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1 Introduction the 3-RPS system by Huang et f12], the 3-PSP by Gregorio
In this paper we formulate a trajectory planning algorithm fo ndghPez;EiZ]tl-Castell[B], and the double tripod by Hertz and

parallel manipulators that have less than six degrees-of-freedo - ] CTrmi
For our purposes, we assume that each supporting serial chain g?gr work has a goal similar to that of Merle{'s5] “Trajectory

. . rifier” in that we define a trajectory and determine whether the
the system imposes a constraint on the movement of the work-.

piece, or end-effector. Thus, no supporting chain has six—degre??@tem can reach it. However, we also determine the closest ap-

of-freedom. The constraints imposed by each chain can be egachlng system movement. This closest approaching trajectory

signed to provide structural resistance to forces in one or mcggzlz?] %gicsrt'g?gelg glgggr'gsr\%t?q] C;’r\lalflgEsTr‘uré?J\rlsvghrvae for- oach
directions, while allowing the system to move in other directions, y P ' pp

|§ to solve for the constrained parallel manipulator configuration

There are six basic joints used in the construction of these syp- . . .
porting chains, and we enumerate their various combinations. Tl;ﬂ(i t comes closest at each frame in a specified trajectory. The

22?1\gtfalijnsefjo p;?gﬂ;lﬂr]ﬁalnail;%?a?;?ber of assemblies available Hhsed on double quaternion formulation of Etzel and McCarthy
We then formulate a general algorithm for the analysis of the£1e8] and Ge et al[19]. See alsq20].
systems which uses the Jacobians the supporting chains. Of im-

portance is the ability to compute a trajectory for the end-effectgr Kinematics of Constrained Robots

of the system that approximates a specified trajectory while main- . . . . . .
taining its kinematic constraints. The algorithm has been int - The kinematic analysis of a constrained robot begins with the

grated intosYNTHETICA [1], a Java based kinematic synthesis so Kinematics eq“aﬁof‘s of its supporting serial chains. Each chain
ware. And examples are provided to illustrate the results. can be_ modelled using:d ho_mogeneous _transformatlor!s and the
Denavit-Hartenberg conventi¢@1] to obtain the kinematic equa-

y-frame interpolation scheme we use is presentdd 7y and

tion
5> Literature Review [K(6)1=[Z(6;,d)][X(a12,817)]
This research arises in the context of efforts to develop a soft- X[Z(65,d2)] .. .[X(an-1n,8n-10)[Z(6,,dp)],
ware system for the kinematic synthesis of spatial linkgdgs 1)

Kinematic synthesis theory yields designs for serial chains tha}1 .
guide a workpiece through a finite set of positions and orient"€ré 2<n<>5. [Z(-,-)] and [X(-,-)] denote screw displace-
tions, see McCarth§2]. These chains necessarily have less thdfents about the andx-axes, respectively. The parameteésd)

six degrees-of-freedom, and are often termed “constrained robotigfine the movement at each joint ang §) are the twist angle
systems.” Also se¢2—5]. and length of each link, collectively known as the Denavit-

The design process yields multiple serial chains that can reddgrtenberg parameters.

the prescribed goal positions and provides the opportunity to asNotice that a serial chain robot is usually defined in terms of

semble systems with parallel architecture. Analysis and simulatigao!ute (R) and prismatic(P) joints which have the kinematics

allows interactive evaluation these candidate designs. This franf@uations,
work for linkage design was introduced by Rubel and Kaufmagyolute: [R(6)]=[Z(6,—)], prismatic: [P(d)]=[Z(—,d)].
[6], Erdman and GustafsdiY] and Waldron and Sonf8], and )
later followed by Ruth and McCarthy] and Larochelld10].
Our focus is the challenge of animating the broad range
linkage systems that are not constrained to one degree-B
freedom, but do not have full six degrees-of-freedom of the us
parallel manipulator. Joshi and Tddil] call these systems “lim-
ited DOF parallel manipulators.” Examples are the recent study B

dfe hyphen denotes parameters that are constant. For our pur-
)ses, we include four additional joints that are special assemblies
| R andP joints, Table 1. They are:

i. the cylindric joint, denoted by, which is aPR chain with
arallel axes, such that

[C(o.d)]=[2(0,d)]; @)
Contributed by the Mechanisms and Robotics Committee for publication in the .. . . . .
JOURNAL OF MECHANICAL DESIGN. Manuscript received Aug. 2002; rev. April  Il- the _U_nwers_al joint, denqted by, _Wh|Ch consists of th
2003. Associate Editor: M. Raghavan. revolute joints with axes that intersect in a right angle, that is
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Table 1 The six baSiCjOintS [D(é|)]:[G|][K(é|)][H|],|:l,"',k, (7)

Joint Diagram Symbol | DOF where[ G;] locates the base of thh chain in the fixed framée,
and[H;] locates the workpiecé relative to the last link frame
R 1 of chaini.

