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Interactive Visualization of Line 1 Introduction

Congruences for Spa'[ial Mechanism Mechanisms are often employed to move a body through a

Desian desired sequence of locations. To date, most commonly used
g mechanisms are planar in nature-they move a body such that the

body is constrained to a plane. In order to generate general three-
Pierre M. Larochelle dimensional motion two common strategies are prevalent in prac-
Robotics & Spatial Systems Lab Mechanical & Aerospadie®: (1) utilize a sequence of planar mechanisr(®, utilize a

. . . . traditional robotic manipulator system. A sequence of planar
Engineering Department, Florida Institute of mechanisms often results in a large device and it requires one or

Technology, Melbourne, FL more actuators for each mechanism. Traditional robotic mechani-

cal systems consist of links that are serially connected by joints;
Judy M. Vance and each joint requires an actuator. A typical industrial robot has
Virtual Reality Applications Center, Department of six or more actuators and a complex control system to coordinate

Mechanical Engineering, lowa State University, Ames the motion of these axes. Spatial mechanisms hold promise as an
' ' ' effective alternative. Spatial mechanisms are capable of moving a

lowa body in unconstrained three-dimensional space utilizing only one

. or two actuators. However, to date they are rarely implemented in
John N. Kihonge great part due to the inherent visualization challenges involved in
Virtual Reality Applications Center, Department of their design. This paper presents a methodology for addressing

Mechanical Engineering, lowa State University, Ames, these visualization challenges.
lowa The purpose of this paper is to present a framework for visually
representing and interacting with the line congruences associated
with four spatial poses or locations. These line congruences are
) ) ) the result of the spatial generalization of the center point and
This paper presents a framework for generating, representing, agficle point curves of planar kinematics; consequently they are the
interacting with the line congruences associated with four generagt of lines that define the axes 6 dyads that guide a rigid
f@nite poses. Thgse line congruences are the_ solution space of SRSdy through four prescribed locations in sp&&@wo CC dyads
tial 4C mechanisms which will guide a moving body through thesmpatible with the four prescribed locations can then be con-
four prescribed poses. Hence, the contributions of this paper afacted in parallel to form a simple closed kinematic chain which
applicable to developing interactive tools for designing spatial 4¢z yeferred to as a spatial 4C mechanism. The resulting mechanism
mechanisms for four pose motion generation. Moreover, the Str%ssesses two degrees of freedom and can be seen in Fig. 1.
egies employed to address this difficult interactive visualization |, order to synthesize a spatial 4C mechanism to guide a body
challenge are presented. The goal here being to facilitate fUt“fﬁrough four prescribed locations a designer maygenerate the
works which address other interactive visualization challengegyeaqd and moving congruences associated with the four locations;
First, a methodology for generating a parameterized representgz 4 subsequently2) select two lines from the congruences to
tion of the line congruences is reviewed. This is followed by straiafine a 4C mechanism which is compatible with the four pre-
egies for visually representing the line congruences which ar& ihad ocations. We compute the congruences by employing the

appropriate for both workstation and immersive virtual realitysgatial triangle based technique presented by LarockEllaur-

computer graphics. Next, strategies and supporting algorithms fp y and McCarthy{2], and McCarthy[3]. The result is a two

interacting with the line congruences to obtain solution mechagensional parameterized set of lines. Our first utilization of this
nisms with fixed links or coupler links in desired regions of thg

ongruence generation technique resulted in the compute engine

workspace are presented. The result is an intuitive interactive Vhat powered the spatial 4C mechanism synthesis and analysis

sual design methodology for generating and interacting with t :

X 4 - e . esign softwareSpapes, see Larochellg4]. Spapes successfully
line congruences associated with four general finite spatial POS&,|5veq the state of the art in spatial mechanism kinematic syn-
for spatial 4C mechanism design. It is our desire that this effor;

; . X esis and analysis techniques on a traditional computer graphics

albeit focused upon the challenge of creating computer-aided orkstation based platform. Though users have foBRghes Use-

sign environments for spatial 4C mechanisms, will facilita}te | for designing mechanis'ms they have stated thatEc?ne of the

‘gﬁg ?r?tgpgtt:lt\i/grtwe gﬁgﬁgﬁgggﬁgo daei(ijg;?\?r?gthtirlggec:‘iemme\r?ssig?\gzlar%%ajor challenges to designing spatial mechanisms for four desired
. i fcations is visualizing and interacting with the line congruences.

