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Abstract. All joints of the serial mechanism are active ones, while only some
joints are active ones for the parallel mechanism. Thus, there is a variety of drive
configurations with different active joint selections. Drive configuration will
affect the performance of parallel mechanism and the effect deserves further
study. A planar 5R parallel manipulator with the capability of adjusting drive
configurations in real time is proposed in this paper. Based on the deduced
Jacobian matrices, performances of the SR parallel manipulator are analyzed,
considering three symmetrical drive configurations. Typical kinematic perfor-
mance indices, such as local conditioning index and kinematic manipulability,
are adopted to give a complete illustration of the performance variation. Then,
the optimal adjustment of driven configurations is proposed and studied, con-
sidering local conditioning index. Simulation results reveal that the performance
of the 5R parallel manipulator improves obviously through the reasonable
combination of different drive configurations in the workspace. The drive
configuration adjustment proposed in this paper provides a novel potential way
to enhance the comprehensive performance of the parallel mechanism.
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1 Introduction

Mechanisms can be divided into two categories: serial and parallel mechanisms. Serial
mechanisms consist of drive joints with single degrees of freedom (DoFs). Each joint is
an independent active joint. Joints are connected serially, and only a kinematic chain
links the framework (base) and the terminal (end effector). The parallel mechanism is
recognized as a significant complement to the serial mechanism because of the
closed-loop kinematic chains in its structure [1, 2]. Parallel mechanisms are usually
composed of a base and an end effector, which are connected with at least two identical
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kinematic chains (branches) [3, 4]. Some joints are active ones, and passive joints that
result in multiple available drive configurations exist. To reduce the mass and inertia of
moving parts, the joints near the base are usually selected as active ones [5]. Studies on
the performance analysis and optimal adjustment of different drive configurations are
limited. However, drive configuration obviously affects the performance of parallel
mechanism [6] and deserves further study.

Planar SR parallel mechanism is preferred for the initial study of the parallel
mechanism field because it possesses the advantages of simple structure, large work-
space, good flexibility, absence of singularity in the reachable workspace [7], and easy
control. For example, Zhang et al. [8] completed the theoretical and experimental
research on the trajectory planning and kinematics simulation of the SR mechanism.
Ouyang et al. [9] performed dynamic analysis and studied the locomotive simulation
problem of the SR mechanism. Liu et al. [10—12] discussed the kinematics, singularity,
and workspace of the SR mechanism in detail. In general, the existing research on 5SR
mechanism covers position analysis, workspace, assembly pattern, singular research,
dynamic analysis, and so on [13—-16]. However, the research on the performance
changes in different drive configurations is limited. By adding a facile transmission in
the planar SR mechanism, the real-time and flexible adjustment of drive configuration
can be achieved without any change in the mass and inertia property of the mechanism.
Variable drive configurations provide new possibilities for the performance improve-
ment of the parallel mechanism and lead to new questions. How will the drive con-
figuration affect the performance of parallel mechanism? How can the drive
configuration be adjusted to achieve performance improvement? This study focuses on
these questions.

In the process of analysis and optimal design, several indices, which are mainly
kinematic indices, are inevitably adopted to illustrate the performance of the parallel
manipulator [17]. The number of conditions in the kinematic Jacobian matrix is
acknowledged as a comprehensive kinematic performance index and has been used by
several researchers for optimum design. In addition, kinematic manipulability is also
widely used as the supplement. The local conditioning index (LCI) was proposed by
Gosselin and Angeles and has been used to evaluate the output isotropy of the parallel
mechanism [18-20]. Yoshikawa defined the kinematic manipulability of a robot and
analyzed the velocity transmission of the mechanism [21]. LCI and kinematic
manipulator are adopted in this study to demonstrate the kinematic performance of the
5R parallel manipulator in different drive configurations.

The remainder of this paper is organized as follows. In the next section, the SR
parallel mechanism with variable drive configurations is introduced in detail, and the
kinematic analysis is discussed. In the third section, the kinematic performances of the
SR parallel mechanism are illustrated and analyzed. LCI is taken as an example to
verify the effect of performance improvement on the SR parallel mechanism consid-
ering drive configuration adjustment. The conclusions drawn in this study are enu-
merated in the last section.
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2 5R Mechanism with Variable Drive Configurations

2.1 Research Object

The virtual prototype of our object is shown in Fig. 1, which is actuated with two sets
of AC servomotors and reducers. The basic structure is a planar SR parallel mechanism,
and the kinematic model is illustrated in Fig. 2. Two RRR branches exist (R represents
revolute joint). In each branch, rod A;B; (i = 1, 2) and rod B;P are connected directly by
the revolute joint B;, and rod A;B; is attached to the static framework with revolute
joint A;. The two branches connected by revolute joint P, which is also the end effector.
To facilitate further analysis and description, the base coordinate system O-XYZ is
located at the center of A;A, with the X-axis pointing toward point A,, and the Y-axis is
perpendicular to line A;A,. The geometric relations are defined as follows. OA;| =
OA; = ry. The lengths of rods A;B; and B;P are r, and r3, respectively. m; and n; are the
unit direction vectors of rods A;B, and B,P, respectively. 6; is the angle between vector
m; and the positive direction of the X-axis, while ; is the angle between vectors m;
and n; In this paper, vectors and matrices are in bold italics, while variables are in
italics. The branch number is illustrated with the corresponding subscripts.

