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Abstract

This work concerns the design and development of a six degrees of freedom haptic device. The
haptic device is used as the master arm for internet-based teleoperation purposes. For the
experimentation, the Stewart platform, the other parallel mechanism, is used as the slave arm. The
force reflex from the slave arm is transmitted to the operator through the Tendon-Pulley train of the
master arm. Virtual guidance can be implemented in the master arm to improve the maneuverability
for the operators. Low inertia, friction force, and backlash are minimized in the design. Singularity is
also eliminated. The inverse and forward kinematics as well as the Jacobian of the master arm are
derived. The closed-form solution of the forward kinematics can be obtained by installing 9 encoders,
instead of 6. The end-point of the master arm is sent to the slave arm as commands. The slave arm
transforms the commands to joint variables by using the inverse kinematics of the slave arm. The
experimental results show that the haptic device is capable of controlling the Stewart platform and can
be used for other parallel mechanisms as well.
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1. Introduction boundary of the desired workspace. Any limited

Conventional robot arms are typically control volume can also be controlled or
controlled by preprogramming of the desired specified by this virtual guidance technique. In
paths within the robot workspace. This will limit this work, we will assume that there is --
the capability of the robot arm. There are some significant effect due to the time delay in the
applications which we cannot form the desired internet-based teleoperation. From previous
paths at the beginning. Manual manipulation is works, we developed a 6 DOF paraliel
needed to help the operator to control the mechanism based on the Stewart platform as
manipulator arm. In this case, master-slave or described in [1] and Figure 1. A stable
teleoperation is required to fulfill the task. numerical ~ solution method for  forward
Besides the path following control of the kinematics also was explained. In [2], we
teleoperation, information of the force reacting developed a 6 DOF master-slave human assisted
at the slave should be reflected back to the manipulator arm based on the serial mechanism
operator at the master side. This is the haptic as described in [2]. We illustrated a unique
system characteristic. In this work we developed design of the master-arm. A tendon-pulley was
a 6 degrees of freedom master-slave human- used in the master arm to transmit both motion
assisted manipulator arm with force reflected and force between operator and the manipulator
system or a 6 degrees of freedom haptic system arm. In [4], we developed another unique 4 DOF
as shown in Figure 1. We purpose a new closed- parallel Robot. The robots will be used as a
chain configuration which is a singular-free machine for product prototyping. Other types of
parallel mechanism. Relaxation of kinematics parallel robots were also developed by many
similarly between the master and slave is researchers with different configurations such as
assumed. We also introduce virtual guidance to Kaist Master [5], the Y-Star parallel manipulator
improve the maneuverability for the operators. (8], and the Agile eye [9]. Our parallel
The virtual guidance can be a desired path or a manipulator is designed so that it can be back
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drive-able. This is the requirement of the haptic
master-arm for a product prototyping system
under development by the author. The
teleoperation can be performed under an intranet
environment. The ground work of internet-based
teleoperation can be found in [3].

v &

Figure 1. The 6 d%f haptic system as the
master and the Stewart as the slave

2. The Master-Slave System

Figure 1 shows the master-slave arm
developed for this project. The master arm has 6
degrees of freedom with a tendon-pulley train
driving mechanism. The mechanism is back
drivable. The tendon-pulley system used in this
mechanism has the same functions as the pulley-
belt with fixed or variable distance between the
two unparallel rotating axes. As shown in Figure
2, frame B and frame M are the center of the
based frame and upper base, respectively.
Revolute joint 1 and Prismatic joint, formed as
sliding-rotating link, shown in Figure 2, are
controlled by a DC servomotor. Revolute joint 2
is a passive joint with a rotary encoder attached.

Forward Kinematics

O = Spherical Joint

We develop a unique design of the tendon-
pulley system which supports decoupled motion
of translation and rotation within the same
driving mechanism.

From figure 3, for each link, / =1, 2, 3, the
T, represents the distance between the center of

the base (frame 0 or frame B) and center of the
link or the origin of the link coordinate frame

(frame 1), d'represents the distance of the
sliding joint of link i, and L' is the length of link
i as shown in the figure. (L' = 1’=1'=L) The
angles between the line joining the origin of the
base to the origin of the link and x-axis are
0 =0°, 67 =120°, 6} =240°. The angle of
the slide link with y-axis can be written as
b, =0; =6; =60°. We will define that
ce = cos(e) and se = sin(e) . From Figure 3, the
forward kinematics can be derived starting for
the base frame (frame 0 or frame B), frame 1:
the origin of the prismatic joint and frame 2: the
origin of the sliding joint which moves in the
direction of the prismatic joint. The origin of
frame 3 and frame 4 are located at the same
position of the origin of frame 2 and attached to
rotating joints | and 2 respectively, as illustrated
in Figures 2 and 3. Frame 5 is attached to the
spherical joint at a corner of the upper base.
Figure 3 shows the configuration of all the
coordinate  system. The  homogeneous
transformation of the coordinate frame j+1 to
the coordinate frame j of link i can be written as:

Spherical
Joint

3 E = Prismatic + Universal Joint

Figure 2 Define the position vector of each joint 5 with respect to the base frame and illustrate the Tendon-

Pulley system of the sliding-rotating link of each link

Revolute
Joint 1



Thammasat Int. J. Sc. Tech., Vol. 10, No. 4, October-December 2005

Xs

Xe4 {Frame 5}

6 = 240°
O Spherical Joint @ Prismatic ptus Universal Joint

Figure 3 The configuration of the coordinate frame of the haptic arm coordinate frame j of link
1 can be written as :

(=01, 2 3,4 and frame 0 is frame B) l;Tl,] }iTﬂz h;T;I{ B,sz
cd 0 s6 el B ) . ) o
Br]” 301/ 0 7001, 7;75911 BT] _ '>T21 BTZM ST‘Z.B 5772.4
T lo o1 0 0 v ?Tzz.l F;T:{I,Q léT:s/.:; liTs?.t
0 () 0 1 [?)T«17. 1 ?")Til. 2 ]lel. 3 B;')T«li. 4
o 0 —sb, —d'sb, (1) where
Bryvi ! i i i { i i i i
- T ) = (001062(793 - 501593)394 — cf,s0,c8,
=0 21 0 o VT, = (sicOict + c6ls6;)sb; — sBs05c0),
0 0 0 1 U = 0,080, + cb,ch,
ct, —sb; 0 0 ]z)Tl/.l =0
e e 00 UL, = (cbictich; — s6;50,) 0] + cBist;s0)
=1 0 1 o DT, = (s6)cBicb) + B0, ) B + 56:560;56,
0 0 01 ", = sOctiet; — ctish,
0 9 ZT4]2 =0
s, ¢, 0 0 ' ,
P D00 L i = —chicfys, — sb;cd);
N e I L
cd, —s6, 0 0° 0010 BT = —shist)]
0 0 0 1 0001 ]Z)Ttl.:s =0

So, the total transformation matrix of = ((cﬂ[c&.;cﬁg 780;59:;)861 - c(){s@;cG;)L
frame B to frame S of link i can be written as: —d' (cb;56;) + 736,
ST =TT T T T or 71, = ((s6ic8ic; + c01s03) 6, — s6is6;c; ) L
—d' (56,56, ) + 1,90,
OT;, = (504050 + 0,c0}) L + d' (c0;)
", =1
We install 9 encoders instead of 6

encoders (an encoder for each actuator). The
additional 3 encoders are for measuring the

62



Thammasat Int. J. Sc. Tech., Vol. 10, No. 4, October-December 2005

6,6°,0° . So, the origin of coordinate frame 5

for link i with respect to coordinate frame B can
be written as:

0
b pi 0
"1 =T x 0
1
((ctictic6; — 56,56, ) 58, — cb;56,c8); )L
—d' (cBis6; ) + r;ch)
 ((s61c83c0; + cBs6;) 50, s0;s0,c0; ) L

—d (59{59.21) + 1,50,
(s65c6350; + cOyct, ) L+ d' (cby)
1

Figure 2 shows the vector which locates
the origin of the upper frame with respect to the
origin of the base frame and the corresponding
homogeneous transformation can be written as:

— B
noo a P

B
T =
" 000 1

[P =L(ep s 1P 1)

The Orientation of frame M with respect to
frame B is:
B Dl B D
P= P
77, — 5 A N

BBl BD
|3P - AuP

Inverse Kinematics
Figure 4 defined the position vectors
needed for the inverse kinematics as follows:

Position vector P =[X Y Z]Trepresents the

vector which locates the origin of the upper
frame (O,,) with respect to the origin of the
base (O, ). For link 1,

.
ety 1,0, 0] ,

m e m*

T = [r
1 t r

. N

n —Mc@l 7350, 0} :

Where 6] = 0°,67 = 120", = 240"

If d' = distance of sliding joint from origin, then,
intuitively, the vector from the base of each link
to the sliding joint in the base coordinate system
can be written as:

N T -
d=d & = Dd. where

where the position vector is
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d 0 0
D=0 d ’O and
0 0 d
d = {—(:91'892’ —s0, 50, (t();;r (represents the unit

vector of d').
L is the link length as shown in Figure 3, or

L= [L’, L L’:r‘ represents the vector of link .
The desired joint variables, 6;, 0;. d’,

can be derived from the equation below:

B =P+ JR7, -7

m

BBi _ D Bp=i _ B

P =P+  RT, = 1T,

so, B' = [Tr — 7', where

B VN

wR= {n 0 a} = R, represent the Roll-

Pitch-Yaw orientation, R, , which is equal to:

cacd  casB3sy — sacy  casBey + sasy
Rppy = |80 sasBsy + cacy saesery — casy
—s3 ci3sy clery

where a= Roll ,3= Pitch ,v= Yaw. These

Euler angles will used as orientation command
for the slave-arm as shown in Figure 7

So, B is equal to:

B, r.c0 | |nch,
B’ B, | T80 7,50,
1 B ” "o | | o
1 1 1

where [T is derived previously, so B,. B, B!
can be written as:

B = (((:9;09_;@9:; — 50,50, ) $6; — cf,s6,c0, ) L—d'(ct;s6;)
2)

B = ((se;(ve._;ca; + o 50, ) s0; — .«;0;39;(;9;) L—d (s6)s6;)
3)

B! = (8,000’ + c0,c0} ) L+ d' (cB;) (4)

Equations (2) — (4) are used for solving 6,
by multiplying both sides of equation (3) and (4)
with ¢f, and s0,s0, , respectively. Then, adding
them together to eliminated’, we will obtain:
SO'sOB' +cOLB! = (s6cO] +cO/cOisO. s OL
sOlsOIB! + CHZIB;,
§8/cO; +cb/c,s0,

So, s@,L= )
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Similarly, multipling both sides of equation (2)
and (4) with c8, and cs#, respectively, then
suming them together, we will obtain:

cb/s0,B. +cO,B. = (c@,’b&é ~-56/cOis0; )9 O;L

So,

SOIL = c0/s0,B' +c6,B. (6)

 cOich - 50/cOls0!
From equation (5) and (6), &; can be obtained
as follows:
o§cB.B. — s8,ct, B’

50, + (c6;) (ct0/B. + s6/B!)
Similarly, it can be shown that:

s0,B. + cb; (6, B, + s6, B, )

c0,L

(7)

0, = arctan [

(8)

6, = arcsin

with a condition that:
] > \$0,B. + cb; (c6, 3, + 56, B, )|
| L |

Our design 4, < 50°

And d' can be derived from equation (4) as:
B! = (s6,c0is8; + cOyc0,) L+ d' (cy)

B! —(s6,c0y0, + ctyct);) L

So, d' =
o,

9)

Jacobian

The Jacobian is the relationship between
the twist velocity of the moving platform and
the velocity of the joint variables, where the
actuators are attached. From the
relationship Bt = A¢, where the matrix A, B

are the Jacobian matrix of the closed-loop chain
and:

w

—=lw ) ) U
{wl, w, W, v, I!/

,
t= v, } represents

v

the velocity of the top plate which consists of
the angular velocity (w) and linear velocity (v).

i=[i @ @ g
velocity of the joint variables where the

actuators are attached.
From figure 5, the velocity of point P, is:

.. 17
d’ 6;';} represents the

B =d8,+05,+63, (10)
Or P=0-ox7, (11)
where
g/l:?’i’ 3/2:?X71/’ §“:g/xrw,
fm/,:p~]3/
T, = :P»“P:P—Fﬁ
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(c,c0,c0, — 6,50, ) s, — c,50,c0,
= L|(s6,c0,c6, + 6,0, ) s6, — s0,50,c0,
s60,¢0,88, + cb,c,

Ty

j=123
And because:

(S/Z XS/J)T };/ :d(g/l XS/S)] 'S/l (12)
So,

_ N
(szxSf) 'T/:d-(S/ZXSB} i (13)

S, xS, §.xS,
Given:
J, = [S‘” S, S‘/]] has dimension 3x3
A, =det()=(5,%5,) -, . So,
A = —5‘/.40/.4L2 and:

A . .
a, =—-"— (dimension 1x1). So,
‘S;z X S/z}

a; =—Cy
7 = ixsf/‘ is the unit vector parallel to the

! 15/-2 xS,

vector of (5‘,z % 5/3). So,
(56,58, — ct,c0,c0, )50, + ¢B,s8,c8,
I =~ (cO,50, + s0,c0,c0,) 58, + s6,50,c6),
—(s6,¢0,50, + c0,c0,)

/

From the above equation with equation (11) and
equation (13), we will obtain:

a,-d=1,- v—a)xrm/.)