chanical systems.DOI: 10.1115/1.1529211 This work focuses upon techniques for interactive visualization of

Contributed by the Engineering, Simulation, and Visualization Committee for A cylindric(C) joint is a two degree of freedom lower pair joint which allows
publication in the ®URNAL OF COMPUTING AND INFORMATION SCIENCE IN EN-  translation along and rotation about a line in space. Moreov@t; dyad consists of
GINEERING. Manuscript received Jun. 2001; Revised Oct. 2002. Associate Editar:rigid link that is connected to ground via o@goint and connected to the moving
N. Patrikalakis. body or workpiece via a secord joint.
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Fig. 1 A spatial 4C mechanism

Fig. 2 The spatial triangle
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In order to solve Eq(1) and Eq.(2) for the desired lineés the
relationships between the spatial triangle, the complementary
screw quadrilateral, and the 4C mechanism corresponding to the
complementary screw quadrilateral must be maintained. We re-
view those relationships here and outline the procedure for deter-
mining the lineG given four spatial locations.

The generalization of Burmester’s planar four location theory to

the congruences to synthesize spatial 4C mechanisms for féour spatial displacements leads us to consider the complementary
location motion generation via the selection@ dyads from the screw quadrilatera$,,S,35;4S:4, WhereS;,, Si3, Sia, Sp3, Soa,

line congruences.

and Sy, are the six relative finite screw axes associated with the

Our goal is to derive novel techniques for visually representinfigur prescribed spatial locations, see REt6] and Bottema and
and interacting with the congruences to selé€tdyads compat- Roth[7]. McCarthy[8] shows that by using the lines which define
ible with the four desired locations that possess desired propertire complementary screw quadrilateral to define the axes of a
such as axis location in the design space. These techniques spratial 4C mechanism one may obtain the fixed axis congruence
suited for both traditional workstation based computer graphics isa parameterized formsee Fig. 3. The procedure uses the lines
well as immersive virtual reality environments such as the C6 an¢hich define the complementary screw quadrilateral to define a
C2 facilities at lowa State University. We hope that these tech-
nigues will in turn facilitate the creation of the next generation of——

computer-aided mechanism design software for spatial moti

generation.

2 Congruence Generation

Before proceeding to the interactive visualization of the con-

OnZA planar version of this result that yields a parameterized form of the center point
curve for four planar locations is found in McCartf§).

gruences it is instructive to review the congruence generation
technique of Larochell¢l]. First, we review the spatial triangle
technique of Murray and McCarthf2]. This is followed by a
methodology for utilizing the spatial triangle to generate the fixed
and moving line congruences. Finally, techniques for completing
a dyad once one line has been selected from a congruence is
presented.

2.1 The Spatial Triangle. Let S;, andS,; be the finite rela-
tive screw axes associated with the spatial displacement from lo-
cation 1 to location 2 and from location 2 to location 3 respec-
tively. In Murray and McCarthyf2] it is shown that the spatial
triangle prescribed by the finite screw ax®g and S, with in-
ternal dual angles\ ¢/2 and A 6/2 defines the coordinates of a
fixed line G of a CC dyad compatible with four spatial locations,
see Fig. 2. The dual vector equation of the spatial triangle may be
written as,
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Fig. 3 The parameterizing spatial 4C mechanism
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spatial 4C mechanism and identifying the quadrilateral as the g

home configuration of the parameterizing 4C mechanism. This Le(ﬁ,k)%(p +)\n)><g} %)
results in a 4C mechanism with input link defined by the lines g
S.,S,3, fixed link defined by the line§,,S;, and coupler defined where,
by the linesS,3S;,. We define the input anglé, as the dual angle gx (0~ o)
of the input link in the home configuration and similarly define the n= — b
coupler angleg, as the dual angle between the coupler and the lgx (g a1l
input link in the home configuration. The screw axis of the disgng,

placement of the coupler of the parameterizing 4C mechanism 0
from its home configuration to any other valid assembly is a fixed Pg=9%0; )

