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Abstract multiple actuators, which causes the difficulty in the control
phase.
An efficient and systematic methodology for the topological syn- Several approaches for the topological synthesis of GRMs
thesis of geared robot manipulators (GRMs) with a jointed unit ihave been developed based on graph theory. Lin and Tsai
developed. The approach is based on the idea that the kinematitd89b), based on the results of two-degree-of-freedom (DoF)
structure of a GRM with a jointed unit is composed of an equivalemionfractionated geared kinematic chains (GKCs), enumer-
open-loop chain (EOLC), disjointed mechanical transmission linegted the atlas of bevel-gear-type spherical wrist mechanisms
(MTLs), and jointed MTLs. Itis shown that the jointed MTLs can bgjith up to eight links. Belfiore and Tsai (1991) used the
decomposed as a two-DoF nonfractionated jointed unit and severgbncept of partial separation between structure and function
one-DoF disjointed units, connected in series. The characteristics@f generate geared robotic wrists with grounded actuators.
the jointed unit are laid out, and admissible jointed units are enumetHowever, by comparing these graph theory—based works of
ated from the existing atlas accordingly. A systematic methodologin and Tsai (1989b) and Belfiore and Tsai (1991), inconsis-
is developed to enumerate admissible GRMs with a jointed unit @ént results are found. Figure 1(a) shows the graph represen-
preferred DoF and number of links. Itis also shown that the concepétion of a GRM found in Belfiore and Tsai (1991) but not in
of jointed MTLs leads to the design of GRMs with decoupled jointin and Tsai (1989b).
motion by proper choices of gear ratios in the drive train. Chang and Tsai (1990) introduced the concept of mechan-
IDi_cal transmission lines (MTLs) to describe the relations be-
tween joint torques and actuator torques of a GRM. Admis-
sible structure matrices were generated to describe the cou-
pling relationships between MTLs. Chen and Shiue (1998)
1. Introduction showed that an MTL can be decomposed as disjointed units
including an input unit (IU) and several transmission units
The kinematic structure of a robot manipulator often takes tl"(quS) connected in series. Atlases of admissible input and
form of an open-loop configuration. An open-loop robot Magansmission units were enumerated (Chen and Shiue 1998).
nipulator is mechanically simple and easy to construct. Hovaased on these units, they developed an approach to compose
ever, it does require the actuators to be located along the jojfkse units into MTLs according to the preferred number of
axes, which, inturn, degrades the dynamic performance oftligks. with the configuration of the structure matrix, admis-
system. Thus, many robot manipulators are constructed isgle GRMs can be enumerated by selecting suitable MTLs.
partially closed-loop configuration to reduce the inertia loadgs an extension, Chen and Liu (1999) used the identified
on the actuators. For the case of geared robot manipulatgjisits as design primitives and proposed a symbolic decompo-
(GRMs), gear trains are used to transmit mechanical powerdgion scheme to derive the composition polynomial, which
various joints of the manipulators and to permit the actuatogescribes the topological structure of desired GRMs. How-
to be located as close to the base as possible. However, in ggfer, the GRM in Figure 1(a) (Belfiore and Tsai 1991) cannot
eral, the motion of each joint in the GRM is associated withe gbtained by applying the above methods.
The International Journal of Robotics Research In thiS. paper, a SySFemQtiQ metth(_)Iogy for the topological
Vol. 19, No. 2, February 2000, pp. 183-194, synthesis of GRMs with a jointed unit is developed from both
©2000 Sage Publications, Inc.
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obtained such that all edges lying on a thin-edge path traced
from the base to any other vertex have different edge labels.
Among these thin-edge paths, the linkage starts from the base
link and ends at the output link and is defined as the equivalent
open-loop chain (EOLC). Links in the EOLC are referred to
as primary links while all others as secondary links (Chen and
Tsai 1994).

For the graph representation of the GRM shown in Fig-
ure 1(a), links 1, 4, and 5 are the input links and link 3 is the
output link. Links 0, 1, 2, and 3 are primary links, and links
4,5, 6,7, 8are secondary links. In Figure 1(a), primary links
are denoted by solid nodes, input links by solid rectangles,
and other secondary links by hollow nodes.

