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Spatial Mechanism Design in
Virtual Reality With Networking
Mechanisms are used in many devices to move a rigid body through a finite seque
prescribed locations. The most commonly used mechanisms are four-bar planar m
nisms that move an object in one plane in space. Spatial mechanisms allow mot
three-dimensions (3D), however, to date they are rarely implemented in industry in
part due to the inherent visualization and design challenges involved. Nevertheless
do provide promise as a practical solution to spatial motion generation and there
remain an active area of research. Spatial 4C mechanisms are two degree-of-fre
kinematic closed-chains consisting of four rigid links simply connected in series by c
drical (C) joints. A cylindrical joint is a two degree-of-freedom joint, which allows tran
lation and rotation about a line in space. This paper describes a synthesis process f
design of 4C spatial mechanisms in a virtual environment. Virtual reality allows the
to view and interact with digital models in a more intuitive way than using the traditio
human-computer interface (HCI). The software developed as part of this research
allows multiple users to network and share the designed mechanism. Networking
have the potential to greatly enhance communication between members of the desig
at different industrial sites and therefore reduce design costs. This software presen
first effort to provide a three-dimensional digital design environment for the desig
spatial 4C mechanisms.@DOI: 10.1115/1.1481363#
d

e

i
t

s

e
n

t

n

t

R
m
.

was

fol-
-
a
d at

ffer-
y to

a-

pon
ni-
al
the
i-
alls
ent
the

ro-
of
de-
the
our

atial
tion
site

ution
ES

nism
gy

ee-
ee-
then
. All
ric

d

Introduction
Virtual reality techniques are increasingly being applied to

sign of products and systems. An abundance of applications
be found in the current literature, including VR applications f
product assembly methods planning@1,2,3#, telesurgery@4#, ergo-
nomic design of products@5#, fluid systems analysis@6,7#, inter-
active structural shape design@8#, vehicle simulation@9#, rehabili-
tation aid design@10#, parts feeding system design@11#, power
plant design@12#, and others. The focus of the work present
here is on the development of a virtual environment for spa
mechanism design.

Motion synthesis of mechanisms relies on the designer’s ab
to specify desired locations of an object and visualize rela
motion of the resultant mechanism. Traditionally, mechanism
sign has concentrated on synthesis of planar motion mechani
Planar mechanism synthesis involves two-dimensional~2D! dis-
play and interaction, and this is well suited to the traditional H
of a computer monitor, keyboard and mouse. However, design
spatial mechanisms requires the designer to visualize and int
with the mechanism in three dimensions, which is difficult usi
the traditional HCI. Virtual Reality~VR! technology provides a
three-dimensional environment in which to interact with digi
models. Thus, this research focuses on the use of VR for
design of spatial mechanisms.

Models viewed using a traditional HCI are not drawn in re
size and cannot be manipulated in a natural way. VR allows
user to view the real size models and interact with the models w
a position sensor to track head motion and a wand or instrume
glove, which would also be equipped with a position sensor. T
head position and orientation are used to compute the view
perspective for the computer display. This is in contrast to
traditional HCI where the user manipulates a desktop mouse
types on a keyboard to interact with digital models.

Osborn and Vance@13# developed SphereVR as the first V
environment for the design of spherical four-bar mechanis
SphereVR had the user place coordinate frames on a sphere

Contributed by the Design Automation Committee for publication in the JOUR-
NAL OF MECHANICAL DESIGN. Manuscript received October 2000. Associate E
tor: G. M. Fadel.
Copyright © 2Journal of Mechanical Design
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solution code for the mechanism synthesis of SphereVR
based on Suh and Radcliffe’s displacement matrix method@14#.
The SphereVR spherical mechanism design program was
lowed by VEMECS~Virtual Environment for MEChanism Syn
thesis! @15#. VEMECS used solution algorithms from SPHINX,
monitor-based spherical mechanism design program develope
the University of California, Irvine@16#. In related work, VE-
MECS and SPHINX were used as the basis to evaluate the di
ence between using monitor-based software and virtual realit
design spatial mechanisms@17#.

Isis followed VEMECS as a design tool for spherical mech
nism synthesis in a VR environment@18#. Isis, like VEMECS,
used SPHINX synthesis and analysis routines. Isis improved u
VEMECS by providing users the ability to use Iowa State U
versity’s C2 virtual environment and the ability to import digit
models of the surroundings and the part geometry to aid in
design task. The C2 facility is a 12-foot by 12-foot virtual env
ronment room where stereo images are projected on three w
and the floor. These two features made the design environm
more closely resemble the actual operating environment for
final mechanism.

