CHINESE JOURNAL OF MECHANICAL ENGINEERING

Vol. 27, No. 5, 2014

* 919 -

DOI: 10.3901/CJME.2014.0722.122, available online at www.springerlink.com; www.cjmenet.com; www.cjmenet.com.cn

Kinetostatics Analysis of a Novel 6-DOF Parallel Manipulator
with Three Planar Limbs and Equipped with Three Fingers

LU Yi"?*** and LI Xuepeng'

1 College of Mechanical Engineering, Yanshan University, Qinhuangdao 066004, China
2 Key Laboratory of Parallel Robot and Mechatronic System of Hebei Province, Qinhuangdao 066004, China
3 Key Laboratory of Advanced Forging & Stamping Technology and Science of Ministry of National Education,
Qinhuangdao, 066004, China

Received December 19, 2013; revised June 25, 2014; accepted July 22, 2014

Abstract: It is significant to develop a robot hand with high rigidity by a 6-DOF parallel manipulator(PM). However, the existing

6-DOF PMs include spherical joint which has less capability of pulling force bearing, less rotation range and lower precision under

alternately heavy loads. A novel 6-DOF PM with three planar limbs and equipped with three fingers is proposed and its kinematics and

statics are analyzed systematically. A 3-dimension simulation mechanism of the proposed manipulator is constructed and its structure

characteristics is analyzed. The kinematics formulae for solving the displacement, velocity, acceleration of the platform, the active legs

and the fingers are established. The statics formulae are derived for solving the active forces of PM and the finger mechanisms. An

analytic example is given for solving the kinematics and statics of proposed manipulator and the analytic solved results are verified by

the simulation mechanism. It is proved from the error analysis of analytic solutions and simulation solutions that the derived analytic

formulae are correct and provide the theoretical and technical foundations for its manufacturing, control and application.

Keywords: parallel manipulator, planar limbs, finger, kinematics, statics

1 Introduction

The 6-DOF parallel manipulators(PMs) are excellent
candidates for advanced robotic applications by virtue of
their high stiffness, high dexterity, compact size, and high
power to weight ratiol' . In a complex industrial assembly
situation, the goal cannot be achieved in a single grasp.
When multi-fingers are installed on the moving platform,
the PM must be play more important roles in application of
manufacturing and fixture of parallel machine tool, forging
operator, assembly cells of automobile manufacturing or
airplane manufacturing and flexible manufacturing system
missions'* "%, In this aspect, BANDE, et al¥, studied
Gough-Stewart platform, and proposed assuming gripping
as an end application. ZHANG, et al’®, designed a
biologically inspired PM for the dexterous head section of a
quadrupedal. MCCOLL, et al'®, proposed a generalized
form of the antipodal method from multi-finger grasping
and implemented for investigating the workspace of a wide
range of planar wire-actuated PMs. LIU, et al'”), proposed a
hybrid robot system for CT-guided surgery. WANG, et al™®),
designed a reconfigurable robot for search/rescue. The
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fingers are key tools of assembly robots, forging operator,
and mediation robots. MIR-NASIRI, et al’”), designed a
four-axis parallel robotic arm for assembly operations.
YAN, et al'% established a coordinated kinematic
modeling of gripper manipulator for heavy-duty
manipulators. Y1, et al'''!, designed a parallel-type gripper
mechanism with parallelogramic platform. VAHEDI, et
all'"¥, studied three-fingers caging grasps of a given
polygonal object with n edges. TERASAKI, et all¥],
proposed an intelligent manipulator equipped with a
parallel two-fingered gripper. In various PMs, the 6-DOF
PMs with composite spherical joint S, should be selected as
the PM with multi-fingers because the moving platform can
provide more room for arranging more fingers without
interference among active limbs and finger mechanisms,
and has more DOFs and higher stiffness!!*?’. In the
aspects of PMs with S, PATRICIA, et al'"*, ZHANG!",
HUANG, et all'®] JOKIN!'"! ZHAO, et all'®!] JIANG, et
all”, TONG, et al®”, synthesized various PMs with
different limbs and different S.. WU, et al®'?!, studied the
performance and dynamics of a planar 3-DOF PM with
actuation redundancy and a PRRRP PM. LI, et all?!,
studied the performance of a 3DOF PM. LU, et all¥,
studied kinematics and statics of a 5-DOF 4SPS+SPR PM
with 2§.. In fact, it is difficulty to manufacture Sc, therefore,
a novel spatial 6-DOF PM with 3 planar limbs and
equipped with 3 fingers is proposed because the spatial
6-DOF PM with 3 planar limbs has several merits(see
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section 2) and its moving platform can provide more room
for arranging more fingers. Since the 6-DOF PM with 3
planar limbs and 3 fingers are designed for high-speed and
heavy-load coordinative operation, it becomes significant
to establish its coordinative kinetostatics modeling and
determine its characteristics for its structure optimization,
control, manufacturing and applications. Therefore, this
paper focuses on a novel 6-DOF PM with 3 planar limbs
and 3 finger mechanisms and establishing its mathematic
model of kinetostatics in the light of its application.

