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This paper focuses on designation and multiobjective optimization of a new haptic device. A new six-DOF hybrid haptic device has
been designed combining series mechanism 3PRPaR and parallel mechanism ROBO_003.3PRPaR which is the positioning
mechanism and ROBO_003 which is the directional mechanism. Screw theory was carried out to analyze the DOF of ROBO_
003, aiming at the requirement performances of working space, stiffness, reverse drive, and output capacity of haptic device.
Forward kinematics and inverse kinematics of the positioning mechanism were analyzed. To ensure the force transmission
performance and compact structure, the evaluating indicator is dexterity and volume. Generalized coordinates as constraint
condition, length of moving rod, and dexterity were chosen as the objective function. The parameters were optimized based on
multiobjective optimization of the genetic algorithm. The paretooptimal solution set of the objective function was received. The
results showed that the most suitable parameters are 0.502rad. The optimized dexterity is 69% higher than the unoptimized,
and the rod length is reduced by 6%.The research of this paper provides a theoretical basis for the designation of new haptic device.

1. Introduction

With the development of virtual reality technology, the
importance of haptic device is becoming increasingly prom-
inent. As an indispensable part of the interactive exploration
system, haptic device can realize the movement and force
transmission information between human and virtual envi-
ronment, reproduce the contact between human and envi-
ronment, and enhance the telepresence of virtual reality.
Haptic devices are divided into finger type, arm type, and
whole body type. Immersion has developed a finger type hap-
tic device called CyberGrasp [1], which can make operators
feel the size and shape of virtual object. Its disadvantage is
that it can only control the movement of operators’ whole
finger, but cannot give force feedback to a single joint of the
finger. Rutgers University of America has developed a built-
in multifinger force feedback glove Master II-ND [2], which
can measure the posture and feedback force of the haptic
device simultaneously. It has the advantages of small mass,

large dynamic range, and small friction. The disadvantage
of Master II-ND is that it is installed on the palm, the palm
cannot hold tightly, and the finger’s range of motion is lim-
ited. Among the arm type force feedback devices, the phan-
tom force feedback device of sensable company is more
representative [3]. The whole body force feedback equipment
is usually bulky and inconvenient to operate. Haptic devices
are divided into series structure and parallel structure accord-
ing to robot configuration [4]. The series structure force feed-
back equipment which is widely used is phantom series
products of sensable technology company [5]. Haption Vir-
tuose introduced by literature [6] was developed by the Hap-
tion company of France. It is also a 6-DOF series force
feedback device, which can be operated in the range of
human multi arm movement. Parallel mechanism has a
closed chain structure, which has higher structural stiffness,
greater bearing capacity, and higher positioning accuracy
[7]. The characteristics make parallel mechanisms meet the
requirements of haptic device. The 6-DOF hybrid haptic
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device introduced in literature [8] was developed by Niigata
University of Japan, and 3-DOF in moving directions is pro-
vided by delta mechanism. It has a compact structure and is
suitable for operation on desktop platform [8], but it has a
small stiffness. If the feedback force is large, it may cause
small deformation of the mechanism which can affect the
accuracy of position detection. Therefore, it is necessary to
adopt the mechanism with higher structural stiffness. At
present, most of the research on haptic devices are based on
surgical or medical robot, which has a certain specificity in
the designation of mechanism (including the number of
degrees of freedom, the shape, and size of workspace). For
example, high feedback force or torque is not needed in sur-
gical robot. Therefore, the output capacity may be insufficient
in other applications. Therefore, the existing structure and
hardware need to be improved to enhance its versatility.

Better performance can be obtained by optimizing the
parameters of mechanism. The construction of reasonable
kinematic index is an important basis to evaluate the kine-
matic performance of mechanism. In the structural optimi-
zation design of parallel mechanism, Jacobian matrix
condition number is used as the evaluation index of mecha-
nism design performance in literature [9]. The singular value
of Jacobian matrix is used as the performance index to opti-
mize the structure of parallel mechanism in literature [10].
Carbon used the binary method to optimize the workspace
volume of reachable mechanism in literature [11].

The dimension synthesis of mechanism is based on the
performance index to optimize the size and other parameters
of the mechanism [12]. Many literatures focus on the intelli-
gent optimization algorithm. Zhang et al. used the differential
evolution algorithm to optimize the stiffness and reachable
workspace of 3-UPU in literature [13]. Cui and others opti-
mized the workspace and dexterity of 3-ups-s based on Isight
in literature [14]. ZHANG et al. used the genetic algorithm to
optimize the global condition number and workspace of
spherical mechanism [15].

This paper is aimed at the problems of the existing haptic
devices, such as low structural stiffness, limited output capac-
ity, and application simplification, and a 6-DOF haptic device
with large output capability was designed for general opera-
tion object. The 6-DOF haptic device satisfies high structural
stiffness and is a universal haptic device. Combined with screw
theory, Based on the analysis of its positioning mechanism
and orientation mechanism, taking the generalized coordi-
nates fand f3 as constraints, the length p and dexterity Q}, of
the moving rod as objective functions, the size, volume, and
dexterity of the mechanism were optimized in the multiobjec-
tive optimization method based on the genetic algorithm. The
minimum workspace and the optimal dexterity were obtained,
which provide a theoretical basis for the design of universal
haptic device with better performance.