The program described here, VRSpatial, is a VR software p
gram developed at Iowa State University and Florida Institute
Technology to design spatial 4C mechanisms. The task is to
sign a spatial 4C mechanism in a VR environment and to share
designed mechanism with another user through a network. F
locations are prescribed and then a set of solutions for the sp
motion generation task is computed. The user can select a solu
and watch as the mechanism is animated. Users at a remote
are then able to watch as the mechanism is animated. The sol
routines used here are the most current routines from SPAD
1.0, a monitor, mouse and keyboard-based spatial 4C mecha
design application developed at Florida Institute of Technolo
@19#.

VRSpatial was developed to allow the user to walk into a thr
dimensional space, specify the four locations using thr
dimensional hand movements, synthesize the mechanism and
move around in the space to evaluate the mechanism’s motion
of this is performed in a virtual environment where geomet

i-
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models of objects in the design space are displayed. In this w
the user is designing the mechanism while in a virtual repres
tation of the working space of the final design.

Spatial 4C Mechanisms
A spatial 4C mechanism consists of a closed linkage with fo

rigid links connected by four cylindrical~CCCC! joints ~Fig. 1!. A
cylindrical joint rotates and slides along its axis and therefore
two degrees-of-freedom. The VRSpatial program is developed
four-location motion generation of spatial 4C mechanisms.

VRSpatial Virtual Environment and Interactions
The VRSpatial program was designed for display in Iowa St

University’s C2 facility ~Fig. 2!. The C2 is a 12312310 foot
room where stereo images are projected on three walls and

Fig. 1 A spatial 4C mechanism

Fig. 2 Iowa State University’s C2 facility
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floor. Four Barco 1208 projectors are used to project the ima
CrystalEyes® shutter glasses are used to provide a stereo im
These glasses consist of LED lenses that are synchronized
the computer display to alternately turn clear and opaque to
respond to the left-eye and right-eye images displayed on
screen. This active stereo technology results in very realistic
reo imaging. The C2 has a three-dimensional sound system
3D interaction capabilities provided by various input devices
cluding a wand and a glove. Two Silicon Graphics Power On
computers, each equipped with four Infinite Reality graphics pi
and twelve R10000 processors provide the computer capacity
the C2. Ascension Flock of Birds® trackers are used to prov
position and orientation information to the program. These
vices use electromagnetic fields to determine the position and
entation of a receiver in the environment. Receivers are place
one interaction device and on one set of CrystalEyes® glas
The main user wears the glasses and holds the interaction de
As this user moves in the environment, the position and orien
tion of the tracker receivers are continually sent to the program
be used to redraw the correct viewing perspective on the scre

The C2 environment works well where collaboration with oth
users in a virtual environment is desired. Multiple users can
present in the C2 facility at the same time. The main user we
the tracked glasses and others in the environment wear addit
CrystalEyes® glasses. Figure 3 shows two users in the C2 dur
the design of a spatial 4C mechanism. Because all users w
simple stereo glasses, participants can see both the stereo im
and the other people in the C2 environment. This allows for e
interaction among users and fosters collaboration within the
environment.

In VRSpatial, interaction is performed using a Fakespa
PINCH™ Glove. The PINCH™ Glove has conductive mater
attached to the fingertips, thumb and palm of the glove to regi
contact between a user’s fingers, palm and thumb. Gestures
used to control actions in the virtual environment. Because a
son’s real hand sometimes obstructs the virtual objects, a dig
hand model is used in the environment to correspond to the lo
tion of the participant’s hand in space.

The software platform for VRSpatial is WorldTooKit®. Menu
are used to provide more options for interaction with the V
environment. These menus are used to control the tasks in
virtual environment. The menus are 3D objects consisting o
menu bar and text items~Fig. 4!. The main menu can be opened
any time during the design process by pressing together the p
finger and the thumb. A menu can be repositioned in space
intersecting the virtual hand model with the menu bar and gra
ing the menu bar using the first finger and the thumb. This allo
the user to move the menu to a location in the virtual environm

Fig. 3 Collaboration in the C2 facility
Transactions of the ASME
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that is convenient. A menu option is selected by intersecting
virtual hand model with the menu option and then making a g
ture of touching the second finger to the thumb.

