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Abstract The 6-UPS parallel manipulator known as Stew-
art platform is the most common type of 6-DOF parallel
robots. Most industrial applications such as the motion
simulators and applications requiring high load and high
workspace use this structure. However, the 6-UPS has its
disadvantages as the actuated joint is located in the second
place in the kinematic chain. The 6-PUS is another 6-DOF
structure and when compared with the 6-UPS, offers sev-
eral advantages by allowing to mount the heavy and the
vibration inducing actuated prismatic joint on the ground.
This offers the added benefit of transferring the major-
ity of the payload to the ground, resulting in lowering of
the overall costs. The question is: Can we find a 6-PUS
architecture that meets or exceeds the prescribed workspace
while meeting the same kinematics footprint requirement
of a given 6-UPS? In the present paper, a recently con-
structed 6-UPS mechanism for a metro station is selected
and using an optimization method based on a genetic algo-
rithm (GA), a 6-PUS mechanism that meets or exceeds the
required workspace is identified. To do this, first, the various
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architectures of the 6-PUS parallel robot are presented.
The inverse kinematics solution for a general 6-PUS archi-
tecture is obtained. To fully define the architecture, three
additional kinematics parameters are selected and employed
to define the cost function used for the optimization. The
cost function acts as a penalizing mechanism which ignores
unwanted architectures of the 6-PUS. Finally, a new concept
for 6-DOF workspace visualization representation, called
workspace spheres, is presented. The new concept aids the
user by offering quantitatively data and visualization tool
for simultaneous description of rotational and translational
workspace.

Keywords Workspace determination · Parallel
manipulator · Optimization · Workspace representation ·
General 6-PUS

1 Introduction

Among parallel manipulators, robots with 6-DOF have sig-
nificant importance, as most motion simulators need all the
six degrees of freedom to perform their desired movements.
These 6-DOF simulators should be able to induce the feel-
ing of motion to user by applying necessary velocity and
acceleration in their predefined workspace. The Stewart par-
allel manipulator with 6-UPS (where U, P and S, represent
universal, prismatic and spherical joints, respectively) struc-
ture has been among the top choices for motion simulators
due to their larger workspace, rigidity and load capacity [1–
3]. Therefore, identifying any other 6-DOF structure that
meets and even exceeds the performance of the popular
Stewart can be greatly beneficial for the various industries.
However, the popular Stewart platform suffers from the
high load and inertia of its actuated prismatic joint which
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is located on the moving part of its kinematic chain. This
is because the actuated mechanism, making up the active
prismatic joint itself is being moved, rotated, by the first uni-
versal joint. Because the six active prismatic actuators are
not stationary, they require relatively advanced and costly
actuation mechanism.

Different parallel structures can be used to produce a
6-DOF manipulator. Among these structures, the 6-PUS
parallel structure is most similar to the 6-UPS Stewart struc-
ture [4, 5]. In the 6-PUS, the prismatic joint is active and
is located in the first place of the kinematic chain. This
means that the actuated prismatic actuator can be fixed to
the ground, which results in a significant simplification of
the prismatic structure, lowering of the overall costs as well
as increasing the stiffness of the 6-DOF robot. Therefore the
6-PUS offers a simpler mechanism than the 6-UPS.

In general, when an engineer wishes to design a motion
simulator, he needs to select among several parameters,
such as: the number of degrees of freedom, the robot type,
prescribed workspace, load capacity, footprint parameters,
kinematics parameters (speed and acceleration specifica-
tions), motor power needed and performance indexes such
as dexterity and stiffness. It is clear that not all these param-
eters can be selected as input as finding a robot that simulta-
neously satisfies all the input may be impossible. Therefore,
the designer needs to select a series of these parameters and
attempt to optimize the remaining parameters. One goal a
designer may have is to find an appropriate architecture of
the 6-PUS robot that satisfies the prescribed workspace of
an existing 6-UPS robot while keeping footprint parameters
between two structures constant. This enables the designer
to offer an alternative drop in solution for a customer who
has already had purchased a 6-UPS robot. However, in this
paper, only the prescribed workspace and the kinematics
footprint are considered as input.

