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Abstract
This paper illustrates a novel asymmetric design of the H-4 family of parallel robots aimed at
milling and Rapid-Prototyping applications with three degrees of freedom (DOF) in translation and
one in rotation. The design considerations, as well as thorough analysis of forward and inverse
position and velocity relationships, are presented, and a singularity analysis of the mechanism in
question is also detailed. The design shows an advantage over the other conventional designs in less
complexity of direct kinematics solutions, greater workspace in one selected axis and great mobility

within the workspace.
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1. Introduction

At present, the researches in the robotics
field have advanced dramatically. There are
needs in various kinds of industries for robots
that perform a variety of tasks ranging from
simple pick-and-place to complex machining,
effectively. The parallel robot is one of the
subjects that the communities have paid great
attention to for the past several years. Since
Gouge and Stewart [1] proposed the earliest
form of practical parallel manipulator for testing
and flight simulation purposes, the research in
parallel robots has continued to grow. Each link
of a parallel robot is connected to the end-
effecter in a parallel fashion which differs
greatly from serial-link robots. The advantages
of parallel manipulators over serial manipulators
are high load capacity, higher stiffness and
lower link inertia, while to the contrary, serial-
link robots excel in large workspaces and offer
more flexibility. Due to these characteristics,
parallel robots are perfect for milling or
coordinate measuring machines, thanks to their
large capacity and rigidity. Due to the
difficulties caused by the complexity of parallel
robots, several researches have been devoted to
closed-form forward kinematics solutions of the
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Stewart Platform, both analytically and
computationally. The computational approach is
presented in [2], [3], as well as an analytical
approach in [4], [5]. In [6] and [7], redundant
sensors were used to measure additional passive
joint angles to help simplify the forward
kinematics polynomial. Also there are numerous
approaches using other algorithms such as
neural networks and look-up tables to search for
correct forward kinematics solutions either on-
line or off-line. Thus far, there is no exact
solution for the forward kinematics of the
general Stewart-like parallel platform. The
research aimed for discovery of efficient parallel
robot configurations such as the famous Delta
Robot {8] and Eclipse Il [9] which can rotate
360 degree, and manipulator at the University of
Maryland [10] which uses parallelogram to
constrain robot motion result in 3 DOF in

translation. In addition, singularity region
verification is rather important, especially the
singularity ~ within the workspace. The

singularity configuration of a closed chain
mechanism has been thoroughly detailed in [11].
Singularity analysis is presented in various
papers, by geometric approach [12-15]. A robot
with adjustable parameters, such as link length



Thammasat Int. J. Sc. Tech., Vol. 10, No. 3, July-September 2005

and footprint to increase working volume or
avoid singularity, is presented in [16]. The early
configuration of parallel robot came in the form
of the Hexapod, a moving platform actuated by
six actuators, which are attached to the fixed
platform such as Toyada, HexaM, Giddings &
Lewis, etc. Undeniably, the majority of parallel-
link machines specialized in milling application
nowadays, are Hexapod. As one already
observed, milling processes often requires three
to five DOFs, thus the Hexapod has redundancy;
controlling its six actuators to perform a 5-DOF
sufficient task. Some researches have been
devoted to parallel robots that have less than 6-
DOF such as a 3-DOF manipulators by [17] to
[20]. The 5-DOF design is shown in [21]. On the
contrary, lesser efforts have been devoted to 4-
DOF mechanisms as in [22] and [23].
Nevertheless, the three DOFs are often not
enough to carry out tasks and the six DOFs are
more complex. The other approach according to
this research is to develop a 4-DOF manipulator.
In [23], a new family of parallel robots, called
H-4, has been developed. The configuration has
3 degrees of translation and 1 degree in rotation.
The design conditions of the so called
mechanism are thoroughly detailed in [23].
Although lesser-than-six-DOF robots have less
complex kinematics, in general forward
kinematics solutions still can not be expressed in
closed form, as shown in [22], which states that
the forward kinematics solutions are in the form
of 8" order polynomials. On the contrary, the
general H-4 configuration reviewed in this paper
shows that there are some actuator arrangements
that reduce the complexity of manipulators, thus
leading to more convenient analysis of robot
characteristics.