Kinematic Synthesis of Spatial 4C Mechanisms
Synthesis of spatial 4C mechanisms is based on the spatial

eralization of the classical Burmester center and circle po
curves of planar kinematics and the center and circle axis cone
spherical kinematics@20#. The results of the spatial generalizatio
are referred to as the fixed and moving congruences. These
gruences are sets of lines that define the axes of CC dyads
guide a body through four prescribed locations in space. A co
patible pair of fixed and moving lines or axes maintains a cons
normal distance and angle in each of the four locations of
moving body. The spatial triangle technique developed by Mur
and McCarthy@21# and Larochelle@20# is used in VRSpatial to
compute the congruences resulting in a parameterized set of l

The first step in defining the design problem is to import mo
els of the surrounding geometry into the virtual environme
These could be models of machine tools, other parts on an a
cent product, assembly fixtures, etc. Then, the part that is to
moved by the mechanism is loaded. Once this part is placed
desired location, another instance of the part is generated an
user places this part in the next location. This continues until f
representations of the part that is to be moved by the mecha
have been located~Fig. 5!. The locations can be modified and the
numbered 1, 2, 3 and 4 to indicate the order of the movemen

The program calculates all possible mechanisms for the
locations specified and displays the results in the form of eith
type map or congruence planes. These options are explained i
following sections.

Fig. 4 VRSpatial main menu

Fig. 5 Location placement
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Type Map. The synthesis solution can be presented in a
plot referred to as a ‘‘type map.’’ The type map displays the s
lutions from the synthesis in a color-coded format showing
mechanism types@22#. Spatial mechanisms are classified acco
ing to the mechanism type of their corresponding spherical ima
The spherical image is a spherical four-bar mechanism with
lengths equal to the angular twist of the links of the spatial
mechanism@23#. The type map generated by VRSpatial for o
set of four locations is shown in Fig. 6. One axis of the m
represents one choice of dyad and the other axis represent
second choice. Choosing a point on the type map is equivalen
selecting two pairs of corresponding planes from the fixed a
moving congruences. Each pair of planes defines a CC dyad
one fixed C joint axis and one moving C joint axis.

To select a point from the type map, a pointer is drawn from
virtual hand model after the pointer gesture has been made by
user. A user moves the pointer in contact with an area of the t
map to select a mechanism. Releasing the gesture select
mechanism from the type map. Once a mechanism has bee
lected, the solution is drawn on the models in the virtual enviro
ment. Different mechanisms can be chosen until the user ge
satisfactory mechanism.

For the type map representation of the four location synthe
solutions, spatial 4C mechanisms are analyzed to eliminate o
branch, and circuit defects in motion generation tasks@24#. A
mechanism is said to suffer from branch defects if it enter
stationery configuration that requires an additional mechanica
put to guide the moving body as desired. Circuit defects oc
when a solution exists but the mechanism must be disassem
and reassembled to move between two desired locations. Me
nisms that have these defects are filtered so that the type m
darkened where these defects occur. Solutions that pass the b
and circuit defect tests remain bright on the type map, guiding
user to select good solutions.

Fixed and Moving Congruences. The solution from the syn-
thesis can also be presented as fixed and moving line congrue
@20#. The moving line congruence is the set of all moving C jo
axes that can be used in a 4C mechanism to guide a body thr
the four locations. The fixed line congruence is the set of
corresponding fixed C joint axes. There is a one to one corresp
dence between the fixed and moving line congruences assoc
with the four spatial locations. Therefore, selecting one line fr
either congruence defines a CC dyad, or half of the
mechanism.

The fixed and moving line congruences are sets of infin
planes, represented here as sets of planes in the virtual env
ment with a single central line. The moving congruences are r
resented by yellow planes and the fixed congruences are re

Fig. 6 Type map
SEPTEMBER 2002, Vol. 124 Õ 437
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sented by red planes~Fig. 7!. The user has to make two selectio
from the congruence planes to completely define a solu
mechanism.

When a choice is made from the congruences, the axis of
chosen plane turns blue. A dyad is picked from the moving pl
congruences and another from the fixed plane congruence
form a complete spatial 4C mechanism. Picking these lines in
virtual environment is a very simple task when compared to pi
ing them using a traditional monitor, mouse and keyboard.
VRSpatial, the main user walks around to where he/she can r
out with the wand and move the input device such that the vir
hand model intersects with the desired line. Whenever the vir
hand intersects with the representation of a congruence, the
gruence is selected and the corresponding congruence is
lighted as well. The user can interactively select from the en
set of lines by simply moving around in the virtual space.