Many researchers have made comparisons between sim-
ilar structures of a class of robots or different architectures
of a robot to acquire robots with maximum capabilities.
Glozman and Shoham worked on two similar 6-DOF struc-
tures RRRS and RRSR to obtain a large workspace [6].
In [7], a proper architecture of 6-RUS parallel manipula-
tor is selected based on workspace, kinematic and dynamic
performance indices and the effect of parameters such as
revolute joint angle or spherical joint location are inves-
tigated on performance criteria. The authors in [8], have
developed an algorithm to determine all the possible archi-
tecture of Gough-type 6-DOF parallel manipulators satisfy-
ing a customer workspace. R4 parallel robot is a redundant
3-DOF parallel manipulator designed to reach high accel-
erations [9]. The configuration optimization of this robot
is studied in [10]. This study revealed that the best accel-
eration to cost ratio is obtained by a structure having four
actuators and 3-DOF. In [11], a comparison study has been

presented between four structures of 3-DOF translational
parallel manipulators. The parallel manipulators which have
been studied, are 3-RUU, 3-UPU and two architectures of
3-PUU. Heerah et. al. investigated the optimal robot struc-
ture among 3-DOF planar parallel manipulators [12]. The
selection is based on reachable workspace and effective base
area of the parallel manipulator. Miller presented an eval-
uation of motor axes orientation effect on a 3-DOF Delta
parallel robot workspace [13]. The kinematics dimensions
remain fixed and the influence of actuators rotation axis on
the workspace is assessed. Also, Laribi et. al. presented an
optimal dimensional synthesis method for the Delta robot
[14]. Using this method, the smallest workspace contain-
ing a pre-specified region in space is obtained. In [15], new
designs and optimization techniques has been introduced
for the cable-suspended parallel robots to obtain the opti-
mal parameters of the robot. The selected robot has the
largest workspace with the optimum value for the kinematic
performance indices.

For the 6-PUS robot, some researchers have introduced
various architectures of this structure. The most well-known
architectures of this robot type, subject of this paper, are
the Hexaglide and HexaM [16–18]. In a study [19] a new
design algorithm for 3-3-PSS parallel mechanism is pro-
posed according to a given workspace. The authors derived
a direct relation between the given workspace and geomet-
rical parameters of the manipulator. Song et. al. introduced
an improved architecture of a 6-PUS robot with its rails
leaning outside for realistic tasks applications [20]. Huang
et. al. determined the required actuator stroke of a 6-PUS
robot to generate a cylindrical prescribed workspace [21].
This analysis allows the overall size of the manipulator to
be reduced.

In most of the articles mentioned above, various meth-
ods of optimization have been used to optimize the desired
robot. One of the most important of optimization techniques
is Genetic Algorithm, GA, that is based on natural selec-
tion. This technique were formally introduced in the United
States in the 1970s by John Holland [22]. Since that time,
numerous engineering applications in many different areas
have been solved by GA [23, 24]. GA works by represent-
ing a solution to the optimization problem as a chromosome
and then creates a population of solutions and apply genetic
operators to evolve the solutions in order to find the best one.

In this paper, the goal is to find an appropriate 6-
PUS architecture by GA optimization to navigate a desired
workspace. This is done through searching among all possi-
ble architectures while keeping robot footprint constant. The
architectures are obtained using three parameters used to
define the position and direction of the robot sliders. Using
optimization algorithms these parameters will be chosen
in a way that the desired workspace is fulfilled. In addi-
tion, a new graphical representation of robot workspace is

Author's personal copy



J Intell Robot Syst (2018) 91:351–362 353

Fig. 1 The FUM Stewart robot

introduced. Using this technique one could overcome the
problem of workspace illustration for robots having more
than 3-DOFs.

The rest of this paper is organized as follows. In Section
2, kinematics model of two 6-DOF parallel robots with
active prismatic joint, 6-UPS and 6-PUS parallel robots, is
presented. In Section 3, inverse kinematics of a general 6-
PUS robot is solved. In Section 4 and 5 optimization of
the 6-PUS robot is presented using three general kinemat-
ics parameters to find a 6-PUS architecture that meets or
exceeds the prescribed workspace. Finally, a new 3D repre-
sentation of the rotational and translational workspace of a
6-PUS robot is introduced in Section 6.

2 The 6-DOF Parallel Robots with Active
Prismatic Joint

Among all parallel manipulators, the 6-DOF parallel robots
are most commonly used as a simulator to simulate the real
environment. Two well-known 6-DOF parallel robots with
active prismatic joint are UPS and PUS. In this notation, U
stands for a universal joint, P for a prismatic joint and S for

a spherical joint. The underline of the letter designates an
actuated joint.