In case of working volume, one should see
that parallel robots wusually have a small
workspace, in contrast to its large work load
capacity. This can be described as “virtual
reduction ratio”; the long actuators traveling
distance results in a small robot end effecter
movement. The in-line actuator arrangement
should extend the workspace in one direction.
Such arrangements, for hexapod robots with
constant link length, are called “Hexaglide”
[24]. In the case of 4-DOF robots, the
configuration consists of two pairs of identical
kinematics chain connecting to the moving
platform in a manner that satisfies the closed
chain DOF constraint.
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In this paper, a new design has been
proposed. Forward and inverse kinematics are
also detailed including singularity analysis
presented in analytical form. The analytical form
of kinematics analysis is proved to be a
powerful tool for further study of advanced
parallel robot applications.

2. Design Consideration

For better understanding of the H-4 parallel
robot, reader should consult [22] and [23] for
more detail. From the Griibler criterion and
Euler’s equation:

F=Mn—j-1)+3f, M
L=j-n+1 (2)
Where,
L Number of internal loops within
mechanism
F Degrees of freedom
N Number of links including the

base
Number of joints

ji  Number of joints whose degrees
of freedom equal i

fi  Degrees of freedom of joint i

»  Degrees of freedom within
robot working space

Combining the two equations, in case of a
parallel mechanism with four DOFs, L = 3 and F
= 4. Thus, the sum of DOFs of all joints is 22.
The mechanism must consist of four chains
resulting in 4(5) + 2 = 22, which shows that
each chain should contain five DOFs.
Considering the possibilities to construct such
mechanisms, except for actuated joints, the four
DOFs joints are left in each chain which can be
achieved with two universal joints (U joints).
Two of these chains combine into one meta-
chain connected to the moving platform via two
revolute joints (R joints) yielding 22 joints as
shown in Figure 1.
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The general configuration of the robot is
shown in Figure 2. For milling applications, the
manipulator end-effecter should point

Actuated joint downward which is opposed to that of a

classical Stewart Platform. All actuators should

D L be fixed in place to minimize inertia effects. The

Passive joint . . R .

actuated joint can be either revolute or prismatic

joints (P joints). The following robot

v v v u descriptions only apply to robots with prismatic

1 actuators. The robots end-effecter which is

called a moving platform consists of points Cy,

R R C34 and P as shown in Figure 2. The platform

can rotate in the direction of v. The machine

consists of four actuators A with the length of /;,

L5, I; and I, with respecte to the coordinate frame
Figure 1 Possible 4-DOF parallel robot joint {D}.

arrangement

Base

Moving platform

Length of leg,

R B, v

Ujoint

Figure 2 General configuration of the 4-DOF parallel robot

Where, Starting with the inverse Kkinematics
{O}Robot origin frame problem, the solution /; is found for i = 1 to 4,
P Position vector of robot moving for each desired robot position {x, y, z}" and 6.

platform described as {x, y, z}" As can be seen, with simple vectors
l;  Actuated linear joint i length addition for leg 1:
v Rotation vector of moving 0,41, +A,B, =C,B, + P+ Rot(v,0)s PC,

platform A;B, =PI, + Rot(v,0)e PC, + C,B, -0,
{P} Coordinate frame attached to

moving platform (3)
{D} Coordinate frame attached to Rot(v,0) is the rotation matrix in the

actuated joint direction of v for the amount of #. Vector ; can
u; Unit vector pointed in actuator be written as I; = /a; and all constant vectors can

direction be combined to be K; = C;B; - O; thus (3) can be
0O; Constant vector due to robot rewritten as:

construction and origin frame

placement
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R[i} =P-/u, +Rot(v,0)s PC, +K, ()
|A:B.]

AB x+[Rot(v,6)e PC,] +[K,], ",

R[A—iB—L}: y+[Rot(v,6)ePC,] +[K.] |-1|u,

ML Rotivi0)epe ] +[K.] | |u
(5)

Vector CB; is, Cy2B; for leg 1, and C;B,
for leg 2, respectively. The same can be applied
to leg 3 and 4 to yield vectors C34B;3 and C34B,.
Subscripts x, y and z refer to corresponding
vector components along the x, y and z axes.