The following content is structured as follows. The desig-
nation and kinematic analysis of the haptic device is in Sec-
tion 2. Section 3 discusses the workspace analysis of the
haptic device. Section 4 is structural parameter optimization
of the haptic device. Section 5 is multiobjective optimization
of GA. Section 6 is results and discussion. Section 7 concludes
this paper.
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2. Designation and Kinematic Analysis of the
Haptic Device

2.1. Mechanism Designation. The structure of haptic device
can be divided into series connection, parallel connection,
and hybrid connection. Series mechanism belongs to the
open chain structure, and the parallel mechanism contains
at least two independent kinematic chains between the end
and the base. Series mechanism belongs to the open chain
structure, and there are at least two independent kinematic
chains between the end and the base of the parallel mecha-
nism. The hybrid mechanism includes series mechanism
and parallel mechanism. The advantage of series mechanism
is that it has a large working space, but its actuator is installed
at the joint of each connecting rod. It increases the motion
inertia of the mechanism, which is not conducive to the
reverse drive and affects the output ability of the series mech-
anism. The actuator of the parallel mechanism is installed on
the base, which reduces the motion inertia. It has a high
structural stiffness and can transfer large force or torque.
However, the parallel mechanism is not suitable for force
feedback because of its small workspace and insufficient
speed output capability. In view of the advantages and disad-
vantages of the series mechanism and parallel mechanism, a
new type of haptic device was designed by using the hybrid
structure of the series and parallel mechanism, which is con-
venient for real-time control of haptic device.

2.1.1. The Designation of the Positioning Mechanism. Gener-
ally speaking, the workspace of haptic device is smaller than
that of the virtual simulation environment. When mapping
the operation space, if the workspace is inconsistent, there
will be problems in the mapping of displacement scale factor
and reachable workspace. To eliminate these situations, the
workspace of the haptic device should be a regular cube
space, which can correspond to the real or virtual three-
dimensional space. Meanwhile, the structure of the whole
mechanism should be kept as compact as possible. In order
to achieve fast motion, the moving parts of the haptic device
need a small inertia.

If there is no force sensor at the end effector, the haptic
device needs to be structurally isotropic [16], which ensure
good control of forces in all directions. On the contrary, if a
force sensor is used, the inertia at the end effector and the size
of the haptic device will be increased, and the cost will also be
increased. Therefore, it is better to choose the mechanism
with isotropic configuration in the workspace. A fully isotro-
pic 3-DOF mechanism was described in literature [17]. The
movement direction of the branch chain is perpendicular to
the length direction of the rod, which needs to increase the
structure size to increase the bending capacity and the
motion inertia; so, it is not suitable for haptic device. An
improved translational mechanism 3PRPaR was described
in literature [18] as shown in Figure 1.

The direction of the moving pair of the mechanism is
consistent with the direction of the rod length, and the force
transmission direction is also along the direction of the rod
length; so, it has high stiffness [19], which can achieve large
output of feedback force. At the same time, because the
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Ficure 1: 3PRPaR.

Ficure 2: PRPaR.

Ficure 3: 3PRPaR.

mobile joints are installed perpendicular to each other, they
have an isotropic configuration in their workspace. In addi-
tion, the workspace of the mechanism is approximately a regu-
lar cube; therefore, the mechanism is suitable for the
positioning mechanism of haptic device [20]. The branch chain
structure of 3PRPaR and schematic diagram of three branch
chain combination structures are shown as Figures 2 and 3.

Three branch chains of 3PRPaR can move along X, Y,
and Z directions; so, the positioning mechanism has three
degrees of freedom.

2.1.2. The Designation of the Directional Mechanism and the
Analysis of DOF

(1) A 6-DOF parallel mechanism Triplanar (Figure 4)
was described in literature [21]. Triplanar is driven
by three planar motors with two degrees of freedom.
The design concept of ROBO_003 comes from Tri-
planar but has its own obvious characteristics
(Figure 5). Three planar motors with two degrees of

Ficure 5: ROBO_003.

freedom in Triplanar are replaced by three turntables
rotating around the fixed axis in ROBO_003. It is
equivalent to limiting the two degrees of freedom
motion of three planar motors to a single degree of
freedom motion along a fixed circle

(2) Analysis of freedom degree of directional mechanism
based on screw theory

Pliic kerHomogeneous coordinates [22]:

s s
S: = s
So rxs+hs

S=[lmnpqr]”, (1)
P+m?+n*=1,

Ip+mg+nr=0,

when S is a motion screw: S =
%

P,G,Q, in ROBO_003. Motion screw of each joint in the
branch chain is shown in Figure 6.

