413 03“
M — ,
M, M
—2xpy1 +2x1%0 — 2x2¥3 + 2x3)2
My = | —2xoy2 +2x1y3 + 2x250 — 2x3)1
—2x0y3 — 2x1y2 + 2X2y1 + 2x3)0
|-,1'02 +x2—x?—x3r “2xpx3+2x112 2xpx2 +2x1x3
Mgz = | 2xpx3 + 2x1x2 Jc'.D2 —Xi 2 =+ Igz — ,1'32 —2xpx1 + 2x3%072
’ . v
—2xpx72 + 2x1X3 2xpx1 +2x3%2 Igz —X1"— Igz -|—I32

ISchadlbauer, J., Walter, D.R., and Husty, M.: A Complete Kinematic Analysis of the 3-RPS
Parallel Manipulator, 15th National Conference on Machines and Mechanisms (2011). 8



2 Constraint equations : 3-SPR parallel manipulator

Plane constraint equations

0 0 \T '
(rg, —14.) 5 =0

g1 = xpry =10

go 1= h.lgplg — h.lj_?;gg — Q:ITﬂy] + 21 Yo + 2Ty — Qrgyg = ()

g3 := 2 hyxors + hir129 + TOY2 + T1Y3 — T2y — 23y1 =0



2 Constraint equations : A comparison
3-SPR parallel manipulator (xy, —x;, —x, —x3.y0, —y1, =2, —3)
g1 :=xpx3 =10
g2 1= hyxy* — hyx® — 2x0y1 + 2150+ 2x2y3 — 2x3, = 0
g3 = 2hyxgx3 + hyxpx, +xpy2 +x1y3 — X290 —X3y; =0

3-RPS parallel manipulator (xg.x;.x2,X3,Y0,¥1.¥2.¥3)
g1 :=xpx3 =0
g2 :=hx? — hyx® +2xgy1 — 2x1y0 +2x23 — 2x3y, =0
g3 = —Zk]_rnx’j, —+ hl_flxg —XpV2 T X1 V3 +Xayg — X3y = 0

3-PRS parallel manipulator (xg,x;.x2.x3.0,V1,2.53)

g1 :=xpx3 =0
g2 = hyixy? — hyxy® +2x0y1 — 2310 + 2253 — 2x3y2 = 0
83 = —Zk]_rnx’j, +h1_I1Ig —XpV2 T X1 V3 HX2yp — X3y = 0

3-PUU parallel manipulator (x, x,,xs.x3.v0. 1. v2.v3)
g1 :=xpx3=0
"
g2 1= hax1? — haxa” — 2xpy1 4+ 2x1v0 + 220293 — 2x3y2 = 0
g3 = 2haxgxs + haxyxa +xpy2 +x1¥3 —x2y0 —x3y1 =0 10
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2 Constraint equations : 3-SPR parallel manipulator

Sphere constraint equations

0 0 1h _ .2
1T, — Ty 112 = 7,

Study equation ; Normalization equation

g7 = ToYo + T1y1 + T2y2 + x3y3 =0
gs =20l + 112+ 1’ + 232 —1=0

Operation modes

T =< 91,92, 93,94, 95, 96, §7. g8 >
Variables Ring

{zo, 21,22, T3, Y0, Y1, Y2, Y3 } Clh1,ha, 71,792,713

11



3 Operation modes : 3-SPR parallel manipulator

Primary decomposition (singular)

g1 :=xpry =0
g2 = hiz1? — hywe® — 2z0y1 + 27170 + 229 — 273y2 = 0
J =< 91,492,493, 97 > gy = 2hizpxrs + hir1T0 + ToYo + T1Y3 — Toyp — 3y = 0

g7 = ToYo + T1Y1 + Toy2 + x3y3 = 0

Ji : (o, T1y1 + Toys + T3ys, hiwiwe + T1ys — Tayo — Tay1, hiwi® — hize®  Ja : (z3, Toyo + T1y1 + Tays, Rz Ta + Toys + T1Y3 — Tayo, hiz?

+ 27110 + 2 oys — 2 T3ya, h1wo ys + h1TaT3ys — T1Y1Y3 + Tavous — hyze® — 2xoys + 221y0 + 272ys, hixa® + zoz1y + 2 T0T2y1
+ z3y1 %, hiza® + 217y — Baizayo — Tiz3ys — 2207 ys + 2x9T31s, +21%y3 — 3z122y0 — 22273, P T2 Yo — haz1yo” — hiz1ye”
hiz1Zoy2 + haz123ys + hize’y1 — 22190y1 — 2 Toy1ys + 2 T3y19e, — hyzayoys — 3himayiys — 210° — 2y0u1” — 2y0y2” — 2y0us”)
hi?zo?ys — hizyyoys + hizoys® — 3 hazoye® — hizoys® — hizayays

—290%y3 — 2uy1%ys — 292°ys — 2u3°, —h1 2o yoys + k1 za y1ye J3 : (zo, 71, T2, T3)

