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PRZEGLAD KONSTRUKCJI ROBOTOW MAJACYCH
ROWNOLEGLE STRUKTURY KINEMATY CZNE

Streszczenie: W niniejszym artykule skupiono si¢ na idei oraz biezacym stanie wiedzy
dotyczacym robotéw majacych réwnolegte struktury kinematyczne. We wstegpie do publikacji
opisano istniejace roboty majace rownolegta strukture kinematyczng. Przedstawiono zasady ich
dziatania oraz dokonano poréwnania robotéw z szeregowaq strukturg kinematyczna, a takze
opisano zalety poszczegblnych struktur. W kolejnym rozdziale artykutu, przeprowadzono
analiz¢ poszczegdélnych konstrukcji oraz dokonano podzialu mechanizméw réwnolegtych.
Ponadto, w pracy opisano najbardziej znane oraz niestosowane konstrukcje robotdéw
o réwnoleglej strukturze kinematycznej. W ostatniej czgsci artykutu opisano przyktady uzycia
robotéw majacych réwnolegla struktur¢ kinematyczna oraz ich spodziewany rozwdj
w najblizszej przysztosci.

Stowa kluczowe: roboty, rdéwnolegle uktady kinematyczne, robot delta, hexapod, DOF

AN OVERVIEW OF ROBOTS WITH PARALLEL KINEMATIC
STRUCTURE

Summary: The article is focused on the issue and the current state of knowledge of robots with
a parallel kinematic structure. The introduction of the article describes robots with a parallel
kinematic structure. Their principle and a comparison between robots with a serial kinematic
structure is made and the advantages of individual structures are described. In the next chapter
of the article, the analysis of the construction and the division of parallel mechanisms is
performed. The article describes the most well-known and unused constructions of robots with
a parallel kinematic structure. In the last part, the article focuses on and presents examples of
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the usage of robots with a parallel kinematic structure and their expected development in the
future.

Keywords: robots, parallet kinematics, delta robot, hexapod, DOF

1. Introduction

Robots using a parallel kinematic structure have different numbers of arms with active
and passive joints and links that carry the load in parallel. Parallel robots can transfer
higher loads with higher accuracy, higher speed at lower total robot weight. However,
the main disadvantage is that the working space of parallel robots is significantly
limited compared to equivalent serial robots. Parallel robots are used in the
construction of industrial robots, aircraft and automotive simulators, machine tools,
medical equipment, in the civilian sectors and the like. [1]In the case of the parallel
kinematics strusture mechanisms shown in Fig.1 with a corresponding number of
degrees of freedom, the relative spatial position of the end member (TCP point) is
determined by coordinated parallel linear or rotational movements of a number of
active and passive linear guides or rotating members. [2]

TCP TCP

a) b) c)

Figure 1. 3D models of robots with parallel kinematic structure, a) tripod,
b) hexapod, d) oktapod[3]

2. Robots with parallel kinematic structure

There are several definitions of the mechanism with parallel kinematic structure, the
basic definition says: "A general parallel manipulator is a mechanism with a closed
kinematic chain, the end effector or platform of which is connected to the base by
several (at least two) independent kinematic chains."[4]

Parallel mechanisms are interesting due to some of their properties:
* atleast two chains allow us to distribute the load evenly throughout the chain;
e minimum number of controls;
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¢ the minimum number of sensors needed to control the mechanism in a closed loop;

¢ when the actuators are locked, the manipulator and its effector remain in position;
this is an important security aspect for certain applications, such as medical
robotics.

According to another definition, parallel robots can be defined as robots that are
formed by an end effector with n-degrees of freedom, and a fixed base connected by
at least two independent kinematic chains where the control takes place by
n-drives.[4]

Thus, a parallel robot and a parallel manipulator can be called a mechanism using the
principle of parallel kinematics. These kinematic chains together control one end point
- the Tool Centre Point(TCP point). There are currently several designs and drive
options. The most well-known parallel robots and manipulators include the so-called
delta robot.

The following table compares some of the properties of serial and parallel robots.

Table 1. Comparison of properties of robots with serial and parallel kinematics
structure[5]

Parameter Serial kinematic structure Parallel kinematic structure
+ simple architecture

+ Lower weight, better dynamic
properties, higher rigidity of the
robot

Payload

+ Easier to achieve greater
accuracy and repeatability

Actuator
placement

+ Better dynamic properties

+ Lighter construction

+ Possibility to spatially separate
the actuator

+ relatively large workspace

direct - simple
inverse - complex

inverse - simple
direct - complex
+ low - weight division

+ low
+ high - weight division

2.1. Construction of a robotic device with parallel kinematic structure

During the construction and design it is necessary to pay attention to some properties
of parallel kinematic structures. With parallel robots, the total number of degrees of
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freedom is lower than the number of degrees of freedom in the joints, so many joints
are passive. Kinematic chains are formed by joining several kinematic pairs. The
following kinematic pairs shown in Fig. 2 below are most commonly used to form
kinematic chains.