2.1 The 6-UPS Structure – The FUM Stewart Parallel
Robot

In this section, the Stewart robot, 6-UPS type, is briefly
introduced. The kinematic parameters used in this section
will be used as a baseline to define the constraints for the
6-PUS robot. The 6-UPS Stewart manipulator consists of
a base platform and a moving platform that are connected
via six extensible legs. Each leg is made of a universal
passive joint; one actuated prismatic joint and a spherical
passive joint. Figure 1 shows an industrial grade Stew-
art robot, referred to as the FUM Stewart, designed for a
train simulator. This commercial robot has been designed
and constructed by the team in the robotics laboratory of
the Ferdowsi University of Mashhad, the FUM Robotics
Lab.

Kinematic parameters that were used to design the Stew-
art robot, are illustrated in Fig. 2. These parameters include:
radius of the base platform, rb, radius of the moving plat-
form, rp, distance between the universal joints, db, distance

Fig. 2 Kinematics parameters
of the 6-UPS parallel
manipulator. a Top view, (b)
Front view

a b
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Table 1 Prescribed and actual
workspace of the FUM Stewart
robot

Surge (cm) Sway (cm) Heave (cm) Roll (◦) Pitch (◦) Yaw (◦)

Prescribed Workspace ±35 ±35 ±35 ±16 ±15 ±25

Actual Workspace −64 +64 −69 +63 −43 +51 −21 +16 −19 +19 −25 +25

between the spherical joints, dp, and height of the moving
platform at its neutral height, Zh.

This robot is optimized in terms of both kinematics and
dynamic aspects. From the kinematics point of view, the
robot should fulfill a prescribed workspace specified by the
customer. This is also called a desired workspace and means
that the robot can move in the single directions of surge,
sway, heave, roll, pitch and yawwith a specific mount. How-
ever, the final achievable workspace by the robot is usually
greater than the prescribed workspace and is referred to as
the actual workspace. To find out the actual workspace that
the robot can navigate from the home position, first, the
workspace is divided into small grids of XYZ and φθψ .
For each combination, the inverse kinematics of the 6-UPS
is obtained. If the resulting stroke of the actuators remain
the allowed range, the workspace data point is selected. The
actual workspace of the robot is therefore obtained. Table 1
shows the prescribed and the actual workspace for the FUM
Stewart.

In Fig. 3, the robot translational workspace for the con-
stant orientation, known as constant orientation workspace
as well as the robot orientation workspace is shown. The
three solid lines with dot points at their ends show the pre-
scribed workspace. As shown in this Figure, these solid
lines are within the volume of the overall workspace and
therefore validates that the robot has navigated the customer
workspace successfully.

2.2 The 6-PUS Structure

As stated in the last section, the Stewart robot, the 6-
UPS structure, is the most common type of robot used for

simulators. The high payload, high speed and rather large
workspace are several of the reasons for this popularity.
Therefore, finding a 6-DOF parallel structure that meets or
exceeds these criteria, is of importance.

A general type 6-PUS parallel robot is depicted in Fig. 4.
The 6-PUS parallel robot is comprised of 6 closed kine-
matic chains. Each of the kinematic chains is respectively
composed of a prismatic active joint and two sequencing
universal and spherical passive joints. The six rigid links
are connected to the moving platform via spherical joints
and to the sliders by universal joints. Since the robot has 6-
DOF, six independent power transmission systems are used.
The power transmission system for each kinematic chain
includes a set of a motor, a gearbox, linear and rotary bear-
ings, a ball screw and a slider attached to a ball screw nut.
By positioning the robot sliders, the six translational and
rotational degrees of freedom of the moving platform can be
controlled.

The 6-PUS parallel robot can have different architec-
tures. The different architectures results in robots having
different features such as workspace, stiffness, singularity,
etc. In this paper, the goal is to find a 6-PUS robot archi-
tecture that can navigate the desired workspace of the FUM
Stewart robot described in Section 2.1. Additionally, the 6-
PUS must satisfy the same footprint parameters of the FUM
Stewart robot. To do this, the dimensions of the base plat-
form, the moving platform and the neutral height of the
FUM Stewart is selected for the 6-PUS robot. In Fig. 5,
some possible architectures of the 6-PUS parallel robot are
illustrated where the direction of sliders are different. In Fig.
5a the base platform of the 6-PUS robot is similar to the
FUMStewart robot which the sliders are located on the sides

Fig. 3 a Translational
workspace of the FUM Stewart
robot for a constant orientation
[φ, θ, ψ]T = [0, 0, 0]T . b
Orientational workspace of the
FUM Stewart robot for a
constant position
[x, y, z]T = [0, 0, Zh]

a b
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Fig. 4 The general 6-PUS parallel robot

of the base platform of the FUM Stewart. Similar to this
architecture is described in [25]. In Fig. 5b the direction of
sliders are placed on sides of a planar hexagon and Fig. 5c
shows a spatial hexagon for the base platform [26]. Thales
company has used this architecture for the H225 simulator.