After a mechanism has been chosen from the type map or f
the congruences, it is animated to verify it completes the tas
required. To complete the task, the mechanism should move
object through the four locations. The user can observe the mo
of the mechanism to see whether the mechanism collides
objects in the virtual space and whether it goes through the lo
tions in the required order. The user with the tracked glasses
move around the design and investigate the mechanism from
ferent angles. After getting a desirable mechanism, an output
of the mechanism generated can be saved by selecting theSave
Mechanismoption from the File menu.

Networking With VRSpatial
VRSpatial sends location translations and rotations, mechan

link lengths, and joint translations and rotations over the netw
to other users using the World-To-World software from Sens
Only one of the users in the VR network is allowed to input t
initial location information and to design a mechanism. The lo
tion information is sent out to the simulation server and the ot
users receive the update for the location and the designed me
nism. The update for the location and mechanism data is refle
at the networked site as soon as a change is made. Howeve
networking system speed will determine how fast the changes
received by the other users. After the mechanism has been
signed, any of the networked users can animate the mecha
using the menu. The animation data is sent to all the users
they will see the mechanism animated in their VR environme

Networking between two virtual environments currently r
quires that the two virtual environments have similar interact
devices. VRSpatial networking was tested between two compu
by loading a mechanism previously designed in the C2 virt
environment. Both computers displayed a monitor-based wind

Fig. 7 Fixed and moving congruences
438 Õ Vol. 124, SEPTEMBER 2002
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showing the mechanism. When either of the users animated
mechanism, the other user saw the mechanism animated on
her computer as well.

Example
Figure 8 shows a summary flow chart of the procedure use

design a spatial 4C mechanism. The gray boxes indicate the
tions of the program that utilize routines from SPADES 1.0. Tw
options are available to design a new mechanism: the first ch
is to load a base geometry and then load the movable geom
and the second choice is to load just the movable geometry. A
placing the locations and setting the order, the user can choo
find congruences or to create a type map.

VRSpatial was used to design a 4C mechanism to pass thro
four locations. A lathe and a table were loaded as the base ge
etry. The design task was to design a mechanism that would m
a workpiece from the lathe to the table. Four locations were sp
fied, with the first location being on the lathe and the fourth loc
tion being on the table. After the locations were specified,
order in which the mechanism should go through the locati
was set. There were no solutions that satisfied the required tas
the first attempt to design a mechanism to go through the f
locations. Locations 2 and 3 were adjusted and the type map
generated. Mechanisms were selected from the type map and
mated until a satisfactory mechanism was found.

Figure 9 shows a spatial 4C mechanism designed using
VRSpatial software and the four locations that were specified

The X-, Y-, andZ-axes are drawn in red, green, and blue,
spectively, in each location of the moving workpiece. The drivi
link is green, the driven link is red and the coupler and fixed lin
are gray. A coupler extension attached to the coupler link has
axis frame attached to it. This frame moves through the locati
during the animation to verify the motion of the mechanism.

Results and Conclusions
This program is the first virtual environment for the design

spatial 4C mechanisms. Several users have designed mecha
using VRSpatial. Their comments consistently indicate that the
virtual environment provided them with a three-dimension
workspace that facilitated collaboration with their colleagues a
helped them to specify the design as well as understand the
solution. It was very intuitive to place the part to be moved in
locations around the surrounding geometry. Having the geom
displayed in stereo gave the users additional information on h
the part would move through space when it was attached to
mechanism. Being surrounded by congruences gave the us
better feel for the three-dimensional nature of the design sp
Animating the linkage provided them with a way to verify that th
final mechanism succeeded in guiding the desired part into
desired locations.