In the branch chain P, G, Q,, P, is the rotating pair, G, is
the spherical pair, and Q, is the rotating pair. Five screws in
the branch chain are shown in Figure 6 as follows:

w
1 , to get a branch chain



4
5, =(001;000),
5,=(100300-b),
5y=(0103500a), (2)
s,=(001;b-a0),
ss=(def;ghi).

The motion screw of P,G,Q, in the parallel robot
ROBO_003 can be setas S = (s, s, 55 54 S5). It can be expressed
as the matrix:

[0 1 0 0 d]
0 0 1 0 e
‘- 1 0 0 1 f ’
0 0 0 b g (3)
0 0 0 -a h
10 -b a 0 ]
STES =012,

ST is the transpose matrix of S, E is the unit matrix, and S"
is the unit force screw of terminal constraint.

Let R = STE, and the problem of solving S” can be trans-
formed into the problem of solving the following homoge-
neous linear equation.

Rx=0;x=8,8 = [x1,%5 5 X,X5%). (4)

It was calculated by MATLAB:

x,=1; x,=bla; x3:Lb/a)h,;
ae—bd—i 5)
bg+(b2/a)h __ag+bh o
4T e bd—i 0 5T Tae—pd—i’ YTV

According to equation (5), it can be concluded that
Xyt Xg Xy Xs + X3 - Xg =0. (6)

The §" is a line vector. The constraints of the other two
branched chains of ROBO_003 on the moving platform are
force vectors. It is proved that the three force vectors are lin-
ear independent. Therefore, the three branches restrict the
three degrees of freedom of the moving platform. For the
spatial mechanism, only three degrees of freedom of rotation
are unconstrained. Therefore, ROBO_003 is a pure rotating
mechanism with three degrees of freedom. Its moving plat-
form can rotate along the x, y, and z axis, respectively.

The movement and rotation of the haptic device are
decoupled. The assembly diagram of the haptic device is
shown in Figure 7.

2.2. Kinematic Analysis of the Haptic Device. It is necessary to
analyze the kinematics of the haptic device and establish the
mapping relationship between the joint space and the opera-
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G, (ab0)
P,(000)

Positioning
mechanism

Directional
mechanism

FIGURE 7: Assembly diagram of the haptic device.

tion space of the haptic device. Deduce the position of the
end effector in the space by detecting the position change of
its joint and then transfer the position information of the
haptic device to the slave and carry out the inverse kinemat-
ics. Control the movement of the slave joints to make the
slave reach the target position.

2.2.1. Kinematic Analysis of the Positioning Mechanism

(1) Inverse Kinematic Analysis. 3PRPaR consists of three
branch chains (Figure 3), and the prismatic pair of the three
branch chains is perpendicular to each other. Point O is
defined as the origin of fixed coordinate system and P as
the origin of the moving platform coordinate system. Point
P coincides with point O at initial moment. The X axis, Y
axis, and Z axis point to the origin along the prismatic pair,
respectively. As shown in Figure 7, the three branch chains
are spatially symmetric. So, we only need to analyze the kine-
matics of a branch chain. In order to simplify the calculation,
the parallelogram joint in each branch chain is replaced by an
equivalent branch chain composed of a connecting rod and
two universal joints. A;; (i =1,2,3) is driving slider of linear
motion pair as shown in Figure 8.

Given generalized coordinates f3,;, 8,5, 0;;, 0;,, and 8, are
the angles that rotate around the axis z;;, 8,, is the angle that
rotate around the axis z;, 0;, is the angle that rotate around
the axis z;;, and 0, is the angle that rotate around the axis
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qi

Base 4—4‘

F1GURE 8: Equivalent kinematic chain of the single chain.

z;,.(iis the ith branch chain): ,,=-,,, 0;,=-0;,. The end posi-
tion of the first branch chain can be expressed as

X1 qy; +d, cos () cos (60,) +dg
—d, sin () : (7)
z, —d, cos (f3;) sin (0,)

The end positions of branched chain 2 and branched
chain 3 can also be expressed as

X2 d, cos (,) sin (6,)
Yo | = | 9a1 +dycos (By) cos (6;) +dg |- (8)
Zy dy sin (B,)

X3 dy sin (B;)

ys | = d, cos () sin (65) : )

Z3 q; +d, cos (B;) cos (05) +dg

The ends of the three branch chains are connected
together, so that

X X, X, X5
yl=|nl=|»n|=|»] (10)
z z; zZ, Z;

5
Equation (10) square is as follows:
x (a1, +dy cos (B,) cos (6,) +d;)*
y = (=dy sin (B,))* - (1D
2 (=dj cos (B,) sin (6,))’
Each line of equation (11) is added and simplified:
(x—qy —dg)* +y*+2* - d5=0. (12)

Similarly, it was added and simplified the lines of equa-
tion (8) and (9), respectively:

—dg)? +22-di=0; dg)’ —d2=0.