The direction of the sliders can be determined accord-
ing to Fig. 6. The points A1 to A6 are the corners of the
base platform hexagon that are fixed for both 6-UPS and 6-
PUS structures. These points can be determined using the
two parameters rb and db. The direction of the sliders can
be obtained by using two angles of β and γ with respect
to the base platform hexagon A1 ∼ A6. The coordinate
frame

{
x′′
i y′′

i z′′
i

}
is attached to the ith slider with axis x′′

i

representing the slider direction.

3 Inverse Kinematics of a General 6-PUS Robot

The closed kinematic chain of the 6-PUS parallel manipu-
lator is shown in Fig. 7. Two Cartesian coordinate frames,
base frame B {xyz} and moving frame T {uvw} are located
at points O, the fixed base centroid, and C, the moving plat-
form centroid, respectively. The base platform hexagon is
defined by pointsA1 throughA6. These points are described

using parameters rb and db by applying trigonometric arith-
metic. The same is done to obtain moving platform hexagon
by points S1 through S6 using parameters rp and dp. It
should be noted that �s ′

i is defined in moving frame {T }.
The position of the end-effector is described with respect
to {B} as �c = [Xc, Yc, Zc]T . Vector �pi represents the dis-
tance between points Ai and Ui whose magnitude, pi , is
the slider’s stroke. The rigid links connecting sliders to the
moving platform are represented by �li which has a magni-
tude of l. Unit vectors �ei and �ni indicate direction of �pi and�li , respectively.

To transfer a vector given in frame {T } to frame {B}, we
can use a rotation matrix, R, which consists of three Euler
angles φ, θ and ψ about u, v and w axes of the moving
coordinate system, {T }. Therefore the rotation matrix, R,
can be written as,

R = Rw,ψRv,θRu,φ

=
⎡

⎣
cψcθ cψsφsθ − cφsψ sφsψ + cφcψsθ

cθsψ cψcφ + sθsφsψ cφsψsθ − cψsφ

−sθ sφcθ cφcθ

⎤

⎦ (1)

where c and s stand for cosine and sine, respectively. The
goal of the inverse kinematic is to obtain pi’s using posi-
tion and orientation of the moving platform. By considering
Fig. 7, a vector relationship for closed kinematic chain can
be derived,

�c = �ai + �pi + �li − R�s ′
i (2)

By defining variable �ηi as in Eq. 3, the position of each
slider of robot will be described in the form of Eq. 4,

�ηi = �c + R�s ′
i − �ai (3)

pi = �ei · �ηi ± √
� (4)

where,

� = (�ei · �ηi)
2 −

(
�ηi · �ηi − l2

)
(5)

According to Eq. 4, there are two possible solutions for each
slider. Hence, the inverse kinematics problem of the 6-PUS
robot has 64 solutions.

Fig. 5 Different architectures
of 6-PUS parallel manipulator. a
Sliders placed on sides of a
triangle, (b) Sliders placed on
sides of a hexagon, (c) Sliders
placed on sides of a spatial
hexagon

a b c
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Fig. 6 Design parameters
considered for the linear guides.
a Top view, (b) Isometric view

4 The Genetic Algorithm Search Routine

The Genetic Algorithm, GA, is a method for solving
optimization problems. The most important part of the
optimization technique is the defining the cost function.
Defining cost function is required in order to find an archi-
tecture for the 6-PUS robot which can satisfy the prescribed
workspace. The cost function for an appropriate robot is
a conditional statement which proves workspace accept-
ability. When specifying the workspace range for a motion
simulator, it is commonly required to individually specify
the amount of motion along each of the coordinate axes.
In Fig. 8, the workspace cross sectional area of the FUM
Stewart is shown. The points illustrated in this figure are
the interior boundaries of the prescribed workspace in trans-
lational movement, specified by the customer. The desired
values of customer workspace are Xdes = Ydes = Zdes =
±0.35m for translational motion and φdes = ±16

◦
, θdes =

±15
◦
and ψdes = ±25

◦
for orientation motion.