The typical approach is to square both sides
of the equation, thus change three rows of
matrix into one scalar equation. This can hardly
be done, because I; has all components in x, y
and z directions. We can reduce w; into [1 0 0]T
by rotating {O} so that u; coincides with the x
axis. This rotation matrix, according to Figure 3,
is found to be:

ixu,
W, =—m,V
”lxui

w,xu, (0

Where,
R; Rotation matrix that
transforms coordinate frame
{0} to coordinate frame {D} of
actuator 1

k
A

_ ixu
,=

Jiu,

i i
Figure 3 Rotating {O} to make x coincide with
u; Hence,

VvV, =W Xu,;
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x+[Rot(v,0)e PC,] +[K,].
A.B.
R,R| ——_[=R, y+[R0t(V,9)'PCi], +[Ki]
4.8, K,
z+[Rot(v,0)s PC,]. +[K,].
uir
7liRi uly
ui:
AB U, X, tu, v, tu, -z, 1
R,R| = vpox vy tvz =40
|aB, ' ‘
W X, tw oy W, g 0
AB uix-xl+u,"y¢+ulz.zivli
Rik{#}: Vi X H VY YLz 7
”AiBiH W, X.+w._ V. +w,_ 2
Where,
x+[Rot(v,0)ePC,] +[K,]] [x
(®)

y+[Rot(v,0)e PC,] +[K,] =],

y

z+[R0t(v,0)o PCi]z +[K,]7 z,

Now we can solve for linear joint length, /;
for actuator 1 as follows:

2

AB 2 ui,v'xi+uzy'yi+ui:'zi_li
IR, A =] v, cx v,y Y, 2
i HABH w K TV YtV g
o wix'xi+wxy.yx+wlz.zl
l::uix'xi+ury.yi+uiz.zii

2

RZ

2
_(wix X W Y W 'Zi)

’(Vix X, EV, Y Yy 'Zi)

€)

Noting that R;"R;=I

At this point, readers can see that the
arrangement of actuated joint direction, 1 plays
an important role in defining the characteristics
of the robot [20].

The situation is more complicated in the
case of forward kinematics, as has already been
pointed out by the others [2, 3, and 4]. For
simplification, for each meta-chain, points B and
C can be seen as the same point. The
configuration in Figure 2 reveals that point Cy;
and Cj3 can only move in a circular path;
movement of leg A;B; and A,B, forms two
spheres where the intersection of these spheres
is the path of C,,. The same can applied to Cxy
resulting in two circles which are perpendicular
to and positioned at the midpoint of vector AjA,
and AjzAy, respectively. Obviously, the radius of
the circles is dependent on both linear joint
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lengths at each side of the closed chain. The
solutions to the forward kinematics problem are
where the points Cj; and Cjs satisfy the
following conditions:

1.Size of C;Cs is equal to the size of the
moving platform and,

2.Dot product of C4,Cs4 and v is a constant.
Depending on the selection of point C, the
vector v keeps its original direction and
Cy2Cs4 always rotates around v. The angle
between C;,Cs4 and v is also a constant. It
is more convenient to select C such that

C2C34 i1s  perpendicular to v, thus
C12C34 ov=0

Midpoint ~ egZ 34

'AIAZ Midpoint of

AA,

Figure 4 Multiple forward kinematics solutions

As shown in Figure 4, these circles may or
may not intersect with each other. Thus, They
produce four but not more than eight solutions
[22].

Prismatic
Joint

3. Proposed Design
From the above discussion, the H-4 family
parallel mechanism is presented as in Figure 5.
The machine consists of four actuators [, [, [;
and [, which point in the x direction according to
the machine origin. Four legs AB of length R
comprise the PUU joints. Leg | and leg 2 are
designated by A1B; and A;B; and leg 3 and leg
4 are designated by A3;B3 and A4B4 and form the
meta-chain (independent closed chain) at each
side, They are connected to the moving platform
via two revolute joints at C resulting in rotation
in the y direction. From the kinematics point of
view, if we set vector 1 so that it coincides with
one of the principle axis, which in this case is x,
equation (9) can be simplified. This approach
not only simplifies the expression but also
extends the robot workspace in that direction.
Furthermore, if we align 1; with 1; and I3 with 1,
the constant vector K; for leg 1 and 2 and for leg
3 and 4 will be identical. Thus, this makes
actuator 1 align with actuator 2 as well as
actuator 3 and 4. Also, the moving path of point
C; will become circular in the plane
perpendicular to I; as shown in Figure 6. As
mentioned before, the origin and radius of the
circle are constrained by actuated linear joint
lengths /; and I, for Cy, and /; and /, for Caq.
Designing parameters include leg length
(R), the difference between platform size and
footprint (A-B), platform size (C) and meta-

