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Abstract: The 2PRRR-1RRR manipulator sensitivity indices are presented in this article. The sensitivity indices have
position and orientation is conducted in mathematical software and the results are presented. The lower sensitivity indicates
the better control of the manipulators. There are two possibilities for redundancy, kinematic and actuation redundancy.
The 2PRRR- 1RRR planar mechanism is considered for analysis, the input and output relations are the model is
mathematically modelled by the method proposed by S.Caro. The sensitivity indices derived for position and orientation
and the results are plotted on the workspace.
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1 Introduction

“Kinematic redundancy” increases the mobility as well as degrees of freedom of actuated joint of the “parallel
manipulators”. “Kinematic redundancy” occurs when additional active joints or links are provided to the manipulators.
Kinematically redundant parallel manipulators necessitate extra controlling parameters than necessary for a set of specified tasks.
A manipulator with adequate “kinematic redundancy” can shun all interior singularities, has a more work volume, and enhanced
manoeuvrability. “Kinematic redundancy” can also permit manipulators to deal with joint-jam breakdown. Higher stiffness, better
accuracy as well as superior payload to weight ratio are the main advantages of “parallel manipulators” compare to “serial
manipulators”. “Parallel manipulators” are having large number of appliance fields such as space telescopes, fine positioning
devises, fast packaging, high-speed machining, medical, and flight simulators etc. Most of the studies on parallel manipulators are
on non redundant parallel manipulators. Redundant parallel manipulators are introduced to eliminate the some of the short comings
of parallel manipulators. Redundancy is of two types: “Actuation redundancy” and “kinematic redundancy”. Actuation redundancy
is defined as replacing the excessive passive joints by active joints of manipulator. Actuation redundancy reduces the singularities
in the manipulator workspace.

Stephane Caro et al [1-2], carried out “sensitivity analysis of 3RPR planar parallel manipulators”. They proposed a method
to compare 3RPR manipulators among to their dexterity, work volume and sensitivity. Stephane Caro et al [3-5], proposed a
methodology for the multi-objective design optimisation of parallel kinematic manipulators. The dimensional synthesis of 3PRR
planar parallel manipulator was considered. The approach adapted by Caro is aimed to minimise the mechanism of mass in motion
as well as to maximise its usual shaped workspace. The constraints for the optimisation problem are resolute based on the
“mechanism accuracy assembly” and condition number of the manipulator kinematic Jacobian matrix.

Wenger at al [6], introduced two corresponding methods to analyse the sensitivity of a three degree of freedom translational
parallel kinematic machine with orthogonal linear joints, the ortho-glide. Nicolas Binaud et al [7], developed a methodology to
obtain the sensitivity coefficients of the pose of the moving platform of the manipulators to variations in their geometric parameters
and actuated variables. They have determined to aggregate sensitivity indices and compared 3RPR, 3RPR, 3RRR, 3RRR and 3PRR
manipulators with regarded to their workspace size and sensitivity.

Jing wang and clement Gosselin [8], 2004, have presented three different parallel manipulators with one redundant degree of
freedom for reducing singularities in the workspace. They have developed analytical expressions for singularity loci of type Il and
made a comparison between redundant and non-redundant manipulators. Sukham Lee and sungbok kim [9], 1993,have defined
three orthogonal instantaneous motion spaces (IMSs) of a parallel manipulator and based on IMSs, they analysed the kinematic
features such as deficiency, singularity and redundancy of platform type parallel manipulator system. They have also investigated
the kinematic performance of parallel manipulators, such as dexterity and load capacity.

J.P Maerlet [10] et al developed geometrical algorithms for the determination of various workspaces of planar parallel
manipulators. A detailed analysis on workspaces of planar parallel manipulators is carried out by them. They have determined the
constant orientation works space, maximal workspace, inclusive maximal workspace, total orientation workspace and dextrous
workspace of the 3RRR, 3PRR planar parallel manipulators.

