W

151

TECHNICAL UNIVERSITY OF CLUJ-NAPOCA

ACTA TECHNICA NAPOCENSIS

Series: Applied Mathematics and Mechanics

Vol. 54, Issue 1, 2011

KINEMATICS, WORKSPACE AND SINGULARITY ANALYSIS OF A NEW
RECONFIGURABLE PARALLEL ROBOT

Dorin-Bogdan LESE, Nicolae PLITEA

Abstract: Reconfigurable robots are actuated mechanisms capable of achieving different industrial
applications, using the same equipment. Different configurations of these robots involve different degrees
of freedom and different workspaces. This paper starts by presenting some achievements in this field and
continues by presenting Recrob — the robot under study, the kinematics, workspace and singularity
analysis of this robot. The mathematical models presented here are made for the general case in witch the
robot has 6 degrees of freedom. Some configuration possibilities are also presented.
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1. INTRODUCTION

A parallel reconfigurable robot has multiple
links and joints that can be assembled into
different robot geometries. Compared to a
conventional industrial robot with fixed
geometry, such a system can provide great
flexibility to the wuser, enabling him to
accomplish a variety of tasks through proper
selection and reconfiguration of the parallel
robot.

A parallel reconfigurable robot can be
rapidly modified by changing leg positions,
joint types, link lengths or by adding different
constraint elements.

This allows for flexibility, variety in use,
rapid changeover and ease of maintenance.

Reconfigurability is, as mentioned in [1], a
change of the characteristics of the robot during
operation. Stechert proposes in his paper a
classification of reconfiguration: static and
dynamic reconfiguration.

Static reconfiguration assumes a manual
reconstruction of the robot. For example the
orientation of actuators can be changed, thus
the workspace is changed.

There are two types of dynamic
reconfiguration: The first type uses the
transition of singularities of type I and Il in
order to create an additional area of the

workspace. The second uses a change of
kinematic characteristics in operation. In order
to do this, variable length links and multiple
degree joints that can block one degree of
freedom are used.

Reconfigurable robot prototypes have been
developed in research institutes worldwide, the
most important are presented below.

Chen and Dash presents in [2] and [3] a
modular reconfigurable robot that can be
assembled into a serial or a parallel structure
depending on the desire of the user.

Among the most well known achievements
in modular robotics area with reconfiguration
possibilities are M-Tran Il (Distributed Systems
Design Research Group- Tsukuba, Japan),
Polybot (Xerox-Palo Alto Research Center,
USA), Telecube (Xeroc-PARC), CONRO
(University  of  Southern  California-Los
Angeles), Crystalline and Molecule (Dartmouth
Robotics Lab., SUA), I-Cube (Advanced
Mechatronics  Laboratory-Carnegie  Mellon
University), Atron (Adaptronics  Group-
University of southern Denmark), Titech
(Tokyo Institute of Technology). Also modular
reconfigurable robots are studied in [4], [5] and
[6].

Reconfigurable tripod — based robots are
introduced in [7] and [8]. Some of the robot’s
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links are adjustable, hence the structure’s
reconfigurability.

A new family of parallel reconfigurable
robots is proposed by Gogu in [9]. The
structure, called Isogliden-TaRb can have up tu
5 degrees of freedom witch are a combination
of maximum 3 independent translations and 2
rotations. The reconfiguration is obtained by
blocking several actuators without any change
in the architecture of the robot.

Yang has focused on the design and
kinematics analysis of 3-leged modular
reconfigurable robots [10].

Another parallel reconfigurable machine was
developed by Negri in [11].

Choi studied in [12] a reconfigurable planar
parallel robot that has the capacity of being
reconfigured into various types of planar
parallel robots. The robot’s workspace can be
changed by coupling or decoupling the
platform and two or more 2R chains, each
having a passive joint on level 2.

Other  similar  works on  parallel
reconfigurable robots have been made in [13],
[14], [15], [16], [17]. The robot under study is
contained in the patent [18], and continues the
work presented in [19].