The displacement vector at the actuator-spdcend the
displacement vector at the joint-spa€ge of a GRM can be re-
lated using fundamental circuit theory and coaxial conditions
(Tsai 1988), as

o =ATO. (1)

Torque vectors at joint-space, and at actuator-spacg, are
related by

T = A¢, (2)

whereA is called the structure matrix (Chang and Tsai 1990)
with gear ratios as its elements.
The arrangement of secondary links, which describes
(b) where the inputactuators are located and how the input torques
are transmitted to various joints, forms the MTLs. Through
Fig. 1. (a) A three-DoF GRM. (b) A pseudo-isomorphic MTLthe MTLs, which consist of spur or bevel gear trains, torques
subgraph. are transmitted to the end-effector. From eq. (2), it can be
seen that théth row of matrixA describes how the resultant
torque atjoint is affected by the input actuators while ttté
a structure and mechanical coupling point of view. Admissicolumn of matrixA describes how the torque of thth actu-
ble jointed units are first identified from the existing two-DoFator is transmitted to various joints. In what follows, GRMs
nonfractionated GKCs (Lin and Tsai 1989a). It is shown thatn which the number of MTLs equals its number of DoF are
the construction of GRMs with a jointed unit can be treatetbcused.
as the creation of the jointed MTLs followed by adding pre-
ferred disjointed MTL(s). The minimum numbers of links of2 1. Disjointed Units
admissible two- and three-DoF ground-actuated GRMs with
a jointed unit are derived, and the associated GRMs are edgures 2(a) and 2(b) show the functional and canonical graph
merated accordingly. In contrast to coupled joint motion&ePresentations of a three-DoF GRM. By separating common
of GRMs with disjointed units only, it is shown that GRMsVertices and joints in the EOLC and by rearranging the coax-
with a jointed unit can be designed to possess decoupled joi@t links, pseudo-isomorphic MTL subgraphs (Lin and Tsai

motions with proper selection of gear ratios in its drive train}989a) are obtained and shown in Figure 2(c). From Fig-
ure 2(c), it can be seen that MTLs share primary links as

common links and each MTL can be viewed as a two-link
2. Geared Robot Manipulators unit and three-link units connected in series. Chen and Shiue

(1998) showed that each MTL is composed of one-DoF GKCs
In graph representation, links are denoted by vertices andlled the disjointed units since each of them belongs to one
joints by edges, turning pairs by thin edges, and gear pasad only one MTL. Figures 3(a) and 3(b) show the admissi-
by heavy edges. The thin edges are labeled accordinglie disjointed IUs and TUs enumerated by Chen and Shiue
their axis locations in space. By rearranging coaxial revolu{@998), and the unit with the asterisk denotes the unit that can
joints, the canonical graph representation (Tsai 1988) can be flipped to form a different unit. Figure 4(a) shows atypical
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disjointed MTL. A disjointed unit is connected to its adjacent
unit by sharing a common secondary link called a connecting
link. A disjointed unit uses its postconnecting link to con-
nect the preconnecting link of its succeeding disjointed unit.
The common connecting links of adjacent disjointed units are
coaxial with their associated primary links so that the artic-
ulated joint can be formed by rearranging the coaxial links.
MTLs that consist of disjointed units only are called disjointed
MTLs, and GRMs that consist of only disjointed MTLs are
called disjointed GRMs. Since the torque transmission paths
of a disjointed GRM are independent of each other, no gear
ratio of the same gear pair appears in different columns of its
structure matrix. In Figure 3, connecting links are denoted by
hollow rectangles.

2.2. Jointed Units

By separating common vertices of the EOLC or part of the
EOLC and their relative joints followed by rearranging the
coaxial links, a pseudo-isomorphic MTL subgraph of the
GRMin Figure 1(a) can be obtained and shown in Figure 1(b).
From eq. (2), the torque vectors at joint-space and actuator-
space of the GRM are related as

71,0
1| =

| 73,2

_ 3)
1 1 1 §1,0
0 e2s epsereesr + e24(1 — epsere) | | &40 |,

10 0 €65€76€87¢38 §5.0

wherety o, 72,1, andrz 2 are the joint torques; o, §4.0, and
&5 o are the actuator torques applied at input links 1, 4, and
5, respectivelyeg;; = £N;/N; represents the gear ratio of
the gear pair mounted on linksand j, positive or negative
according to whether a positive rotation of géaesults in a
positive or negative rotation of gegrabout their predefined
axes of rotation, and/; is the number of teeth on gear

From eq. (3), it can be seen that gear ratig appears in
the second elements of the second and the third columns of
the structure matrix. Thus, torque transmission paths of the
second and third actuators are coupled at the second joint.
The coupled MTLs are called jointed MTLs, and the two-
DoF nonfractionated GKC enclosed by a dashed rectangle in

Fig. 2. A three-DoF disjointed GRM. (a) Functional reprefigure 1(b) is called a jointed unit, correspondingly. GRMs
sentation. (b) Canonical graph representation. (c) Pseud¥th at least one jointed unit are called jointed GRMs. In

isomorphic MTL subgraphs.