Fig. 7 A closed kinematic chain of a general 6-PUS parallel robot

The cost function acts as a penalizing mechanism which
ignores architectures that are not able to reach specified
nodes in the customer workspace. For this purpose, 13 posi-
tions were considered for the customer workspace of the
robot. Six positions were considered for the translational
motion in surge, sway and heave directions and six posi-
tions for the rotational motion in roll, pitch and yaw as well
as one position for the robot home position. If the neutral
height position of the robot, home position, is defined as
Tip {1} = (0, 0, Zh, 0, 0, 0), then, other positions will be as:

Tip {2, 3} = (±Xdes, 0, Zh, 0, 0, 0)

Tip {4, 5} = (0, ±Ydes, Zh, 0, 0, 0)

Tip {6, 7} = (0, 0, Zh ± Zdes, 0, 0, 0)

Tip {8, 9} = (0, 0, Zh, ±φdes, 0, 0)

Tip {10, 11} = (0, 0, Zh, 0, ±θdes, 0)

Tip {12, 13} = (0, 0, Zh, 0, 0, ±ψdes) (6)

5 Optimized 6-PUS Robot

Three parameters were considered as a means of defining
various robot architectures. These include, initial position of
the moving sliders, p0, the first rotation angle, β, and the
second rotation angle, γ , of the moving slider’s direction.
The values of the remaining structural parameters rb, db, rp,
dp and Zh were set equal to the FUM Stewart robot. These
selections will insure that the new 6-PUS robot will fit in
the same footprint of the FUM Stewart robot while meeting

Table 2 Range of design parameters of the 6-PUS robot

Parameter Design Parameter

p0 β γ

Unit (m) (◦) (◦)
Value 0.3<p0<0.6 0<θ<150 0<γ<90
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Fig. 8 Translational workspace
of the FUM Stewart. a Front
view, (b) Left view

a b

or exceeding the customer workspace requirements. Table 2
shows the range of parameter value varied in the optimiza-
tion process. These values help avoid interfering of the
linear guides while in motion.

Genetic algorithm as a fast and an effective searching
method is applied in order to choose the appropriate values
of design parameters through their specified range. Table
3 involves the values obtained by the GA algorithm. The
evolution of the best individual over 29 generations with
population size 100 for each generation is depicted in Fig. 9.

As can be seen, the search algorithm in the 29th gener-
ation has been able to find the appropriate architecture for
navigating the customer workspace. The robot architecture
based on the defined cost function, is depicted in Fig. 10.

A workspace boundary analysis is next performed on the
determined robot. Table 4, shows the desired and the actual
workspace of the two robots, 6-PUS and 6-UPS.

The results indicate that the two robot structures do
have the same desired workspace while having the same
footprint.

6 A New Graphical Representation
of the Workspace

The workspace of the 6-PUS robot cannot be graphically
displayed since it has 6-DOF. The conventional method
keeps three of the coordinates constant and graphical dis-
play the other three coordinates [2]. In Fig. 11, for the
optimized 6-PUS robot, translational workspace as well as
its orientation workspace are shown. The dot points shown
in the workspace validates that the robot has navigated the
customer workspace successfully.

As seen in Fig. 11.b, the orientation workspace of the
robot for the home position is displayed. Undoubtedly, this

Table 3 Optimized design parameter of the 6-PUS robot

Design Parameter p0(m) β(◦) γ (◦)

Value 0.4019 27.0767 29.1961

graph will change in various Cartesian positions of the
robot. The same problem exists for displaying translational
workspace. To help and somewhat improve this limitation, a
new graphical representation is developed and presented in
this paper. The method assists the user in better visualizing
both translational as well as limited information about the
orientation workspace of the robot. To do this, we propose
to use the constant radius spheres for orientation.

