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Abstract

This paper presents novel design of the parallel
manipulator of the H-4 family parallel robot with three
degrees of freedom (DOF) in translation and one in
rotation. Thorough analysis of forward and inverse
position and velocity relationships are presented. Further
more, when tackled with turn table forming 5th axis, this
design can perform nearly all the tasks such as milling
and rapid prototyping. Author use inverse stiffness matrix
(Compliance matrix) to calculate the direction of
“deflection” of robot in task space, in conjunction with
arm stiffness, the controller command the arm to move
“into” the object thus produce force. The proposed force
control scheme show good tracking response in various
testing conditions; the force fluctuation is within £5-
newton range with 30 percent overshoot. The future work
concentrate on human-machine interface in the rapid
prototyping task for more accurate and complicate path
planning and better surface finishing.
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1. Introduction

The parallel robot is one of the subjects that the
communities have paid great contribution for the past
several years. Since Gouge and Stewart [1] proposed the
earliest form of practical parallel manipulator for testing
and simulation purpose, the research in parallel robot
continued to grow. The parallel robot configuration
performs variety of task ranged from simple pick-and-
place to complex machining. The advantages of parallel
manipulator over serial manipulator are high load
capacity, higher stiffness and lower link inertia, while to
the contrary, serial-link robot excel in large workspace
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. The shortcomings of parallel robot are generally
kinematics difficulties, small workspace and mobility
(workspace of robot when the moving platform is tilting
is usually smaller) compare to its serial counterpart. From
overall criteria analysis, new design has been proposed by
authors in [2]. Contrary to general Stewart-platform type
machine or one would call “Hexapod” for its six-leg
configuration; the new parallel arm contains four DOF
via its quad actuators and leg mechanism. The design has

simpler kinematics expression and, in fact, if coupled
with turn table forming the 5th axis, should be enough for
overall application. The design consideration and detailed
kinematics analysis has also been review in [2] and will
briefly be discuss in the following sections, including
Forward and Inverse kinematics.

For background of parallel kinematics and theory, reader
should consult with [1]. The general form of parallel
machine varies from three to six DOF are detailed in [3-
6]. Especially, the 4 DOF design, namely “H-4" has been
proved and reviewed in [7-8]. The 5-DOF is shown in [9].
Although lesser-than-sixth DOF robot has less complex
kinematics but in general, forward kinematics solution
still can not be expressed in closed form as shown in [7]
which states that the forward kinematics solutions are in
the form of 8" order polynomial.

The developed arm aimed at performing man-
machine task, has been tested for the abilities of force
tracking control on unknown object surface. In
application such as automated CMM machine, Rapid
Prototyping with man-machine interface, force tracking is
vital to maintain robot accuracy and also safety working
condition. Various force control scheme has been
proposed, early effective force-position hybrid control
proposed by [10-12]. Also force impedance control by
[13]. The algorithm in question must be robust and
adaptive to effectively follow the surface without prior
knowledge of object geometry. [12-13], present more
robust control scheme which adjust stiffness in account
for uncertainty of both robot and environment. More
adaptive and intelligence control technique such as
Neuro-Fuzzy method was used in [14-17]. Additionally,
auto parts assembly using force guided parallel robot is
introduced in [18]. Due to the robot configuration,
inverse of stiffness matrix, compliance matrix has been
obtained in analytical form. This compliance matrix is
position dependent and calculated arm deflection is also
force direction dependent. Of which, combine with
knowledge of actual interaction force between robot tool
tip and object measured by mean of force transducer, one
can calculate resultant deflection of robot depending on
robot position and actual force measurement which lead
to position command fetch to arm controller result in
more robust tracking behavior. The prototype performed
force tracking task on an unknown object surface



utilizing the stiffness and compliance matrix obtained
priory from kinematics analysis.

2. Proposed Design
From above discussion, the author presents H-4

family parallel mechanism as shown in figure la and 1b.
Machine consists of four actuators which are 1; 1, 13 and 14
all point to x direction of machine coordinate. Four legs
AB of length R comprise of PUU joints connected to the
moving platform via two revolute joints at C result in
rotation in y.

Designing parameters are leg length R and the difference
between platform size and footprint (a-b). Parameters
determination depends on number of factors result in
optimization of mechanism characteristics such working
volume. In order to determine robot working boundary,
forward position relationship which transfer allowable
input actuators length into corresponded motion boundary

must first be carryout.