+ hi’zoxay1ys + hiz1voys — bz 2ys + 3 hizoyoye® + hyzayoys®

+ hizayoyays + hazayr® + 290 ys + 2 %0y1° Y3 + 2 yoya"ys + 2youa”) 5



3 Operation modes : 3-SPR parallel manipulator

Operation mode 1 : k_ 1

rg =10

180° displacement of the moving platform
w.r.t the fixed base about the ISA*

2y0

O
cr:is{§) =T0 ; S=— > 5
v ]+ T5 + I3

Operation mode 2 : K o

rg =10

ISA is always parallel to the x,y,-plane!*

2 2 2 2 2
'] — T5 — T3)T1, Pog = ToYori — (—x] — 5 — T3)Y
9 9 9 9 9
po2 = (—x7 — x5 — x3)T2, P31 = Toyor2 — (—2] — 5 — T3)Y2

: 2 2 2
Pos = (—11’1 — T — I3)Tr3, P12 = ToYoTy — (—I1 — Iy — 1’3}'9'3

“'Kong, X.: Reconfiguration analysis of a 3-DOF parallel mechanism using Euler parameter quaternions
and algebraic geometry method, Mechanism and Machine Theory, 75, pp. 188-201 (2014). 13



3 Operation modes : 3-SPR parallel manipulator

Instantaneous screw axis

/

Pliicker-coordinates of the ISA

Po1 = (—1-‘? - 1‘% - 1‘%)1‘1, P23 = ToYory — (—1'% - 3’% - I%)yl
po2 = (—2i — 3 — 23)x2, P31 = Toyox2 — (—a] — T3 — T3)YP2
Po3 = (—f? - 1‘% - 1‘%)1‘3, P12 = ToYors — (—1'% - 3’% - m%)y:*.

Po1P23 + PoePst + poapie = 0

Normalized Study-parameters
¢
2

_ 2y0
\/I% + 1‘% -+ 3:%

cos(=)=mzy ; &

14



4 Singularities : 3-SPR parallel manipulator!!!

8g; 9g;
o= (292,29 ) where i=1,2; j=1,..,8; k=0,..3
dry Ay

S1:ixy-p'(ry, 2,73, 90,Y1,y2,y3) =0 Iy =
0

So 1z - p'(T0, T1, T2, Yo, Y1, Y2, Y3) = Trq =

Constraint singularity other singularities
xXp=x3=0 p’ (e ye) =0, k=0,1,2,3
[lISchadlbauer, J., Walter, D.R., and Husty, M.: A Complete Kinematic Analysis of the 3-RPS .

Parallel Manipulator, 15th National Conference on Machines and Mechanisms (2011).



4 Singularities : 3-SPR parallel manipulator

Other singularities in orientation workspace

A a
rg = cos(—)cos(—
(5)c0s()
.0 R
r1 = sIn(— Jcos(p — =)
(2 { 2
.0 .0 Tilt and torsion angles!!
T9 = sm{ﬁjlsm(@ - =)
.. o
rs3 = cos(—=)sin(—)
(5)sin(5
oL 0 0 Modified matrix of
MJ': X rm°+ri°—T3-—E3” —.21[133—211;1:2 2rpra4+-2xiTg ’ . .
Y 2rpra+2xixe roi—r1i4zol—13? —2xpr1+2T910 StUdy.S kinematic
pA —2rpra+2x1as 2rpr1+2®aro rot—r1d—rad4ra? mapping

51Bonev, ILA., Zlatanov, D., and Gosselin, C.M., ” Advantages of the modified Euler angles in the design and control of
PKMs,” Parallel Kinematic Machines International Conference, Chemnitz, Germany, pp. 171-188, (2002). 16



4 Singularities : 3-RPS parallel manipulator

Singularities in each operation mode (in orientation workspace)

=0 : o0=180°

- 7=

@+ [-180°,180°]

B : [0°,180]
(a) Operation mode 1

Iy —

B=[0",180°]
(b) Operation mode 2

N :o=0Y

@={-180°,180"]

17



4 Singularities : 3-SPR parallel manipulator

Singularities in each operation mode (in orientation workspace)

=0 : o0=180°

: [-1807.180°
8- [0°,180°] o:l )

(a) Operation mode 1

8 : [0°,180"] p: [-180°,180

(b) Operation mode 2 18
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4 Singularities : 3-SPR parallel manipulator

Singularities in each operation mode (in orientation workspace)
h; =1

. o=1800

p=-180°
p=-135° ¢=180°

o - [-180%,180"]

:[-180°18
6 [0°,180 ¢:l o3 @ : [0%180"]

(a) Operation mode 1 (b) Operation mode 2

19
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4 Singularities : 3-SPR parallel manipulator

Singularities in each operation mode (in orientation workspace)

. o=1800

(p=-135" p=180°

- [-180°,180]
B [0°,180] ’

(a) Operation mode 1

- 10,3]

rqa=0 :0=0°

p=-180"
p=-135" p=180°

o : [-180°,180°]

8 : [0°180"]