Each of the kinematics equations of a constrained robot im-
poses a constraint on the movement of the workpiece. Our goal is
to provide a numerical solution to these equati¢fsin order to
simulate this movement.

Revolute

P 1 4 Enumeration of Constrained Parallel Manipulators

Using the basic joint®R, P, C, T, SandE, it is possible enu-
merate all serial chains that constrain an end-effector, and there-
fore all of the constrained robots that our kinematics equations
define. Tsai[22] presents enumeration theory for the design of
C 2 mechanical systems. Also sg23].

Recall that the freedorh of the end-effector of a serial chain is
the sum of the degree-of-freedofp at each joint. We define
degree-of-constraind = 6 — F as the number of constraints on the
end-effector imposed by the serial chain, that is a serial chain with
n joints has

T 2 U=6->, f;. ®)

Prismatic

Cylindric

Universal

If a singleR or P joint supports the end-effector, théh=5,

and the system cannot have another supporting serial chain be-
cause an additional constraint eliminates movement of the end-
effector. These two cases are considered to be trivial constrained
S 3 robots. On the other hand, a serial chain with six or more degrees-
of-freedom hadJ =<0, and does not impose any constraint on the
end effector. Our interest is in serial chains with degree-of-
constraint &=U <4, that is those that have freedons=E<5.

Spherical

4.1 Supporting Serial Chains. We first categorize the sup-
porting serial chains by their degree-of-constraintwithin each
E 3 category, we define the class of serial chains based only on the
presence of various joints, independent of the order of the joints
along the chain. Note that a serial chain can have no more than
three prismatic joints. Furthermore, tBeandE joints contain the
equivalent of one and two prismatic joints respectively, which
must be accommodated in the enumeration.

After determining all the classes of chains, we permute the
joints to obtain various chains. The number of permutations for
each class can be evaluated using the formula

Planar

n!
[Z(62,-)]; 4) : ©)
ng!Np!nc! Nyl ng! ng!
iii. the spherical joint, denoted b§ which is constructed from wheren is the number joints in the chain, angy denotes the
3R chain with axes that are intersect in a single point, given byyumber of revolute joints, and so on for the other joints, as well.
- - The result is that we have six serial chains in category IV, 18 in
X(O‘E) X(O,f 2” category lll, 51 in category I, and 139 in category |; see Table 2.
4.2 Parallel Assemblies. Consider a constrained parallel
X[Z(03,—)]; (5)  manipulator withk chains, each of which imposés constraints,
iv. the planar joint, denoted b, has several constructions butthen the mobilityM of the end-effector is
is equivalent to a PR chain constructed so the axis of the revo-

k
lute joint is perpendicular to the plane defined by the two pris- M =6—2 U. (10)
matic joints, given by i=1

[T<91.02>]=[zwl,—>]{x(o,g)

[2(62,0)]

[S(01,04,03)1=[2(01,—)]

T Notice that the degree-of-constraiit=6—M of the end-effector
X(O‘EH[Z( 6,—)].  can be computed as the sum of the constraints imposed by the
©6) individual chains.

) ) Figures 1 and 2 show examples of the 2TPR and 3RPS con-
The transformation along each link iX(a; 1,8 ;+1)], where strained parallel manipulators. Each of the TPR chain imposes
(@jj+1,;j+1) define the dimensions of the chain. two constraints therefore the parallel system 2TPR has two

If [K(6;)] represents the kinematics equation ofitihesupport- degrees-of-freedom. Similarly, the individual RPS chains impose
ing chain of a constrained robotic system, then the kinematiose constraint, which means the system 3RPS has three degrees-
equations for a system witk supporting chains are given by  of-freedom.

