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This paper discusses the design of a new spherical parallel manipu-
lator (SPM), which is used as a master device for medical tasks. This
device is obtained by changing the kinematics of a classic SPM to
eliminate the singularity from the device’s useful workspace. The
kinematic models of the new device are studied. The geometric
parameters of the new device are optimized to eliminate the singu-
larity. A prototype of the new master device is presented. Experi-
ments are carried out using the device which allowed the control
of a surgical robot.

1 Introduction

Master devices have been introduced in recent years to control
the motion of either virtual objects or slave robots. Those devices
are designed for many applications such as gaming [1], virtual
reality [2,3], research [4,5], or medicine [6,7].

Many master devices have been developed as a part of surgical
teleoperation systems. Van den Bedem et al. [7] proposed a mas-
ter device with a four degrees-of-freedom (DOF) serial architec-
ture, which was developed to control the SOFIE surgical robot.
Tobergte et al. [6] proposed a 7DOF hybrid master device called 7
Sigma. This device was designed to control the Miro surgical
robot [5].
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In a previous work [8], a master device was designed to control a
surgical robot and apply interaction forces to the manipulator (Fig.
1). However, due to the presence of the singularity, the developed
master device did not meet the requirements. Bonev and Gosselin
[9] studied the workspace and singularity of spherical parallel
manipulators. In a previous work, we have proposed solutions
based on the redundancy of sensors [10,11] and actuators [12] to
solve the problems of the singularity. Those problems are the
amplification of error of the resolution of the forward kinematic
model and the amplification of the actuated joint torques. However,
the addition of the actuator on the moving platform has increased
the weight of the structure and decreased the force range.

In this paper, we propose a second alternative. The proposed
structure by Chaker et al. [8] has several advantages. Indeed, the
interface provides the desired degrees-of-freedom, which are three
pure rotations. In addition, it has good mechanical properties such
as stiffness, precision, and lightness. However, this structure has a
major limitation, which is the presence of the parallel singularity.
The singularity depends on the kinematics of the robot. Changing
the kinematic of one leg of the master device can solve these sin-
gularity problems. Birglen et al. [4] changed the kinematics of a
leg of a spherical parallel manipulator (SPM), called SHADE, to
solve an interference problem. The proposed solution is inspired
from Birglen robot. The goal of this work is to propose a master
device without presence of singularities, without major change of
the mechanical structure and with the same mobility as the first
master device.

This paper is organized as follows: The kinematics of the new
master device is presented in Sec. 2. In Sec. 3, an evaluation of
the new structure is established. An optimization of the geometric
parameters of the new master device is made in Sec. 4 to eliminate
the singularity from the useful workspace. In Sec. 5, the forward
kinematic model of the device is evaluated. The haptic control
model is presented in Sec. 6.

2 Kinematics of the New Master Device

The medical application requires a mechanism having four
degrees-of-freedom, which are three pure rotations, and one trans-
lation. The spherical architecture gives three pure rotations, which
can be described by the Euler angles y, 0 and ¢.  and 0 are
called tilt angles and ¢ is the self-rotation angle.

The new architecture is shown in Fig. 2. This architecture is
obtained by replacing the (RRR) kinematics of the leg A by the
(URU) kinematics (R for revolute, U for universal). The kinemat-
ics of the new leg A is shown in Fig. 3. The new interface has
the same mobility as the classical SPM, which are three pure
rotations.

For legs B and C, the kinematic model is given by Eq. (1) and
obtained by differentiating the equation Zy; - Z3 = cos(ff)
fork = Band C. Where o is the angular velocity of the moving
platform

Zip X Zop - Z3p0p = Zop X Zsp - @ )
Zic X Zoc - ZacOic = Zoc X Zsc - @

For the A leg, we can write the following equation:
@ =01aZia+ 0 - Zoa + 030 - Zag + 04 - Zaa + 054 - Zsa (2)

Only the angle 0,4 is active. To eliminate passive angular veloc-
ities 04, 034, 044, and 054, we multiply Eq. (2) by a vector per-
pendicular to all leg A axes except the Z;4 axis. This vector is

defined as
Vi =Z4a X Zsp (3)