2.1 Inverse Kinematics
In order to keep the paper organized, some robot

core concept has been review here. Consider robot
schematic diagram shown in figure 1a) and 1b), let P = {x,
y, z, 0} be the robot position and {l;, 1,, I3, 14} be the
robot input actuators length, so

b2 2 2
I =x,£{R" -y~ -7

But consider the geometric configuration of
robot there is only one solution which is,

Prismatic
Joint

U-Joint,
R-Joint
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I, =x, +yR* =y’ -z

Where x; is the position of point By, , at the triangle
formed by leg A;B; and A,B, as shown in figure 1a) and
1b) and found to be,

(M

X, = X+C-sin(@)
y,=y+b-a
2, =z+c-cos(0)—d

In the same pattern,

(52 2 2
|2=X1_ R -Y —

()
For actuator 3 and 4 found that,
2 2
I, =X, +yR*=y,” -2,
v _[p2_y2_ 2
|4 - X2 R y2 Z2 (3)’ (4)

Where X, is also the position of point B; 4 as shown in
figure 1a) and 1b) and found to be,

X, = X—C-sin(#)
Y, :y_b+a
z,=2-C-cos(0)+d

Equations (1) to (4) are used to solve for
corresponded actuators length for the given platform
position.

RZ _ |1 + Iz\‘i\ BIBZH
2 N2

Figure 1 Proposed 4 DOF arm a) Robot joint configuration and b) Moving path of point B

2.2 Forward kinematics analysis
From robot input parameter 1; 1, 13 and 1y, we

assume new variable depended on these inputs to be,

I +1 I, +1
r:12 =3

td, =1 -1,d, =1I,-1
1 b Uy =h =h,U, =~
2 2

Which can be described as: r; and r, are
position of the plane containing path of point B, d; and
d, are radius of circle form by trajectory of point B as in
figure 1b). As one already seen from above description,
difference between r; and r, in conjunction with
platform parameter ¢ which is the distance between B, ,
and Bj 4 results in the rotation of platform in y axis.



Rotation of platform can readily be determined as
4c’ — (rl - )2

0)=
cos(0) . )

As well as the rotation, the movement in x direction is
easily obtain

2 (6)

We can independently acquire two of four
forward kinematics solutions. As for motion in y and z,
manipulating equations (1) to (4) yield y in the form of
z in two independent equations as shown below.

dl —d; +8z[ 4¢? —(r, -1,y —Zd}

y:

16(a—b) A
2 2
d‘jrh:ZRz—Zy”—Xb—af—lzz
—2(c-cos(6)—d)’ )

Substitute equation (8) into y in (7) result in
2nd order polynomial of z which can be solved using
simple formula

-B++/B*-4AC

2A

=

Due to the configuration of robot proposed, the
solution in z is always negative, of which, the
coefficients A, B and C were found to be

[ 4¢ —(r, -r,) —2d]2

A= 2(a by +2
(d? —dj[,Mcz —(r, -1,y —Zd}
B =
8(a—b)’

d’+d,’

C= —2R*+2(b-a) +

2 2_ 2
%[ 4 —(r, -1 ) —2d} +MX

2
128(a—b) ©)

3. Force Control Implementation

The purpose of this article is to propose the
control scheme using nearly accurate knowledge of
robot characteristics represent by forward kinematics
and Jacobian matrix to help improve the efficiency of
force tracking control. The general method for hybrid
force-position control by tracking and adjust object
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virtual stiffness instead of directly track the force itself
is called implicit force control contrary to explicit
control. This can be describing as controlling force by
controlling distance which resulted from force instead.
By estimated the stiffness of environment and calculate
required distance for the manipulator to move “into” the
object thus produce force. The uncertainty of robot
model and environment geometry and stiffness can be
corrected by means of integral term with some
significant gain.

In order to calculate tracking direction, one
utilizes this simple vector relation as shown in figure 2
and the force control scheme was implemented as
shown in figure 3.

Figure 2 Determining Tracking direction in desired
tracking plane from measured force

3.1 Stiffness Matrix

If computed stiffness is close to the actual
stiffness, the position command should settle quickly
thus more stability. From [19] stiffness matrix of
parallel manipulator is found to be,

F =J"kJ5 (10)

Where the configuration dependent stiffness
matrix, F is force vector applied at robot end position, is
corresponded displacement at robot’s end and k is the
diagonal matrix whose elements are actuator stiffness.
As seen, stiffness is position dependent and the
displacement is also depended on force vector whose
direction is not necessarily the same.

3.2 Compliance Matrix

In case of force vector is known from
transducer, the displacement is obtained by inverse the
stiffness matrix, which is known as compliance matrix,

AF =% (11
Where,
al 1 a'12 In
A= B
anl anz o ann



Each elements of compliance matrix can be
found by calculate resulted motion of each joint due to
applied unit force in each DOF. Thus, &; is the
displacement of joint i due to applied unit force in DOF
j- In case of all actuators have identical stiffness k; the
compliance matrix for manipulator can be obtained
using free-body diagram approach as seen in figure 4a.
The manipulator has three DOF in translation and one in
rotation so in case where unit force applied in x
direction, assuming all legs is two-force member; the
force acting on each actuator is only the x component of
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force in leg link. The force must satisfied equilibrium
conditions,

>F =0>F,=0>F =0and> M, =0

Noting that these static conditions do not
applied for equilibrium of moment in x and z axis
assuming the metachain in each side of mechanism can
produced internal moment to neutralize the resultant
moments in X and z.