2 Structural Characteristics of 6-DOF PM
with 3 Planar Limbs and 3 Fingers

A 3D prototype of 6-DOF PM with 3 planar limbs Q; and
equipped with 3 finger mechanisms is constructed, see Fig.
1. It includes a 6-DOF PM with 3Q; and 3 one-DOF finger
mechanisms. The 6-DOF PM with 3Q; includes a moving
platform m, a fixed base B, 3 identical planar limbs Q,(i=1,
2, 3). Here, m is a regular triangle with 3 vertices b;, 3 sides
li=I; and a central point o; B is a regular triangle with 3
vertices B;, 3 sides L;=L, and a central point O. Each of Q;
includes a vertical rod ry; an upper beam g;, a lower beam
G; and 2 translational active rods 7;;. Each of ; is composed
a translational actuator, a cylinder and a piston rod. In each
of Q;, the middle of G; connects with B by a vertical
revolute joint R;; at B;; the one end of ry; connects with m
by a vertical revolute joint Ry at b, the other end of r;
connects with the middle of g; by a horizontal revolute joint
R;s; the two ends of r; connect with the two ends of g; and
G; by revolute joints; g;, G; and r; form a closed planar
mechanism P; with 2 translational actuators.

Fig. 1. 3D prototype of 6-DOF PM with 3 planar limbs

and 3 one-DOF finger mechanisms

Let L, ||, | be perpendicular, parallel, collinear constraints,
respectively. Let (s;), (m) and (B) be the coordinate systems

on finger at o;, on m at o and on B at O, respectively. This
PM includes the following geometric conditions: zLm, Z1B,
RillZ, RipL6;, Rip Loy, Rl|Ri3, Ridllz, gillm, Ril|B, Gl|B, (g, G,
1y, ry) being in O;, b\bs||x, ob,ly, bibyr=g, BiBr=G, obi=e,
obyly, Ris LR, RisLR;s(i=1, 2, 3, j=1, 2). Each of the finger
mechanisms with one DOF is formed by a planar four bar
mechanism which is composed of a frame, a claw w; and a
active rod L;. The three finger mechanisms are distributed
uniformly on m at point o; in the same circumference and
can coordinative operate for grabbing or excluding the
object with complicated shape. Comparing with the
existing 6-DOF PMs, the proposed 6-DOF PM with 3Q;
possesses following merits.

(1) Each of planar limbs Q; only includes revolute joints
R and prismatic joint P, therefore, it is simple in structure
and is easy manufacturing.

(2) Since all R in each of 3Q; are parallel mutually, each
of 7; is only subjected a linear force along its axis. Thus,
the hydraulic translational actuator can be used for
increasing a capability of large load bearing. In addition, a
bending moment and a rotational torque between the piston
rod and the cylinder can be avoided.

(3) The revolute joint R has a larger capability of load
bearing than that of spherical joint S; R has higher precision
than S under large cyclic loading because backlash of R can
be eliminated more easily than that of S. The workspace
can be increased due to R having larger rotation range than
S before interference.