chain  offset distance (D). Parameters
determination depends on a number of factors,
resulting in optimization of mechanism

characteristics such as stiffness and working
volume.

U-Joint,
R-Joint

Figure 5 Configuration of proposed manipulator
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Figure 6 Detail of actuated linear joint length /; and I, which are related to the path of point C,

3.1 Inverse Kinematics

Consider Figure 5 and equation (8) and (9)
from section 2 and the beginning of section 3
given:

0,=0,=[0 a df
C.,B,=C.,B,,=0
PC,=[0 b ]
In the same manner:
0,=0,=[0 -a -dJ
C,B,=C,B,=0
PC,, =[0 -» -]
Furthermore:
u =01 0 0] R, =Li=1-4
And for rotation in the y direction:
cos(0) 0 sin(8)
Rot(v.0)=| O 1 0
—sin(6) 0 cos(6)

Substitute all this into equation (9) and this

yields.
I, = x+csin(0)+
\/R' v+b—a) —(z+ccos(8)-d)

From the geometric configuration of robot,
there is only one solution which is:

I, =x+c¢ sin(9)+

> (10
\/R' (y+b-a) —(z+ccos(0)-d) )
I :x+csin(9)f 7 an
\/Rz—(_y+b—a)2—(z+ccos(9)—d)‘
I, = x—csin(0)+ 1)
\/R (v=b+a) —(z-ccos(0)+d)
l, = x—csin(e)— %)

\/R‘ (y—b+a) —(z—ccos(0)+ d)2

From equations (10) to (13), one can solve
for actuated linear joint length for any given
platform position.

3.2 Forward kinematics analysis

From robot input parameters /,;, /5, [; and
we assume new variables depending on these
inputs to be:

L+ L+
n= 2 1 = ) (14)
di=1-1,,d,=1,~1,
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2a

r l/ g
2 X

Figure 7 New variables assignment as observe
from the top of the manipulator

Which can be described as (see also

Figure 5):
r;, r;  Origin of the circular path

of vector C
Distance between A; and A,
and between Az and A,

By the geometric approach, the rotation of
the platform can readily be determined as:

dl’ d2

i r-ny

cos(8)= 5
c

(15

Noting that point Cy; of closed chain 1-2 is
always above Cy4 of chain 3-4. Thus, the range
of 6 is within 90 degree about y axis. Equation
(15) shows that cos(0) is always positive for 0
within the first and fourth quadrants.

The solution in the x direction is easily
obtained as:

_htn (16)
2

The detail of the solutions is shown in
Figure 8.

Here, we can independently acquire two of
four forward kinematics solutions. As for
motion along the y and z axis, manipulating
equations (10) to (13) yield y in the form of z in
two independent equations as shown below:

d}—d? +8z[1/4cz ~(r,—n) - Zd}
y= a7
16(a —b)

| el
P ikl L'
[

2¢

Gzcosl[ 462_(’1 _rz)2]

Figure 8 Determining x and 6 from robot
geometry

2 2
dl—‘;—’jdzi: 2R2 —2y2 —2(b—a)2 —222 (]8)
- 2(c'cos(9)-d)2

Substituting equation (18) into (17) results
in a 2™ order polynomial of z which can be
solved using a simple formula:

Z_—Bt\/B2—4AC (19)

2A
Where
2
[ 4c? —(r2 —r])2 —2d:|
A= +2
2a-b)
(a? —dj[ 4¢ —(r,— -24
B=
8(a —b)’
2 2
c=I T optiopa)+
2 2 42}
l[\Mcz —(r2 —r,)2 —Zd} +'——(d1 4 )’
2 128(a - b)

(20)