axis compatible with the given four general spatial locationgyote tham is a unit vector in the direction of the common normal
Hence, we obtain fixed axes t_hat are parameterized by the inpylty,o linesG, andG,, thatp, is a point onG, and selectingy
angled of the parameterizing linkage. _ =0 in Eq. (5) yields the lineG. In Eq. (5) we have the two
Solving the spatial triangle associated with the two lines whicimensional set of lines of the fixed congruence associated with
define the input link in its home configuration, B@) and Eq.(2),  four spatial locations parameterized by the anglef the input
results in the relative screw axis of the dlsplacemept gf tr]e COfhk of the parameterizing 4C mechanismwhich selects a plane
pler of the parameterizing 4C mechanism, whexé=60-6, of the congruengeand a distance parameter(which selects a
and A¢=¢— ¢o. Therefore, by solving the spatial triangle weline in that plang
obtain a fixed axis compatible with the given four general spatial Having reviewed the relationships between the relative screw
locations which is parameterized by the input angle of the paxes, the complementary screw quadrilateral, the parameterizing
rameterizing 4C linkage. Note that the internal angles of th&C mechanism, and the spatial triangle, we now summarize the
spatial triangle are given in terms of the relative input and couplgrocedure for determining the fixed line congruence given four
angles of the parameterizing 4C linkage with respect to its horspatial locations.
configuration.

©)

1 From the four specified locations determine: the four relative
screw axes $1,, Sy3, Ss, Si4), the link lengths of the corre-
sponding parameterizing 4C linkagé& £ S;,- S,3, 7= Sy3- Sa4,

3 The Fixed Congruence B=S14Sss, ¥=S12-S1a), and the angles, and ¢,.

We now present a method of obtaining a numerical representa2 Select the parameter valdeand compute the corresponding
tion of the fixed congruence which is parameterized by the inpgt by performing a kinematic analysis of the parameterizing 4C
angle of the parameterizing 4C linkage using the spatial trianglikage?® see Larochell¢4]. A
Recall that the fixed congruence is a two dimensional set of lines3 Compute the internal angles of the spatial triangl®, and
that define the fixed axes that are compatible with four spatiale, and solve the two dual vector triangle equations, @&gand
locations and that a solution of the spatial triangle yields one lirig. (2) for the unknown lineG,(0)=G.
of the fixed congruence. Bottema and Rpthand RotH10] have 4 For the same parameter valdeelect a new value fai and
shown that the direction of each li@ determines a unique p|anecompute the correspondir{@ by performing a kinematic analysis
and that all of thg lines in that plane that are paraIIeere of the parameterizing 4C linkage.
members of the fixed congruence. Hence, each Gneefines a 5 Compute the internal angles of the spatial triandlé, and

unique direction and corresponding to this direction there is A%, and solve the two dual vector triangle equations, @gand
infinite set of compatible fixed lines @C dyads. Eq. (2) for the unknown lineG,(8) = G.

We proceed with a method for using the spatial triangle 10 g |t gy<4+ then incremen® and go to step 2 else done.
determine another line of the congruen@g,, which is parallel to
G,=G. These two lines then define the plane associated@jth
By examining Eq(1) we see that the direction &, is indepen- 4 The Moving Congruence
dent of the translation along, and the location of, the axes of the
parameterizing 4C mechanism. In other words, the directids,of
is solely dependent upon the directions of the axes of the par:
eterizing linkage, this result was first presented by R{dt@].
Therefore, to obtairts, with the same direction a&; we main-
tain 6 and vary our choice ofl, whered is the translation of the
input link of the parameterizing linkage alor®y,, (6= 6+ ed),
and solve Eq(1) and Eq.(2). Hence, for a given choice of pa-
rameter§ we select two different values af which yield two
lines G; and G,. These two lines then define a plane of th
congruence and any line in this plane paralleGtiés a member of
the congruence.

We can now parameterize the lines in the plane associated
G that are members of the fixed congruence in terms, afhere
\ is the distance of the line fro®. Given,

The moving congruence is the two dimensional set of lines that
fine the moving lines of th€C dyads that are compatible with
our spatial locations of a rigid body. We obtain a parameterized
representation of the moving congruence by inverting the relation-
ship between the fixed and moving coordinate frames and pro-
ceeding in an analogous manner to the generation of the fixed
congruence. The inverted locations yield the relative screw axes