Equation (2) becomes

Zap X Zsp - Ziala = Zap X Zsp - @

“)



Fig. 1

Fig.2 New kinematics of the master device
The kinematic model is as follows:

Zan X Zsp - Zia01a = Zap X Zsp - @
Zip % Zop - Z3p01p = Zop X Z3p - ©)
Zic X Zoc - Z3cb1c = Zoc X Z3c - @

which can be written as

A-0o=B -0 (6)
where
) 91A
@ — 613 (7)
0ic

Kinematics of the leg A

(b)

Master device (a) and a surgical robot (b) of a medical tele-operation system

0 - cos(ih) + ¢

¢ - sin(0) - sin(y)
w=10-sin() — ¢ - sin(0) - cos(ih) ®)
¥+ ¢ - cos(0)
(Zss x Zap)"
A= (Z3B X Z23)T (9)
(Zsc x Zoc)"
Ziy - (Zap x Lsy) 0 0
B= 0 Zip - (Zop x L3p) 0
0 0 Zic - (Zoe X Lsc)

10)

where o is the angular velocity of the moving platform and 0 is

the angular velocity of the active joints. The matrices A and B are

the parallel and serial parts of the Jacobian matrix, respectively.
The Jacobian matrix is

J=A"B (11)

3 Kinematic Evaluation of the New Structure

The modification of the architecture of the SPM is made to
eliminate the singularity from its workspace. In this section, we
evaluate the presence of the singularity for each working mode of
the new SPM. The working modes are the solutions of the IKM.
The IKM of the new SPM has eight solutions similarly to the clas-
sic SPM [13]. Only one configuration of the leg A is considered,
so, the new SPM has only four working modes presented in
Fig. 4.

The working modes are compared to select the less singular
one. To evaluate the new SPM, we use the dexterity as a criterion.
The dexterity n(J) is given by the inverse of the condition number
of the Jacobian matrix as follows:

1

) =

12)

This evaluation is performed for each working mode (Fig. 4). The
dexterity distribution is evaluated for a useful workspace in the
(¢, 0) plane for ¢ equals Odeg, 50deg, and —50deg. The useful
workspace is the workspace of the minimally invasive surgery
studied in Ref. [14] (Fig. 5).

We propose to calculate the minimum distance between the sin-
gular area and the center of the useful workspace defined by the
point Og=(), 0) = (135 deg, 54 deg) (Fig. 6).
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Fig. 4 Working modes of the new SPM: (a) working mode 1, (b) working mode 2, (¢) working mode 3, and
(d) working mode 4

This distance is calculated as follows: The SPM is considered in a singular configuration if the value of

the dexterity is less than 0.02. Figure 7 shows the evolution of

Fmin = Min(r;) = min <\/ (Y —o)* + (0; — 60)2) (13)  rmin according to the self-rotation ¢. We observe that for working

mode 2 the singular areas are close to the border of the workspace.
Consequently, we chose mode 2 as the working mode.

The symmetry of the architecture of mode 2 has led to a sym-
metrical kinematic behaviors. Because of this symmetry, the study
80 in the next paragraph will focus only on the self-rotation between
0deg and 50 deg.

In addition to the presence of the singularity for ¢ = —50deg
and ¢ = 50deg, the size of the workspace does not match the use-
ful workspace (Fig. 8).

40 This study shows that the modification decreased the presence
of the singularity of the workspace in comparison with the classic

0(°)

201(](} 120 140 160

ve) Singularity
nw)
Fig.5 Useful workspace in the plane (y, 6) F il

Singularit 50
Singulari |
R0 g Y
o
=
?; 60
. 60 phcy
% v
S 40
40 N !
20 2 — & | i
100 120 140 160 100 120 140 160 | 180
¥(°) 90° <y <180° !'Workspace limit
Fig.6 Minimum distance identification Fig. 8 Limitation of the new SPM
R . -
40 min 40 I
3 35
0 c-r/'*du __._______.e-""'___o 30 .’------__""G—-..__________ ..
o = t}___c_\.‘"_ —
25 25 \
]
20 20 \\
\\
15 15 \\
s G\D
10 10
—=— WM.l —&—WM.2 5 WM.] —=—WM.2
5 S WM. 3 WM. 4 3 WM. 3 WM. 4
%5 20 a0 20 30 0o 10 20 30 an )
(a) (b)