Due to the configuration of the proposed
robot, the solution in z is always negative.
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3.3 Jacobian Analysis

The velocities relationship matrix can be
obtained using direct derivatives of kinematics
relations that are already obtained or by
manipulating kinematics relations between links
and moving platform. In the following sections,
we will concentrate on the design proposed. The
Jacobian or the matrices which relate input
joints velocity to that of robot position is in the
form:

OF(q,x)=0

In other words,

Aq+Bx=0, Q1)

Where,
q The velocity of actuated joints,

lii,.i 0]
X Velocity of robot moving
platform, x = [fc, j/,z',é]r
F(q,x) =0 The position
relationships between actuated

joints and robot position
A Derivative of F with respect to

q, OF/oq
B Derivative of F with respect to
x, oF/0x
Thus, the Jacobian can be expressed in the
form:

J=-A"'B, (22)
Consider other forms of equation (10),
F(l,,x) = (x +csin(0) -1, ) + (10)

(y+b-a) +(z+ccos(@)-d) —R* =0
Thus,
OF 101, = —2(x + ¢sin(8)-1,)-1,
And,
OF /ox = 2(x +csin(8)~1,)- x
oF 1oy =2y +b—a)-y
OF 10z =2(z +ccos(8)-d) 2

OF 180 = 2c{x+csin(8) -1, )cos(8)-6—
2¢(z +ccos(8)—d)sin(6)-6

Repeating and combining the operations for
actuators 2, 3 and 4 give:

x+c-sin(@) -1, 0
0 x+c-sin(0) -1,
A= -
0 0
0 0
B:
x+c-sin(@)-1, y+b-a z+c-cos(9)—-d

x+c-sin(@) -1, y+b—-a z+c-cos(0)-d
z—c-cos(0) +d

z—c-cos(0)+d

x—c-sin(@) -1, y-b+a

x—c-sin(@ -1, y-b+a

y+b-a z+c-cos(B)—d

x+c-sin(@) -1, x+c-sin(0) -1,

y+b-a z+c-cos(B)—d
3= x+c-sin(@) -1, x+c-sin(@)-1,
y-b+a z—c-cos(B)+d

x—c-sin(@)+{, x-—c-sin(@)+1,

y—b+a z—c-cos(0)+d

x—c-sin(@)+1, x-—c-sin(@)+1,

0 0

0 0
x—c-sin(@) -1, 0

0 x—c-sin(@)—1/,

c((x +c-sin(0) -/, )cos(e) - (z + ¢ -cos(0) — d)sin(e))
c((x +c-sin(®) — 1, )cos(8) — (z + ¢ - cos(8) — d)sin(8))
c(— (x —c-sin(0) -/, )cos(e) + (z —c-cos(0)+ d)sin(f)))
c(— (x —c-sin(@) -1, )cos(B) + (z —c-cos(0) + d)sin(e))

c[cos(e) _ (z+ec- cos(?) - d)sin(e)j ]
Xx+c-sin(0) -/,
c(cos(e) lere COS(?) - d)sin(e)j
x+c-sin(8) -1,

c(— cos(0) + (z-c-cos(®) +d )sin(e)]

x—c-sin(B) + [,
z—c-cos(0) + d)sin(e)
x—c-sin(0) +1, |

c[— cos(0) + (

(23), (24) and (25)
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Matrices (23) to (25) represent velocity
relationships between actuators and the moving
platform.

3.4 Singularity Analysis
Singularity analysis is of paramount
important in parallel kinematics due to their
complex linkage nature. The situation where
singularity occurs was described in [1], and the
Jacobian matrix was outlined in three cases as
follows:
Singularity of the 1% kind arises when
det(A) is zero, because there exists a non-zero
vector ¢ which makes the output velocity X

zero. This means that the manipulator loses its
one or more end-effecter DOF or refers to where
the multiple branches of the inverse kinematics
solutions meet. This type of singularity does not
impose serious difficulties because it is actually
encountered at the boundary of the working
volume. Singularity of the 2™ kind is
encountered when det(B) is zero, which are the
points where there is end effecter motion. Input
actuator velocities are zero when the multiple
branches of forward kinematics solutions meet.
In this case, the manipulator gains one or more
uncontrollable DOF which can be encountered
within the workspace, which results in
unexpected behavior. Singularity of the 3* kind
is a special case which occurs when both
determinants of A and B are zero. and depends
on robot parameters such as link length.