[E(u,v,ﬂ)]z[Z(—,u)]

T
X( 05) }[Z(O,v)]
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Table 2 Serial chains with four, three, two and one degrees-of- consisting of four serial chains each of which imposes one con-
constraint straint. Recall that the number of serial chains in category | is 139.
Therefore, the number of assemblies is the combinatiok=o4

Category Class Chains chains taken from the list ofi=139 with repetitions allowed,
\% 2R RR which is given by the formula
(6) RP RP, PR
2P PP
¢ c (139+4—1)!
T T n+k—1_ ~139+4-1_ L
" 3R RRR Cg C, 21(139-1)! 16,234,505. (11)
(189 2RP RRP, RPR, PRP
R2P RPP, PRP, PPR
31(_: 519_'%? Applying this formula to each of the various assembly categories
3p PPP we can compute the total number of 1-5 degree-of-freedom con-
PC PC, CP strained robotic systems. See Table 3.
PT PT, TP
S S
E E
Il 4R RRRR
(51 3RP RRRP, RRPR, RPRR, PRRR

2R2P RRPP, RPPR, PPRR, PRRP, PRPR, RPRP
2RC RRC, RCR, CRR

2RT RRT, RTR, TRR

R3P RPPP, PRPP, PPRP, PPPR

RPC RPC, RCP, PRC, PCR, CRP, CPR

RPT RPT, RTP, PRT, PTR, TRP, TPR

RS RS, SR

RE RE, ER

2PC PPC, PCP, CPP

2PT PPT, PTP, TPP

PS PS, SP

PE PE, EP

2C cc

cT CT, TC

2T TT
| 4RP RRRRP, RRRPR, RRPRR, RPRRR, PRRRR
(139 3R2P  RRRPP, RRPPR, RPPRR, PPRRR, PRPRR

PRRPR, PRRRP, RPRPR, RPRRP, RRPRP
3RC RRRC, RRCR, RCRR, CRRR
3RT RRRT, RRTR, RTRR, TRRR
2R3P IEIEIERBI?’RPPPPRPIT?P' IERBIBRPFE IBRRPPPPRP' Sgggg Fig. 1 A TPR chain imposes two constraints, so a 2TPR spa-
JRPC RRPC. RRCP, RPRC, RPCR, RCRP. RCPR tial linkage has two degrees-of-freedom
PRRC, PRCR, PCRR, CRRP, CRPR, CPRR = e e e
2RPT RRPT, RRTP, RPRT, RPTR, RTRP, RTPR
PRRT, PRTR, PTRR, TRRP, TRPR, TPRR
2RS RRS, RSR, SRR
2RE RRE, RER, ERR
R2PC PPRC, PPCR, PRPC, PRCP, PCPR, PCRP
RPPC, RPCP, RCPP, CPPR, CPRP, CRPP
R2PT PPRT, PPTR, PRPT, PRTP, PTPR, PTRP
RPPT, RPTP, RTPP, TPPR, TPRP, TRPP
RPS RPS, RSP, PRS, PSR, SRP, SPR
RPE RPE, REP, PRE, PER, ERP, EPR
R2C RCC, CRC, CCR
RCT RCT, RTC, CRT, CTR, TRC, TCR
R2T RTT, TRT, TTR

3PT PPPT, PPTP, PTPP, TPPP
2PS PPS, PSP, SPP

P2C PCC, CPC, CCP

PCT PCT, PTC, CPT, CTP, TPC, TCP
P2T PTT, TPT, TTP

(o CS, sC

CE CE, EC

TS TS, ST

TE TE, ET

We can list the parallel assemblies that impose a particul%. 2 An RPS chain imposes one constraint, so a 3RPS spa-
degree-of-constraint by combining chains from the various cafs jinkage has three degrees-of-freedom ’
egories. Lee and Ts&R4] enumerate parallel structures for me-
chanical hands, but with identical supporting chains. For example,
4] denotes four Supporting chains that impose one degree_ofTable 3 Enumeration of constrained parallel manipulators
constraint each. Similarly 2I-111 is a parallel assembly ConSiStin‘-’Constraints

of two chains that impose one constraint each, combined with_& Assembly Categories Total
third chain that imposes two constraints. Both systems provide the 5 51, 3I-111, 2I-1111, 11-211, 1I-11V 487,990,859
workpiece with two degrees-of-freedom of movement. Table 3 g g: %H” %”I -1, 1v 1612}2‘13?
provides an exhaustive list of the various assembly categories. > 21 m 9781

The number of combinations of chains within each assembly 1 1l 139

category is easily determined. Consider the assembly category=44
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S X(d=Cy) -+ §X(d=Cj) -+ S X(d=Cp)
[Jil= ,
s, S S,