3 Kinetostatics of PM with 3 Planar Limbs

3.1 Displacement analysis

The derivation of displacement formulae of the proposed
PM is a prerequisite for solving velocity, acceleration and
statics of finger in (B).

The kinetostatics model of the 6-DOF PM with 3 planar
limbs is shown in Fig. 2. Let X,, Y,, Z, be the position
components of m at o in (B). The coordinates of b; of m in
(m) and B; of B in (B) are expressed as follows*":

+q 0
E
B, =—|-1|,B,=|E|,
2
0 0
(1
+q

0 X,
—1}, "b, =|e|,0=|7Y |,
0 Z,

where E is the distance from B, to O, e is the distance from
b; (i=1, 2, 3) to 0. As i=1, ¢ is 3"?; as i=3, ¢ is 3" This
condition is also available for Eq. (4), Eq. (5) and Eq. (7)
with g.

Let ¢ be one of (a, S, y). Set s,=sing, c,=cosp, t,=tang.
b; and z of m in (B) are expressed as follows *:
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b=R’"b, +o (i=1,2,3),

XYz

Ym  Zm | =

2

CuCpC, = S48,  —CoCpS, —5,C,  C,Sp
S,CRC, +CpS,  —8,CpS, +C,C,  S,Sp 1,
S5 585y p

where Rf is a rotation matrix from (m) to (B) in order
ZYZ; X, Xpy Xu Vis Yms Yn Zi» Zm» Zn are nine orientation
parameters of m 2%,
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Fig. 2. Kinetostatics model 6-DOF PM with 3 planar limbs

b; of m in (B) are expressed by a transformed matrix
based on Egs. (1), (2) as follows **:

+qex, —ey, +2X, ey, + X,
bizz:tqexm_eym—"_zyo ’b2: ey”1+)/” >
+gex, —ey, +2Z, ey, +2,

q:\/g7 e:qls/3’E:qu/3

3)

Let r(i=1, 2, 3) be the vector from B, to b;, e; be the
vector from o to b;. They are derived as follows:

Tix | tq(ex; —E)—ey, +2X, i
k=17, :E +qgex, —ey, +2Y +E |,e, =¢e|y, |
r, +qex, —ey, +2Z, Vn
; “4)
Tox ey, + X, +qx,— v,
B=\n,|=ey, +Y, —E| ¢ :g g%, — Y |-

v, €y, +Zo :l:qxn ~Vn

Let Gy, and G(i=1, 2, 3) be the vector of G; and its unit
vector. Based on the geometric condition, it is known that

both Gy; and r; locate in the same plan P; and there are P, L B.

Thus, Gy;, G'; can be derived by Eq. (4) as follows:

n b )

X X X Gl
Gy =2 Ny , Gy, = hy , Gy =2 3y ’Gi:|G0|‘
0 0 0 o

)

Let go; and g; be the vector and the unit vector of the
upper beam g;. Based on the geometric condition, it is
known that both g(; and r; locate in the same plan P; and
there are P, LB and g(.lz, ei. go-z=0. Thus, g, and g; are
derived from Eq. (3) as follows:

2rlx 2r2)c 2r3x
8oi
8 =25, |, 8n =121, | 8 =|2n, | & ==,
|g0,-|
8otz Eo2: 8032

+qgEz, —2X z,—2Y z —F:
. = qex, —ey, + qLrz, 2l 0Zm Z, ,

Zﬂ

8oz = €y 7(XUZ] + Y;Zm 7Ezm )/Zn'
(6)

Let ByB=BBr=G, bby=bbr=g, r; be the vector from
By to by r; are expressed as follows:

B, B, = B, B, = GG,,
8:=bb,=-gg.8,=>bb,=gg,
r, =B, B+ B, b+g, =r+GG, —gg,
t, =B;b—B B,+g,=r—GG +gg,.