Figure 1(b), links 5 and 4 are the preconnecting links of the
jointed unit, whereas links 8 and 2 are the postconnecting
links. It can be seen that the postconnecting links 8 and 2
are coaxial with primary link 1 so that the joints between the
postconnecting links and primary link 2 can be combined to
form the second joint of the EOLC. Also, the preconnecting
links 5 and 4 are coaxial with primary link 1 such that the
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Fig. 3. (a) Admissible 1Us. (b) Admissible TUs.

joints between the preconnecting links and primary link 1 ca@5. The preconnecting link, primary link, and postconnect-
be combined to form the first joint of the EOLC. ing link of a jointed unit form a thin-edge path with two
distinct edge labels.

3. Enumeration of Jointed Units Based on these characteristics, admissible jointed units can
be systematically identified from the atlas of two-DoF non-

From Figure 1(b), it can be seen that the jointed unit is factionated GKCs (Lin and Tsai 1989a). The identification
two-DoF nonfractionated GKC with a primary link, two Pré-process can be broadly summarized as follows:

connecting links, and two postconnecting links. The jointed

unit uses its postconnecting links to connect the preconnect- « Step 1. Determine the primary link: For a graph in the

ing links of its succeeding disjointed units while it uses its atlas, the vertex coaxial with at least two sets of vertices
preconnecting links to connect the postconnecting links of  of distinct edge labels is presumed as the primary link.
its preceding disjointed units. Figure 4(b) shows the typical

jointed MTLs with a jointed unit. The characteristics of a  * Stép 2. Determine the postconnecting links and precon-

jointed unit can be summarized as follows: necting links: From a set of coaxial links of the primary
link, two of the vertices are assigned as the postconnect-
C1. Ajointed unit is a two-DoF nonfractionated GKC. ing links. From one of the other set of coaxial links of
the primary link, two of the vertices are assigned as the
C2. There is one and only one primary link. preconnecting links.

C3. There are two links, called postconnecting links, which  * Step 3. Check redundancy: Alinkis considered to be a
are incident and coaxial with the primary link. redundant link if removal of the link and its associated

joints from the graph does not change the torque trans-
C4. There are two links, called preconnecting links, which mission route between pre- and postconnecting links.
are incident and coaxial with the primary link. The graph with redundant links should be excluded.
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U TUs Last TU

Nio -joint upper sub-MTL
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Fig. 4. (a) A typical disjointed MTL. (b) The typical jointed MTLs.

+ Step 4. Check independence of preconnecting linkd:. Decomposition of Number of Links
Preconnecting links are said dependent of each other if
they are in the heavy-edge path with a common transf&pr am-DoF jointed GRM with a jointed unit, there are{/)
vertex. The GKC with independent preconnecting linkrimary links and: MTLs. Of these: MTLs, there are (#-2)
is identified as an admissible jointed unit. disjointed MTLs to be added to the jointed MTLs. There are

n;j + 1 primary links for them;-link »;-joint jointed MTLs

« Step 5. Repeat steps 2 through 4 for each select@dnile there arer;); +1(i = 1, ..., n — 2) primary links for

primary link until all possible assignments of post- andhem,);-link n,);-joint disjointed MTL. The number of links

preconnecting links are found. of ann-DoF jointed GRM;n, can be obtained as
. . -2
» Step 6. Repeat steps 1 through 5 until all possible as- ;
signments of primary link are examined. m=(n+1)+[mj—@+Dl+ 2{””)" = [na)i + 11}
1=
(4)

Figure 5 shows the graph representations of admissible
jointed units with up to seven links. The number in the parerpr
theses is the identification code from Lin and Tsai (1989b).
It can be seen that JU-2 and JU-4 are obtained by assigning
the postconnecting links of JU-1 and JU-3 as preconnecting
links and the preconnecting links of JU-1 and JU-3 as post-
connecting links, respectively. Note that the jointed unit in From Figure 4(b), it can be seen that jointed MTLs can
Figure 1(b) is JU-1. be separated as an upper sub-MTL and a lower sub-MTL,

n—2

m=n-+m;—nj+ Y {ma)i—na)i+11}.  (5)
i=1
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JU-1 (5-7-1) JuU-2 (6-7-1) JU-3 (5-9-1)