Si,, Sisy Siay Si3, Spu. We then form a complementary screw

é}uadrilateral, its corresponding parameterizing 4C mechanism,
and solve the spatial triangle for a given choicefdb obtain the
linesH=H,; andH, which define a plane of the moving congru-

whipce. Proceeding as we did in the generation of the fixed congru-
ence we obtain the lines of the moving congruence associated
with the parametep,

h
g Ly(6,m)= 8
Gw):le):[gg 3 n(6.) Lphﬂm)xh} ®
and, where,
hx (h3—h})
G.(o=| 2 n= 5o 9)
20)= gg (4) Hh><(h2 hl)H
the linesLg(6,1) that lie in the plane defined bg, andG, and 3In general for eactd there are two solutions fap; simply let 6 vary from 0 to 47
are parallel toG may be expressed as, and use the first solution for<09<27 and the second solution form2= 6<4.
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and, However, it is important to note that in this work Bottema and
0 Roth created a representation to explain the concept of the con-
Pn=hxhy (10) gruence; not for interactive design.

Again we note thapy, is a point onH and that selectinge=0 in In 1991 Bodduluri[12] presented the first computer graphics
Eq. (8) yields the lineH. The result, Eq(8), is a two dimensional generated representation of the line congruences for spatial 4C
set of lines, given with respect to the moving frame, associatggechanism desigfsee Fig. 4 of his work Bodduluri chose to
with four spatial locations that are parameterized by the afgfe represent the planes of the congruences by using two short parallel
the input link of the parameterizing 4C mechaniémhich selects line segments. Upon close examination it is evident that identify-
a plane of the moving congruencand a distance parametgr ing which two lines in the figure represent a given plane is diffi-
(which selects a line in that plane cult. Moreover, in his design environment Bodduluri restricts the
designer to selecting lines from the displayed line segments. Ob-
viously, this arbitrarily eliminates most of the solution space to the
86&tial motion generation problem at hand. Murfra§] presents a
Rfethodology for generating the congruences associated with four
finite spatial locations. He elected to represent the congruences
359 creating a pair of orthogonal lines for each plane generated in
&he congruence. The longer of the two lines corresponds to the
direction of the lines in the plane.” Unfortunately, due to the pro-
ection of the two orthogonal lines which define each plane the

ewer is unable to determine the orientation of each plane of the
congruence.

In the works of Murray and McCarthj2,14] the planes of the
congruence associated with four spatial locations are represented
by two dimensional wireframe rectangles whose shorter sides de-
5 Int tive Vi lizati fine the direction of the lines in the plane. In Murray and McCar-

nteractive Visualization thy [15] the planes of the fixed line congruence are represented

We now summarize previous efforts to visualize the line coragain by these rectangles but in addition a line through the cen-
gruences associated with four finite locations. This is followegloid of the rectangle in the direction associated with plane of the
by a presentation of our recent results in visually representirgngruence is drawn. Note that by drawing a rectangle the orien-
and interacting with the line congruences to design spatial 4&tion of the plane is now evident to the observer. However, two
mechanisms. important criteria with regard to using the congruences for design
arbitrarily set(1) the size of the rectangle, an@) the rect-
le is chosen as the portion of the plane nearest the origin of the

4.1 Fixed & Moving Line Correspondence. There is a
one-to-one correspondence between lines of the fixed congrue
and lines of the moving congruence. That is to say, selecting a li
from the fixed congruence as the fixed axis @@dyad uniquely
determines the corresponding moving axis, and vice verse,
Roth [10]. Hence, selecting a fixed and moving line from th
congruences to specify@C dyad involves two free parameteis;
and either\ or u. Therefore, to uniquely determine a 4C mech
nism from the congruences requires the selection of four free
rameters; ¢;, N4 or u;) which define one dyad and¥{, \, or
o) which define the second dyad. See Larochglg| for an
efficient means to obtain the unknown line of a spa@iél dyad
corresponding to a choice @fand either\ or .

5.1 Previous Efforts. Once a numerical representation 01‘5‘:1e
the congruences has been generated the challenge in creatin@0

efficient design environment lies in providing a means of visually |an2?c§§hféﬁgEi'4] an attempt was made at generating and rep-
representing and interacting with the congruences. The fir%t ' b g g P

known visual representation of the line congruences associa{ §enting the congruences for spatial mechanism design. The pre-
P 9 Yious attempts at visually representing the congruences were com-

with four spatial locations may be found in Fig. 26 of E;onem%ined into a new solid model representation of the congruences.