Iman Ebrahimi et al [11] have studied a family of kinematically redundant planar parallel manipulator. They have analysed
the 3PRRR manipulator for reachable workspace, dextrous workspace and kinematic singularities. Ma and Angeles [12] have
studied the kinematic performance of planar manipulators by investigating the numerical conditioning of their Jacobian Matrix with
respect to architectures. The dimensional in homogeneity of the Jacobian matrix is eliminated by introducing a characteristic link
length. The optimum Architecture of the manipulator obtained by them resembles that used in flight simulators.

Han Sung Kim and Lung-Wen Tsai [13] presented a parallel manipulator to achieve translational motion of the moving
platform. It was shown that the rotary actuation method results in many singular points within the workspace. Due to the orthogonal
arrangement of the limbs, the Jacobian matrix is always isotropic and the manipulator behaves like a traditional X-Y-Z Cartesian
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machine. They have also suggested a method to maximize the stiffness, in order to minimize the deflection at the joints caused by
the bending moment.
2 Mechanism Architecture
Planar Parallel mechanisms are designed to increase the redundancy by introducing two prismatic joints in two limbs. these
joints are used to increase the mobility of mechanism, the mechanism has one moving platform and one fixed base platform, the
radius of moving platform is taken as r and fixed platform as R, here, the motions in X, Y and Z are performed by three or more
parallel axes that gives high stiffness and accuracy. In this work actuation redundancy is presented by introducing additional branch.
As shown in Fig. 1, two additional branches A;B1 and AzB-are introduced in the kinematic model. Addition of two actuated
joints improves the performance of the mechanism and also increases the complexity of actuation of mechanism.
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Fig.1 Kinematic Model of 2-PRRR — 1RRRPlanar Parallel manipulator

2.1 Input- Output relations of the 2-PRRR — 1RRR Planar Parallel manipulator
The input and output relations of limbs are derived from direct kinematic relations, the equations are as follows
2 2
1 = (xp + (g4 — RCy; — PiCyy — 111Cei) + (yp + 1S(g 4 — RSy — PiSe; — li1Sei) (D)
fori=1,2
2 2
17 = (xp + rcgegp — Reg, — Lise,)” + (¥p + ISorguy) — RSg; — liaSe,) == 2
for i=3
The input output relation (1) is expressed in the form of bi circular quadratic as follows
x?y? +a;xy? +x% +apy? —agX —aXy —aiytae =0 -—(3)
The equation 3 can also be used for limb 3 by substituting the corresponding length is equals to zero.
where
X is the actuated prismatic joint displacement and y is the tan half angle of actuated revolute joint displacement.
x=p;, fori=1,2andx =0 fori=3 y = tan(0;/2) fori=1,2and 3
a;; = 2ljca5 — 2Re(y; — o) — 2(xpcai + ypsai) + 2rc(@ + @; — o)
a;p = 2rli[c(@ + @) +s(B + @] + 2lix, + 2Rl; + x5 +y5 + 12 + R* +15, — 17, + 2r[x,¢(@ + @) + y,p5(8 + ¢))]
+ 2rRc(@ + @; — vi) + 2R(xpCy; + ypsyi)
a;3 = 2lj3ca; + 2Re(y; — o4) + 2(xpc0(i + ypsai) —2rc(® + ¢; — o)
a4 = 4lsqy
a5 = 2[2rli;s(@ + @) + 2ypli; + 2Rlj;sY4]
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a6 = —2rlip[c(@ + @) + s(@ + @] — 2lix, — 2Rl + x5 +y5 + 12 + R+ 15, — 1, + 2r[x,c(8 + @) + y,5(0 + @]
+ 2rRc(® + @; — vi) + 2R(XpCy; + ypsyi)
The constant design parameters of mechanism are as follows:
Y1 = 210’Y2 = 330, Y3 = 90; o = 30, oy, = 150, A3 = 270; P, = 30, O, = 150, O, = 90;
3.0 Sensitivity coefficients

P= [g"] =a+((bj—a)+(c—b)+di—c)+(pi—d), i=1.2 (1)
y
=b;+ (c;—b) +(di —¢) + (p;—dj), i=3

P, = R;cosa; + p; cos a; + l;; cos 8; + 1, cos B; + r; cosy; (i=1,2)
= R;cosa; + l;; cos 0; + l;; cos B; + 1; cosy; (1I=3)