6.1 Calculation of Constant Radius of Workspace
Spheres

Clearly, it is not possible to show the 6D space in a 3D
format unless the display of some of the dimensions is in
a concise form and limited. For any point in the Cartesian
space of the robot such as (xc, yc, zc), only certain val-
ues of the roll, pitch and yaw angles are located inside the
workspace of the robot. Consider Fig. 12.a that shows the
orientation workspace for an arbitrary Cartesian point of
(xc, yc, zc). It is an easy task to use the inverse kinemat-
ics code and find all the points that are not in the robot
workspace. Then, the distance from the origin of the coordi-
nate system {φθψ}, to the grid points which are not included
in the robot workspace, referred to as rR

NWi
, can be measured

by Eq. 7.

rR
NWi

= ∥∥(φ, θ, ψ)i − (φ, θ, ψ)0
∥∥ (7)

0 5 10 15 20 25 300

2

4

6

8x 1030

Generation

Fi
tn

es
s 

va
lu

e

Best fitness
Mean fitness

Fig. 9 Convergence diagram of results in optimization by genetic
algorithm
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Fig. 10 Architecture of the
optimized 6-PUS robot in
Matlab software. a Front view,
(b) Left view, (c) Top view, (d)
Isometric view

where (φ, θ, ψ)i is the ith grid point outside robot
workspace, (φ, θ, ψ)0 = (0, 0, 0) is the origin of the
coordinate system {φθψ}. The R index indicates rotational
movement of the end-effector which can be replaced by T

for the translational movement. Inside the reachable orienta-
tion workspace of the robot such as (xc, yc, zc), there exists
a sphere with radius of rR as,

rR =
{
rR
NWi

}
(8)

Then, any arbitrary values for {φθψ} that its distance from
origin of the {φθψ} coordinate frame is less than rR , can be
reached by the end-effector of the robot.

According to Fig. 12b, the same technique is used to
obtain the radius of translational workspace spheres at a
fixed orientation point (φc, θc, ψc) in the {xyz} coordinate
system.

rT
NWi

= ∥∥(x, y, z)i − (x, y, z)0
∥∥ (9)

rT =
{
rT
NWi

}
(10)

where (x, y, z)i is the ith grid point outside robot workspace
and (x, y, z)0 = (0, 0, Zh) is the origin of the coordi-
nate system {xyz} at the robot’s home position. Figure 13
shows orientation and translational workspace sphere in 3D
graphical representation.

To have a better understanding of the proposed method,
a cross sectional view of the orientation and translational
workspace spheres is illustrated in Fig. 14.

As expected, when the distance from the home position
increases, the radii of the workspace circles decrease. The
gradient map on the right side of the Figs. 13 and 14 allows
the user to obtain a visual sense of the workspace values.

6.2 Equal Rotational or Translational CombinedMotion

As discussed earlier, for any Cartesian point such as
(xc, yc, zc), there exists an orientation workspace with a cir-
cle of radius rR . This value indicates that any one of the roll,
pitch and yaw angles, independently, are allowed to reach a
maximum value up to rR . The value of rR also indicates that
any combination of the roll, pitch and yaw angles, that meet
the requirement set by Eq. 11 can also be reached. The same
thinking process exists for the translational workspace and
is shown by Eq. 12.

√
φ2 + θ2 + ψ2 ≤ rR (11)

√
x2 + y2 + z2 ≤ rT (12)

Table 4 Prescribed and actual workspace of the selected 6-PUS parallel robot

Surge (cm) Sway (cm) Heave (cm) Roll (◦) Pitch (◦) Yaw (◦)
Prescribed workspace (Customer Spec) ±35 ±35 ±35 ±16 ±15 ±25

6-PUS robot Actual Workspace −64 +64 −70 +68 −48 +41 −16 +18 −17 +17 −25 +25

6-UPS robot Actual Workspace −64 +64 −69 +63 −43 +51 −21 +16 −19 +19 −25 +25

Author's personal copy



J Intell Robot Syst (2018) 91:351–362 359

Fig. 11 a Translational
workspace of the 6-PUS robot
for a constant orientation
[φ, θ, ψ]T = [0, 0, 0]T . b
Orientational workspace of the
6-PUS robot for a constant
position [x, y, z]T = [0, 0, Zh]

Fig. 12 3D workspace for the
optimized 6-PUS robot. a
Translational workspace at
[φc, θc, ψc] =
[2.3, 2.1, 3.6] (deg), (b)
Orientation workspace at
[xc, yc, zc] =
[0.05, 0.05, 1.85] (m)

Fig. 13 a Orientation and (b)
Translational workspace spheres
for the optimized 6-PUS robot

Fig. 14 a Orientation
workspace circles for the
optimized 6-PUS robot in
z = Zh. b Translational
workspace circles for the
optimized 6-PUS robot in
ψ = 0

◦
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Fig. 15 Allowable radius of the workspace circle

However, for either the designer or an end user of the sys-
tem, the process of finding a desired set inside sphere could
be tedious and requires a trial and error process. In order to
solve this issue, the idea of an allowable radius of the sphere
is proposed. Consider Fig. 15. First the largest cube that fits
insider the workspace sphere, with rR , is determined. Next
the largest sphere with a radius of ra

R , called the allowable
radius, is fit inside this cube. As before, the same tech-
nique is repeated for the allowable radius of the translational
workspace.