To keep the article organized, the detailed
procedure to obtain the determinant of both
matrices will not be shown here.

In case of A, its determinant is:

det(A)=(x+c-sin(®) — 1, Nx +c-sin(0) - 1)
(xAc -sin(B) — 13)()( —¢-sin(0) — 14)

(26)

These imply that, singularity occurs when
xx csin(e)—l1 =0 or, as shown in Figure 9a,
when leg 1 and 2 or leg 3 and 4 become parallel.
Consider Figure 6b, the radius of circular path of
C is maximized when leg | and 2 become
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parallel, which clearly designates the working
boundary of the robot.

As for B, due to the likeliness of matrix
rows, by performing row and column operation,
one can obtain the determinant of B as:

detB)=4c (1, -1,)- (1, — 1,)- cos(0)-
[_\'(d —¢- cos(e))f :(b _ a)] .(27)

Observing the determinant of B reveals that
the singularity occurs at the following
conditions;

1.At I; = I, or [; = [, which means that
vector A|B; with A;B, together with A;B;
and A4B4 are coincided as shown in
Figure 9a. This is similar to condition (26)
but when legs in the same closed chain
are parallel, the chain becomes an open
chain and gains more DOF. From
observation, point C can move spherically
and the robot becomes unstable.

2.At cos(0) = 0 or O = x90° where the
platform is parallel to x as shown in
Figure 9b.

3. The position where planes formed by
A]B] with A2B2 and A3B3 with A4B4 are
in parallel as shown in Figure 9c and can
be described by the expression,

v(d —c-cos(8))- (b —a)=0

T (h-a)

It is also important to note that although the
singularity  condition can  be  avoided
mathematically, in  real  manufacturing
conditions, all tolerances and mating conditions
must be considered carefully. Joint clearance
can accumulate and make a greater impact on
the stability of the robot, most importantly. near
the singularity region. In conclusion, the
singularity region should be avoided with
significant safety factor.

The proposed manipulator  design
kinematics properties can be shown in analytical
form which can be used to analyze the
characteristics of the manipulator efficiently.
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Two linear joints
Cannot be overlapped

2a > A
7 1
b ) A,
) Y
kBM"\ d—c- cos(G)
b—a ¢)

Figure 9 Possible singularity configurations a) Legs in one or both meta-chain are parallel b) Moving
Platform has rotated +90° and c) Plane A A,B,, and A;A,Bx; are parallel as observed from the front

3.5 Workspace

From the previous analysis, the workspace
of manipulator strongly depends on robot design
parameters. The design parameters include robot
footprint (a-b), platform size (c), meta-chain
offset distance (d) and leg length (R). Varying
this sets of parameters affects the characteristics
of the robot such as workspace and stiffness.
Thanks to its simple configuration along the x
axis, the workspace of the robot is the area
constructed from the permitted movement of
point C on each side of the chain. The boundary
is achieved by keeping the distance between
actuated joint A; and A, or Ay and A4 at the
minimum (d,;;,) (i.e. each leg is nearly parallel)
and varying the other side from the maximum
(dmax) to the minimum as shown in Figure 10.
From the above discussion, singularity d,. must
be less than twice R and also d,,;, must be larger
than zero. The following plot varies d.. in the
range of 1.3R to 1.7R and dp, from 0.5R to
0.6R.

| max

Figure 10 Maximum and minimum allowable
traveling distance of robot actuators
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In this proposed design, only workspace in
the yz plane is considered. Figures 1la to 11d
show the workspace in yz plane where 6 = 0°
for each set of parameters, for Figure 1la: ¢ =d
= 0.1, R = 0.4; Figure 11b: (a-b) = 0.14, ¢ =d =
0.2: Figure llc: (a-b) = 0.14, R = 0.4: and
Figure 11d: (a-b) = 0.14, R = 0.4, ¢ = 0.02. As
can be seen in Figure !la, increasing the
footprint of the robot will decrease the
workspace in both y and z directions. On the
contrary, as in Figure 1lb, increasing the leg
length tends to increase the workspace in the yz
plane.