Fig. 1. Virtual prototype. Fig. 2. Kinematic model.

Figure 3 illustrates the detailed structure of the branch. To adjust the drive con-
figuration, the mechanism is equipped with the extra transmission system. The drive
unit (servomotor and reducer) is attached to a cabin, which connects the static
framework and the rod A;B; through electromagnetic clutches I and II, respectively.
The power output shaft of the drive unit connects rod A;B; and pulley 1 with clutches
III and IV separately. Pulley 2 is attached to rod B,P as shown in the figure. The timing
belt is adopted to transfer the rotation between two pulleys. The four clutches above are
coaxial with joint A; and pulley 2, while pulley 1 is coaxial with joint B;. The clutches
are controlled with the voltage signal, and can achieve real-time online control, which
implements the power transmission path change and drives configuration variation.

When clutches I and III clasp (clutches II and IV release), the drive unit is
equivalently fixed to the static framework, and the output shaft drives rod A;B; to rotate
around joint A;. Then, joint A; becomes the active joint and the drive angle is 0;, which
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Fig. 3. Detailed drive structure of the branch.

is called branch drive mode 1. If clutches II and IV clasp (clutches I and III release), the
drive unit is attached to rod A;B; and the output shaft connects rod B;P through clutch
IV and the belt system. In this situation, the drive unit is equivalently installed in joint
B;, the branch is driven by revolute joint B; with drive angle y/;, which is called the
branch drive mode 2. In addition, when clutches I and IV clasp (clutches II and III
release), the drive unit is fixed to the static platform and the output shaft is connected to
rod B,P through clutch IV and the belt system. This is the branch drive mode 3, and the
drive angle is 0; — ;. To preserve the symmetrical characteristic of the 5R parallel
mechanism, this study considers drive configurations I, II, and III when both branches
successively employ branch drive modes 1, 2, and 3.

2.2 Kinematics Analysis

The kinematic analysis of this section focuses on deducing the Jacobian matrices under
three drive configurations. According to the kinematic model in Fig. 2, the vector chain
equation can be expressed as

P = W+ rom; +r3n;, (1)

where g; is the position vector of point A,.
The above equation can be simplified as

0, —Cy++/CZ—(CE—C3)
tan — = i i 2] o)
) Cs— Cn @

In addition, Cjj = —2r(p —u) -ky, Co=2(=1)'r(p—pu) -k, and Cj3 =
p- yi)2 + 73 + 13 ky and k; are the unit direction vectors of the X-axis and the Y-axis,
respectively. According to the assembly pattern of the SR parallel mechanism, the
positive and negative signs in Eq. (2) can be determined. Then, the inverse position
solution of drive configuration I can be deduced as
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(3)
When the position vector p of the moving platform is provided, vector n; can be
deduced with Eqgs. (1) and (3). At the same time, vector r; can be expressed as

mi = [(=1)"eos(6; —y)) sin(0i— ;) 0] )
Input angle 1,01 which is also the inverse position solution of drive configuration II,
can be derived as

W; = 0; — arcsinn;(2), (5)

where n;(2) is the second element of the n; vector.
By sorting Eq. (5), 0; — y; can be obtained, which is the inverse position solution
of drive configuration IIl. Taking the derivative of Eq. (1) with respect to time yields

p = rali(ks x m;) + r3 (9i — !//i) (ks % n;), (6)

where p is the velocity vector of the moving platform. 0;, x/}i and 0; — l.ﬁi denote the
input angular velocities of drive configurations I, II, and III, respectively.

By taking the dot product of both sides of Eq. (6) with n;, rom; + r3n;, m;, the
following are respectively derived:

T T
n . n, }
b

JI - |:7‘2(m1 X I’l]) ~k3,7‘2(M2 X nz) -k3

(7)

J, = —(romy +r3ny)" . —(ramy + r3mp)"
2 = )
r3[n1 X (rzml +r3n1)} ks ’r3[ni X (r2m2+r3n2)] ks

)
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J‘ = 9
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Finally, we derive J;, J>, and J5, which are the Jacobian matrices of drive con-
figurations I, II, and III, respectively. In the following section, the following dimension
parameters are adopted: r; = 0.55 m, r, = 0.8 m, and r3 = 1.6 m.

3 Kinematic Performance Analysis

31 LCI

As deduced in the previous section, the Jacobian matrix is the mapping between the
input and output velocities. The LCI of the parallel mechanism is defined based on the
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Jacobi matrix, which is adopted to describe the isotropy degree of the output velocity
under a certain position. The number of conditions of the parallel manipulator can be
described as

= O'max7 (10)

Omin

where op,x and oy, are the maximum and the minimum singular values of the
Jacobian matrix, respectively. Thus, 1 <k < . The LCI is defined as the reciprocal of
the number of conditions of the Jacobian matrix. Therefore, when LCI = 1, the
mechanism is isotropic. A large LCI value ensures a good control accuracy.

