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ABSTRACT

KEYWORDS This paper highlights,

various applications of parallel manipulator having

multiple degrees of freedom (DOF). Parallel manipulators are used in various
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Industry.

fields

such as industry, space, medical, fusion reactor, and virtual reality.
Here the focus is given to nuclear fusion applications. A review of kinematic
analysis and dynamic analysis has been described. Also, there is a discussion
on the use of a flexible joint to increase the performance of the system.

1. Introduction

The parallel manipulator is a closed-loop
structure used for the manipulation of end-
effector. It has a fixed and mobile platform
(end-effector) are connected with each other
by at least two or more kinematic chains.
Kinematic links are connected using universal
joint, revolute joint, spherical joint or prismatic
joint. These links control the position and
orientation of the mobile platform. In 1954,
Gough developed six DOF parallel manipulator
with hydraulic jack for universal tire testing
machine. In 1962 parallel mechanism was
designed by Willard LV. Pollard for automatic
spray painting. The mechanism had five DOF,
namely three positions and two rotations.
In 1965, a paper was published by Steward on
six DOF parallel platform for flight simulator
(Merlet, 1993).

2. Classification of Parallel Manipulator

The parallel manipulator is categorized according
to their nature of motion in three categories.

Parallel Manipulator
|

| |
Planar Spherical Spatial
1. Planar parallel manipulator: The parallel

manipulator in which kinematic links are on
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the same plane is defined as a planar parallel
manipulator. It has a maximum of three
degrees of freedom.

2. Spherical parallel manipulator: In spherical
parallel manipulator, kinematic links are in
the curve shape and motion of the mobile
platform is controlled spherically. It has three
degrees of freedom.

3. Spatial parallel manipulator: In spatial parallel
manipulator, the mobile platform is moved
in space with respect to the fixed platform.
The spatial manipulator has more than
three degrees of freedom, therefore, it has
many applications.

3. Kinematic Analysis

The kinematic analysis deals with only the motion
of the manipulator without considering the
torques or forces. The study of the kinematics of
the parallel manipulator is made for obtaining
motion of the mobile platform. Kinematic
analysis for the parallel manipulator is divided
into two categories, forward kinematics and
inverse kinematics (Peidong Wu, 2008). In forward
kinematics, the joint variable is known, and the
position of end-effector is obtained, while in
the inverse kinematic position of end-effector
is known and the value of the joint variable is
obtained. Inverse kinematics for the parallel
manipulator is easy but forward kinematics for
the parallel manipulator is quite difficult because
of multiple positions occurring for the same
joint variable.
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Peidong Wu et al. developed a method for
solving the kinematics by forward kinematics for
parallel manipulator using Homotopy theory.
Generally, 6 DOF parallel manipulator has many
solutions to forward kinematics. Most of the
obtained solutions have many imaginary
domains. The major benefit of this method is
that it does not rely on the initial conditions
or values of the system (Peidong Wu, 2008).

4. Dynamic Analysis

The development and analysis of the dynamic
model are important for the study of the parallel
manipulator. There are many ways to understand
the importance of the dynamic model. A dynamic
model is used for computer simulation of the
system and the tests can be done without
actually preparing the model (Bhaskar Dasguptaa,
2000) (Furgan, Suhaib, & Ahmad, 2017).

Various methods to study the dynamics of the
parallel manipulator are Newton-Euler method,
Lagrange formulation, virtual work principle
and Kane's method (Furgan & Suhaib, 2014).
Newton-Euler method is easy to understand
and work with. This approach needs to have
all the constraints and joints defined. Due to a
large number of symbolic computation, Lagrange
Formulation method becomes quite tedious and
unsuitable. The virtual work principle method is
based on the computation of the energy of the
whole system. For dynamic analysis of steward
platform, this method is efficient. Kane method
is used to analyse the multibody system for
calculation of acceleration, partial velocities of
mass centres, and partial velocity of all links.

5. Parallel Manipulator With Flexible Joint

Typically, universal or ball joints are used in
the parallel manipulator. Due to the presence
of manufacturing and alignment errors, the
accuracy of the parallel manipulator is reduced.
To overcome these errors, one can use flexible
joints. The advantages of the flexible joint
are negligible backlash and self-lubrication.
Flexure may also be sensitive to the working
temperature.