2. RECONFIGURATION OF RECROB

Recrob, the robot studied in this paper can
be static reconfigured. The base model has 6
degrees of freedom, but can be reconfigured to
a5, 4, 3, or 2 degree of freedom robot, by
blocking one ore more motors and introducing
some constraint links. Figure 1 presents the
structure of Recrob.

Recrob’s reconfiguration possibilities are
presented below:

a) 5d.o.f Recrob
The drive are dg=0s,44,05,0,,0;. The end-

effector performs translations along OX, OY
and OZ axes and two rotations (precession an d
nutation angles). The coordinates of the end-
effector are: Xg,Yg,Zg, v, 0,0=0.

b) 4 d.o.f Recrob
The drive coordinates are: gy =09s =04,03.95.9; .
The mobile platform performs one rotation and
3 translations. The coordinates of the end-
effector are: Xg,Yg,Zg, v, 6=0, =0

¢) 3d.o.f planar Recrob

The drive coordinates are:
Jg =05 =0, =Ct,03,0,,9;. The end-effector can
make translations along OX and OY axes and a
rotation around OZ axis. The coordinates of the
end-effector are: Xg,Yg,Zg =ct,y, 6=0, p=0

d) 3d.o.f spatial Recrob
The drive coordinates are: qs =05 =09,,93 =7,,0; .
This time, the mobile platform is able to move
along the OX, OY and OZ. The end-effector
coordinates are: Xg,Yg,Zg,y=0, 6=0, ¢=0

e) 2d.o.f Recrob
The drive coordinates are:
0g=0s =04 =Ct,g3=0,,9,. The end-effector
performs translations along Ox and OZ axes

and it’s coordinates are:
XE,YE,ZE:Ct,WZO, 920, (P:0

£
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Fig. 1. Recrob — Kinematic Scheme

3. THE GEOMETRIC MODEL OF
RECROB

In order to solve the kinematic model of
Recrob, the main equation of the inverse and
direct geometric model will be first presented.

3.1 Inverse geometric model

In the inverse geometric model [18], the
generalized coordinates of the end-effector

Motor 6 (linear)



Xe, Ye,Ze,v,0,0 are given and the driven
coordinates  q,q,,...,q, Of the robot are
computed. The resulting equations for
computing the driving coordinates are

presented below, but are not proved here
because they are not the objective of this paper.

Os=2Z,,1=123 (@D)]

g =arctan2(c,, +y/a’ +h*—c?)—atan2(a,b) @)
i=12,3

Where:

a =Xy~ Xy 3)

b =Y, —Vs 4)

c = (X = Xgi)* + (Y —Y)* +d° —€”
! 2-d,

(%)

3.2 Direct geometric model

In the direct geometric model, the driving
coordinates q,, q,,..,qs are given, and the

end-effector’s coordinates Xg,Yg,Zg,v,0,¢ are

computed.

The implicit system of functions for solving
the direct geometric model is a nonlinear
system of functions (6), thus a numerical
approach is best suited for solving it.

F =[Xg +(Xai —Xg )Ca'+(Yai — Ve )Co"+

(2 —2g ) o™= X P +[Yg +(Xp —Xg ) OB+

(yAi —YE)CB"+(ZAi —ZE)CB"'— YDi]2 _eiz =0 (6)
Fis=Zg +(Xa —Xg )y +(Yai — Ve )Or "+

(ZAi _ZE)CYI"_qi+3 =0

i=12,3

where:

ca'=cycOcp— | co" =—cycoce — |

a\u(pion W(pica:cwse

o TSwse i TSvee | _
CB'=sycOcp+ ! cB"=—-SycOsp+ !

p=sycleo | cp"="sychse Lepr=syso  (7)
__fewse L *CvCe b _
cy'=—-s0co T: cy" =s0sp :r cy"=co
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4. KINEMATICS

4.1 The inverse kinematic model of Recrob
Knowing the end-effector’s velocities,

Xe,Ye,Zow,6,¢, the driving velocities

¢, d,,. G are computed using equation
(9).
A-X+B-q=0 ®)
q=-B* A-X 9)
where:

.
XZ[XE Ye Zo vy O (P} (10)

T
q:|:q1 4, d; 4, Qs QG} (11)