Fig. 7 rmin evolution for each working mode



20°<6<90°

80 0.05
0.04

60 . 0.03
- 0.02
. 0.01

20

100 150
90° <y < 180°

Fig.9 Dexterity distribution of the classic SPM ¢ = 50 deg

SPM. The dexterity distribution of the classical SPM is shown in
Fig. 9.

To increase the size of the workspace and eliminate the pres-
ence of the singularity for the new SPM, we propose to optimize
its geometrical parameters in Sec. 4.

4 Optimization of the New Spherical Parallel
Manipulator

Dexterity is considered as the optimization criterion. By analyz-
ing the Jacobian matrix of the new SPM, we can observe that the
geometric parameters of the leg A have no influence on its kine-
matic behavior. For this reason, only the geometrical parameters
of leg B and C («, f3, y) are optimized.

The design vector of the optimization process is

1= |B
y

(14)

The purpose of the optimization process is not only to eliminate
the singularity from the workspace, but also to increase the work-
space and to reach the useful workspace for ¢ equal to 50 deg.

Only the workspace boundary is considered. Indeed, the border
is discretized into 100 points (Fig. 10). For each point, the optimi-
zation algorithm verifies that the conditions of the workspace are
met and verifies the condition number of the Jacobian matrix.
This check is made for two self-rotation values, ¢ = Odeg and
¢ = 50deg.

The optimization process can be defined as follows:

N N

F(1) = k(1. Pi,p = 0) + Y _(k(I, P, 0 = 50)

minimize
I -
1

(

subjectto (1)  k(1,P;) < Kmax-

(2) Xlo S X S xup7X S {OC, ﬁv?}
2

)

Cj
CD_/(% [))7 Vs lp7 9: d)) : A—

(3 2 2
j +B;

<1 forj=1,2

Where F(I) is the objective function defined as the sum of the con-
dition number of the Jacobian matrix for ¢ = 0deg and
¢ = 50deg. By minimizing F(/), we maximize the dexterity
distribution.

X0 and xp, are the lower limits and upper limits of the geomet-
ric parameters. These parameters are defined in Table 1. xy.y iS
the maximum value of the condition number allowed in the opti-
mization process to consider that the SPM is not in a singular con-
figuration. This value is equal to 25.

The optimization method considered for this problem is a
global method based on genetic algorithms due to its robustness
and simplicity. Initially, the algorithm generates 500 samples of
the design parameters. Then the three genetic operations
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Fig. 10 Discretized border of the useful workspace

Table 1 The lower and upper limits of geometrical parameters

o B ¥
Xinf 35deg 30deg 16 deg
Xsup 50deg 45 deg 20 deg

(reproduction, crossover and mutation) are performed to produce
a new generation. These procedures are repeated until reaching
the maximum number of generations or satisfying the required
accuracy.

The optimal geometrical parameters are

op 49.5deg
Iop = /)’Op = [ 39.1deg (15)
Yop 16.1deg

The size of the new leg is defined by the parameters L. It is calcu-
lated using the following expression:

Omax
L= Rsin( 24 )
2

Where R is the radius of the new SPM and 05;* = 0™ 4 0 + y is
the maximum angle between Z;4 and Zs,. J is a security angle to
avoid the serial singularity of the leg A. It is equal to 2 deg.

The optimal SPM is presented in Fig. 11.

The dexterity distributions of the optimal SPM for ¢ = 0deg,
¢ =50deg, and ¢ = —50deg are presented in Fig. 12. We
observe that the SPM workspace covers the useful workspace for
@ between —50 deg and 50 deg, which means that the new SPM is
able to reach all orientations to perform the surgical tasks. In
addition, we observe that the workspace is singularity-free for ¢
between —50 deg and 50 deg.