(13)

To solveq;,, expand each lines of equation (13) and sim-
plified:

X+ (y—dy oty 4 (z- gy -

Qo+ gy + o =0,(i=1,2,3); ¢ =2dg - 2x;
Clo=—ds+di —2xdg + x> +yP + 25 ¢y =2dg -
Co=—di+di—2yd +xX*+ P+ 2% ¢y =2dg -2z

3o =—d; +di —2zdg + X+ + 22

(14)
Solve g% +¢;1q;, + ;o =0, (i=1,2,3) and get
—Ci £/~ 4 .
qo= VA TH N 0 )

“+” means two different working patterns, as shown in
Figures 9 and 10.

In Figure 9, branch chain 1 has crossed the singular
boundary point, and the travel has exceeded the limit dis-
placement range of the guide rail. Therefore, the displace-
ment can be used to determine the unique solution of the
inverse kinematic solution. After the variables of each driving
joint are calculated, the variable value of the passive joint can
be obtained according to the geometric relationship.

0,=atan2(-z,x—q;; —dq)
0, =atan 2(x,y - g5, —ds);
0; =atan 2(y,z - g5, - dy);

X = ‘hl .
e cos ( )’

(
—atan2<z, oA q“ ) (16)
(

—atan2

CS

o
—atan2 X, _q31 >
cos (



(2) Forward Kinematic Analysis. Equation (10) can be written
as follows:

Py + 2+ 20x+20z2 4+ —de 0
Y+ 2+ 20x+ 20y + 202+ G+ a—dy | = (0],
X+ Y+ 2+ 20X + 20,y + 262 + G2+ G+ o — do 0

(17)

¢ =—dg ¢ ==q)), 63 =G>
C4 = _d6’ C4 = _d6) CS = Oa (18)

C = —dg, ¢; = =315 3 = 0.
Solve equations (17), and we get the forward kinematic
model of 3PRR,R:

X =CoZ + Cpps

Y=zt

7
—Ciy t/c1y — 40505

Z:
2¢3 ’
_ —(6, = ¢5)¢;
- 5
(€164 + €167 = €567 = €4¢6)
_—(g+g-g-d-d)q
CIO = 5
(164 + €167 = €367 — €4C6)
= (6 = ¢5) (€ — ¢6)
- b
(€164 + €165 = €367 = €466)
_ _(C%“LC%_CE_C%_C%)(Q -G)
= >

(cr€4 + €167 = €567 — €4C6)
_ 2 .
c13—c§+c11+1,

€14 =2(CoCrg +€11€12 + €169 — 6),

_ 2,2 2,2 p
C15 = Cjp + €1y +2¢1Cp + €] + 6 — dy. (19)

3. Workspace Analysis of the Haptic Device

The workspace of haptic device should be cube, which is con-
venient to establish the spatial mapping relationship between
master hand and slave hand in the teleoperation system.

3.1. Monte Carlo Method. The Monte Carlo method is a
numerical calculation method based on statistical theory
and probability theory [23]. The basic idea is to use random
number to solve the problem with definite law. When it is
used to solve the problem of robot workspace, the joint vari-
ables can be used as input, and the space position of the end
of the manipulator can be obtained through the forward
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F1GURE 10: Working pattern 2.

200

100

N -100

-200

-300
200

200

y -400 _400 x

FiGURE 11: Workspace of the haptic device.

kinematic calculation of the robot. When the number of joint
variables is enough, the set of corresponding end space posi-
tions will approximately constitute the workspace of the
robot.
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FIGURE 12: X-Y view.
200 4
The steps are as follows:
150
(1) Determine the range of motion of each joint
100 —
(2) The forward kinematics of the mobile mechanism is
analyzed 50
(3) By randomly selecting an input for each joint, the 0
random variables of each joint can be obtained by N
the following formula: 6,=0,_ ., + (0,_pax — Oiomin) 50
x rand ()
0,_max 1S the maximum input angle of the ith joint. ~1009
0,_min 1s the minimum input angle of the ith joint. 150
Rand is the function that generates random numbers
.. . -200 —
(4) The randomly generated joint variables are brought
into the kinematic equation to calculate the position 250
of the operation end in the operation space _300 _2'00 _1'00 (') 1(')0 2(')0

(5) Repeat the above steps to get the set of spatial posi-
tions of the operation end, which is the approximate
solution of the workspace. The more groups of joint
variables are taken, the closer the result is to the
actual workspace

Follow the above steps. The workspace of the positioning
mechanism is calculated by MATLAB as shown in Figures 11-14.

It contains a square in Figure 14.So, in the workspace of
3PRPaR, it contains a cube. It meets the design requirements
of the haptic device.

4, Parameter Optimization and Evaluation
Index of the Haptic Device

The objective of haptic device optimization is to optimize the
size of the mechanism [24]. First of all, the workspace should

Y

FIGURE 13: X = 0 slice diagram.

meet the preset requirements, so that the size of the whole
mechanism is as small as possible. At the same time, the
transfer coefficient of the mechanism should be limited in a
certain range to ensure the stiffness and reverse driving per-
formance of the mechanism. Therefore, it is necessary to
select appropriate evaluation indexes. The main evaluation
indexes of the haptic device are dexterity and operation space
volume.