[ oF, oF oF oF OR oF, |

oX. oY, 0Z. oy 00 dg
oF, OF, OF, OF, OF, OF

oX. oY, 0Z. oy 00 dg
oF, oF, oF, oF, oF, oF,

X, . 0Z. oy 00 o |(12)
oF, OF, oF, oF, oF, oF,

X, . 0Z. oy 00 op
oF., oOF, OF, oF, oF. oF,

X, oY, 0Z. oy 00 0g
oF, oF, OF, OF, oF, oF,

oy 00 Og |

| oX. oY, oz,

[oF, oF oOF oF oF OF |

o9, 49, 09y 04, Ods O
oF, oF, oF, oF, OF, oF,

o9, 99, 09y 04, 0Ods O
oF, oF, oF, oF, OF, oF,

o9, o9, oq, oq, ag, ogg [(13)
oF, oOF, oF, oF, oF, OF,

09, a9, dg; oq, OG5 O,
oF, oF, oF, oF, oF, OF

09, a9, 09, 04, Qs O
oF OF O OF OF OF

| 04, 04, 0q; 0Oq, 005 OG |
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The driving accelerations ¢, d,,..., 4 will be
computed, knowing  the  end-effector
accelerations X.,Y:,Z.,1,0,4 .

By deriving equation (8) it results:

A-X+A-X+B-§+B-q=0 (14)
=—B*-(A-X+A-X+B-q) (15)
4.1 The direct kinematic model of Recrob

In the direct kinematic model the input data
are the velocities of the actuators
¢, d,,. g and the output data are the

velocities of the end-effector
X Ye,Zey7,0,6.
Having equation (8), it results:
X=-A'.B-q (16)

Also, having as input data the driving
accelerations ¢, , ¢, ,..., ¢; , the end-effector’s

accelerations result from equation (14):
X =—A?. (A X+B-q+B-q) (17)

The partial derivates of the Jacobi matrix B
are presented next using the system (6):

oF, 2
—+=2-(Xg+=p(cychcp—sysp)-

20, (X +5 p(eyedep—sysp)

1

3 P(-owcosp—sycp)—zecyso-X, (18)
—dcq,)dsg, —2(Y, +% p(swchcp+cysp)—

% p(—swchsp+cyce)—z.Sps6—dsg, )deg,

oF, 1
—2£=2| X, —=p(cwclco—sysp)—
0, (E 3|0(l// P —sysp)

% p(—Ccychsp —syce)—z.Cysd—dcq, j dsq, - (19)

Z(YE —% p(swchce + Cl//S¢)—% p(—swchsp+

CyCp) — 2. Sps0 - dsq, ) ded,

oF, 1
—2 =2 X. —=p(cwclco—sysp)+
0, (E 3|D(l// P —sysp)

% p(—cychsp —syco)—z.Cp sl — qusj dsg, — (20)

Z(YE —% p(swchep+cysy) +§ p(—sychsp +

CyCp) - 2.sws0 — p—ds, ) deg,

oF, 0K _OFK 4 (21)
0q, 004, 00,

The rest of the partial derivates contained in
the Jacobi matrix B are equal to zero, thus the
Jacobi matrix B is a diagonal matrix.

Next, the partial derivates of the Jacobi
matrix A are computed:

oF, 4
=2X_.+—plcwclcp—sysp)—
x. 2k 3 Plovcdep—sysp)
% p(~cychsp —spcp)—2z.0ps0 - (22)
2Xg, —2dca,
oF, 4
—L=2X. +=p(cwchcp+cysp)—
oy, " 2% 3 Plepcdep+cysp)
% p(-sychsp+cycp)—2z.sps0 - (23)
2dsq,
oF _, (24)
oz,
oF, 2
—L=2(X. +=p(cwchcp—sysp)—
oy ( E 3p( Y CoCo — sy ¢7)
% p(—cychsp—sycp)—z.cpsd — X —
2 1
dea, ) 3 p(—sz//m90¢—m//s¢)_§ P
(25)

.(Sl//CHng) - Cl//C(p) + ZESV/SE’) "

2(YE +§ p (Sl//CHC(/) + Cl//S(p) —2.SYSQ -
2 1

d5q1)£§ p(cychep—sysp)— 3P

(—cychsp— sy cp) - z.Cyso)