(14)
Given b, =|7,x7,) 17| (dimension 1x6).
So, from equation (14), we will obtain:

a,-d=b,t (15)
From equation (10), we will obtain:
— —_ 7 o . —_ — 7 —

(5,.,x5,) - =6,(5,%5,) -5, (16)
_ NS _ -\ -

So (S/'lXS;/'l) P -0 (S/BXS/'I) 'S/Z (17)

Y T =0

iSﬂ xS, ! / S;xS,

Given , A, (dimension 1x1)
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Figure 4. The necessary vectors needed for deriving
invert kinematics.

So, a, ==s.,L 5 _ $;%Si s the unit
CS.xS,

vector parallel to the vector of (S’f} X S‘” ) So,

cB,c0,50, + 6,0,
M/ = | s8,c6,50, — c6,ch,
56,50,

From the above equation with equation (11) and
equation (17), we will obtain:
a,-6,=M,-(G-aoxF,) (18)
Given 5, = [(/\?// xF, )y M;J dimension 1x6).
So, from equation (18), we obtain:
a0, =b,t
So, the matrix A can be written as
a, 0 0 0 0 0

0 a, 0 0 0 0
6 0 a O 0 0
6 0 0 a O 0
0 0 0 a, 0
0 0 0 0 0 a,

which is a diagonal matrix. So, 4~' can be
obtained from

Figure 5. The position vector of link j

(1/a, 0 0 0 0
0 lla, 0 0 0
0 0 la, 0 0
0 0 0 la, O
0o 0 0 0 lla, 0
0o 0o 0o 0 0
And the matrix B is equal to:

I

o O o o

I/ ay, |

(1\7 XT . ) ﬂf

The relationship of the force at the endpoint
of the haptic system and the joint torque for the
parallel mechanism can be written as:

F=Jr,
where F:[Mi\ M, M. F_F, F:]T

is the Moment (M) and force (F) appliéd at the
endpoint (top plate) of the haptic device.

TZ[ oo fon f 2'3]T is the
joint torque of the actuators where fand 7 are

the force at the prismatic or sliding joint (d’)

and torque of the revolute joint((i;),
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Save Computer

Cortof Box

Conrol Box

TCP/IP Protocol (No Package loss)
No Time Delay

Ampifier

Figure 6. The connection between the master-arm (haptic) and the slave-arm (Stewart)

[F={KJar+ K.V, )7

\ 4

b1

rincludes both position error and error
distance from the virtual wall (dr)

X,Y,Z,Roll,Pitch,Yaw

Master arm

Slave Inverse

Kinematic

Slave arm

A

Controller

Figure 7 The structure of the control system.

respectively.  So, the Jacobian matrix 1S
J = A'B. The singularity of the system will

occur when det(4)=0 or det(B)=0 or

det(4'B)=0. It can be shown that, for the
proposed mechanism, there is no singularity.

3. The Controller

Figure 6 shows the connection between the
master-arm or the haptic system and the slave-
arm (the Stewart platform) [1] through our
intranet network using TCP/IP protocol. Due to
the slow update time, we assume that there is no
effect from package lose and time delay. The
sampling time of the master-arm is faster than
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the sampling time of the slave-arm and these are
set independently. The slave-arm requests
commands from the master-arm, So that both
arms do not need to start at the same time. The
endpoint position and orientation of the haptic
system will be transformed to the joint
command of the Stewart platform. The
controller handles both position control and
force control.

Figure 7 is the diagram to show the master-
slave control system. The operator will control
or maneuver the master arm though the control
stick. The virtual wall (will be explained in next
section) will be specified in advance, if
necessary, to specify the boundary or work
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space. When the control stick hits the virtual
wall, the reaction force F, which will react to the
operator, will be generated by the controller in
the Cartesian space of the haptic system. The
reaction force consists of 2 components, the
force normal to the virtual wall and the viscous
force generated by the controller to prevent the
control stick moving to fast. The reaction force
F, in Cartesian space, can be transformed into
the joint space by using the Jacobian matrix. The
friction force compensation is also included in
the control system as shown in Figure 7. When
the control stick is inside the working area or in
the free area, the reaction force applied at the
control stick will only consist of the viscous
force and friction compensation force. The
information from the encoders at each joint of
the master arm will be used to calculate the
desired path motion, translation and orientation,
of the slave. The details of the kinematics of the
slave arm can be consulted from [1]. Then the
joint variables of each link of the slave arm can
be calculated by using inverse kinematics. The
PID control is used in the control loop of the
slave arm as shown in Figure 7. Then, the
position and orientation error of the slave arm
are obtained from the comparison of the
measurement values with the input or the
reference values.