The LCI value distributions of the SR mechanism with different drive configura-
tions are illustrated in the reachable workspace, as shown in Fig. 4. From these figures,
we know that:

(1) The drive configuration has an obvious impact on the LCI value distribution of the
5R parallel mechanism. In general, large values are in the center area for sym-
metrical drive configurations. This area is slightly low for configuration III.

(2) The maximum LCI values for drive configurations I and III are similar and
nearly 1. However, the maximum LCI value for drive configuration II is signif-
icantly less. The average value of the LCI for drive configuration I is the largest
among the average values of the configurations.

(3) Noticeable differences can be observed between the LCI distributions of drive
configuration I and II. The SR mechanism can improve the LCI value distribution
and the isotropic performance by properly transforming the drive configurations in
the reachable workspace.

3.2 Kinematic Manipulability

The product of the singular values of the Jacobian matrix defines the kinematic
manipulability index. For the planar 5R parallel mechanism, the kinematic manipula-
bility index can be written as

I'=\/det(JJ") = \/\1J2 = 6102, (11)

where ¢ and o, are the singular values of the Jacobian matrix. 4; and 7, are the matrix
eigenvalues. Kinematic manipulability is a local performance index, which indicates
the velocity transmission characteristics of the mechanism from the active joints to the
terminal. A large kinematic manipulability index value ensures a good high-speed
feature and an improved velocity amplification ability for the mechanism under the
position. Therefore, a high output velocity can be obtained with the same input
velocity.
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Fig. 4. The LCI value distribution.

The value distributions of the kinematic manipulability index for the planar 5R
parallel mechanism are illustrated in Fig. 5. The comparative analysis of these curves
indicates the following:

(1) Drive configuration significantly affects the value distribution of the kinematic
manipulability index of the 5R parallel manipulator. Generally, the index values
of drive configuration I are the smallest, while the index values of drive config-
uration III are the largest.

(2) In the value distribution of the index, the large values of drive configurations I and
IIT are in the workspace center, while the large values of drive configuration II
appear on both sides.

In all, the performance of the planar SR parallel manipulator varies significantly
with the drive configuration. In drive configuration I, the manipulator possesses the
best isotropic property, while the best kinematic manipulability is acquired in drive
configuration III. Drive configuration II is moderate in all. In addition, the performance
of the parallel mechanism could be further improved by adjusting the drive configu-
ration in the workspace appropriately.
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Fig. 5. The value distribution of the kinematic manipulability index.

4 Drive Configuration Adjustment

In this section, the kinematic performance improvement of the planar 5R mechanism is
verified with the LCI, considering the drive configuration adjustment. The simulation
parameters are given as r; = 0.55 m, r, = 1.24 m, and r; = 2.34 m. The LCI values in
the reachable workspace are divided into five ranges. Figure 6 illustrates the area ratios
of the LCI value ranges in four drive configurations, namely I, II, III, and the
adjustment. Figure 7 shows the adopted drive configurations in the reachable work-
space for the drive configuration adjustment. Drive configurations I and III are adopted
in most of the reachable workspaces.

The comparative analysis in Fig. 6 shows that kinematic performance can be
improved by adjusting the drive configuration. For example, the area ratios of the LCI
value > 0.8 for drive configurations I, II, and III are 19%, less than 1%, and 12%,
respectively. The area ratios of the LCI values that are greater than or equal to 0.8 under
the drive configuration adjustment achieves 24%, which is better than any single drive
configuration. At the same time, the area ratio of the LCI value below 0.6 under the
drive configuration adjustment is reduced to 39%. Drive configuration adjustment is a
potential way to improve the performance of the parallel mechanism.
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Fig. 7. Configuration distribution of the drive configuration adjustment.

5 Conclusions

Kinematic performances of the planar SR paralle] mechanism under three symmetrical
drive configurations are studied in the reachable workspace by adopting the LCI and
kinematic manipulability index. The influence of drive configurations on the kinematic
performance is illustrated and analyzed. Drive configuration adjustment is proposed as
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a potential way to improve the performance of the parallel manipulator, and the sim-
ulation verification is given. Specific conclusions are as follows:

(1) By introducing the timing belt system and clutches, the planar symmetric SR
parallel mechanism is proposed, which can realize the real-time change of drive
configurations. The Jacobian matrices for the SR parallel mechanism are deduced
under drive configurations I, II, and III.

(2) Drive configurations affect the mechanism performance significantly. Under drive
configuration I, the SR manipulator possesses the best isotropic property, while
the best kinematic manipulability is acquired in drive configuration III. And, drive
configuration II is moderate.

(3) Taking the LCI as an example, the effectiveness of the drive configuration
adjustment to performance improvement is verified with numerical simulation.
The drive configuration adjustment is a potential method to improve the perfor-
mance of the parallel mechanism.

(4) More drive configurations will be analyzed in the future, and the optimal design of
the SR parallel mechanism will be studied considering the drive configuration
adjustment.
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