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Abstraci— The Hexaglide is a 6-DOF fully parallel mechanism
characterized by six length-constant legs and three parallel guide
rails. The application of this architecture for simulating the
motions of fuel tanker trucks is firstly presented. The kinematic
model of the simulator is established, the inverse kinematics is
analyzed, and the kinematic constraints are summarized. Then
a new type of workspace called the position workspace with
a specified orientation requirement is proposed, which takes
into account the strong coupling between position workspace
and orientation workspace, And two approaches to obtaining
this workspace are also developed and demonstrated by the
preliminary workspace analysis of the simulator.

Index Terms— Hexaglide, motion simulator,
workspace.

kinematics,

I. INTRODUCTION

To test the performance of various sensors installed on
fuel tanker trucks, such as pressure sensors, gas Sensors,
acceleration sensors, obliquity sensors, liquid level meters and
door switches, these sensors should be carried by real fuel
tanker trucks which have to be driven under various conditions,
such as rough roads, long hours, hard braking, sharp turning,
relatively high and low temperatures, gas leakage and even
crashes. This test method not only need experienced drivers
and may be harmful to them, but also is inaccurate, which
results in unreliable test results.

In view of these disadvantages of the field test, the con-
struction of a simulation system is considered for testing and
measuring the essential performance indexes of the sensors.
This research is mainly composed of three parts, namely, the
modeling of work conditions, the development of a motion
simulator, and the study of a test system. This paper deals with
the second part, and mainly concerns the workspace analysis
of the simulator.

First of all, the kinematic structure {(or type) of the simulator
should be determined, which should satisfy all the require-
ments listed as follows.

13 To simulate the real test conditions aforementioned, the
simulator should provide the motions of six degrees of
freedom.

2) The acceleration is fairly high (14m/s*) when the truck
starts up and brakes in emergencies, so the simulator
should be capable of providing large acceleration along
one axis. Besides, to assure sufficient duration of accele-
ration, the simulator should have long strokes along that
maximum-acceleration direction.
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3) The simulator should be compact enough to be easily
placed in a standard sealed room which is mainly inten-
ded for the simulation of temperatures and the leakage
of several harmful gases.

4) The field test requires long road hauls on rough road
surfaces, which causes frequent vertical vibrations (30Hz)
of the truck. Thereby the simulator should have large
bandwidth in the vertical direction.

In consideration of the above requirements, it is suitable or
even necessary to utilize a 6-DOF fully parallel mechanism
for this occasion. Parallel mechanisms have been extensively
studied over the last thirty years, and the readers are referred to
[1] and [2] for detailed reviews on parallel robots. In a nutshell,
the advantages of parallel mechanisms over serial ones are
their larger load-to-weight ratio, higher structural rigidity, and
better dynamic performance.

There are several types of fully paralle]l mechanisms, and
the most prestigious one is the Stewart-Gough platform [3].
Among these existing architectures, the Hexaglide is chosen
due to its favorable performance concerning acceleration in
one direction. As shown in Fig. 1, it is composed of a top plate
(1), six length-constant links (2), six sliders (3), three linear
guide rails (4), and six linear actuators (5). Each of the six links
is attached to the top plate through a ball-in-socket spherical
joint providing three rotational DOFs, and the corresponding
slider through a universal joint with two rotational DOFs. In
addition, there is a translational DOF between each slider and
its corresponding rail. Thus each subchain has six degrees of
freedom. The top plate, links and sliders can move along rails
as a whole without relative motions among one another, and
hence the top plate can attain the maximum acceleration of
the actuators if speed reducers are not used. Furthermore, the
length of rails can be freely chosen according to the need of
acceleration duration.

The concept of the Hexaglide was first developed by the
Institute of Machine Tools of Swiss Federal Institute of
Technology Zurich [4], for designing a high speed milling
machine, and then [5] and [6] discussed the relevant control
issues. Besides, a safety-enhanced surgical robot [7] has been
proposed based on the Hexaglide architecture.

It is well-known that the position workspace and orienta-
tion workspace of 6-DOF parallel mechanisms are strongly
coupled. Therefore, their full workspace is 6 dimensional,
which makes it difficult for graphical representation. And there
has been scarce work addressing this problem. Merlet [8]
presented a method for detecting whether straight line paths
with constant orientation or varying orientation is contained in



Fig. 1.