In the case of parallel robots, the end point is the so-called mobile platform
(hereinafter referred to as the platform). The platform usually serves to support the
attached end effector and is connected to the base by a number of parallel arranged
arms (guide chains).

/%5 b
Fh ook

T - translational R — rotational U - universal S - spherical

Figure 2. Kinematic pairs used in parallel kinematics structures [6]

The whole structure contains at least one closed kinematic chain with at least two
branches. Shifts in the legs cause the platform to shift, as shown in Fig. 3. Platform
movements are defined by trigonometric functions of the direct and inverse
kinematics tasks depending on the geometry of the mechanism, the type of joints, the
number of arms and their kinematic arrangement.

Effector

Platform

Base

Figure 3. Basic structure of robot with parallel kinematic structure
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2.2. Number of degrees of freedom

When designing a robot, it is necessary to calculate the number of degrees of freedom,
the calculation is based on the technical design of the robot and is expressed by the
Chebyshev-Griibler-Kutzbach criterion (1) [7]:

Jj
DOF=A(n—g—1)+2fi (1)
i=1
where: DoF — number of freedom of mechaniszm

A — number of freedom of body (6 for 3D space, 3 pre 2D space)
n — number of conections in mechaniszm including base

g — number of joints (kinematic pairs)

fi — relative degree of freedom allowing the joint to move in space

This criterion only applies if there are no passive degrees of freedom in the mechanism
(those that do not transmit force or torque to the end platform but have the ability to
move. Therefore, an extended criterion (2) is defined [7]:

j
DOF=A(n—g—1)+2fi—fp 2
i=1
where: f, — number of passive degrees of freedom of the mechanism

To clearly determine the position of the end effector in the robot's workspace, we need
to know the coordinates of the TCP point. For the description of the position of the
TCP point, the Cartesian coordinates X, Y, Z are most often used for parallel
mechanisms, for the position in the given axes and the angles a, B, y for the description
of the rotation around these axes. The axes makes degrees of freedom for feed
(translation) and rotation. The degrees of freedom created with respect to the axes will
therefore be referred to as:

e Trans (X) — translation in X - Tx ¢ Rot (X) —rotation in X axis - Rx
e Trans (Y) — translationin Y - Ty e Rot(Y) - rotation in Y axis - Ry
e Trans (Z) — translation in Z - T, ¢ Rot (Z) —rotation in Z axis - R,

If the robot respectively a manipulator designed for work in a space with full freedom
of movement of the end platform or effector must have at least six degrees of freedom
Tx, Ty, T2, Rx, Ry, R,.In the construction of a robot and a manipulator intended for
work in the plane resp. three coordinates must be known for the specified working
level. It is enough for us to know three degrees of freedom Ty, Ty, R,.

Parallel robots can also be divided according to the number of degrees of freedom, as
follows:
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* Universal robot - a robot that has all six degrees of freedom, is able to achieve
any position and orientation in space.

* Redundant robot - has more than six degrees of freedom. Movement in any axis
is enabled in several ways. Its use is especially suitable for circumventing
obstacles and similar applications. The disadvantages associated with a higher
number of degrees of freedom are: more demanding production, higher weight,
more complex control algorithms, and complex route planning requiring precise
control of all drives.

* Deficient robot - has less than six degrees of freedom. He cannot reach every
position in the workspace. If it has three degrees of freedom, it can fully work only
in the plane. [8][9]

3. Types of parallel robots

Parallel robots can be divided according to the shape of the workspace in which the

effector or end platform moves into:

* Plane - its movement is allowed only within one plane, it has a maximum of three
degrees of freedom (2T-1R). Guide chains can be swinging, sliding arms, ropes.

* Spatial - moves in 3D space, so the robot can have up to 6 degrees of freedom
(3T-3R). Guide chains of various types.

* Spherical - can only perform a spherical motion relative to its base.

* Symmetric - a manipulator that has the number of guide chains equal to the number
of degrees of freedom [10]

Parallel robots can also be divided according to the number of guide chains (arms)
into groups they have (some types of parallel robots are shown in the pictures below):

» Six guide chains: - hexapod / linapod

* Five guide chains: - pentapod

e Three guide chains: - tripod / tricept / trivariant / exechon
- delta robot / triglid

e Two guide chains: - bipod

The most used and parallel robots and manipulators include:

3.1. Gough-Stewart platform

Gough-Stewart platform is a type of parallel manipulator constructed on the principle
of hexapod according to the design of Dr. Eric Gough from 1965. The construction
has six translational kinematic couplings, most often linear hydraulic or electric,
electro-mechanical drives. All twelve connections are realized by means of universal
joints (in the case of a cylindrical connection on actuators). The upper platform can
move in up to six degrees of freedom, three linear movements Tx, Ty, Tz and three
rotations Rx, Ry, Rz. On the Fig. 4 below is possible to see a kinematic structure and
example of constructed Gough-Stewart platform.
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a) b)

Figure 4. Gough-Stewartova platform, a) kinematickd struktiira (MapleSoft, 2019),
b) Gough-Stewartova platforma (Tempel, a ini, 2017)