%: 2(Xe +§ p(cychcp —sysp)—
% p(—Cwchsp —sycp)—z.cpsd— X, —

dcql)(—g pcy sdco —% pCysOsp —z.Cychd)+ (26)
2(Ye +§ p(swchep+ cws¢)_% p-
(—sychsp+cycp) -z sys6 -

dsql)(—g psy séce —% psy s@sp — zEsl//(;g]

K

20 2(Xe +§ p(cycdcp—sysp) -

1
3 p(-Cychsp—syco)—z.cpsd— Xy —

2 1
qul)(g p (—Cl//CQSgo — S[//C¢) _g p-

2 (27)
.(—cz//cﬁcgo+ Sl//S(o)) + Z(YE +§ p-
(swchep+cysp) —% p(—sychsp+cycy)—
2 1
z.sys0—dsq, ) 3 p(—sychsp+cycy) -3 P
(~sychco—cysp))
oF, 2
=2X. ——=p(cwchecp - sysp) -
x. - e 3 Plavedep—sys)
% p (—cz//ces(p — Sl//Cq)) —2z.Cysf— (28)
2dcq,
6F 2
=2Y, - Sy cOcp +Cysp ) —
v 3 Plswedep+cysp)
3 p(—Sy/CHSgoJr CyCo)—22.5ps6 — (29)
2dsq,
oF, _, (30)
oz,
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1
S0 = 2Xe 5 p(cvedop—sysp) -

g p(~Cychsp —sycp) - z:Cysd -

1 1
dcq, )(—5 p (—St//cé'w - Cl//s(ﬂ) _E p-
-(sychsp—cycp)+z.sys0)+
2 (YE —% p (SV/CHC(/) + Cl//S(p) _

1

) P(—Swchsp+Cycp)— 2.5y sp—

1 1
dsqz )(_E p (Cl//CHC(p — S(//S(g) _5 p-

(—cychsp —sycp)—z.Cpsh)
(31)

%= 2(Xe —% p(cycop —sysp) -

% p(—cychsp—sycp)—z.cpsd—deq,)-

[% pcy sdce —% pCysOsp—z.cpch)+ (32)
2(Ye —% p(SwCHCwC!//S(p)—% p-

(—swchsp +cyco) -z spsd—dsa, )-

(% psy séce —% psy s@se — zESy/caj

*

1
=2(X. = p(cychop - sysp) -
20 (Xe 3p(01//c Cop—Sysp)

1
gp( Cychsp — sy cyp)—z.Cysd —dcg, )-
l cc&s—sc)—1~
3 YOS =Sy Cop 3 p (33)
((—cychep+sysp) )+ Z(YE —% p-
(swcoco + c://Sgo)—% p(—sychsp+cyce) -

1 1
ZgSys6 - dsq, )(_5 p(—sychsp+cycp)— 3P

(~sychcp—cysp))

oF,
X,

=2X, —% p(cycheo—sysp)+
gp(_C‘//CHS(P—Sl//C(D)—ZZECl//SH— (34)

2dcq,



156

oF,
oY,

=2Y,

% p(—swchsp +cycp)— 22,5150 -

2p—2dsq,
(35)
oF, 0
0Z
oF, 1
—2=2(X. —=p(cwclcy—sys
oy (Xe 3p(l// P —Sysp)+

% p (—Ct//CHS(D - Sl//C(p) —ZCysO —

1 2
dcqa)(—g p(—sychcop —cysp)+ 3 p-

(sychsp—cypcp)+ ZESI//SH)—i-

N

(Ye —% p(sychcp+cysp)+

2
+§ p(-sychsp+cycp)—z.5psp—p

1 2
dng)[—g p (Cl//CHC(ﬂ — S[//Sw) .|_§ p .