(b) Operation mode 2

20



4 Singularities : 3-SPR parallel manipulator

Singularities in each operation mode (in orientation workspace)

Operation mode 1 : Operation mode 2 :

rg=0 :o0=180°

55
N —
I
—_ N =

rq =0 :o=0

N
I

-90° 21



5 Maximum Inscribed Circle Radius!®!

-90"

6l Abhilash Nayak, Latifah Nurahmi, Philippe Wenger, Stéphane Caro, Comparison of 3-RPS and 3-SPR parallel
manipulators based on their maximum inscribed singularity free circle, EUCOMES, Nantes, 2016 22



MICR [deg]

5 Maximum Inscribed Circle Radius

MICR vs. Z/h, for the 3-RPS PM

MICR as a function of Z/h) : 3 — RPS operation mode 1

160 -
- Ft-].,n"hl = ll.-"-i I ' I | T T
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MICR [deg]

5 Maximum Inscribed Circle Radius

MICR vs. Z/h, for the 3-RPS PM

MICR as a function of Z/hy : 3 — RPS operation mode 2

160 |
v ho/hy = ll,.".i ! ! T I : I
140H = ha/hy=1/3
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1201+ hofhy =1
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100H ho /By — 2
goH ¢ ha/hi=5/2
v hafhy =3 s
...-...-..iir_:l-l 13 ¥ “
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MICH |deg)

160
140

5 Maximum Inscribed Circle Radius

MICR vs. Z/h, for the 3-SPR PM

MICR as a function of Z/h, : 3 — SPR operation mode 1

P

s esseereerrrr 11111 1A LLLLAAA LY

T T T LT

l-l.il'..-.. ........ * Iit']'_,"r.ll:!] =1_."r—'1
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) +++ ii*** 1-"""' h':".-'lrh] = ]'.l'lrE
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+F et et N g
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160
140
120
100

MICR [deg|

5 Maximum Inscribed Circle Radius

MICR vs. Z/h, for the 3-SPR PM

MICR as a fu.nr;.tim; of Z/h1 13— SPR operation mode 2

L]

FYTIIIIL A e

(T3
bbb rYTTYTTY

prpbbpbbatabeey
FFTTTTETTTTTTY]

*t + ha/hy
ha/hy
ha/hy
+ hafhy

ha fhy
¢ ha/hy

+ ha/hy =

v ha/hy =

3 3.5
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5 Maximum Inscribed Circle Radius

Operation
mode 2 (x;=0)

h,/h, =2
Z/h,;=1.8
Azimuth =90°
Tilt = 64.16°

Operation
mode 2 (x;=0)

h,/h; =2

Z/h, =22
Azimuth =90°
Tilt = 128.6°




5 Maximum Inscribed Circle Radius

Void at 900 tilt

Tilt

¥y, 73

Ay, A;

28



3-SPR

6 Parasitic motion

X and Y coordinates (operation mode 2, x; = 0)

] o I | o I | ) o | )

zzxg:c, +2Zx0 % + zzrﬂ,v}, — hy GG + g + hle —6h 50+ hl:cf

X-= z E E E z E
9 9 . 9 o 9
(o—4—1) g+ +2

2 {E_Yg_‘fl + E.‘L’EII? + E.‘L’EI_‘L'I_‘L% — hl
= =

When,
tilt=90° and Z=h,

24y 2.y 230 2 =
Xo“+X37-X;7X," =0

3-RPS, 3-PRS,
3-PUU

|—-'_th
|
5
[
b5
'__-'q
b

':':_C:t-l' EF
+
|—-'_th
n
k5%
':':_qll-l'
+
—_ha
+
b




6 Parasitic motion within MICR

3-SPR (operation mode 2, x;=0) : Z=1, h, : h; =2:1

D =/X2+7Y2

Singularity loci
—_— D =(.6824
0.6

0.5

0.4

0.3
0.2

0.1
0

MIC
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6 Parasitic motion within MICR

Maximum displacement vs. Z/h; for the 3-RPS PM
Operation mode 1
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31



|

6 Parasitic motion within MICR

Maximum displacement vs. Z/h; for the 3-RPS PM
Operation mode 2
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6 Parasitic motion within MICR

Maximum displacement vs. Z/h; for the 3-SPR PM
Operation mode 1
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6 Parasitic motion within MICR

Maximum displacement vs. Z/h; for the 3-SPR PM
Operation mode 2
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6 Conclusions and future work

MICR and parasitic motion curves to compare zero-torsion PMs
Larger singularity regions and higher parasitic motion for the 3-SPR PM.

Discontinuity in MICR values for the 3-SPR PM : void in the orientation workspace.

Comparing the zero-torsion PMs based on the type of motion.

Considering all the existing zero-torsion manipulators (3-RPS, 3-SPR, 3-PRS, 3-
RRS, 3-PPS, 3-RSR, 3-PSP, 3-PUU) ; Synthesis of zero-torsion PMs using screw
theory or algebraic geometry tools.
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Merci

A cross-section view of singularity surface of the 3-RPS parallel
manipulator in its joint space.
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