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Evaluation of Workspace for Parallel Manipulators

Yoshito TANAKA, Isao YOKOMICHI and Junko ISHII

Abstract

Currently, there has been an increasing interest in the design of parallel machines. For construction machines, parallel chains are useful for the end
effecter when combined with serial chains of construction machines as hybrid serial-and-parallel manipulators. They consist of a fixed base, a
platform, and actuators, i.e., hydraulic power cylinders especially for harsh payload. The platform makes a 6DOF movement by controlling the length
of the cylinders, while the workspace changes variously with orientation of a platform. This paper presents a method to search workspace of the
manipulator for the efficient design and working capability using the 3D visualization technique. The device is expected to have as much as large
workspace by reducing interference between links by constraining its motion. In order to search the workspace, geometric approach based on the
inverse kinematics is employed. The solution of the inverse kinematics problem developed can be applied to describe the workspace. The boundary of
the workspace is attained whenever at least one of the actuators reaches one of its limits. These limits for the six cylinders circumscribe the whole
portion of the 3D Cartesian space for a specified orientation of the platform. Geometrical results are shown to be coincident to the experiments. The
workspace plots are created with OpenGL and Visual C++ by implementation of the search algorithm. The real-time coordination of the workspace
and the spatial movement of the manipulator will be demonstrated.
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1. Introduction mechanical limit on the passive joints; 2) interference between links;

and 3) limited range in the length of linear actuators (cylinders). The

Parallel kinematic manipulators offer several advantages over their
counterparts for certain applications. Among the advantages are greater
load carrying capacities, higher stiffness, and reduced sensitivity to
certain errors. Stewart type of parallel mechanisms is one of parallel
manipulators that are used increasingly in manufacturing, inspection
and research ™ @, However, these machine’s non-intuitive kinematics,
workspace, and error characteristics create obstacles to industry’s
acceptance @. As to the workspace restrictions due to limited strut
lengths have been considered based on geometrical properties of the
workspace “» @, Other important constraints, such as joint angles and
avoiding strut collisions were integrated into workspace modelling to
verify the trajectory within the workspace ©.

In this paper, with intension of construction machine design,
geometrical analysis for computing the workspace of 6DOF Stewart
manipulators is presented using inverse kinematics when only the
constraints on the strut limits are considered. In practice, the workspace
producing large range of orientation can be regarded as being useful;
hence the workspace has been examined for desired orientations with
large rotation angles of the platform. In the workspace analysis 2D
plots of boundary curves in XY plane are used to.construct the whole
workspace. To confirm the real-time visualization of the workspace and
to understand the motion capabilities of a prototype machine, an
application module is developed which simultaneously displays
motions and workspace of the manipulator in 3D images. Since the
motion and the workspace are too complex to gain an immediate
understanding of their correlation, the module may be useful to create
the spatial motion of the virtual prototype machine and estimate a real-

time workspace boundary.
2. Workspace Analysis

2.1 Kinematics of the Parallel Manipulator

The workspace of the parallel manipulator can be described as the
set of all spatial coordinate points of the center of the platform with a
given orientation of the platform. The workspace of parallel
manipulators is limited owing to three types of constraints: 1)

prototype (Fig.1) has no mechanical limits on joints and interference
between links within the range in the length of cylinders. Hence, the
geometrical analysis for computing the workspace will be described
when only the length limits of cylinders are considered.

Fig.1 Stewart platform-based manipulator

The parallel manipulator, whose design is based on the Stewart
Platform mechanisms, comprises a platform, six cylinders and a base.
Six cylinders, each of which is composed of a hydraulic actuator
(Fig.2), link the platform and base together. Driving the servo to
shorten or extend cylinder lengths produces motion of the platform.

Figure 3 illustrates the diagram of the link-space control scheme

Serva valve

Fig.2 Hydraulic actuator
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(semi-closed) of the manipulator. The 6 DOF reference is transformed
into desired cylinder lengths using inverse kinematics, which is
compared with the cylinder lengths measured by LVDT sensors. The
proportional scheme controls the servo valves (Fig.2).