5 Differential Kinematics (15)

The trajectory of a poinp in the workpiece of a constrained wheren; is the number of joint variables in thiéh supporting
robot supported by serial chains can be computed using thehain,S; is the direction of thgth revolute joint axis anc; is a

kinematics equations of th¢h supporting chain as point on this axis, measured in the base frafnd=urthermore, if
- the jth revolute joint is replaced by a prismatic joint, then the
P()=[GiI[K(6)][Hilp (12)  column vector §x(d—C;),S,)" is replaced by §,0)T. See
The velocityP of this point is given by [20,2. . . .
] The jointsC, T, S andE are assemblies of revolute and pris-
P=v+oXx(P—d), (13) matic joints, therefore the Jacobians for serial chains with these

) . i . . joints have the same structure as ELp). In our system, we have
gggrgdif ttr:]ee gﬂgll?l:rf t\?eeloecri]t?/ eof][et(:;ig r ggmg’ \‘/I'IhSeItZiXe\lloe((::lt%/} integrated these higher order joints to facilitate simulation of more
ST complex system.
tB(V"") tIS related to the joint rates of each supporting chain by We now introduce dual quaternion parameters formulated as an
€ equation eight dimensional vecton= (0 ,05,03,04,0s.06.97,0s) tO rep-
_ D LT 11— 2 resent the position of the end-effec{@6,27. These parameters
V=116, [Ji]6 (I . (14) provide a convenient formulation for key-frame interpolation, as
where[J;] is known as the Jacobian of thth chain. Se¢25] for well as for measurement of position errfd7,18. Let [D(q)]
a similar approach to formulating the differential closure equa=[R(q),d(q)] be the 4<4 homogeneous transform which locates

tions by cutting a closed spatial chain at various links. the end-effector, written in terms of the components of the dual
It is possible to show that the Jacobian ithr serial chain takes quaterniong, such that the rotation matrpR(q) ] and translation
form vectord(q) are given by,

|
95— 05— 05+0;  2(010,—03qa) 20193+ 0204)
[R(@)]=| 2(A:102+0s0s) —05+0a3-0a3+0;  2(d203—9194) (16)
2(0103—0204) 2(0q203+0104) —qi—q5+05+a;

and

2(—010g+ 0207~ 030s+ dads)
d(q)=4 2(—0107— 0205+ 0305+ A40s) ¢ . (17)
2(d106— 0205~ d3ds+ dady7)
The velocityV of the end-effector is given by

V=[Jela, (18)

where[ Jg] is the 68 matrix
[—20s 20, —205 205 20, —203 20, —2q]
—20; —2dg 20s 20s 243 20, —20; —2Q;
20s —20s —20g 297 —20; 20; 29, —203

DelZ) g, 20, 20, -2, 0 0 0 0 )
203 2q4 —20; —20 0 0 0 0
| —202 241 204 —203 0 0 0 0
[
These equations are augmented by the derivatives of the two dual [J:] 0 - 0 —[Je] AG £
quaternion constraint equatiorge+q3+q3+g3=1 and q,gs (] - 0 —[J] 01 -1
+ 0,06+ 0307+ q40s=0, which becomes 2 E A6, =
0 0 - [3] -[%I|[A6] |E
Aq E
{o}_[qu 29, 293 29, 0 0 O O]q—[qq 0 0 o [C] c o
0 s Ods G7 Ods Q1 02 O3 Q4 '
(20)  which we write as
[A]JAr=E. (22)
We now use the Eq14) and Eq.(18) together with the differen- The vectorsé, i=1.--k define the difference between the

tial quaternion constraints EQO) to define the differential kine- osition of the end- eﬁector defined loyand its posmon defined
matics equations for the constrained robot. Approximate the cg

rivatives in these equations to obtain a linearized set of closuté joint parametersf) of the ith chain. _We comput; from the
equations difference of the %4 matrlces[D(a)] [R(@) d(e)] and

[D(g)]1=[R(q),d(qg)]. In particular, we have
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Uszer input Algorithm output

rg, 1=1toN

I
i :

i I Given a constrained robot I ; : .| Joint trajectory
!

1

!