-(—cwchsp —sycp)— ZECl//SG)

Ry

=2(X
00 (X

% p(—cychsp —sycp)—z.cps6 —deg, ) -

(% ngz/s6’Cgo+E pCysdsp —z.Cpychd)+

2(Ye ——p(sw090¢+cw5(p)+ p-

-(—swchsp +cyco)—z. 5156 - dsqs)

( psw500¢+§ psy sdse — zEswcé’j

Q)
Rl

5 —2=2(X.-= p(c;z/cew Sysp) +

S

p(—cychsp—sycp)—z.cysd—dcg,)-

2
3P
1 2
it 950 — Zhn.
( 3 —Cwchsp sw0¢)+3p
(=

cyclcp+sysp))+ Z(Y -Zp-

(sychep+cysp)+ 5 p(-sychsp+cycp)—

1 2
ZeSys0 - p_dsq3)[_§ p(-sychsp+ CWC¢)+§ P

(—swchep—cysp))

—% p(sycocp+cysp)+

—% p(cychep —sysp)+

(36)

(37)

(38)

(39)

5.

oF, OF, _OF _

oXg Oy Oy

8F4:1

0Z,

oF,

_:_— clcp —— pchsp + 2,36
20 IO ) IO [
oF, 2 1

—4 = Z ps@sp —= pséc

o0 3p ® 3p ®

OF _oF _OF _

oXg oYy Oy

o _

0Z,

ok 1 1

—2 =—pclcop—— pcosp+ 2.0
20 3p () 3p QO+ 2
oF

2 1
—4 =" psfhsep — = psdc
20 3p ) 3p @

oF, _OF, _0F,
oX. oY, oy
oF, _,

oz,

F

1 2
== pclcy+— pclse + 7.6
20 3p @ 3p ¢+ L

oF, 1 2
— =——psfsp+— pséc
20 3p 4 3P 4

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

RESULTS OF THE KINEMATIC
SIMULATION

The graphical data from the next figures was

obtained using the software package Matlab.

For the

simulation,  the
geometrical parameters were chosen:

following



e, =e, =e;=e=0.109[m]
Xa, =P Ya, =0,z5 =0

Xa, =0,¥a, =0,z5, =0

XA3 :O!yA3 = p,ZA3 :O (52)
p P
X ==, :_,Z :—h:—0.04 m
E 3 yE 3 E [ ]
Xg, =Rg =P Yo, =Yg 25, = Zg *+ i3
p=0.00m]

Also it needs to be mentioned that the
maximum speed was chosen to be 0.01 [m/s]
and the maximum acceleration was chosen
0.005 [m/s].

The results for a linear trajectory of the end-
effector with the followind data is presented in
figure 2:

- the starting point is A(0.120, 0.140, 0.150)

- the end point is B(0.140, 0.130, 0.130)

Where A and B are two arbitrary points
contained in the workspace.

Figure 2 presents the movements, velocities
and accelerations profiles for the end-effector,
respectively active joints.

A a
_ x| ] I
P g ]
sl 2 i i il L7 N o
I o
................................... =4 Fal \\._/ 3 _i—l Pt
ESE=agi=mmms
B m==

Fig. 2. Recrob — Linear trajectory in space
6. WORKSPACE OF RECROB

As the reachable locations of an end-effector
reference point are dependent on it’s
orientation, a complete representation of the
workspace should be embedded in a six-
dimensional space, of witch graphical
illustration for an intuitive interpretation is not
possible [20].
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Out of the many types of workspaces, the
constant orientation workspace was chosen.
The constant orientation workspace represents
the set of all possible locations that can be
reached by the end-effector reference point
with a specific orientation.
Figure 3 presents the workspace of Recrob

with the orientation: v =5°,0=10",¥ =4".

200 80

Fig. 3. Recrob — Constant orientation workspace

In figure 4 it is represented a section in the
constant orientation workspace; the section is
parallel with the Z plane.

170 -
o TS A

o R

F s

o -

5 L

100 -

an i i i i L i 1
20 40 B0 ao 100 120 140 160 180

Fig. 4. Recrob — Constant orientation workspace section
parallel with the Z plane

The workspace presented in figure 3 and 4

was programmed using the package software
Matlab.

5. SINGUARITY ANALYSIS OF RECROB
5.1 Singularity points type I
This type of singularity occurs when the B

matrix (13) looses rank. In this case the robot
blocks loosing one or more degrees of freedom.