P, = R;sina; + p; sina; + l;; sin6; + l;; sin f; + r; siny; (i=1,2)
= R;sina; + l;; sin0; + l;; sin B; + r; siny; (1I=3)

ai, biand c;j being the position vectors of points A;, Bjand Ciexpressed in Fig. Eqg. (1) can also be written as,

P = Rih; + piu; + lj1v; + Lipw; + 1k (1=1,2) (2
= Rihi + divi + liwi + Tiki(i:3)
with
_[cosa; _[cos a; _ [cos 6; _ [cosp;
h; = [—sin ai]' Ui = [sin ai]' L [sin 0;1” "t [sinﬁi]‘

o [cos((b +@; + n)]
LT Lsin(@ + @ + 1)

Where R; is the distance between points O and A;, p; is the variable distance between points A;and B;, l;; is the variable
distance between points B; and C;, [;, is the variable distance between points C; and D;, r is the distance between points
D; and P.

6p = 6Rihi + Ri6aiEhi + Spiul- + pi69iEui + 8li1vi + lilé'eiEvi + 6li2W,: +
li25ﬂiEvl- + STiki + Ti(5¢ + 5(pl)Ek,_ (|:1,2) (3)

= SRihi + Ri5aiEhi + 61,:117,: + li150iEvl- + 6li2Wi +
li26ﬁiEvi + STiki + Ti(5® + 5(P1)Ek1 (|:3)

With matrix E defined as

0 -1
E_[l 0 ] )
dp and od@are the moving platform position and moving platform orientation errors. Likewise &R,
Sa;, 8p;, 8li1, 015, 81 and 6 B; denote the variations in R;, a;, p;, l;1, L1, and B; respectively.
Lowl6p = L 6Rw! hy + LR Sa;w! Ehy + Ly Spiwlu; + LippiSaywl Eu; +
liZé‘lilWiTvi + lizlilé‘eiwiTEvi + li25li2 + li(STinTki + liz‘r'i(c?(Z) + 5(pl)WlTEkl (|=1,2)
= lizaRinThi + lizRi(SainTEhi + lizslilwiTUi + lizli159iwiTEvi +
li26li2 + lié‘?"iWiTki + lizri(é‘q) + 5(pL)WlTEkl (|=3) (5)

Eq. (5) can now be cast in vector form:

50 O0R, da, 6p, + 606, ol 6ly, oY1 ory
A [5 ] = Hy |8R, | + Hy |8a, | + B|6py + 86, | + Hy |61 | + Huz |61, | + H, |6y2 +H, |5rzl
p SR, Sas 565 Slis Slys 5Ys 575
(6)
with
my  lpwi
A=|my lpwg |, (6a)
ms l32W§
B = diag [l12W%w (uy +vy) lzzwf(uz +v;) l32W{(U3)] (6b)
Hy = diag[l;,w] hyly,wj hyls,wi hs) (6¢)
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Hyy = diag[liqlz1134]

Hyp = diagllizl;135]

H, = diag [112W1 k1122W2 kzlszw3 k3]

H, = = diag[li;rnwWl Ek ly,rowl Ekylsmswl Ekg)
= dlag[l12R1W1 Ehy + Lippi WY Eugloy RyWT Ehy + Ly pp WS Eugls, RsWS Ehg] (6h)

And
m; = —lizriWiTEki,i = 1,..,3
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(6d)
(6e)
(61

(69)

7

It is clear that A and B are the direct and the inverse Jacobian matrices of the manipulator, respectively.
Assuming that A is nonsingular, i.e., the manipulator does not meet any second type singularity [10 —13], we obtain

upon multiplication of Eq. (6) by A™™:

50 SR, Saq op, + 664 6lyq 6lyq ory Y1
[529] =Jr [ORz |+ o |0 | +]|0p2 + 66, L |Gl |+ Ty, |Olaz | + s lgrzl +Jy 5}’2]
(8)
With
] = A_IB (Sa)
Jr =A"Hg (8b)
Jo =A"'H, (8c)
Jui=A""Hy, (8d)
Jizi = A" Hpy, (8e)
Sy = A" H, (80
J, =A"'H, (89)
And
-1 _ 1 w; Wy W3
T det) lx;  xy x3] (©)
X; = E(m]lka —_ mkl]W]) (gb)
det(A) = Tie i (%)
= (i + 1) Modulo 3;
= (i+ 2) Modulo 3; i=1,2,3.
[6a;x] [0 —p;sina;][8pi] ,._
6a;,] — 10 p;cosa; ] [&ri] (i=1,2) (10)
_6bix_ _ _COSﬂi =T sinﬁ'i 5T‘i .
[6byy | — |sinB;  1icos By ] S,Bi] (i=1,2,3) (11)
[6Cix] _ [cosa; —R;sina;|[6R; .
6ciy] — Isina;  R;cosa; ] [&ri] (i=1,2,3) (12)
[8dix] _ [cosO; 0][6l; .
_Sdiy] = [Sin@i ] [wi] (i=1.2,3) (13)
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Sayy [6p1] [6dix] [6P1x] 5lyq
Saly | |691 | 6d1y 6b1y 8l21
5¢] _ g |8as |, ,18p2] 8dyy by ety
[6]9 _]Alaazy | +]|592 | +Jp 6‘d2y +JB 6b2y +.](lll+ll2) 5122 (14)
0 | 0 8dsy O6bs, 6ly3
l 0 J l593J l5d3yJ l5b3yJ 8las
Ja=UatJaz 0] (14a)
Je = Ur1/B2/B3] (14b)
Jp = UDl]DZ]DS] (14d)
J =23l (14e)
Juir = UndJuzusl
Jiiz = UziJi22)123] (14f1)
[Jaio] .
Jai = [fho] i =12 (149)
_ [Usio] . _ h
Jgi = Ui, ,i=1,2,3 (14h)
_ -]CiQ)- . 14i
Jei = i) ,i=1,2,3 (14i)
_ Ubio] . _ 14i
]Di - JDip L= 112'3 ( J)
] = [{f‘”],i =123 (14Kk)
ip
Jur = Hlf”’], =123 (141)
lilp
Tz = H“Z‘”],z -123 (15)
1i2
With
Jaip = #(M [@ioi  @ipi] (16)
Jsio = #(m [@:iqi wiTi] an
]Ci@ = ﬁm [a)isl- a)iti] (18)
Jpig = dﬁ;(m [wie; wifi] (19)
_ wilizw;'rvi 20
Jio = Tdet(a) (20)
_ Wiljp
Jaizye = det () (21)
T: T:
1 0;x; I pix;i
Tain = Gee [oixf J px] ,-] #2
T T
1 qix;i rix;i
= 22
Joiw = Gercay [Qixin Tixin] (22)
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T, T :
1 Sl‘xi A tixi L
== 23
Jeir = Geeca [SixiTj tixiTj] @)
T - T -
1 |exii fixii
iy = ——— 24
Jow = i ety o] @
1 [wlivxTi
]ip = ' %[' ' ;* (25)
det(A) | L;w; iv;x; |
_ 1 llxlTl
Jait+iizyp = Tt [lixiTj] (26)
i, Pi, Gi, ti, Si, ti, €, and f; taking the form:
0; = l,'leTl (26&)
pi = lpw]j (26h)
qi = —lpwlEu; sina; (26¢)
r; = lyw] Eu; cos a; (26d)
s; = —lpw!v;sina; (26e)
t; = lp,w]! v; cos a; (26f)
e; = liw] k; cos B; — Lpw] k; sin B; (269)
fi = lpw!l'k; sin B; + liw!' k; cos B; (26h)
Jaio» Iio» Jcios Jpis @Nd Jii1+1i2)0 contain the sensitivity coefficients of the MP orientation to variations in the
Cartesian coordinates of points.
Jaip» Igip» Jcips Jpip @Nd J i1 4+1i2)p contain the sensitivity coefficients of the MP position to variations in the

Cartesian coordinates of points
3.1 Two aggregate sensitivity indices

The current section intends to find the indices so as to compare distinct PPMs with respect to sensitivity of the moving
platform’s pose to differences in their geometric parameters.

