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Abstract: - This paper presents a fully decoupled parallel 2-DOF spherical mechanism, named HEMISPHERE.
First, the design idea is introduced based on a general 2-DOF spherical mechanism. Then, a practical
architecture is presented, which employs only two kinds of 1-DOF kinematic pairs: revolute joint and prismatic
pair. Next, following the discussion about the limitation from the friction circle of the revolute joint, the
modified mechanisms are given, which can provide a hemisphere workspace.
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1 Introduction

A typical parallel mechanism consists of a moving
platform, a fixed base, and several kinematical chains
(also called the legs) which connects the moving
platform to its base. Only some kinematical pairs are
actuated, whose number usually equals to the number
of DOFs that the platform possesses with respect to
the base. Frequently, the number of legs equals to that
of DOFs. This makes it possible to actuate only one
pair per leg, allowing all motors to be mounted close
to the base. Such mechanisms show desirable
characteristics, such as large payload and weight
ratio, large stiffness, low inertia, and high dynamic
performance. Though, compared with serial
manipulators, the disadvantages include lower
dexterity, smaller workspace, and more seriously,
singularity, by which the functioning of the
mechanism is disruptive.

In the past two decades, parallel mechanisms

with fewer than 6-DOF have attracted much attention.

These mechanisms have the advantages of simpler
architecture and lower manufacturing cost. In
particular, parallel spherical mechanisms allow the
platform to rotate around a fixed point and may be
used to orient an object. The object may be a
telescope, an antenna, a solar panel, a camera, a tool,
the end-effector of a robot, a human or humanoid
artificial limb, and etc.

Spherical mechanisms may take various
configurations. Some of them use spherical
architectures, in which only revolute joints are used

and their axes intersect at a common center point; as a
result, the moving links constitute paths located on
concentric spherical surfaces [1-6]. Others use
dissimilar architectures, in which the links do not
need to move along any spherical surfaces. They only
require that the constraints imposed by the legs on the
platform provide a fixed center of rotation. This kind
of design can achieve the benefit of being able to
choose leg topologies in a large range [7-12].
Another possible scheme uses an additional spherical
pair which physically connects the platform to the
center of rotation, so the legs do not have to provide
any constraints which can give the platform a fixed
center. As a result, the legs can be freely designed
[13-16]. However, most of these configurations have
coupled motion among the orientations of the moving
platform. In fact, little research has been reported on
the study of rotational decoupling [17-20], while
much more research concentrate on the translational
motion decoupling [21-31]. Besides, the workspaces
of the above mentioned parallel spherical
mechanisms are usually smaller than a hemisphere,
which may limit the application area.

This paper focuses on the decoupled synthesis of
2-DOF spherical mechanism. The interest for this
case is justified by the fact that, in many applications,
a 2-DOF orientation device is sufficient. A typical
application is the positioning of solar panel. In order
to facilitate the control (tracing the sun), a decoupled
mechanism is highly desirable.

The paper presents a fully decoupled parallel

2-DOF spherical mechanism, named HEMISPHERE.
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A model of prototype is also presented to show one of
the realizable types of structure. The rest of the paper
is organized as follows. Section 2 studies the general
idea of the decoupled 2-DOF spherical mechanisms.
Section 3 presents the improved architectures.
Section 4 analyzes the kinematics of the improved
mechanism. Finally, Section 5 draws the conclusions.

2 A Study on The General Idea of A
2-DOF Spherical Mechanism

Figure 1 illustrates the general geometry of a
decoupled 2-DOF spherical mechanism. The moving
platform is anchored to the base by two legs. A leg
consists of two revolute joints, R, and R,, whose axes,
z; and z,, intersect at point o and connect to each
other perpendicularly; so the value of « is m/2. The
other leg consists of a prismatic pair P, a spherical
joint S and a revolute joint R;. The prismatic pair P
and the revolute joint R, are mounted on the base, and
the moving direction of the prismatic pair P is
parallel to the axis of R,. The spherical joint S is
mounted on the prismatic pair P, and the rotation
center of S is just on the axis of R;. The two revolute
joints, R, and R;, are mounted on the moving
platform and their axes are parallel.

Moving platform

Seeing from z,

Fig.1: Illustration of a general spherical mechanism

Suppose that the input parameters, g; and g,
represent the angular displacement of the revolute
joint R; and the distance from S to the axis of R,
separately. They are driven by a rotary actuator and a
linear actuator. The pose of the moving platform is
defined by the Euler angles 6, and & of the platform.
When the value of ¢; changes and ¢, holds the line,
only @, alters. On the other hand, when the value of ¢,
changes, only & changes. So, ¢ and 6 are
independently determined by ¢; and ¢, respectively,
i.e., one output parameter only relates to one input
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parameter. In other words, the platform rotations
around two axes are decoupled.
Let e be the distance between the axes of R, and

R3, m be the distance from center of S to the axis of R;.