and Roth[7]. In this work Bottema and Roth visually illustrate arhe planes of the congruences were represented by rectangular

portion of the cubic cone associated with the orientations of t : : ; :
four spatial locations and in a separate figure adjacent to this t r_alleleplped_ SOI.'dS whose major axes were _dlsplayed and'they
fined the direction of the liens associated with each plane; see

illustrate a portion of one plane of the congruence associated w; 5. The addition of the solid models enhance the three-

a directionSy, from the cone, see Fig. 4. A representation such HFmensional depth perception of the visualization and facilitated

this which decouples the direction from the moment of the lin B . ) ;
leads to difficulties in visualizing the relationship of the congru- e design process. However, the arbitrary selection of the portion

ence to the physical workspace of the resulting spatial mechanisOf the infinite planes represented as well as the difficulty in visu-
phy P 9sp gﬂ'zing the relationship between the congruences and the physical

workspace continued to make designing useful mechanisms a
challenge.

5.2 Current Efforts. All previous visual representations of
the congruences fail to address the following visualization chal-
lenge: How to visually represent the information contained in an
infinite number of infinite planes in a manner that is useful for
mechanism design? In other words, how to present to the designer
a visual representation of the infinite number of axis directions
available as well as the infinite number of lines associated with
each direction? Moreover, it is essential that the information be
presented to the designer in such a manner that the relative loca-
tions of the lines to the physical workspace of the mechanism is
obvious. This is because the mechanism designer seeks a solution
4C mechanism which has links in some finite region of the physi-
cal workspace. Here we present methodologies for visually repre-
senting and interacting with the congruences that are appropriate
in both a traditional computer workstation environment and in an
immersive virtual environment.

In 2001 Kihonge, Larochelle and Vangg6] generated the first
virtual reality based representation of the congruences associate
with four spatial locations. The purpose of this first step was to
explore the utility of virtual reality as a visualization tool for
Fig. 4 Figure 26 from Bottema and Roth congruence representation. The rectangular solid approach of

Journal of Computing and Information Science in Engineering SEPTEMBER 2002, Vol. 2 / 211



Fig. 6 2001 congruence visualization

Fig. 5 Figure 5 from Larochelle [4] an Ascension Flock of Birds magnetic tracker. The user’s view
and head orientation are used to compute the viewing perspective
for display of images on the screens so that the four screens are

. . . . . ., perceived as a single environment. All the other users in the C2
Larochelle[4] was implemented into an immersive virtual reallt)P g

0 ) will see the view of the person wearing the tracked glasses.

_based "’.‘ppl'cat'on'. See F'g'. 6 and Larochelle a_nd V@ZP The The C2 environment veorks well whe?e coIIaboratio% with other
immersive capabilities facilitated congruence visualization by te.e < in 4 virtual environment is desired. Multiple users can be
designer however the Iaqk of connection to the actual _phy5| sent in the C2 facility at the same time. Figure 11 shows two
workspace of the mechanism was a hindrance to generating Usgill o iy 'the c2 during the design of a spatial 4C mechanism.
mechanism designs. For example, selecting fixed axes from Wg o, se all users wear simple stereo glasses, participants can see
congruences was facilitated by the virtual .reallty visualization a th the stereo images and the other people in the C2 environ-
interaction tools however where those fixed axes were locate
with respect to the actual workspace of the mechanism was un-
known to the designe©ur new approach is to generate a three
dimensional design space in which the designer can synthesizg
spatial mechanisms and obtain a sense of the form and func-
tion of the devices In order to realize thiglesign-in-conteft
approach the congruences must be generated and displayed
respect to geometric models of the physical design space. In
virtual reality program VRSpatial geometric models of the su
rounding geometry are imported into a virtual environment al
the congruences are displayed within this same virtual repres
tation of the physical workspace.

The VRSpatial program was designed for display in lowa Sta
University's C2 facility, see Fig. 7. The C2 is a X242 foot room
where stereo images are projected on three walls and the flg
Left and right eye images are displayed alternately on the screg
CrystalEyes shutter glasses are used to perceive images in t
dimensions. The C2 has a three-dimensional sound system and
interaction capabilities. Two Silicon Graphics Power Onyx co
puters provide the computer capacity for the C2. For tracki
purposes, one pair of glasses has a sensor on it and is trackeg

“The design-in-contexapproach was first applied to spherical mechanism design
by Furlong, Vance, and Larochell&8]. Fig. 7 ISU C2 immersive facility
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Fig. 10 VRSpatial: congruences