4.1. Dexterity. Dexterity is an important index to measure the
transmission accuracy of input and output motion or force of
robot [25]. When the robot structure is in or near the singular
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FIGURE 14: Y =0 slice diagram.

configuration, the transfer relationship between input
motion and output motion will be distorted. The minimum
condition number, minimum singular value, and operability
based on Jacobian matrix can reflect the degree of motion
distortion to a certain extent.

The minimum condition number is as follows:

k() = 177 (20)

[I-II is the arbitrary matrix norm; when using Frobenius
norm, the above formula can be expressed as

kp(J) = \/:l tr(JJ7) \/]11 (7). (21)

When k(J) =1, the mechanism is in isotropic config-
uration and has the best performance of motion and force
transmission. The main axis direction of operating ellip-

soid is defined by eigenvalues of (JJ T)_l. Square root of
eigenvalue &,,&,, &, is the length of the spindle. The length
of the spindle of operating ellipsoid is directly related to
the operating performance of the mechanism. The shorter
the length is, the greater the structural stiffness along this
direction is. That is, the actuator only needs to output a
small force to offset the effect of the external force. Define
the velocity transfer coefficients along the three principal
axes that are v, = 1/, y, = 1/&,, y, = 1/&; respectively. In
order to ensure good force transmission performance and
speed transmission performance, ¥, needs to be limited
to a certain range. Let v . <y, <y, . and vy . =1/y
and get 1/y, . <y, <y ...

As shown in Figure 15, the workspace of the haptic
device contains a cube. Point Q; and point Q, are two
vertices on the diagonal of the cube. When the haptic

Series
singularity

FIGURE 15: Singular configuration of the haptic device.

device is in singular configuration, point Q; and
pointQ, are two points closest to the end of the haptic
device. According to interval analysis theory [26], if the
condition can be satisfied with 1/y <y, <y at
points Q; and Q,, ¥, can satisfy this condition in the
whole workspace.

As shown in Figures 16 and 17, p,(i = 1, 2, 3) is the length
of the moving rod. When the moving platform of the haptic
device is at point Q,, p; = p, = p; = P, When the moving
platform of the haptic device is at point Q,, p, =p, =p; =

pmax‘
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FIGURE 16: Configuration of Q;.

Ay

Ap

FiGure 17: Configuration of Q,.

As shown in Figure 18, the length of parallelogram con-
necting rod is L. The distance from the end of the connecting
rod to the center of the moving platform is e. Let p_. =0,
and the coordinate of point P along Z axis can be expressed
as Z=—sin (f3;)L orZ =—sin (6,) cos (,)L. In the axis Q,
Q,, Bi=B,=B;=B 0,=0,=0;=0. The relationship
between f3 and 6 can be expressed as f3 = —arctan (sin (0)).
By substituting the haptic device kinematic equation, we get
the following results:

1 —tan (0) —tan (0)
J7'=| ~tan () 1 1 ,
—tan (0) —tan (0) 1

= 2 tan (6) - 1,&, =&, = tan (6) + 1]y,
o o (22)
TRan@ -1V T @)1

9
F1GURE 18: Calculation diagram of the single chain.
Solve the equation:
1 1 1
< < V/max’ < = 1//max'
Vinax  [tan (0) +1] Vinax |2 tan (8) — 1|
(23)
Qp is the dexterity.
Qp= ! (24)
P\ (1 + tan (8))*(tan (6) - 1)*
4.2. Workspace Volume. As shown in Figure 18, a=OA, =
OA, = OA,. when point P coincides with point Q;,
0A, = 0Q; + Q|C;+ CiA,. (25)
For p, =0, C,A, = C,B, =L, Q,C, = PC, — ¢, and OQ, =
q,> we get
a=g,+e+L. (26)

g, can be obtained by formula (13); so, a can be obtained
bye, L, v, .. Project A,P=A,B, +B,C, + C,P onto the Y
axis gets:

p=q, +a+cos (0) cos ()L +e+37, (27)

q,=sin (B)L;a=q, +e+L;

100 (28)
L=(— +153.5 |mm;e=51mm.

sin (B)

p determines the volume of the workspace. Its length is
determined by 0, 8.
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FIGURE 19: Flow chart of the genetic algorithm.
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F1GURE 20: Organization chart of the gamultiobj function.
F1GURE 21: Optimization curve of rod length p.
2500
In summary,
p=4q, +a+cos (0)cos (B)L +e, (29) 2000
Qp= ! (30) 1500
P\ (1 + tan (8))*(tan (6) - 1)%
- i T 1000 - - - -
6 = — arcsin (tan (fB)), B € OZ . (31)
5. Multiobjective Optimization of the 500
Genetic Algorithm
GA (genetic algorithm) is a kind of evolutionary algo- 0
rithm. The basic principle is to encode the problem 0
parameters as chromosomes and to exchange the informa-
tion of chromosomes in the population by means of itera- ~ Data2
tive operation such as selection, crossover, and mutation,
so as to generate the chromosomes that meet the optimi- Frcure 22: Optimal volume.