Also suppose that, axis z; is through the point o and
always perpendicular to the plane of z;-z; and

moreover, define the value of &, is zero whenever

the axis of R; is on the plane of z;-z,. Then the
coordinates of S and R; for the axes z; and z; are

{ S(z,,2;) =5(4,,0) 0

R,(z,,2z;) = R;(ecosB,,esinb,)

The displacement relationship between input and
output is:

=0
{ q, 1 2

(g, —ecos@,)’ +e’sin’ O, =m’

Taking the derivative of equation (2), it follows that

{ﬂ =J1P} 3)
9, 0,

Where,
1 0
J= 0 eq, sin6, 4)
e-cosb, —q,

Furthermore, applying the principle of virtual work
to equation (2), we get

T
S 1,
Where, T; is the output torque of the platform, f; is the

input torque for R; and the input force for P,and j=1,
2.

3 Improved Architecture To Get Real
Hemisphere Workspace

There exist some workspace limitations in the
mechanism shown in Figure 1. One of the limitations
is that the workspace of 6, can never reach 27 ,

which is caused by the movement confines of the
base. The link of SR; may be blocked by the base
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while the rotation of R;. To overcome this
shortcoming, we introduce a new architecture as
shown in Figure 2.

The main modification of the new architecture is
that a through hole is added to the center of the
revolute joint Ry, so the prismatic pair P can be set in
the center of the hole and rotates with R;. As a result,
none interference exists while the rotation of R;. It is

clearly that the workspace of 6, canreach 27 . Also,

as the prismatic pair P rotates with R, the spherical
joint S can be replaced by a revolute joint R,.

Moving platform

Seeing from z
&, > g fromz,

Fig.2: New architecture

Fig.3: Workspace of 6, limited by friction circle of
Ry

The other limitation of the mechanism is caused by
the friction circle of R,. This limitation can be
described by Figure 3, from which we can see that the

work space of 6, satisfies
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02min < 02 < 02max (6)
Where 6, . and 6, are the minimum and the
maximum boundaries, which can be simply
calculated based on Figure 3 as follows
0, .. = arcsin e >0 (7
e\/,o2 +(e' —p* +m)
2 2
m—ie —
Ox = arctan V¢ "2
Yo,
— ®)
+ arctan _P <2r
o

It means that the workspace of the mechanism can
not reach a hemisphere. Clearly, this is not desirable.

In fact, because the workspace of 6, is [0, 27], the
mechanism workspace can reach a hemisphere only
if the workspace of 6, is chosen [0, 77/2] or [7/2, 7].

So there exist two methods to get a hemisphere
workspace.

P % P
z, z,
Fig.4: Two methods to modify the boundaries of &, :
@8a,,,=0,b0,. =27

min

Figure 4 shows the critical instances for both of
them; each one uses the similar technique to offset
the axis of R, from the axis z;. Let n denotes the axis
offset of R4 (or the length of ARy), and n. is the special
value of n for the critical configurations as shown in
Figure 4, then n should be chosen as
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n>nc:m—p 9

e

Using this technique, a hemisphere work space can
be obtained.
The improved architectures are shown in Figure 5

and Figure 6, in which the workspace of 6, includes

the area of [0, /2] or [ /2, x] separately.

Moving platform

Seeing from z,

Fig.6: The improved mechanism for 6, € [7 /2, 7]

A prototype model of the mechanism for the
condition of @, €[0,7/2] is designed. Figure 7

shows the outline picture of this model. In this design,
one leg is actuated by a servo motor through a tooth
belt; while the other leg is actuated by the other servo
motor through a ball screw, which converts the
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rotational movement into the translational one. Both
motors are fixed on the base. Besides, another
revolute joint Rs is added to connect the prismatic
pair with the nut of the ball screw.

Servo motor

Fig.7: The prototype model for 8, €[0,7 /2]

4 Kinematics analysis

The coordinates of R; are the same in both
mechanisms in Figure 5 and 6, which are

R,(z,,2z;) = R;(ecosB,,esinb,) (10)

While the coordinates of R, are different, but can be
expressed in a uniform type as the following
equation.

R,(z,,z,)=R,(q,,%n) (11)

Where, “+” is chosen for the design in Figure 6, while
“-” for the design in Figure 5. Then the displacement
relationships between input and output parameters
are:

9, =6,
(g, —ecosd,)’ +(tn—esind,)’ =m’ (12)

Taking the derivative of equation (12) and applying
the principle of virtual work, we can find that
equation (3) and (5) still hold, but J becomes
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1 0

J= 0 tnecosd, —eq, sinf, (13)

q, —e-cos0,

5 Conclusions

In this paper, a fully decoupled parallel 2-DOF
spherical mechanism, named HEMISPHERE, is
presented. This mechanism has a number of
advantages including (a) the ability to position the
payload at the geometric center of rotation thereby
reducing inertia; (b) high stiffness enabling the use of
high angular velocity and acceleration for orientating
large payloads; (c¢) decoupled geometry making the
kinematic calculation very simple; and (d) relatively
large outward workspace (a hemisphere without
singularity) and large internal free space for payload
orientation. It is expected the new mechanism would
find many applications.
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