158
For the command of the robot this point
need to be eliminated from the working area.

det(B) =0 (53)
The B matrix takes the following form:
% 0 0 0 0 0
0o,
% 0 0 0 0
0d,
oF
0 0o —= 0 0 0
5 aq, (54)
0 0 0 @
aq,
0 0 0 % 0
0q
0 0 0 0 %
L Qs |
The determinant of B can be written as:
6
det(B):H?, i=1..,6 (55)
i=1 i
Equation (55) leads to:
(XAi_XBi)'s(qi)_(YAi_YBi)‘C(qi):o (56)
i=12,3
If relation (56) is divided by cq;:
tm%):lﬁiiﬁni:L23 (57)

XAi _XBi

If in equation (57) X, = X (witch means
that the segment BiD; is collinear with the
segment D;Aj), then the robot is in a singular
point type 1. In figure 1, it can be seen that this
occurs when:

6=ri=123
(58)

5.2 Singularity points type 11

Singularity points type Il appear when the
determinant of A matrix (12) looses rank. In

this case, the mobile platform can move, even if
the actuators are fixed — the robot gains one ore
more degrees of freedom.
det(A) =0 (59)
The A matrix takes the following form, after
computing the partial derivates in it:

[OF OR o, OF OR OR]
D A oy 80 g
oF, o/ o, O/ OF OF
D A oy 80 g
oF, OF o, oK O R
Al Xe e oy 00 oy |(60)
o o 1 o & K
00 0
0 0 1 0 % %
00 0O
0o o0 1 o H &K
L 00 op |
Having some zeroes and ones, the
determinant of A matrix can be further
decomposed:
o of R
Xe . oy
det(y - | R Oy
Xe e oy
oF  OF  OFy
Xe . oy
. (ai_ai) oF, OF | (oF dF (%_%
00 06 )\ op op dp 09 )\ 060 00
(61)
The next notations are made:
oF, ok OR
X. Y. Oy
M| F OF R (62)
X. oYy Oy
oF,  OF  OFy
X. oY Oy

)



(- BE SR RE
00 00 )\ 0p O op o¢p )\ 06 06
(63)
To see if A looses rank or not, either M=0,
or N=0.
Case 1.
N=0 (64)
In this case, due to the long expressions of
the partial derivates, a program was made to
determine the zeroes of the equation. This
program was developed in Maple 12 Package
Software.
After the reduction of terms it results:

—p’chsf =0 (65)
Equation (30) equals to zero when:

0= 0,7[,% (66)
Case 2.
M =0 (67)

For the same reasoning that was used in case
1, the long expression containing the partial
derivates was reduced using Maple, yet no
solutions were found.

The values (66) represent the only values for
witch matrix A looses rank.

It is very important to mention that ¢ (the
rotation around the OY’ axis and one of the
Euler angles) from equation (66) is different
from ¢ witch represents the angle between the

BiDi segment and D;A; segment.
5.3 Singularity points type 111
The last type of singularity that can occur is

when both the determinants of the two matrixes
are null.

det(A) =0 and det(B)=0 (68)

Equation (68) can never be true since the
two determinants have different roots.

6. CONCLUSIONS
In this paper there was presented Recrob, as

part of the family of robots called
reconfigurable  robots. The  kinematics,
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workspace and singular points of this robot
were also presented.

As future works there can be mentioned the
modeling of the reconfiguration stages of this
robot and the dynamic model.
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Cinematica, spatiul de lucru si analiza singularitatilor unui nou robot parallel reconfigurabil

Robotii reconfigurabili sunt mecanisme capabile sa realizeze diferite aplicatii industriale, folosind aceleasi elemente
ale robotului. Diferite configuratii ale acestor roboti implica diferite grade de libertate si diferite spatii de lucru.
Lucrarea de fata incepe prin a prezenta stadiul actual el cercetarilor in acest domeniu si continua prin a prezenta
Recrob — robotul present in aceasta lucrare, cinematica, spatial de lucru si analiza singularitatilor ale acestuia.
Modelele matematice prezentate aici sunt facute pentru cazul general in care robotul are 6 grade de libertate.

Posibilitatile de reconfigurare sunt de asemenea prezentate.
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