Hexaglide.

the workspace. Gosselin [9] presented a discretization method
for the computation and graphical representation of a new
workspace with coupled translational and rotational DOFs.

In this paper, a new type of workspace comprising of all
attainable positions with a range of orientation requirements
is proposed in Section IV, following the preparation of the ki-
nematic analysis and kinematic constraint summary in Section
IT and III, respectively. And finally the conclusions are given
in Section V.

II. KINEMATIC ANALYSIS
A, Kinematic Model

The mobility M of the parallel mechanism under study can
be determined by applving the Chebyshev-Griibler-Kutzbach
formula, i.e.,

M=6F-g-1)+> f M
k
where b and g are, respectively, the number of bodies (inclu-
ding the base) and the number of the joints of the mechanism,
and fi is the number of DOFs of joint k. Given the particular
topological structure of the mechanism, we have b = 14, g =
18, and >, fr = 36, the mobility M of the mechanism thus
being equal to six. Correspondingly, this 6-DOF mechanism is
actuated by a set of six input displacements, s;, for i =1 —86.
To perform the kinematic analysis of the Hexaglide, the
coordinate systems are established, as shown in Fig. 2. And
to give the maximum symmetry to the mechanism, the gaps
between the adjacent rails are the same (denoted by A), the
lengths of the six links (denoted by I1,ls,...,l5) are all {,
the top plate is a regular hexagon and the spherical joints are
located at its vertexes.

B. Inverse Kinematic Analysis

The Inverse kinematics computes the locations of the six
sliders given the position and orientation (x,y,z, ¢, 8, ) of
the top plate. The position P; of a spherical joint can be
represented by using (4 x 4) homogeneous malrices in the
global reference frame as

P, = T{(z,y,2)R(¢,8,4)R,(6:)T:(r)[0,0,0,1]T  (2)

where the homogeneous matrices 1'(x, vy, z) and R{¢,0,),
respectively, specifies the translation of the top plate origin and

P o=m— =" P,

)

Fig. 2. Kinematic model. {a) Coordinate system establishment. (b) Top plate.

the orientation of the top plate. Given the position coordinate
(z,y,2) of the top plate origin in respect to the global frame,
the form of the translation matrix 7'(z, ¥, #) is determined and
can only be expressed as
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Nonetheless, the form of the orientation matrix can not be
determined only by the orientation of the top plate. In other
words, given a specified orientation of the top plate, the set of
angles (¢, 8, 1), which are referred to as Euler angles, are not
unique. In accordance to different rotating sequences, there are
different sets of Huler angles, two of which are recalled here
since they will be used later for the workspace analysis.

Conventionally, the orientation of the top plate is repre-
sented by the ZXY Euler angles, which are defined by first
rotating the mobile frame about the base zp axis by an angle
¢, then about the new =, axis by an angle ¢, and finally about
the new y, axis by an angle +. For this choice of Euler angles,
the singularity occurs at # = +7/2 and the rotation matrix is
defined as

R = R.($) R (0) Ry ()
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where cy = cos¢, ¢y = cos?), 55 = sin ¢, etc.

Besides, the orientation of the top plate can also be descri-
bed by a modified set of Euler angles presented by Bonev [10],
[L1]. The advantages of this set of Euler angles were presented
in [12], which applied it to the analysis of constrained mani-
pulators. It was also used in [13] for formulating the closed-
form solution to the orientation workspace of Gough-Stewart
parallel manipulators. In this orientation representation, the top
plate is first rotated about the base z, axis by an angle ¢, then
about the new y, axis by an angle &, and finally about the
mobile z, axis by an angle ¢ — ¢. For this choice of Euler
angles, the singularity occurs at # = 0°, and the corresponding
rotation matrix is given by

R=R.($)R, )R — ¢)
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This approach for describing orientation is much more
intuitive than other sets of Euler angles, with the Euler angles
& and ¢ respectively denoting the zenith angle and azimuth
angle of the z, axis of the top plate in a spherical coordinate
system with respect to the global frame. And the Euler angle
represents the rotation angle about the mobile 2, axis, referred
to as the torsion angle intuitively.

The position 5; of a universal joint can be represented by
Si = [hiy 55,0, 1) (6)

In view of the fact that the length of the six legs is
constant, the active straight-line displacement can be obtained
by solving the following equations.

|5 =5 =4, i=1,2,...,6. {7

For the real-time control, the coordinate (p;z, psy, piz) of the

point P; is obtained by solving (2) first, and then the active

displacement s; is given by the following expressions derived
from (7).