Specify trajectory as
H set of frames,[T(ty)]

i BVD of Jacobian Matrix :
prmmmm s s e ey [A1=[LN[EI[VIT

—-lrur gach frame i = 1 to Nl—i— l
H E Construct null-space matrix [K];
l i| compute projection a = [W)T(g - g

Determine goal dual guaternion | @ i l
g < [T(t,)]

: Froject parameter vector
i

‘1 f i Ty < Ty 4+ [W]a

Initialize joint parameter vector H

Ep = (g Bypes

l H v A i i it 1 R |

i : H

Iterate k = 1 to Kgax, L
—{until |E,| < g, or singular

!

5 Compute error veotor :I:

'

Solve Jacobian Egns
Ar, = [VIIENL]E,

LB H tramsmmmrmsrmssrsEressEspess s s m sy srmmmnn

Iterate ] = 1 £0 Jnax,
—a until [ryg- £yl < gy, or

[4F5] = ez

g £y o< ry | ! g
: increment j : update parameter vector :
g : : Tey <= Ty + ATy :
£y - Fy . i
E et T - E
[ e AP WP ST e S D LR | e P R e | S e
Measure distance to trajectory frame Compute position of constrained robot

Fig. 3 Flowchart of the trajectory planning algorithm

R [d(éi)d(q)] the flexibility to specify a trajectory for the end-effector of the
= " , (23) constrained robot that may pass outside its workspace.

Adi We follow Dietmaier and Pavlif28] and use the singular value
where A, is the 3x1 vector constructed from the skew-decomposition in the solution of these equations. Also[dé#
symmetric part of the matrix The singular value decomposition [o%] is given by

[AD;]=[R(6;)—R()I[R(]. (24) [A]=[UI[=]V], 27)
The terméC is the difference between the dual quaternion con- ) o i
straint equations and their required values, given by where[X] is anmxn matrix with the square roots of the eigen-

values offAAT], denoteds;, along its main diagonal ang—m
columns of zeros. The associated eigenvectors formnibem
orthogonal matrifU]. Let r<m be the rank of A], then the first
r columns of then X n matrix[ V] are obtained by normalizing the
vectors[ A]Tu; , whereu; is theith column of[U]. The remaining
Q0—r columns are constructed by Gram-Schmidt orthogonaliza-
tion to spanR" and define the null-space PA].

For a given locatiom of the end-effector and an estimate of the

- 2+q3+qg3+qg3-1
C:[ Q1702103 0, ] (25)

0105+ 0206+ 0307+ 0403
The coefficient matri{A] in Eq. (22) consists ofm=6k+2
rows andn=8+ X n; columns, wheren; is the number of joint

variables in thdth supporting chain as stated before. The diffe
ence between these two is the mobilityof the system, that is

K K joint parameters, denotag, we can solve the closure equations
M=n-m= 8+2 n; | —(6k+ 2)=6—2 (6—n;y). to determine an updated parameter veator; . This is done by
=t =t 26 computing the pseudoinverse pA]* using the singular value
(26) decomposition
The definition of a constrained robot requires that Nl <5.
riva=ri+[VIIZ]*[U]'E, (28)

6 Inverse Kinematics

The linearized closure Eq21) can be used to find the joint where[3 ] is thenX m matrix with 1io; along its main diagonal
parameters for a constrained robot that positions its end-effectoaatd n—r rows of zeros. This provides the minimum norm solu-
or near a specified goal position, depending on whether this poon vectorr;, ;, which we iterate until the error vectd be-
tion is inside or outside the workspace of the system. This gives asmes less than a prescribed tolerance.
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Fig. 4 Example of the trajectory of a 2TPR linkage that ap-

proximates a specified trajectory

Table 4 The Denavit-Hartenberg parameters for the TPR chain

Joint @ a [ d
2 -90° 0 0, 0
3 45° 1 0 ds
4 45° 1 0, 0

Table 5 The base and gripper frames of a 2TPR system

X y z Longitude  Latitude Roll
G, —1.000 —1.000 0.000 30.00° 0.00° 0.00°
Hy —0.103 0.550 0.666 69.58° —57.08° —55.21°
G, 1.000 1.000 0.000 0.00° 45.00° 0.00°

H, 0.500 0.500 0.500 0.00°

0.00° 0.00°

7 Trajectory Planning

This procedure is iterated until the objective function reaches a
local minimum. See Fig. 3.

8 Numerical Examples

8.1 2TPR System. To demonstrate this algorithm consider
2TPR constrained parallel manipulator shown in Fig. 4. Table 4
defines the Denavit-Hartenberg parameters for the two TPR
chains. The locations of the base and gripper frames for these two
chains are specified by the translation vector and three angles
given in Table 5.