When users were networked, users at different locations w
able to view the same model. When one of the users manipul
the model, the other users viewing that model were able to see
updated manipulated model. This allowed users to discuss
design model even though they were not in the same location

Future Work
VRSpatial provides an excellent three-dimensional interac

environment in which to design spatial 4C mechanisms. This
vironment makes it easy to place design positions, select de
parameters, and examine the resulting mechanism. One of
remaining problems is that it is difficult to find a mechanis
which moves in an acceptable motion. Filters have been applie
eliminate branching and incorrect order of the positions, howe
some of the candidate paths contain large loops, which occur
tween two adjacent positions. Mechanisms with this feature
not feasible designs in a practical sense. In the future, additio
information must be provided to the designer to guide the des
of feasible mechanisms.
Transactions of the ASME
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Another small limitation of VRSpatial is that it requires the us
to specify four locations to synthesize the solutions. Often, o
the first and last locations are critical and the intermediate lo
tions are somewhat arbitrary. In the future, VRSpatial can be
proved to allow the user to only specify two locations and th
two additional locations will be interpolated to yield useful sol
tions, which do not suffer from order, circuit, or branc
defects.

Fig. 9 A spatial 4C mechanism designed using VRSpatial
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The method of selecting lines from the congruences can als
improved. The user should be able to pick any line from the
lected plane, not just the line that is displayed currently. After t
line is selected, the other lines of the congruences could be c
coded to indicate what type of mechanism would result from th
selection. This in essence would combine the information c
rently provided in the type map method with the selection of
congruences and provide the designer with more informa
about the resultant mechanism.

Another possible improvement to VRSpatial would be to a
the capability to affect small changes in the definitions of one
more locations. Often in motion generation tasks some locati
must be reached exactly while others can be modified while
accomplishing the overall prescribed task. A method for imp
menting such small location changes needs to be developed
the virtual environment.

The software should be tested as a networking tool between
virtual environments with similar interaction devices. VRSpat
was only tested between two computers by loading a mechan
that was designed in the C2 virtual environment. Recently, the
virtual environment was completed at Iowa State Univers
which will allow networked applications between the two faci
ties. Such improvements can lead to better understanding of
design process and lead to useful applications.

Acknowledgments
This work is supported by the National Science Foundat

grants DMI-9872604 and DMI-9816611.
SEPTEMBER 2002, Vol. 124 Õ 439



o

l
-
V

.

0
n

s

i

g

S

u

-
0/

or
-
-

ith

e

X-

ess
n,’’

ha-

4C
ng
–

id-
n

C
on-
.
ar

ma-
fer-

C
er-
References
@1# Boud, A. C., Baber, C., and Steiner, S. J., 2000, ‘‘Virtual reality:A Tool f

Assembly?’’ Presence,9~5!, October 2000, pp. 486–496.
@2# Jayaram, S., Wang, T., and Jayaram, U., 1999, ‘‘A Virtual Assembly Des

Environment,’’ Proceedings of the IEEE Virtual Reality Conference, March
13–17, Houston, TX, pp. 172–179.

@3# McDermott, S., and Bras, B., 1999, ‘‘Development of a Haptically Enab
Dis/Reassembly Simulation Environment,’’ASME Design Engineering Tech
nical Conference Proceedings, September 12–16, 1999, LasVegas, N
CDROM DETC2000/CIE-9035.

@4# Ottensmeyer, M. P., Hu, J., Thompson, J. M., Ren, J., and Sheridan, T
2000, ‘‘Investigations into Performance of Minimally Invasive Telesurge
with Feedback Time Delays,’’ Presence,9„4…, August pp. 369–382.

@5# Deisinger, J., Breining, R., RoBler, A., Ruckert, D., and Hofle, J. J., 20
‘‘Immersive Ergonomic Analyses of Console Elements in a Tractor Cabi
4th International Immersive Projection Technology Workshop Proceedin,
June 19–20, Iowa State University, Ames, IA, CDROM.

@6# Bryden, K. M., Ashlock, D., Cruz-Neira, C., Doran, J., and Liu, S., 200
‘‘Interactive Design of Fluid Systems in a Virtual Environment,’’4th Interna-
tional Immersive Projection Technology Workshop Proceedings, June 19–20,
Iowa State University, Ames, IA, CDROM.

@7# Shahnawaz, V., Vance, J. M., and Kutti, S. V., 1999, ‘‘Visualization of Po
Processed CFD Data in a Virtual Environment,’’ASME Design Engineering
Technical Conference Proceedings, September 12–16, LasVegas, NV
CDROM DETC2000/CIE-9042.

@8# Yeh, T.-P., and Vance, J. M., 1998, ‘‘Applying Virtual Reality Techniques
Sensitivity-Based Structural Shape Design,’’ ASME J. Mech. Des.,120~4!,
December, pp. 612–619.