= (=N —pf, 1=1,3,5

8
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III. KINEMATIC CONSTRAINTS

There are various kinematic constraints that may limit
the workspace of the Hexaglide. This section models these
potential constraints one by one mathematically.

A. Range of Motion of the Universal Joints

It is assumed that at the initial setting, the pose of the top
plate is (0,0, 2,,0,0,0), and all the universal joints and the
spherical joints are isotropy in terms of the range of motion
in every direction. The initial vector of the link 7 is denoted
by I;,, and the current vector is denoted by ;. The maximum
misalignment angle of the universal joints is denoted by .
Thereby the angle between I; and I;, should be no larger than

Yoy LE.,
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B. Range of Motion of the Spherical Joints

The initial vector of link ¢ is also the initial vector of
the symmetrical axis of the socket of the universal joint i.
And the sockets are fixed to the to the top plate, and hence
have the same rotation matrix as the top plate. The maximum
misalignment angle of the universal joints is denoted by ;.

Thereby,
li ' R(QZS, 97 71/))l7lo
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C. Slider Interference

Every pair of the sliders on the same rail should not
interfere with each other, taking into account the length of the
sliders. This consideration imposes a constraint on the distance
between every pair of universal joints, so that

i =2,4,8, (113

where «, denotes the minimum distance between the two
universal joints corresponding to the same rail.

85— 851 < dg,

D. Link Interference

It is assumed that the links can be approximated by cylinders
of diameter D). The only concern is given to the collision
between {3 and {; (or I5), and 4 and {5 (or lg). Thereby the
structure of hexaglides imposes a set of constraints, so that

distance(ls, (1) > D,
distance(ly,{2) > D,

distance(ls, l5) > D,

12
distance(l4, {s) > D. (42

These constraints check equations require the computation
of the minimum distance between two line segments, which
requires the implementation of a multistep algorithm, which is
not recalled due to space limitations. The readers are referred
to [14].

E. The Length of The Rails

The strokes of the linear actuators are constrained by the
length of the rails. Considering also the length of the sliders,
the position the universal joints is constrained by

ki, k
85 c ( 1, 2) ]
(k37 k4) ]
where (k1, k=) is the working range of the sliders 1, 2, 5, and

6, and (ks, k) is the working range of the sliders 3 and 4,
assuming that the two lateral rails have the same length.

t=1,2,5,6

? ? ?

13
i = 3,4, 13



F Compaiibility Constraint

In general, a given configuration of a parallel mechanism
may satisfy all the constraints above but still be unattainable
from its initial assembly configuration. Since the discretization
method is used for obtaining workspace, no direct concern is
given to this constraint [14], [15].

G. Addirional Mechanical Consiraints

The specific design of the prototype imposes to consider the
following constraint:

z > 0. (14)

This consideration avoids the interference between the sli-
ders and the links (or the universal joints).

In addition, in terms of the v direction, a pair of universal
joints corresponding to the same rail should not enter the area
between between the corresponding pair of the spherical joints,

ie.,
85 < Piy,
8 > Biy,
IV. WORKSPACE WITH SPECIFIED ORIENTATION
CAPABILITIES

i=1,3,5

15
i =2,4,6. (13)

This section presents two methods for the determination of
all the possible locations of the center of the top plate so that it
is possible to have any orientation of the top plate within some
prescribed ranges for the orientation angles. Corresponding to
two separate sets of Euler angles aforementioned, two methods
are presented.

A. Workspace Without Orientation Requirement

The workspace is obtained by searching for its boundaries
in a cylinder coordinate system, which is shown in Fig. 3{a),
using the method proposed in [16]. Without the consideration
of the rail length constraint, the X7 cross-sections of the
workspace are congruent, as shown in Fig. 3(b). Therefore,
the workspace analysis is reduced to the analysis of a planar
cross-section, the boundary of which can be searched for in
a polar coordinate system. This feature also means that the
workspace analysis of a general Hexaslide (including HexaM
[L7], [18], Hexapod [19] and Hexaglide) by Rao in [20] and
[?] does not apply to the Hexaglide.

B. Using Convensional ZXY FEuler Angles with Orientation
Requirement as a Rectangular Solid

The orientation requirement can be represented by a rec-
tangular solid in a Cartesian coordinate system, which is
expressed by the following set and shown in Fig. 4.