[gg = UsmzVnzl 27
Tsyr = []AMZ IByy JuamJtiom ]DMZ] (28)

J ¢y, 18 NOt required as there is a variation in the lil and 1i2 taken for consideration

Vymz = [6ai Obi Oy Oyl (29)
with
éb; = [6ay, bay, &bay, ba,, bas, basy] (29a)
éb; = [6by, &by, &by, 6by, &bz, Sbsy] (29b)
8p; =[6p1 bp, 0] (29¢)
8d; = [8dyx 8d;, 8d;, 8d,;, 8d;z; 8&dsy] (29d)

The 3 xnyu matrices Jsm comprises of two blocks, jsme and Jswp, i.e.,
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Jsm
I = | ‘”] (30)
Mp
Jsme = U10)20 JB10)B20)B30)D10)D20) D30 ] (31)
ISMp = []1p]2p ]BlpIBZp]B3p]D1p]D2p]D3p] (32)

vpmWhich is the aggregate sensitivity index of the moving platform orientation to changes in its geometric parameters
can be expressed as:

ol

ny

VoM (33)

Likewise, an aggregate sensitivity index vpm Of the moving platform position to variations in its geometric
parameters is defined as:

sl

nN

VpM (34)

3.1.2 Workspace of Manipulator

Regular workspace of robot manipulator is defined as the set of points that can be reached by its end effector. Put
in other words, the workspace of a robot is the space in which the mechanism is working

Reachable Position Workspace: The reachable workspace, as defined by as the set of points that can be reached by
a reference point on a manipulator with at least one orientation and does not include singular points where the
manipulator loses one or more degrees of freedom

Full Orientation Workspace: The fully dexterous workspace or the full orientation workspace is defined as a space
in which a point is approached in all directions. The dexterous workspace is a subset of the reachable workspace.
Operating Volume: The operating volume is the total volume of space that the manipulator and its links occupy while
reaching every point in the workspace.

]
06|
04F
0.2F

Y [m]

02}
04af
06}
0.6

1 08060402 0 02 04 06 08 1
X [m]
Fig 2 Workspace of 2PRRR 1RRR Manipulator

3.2 Sensitivity Analysis

Planar parallel manipulators are suitable for high-speed applications, therefore the sensitivity of a manipulator is one of the
important performance indices and it should be considered in the design. Based on the position Jacobian (Jx) and orientation Jacobian
(Jg) the sensitivity index is derived.

The manipulator configuration and variations in the geometric parameters alter the manipulator’s pose errors. In order to analyse
the influence of the manipulator configuration on those errors. The sensitivity index Sq of the moving platform due to orientation is
given as
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o 3
9 N
The sensitivity index Sy of the moving platform due position is given as [9]:
s 9
* N

(Where, N is number of geometric variables)

4.0 Results and Discussion

To demonstrate the approach, geometric parameters, link lengths (liz, liz) as 0.2 m and prismatic link length (li)) as 0.1m are
considered. The fixed and mobile platforms are treated as equilateral triangles of sizes 0.5 m and 0.2 m respectively. The non-
dimensional parameters can be obtained by dividing each variable by R. From Eq. (5) 11=0.3636, li = lis = 0.7273, hy=1.8182, hi,
= 0.7273, ¢ = 0° and the number of geometric variables (N) (li1, liz, iz, ho, 0, Bi, ¢i) The iso-contour lines based on orientation
sensitivity index is spread uniformly in the entire workspace of this manipulator. The values are ranging from 0.039 to 0.021 shown
in Fig. 2. shows with different colours ranging from maximum to minimum.