This section will use vector algebra to attain a closed-form solution

for the inverse kinematics.

B-AH MT JeIUIN T2 e P S R S S

The inverse kinematics of the parallel manipulator can be formulated
so as to determine the required cylinder vector for a given orientation
of the platform with respect to the base. Figure 4 shows that two
coordinate frame {A} and {B} are assigned to the platform and the
base of the manipulator, respectively. The origin of frame {A} is at
the centroid O’ of the platform, while the frame{B} has its origin at the
centroid O of the base. The pose of the platform is specified by rotation
of frame {A} and the position of the centroid O’ with respect to the
frame {B}. We proceed to consider the vector diagram for the i-th
cylinder given in Fig.5. The position of the centroid O’ is represented
by vector R=(x, y, z)" with respect to frame {B}. Furthermore, if vector
Al describes the position of the attachment point of the cylinder on the
platform with respect to frame {B}, and vector Bi the position of the
attachment point on the base, then the cylinder vector and its Euclidean
norm expressed with respect to frame {B} can be computed by

l; =A,, T+R-B; (1a)

L; =[lti|=|AmT+R-B;] (1b)
where Aim describes the attachment point of the cylinder on the
platform relative to frame {A} and T represents the orientation matrix
of the platform which can be expressed with roll-pitch-yaw angles as

¢, 6 ,and@ by

1 0 0 \/cos@ 0 -sin@\/ cosp sing O
T=|0 cos¢ sing 0 1 0 -sing cosgp O 7))
0 -sing cos¢/sinf 0 cosé 0 0 1

Equations (la) and (1b) represent the closed-form solution to the
inverse kinematics problem in the sense that required cylinder length
Li={L} (i=1,2...6) can be computed to yield a given pose of frame {A}.

2.2 Numerical Methods

The solution of the inverse kinematic problem developed above can
be used to describe the workspace of the parallel manipulator. If the
mechanical interference is neglected, the boundary of the workspace is
attained whenever at least one of the cylinders reaches one of its limits.
If the range of motion of the cylinders given by Eq. (1b) satisfies

Lmin < Li< Lmax, i=1,2...6 3)

then vector R can describe the workspace for a specified platform
orientation. A section of the workspace can be obtained on planes
parallel to the xy plane as show in Fig. 6.

For a xjy; plane with z=z;, vector R (i, j) is defined in the form
R(@, j) = (1 cosay,1; sina,Z; +Ry) 4)

where I; and Q; are treated as a polar coordinate, and Ry is the
distance between O-O’ when the pose of the platform is neutral
position. The process of searching the boundary of workspace on Xx;y;
plane is accomplished by rotating the radius I; for every finite
interval: 0 < a; =< 27, and Z min = Z]- <7Z

(2), and (4). The algorithm is the following. Taking a polar angle Q] in

max using relations (1b),

the section and drawing a polar line I; , the intersection point between
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the line Ij and the boundary curve of the workspace in this section can
be obtained.

Fig.6 Determination of the boundary in xy plane

2.3 Geometric Description of the Workspace
The required cylinder lengths can be directly computed from Eq.
(1b) for given values of the position of joints on the base and on the
platform, and for prescribed values of a pose of the platform. If the
range of motion of the cylinders is given by
Lmin = Li = Lmax ®)
then the boundary of the workspace can be obtained geometrically as
set of points with L; =L . or L;=L
concentric spheres of radii L ;; and L, . Hence, the workspace

max Which represent

of the parallel manipulator can be described as the intersection of 6
regions, so each of these regions is the difference of two concentric
spheres. If we desire to find the section of the workspace on a plane
parallel to the xy plane defined as z=z; (z-level cutting plane), then the
regions will be 6 pairs of concentric circles. The position of the centers
of the circles will depend on the orientation specified for the platform
and on the joint positions.

The workspace of the manipulator shown in Fig.1 will now be
studied. Its geometric properties are summarized in Tablel.