@9# Gruening, J., and Clover, C., 1998, ‘‘Human-in-the-Loop Vehicle Simulat
Using Surround-Screen Virtual Reality Systems,’’2nd International Immersive
Projection Technology Workshop Proceedings, May 11–12, Iowa State Uni-
versity, Ames, IA, CDROM.

@10# Krovi, V., Kumar, V., Ananthasuresh, G. K., and Vezien, J.-M., 1999, ‘‘Desi
and Virtual Prototyping of Rehabilitation Aids,’’ ASME J. Mech. Des.,121~3!,
September, pp. 456–458.

@11# Huang, C. P., Agarawal, S., and Liou, F. W., 2000, ‘‘The Development
Augmented Reality Environment: A Case Study on the Parts Feeding
tems,’’ASME Design Engineering Technical Conference Proceedings, Septem-
ber 10–13, Baltimore, MD, CDROM DETC2000/CIE-14583.

@12# Ebbesmeyer, P., Gehrmann, P., Grafe, M., and Krumm, H., 1999, ‘‘Virt
440 Õ Vol. 124, SEPTEMBER 2002
r

ign

ed

,

B.,
ry

0,
,’’
gs

0,

t-

,

to

on

n

of
ys-

al

Reality for Power Plant Design,’’ASME Design Engineering Technical Con
ference Proceedings, September 12–16, LasVegas, NV, CDROM DETC200
CIE-9037.

@13# Osborn, S. W., and Vance, J. M., 1995, ‘‘A Virtual Reality Environment f
Synthesizing Spherical Four-Bar Mechanisms,’’Proceedings of the 1995 De
sign Engineering Technical Conference, Boston, MA, DE-83: 885–892, Sep
tember.

@14# Suh, C. H., and Radcliffe, C. W., 1967, ‘‘Synthesis of Spherical Linkages w
Use of the Displacement Matrix,’’ ASME J. Eng. Ind.,89, pp. 215–221.

@15# Kraal, J. C., and Vance, J. M., 2001, ‘‘VEMECS: A Virtual Reality Interfac
for Spherical Mechanism Design,’’ Journal of Engineering Design,12~3!, pp.
245–254.

@16# Larochelle, P., Dooley, J., Murray, A., and McCarthy, J. M., 1993, ‘‘SPHIN
Software for Synthesizing Spherical Mechanisms,’’Proceedings of the 1993
NSF Design and Manufacturing Systems Conference, Charlotte, North Caro-
lina, January 6–8.

@17# Evans, P. T., Vance, J. M., and Dark, V. J., 1999, ‘‘Assessing the Effectiven
of Traditional and Virtual Reality Interfaces in Spherical Mechanism Desig
ASME J. Mech. Des.,121, pp. 507–514.

@18# Furlong, T. J., Vance, J. M., and Larochelle, P. M., 1999, ‘‘Spherical Mec
nism Synthesis in Virtual Reality,’’ ASME J. Mech. Des.,121, pp. 515–520.

@19# Larochelle, P. M., 1998, ‘‘SPADES: Software for Synthesizing Spatial
Mechanisms,’’Proceedings of DETC’98: 1998 ASME Design Engineeri
Technical Conferences, DETC98/MECH-5889, Atlanta, GA, September 13
16.

@20# Larochelle, P. M., 1995, ‘‘On the Design of Spatial 4C Mechanisms for Rig
Body Guidance Through 4 Positions,’’Proceedings of the 1995 ASME Desig
Engineering Technical Conferences, Boston, MA, DE-82, pp. 825–832.

@21# Murray, A., and McCarthy, J., 1994, ‘‘Five Position Synthesis of Spatial C
Dyads,’’ Proceedings of the 1994 ASME Design Engineering Technical C
ferences. Mechanism Synthesis and Analysis, September, DE-70, pp. 143–152

@22# Murray, A., and Larochelle, P. M., 1998, ‘‘A Classification Scheme for Plan
4R, Spherical 4R, and Spatial RCCC Linkages to Facilitate Computer Ani
tion,’’ Proceedings of the 1998 ASME Design Engineering Technical Con
ences, Atlanta, GA, September 13–16.

@23# Duffy, J., 1980,Analysis of Mechanisms and Robotic Manipulators, Wiley and
Sons, New York, NY.

@24# Larochelle, P. M., 2000, ‘‘Branch and Circuit Rectification of the Spatial 4
Mechanisms,’’Proceedings of ASME Design Engineering Technical Conf
ences, Baltimore, MD, September 10–13.
Transactions of the ASME