JU-5 (5-7-1)

Fig. 5. Admissible jointed units.

which are able to influence different numbers of joints. The

upper and lower sub-MTLs can be further decomposed to

disjointed units with a common jointed unit. The numbers of m; = m;,up + thu/up)j + Miyy1o + thu/lo)j
components in the upper and lower sub-MTLs are equal to the j=1 j=1 7)
number of joints they influence. Hence, a),-joint upper
sub-MTL has one jointed unit and (z — 1) disjointed units,
(nup — 1) common connecting links, and n+ 1) primary
links. Similarly, ann;,-joint upper sub-MTL has one jointed
unit and (n, — 1) disjointed units, (; — 1) common connect-
ing links, and (1, + 1) primary links. Since the primary link
is counted in both upper and lower sub-MTLs, the number of

—2nyp — 2050 +nj +mj, + 2,

wherem;, is the number of links of the jointed unit;;;, /.«
andmy, ., ); are the number of links of the 1U and thith TU
of upper and lower sub-MTLs, respectively.

links of the jointed MTLsm;, can be expressed as 5. The Creation of Jointed GRMs
m; = Miwpup + me/up)j — (tup — 1) — (nyp + 1) The creation of admissible jointed GRMs with a jointed unit
i of preferred DoF and number of links can be treated as the
problem of adding disjointed MTL(s) to the jointed MTLs.
+ Miujio + thu/lo)j — (o — 1) — (ngy + 1) The enumeration process can be broadly summarized as
j=1 follows:
+ 0+ 1) +mjy +1 (6) « Step 1: Determine the number of links of the jointed

MTLs. The number of links of the jointed MTLs can
or be determined from the preferred DoF and number of
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links of the jointed GRM, the number of joints influ- « Step 7: Add the disjointed MTLs to the jointed MTLs.

enced by the jointed MTLs, and the number of links The disjointed MTL(s) are added to the jointed MTLs
and joints influenced by each disjointed MTL. From according to the specified configuration of the jointed
ed. (5), the number of links of the jointed MTLs,, GRM by sharing the common primary links.

can be written as )
For the purpose of demonstration, two- and three-DoF

n-2 ground-actuated jointed GRMs with the simplest configura-
mj=m—n-+n; — Z{m(z)i —[na)i +11}.  (8) tions will be used for the following discussion. A jointed
i=1 GRM is referred to with the simplest configuration if it has

the least number of units. For two-DoF ground-actuated
Step 2: Determine the arrangement sequence of tf@nted GRMSs, the jointed unit is either located at the first
units in the jointed MTLs. The distribution ef; tothe or the second joint. In cases where the jointed unit is at the
upper and lower sub-MTLs can be determined by edjrst joint, the succeeding TU(s) can be located in the up-
(7) by specifying the numbers of joints that are influper sub-MTL, the lower sub-MTL, or both upper and lower
enced by the upper and lower sub-MTLs. Hence, theub-MTLs. Among these configurations, the two with only
arrangement sequence of the units in the jointed MTLsne TU are the simplest configurations. In cases where the
can be evaluated by properly choosing the disjointejdinted unit is at the second joint, the configuration with
units and jointed units from the atlas. two preceding IUs located in both upper and lower sub-

MTLs to ensure grounded actuators is the simplest configu-
Step 3: Connect the units and construct the joints bytion. Figure 6(a) shows the simplest configurations of two-
rearranging the coaxial links. A jointed unit is selecteoF ground-actuated jointed GRMs. For three-DoF ground-
from Figure 5 and connected with the selected disactuated jointed GRMs, a direct drive disjointed MTL located
jointed units by sharing the common connecting linksit the first joint is added since it has the minimum number of
between adjacent units according to the arrangemeliriks and joints. The simplest configurations can be obtained
sequence. By rearranging the coaxial links betweegith the jointed unit located at the first, the second, or the
connecting links and primary links, articulated jointsthird joint. Figure 6(b) shows the simplest configurations of
are formed. three-DoF ground-actuated jointed GRMSs. Note that the thin

] o lines in Figure 6(b) denote the direct drive disjointed MTLs.