Coordinate Joint Position

transformation -+

i Position
Desired control law and
Trajectory €, » Coordinate
transformation
+
- ARM
+
+
Desired Force control
=) e |————=] coordinate
Force 3 transformation
Coordinate Measured Force
transformation i
Figure 3 Implicit force control scheme used on prototype manipulator
(13)
From above method, all elements of In case where unit force applied in z direction,
compliance matrix, by using the angle notation o and .
o Y P cosp, sin(B, —B,)
as shown in figure 4, were found to be, T, = + tan 0
In case where unit force applied in x direction, 2Sln(B1 +B, ) tana, 4Sln([31 + Bz)
T, =T, =T3 =1 _1 12 B in(B, -B,)
=T =73 = 47y (12) = cosb, 4 S 7P ) tang

In case where unit force applied in y direction,

sinf, sinf, -sinf,

fa 25in(B1 JrBZ)-tanoc1 2sin(Bl +|32) o

T, =— sin sinB, -sin B, tan 0
2 2sin(B1 +Bz)-tana, 2sin([31 +Bz)

o sinf3, _ sinf, -sinf, tan
23 ZSin(B1 +[32)-tan(>c2 ZSin(B1 +Bz)

T,y = sinB, _ sinp, -sinf, tan 0
* 7 2sin(B, + B, ) tanc, 2sin(B, +p,)

i _2sin(Bl+B2)'tana1 4Sin(Bl+BZ)

cosp, _ Sin(Bl _Bz)

= tan ©
T3 2sin(B, +P,)-tana, 4sin(B, +P,) "

— COSB] _ Sin(Bl _Bz) tan 0

Ta4 _2sin(B1+B2)-tana2 4sin(B, +B,)

(14)
As for the moment equation case,
1
Ty =Ty =
aee 4c-cos0

And



1
Ty =Ty =—— (15)
43 44
4c-cosHO
Hence compliance matrix is in the form,
1y -1
A)=3"k"(7)
Ty T Tz T Ty T Ty Ty

/121 Ty Ty Ty T Tn Tn Tp
= k [ ]

Ty T T3z Ty Tz Tos Tz Ty
Ty T Ty Ty Tia Ty Tag Ty
(16)
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Figure 4 Position of manipulator viewing from the front
and top represented by angle a; o, B; and 3,

4. Experimental Results

The controller used in the robot arm is dSpace
1103 operate at 50 ps for servo loop and 1 ms for
command loop. New position command from force
control loop is also update at 1 ms interval. Force
measurement use ATI six axis mini45 Force transducer.
Sensor read-out through A/D converter is filtered using
soft-digital low-pass filter. The prototype robot is shown
in figure 5. Figure 5a) show the all-parallel actuators
and figure 5b) detailed the moving platform revolute
joints and force sensor. The robot has the following
parameters (please refer to figure 1), length of legs is
400mm, size of robot (a-b) is 143 mm and platform size
c and d are both 20mm.
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Figure 5 a) Prototyped new H-4 family parallel
manipulator and b) Detail of moving platform and ATI
mini45 force transducer of the prototyped new H4
family Manipulator

Force tracking control on resin in direction
shown in figure 6a at 20 and 30 N using track speed of
15 and 30 cm/min result is shown in figure 6b) and 6c¢).
Also experiment with step input change from 30 to 15 N
is shown in figure 6d). Better result is achieved when
tracking large force especially in z axis, due to the high
stiffness in z, the response oscillating more when there
is more force component in z. The average force
tracking accuracy is within the range of 5 N and
overshoot is around 30%-50%.

Force tracking control on metal surface in tracking
direction as shown in figure 7a) is shown in figure 7b)
and 7c). Also, tracking result on aluminum surface in
the same configuration as figure 7a) using tracking



speed of 60 cm/min. is shown in figure 7d.The result
shows similar trend of response. Tracking response for
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large force is better than small force. The error is also
within range of 5 N with no overshoot.
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Figure 6 a) Force tracking direction on resin surface b) Force tracking control on resin at 30 N and track speed at 21
cm/min. ¢) Force tracking control on resin at 20 N and track speed at 15 cm/min. and d) Force tracking control on
resin with force step input changed from 30 to 15 N and tracking speed of 21 cm/min
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Figure 7 a) Tracking direction on metallic surface b) Force tracking control on metal at 20 N and track speed at 21
cm/min c¢) Force tracking control on metal at 30 N and track speed at 21 cm/min and d) Force tracking control on
Aluminum at 40 N and track speed at 60 cm/min



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. Implicit hybrid force-
position control scheme has been implemented using robot
compliance to compute the corresponded deflection due to
compression in arbitrary position. The results show good
characteristics and controllability. In the future, researched
should  be realized in dynamic modeling of the
manipulator for more precise arm control, also actual
stiffness of robot arm which depends on both
configuration and construction should be accounted for. At
present, the other parallel master arm will be incorporated
to create the force and position haptic display for human-
assist rapid prototyping machine aimed for more precise
and efficient cutting path generation and better finished
product.
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