()

Let o; be the unit vector of r;, let §,(i=1, 2, 3; j=1, 2) be
the unit vector of r;. The formulae for solving r;, 7, ry,
and ¢;; are derived from Eqs. (5)—(7) as follows:

i 8oi G,
b=t (1| g B G,
! |g0i| |G0i|
8 = bibij = (_1)jggis Gij = BiBi/ = (_1)‘iGGi, ®)
. r,
S; :"_,’ & =, rjz :’ﬁ +rz‘12» +’?§s

7 Ty :

2 2 2+’3]'2z(i:1’2’3’j:1’2)'

i = r}jx + r;'jy
3.2 Conceptions of kinematics

The derivation of velocity formulae of the proposed PM
is a key issue to establish the statics model and acceleration
model of the proposed PM and its fingers in {B}. Suppose
there are a vector ¢ and a skew-symmetric matrix £ or s(¢).
They must satisfy!"**

szé‘:s(é’)a gT:_:a _42:E_C§Tﬂ (9)

where ¢ may be one of vectors (e;, d;, €, 9y, Ri1, R, Ris, Ris,
i=1,2,3,j=1,2).
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Let V, A, v, o, a, ¢ be the general forward velocity,
acceleration, translational velocity, angular velocity,
translational acceleration, angular accelerations of m at o,
respectively. They are expressed as follows:

(10)

Let vy, be a velocity of m at b;, v,; be a velocity vector of
the upper beam g; at b;, @,; be the angular velocity of g;; ,;
be the angular velocity of r;, ,; be the angular velocity of
rij, (g; be the scalar angular velocity of g; about r;; at by, v,
be the scalar velocity along 7;, v,; be the input scalar
velocity along r;. Let w; and R; be a scalar angular
velocity of the lower beam G; about B at B; and its unit
vector; w; and R be a scalar angular velocity of r; about
G, at B; and its unit vector; w;; and R ;3 be the scalar angular
velocity of g; about r; at b; and its unit vector and there is R
sl|Rn- Let wy and Ry be the scalar angular velocity of
vertical rod r,; about m at b; and its unit vector. Let w;s and
R;s be the scalar angular velocity of g; about r,; at b; and its
unit vector. They can be expressed as follows!" %

R, =R, =R x5 /R x8|, Rs=g,/|8,

1

>

R,=Z,R,=z R;=R,xXR,.R,=wxR,,

i i 15970

r _
R;=0,%xR;, 0,=0,R,+0,R,,

(1D)

0, =0+ 0, R,+ws R = w,;+ o, R,

1 1

Vy =V, 00, @, XI, v, =V, *0, I, =10,

1
Vi =V, T @ X1y + @y R, x Gl.j,
Vg = Vi * 0> Ty =10

3.3 Angular velocity o,; of r; and velocity v,; along r;
From the line 4 formula of Eq. (11), it leads to

@y Ry X1+ @y Ry X1 =0, X1, =vy,, =V, 00, =

1

(8, + 8wy — (v +8)8, = 87 (v —é). (12)

Dot multiply the both sides of Eq. (12) by R and Ry,
respectively, it leads to

a)il(Rilxri).RQ:Rigg‘iz(_v+éiw)’ (13)
0y (Ryx1) Ry = Ry 87 (= +é0),

Let Dy=r;(Ry xRp), D,=R:R»"—R,R;,". From Eq. (13),
it leads to

o — —R 5’ (v—ém) _
! (R, x1,)* R

_fR,TléA',Z(vfél.w) _R,T2 (5,2
D, > il D, ;

J WV

wil” >
(14)

2%

27 n
—0; ei).