zation objectives [27]. In the genetic algorithm, chromo-
somes correspond to data or array, which is represented
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FIGURE 23: p corresponds to the dexterity after optimization.
. . . . TaBLE 1
by one-dimensional string structure data. A string of genes
is a chromosome which is called individuals. A certain i
ST . Paretofraction Popglatmn Generations StallGenLimit TolFun
number of individuals form a population, and the number size
of individuals in population is called population size. Each 0.4 100 200 200 1e-100
individual’s adaptability to the environment is called fit-
ness. Flow chart of the genetic algorithm is shown in
Fi TABLE 2
igure 19.
5.1. Paretooptimal Solution of Multiobjective Optimization. O\rad . dValues nm Q
The problem of multiobjective optimization can be described (O)ra ()ra (P) b
as follows: Unoptimized ~ -1.0000  0.500000  135.000000  0.2213
-1.270261  0.321750  134.247156  0.2452
min [, (x), f5,(X)f 1 ()], 1570771 0784929  127.828284  0.5246
Ib<x<ub -1.460782  0.391701 144.055299  0.0015
T (32) Ontimised -0.580130 0502304 126297573  0.7158
— 1imize
s.t.Q Aeq x x = beq, P -1.170757  0.785391 133.496546  0.2445
Axx<b. -0.770781 0.785163 137.519930  0.2001
-1.370783  0.425692  128.797083  0.4209
-0.970779  0.534215 130.797173  0.3262

fi(x) is the objective function to be optimized, x
(Ib < x < ub): variables to be optimized.

Aeq * x = beq is the linear equality constraint of x, A * x
< b: linear inequality constraints.

Ib < x < ub is the range of x.

5.1.1. Gamultiobj Function. The gamultiobj function is an
improved multiobjective optimization algorithm based on
NSGA (a variant of NSGA). The emergence of the gamultiobj
function provides a good way to solve the multiobjective
optimization problem in the MATLAB platform. Organiza-
tion chart of multiobjective optimization function gamultiobj
based on GA is shown in Figure 20. In this paper, the length p
and dexterity Qp, are taken as the objective functions, and the

independent variables are 0, 8. The best matching value
between the volume space suitable for the optimal dexterity
is shown in Figures 21-23.

Objective functions are as follows:

f(1)=min p= (2 sin () + cos (0) cos (B) + 1)L + 51,

1
(1 +tan (0))4(tan 0) - 1)2.

f(2)=minQD:\/

(33)
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Directional
mechanism

FIGURE 24: Assembled haptic device.

Constraints are as follows:

%ﬂseso;osﬁs

100
;L=

% =0 +153.5(05ﬁs

).

(34)

NE

The parameters of multiobjective optimization algorithm
are shown in Table 1:

As shown in Figure 23, p_. =126.3mm.

It is calculated by equations (28), (29), and (31): =
0.502 rad, 6 = —arcsin (tan (f)) = -0.581rad

100
sin (B)

L=

100
+153.5= +153.5=361.7mm. (35)
0.481

Paretooptimal solutions (8 groups selected) are shown in
Table 2.

Based on the results of parameter optimization, and con-
sidering the processing and assembly technology, select the
fourth group of parameters in Table 2. Assembled haptic
device is shown in Figure 24.

6. Results and Discussion

According to the characteristics of series and parallel mecha-
nisms, a new six-DOF hybrid haptic device was designed com-
bining series mechanism 3PRPaR and parallel mechanism
ROBOQO_003. The DOF of 3PRPaR is 3. In this paper, the free-
dom form of parallel mechanism ROBO_003 was analyzed
based on screw theory. It can be concluded from equations
(5) and (6) that the DOF of the moving platform of ROBO_
003 is 3, and the DOF form is rotation. That is, moving plat-

form of ROBO_003 rotates around X, Y, and Z axes, respec-
tively. The kinematics of 3PRPaR was analyzed in this paper.
The workspace of the haptic device was analyzed in the Monte
Carlo method. As shown in Figures 11-14, the workspace of
3PRPaR contains a cube, and it meets the design requirements
of the haptic device. The workspace corresponds to the length
and volume of the haptic device. In order to make the length
and the volume meet the requirements, the optimization indi-
ces are selected to optimize the haptic device. Multiobjective
optimization algorithm based on GA was selected. 0, B was
selected as independent variables, Length of moving rod p
and dexterityQ, was selected as objective functions. The opti-
mal angle 6, 8 is -0.581 rad and 0.502 rad obtained, and L =

361.7mm. The optimal length p and optimal dexterity Q,of
the haptic device were obtained. The fourth data is selected
from 8 paretooptimal solutions in Table 2. The optimal length
is p,;, = 126.3mm, and the optimal dexterity is Qp, = 0.7158
.Minimum p means minimum volume, and minimum volume
and optimal dexterity mean optimal performance of the haptic
device. The optimized dexterity is 69% higher than unopti-
mized, and the rod length is reduced by 6%.It can be con-
cluded in Figure 23 that pand Qp are approximately
inversely proportional. The larger the volume is, the worse
the dexterity of the haptic device.