We ={(¢,6,9) |9 <a, 0] < b [ <} (16)

The dense discrete points in and on the whole solid body
should be used together with every discrete position point to
compute the inverse kinematics, then to check whether the
mechanism at these positions can have the required orientation
capabilities by applying all the constraints aforementioned, and
to finally obtain all the reachable discrete positions.
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Fig. 3. Workspace of the hexaglide. (a) 3D workspace. (b) X Z cross-section.
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Fig. 4. Orientation requirement as a rectangular solid.

To reduce the computational time, only the six-face bounda-
ry of the rectangular solid are checked corresponding to each
position. Or even the eight vertexes (a,b, —¢), (a,—b,—c),
(a,—b,c), (—a,b,c), (—a,b,—c}, {(—a,—b,c), (—a,—b,—c},
(a,b,e) of the rectangular solid are selected and checked
as the representative points of the boundary. Although this
procedure is not rigorous since, to the best of our knowledge,
no reference has performed the relevant justifications, it is
effective, or at least an adequate approximation according to
the experimental comparisons between checking the whole
rectangular solid and checking only its eight vertexes.

Fig. 5(a) shows eight workspace boundaries corresponding
to eight vertexes of a rectangular solid (o« = b
10°), some of which coincide due to the symmetry of the
mechanism, and a boundary (the outer-most closed curve) that
corresponds to the orientation (0°, 0%, 0%). The area enclosed
by and within the eight boundary curves are the set of the
reachable positions with the orientation requirement.

= =

As the orientation requirement is increased, the workspace



1000p

L L . h I | I |
*EDD —&00 —-400 -200 1] 200 400 G800 ann

T T ————————

2 (mm)

-0

()

Fig. 5. Workspace with orientation requirements. (a) X 2 cross-sections. (b)
Workspace influenced by orientation requirements.

decreases in area, as shown in Fig. 5(b).

C. Using Improved Euler Angles with Orientation Reguire-
ment as a Cylinder or Partial Sphere

If the improved Euler angles are utilized and the orientation
workspace is expressed in a cylindrical coordinate system, the
orientation requirement can be represented by a cylindrical
solid, which is shown in Fig. 6 and expressed by the following
set.

We ={(¢,8,9) : |¥| < a,8 € (0°,b],¢ € [0°,360°)}. (17)

By the same token regarding the rectangular solid, the
cylinder solid can also be represented by its surface or even
two circles of a cylinder v = a, # = b, ¢ € [0°,360°)
= —a, 8 =b, e [0°360°).

Besides, if orientation workspace is expressed in a spherical
coordinate system, the orientation requirement can be repre-
sented by a partial spherical solid in a cylindrical coordinate
system, which is illustrated in Fig. 7. And the requirement can
also be finally reduced to two circles.

We = {{¢,8,9) : || < a8 (07,5, < [0°,360°)}. (18)

Fig. 6. Orientation requirement as a cylinder.

Fig. 7. Orientation requirement as a partial sphere.

It can be easily noticed that W, = W,, so if the reduced
orientation requirement of two circles is used, it does not
make any difference whether the orientation requirement is
expressed in a cylindrical coordinate system or a spherical
coordinate system.

The inner closed curve in Fig. 8(a) is the workspace with
the orientation requirement & = & = 10°. In fact, the two
workspace curves corresponding respectively to the two-circle
orientation requirement coincide because of the mechanism’s
symmetry. The outer closed curve is the workspace without
any orientation requirement. As the orientation requirement
cylinder becomes thicker and higher, the workspace area
decreases, as illustrated in Fig. 8(b).

V. CONCLUSIONS

This paper presented the potential industrial use of the He-
xaglide as a motion simulator for oil tanker trucks, mainly by
taking advantage of its merit concerning acceleration along the
direction of its rails. To make the workspace more applicable,
a new type of workspace was presented, within which, the top
plate can attain any of the required ranges of orientation.

This workspace can also be used for workspace optimi-
zation. Most current references on parameter optimization of
parallel mechanisms are based on the enlargement of position
workspace or regard it as one of optimization objectives.
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This approach is not practical because a set of parameters
resulting in the largest position workspace may probably lead
to rather small orientation workspace, since these two kinds
of workspace are highly coupled.
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