This type of platform is also known by various other names. It has been used in several
applications, including flight simulators built on the so-called "Movable base", from
English "Moving base" [11], sometimes also "6-DoF platform" with regard to possible
movements. The movements of the end member are created by a combination of the
movements of several actuators. Because the device has six actuators, it is commonly
called a hexapod, a name that was originally protected by Geodetic Technology's
trademark for Gough-Stewart platforms used in machine tools.[12][7]

3.2. Delta robot

Delta robot is a type of parallel robot consisting of three arms, which are connected
by universal joints on one base. Its main design feature is the use of parallelograms in
the arm, which maintain a constant orientation of the end effectors. Delta robots can
be used especially in the handling of components, for packaging and palletizing
products, in the pharmaceutical, food and chemical industries. Since the delta robot
drives are located on the base, it is possible to produce their arms with a very low
weight, and therefore a very low inertia. They achieve high speeds and accelerations
(up to 15G), they can perform up to 300 operations in one minute.[13]

The first Delta robot was developed in the early 1980s by the Swiss prof. Reymond
Clavel, who wanted to create a robot suitable for handling small and light objects at
very high speeds. The Delta robot built by Reymond Clavel had three sliding and one
rotating degree of freedom.[14]
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Figure 5. Delta robot, a) prof. Clavel’s Delta Robot Structure[15], b) Delta robot
Fanuc M-1iA/0.55 [16]

4. Advantages and disadvantages of parallet robots

The introduction of parallel robots in industry is realized due to the number of
advantages that parallel robots have compared to serial robots. Some of the benefits
of parallel kinetic robots include:

* Load capacity, rigidity and accuracy - With regard to the overall rigidity, the
load capacity of parallel robots tends to be significantly higher than the load
capacity of serial robots.

* Excellent dynamic properties - the platform can achieve high speeds
and accelerations. In addition, the resonant frequency of the parallel robot is an
order of magnitude higher.

e Simple construction - several passive connections in parallel robots allow
cheaper and simpler mechanical construction. When building parallel robots, it is
possible to use standard bearings, spindles and other machine elements.

Despite a number of advantages, the use of parallel robots is partially limited. Due to
the solid shape and position of the base, a parallel robot can have complicated
maneuvering and avoiding obstacles in its workspace.

Other disadvantages include:

* Small workspace - Parallel robots have significantly smaller workspaces than
serial robots of comparable size. Their working space can be further reduced, as
the legs can interfere with each other during the movement of the platform.

* Complex kinematics - Calculating the kinematics of parallel robots is
complicated and time consuming. Unlike serial robots, where difficulties arise in
solving an inverse kinematic problem, in parallel mechanisms difficulties arise in
solving a direct kinematic problem.
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* Kinematic singularities - serial robots in kinematically singular poses loses
mobility. Parallel robots in singular poses gain degrees of freedom, due to which
they cannot be controlled at these certain points of the workspace. This is one of
the situations that is very difficult to solve.[6]

4.1. Areas of application and usage of parallel robots

The industrial sphere is probably the most important in terms of the use of parallel
kinematic structures. Of course, parallel kinematic robots did not push serial
kinematic robots out of the industrial robot market, but thanks to its advantages such
as mainly rigidity and very good dynamics, they found their application. A large
number of variants of construction of parallel structures also offer a wide range of
applications. The main areas of application of parallel kinematics include:

* machining - use as machine tools and centers,

* handling operations - "pick and place" robots,

e forming machines,

* measuring machines,

e test equipment,

¢ simulation devices,

* pharmaceutical and medical facilities,

¢ rehabilitation aids,

* end effectors of other production equipment,

* equipment specially designed for space applications.

According to the purpose, industrial robots and manipulators can be divided into
several groups, namely performing robots[17]:
* Technological operations:

* spot welding (Fanuc Robotic - F200i),

* laser welding (Neos Robotic- Tricept 805),

» water jet machining (Fooke - Triomaxx),

e deburring of castings (MutiCraft - MultiCraft 560),

* wood processing (Reichenbacher - Pegasus).

* Handling and assembly operations:

* manipulator (SMT Tricept - TM 805, TR 600),

e positioning of samples under microscopes (Hexel - Hexabot; Physik
Instrumente - M 805; Israel Institute of Technology - RSPR3 mini-parallel
robot),

* positioning of the workpiece and its fixtures (Umformtechnik ERFURT -
TAS Hexapod),

» storage of SMD components on printed circuit boards (ABB - FlecPicker),

* positioning of optical elements, e.g. cameras (Laval University - Agle Eye),

* positioning of simulator platforms (CAE-Flight simulators - AH-I, S-70),

* Assembly operations (Festo - Delta robot; SMT Tricept - TR 600).[18]
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5. Conclusion

The article deals with an overview of parallel kinematics robots their architecture and
usage in industry. Also kinematics and their parts are described. The comparison with
serial robots is made. In the future is expected that parallel robots will be increasingly
implemented in industry. These robots can replace serial kinematics robots in certain
applications. But the development is still
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