(16)

Fig. 11

Optimal new SPM



i) niJ) i)
90 90 0.3 a0
015
a0 80 025 80 0.15
o 8 N\ ol N gl A
v 80 f 0.1 vi B0 ) Vi B0 0.1
© o) @ y
vi 50 Vi 50 0.15 Vi 50
=1 L ‘ PN
& 40 S o4p &40
0.05 04 J 0.05
a0 30 30
20 20 . 0.05 (i}
100 120 140 160 180 100 120 140 160 180 100 120 140 160 180
90° =YW= 180° 90" < W< 180° 90° < W< 180°
(a) (b) (e)
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Fig. 13 Dexterity distribution of the optimal SPM for ¢ = 50 deg

Figure 13 shows the area of singularity for the optimal SPM for
¢ = 50deg. We can observe that the singularity is outside the use-
ful workspace.

The promising results obtained in this section allowed the
development of a prototype of this new interface. The developed
prototype is presented in Fig. 14.

Most mechanical parts of the classical device were kept. Only
leg A and the moving platform are changed. This device is
designed to control the surgical robot. The forward kinematic
model must be solved with good accuracy in real time. However,
the forward kinematics of parallel manipulators is complex
[15-17]. The forward kinematic model of the new device is equiv-
alent to that of other mechanisms presented in previous works
[10,11]. This model was solved using a technique based on the
input/output equations of a spherical four-bar mechanism [18-20].

Fig. 14 Prototype of the new device
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Fig. 15 Actuated joint torques

S Haptic Control Model

5.1 Actuators Sizing of the New Device. In this paragraph,
we discuss the choice of the actuators. A study using SIMMECHANICS
was carried out to identify the required actuated joint torques.
SIMMECHANICS library blocks are used to build the model. The
inputs of the model are the joint motions and the force applied by
the haptic device. The outputs are the actuated joint torques. The
inverse dynamic model is called in sIMULINK to determine the actu-
ated joint torques. The applied force is equal to 5 N [7]. Multiple
simulations were carried out to identify the actuated joint torques
limits. The force was applied in many directions and the orienta-
tion of the moving platform was varied. After this study, the cho-
sen actuators are DC motors that give about 1.1 N - m with the
reducers. Figure 15 shows an example of the actuated joint tor-
ques. For this example, the moving platform self-rotation was var-
ied around 50 deg for (¥, 0) = (135deg, 54 deg) (Fig. 16) and the
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Fig. 16 Self-rotation (¢) evolution for (, 0)=(135deg, 54 deg)



Force Sensor

Centre of
rotation

Fig. 17 Force sensor installed on the slave robot

applied force was varied sinusoidally between —5N and 5N. We
can see that the actuated joint torques stay with the torques limits.

5.2 Haptic Control Model. The force sensor measures the
force applied on the surgical robot (Fig. 17). Then, the actuated
torques required to reproduce the force to the user are calculated
using the following equation:

1=J"T + 1, a7
where 1 is the actuated joint torque vector, T is the end effector

reference torque vector, and 1, is the static compensation torque
vector. The Jacobian matrix is expressed in Sec. 2. The vector T

will be given by the force sensor installed on the slave surgical
robot (Fig. 17).

The force sensor is being calibrated; therefore, experiments of
the haptic control will be presented in future work.

6 Conclusion

In this paper, a new haptic device is developed. This device is
obtained by replacing the architecture of one leg of a classical
spherical parallel manipulator. The device is developed to solve
problems of the parallel singularity of the classical spherical paral-
lel manipulator. A kinematic evaluation of the new device is carried
out and shows the presence of a small singular area in the border of
the workspace. In order to completely eliminate the singularity
from the workspace, the geometric parameters of the new device
are optimized. The forward kinematic model is solved in real time
with good accuracy, which allowed the control of the surgical slave
robot using the new device. The haptic control model is developed
and will be used once the force sensor is calibrated.
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