The angular velocity @,; of r; is derived from line 3
formula of Eq. (11) and Eq. (14) as follows:

©,; =iV d i = &(5‘12 _5‘1'2&)-
Dy

(15)

The velocity v,; along 7; is derived from line 5 formula of
Eq. (11) as follows:

(16)

r vi Vi

v,:J~V,J':(5iT _(éféi)T)lxﬁ'

3.4 Angular velocity w; of g; and w,; of r;;

Dot multiply the both side of Eq. (11) by R, w;; and
are derived based on (RilRy, RilR;s) and Eq. (15) as
follows:

(@+ o, Ry+osRs) Rg = (0, +0 Ry )+ R,

_ RiéT (0—w,) D. — R, R[6T
= , = ,
R;+R;

Wi3 )
0, =0,+0;R;=0,+D(0-0,)=

R« R
. (17)
(Eys =D, V+ (03><3 D3>V = J(ugi v,

wri

Jwgi =(Eys — D), +(03x3 D})-

Dot multiply the both sides of Eq. (11) by ¢; (i=1, 2, 3;
j=1, 2), based on 9, LR, it leads to

Wy * 0y = O 20y T Oy Ry 0y = @y 20y = @, + 9.

(18)
Cross multiply the both sides of Eq. (11) by d, it leas to

O, x(vtoxe+w,xg,)=

o) *0;)+6; X (@, R xGy).

@y — 1;0; (@

(19)

rij

Substitute Eq. (18) into Eq. (19), angular velocity @,; of
ry (i=1, 2, 3; j=1, 2) is derived as follows:

wr[j = J(uij V 4

J{uij = [31; (E*éz')Jr(”zjé‘zjayT‘ 76’:1'jéij)‘]wgi -
5"RilG,'jJ(ui1]/rij'

y

(20)

3.5 General input velocity V, and forward velocity V'
From line 7 formula of Eq. (11), Eq. (17) and Eq. (20),
vy (i=1, 2, 3; j=1, 2) is derived as follows:

=J V. Jy=(8] @8 )+ @8, oy (21)

Vrij = Jij 19

The general input velocity V, and the general forward
velocity V are derived based on the principle of the virtual
work 2 and Egs. (17)~(21) as follows:
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Vi I

V. =Jss V> V2 Iy

V=Jv, V| o I

i=12,3, ' Vi ’ I ’

J=12 Vi3l I3 )
V32 I3

J i = Dy (31'2 _gizéi)/Dla
Jwgi =(Eys — D), ( 3x3 D3),

where J is a 6 X6 Jacobian matrix of PM with 3Q..

3.6 Acceleration of PM

The establishment of acceleration model of the proposed
PM is a prerequisite to establish dynamics model of the
proposed PM and its finger in (B) and to evaluate their
dynamic characteristics. Let a,; be the input scalar
acceleration along r;, a, be the translational vector
acceleration of m at b;, &, be the angular vector acceleration
of g;, &;; be the angular vector acceleration of r;. A standard
formula for solving the general input acceleration A4, is
derived as follows**:

A =J, AV HV,
A= J’I(AV—VTHV),

>y

= J; A+V bV h 72“(@.})6%,
=1

a1 Iy hy,
412 Jin h,
A = 4,21 J= I CH= hy, ’
a2 I hy,
a3 I3 h;,
37 I3 h, (232)

where H is a 6x6x6 Hessian matrix of 6-DOF PM with 3
0;, hi(i=1, 2, 3; j=1, 2) are the 6x6 sub-Hessian matrices
of H; "hi(u=1, 2, 3) are the 6x6 sub-Hessian matrices of
h;. When given V, and A, of r;(i=1, 2, 3; j=1, 2), A can be
solved using Eq. (23a). “h,; are derived as follows:

1 _ 0 03><3 T
h,; = ; é,-i-,- s a,ij,j+J g,g,j(a,ijé,—ayJw,j)
2y _
h" _<03x3 dij>_dij']wri’
O,R, R .
3 _ a)rl i17%3 _ 8§24
h, = 1|Rﬂxa|(UR11E cf RIS -8%)+
R.R:
r8, |R” BoR\S, — Ry xRy, |c,J,, — e8] (R xRy,
l,><5|

2 Cjj

8,(c;D,5,+D; ;5" )(Esy,, —é,.)]+

03><3 03><3
A Q2T Ty
0,; €s(6 D, ¢y )

1

Dy

d. = 1 T 5iRi1Ri23
YUORs; R | Ri1X5i|

(8,6, Rig— Ryg (8,6,)" D]+

E [(g 5 ) R Rl3 (gl/é‘ )TD ]}

(23b)