Fig. 8 VRSpatial: main menu

into the environment. These could be machine tools, other parts

ment. This allows for easy interaction among users and fostens an adjacent product, assembly fixtures, etc. Then, the part that
collaboration within the VR environment. In VRSpatial, interacis to be moved by the mechanism is loaded. Once this part is
tion is performed using a Fakespace PINCH Glove. The PINCplaced in a desired location, another instance of the part is gener-
Glove has conductive material placed on the finger tips, thunalbed and the user places this part in the next location. This con-
and palm of the glove to register contact between a user’s fingeiisues until four representations of the part that is to be moved by
palm and thumb. Gestures are used to control actions in the virttia® mechanism have been located. The locations can be modified
environment. Because a person’s real hand sometimes obstraetd then numbered 1, 2, 3 and 4 to indicate the order of the
the virtual objects, a digital hand model is used in the environmemovement, see Fig. 9. In this example a lathe and a table were
to correspond to the location of the participant’s hand in spaceloaded as the base geometry. The design task was to design a

The software platform for VRSpatial is WorldToolKit. Menusmechanism that would move a workpiece from the lathe to the
are used to provide more options for interaction with the VRable. Figure 9 shows a designer in the virtual environment with
environment. The menus are 3D objects consisting of a menu hlae virtual representations of the lathe and table.
and text items, see Fig. 8. The main menu can be opened at anyhe fixed and moving line congruences associated with the four
time during the design process by contacting the little finger ahalcations are computed and are represented as sets of planes in the
the thumb. A menu can be repositioned in space by intersectivigtual environment with a single central line. The moving con-
the virtual hand model with the menu bar and grasping the meguwences are represented by yellow planes and the fixed congru-
bar using the first finger and the thumb. This allows the user &mces are represented by red planes, see Fig. 10. The user then has
move the menu to a location in the virtual environment that i® select two lines from the congruences to completely define a
convenient. A menu option is selected by intersecting the virtusblution mechanism. When a choice is made from the congru-
hand model with the menu option and then making a gesture @ices, the axis of the chosen plane turns blue. A dyad is picked
touching the second finger to the thumb. These menus are useftéon the moving plane congruences and another from the fixed
control the tasks in the virtual environment. plane congruences to define a complete spatial 4C mechanism.

To define the mechanism design problem, first, models of ob-After a mechanism has been chosen from the congruences it is
jects that will be in the vicinity of the final mechanism are loadednimated to verify it completes the task as required in an accept-

Fig. 9 VRSpatial: defining four locations
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The use of a well-developed virtual environment greatly facili-
tates the evaluation of candidate designs to secondary design cri-
teria. These criteria often include: interference avoidance, colli-
sion avoidance, aesthetics, and ergonomics. The ability to walk
around the solution space and “peer into” constrained spaces
gives the designer a three-dimensional view of the mechanism and
how the motion relates to other objects in the design space.

It is important to avoid providing the designer with too much
visual information. It is easy to create a virtual environment that
provides a very interactive and detailed virtual environment in
which to work with highly texture mapped surroundings. How-
ever, our experience has been that focused presentation of infor-
mation, as requested by the designer, is the most efficient. We
have found that by letting the designer request detailed informa-
tion when it is needed the designer feels most comfortable work-
ing in a virtual representation of the design workspace.

Fig. 11  VRSpatial: 4C mechanism display 7 Conclusion

In this paper we have presented procedures for visually repre-
. _— . ) ) senting and interacting with the fixed and moving line congru-
able manner, see Fig. 11. The animation utilizes a linear interighces associated with four finitely separated spatial locations or
lation of the values of andd, that place the moving body in eachygses. Both traditional computer-graphics workstations and virtual
of the 4_deS|red locations. To successful!y complete the task t lity immersive environments were discussed and utilized to
mechanism should not only move the object through the four lggdress the visualization challenges. It is hoped that this effort
cations but it must also interface with the workspace in an accegicysed upon the challenge of creating computer-aided design en-
able manner. The user can observe the motion of the mechanigfnments for spatial 4C mechanisms will facilitate and motivate
to see whether the mechanism collides with objects in the Virtugdher efforts to address the inherent visualization and interaction

space and whether it goes through the locations in the requirgghjienges in designing three dimensional mechanical systems.
order. The user with the tracked glasses can move around the

design and investigate the mechanism from different angles.
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