Step 4: Assign the last postconnecting link(s) as pri- gjnce all admissible jointed units are seven-link, the min-
mary link(s). Assigning the postconnecting link(s) ofimum number of links of each configuration in Figure 6 can
the last unitin the arrangement sequence as the primag¥ evajuated by choosing the 1U-1 and TU-1 as the disjointed
link completes the formation of jointed MTLs. In casespjts that have the least number of links within admissible [Us
where only one postconnecting link of the jointed unitis,ng TUs. For the configurations shown in Figure 6(a), since
succeeded with a disjointed unit, the other postconnegiyo-poF jointed GRMs are composed of only jointed MTLs,
inglinkis assigned as the primary link of the succeedinghe minimum numbers of linksy)min, of the C-1, C-2, and
disjointed unit. Note that by assigning postconnecting.3 configurations can be found as 8, 8, and 7, respectively,
link 7 as a primary link, jointed units JU-2, JU-4, andyy eq. (7). Hence, the C-3 configuration has the minimum
JU-5 as shown in Figure 5 become disjointed. Henceymper of links within the simplest configurations of two-
JU-2, JU-4, and JU-5 are not valid jointed units if thepoF ground-actuated jointed GRMs. For the configurations
postconnecting link in their lower sub-MTL has to beghown in Figure 6(b), since the direct drive disjointed MTLs,
as_signed asa pri_m_ary link. In cases where the joint&ghich have two links (m = 2) and one jointi; = 1), are
unit is the last unit in the arrangement sequence, boifyged to the jointed MTLs, the minimum number of links of

postconnecting links are assigned the last primary linkach configuration can be related to the minimum number of
Note that JU-2, JU-4, and JU-5 are not valid if they argnks of the jointed MTLS/;)min, by €g. (5).

used as the last unit in the arrangement sequence since
their postconnecting links are in a same fundamental m)min = 3+ m;)min — 3+ [2— (1 + D] = m)min.  (9)

circuit. Hence, only JU-1 and JU-3 can be the last unit o )
in the arrangement sequence. Thus, the minimum numbers of links of the C-4, C-5, C-

6, C-7, and C-8 configurations can be found as 10, 10, 9,
Step 5: Permute the IU and TU and repeat steps % and 10, respectively, by eq. (7). Hence, the C-6 and C-7
and 4 until all the possible arrangement sequences gienfigurations have the minimum number of links within the
accessed. simplest configurations of three-DoF ground-actuated jointed
GRMs.
Step 6: Permute the JU, repeat steps 3 through 5 until Table 1 shows the combinations of jointed and disjointed
all valid jointed units are accessed. units of admissible two- and three-DoF ground-actuated
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.
C-2 C-3

C-1
Nyp = Nup = Nup =
n|o - 1 m)mm = 8 nlO - 2 m)mm 8 n|0 - 2 m)mln = 7
n =2 nj =2 n =

colsaiiiiesne
JU JU .. . JU
C-5 C-6

C-4
Nup = Nyp = 1 Mlup =
N =1 M)y, =10 Nip =3 M)y =10 Nie =2 Mlyin =9
nj = n; = nj =3

(b)

Fig. 6. Admissible two- and three-DoF ground-actuated jointed GRMs with simplest configurations.
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Table 1. Admissible Two- and Three-DoF Ground-Actuated Jointed GRMs of Minimum Number of Links

n |m| config- | No. of links of units / |sub-| total
uration | No. of admissible units | total
83 2/1

2|7 7/2 2 2
(C-3) 2/1
830 2/1 . 3/1 ,

alg (C-6) 2/1 0 .
%@ 2/ 7/5 0

5
(C-7) 2/1 3/1

jointed GRMs with the minimum number of links. For theas the jointed unit, respectively, and TU-1 as the disjointed
two-DoF configuration C-3 in Table 1, since IU-1 is the onlyunit. For configuration C-1-1 in Figure 8(a), the input angular
two-link 1U within admissible IUs and only JU-1 and JU-3displacements;z g andg7 o, can be described as the function
can be used as the jointed unit, two admissible jointed GRMH the joint angular displacements, o andfz 1, by eq. (1).

are obtained and Figure 7(a) shows their canonical graph rep-

resentations. Similarly, for the three-DoF configurations in [617,0] _ (10)
Table 1, since only JU-1 and JU-3 can be used as the jointed L43.0
unit with the C-6 configuration while all JUs can be used as . 0 0
the jointed unit with the C-7 configuration, two and five ad- [ 17 } [ 1’0] .
(1 — es3esa)e17 + eazesaess  essesaeesezs | | 021

missible jointed GRMs with each configuration are obtained
and Figure 7(b) shows their canonical graph representations.By applying eq. (2), the joint torques; o andtz 1, and
Note that in Figure 7, the jointed GRM of C-X-# indicates th@he actuator torques applied at the input links 7 ang 3nd