The allowable radius is related to the radius of the
workspace circle by Eqs. 8, 10 as:

ra
R =

√
3

3
rR ⇒ (

φ ≤ ra
R, θ ≤ ra

R, ψ ≤ ra
R

)
(13)

ra
T =

√
3

3
rT ⇒ (

x ≤ ra
T , y ≤ ra

T , z ≤ ra
T

)
(14)

The value of ra
R , guarantees that the robot can do a single or

combined motion for roll, pitch and yaw angles with values
up to the ra

R value. Therefore, the designer can easily select
the ra

R value and know that he can reach φ = θ = ψ = ra
R .

Alternatively, for the translational workspace, the user or the
designer can easily select x = y = z = ra

T . The allowable
radius of the workspace circles for rotational and transla-
tional movement of the optimized 6-PUS robot is shown in
Fig. 16.

7 Conclusion and Future Works

Robot designers are often faced with the question of which
structure to choose from. Furthermore, the robot designer
may be faced with some limitations on physical dimen-
sions. This paper presents an idea that allows comparison
of two robots with equal DOF’s, basic physical dimensions
and similar structures. Two parallel robots, the well-known
6-UPS and the lesser used 6-PUS parallel robot were con-
sidered, the existing FUM Stewart and a general 6-PUS.
The goal was to identify a 6-PUS robot by changing its
architectural parameters so to meet the existing workspace
of the FUM Stewart while the main geometric parameters
of the two robots were kept the same. For this purpose
first, the various architectures of the 6-PUS were defined
using three geometric parameters. Inverse kinematics solu-
tion for the general 6-PUS was presented. Next, Genetic
algorithm was applied as a search method in order to find
the appropriate values of the geometric parameters that meet
the defined goals. It was shown that the GA algorithm effec-
tively identified a 6-PUS structure that meets the workspace
and dimensional limitations of the FUM Stewart.

The first part of this paper identified a potentially lower
cost 6-PUS structure that met the workspace requirements
of the popular Stewart. During this process, the need to
graphically represent the workspace for the user became

Fig. 16 a Rotational allowable
workspace circles for the
optimized 6-PUS robot in
z = Zh. b Translational
allowable workspace circles for
the optimized 6-PUS robot in
ψ = 0

◦

Author's personal copy



J Intell Robot Syst (2018) 91:351–362 361

apparent. Therefore, in the second part of this paper, the tra-
ditional challenges of workspace graphical illustration for
robots with more than 3-DOFs were resolved by introduc-
ing the concept of workspace spheres. Workspace spheres
were divided into two classes, rotational and translational.
Rotational workspace spheres determined the robot orienta-
tion (roll, pitch, yaw) ability in various Cartesian positions.
The same representation was applied for the translational
workspace. Finally the concept of the rotational or trans-
lational combined motion and subsequently the allowable
radius for the workspace spheres was introduced. This
graphical representation allows the user to see maximum
value of the combined motion, equal values for roll, pitch
and yaw angles that the robot can simultaneously reach.
The presented methods offers a simple visualizing tool for
an operator to get a better sense of the six DOFs in a 3D
graphical representation.

This paper contributes by offering, a) A new concept
allowing to compare performance of two robots subject
to physical constraints, b) Presenting a general inverse
kinematics solution to a general 6-PUS structure and c)
Presenting a new graphical representation allowing simulta-
neous assessment of translational and rotational degrees of
freedom, d) Used optimization to find a 6-PUS that meets
the physical dimension and workspace of FUM Stewart
and by so doing, it paves the way of using the lower cost
and simpler 6-PUS as a candidate for the popular Stew-
art mechanism. Considering the significant simpler design
of the 6-PUS, it may be safe to conclude that it also
offers improved rigidity and stiffness. In near future, we
plan on constructing this robot and compare the behav-
ior of the 6-UPS and 6-PUS robots with respect to control
system.
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