Wang Dan designed a parallel manipulator with
a flexible joint. It is a closed-form non-linear
model which is describing the load- displacement
relations of spatial beam flexure hinge. Due to
the use of flexure hinges, it can achieve better
accuracy in the workplace (Dan & Rui, 2016).

6. Finite Element Method Analysis

The finite element method is applied for the
analysis of a parallel manipulator to determine
its static and dynamic characteristics. It is used
to find the natural frequency, static stresses in
the component also mode shapes of the parallel
manipulator. The finite element model of the
parallel manipulator is constructed to describe
the stress distribution of the legs.

Dohner et al. proposed a finite element model for
the analysis of the chatter on which spindle is
mounted in a milling machine. To actively control
the chatter, they added a flexible actuator on
the periphery of the spindle in their model. The
explicit relation governing the vibration behaviour
of the hexapod was not explained here (Dohner,
Kwan, & Regelbrugge, 1996).

Mohd. Furgan et al., explained the finite element
analysis of steward platform with a flexible joint
as shown in Fig. 2. The result obtained was that
the hyperbolic flexible joint is the most accurate

S VIEW

| ror
-

Fig. 1. Finite element model of the spindle with a
flexible tool (Dohner, Kwan, & Regelbrugge, 1996).
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Fig. 2. Stress pattern of the X-Component
in the legs (Furgan & Alam, 2013).
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Fig. 3. Hexapod
(Patel & George, 2012).

geometrical profile for multibody analysis and
maximum stress is developed at the hyperbolic
joint(Furgan & Alam, 2013).

7. Applications

The parallel manipulator spent almost 20 years in
laboratories for preliminary research studies. Now
a day it is used in real-life applications because of
their advantages like high load carrying capacity,
high accuracy, high rigidity, speed, etc. It also
has some drawbacks like complex kinematic,
dynamics and smaller workspace.

The current applications of parallel manipulator
are in a fine positioning device, simulator, motion
generator, ultra-fast pick and place robot,
machine tool, medical application, haptic device,
micro-robots, articulated trusses, etc.

7.1. Industrial application

The parallel manipulator is used in industry for
assembly, packaging, testing, welding, milling, etc.
Hexapod, Delta robots, and cable-driven robots
are widely used in industries.

7.1.1. Hexapod

Hexapod is a kind of parallel manipulator, which
is used increasingly in manufacturing, inspection,
and research. As shown in Fig. 3 hexapod has
six extensible legs, which is connected to a fixed
and mobile platform. It provides large motion
in six degrees of freedom for heavy payloads
with high accuracy and repeatability. Various
hexapods are present on the basis of their load
capacity (0.5 kg to 1500 kg) and actuator range
(130 mm to 3 m) (Patel & George, 2012). It used
in machine tool manufacturing, simulator, and
precision machining.

Fig. 4. Delta robot
(Patel & George, 2012).

Fig. 5. Cable driven robot
(Tang, 2014).

7.1.2. Delta Robot

In 1980 Reymond Clavel designed a parallel
manipulation robot using a parallelogram
mechanism with four DOF, three positions and
one orientation. Delta robot is an example of a
successful parallel kinematic structure.

A parallelogram mechanism allows an output
link have to orientation with respect to a fixed
input link. As shown in Fig. 4, Delta robot is made
from such three parallelogram mechanisms;
it can archive three DOF. The input link of the
parallelogram mechanism is mounted on rotating
joints and motors or linear actuators (Patel &
George, 2012) actuates them. The actuators
are placed at the base therefore acceleration
and working speed of the delta robot is high, so
they are used for fast pick and place application.
Delta robot is used in the packaging industry,
working with electronic components. It is also
used in Pharmaceutical industries and the
medical field.

7.1.3. Cable driven robot

In 1989 a parallel manipulator was designed for
under water applications. It was actuated or
driven using cables. Now cable driven robots
are used in processing machinery, port cargo
handling, bridge construction, welding and to
control cameras in stadiums.

As shown in Fig. 5, a cable-driven robot's mobile
platform is connected with actuators using cable.
The cable is connected to an actuator that is
placed on fix platform. When we actuate the
cable, the position and orientation of the mobile
platform changes accordingly (Tang, 2014). In
generally a cable- driven robot has n degree of
freedom which are driven by m cables. Various
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conditions of constraints for Cable Driven

robot are

e  When n+1>m then it is in under constrained

condition.

e When n+l=m then it is in fully constrained
condition.

e When n+l<m then it is in redundantly

constrained condition (Qian, Zi, Shang, &

Xu, 2018)

7.2. Space application

The parallel mechanism is used in a satellite
tracker system and simulation of the space
vehicle. Katsuyoshi Tsujita et al. developed a
test system where a parallel robot is used for
gravity compensation of a space-craft (Tsujita,
Shigematsu, & Kishimoto, 2014). The vibration
caused due to Omni wheel of the parallel
robot is isolated by the parallel robot itself as
shown in Fig. 6.