C-X configuration and # is its series number. £3, can be related by structure matrix as
Comparison among graph theory—based works done by Lin
and Tsai (1989b), Belfiore and Tsai (1991), and this paper 71,0} _
shows the following results. It can be seen that all graphs in 2,1
the atlas enumerated by Lin and Tsai (1989b) are composed (11)
of disjointed units only, while seven of the nine-link graphs [617 (1= eagesa)ers + e43e54665} ["’&7} .
0 €43¢54€65€26 &3

with grounded actuators in the atlas enumerated by Belfiore
and Tsai (1991) consist of a jointed unit. However, the graphs By making the off-diagonal element of the structure matrix
of 9-2-3-06  and 9-2-3-08in Belfiore and Tsai (1991) should jn eq. (11) equal to zero, we have

be excluded since the preconnecting links of the jointed units

in them are dependent. In Figure 7(b), the graphs of C-6-2 e3aea5 =1 — €65 (12)
and C-7-4 containing JU-3 as the jointed unit are precluded e17

by Belfiore and Tsai (1991) since JU-3 has one preconnectigherees, andess are the reciprocals afy3 andesa.
link transmitting power by revolute joint while the other by  Thys, eq. (11) can be rewritten as

gear pair.
1,0 e17 0 &7
=1 A . 13
|:772,1:| [ 0 64,365,466,562,6] [53] (13)

For the condition in eq. (12) to hold, one of the following

o ) ] ~___ relations between these gear ratios must be retained:
Admissible jointed GRMs with the C-1 configuration in Fig-

ure 6(a) of minimum number of links are used as illustrative ¢ e34 andeys are of the opposite signegs andeq7 are
examples. Figure 8(a) shows the canonical graph represen- of the same sign and their absolute values satisfy the
tations of the eight-link jointed GRMs, with JU-1 and JU-3 inequality|egs| > |e17], Or

6. An Application

Downloaded from http://ijr.sagepub.com at NATIONAL TAIWAN UNIV LIB on June 30, 2010


http://ijr.sagepub.com

192 THE INTERNATIONAL JOURNAL OF ROBOTICS RESEARCH / February 2000

C-7-5

(b)

Fig. 7. Admissible ground-actuated jointed GRMs of minimum number of links. (a) Two-DoF case. (b) Three-DoF case.
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Fig. 8. (a) Admissible jointed GRMs with C-1 configuration. (b) The functional representation.

e ¢34 andeys are of the same sign: (Pss andey7 are  Hence, the jointed GRMs with remotely located actuators can
of the same sign and their absolute values satisfy the designed to possess independent jointed motions through
inequality |egs| < |e17l, or (ii) egs andeq7 are of the gear ratio determination in its drive train design.
opposite sign.

7. Conclusion
Figure 8(b) shows one of the possible functional schematic

drive train arrangements of case (a). It can be seen that belrethis paper, kinematic structures of jointed GRMs are inves-
gear 4 meshes with gears 3 and 5 simultaneously, which digated. It is shown that the kinematic structure of a jointed
sures the opposite signs @f; andeys, and the external gear GRM can be viewed as a combination of the EOLC and sev-
pairs mounted on gears 1, 7, and gears 6, 5 ensure the negagiad MTLs including jointed and disjointed MTLs. It is also
values ofegs ande17. Note that in Figure 8(b), link 8 is used shown that jointed MTLs can be viewed as a jointed unit
as an idler gear to extend the center distance between lirdksd several disjointed units connected together. Rules for
2 and 6. Since link 8, which is attached to the arm, is thihe enumeration of jointed units are outlined, and admissible
only floating gear traveling in the space with the arm movgeinted units are obtained accordingly. With the atlases of
ment, the mechanical structure of moving components of tleeimissible jointed and disjointed units, a systematic method-
arm mechanism shown in Figure 8(b) is compact to avoid tr@ogy for the enumeration of jointed GRMs with preferred
degradation of dynamic performance. From eq. (13), it cabdoF and the number of links is developed. The methodology
be seen that the coupled effect of joint motions of GRMs ikas been demonstrated by the enumeration of admissible two-
eliminated since the resultant joint torquesg andzz 1, are and three-DoF ground-actuated jointed GRMs with minimum
only influenced, respectively, by actuator torqugsandés.  number of links. Itis shown that a jointed GRM with remotely
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located actuators can be designed to possess decoupled joingeared robotic mechanismASME J. of Mechanical De-
motions with proper choices of gear ratios on the drive train. sign120:230-239.
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