Table 1 Geometric properties of the prototype manipulator
(all length are given in mm)

(221.4, 40.0, 50.0)T
(-76.0, 211.7, 50.0)"

Ay | (119.8127.5, -60.0)" B;

A; | (505, 167.5, -60.0)" B,

A; | (-170.3, 40.0, -60.0)" | B; | (-1453, 171.7, 50.0)7

A | (170, -40.0, -60.0)T | B, | (-145.3, -171.7, 50.0)"

As | (505, -167.5, -60.0)" | Bs | (-76.0, -211.7, 50.0)T

As | (119.-127.5, -60.0)T Bs | (2214, -40.0, 50.0)T
Lnax | 353.0 Lanin | 255.0

Figures 7, 8, 9 and 10 depict the trajectories of six cylinders in z-
level cutting planes (z=0), (Fig. (a)) for reference orientations, as well
as the corresponding workspace boundaries for various z-level cutting
planes (Fig. (b)). Figures 7-10 (a) indicate how each of the lower and
upper limits of the cylinder lengths contributes the workspace

boundaries,

L2
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Fig.11 Comparison between calculation and measurements

(roll: ¢ =10°)

depending on the orientations of the platform. Since all the inner and
outer regions of the circular arcs defined, respectively by
Li,,, and Li
the circular arcs located inside all the internal ( Li

min » comprise the reachable space (the enclosed areas),

max ) and external
circles ( L, ) constitute the boundary of the workspace.

It is noted that the boundaries of the workspace are depend only on
circular arcs of sixL,,'s for the three reference orientations, except
one (Fig.8 (a)) where the outer circular arcs of L5_;, contributes the
boundary of the workspace. On the other hand, the level curve of the
workspace boundary away from neutrality level (z=0) varies in shape
and area, due to the constraints of lower limits of cylinder lengths
Li i, (Figs.7-10 (b)).

Figure 11 shows the workspace on z-cutting planes as platform rolls
at@ = 10° in comparison with the measurements. In experiments, the
working points were measured by PSD camera that scans the
displacement of z-level as the platform rolls, and the agreement
between the calculation and measurement is good. In view of the
preceding discussion this geometrical treatment has advantages, in
terms of convergence and solution tolerance, over the conventional
approach® that uses iteration technique to compute the workspace
boundaries. Since the workspace and motion of the manipulator are too
complex to gain an immediate understanding of their correlation, we
develop an application module in Visual Basic environment, which
simultaneously displays the motions and its workspace of the parallel
manipulator in 3D images.

3. 3D display of workspace of manipulator
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3.1 Construction of 3D display program system

The above presented algorithms for estimating the workspace of the
parallel manipulator were first implemented in the C++ (VC++)
programming language and tested to graphically display the motion and
workspace using OpenGL.

DLLFile
(Main Program)

Text Box

Reference Pose Analysis Scroll motion
Geometry Camera Position
information

Camera Posture

Timer Function
Sampling frequency

J:> Draw 3D

‘ Picture Box
| | 3D images Ouput |

Fig.12 Main modules of Application

The program was then defined as DLL function that executes the
operation shown in Fig.12. The DLL was incorporated and declared
into the Visual Basic (VB) program as a visualization tool that
simulates the motion of the mechanism and displays its workspace
simultaneously. The procedure followed to obtain a real-time
workspace and the spatial movement of the parallel manipulator is the
following. For a set of pose of the 6 degree-of-freedom, i.e.,
(x,,¥,,2,,9,,0,,9,), fist the reference vector R (Eq. (4)) will
generate the cylinder vector, the configurations of the platform and the
cylinder.

Then the workspace vector R successively calculates the arbitrary
point on z-level cutting plane that satisfies the constraint conditions
under the same set pose. The new configuration of the mechanism
corresponding to the point R will be created for the graphical
presentation on the picture box of VB. This computation process has
been ported to the VB environment for a real-time coordination of

workspace and spatial movement of the mechanism.