The requirements of the haptic device are tracking per-
formance and force feedback performance, which are deter-
mined by the appropriate volume and dexterity. When the
rod length is determined, the performance of haptic device
is determined by the maximum volume and optimal dexter-
ity of the haptic device. In this paper, the multiobjective opti-
mization algorithm based on the genetic algorithm was used
to optimize the relevant parameters to obtain the optimal
results. It provides a theoretical basis for the designation of
haptic devices.
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7. Conclusion

A new six-DOF hybrid haptic device was presented in this
paper. Screw theory was carried out to analyze the DOF of
ROBO_003.The workspace of the haptic device is deter-
mined in the Monte Carlo method. Based on the genetic
algorithm, the parameters of the mechanism are optimized
according to the dexterity index and volume evaluation
index, and the results showed that the optimal parameters
were obtained. The results meet the designation require-
ments of the haptic device. As an indispensable part of virtual
reality interaction, haptic device has become a hot spot in the
research field of robot technology. Haptic devices are applied
to teleoperation robots which are widely used in underwater,
space, and land dangerous places. In the future, there will be
more mathematical theories applied in the theory of mecha-
nism, kinematics, and dynamics. It has great application and
research value.

Data Availability

No data were used to support this study.

Disclosure

The authors disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was supported by the Fundamental Research
Funds for the China National Key Research and Develop-
ment Project (No. 2017YFE0113200), Open Foundation of
the State Key Laboratory of Fluid Power and Mechatronic
Systems (No. GZKF-201711), and the Postgraduate Research
& Practice Innovation Program of Jiangsu Province (No.
KYCX17_024).

References

[1] G. Burdea and P. Coiffet, “Virtual reality technology,” Pres-
ence: Teleoperators and Virtual Environments, vol. 12, no. 6,
pp. 663-664, 2003.

[2] D.Lee, T. W. Seo, and J. Kim, “Optimal design and workspace
analysis of a mobile welding robot with a 3P3R serial manipu-
lator,” Robotics ¢ Autonomous Systems, vol. 59, no. 10,
pp. 813-826, 2011.

[3] Y. Tanaka, T. Kikuchi, and A. Kaneko, “Dynamic force display
in virtual world by fluid power glove,” in Proceedings of the
JEPS International Symposium on Fluid Power, pp. 187-192,
Tokyo, 1999.

[4] S. Hesse, “Recovery of gait and other motor functions after
stroke: Novel physical and pharmacological treatment strate-
gies,” Restorative Neurology and Neuroscience, vol. 22, no. 3-
5, pp. 359-369, 2004.

13

[5] D. Feygin and F. Tendick, A critical study of the mechanical
and electrical properties of the phantom haptic interface and
improvements for High performance control, Department of
Electrical Engineering and Computer Science, University of
California, Berkeley, CA 94720, USA, 1999.

S. Grange, F. Conti, and P. Helmer, “The delta and omega hap-
tic device,” Institute of Systems Robotiques Ecole Polytechni-
que Federale of Lausanne, 2002.

=
2

[7] H. Zhen, “Research on basic theory of parallelrobot mecha-
nism,” Robot Technology and Application, vol. 6, pp. 11-14,
2001.

[8] Y. Tsumaki, H. Naruse, D. N. Nenchev, and M. Uchiyama,
“Design of a compact 6-DOF haptic interface,” in Proceedings.
1998 IEEE International Conference on Robotics and Automa-
tion (Cat. No.98CH36146), pp. 2580-2585, Leuven, Belgium,
May 1998.

[9] C.M. Gosselin and J. Angeles, “A global performance index for
the kinematic optimization of robotic manipulators,” ASME
Journal of Mechanical Design, vol. 113, no. 3, pp. 220-226,
1991.

[10] X.L.Chen, D.Y. Jiang, L. L. Chen, and Q. Wang, “Kinematics
performance analysis and optimal design of redundantactua-
tion parallel mechanism,” Transactions of the Chinese Society
for Agricultural Machinery, vol. 47, no. 6, pp. 340-347, 2016.

[11] G. Carbone, E. Ottaviano, and M. Ceccarelli, “An optimum
design procedure for both serial and parallel manipulators,”
Proceedings of the Institution of Mechanical Engineers Part C-
Journal of Mechanical Engineering Science, vol. 221, no. 7,
pp. 829-843, 2007.

[12] X. Liu, C. Wu, and J. Wang, “A new approach for singularity
analysis and closeness measurement to singularities of parallel
manipulators,” ASME Journal of Mechanisms Robotics, vol. 4,
no. 4, article 041001, 2012.