The darker trajectory is specified by Bezier interpolation of
key-frames at the beginning and the end and one in the middle.
Notice that initial and final positions are reachable by the 2TPR
manipulator, but that the remainder of the trajectory is outside the
workspace of this system. The lighter color trajectory denotes the
approximation to this path as determined by the planning algo-
rithm.

8.1 3RPS System. Another example of a constrained paral-
lel manipulator is defined by the 3RPS system shown in Fig. 5.
The Denavit-Hartenberg parameters of the three supporting serial
chains are given in Table 6. The locations of the base and gripper
frames for these three chains are specified by the translation vec-
tor and three angles given in Table 7.

In order to plan the movement of a constrained robotic syste!
the user specifies a trajectdry(t;)] consisting of a set of posi-
tions obtained by key frame interpolation, wherel,--N de-
notes the interpolation frame count. Our goal is to have the er
effector of the constrained robot follow this trajectory as closel
as possible.

For each fram@T(t;)], letg; be the associated dual quaternion
We seek the end-effector positiay) that minimizes|g,—q;l,
which is the same as minimizing the objective function,

N=(a—0)- (0 — Fig. 5 Example of the trajectory of a 3RPS linkage that ap-
f(a)=(ai~g)-(ai~a6)/2, (29) proximates a specified movement
subject to constraints imposed by the kinematics equatifns

. o - N Table 6 The Denavit-Hartenberg parameters for the RPS chain
The gradient of the objective functidi{q;) yields 9P

Vi(g)=(g-0), (30 o i : ’ ‘
which we project onto the null space of the constraint equations % 90° 0 05 doz
defined by{A] in Eq. (21). The negative of the gradieftf is the 3 0 0 03 0
direction in which the objective functiof(q;) decreases. 4 90° 0 04 0

The null space ofA] defines the feasible directions for changes S —90° 0 O 0
to the parameter vectar. This null space is obtained from the
singular value decomposition E(7) as the lash—r vectors of
the matrix [V]. Denote these orthonormal vectors VE@, j Table 7 The base and gripper frames of a 3RPS system
=1,--,n—r, so we have th@x (n—r) matrix [W]. The projec-
tion of —Vf onto this null space is X y z  longitude Latitude  Roll

o [W6-a) e BOER R O Re UE g
whereg; andq; are augmented by—8 zeros. The result is the Gz é:g% 8:888 8:28% __122:88 _9%%% 1&%’0
incremental parameter vectar =[W]a. We then use the numeri- 5> _g’500 0866 0.000 90.00 30.00 —90.00
cal inverse kinematics E¢28) to update the parameter vectoso  Hj, 0.571 0.000 0.223 —41.00 0.00 0.00

that it satisfies the constraint equations.

714 | Vol. 125, DECEMBER 2003 Transactions of the ASME



b Synthetica 1,0 Dermo Yersion-Untitisd sy = o (=] |

T T ———
ni=ao@ | % | 5 | [FAvjewwnae

Tavartm Nemerm D0

N | W
3 Farata ot P
GIrRTE h’ —— -
T DenigriTanie 2 ~
[ tsuit T
[ Traecterien o e,
[ intmrpaedua Tiajectnsy fof ARTS g
F;nn Teamclary for RRTR '\
g Full Trasitoey o ARTS - -

) aremakars "\‘_

) sertanin L]

Ak R L] Replace

FR | T&

Long | Lat Pai ¥ ¥
160 a5, A SN TIE
T3, A311340 681 -1 a5 -0

ki o Biaie ! !

Base [ Malwelime 10 2| | I v v 1 1
Liak13 | stered w1 D 3
Groper | Ml sl 1D

Fig. 6 The user interface for the SYNTHETICA software system

As in the previous example the darker trajectory is specified by ~ Constrained Parallel RobotProc. of the WORKSHOP on Fundamental Issues
Bezier interpolation of a set of key-frames. The lighter trajectory and Future Research Directions for Parallel Mechanisms and Manipulators
. . . . . . Clement M. Gosselin and Imme Ebert-Uphoff eds., Quebec City, Quebec,
is the approximation that is reachable by the 3RPS manipulator.  =,,ada Oct. 3-4.

This algorithm is integrated into SYNTHETICA, a Java-based [6] Rubel, A. J., and Kaufman, R., 1977, “KINSYN Il A New Human-
kinematic synthesis software under development at UCI, Fig. 6. Engineered System for Interactive Computer-Aided Design of Planar Link-
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