3.2 Details of processing 3D-workspace display

It is obvious from experiments that the actual workspace of the
manipulator constitutes smooth surfaces. In analysis, the workspace
vector R is estimated for the discrete values of rotation angle o and z
level, i.e., Aa and Az, which results in discrete vector R (i, j). To
construct the smooth surface of vector R whose coordinate is given
by Xijs Vij 1 Zij » tWO triangle planes and are generated for the vectors R
@, j), R (4, j+1), R (i+1, j+1), and R (i+1, j), as shown in Fig.13. The
corresponding OpenGL commands are given in the following listing

code.

PROGRAM LISTING
// drawing of triangle i
glBegin (GL_POLYGON);




%425 (2009461 B)

glVertex3d (xy, vy, zij);
glVertex3d (Xis1,j4+1,Yis Ljs 1, Zis15j+1);
glVertex3d (Xis1,j, Yien),Zie1si);

glEnd ();

// drawing of triangle

glBegin (GL_POLYGON);
glVertex3d (xy, vy, zij);
glVertex3d (Xij+1,Yije1,Zij+1);
glVertex3d (Xiv1je1,Yistj+ 1,Zi+1j+1);

glEnd ();

R, j+1D) R(+1,7+1)

R, j) R@{+1, )

Fig.13 Surface triangular planes

Figure 14 shows the main screen developed with OpenGL
technology for the 3D visualization of the workspace. The main
function of this system is summarized as follows:

1) The main screen for 3D display was designed with VB that
facilitates inclusion of controls. The screen displays the 3D workspace
and includes the control for data settings, where design parameters such
as platform geometry and cylinder location as well as the 6DOF poses
of the manipulator can be easily set.

2) The display screen can be turned on and off at every 0.01s using PC
with clock 2.8GHz, which provides enough speed to view the variation
of workspace and continuous motion of the platform in a lifelike virtual
reality environment. At the same time, 6DOF poses can be read in
screen when the workspace is displayed in real time.

3) The generated 3D workspace can be rotated around the 3 axes, and
translated in perspective for better visualization of the details by
scrolling mouse (Mouse Button Application).

Figure 15 shows an example view of workspace in 3-view mode
when the platform is set at the neutral position.

DB

Fig.14 Main screen
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Figure 16 shows the effect of the platform pose on the workspace of
the parallel manipulator under study. For a neutral position, the
maximum cylinder lengths mainly define the upper half of the
workspace, while the middle section of the workspace is free from the
joint angle limits, and the bottom of the workspace is defined by
minimum cylinder length. Figures 16 (a-1)-(a-2), (b-1)-(b-2), and (c-1)-
(c-2) show the reduction of the workspace as the platform rolls, pitches,
and yaws from 5 to 10 degrees, respectively.

The general shape is similar to the neutral pose, but the bottom
section of the workspace is reduced considerably and the vertices
disappear at bottom with increase in platform posses. Since the
movement of the working point of the manipulator occurs in 3D space,

the boundary of the accessible workspace is a 2D surface.

(a)View of side  (b) View of bottom  (c) View of top
Fig. 15 View of workspace

(a-2)f=10°

(b-2)6=10°

(c-1)y=5°

(c-2)y=10°

Fig. 16 Effect of platform pose on the workspace configurations
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4. Conclusions

The inverse kinematics for the workspace analysis of parallel
manipulator has been formulated, and a geometrical algorithm to
evaluate the workspace has been developed using search vector and
trajectories of cylinders on the z-level cutting plane that precisely
define the workspace boundaries. The workspace constraint is
formulated in terms of the cylinder length, with the mechanical
interference, such as angular limits and collision between links,
neglected. Workspace plots show that as the platform orientation
increases, the overall workspace decreases. And comparison of the
numerical search with the measurements showed good agreement. Also,
this numerical search method to generate workspace, together with
mechanism motion developed, is generic to be applied to other parallel-
serial manipulator if the geometry of the machine, such as construction
machines, is available. To provide design efficiency this computation
process has been ported to VB environment for a real-time coordination
of workspace plots and the movement of the mechanism.
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