The variation of the workspace due to the
rotation of the moving platform along the y axis
is investigated. As shown in Figure 1lc, the
workspace shows good mobility of platform for
platform angle as large as 60 degrees, observed
from only slight drift from the neutral position
(position of arm when the moving platform
angle is at 0 degree) in the yz plane workspace.
The workspace shifts away from the neutral
position more when the platform angle, as the
well as platform size increases. As far as ¢ = d,
as in Figure 1lc, the neutral position remains in
the center; the workspace is symmetric to the
y = 0 axis. In case ¢ is not equal to d, as in
Figurelld, the neutral position shifts to both
sides of the y = 0 axis depending on which
parameter is larger. Noting that, from
singularity analysis, decreasing the footprint and
increasing the length the of the robot’s leg give
more workspace, but likely push the robot into
singularity.
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Figure 11 Workspace of robot in the yz plane varying parameters a) Varying robot base size (a-b),
when the platform angle is 0 degree (neutral position) b) Varying leg length R, at the neutral position
¢) Varying platform size c, and the meta-chain offset distance d, when the platform angle is 60 degree
and d) Varying the ratio of ¢ and d, at the neutral position (all plots taken from Matlab/Simulink®

R6.1)

4. Simulation results

The simulation based on the derived
kinematics relation using Matlab/Simulink® for
control law implementation and MSC.virtual
Nastran® for numerical plant simulation are
shown. The simulation performed both,
controlling each joint directly, and tracking pre-
generated platform trajectory. The block
diagram is shown in Figure 12. As for joints
control, we assign PID-control with position
feedback for cach individual joint. In the case of
tracking platform trajectory, we generate the
path for the platform motion using linear and
parabolic blending, in addition to a control
signal consisting of position, velocity feedback
and integral term. For the ideal case, the actual
moving platform trajectory should exactly match
the desired trajectory with no error, given the
control law:

F=K,(1-1,)+ K, (i-1,)+ K, [(-1,)r

F=Ke+Kyé+K, [eds (28)
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Where
la Desired joints position
I Actual joints position
1, Desired joints velocity

1 Actual joints velocity
Kp Proportional gain
Kp Derivative gain
K; Integral gain
e Tracking error
F Control signal
By assigning the conditions as:
Start point:
x=-001y=-0.016z=-0.467 0 =29°
End point:
x=-0.1y=-0.05z=-0.388=0"

Figure 13 and Figure 14 show the
simulation results of the positions and velocities
of the moving platform, Figure 13, and of the
actuated joints, Figure 14, controlling the joints
directly. The simulation results illustrate this
very promising control scheme.
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Figurel2 Block diagram of manipulator PID control system

Figure 13 Positions and velocities of the
moving platform by controlling each joint
directly

Figure 14 Positions and velocities of the
actuated joints by controlling each joint dirctly

Figure 15 Positions and velocities tracking of
the moving platform using pre-generated path.

units

Figure 16 Positions and velocities tracking of
the actuated joints using pre-generated path.
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Similarly, by controlling the platform path,
Figure 15 and 16 show the simulation results of
the positions and velocities of the moving
platform and of the actuated joints. By using the
joint PID-control, the same results can be
obtained.

Figure 17 shows the acceleration of the
platform. This is similar to the acceleration of
the trapezoidal velocity profile. Also, the
maximum platform velocity of 0.2 nv/s with 0.3g
in acceleration, is also shown.

5 T
000102030405080708

Figure 17 Acceleration of the Platform using
Cartesian space control scheme.

At present, a prototype arm was built as
shown in Figure 18. The test bed is useful for
further research, as a device to perform force
tracking control on surfaces, and as a small
milling  machine for rapid prototyping
applications.

5. Conclusions

In this paper, extensive analysis of the new
H-4 family parallel manipulator has been
presented. The inverse kinematics and especially
forward kinematics can be represented in closed
form. Singularity analysis is also shown in
analytical form thanks to its simple design. The
robot provided good work space in the x
direction and good mobility all around for the
working volume. A robot control simulation,
using both joint space and Cartesian space, has
been carried out. The results show good
characteristics and controllability of the
manipulator.
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