7.3. Medical application

The parallel manipulator can be used in
neurosurgery, spine surgery, ophthalmology,
orthopaedic for total knee and hip replacement
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Fgbile robots with parallel link mechanism

Fig. 6. System architecture
(Tsujita, Shigematsu, & Kishimoto, 2014).

surgery. As shown in Fig. 7, Parallel manipulators
are also used for surgical operations. It can
manipulate the needle in six DOF. Due to high
accuracy and precision, it provides minimum
pain and higher efficiency by reducing the
surgery time (Zhang,, Huang,, & Li, 2018).

7.4. Virtual reality application

Dongsu Wu et al. developed a parallel manipulator
for assisting head and neck motion by using a
head-mounted device for virtual reality. As
shown in Fig. 8, Dongsu Wu used 6-3 Universal-
Prismatic-Spherical (UPS) Steward Platform. It
consists of six powered legs, an upper platform,
and a lower platform. Lower platform is attached
with helmet (Wu,, Wang, & Li, 2016). The position
and orientation of lower platform is controlled
with the help of six legs.

7.5. Parallel manipulator in fusion application

Huapeng Wu et al. developed a Penta- WH
parallel robot as shown in Fig. 9, for assembly or
repair inside the tokamak vacuum vessel. It is used
to perform welding, cutting, edge machining,
smoothing and NDT control. This parallel robot
can handle a weight of welding device up to
200kg for e-beam welding and for cutting, it
can handle dynamic force up to 3 kN. The design
of parallel robot Penta-WH consists of two
parallel mechanisms, first for positioning in three
axes and second for orientation in two axes.
The third mechanism is for driving a robot on the
carriage. Thus, Penta-WH parallel robot has six
degree of freedom (Wu, Handroos, Pessi, Kilkki,
& Jones, 2005).

Stanislao Grazioso et al.,, developed a hybrid
kinematic mechanism. It is the combination of

Fig. 7. Surgical robot for needle
insertion (Zhang,, Huang,, & Li, 2018).

Fig. 8. Six DOF exoskeleton
(Wu,, Wang, & Li, 2016).

Fig. 9. Penta-WH parallel robot
(Wu, Handroos, Pessi, Kilkki,
& Jones, 2005).
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Fig. 10. Model of the hybrid kinematic mechanism
(Graziosoa, Gironimoa, Iglesiasb, & Sicilianoa, 2019).

parallel and serial manipulator as shown in
Fig. 10. The parallel section is used for positioning
in space. At the end of the parallel manipulator,
the serial manipulator is connected for providing
rotation about the three axes. For the dynamics
of hybrid kinematic mechanism, screw based
formulation is used to prepare a dynamic model
for simulation. It used as overhead cranes for
the ex-vessel operations (Graziosoa, Gironimoa,
Iglesiasb, & Sicilianoa, 2019).

8. Conclusion

This review work showcases different areas of
applications of a parallel manipulator. It is used
for gravity compensation in space and medical
applications. In space, it is also used to create
zero gravity condition and for vibration isolation
in deployment of solar array panels. In medical
field, it is used to counter balance manipulator’s
self-weight in gravity field for any configuration
to the ease of operation on a patient by
surgeons. Hexapods are used in flight and on-road
vehicle simulators to give an immersive feeling
to the user along with actual vibrations and
jerks experienced in driving the same in real
conditions. In the air force, it is used to train the
newly recruited pilots, before handling the real
fighter jets. Cable driven parallel robots are used
in processing machinery, port cargo handling,
bridge construction, welding and also used to
control the cameras in stadiums. Penta-WH
parallel robot is used for heavy payload handling
and manipulation in fusion application. Hybrid
combination of serial-parallel manipulator is
used in which parallel manipulator is used for
proper position in space and serial manipulator
for providing rotation about the three axes. It also

helps in understanding the different methods
to solve the kinematics and dynamics of a
parallel manipulator. This work is useful in
further design and development of a parallel
manipulator for heavy payload handling.
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