Sencitivity Index for Position

0&F 0.65
5.5'5
0.4 | o -
- 0.6
o
021 % 0.7 '
~ 065 0.55
0 =
05
=1 |
=3
04 0 ] 0.45
A,
. \
06 N R 0.4
AN i
0.8 0.35

08 06 04 02 0 02 04 06
Fig. 3. 2PRRR — 1RRR Sensitivity Indices for position
(X and Y axis values indicates CG of MP reach)

The position sensitivity index iso-contour lines are spread in the workspace and are confining to the central region and boundaries
for the 2PRRR — 1RRR manipulator. The values are ranging from 0.014 to 0.048 shown in Fig. 3. When compared to orientation
the positioning sensitivity index values are better for the same manipulator.
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Sﬁnsitiwit;«r Index for orientatior
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Fig. 4, 2PRRR — 1RRR Sensitivity indices for orientation
(X and Y axis values indicates CG of MP reach)

5.0 Conclusions

This paper investigates the performance based on sensitivity performance evaluation of Planar Parallel Manipulators by introducing
two additional branches. The new proposed structure becomes kinematically redundant. The results clearly depict that the planar
parallel manipulator having branches additionally has relatively superior sensitivity performance in orientation as well as in position.
The kinematically redundant manipulator with additional branches is suitable for precise positioning applications. While selecting
the manipulator the designer should also consider other dexterity indices for best performance.

References

1.

2.

3.

10.

11.

12.

13.

Stephane Caro. “Sensitivity Analysis of 3-RPR Planar Parallel Manipulators,” ASME the Journal of Mechanical Design, Vol.
131, 121005 pp 1-13, Dec 2009.

Stephane Caro D. Chablat, R. Ur-Rehman, and P. Wenger. “Multi-objective Design Optimization of 3—PRR Planar Parallel
Manipulators,” A. Bernard (ed.), Global Product Development, Springer-Verlag Berlin Heidelberg, 2011.

Stephane Caro, Philippe Wenger, Fouad Bennis and Damien Chablat. “Sensitivity Analysis of the Orthoglide: A Three-DOF
Translational Parallel Kinematic Machine”, Journal of Mechanical Design, Transactions of the ASME, Vol. 298, pp 392-402,
March 2006.

Saheb, S. H. (2017). Design and analysis of light weight agriculture robot. Global Journals of Research in Engineering, 17(6),
23-39.

Caro, S., Wenger, P., Bennis, F., and Chablat, D. (June 8, 2005). "Sensitivity Analysis of the Orthoglide: A Three-DOF
Translational Parallel Kinematic Machine." ASME. J. Mech. Des. March 2006; VVol.128(2): pp. 392-402.

Wenger, P., Gosselin, C., and Maillé, B., 1999, “A Comparative Study of Serial and Parallel Mechanism Topologies for
Machine Tool,” Int. Workshop on Parallel Kinematic Machines, Milan, Italy, pp. 23-35.

Nicolas Binaud, Stéphane Caro and Philippe Wenger, “Sensitivity comparison of planar parallel manipulators”, Mechanism
and Machine Theory, Vol 45, pp 1477-1490, 2010.

Saheb, S. H., & Satish Babu, G. (2023). Robustness Indices of 3R and 4R Planar Serial Manipulators with Fixed Actuation
Scheme. In Computer Communication, Networking and 10T (pp. 105-115). Springer, Singapore.

Sukham Lee and sungbok kim, “Kinematic Analysis of Generalized Parallel Manipulator Systems”, Proceedings of the 32"
conference on Decision and control, San Antonlo, Texas, Dec 1993.

Saheb, S. H., & Babu, G. S. (2021). Kinematic Analysis of 3RRR Planar Parallel Manipulator by Using Adaptive Neuro Fuzzy
Inference System (ANFIS). Solid State Technology, 64(2), 01-12.

Iman Ebrahimi, Juan A. Carretero and Roger Boudreau, ““ A Family of Kinematically Redundant Planar Parallel Manipulators”,
Journal of Mechanical Design, Transactions of the ASME, Vol. 130,pp.405-413, 2008.

O. Ma and J. Angeles. “Optimum Architecture and Design of Platform Manipulators,” IEEE Proc. International Conference
on Advanced Robotics, pp.1130-1135 (1991).

Han Sung Kim and Lung-Wen Tsai. “Design Optimization of a Cartesian Parallel Manipulator,” ASME the Journal of
Mechanical Design, VVol. 125, pp 43-56, March 2003.

IJSDR2212126| International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org 821


http://www.ijsdr.org/