[13] D.Zhang and B. Wei, “Interactions and optimizations analysis
between stiffness and workspace of 3-UPU robotic mecha-
nism,” Measurement Science Review, vol. 17, no. 2, pp. 83-
92, 2017.

[14] G. Cui, H. Zhou, N. Wang, and H. Q. Zhang, “Multi-objective
optimization of 3-UPS-S parallel mechanism based on isight,”
Transactions of The Chinese Society of Agricultural Machinery,
vol. 44, no. 9, pp. 261-266, 2013.

[15] X. Zhang and C. A. Nelson, “Multiple-criteria kinematic opti-
mization for the design of spherical serial mechanisms using
genetic algorithms,” Journal of Mechanical Design, vol. 133,
no. 1, pp. 819-827, 2011.

[16] H.S. Kim and L. W. Tsai, “Evaluation of a Cartesian manipu-
lator,” in Advances in Robot Kinematic, ]. Lenarc¢i¢ and F.
Thomas, Eds., pp. 21-38, Kluwer, Norwell, MA, USA, 2002.

[17] M. Carricato and V. Parenti-Castelli, “Singularity-free fully-
isotropic translational parallel mechanisms,” International
Journal of Robotics Research, vol. 21, no. 2, pp. 161-174, 2002.

[18] F. Majou, P. Wenger, and D. Chablat, “Design of a 3 axis par-
allel machine tool for high speed machining: the Orthoglide,”
in 4éme Conférence Internationale Sur La Conception Et La
Fabrication Intégrées En Mécanique, pp. 1-10, 2007, http://
arxiv.org/abs/0705.1271.

[19] A.Pashkevich, A. Klimchik, D. Chablat, and P. Wenger, “Stiff-
ness analysis of multi-chain parallel robotic systems,” Intelli-
gent Manufacturing Systems, vol. 3, no. 3, pp. 75-82, 2009.

[20] D. Chablat, P. Wenger, and J. Merlet, “Workspace analysis of
the Orthoglide using interval analysis,” in Advances in Robot


http://arxiv.org/abs/0705.1271
http://arxiv.org/abs/0705.1271

14

[21]

(22]

(23]

(24]

(25]

[26]

(27]

Kinematics, J. Lenar¢i¢ and F. Thomas, Eds., pp. 397-406,
Springer Netherlands, 2002.

R. Featherstone, “The calculation of robot dynamics-using
articulated-body inertias,” The-International Journal of Robot-
ics Research, vol. 2, no. 1, pp. 13-30, 1983.

J. Zhao and F. Zhijing, Analysis theory of robot mechanism
degree of freedom, Science Press, Beijing, 2009.

J. Rastegar and B. Fardanesh, “Manipulation workspace analy-
sis using the Monte Carlo Method,” Mechanism ¢ Machine
Theory, vol. 25, no. 2, pp. 233-239, 1990.

Z. Wang, S. Ji, Y. Wan et al,, “Optimal Design of Parallel
Robots for the Prescribed Regular Dexterous Workspace,” in
2007 IEEE International Conference on Automation and Logis-
tics, pp. 563-568, Jinan, China, August 2007.

Y. Wang and W. Hongtao, Design and Research of a Six-
Degree-of-Freedom Haptic Device, Nanjing University of Aero-
nautics and Astronautics, College of Mechanical and Electrical
Engineering, 2016.

J. A. Persson, X. Feng, D. Wappling, and J. Olvander, “A
framework for multidisciplinary optimization of a balancing
mechanism for an industrial robot,” Journal of Robotics,
vol. 2015, Article ID 389769, 8 pages, 2015.

F. Sérgio Lobato and J. Valder Steffen, “Multi-objective optimi-
zation firefly algorithm applied to (Bio) chemical engineering
system design,” American Journal of Applied Mathematics
and Statistics, vol. 1, no. 6, pp. 110-116, 2013.

Wireless Communications and Mobile Computing



	Designation and Multiobjective Optimization of a New Six-DOF Haptic Device Based on Genetic Algorithm
	1. Introduction
	2. Designation and Kinematic Analysis of the Haptic Device
	2.1. Mechanism Designation
	2.1.1. The Designation of the Positioning Mechanism
	2.1.2. The Designation of the Directional Mechanism and the Analysis of DOF

	2.2. Kinematic Analysis of the Haptic Device
	2.2.1. Kinematic Analysis of the Positioning Mechanism


	3. Workspace Analysis of the Haptic Device
	3.1. Monte Carlo Method

	4. Parameter Optimization and Evaluation Index of the Haptic Device
	4.1. Dexterity
	4.2. Workspace Volume

	5. Multiobjective Optimization of the Genetic Algorithm
	5.1. Paretooptimal Solution of Multiobjective Optimization
	5.1.1. Gamultiobj Function


	6. Results and Discussion
	7. Conclusion
	Data Availability
	Disclosure
	Conflicts of Interest
	Acknowledgments