4. Virtual Wall

The concept of virtual wall is to specify the
working area of the master arm virtually. This
will help the operator to work conveniently in
the specific area. Figure 8 shows the circular
working area. The virtual wall is defined by a
function, f(x,y,z) = constant. When the operator
move the master arm contact to the virtual wall,
the reaction force, F, will be generated against
the operation motion.

Virtual WALL,

f( x,y,z)=constant

Working area

y

Figure 8. The circular working area
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P = foan (X1IY1'21)

Virtual Wall
Pual = fwull (X, Y,Z) = constant

Working area

Figure 9.The control stick is beyond the virtual
wall

From Figure 9, the force F can be evaluated
from:

F = (Kdr)n+ (KV)i

where

delVel _ the distance between the
Vg -V

control stick and the virtual wall

dr =

no= 4+ V¢ — the unit normal vector to the
[Vl

virtual wall

vy = 192, ;0 00
ox Jy dz

V' = velocity of the control stick
(K, dr) 7 =reaction force normal to the wall

(K,V)it = viscous force generated by the

controller
K;, K, = amplifier gains

So, the force F can be written as:

K dy Vo

F = N Vo+ K,V —=  where
@)
©

[Vl
= fw;a]l (‘rl s yl * Zl ) - f:rull (I’ y‘ Z)
= fl@ . 2) — o

= f

wall

d

(x,.y,,2,) — constant

5. Experimental Results
Table 1 shows the maximum error
measured at the endpoint of the Stewart
platform. The experiment is done with 300 Hz,
sampling frequency, for the haptic system and
20 Hz for the Stewart platform. The sampling
frequencies are limited due to the hardware
capability. The error will be significantly
reduced by increasing the sampling frequencies.
Figures 10 and 11 are the 3D and 2D
diagram, respectively, of the endpoint position
of the haptic arm with circular virtual wall. The
center point of the circular virtual wall is at x,y,z
= (. From Figure 11, we can estimate that the
error from the virtual wall 1s approximately 4
mm. This is due to the limitation of the
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controller hardware of the haptic system and the
Stewart platform. This error can be improved if
we can increase the sampling frequencies of
both the haptic system and the Stewart platform.
Otherwise the digital controller design technique
is needed for studying the sampling time effect
to the controlled system. The reaction force
from the virtual wall is also illustrated in the
figure.

The haptic arm can be performed as a slave
arm as well. We develop a computer graphic
program to test the capability. As shown in
Figure 12, the computer graphic program
consists of an airplane which can be
programmed to fly automatically or controlled
by the haptic arm. The position and orientation
of the airplane will be converted to the position
and orientation command for the haptic arm and
vice versa. For the case of haptic arm controlled
by the airplane, by applying inverse kinematics,
the links command of the haptic arm are
generated and used as control parameters of the
haptic arm controller. Figure 12 shows an
example of some instants of the motion.

Link i Error (mm)
1 2.07
2 3.85
3 1.34
4 1.08
5 1.51
6 2.52

Table 1. The maximum error of the endpoint

(top plate) of the Stewart Platform
X-Y-Zin 3D

0 20

0

-50

Y-axis(mm) <40 X-axis(mm)

Figure 10. The 3D diagram of the endpoint of
the haptic arm with circular virtual wall
(cylindrical volume)
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Force Vector on Path

Y axis{mm)
=]

-20¢

250 ]
30 20 Ao [ 30
X axis{mmy}
Endpoint position of the haptic Arm
-0-0-0- Circular virtual wall, = force reaction from virtual

wall

10 20

Figure 11. The 2D diagram of the endpoint of
the haptic arm with circular virtual wall

Figure 12 example shows the haptic arm
performing as a slave arm

6. Conclusion

This work concerns the design and
development of a six degrees of freedom haptic
device. The inverse and forward kinematics as
well as the Jacobian are derived. Instead of 6
encoders, we installed 9 encoders to help to
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obtain the forward kinematics, especially in
closed-form format, which is normally difficult
for parallel mechanisms. We also show that this
mechanism is singularity free. We introduce the
concept of virtual wall to better specify working
areas. The experimental results show that the
haptic device is capable of controlling the
Stewart platform. Intuitively, it can be used for
other parallel mechanisms as well.
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