0\, - T
Ri4R15 Jwb1R15Rl4

4 Kinematics of Finger Mechanism

4.1 Geometric relations and positions

A kinematics model of finger mechanism and their
uniformly distribution on m are shown in Fig. 3. In (s;), x|z,
viloo; are satisfied. Let /o, [ be the distances from o; to O,
F, respectively. Let ¢, ¢, g; be the distances from Q; to C;,
D,, E;, respectively. Let 6; be the angle between x; and /.
Let p; be the distance from F;to E;.

bl

E p

(a) Mechanisms (b) Distribution

Fig. 3. Kinematics model of finger mechanisms

and their distribution

Some key geometric relations are represented as

l _CZ+IC2_d2

c A:62+qL2_L-2 Ch =
“ 2¢q, P 2.

AR il TSR Y

c,; = ,
v 2cL. 7 q;

p=a;t+y Ty,

24

-90°%, 6, =a,+ B, +y, —180°.

The position vectors of K(K=C, O, D, E, F) in (s;), (m)
and (B) are derived as follows:

"K,="R"K,+ "o, K,= ’R"K, +o,
lecy Ty lo
YCri=| —lesy |7Q =01,
0 0
Lisy, —1p —lp —l
ﬂD =|Lic, + | YE;=|p, |,"F,=| 0 |,
0 0 0
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0 . e, . —e, "C,="RC,+"0,,"vs; = "R"v,,
m, | m 9 m _9 si
A= % 2 % 2 | o = R o, "V, ="J vy,
0 0 0 ; i
"ac; = GR"ac,"e; = GR e,
0 0 1 0 :l:q -1 my o= mkxiA my _mkSiJ
m m 1 i = si cir Jai = si ci»
aR= 0 —1 0}, S[R:—O 1 =+q|,
' 2 e.=5R"C, Bk= Bk
1 0 0 2 0 0 Ci m i> si m* si'
B m
25) By mR 03><3 m siR 03><3
m© T B s sitv T m s
03><3 mR 03><3 siR

where i=2, ¢ is 312 =3, qis 312

4.2 Velocity/acceleration of finger mechanism in (s;)

Let *6.;, “vyi, Yo, Vi, Yay, Sers, YAy, be the unit vector,
the(translational, angular, general) velocity, and the
(translational, angular, general) acceleration of L; in (s,).
Let vy, @y, ap;, €1, be their scalar. Let “o,;, "€, @i, €, bE
the angular velocity and acceleration of claw w; in (s;) and
their scalar. They are derived as follows:

2 2 2
Vii . L"+q,”—c
Oy = e Vi T =
ilyi 2cLi\1—q;
vy 4y — 0,6, C
a,,; = > Eyi = >
8,:C 8yiC
2 .
o — a;; — 0y (vLity/i +L;sec” yy,)
Li — >
Litu/i
S(pi i _ 516 O
sig Vi = Vi OLis g 0 (26)
Li = | i |5 ig i = ,
a = d,. .
Li Li Li>
0 Wy
0 0 0
i _ i _ Si _
8Lt - O wwi 0 > 6‘wi 0 >
b
ng a)wi 8wz
si
. . . a;.
i _si si _ Li
Vi="Jvy A= si ]a
Eri
iy = 00 0 1/Le.)
Li = \Spi  Copi / ilyi | -

The velocity/acceleration of the claw at C; are derived as

si

. . . . V. .

Si _si i Si _ Ci | _ i

Vo = 0, X e, Ve =1 = "oV

Dc;

si _si

wCi wwi’

oy r@)
ij, = T llo 000 0 —|,

05,5 Syi€

Si _si si Si Si si Si _ s
ag; = "€, X g+ 70, X0, X"y, "6 = "8,

4.3 Kinematics of finger mechanism in {m} and {B}

Let C;, vei, @ci, Vi, aci, €ci, Aci(i=1, 2, 3) be the position,
the (translational, angular, general) velocities, and the
(translational, angular, general) accelerations of fingertip C;.
They in (m), (B) are derived as follows:

v =v+eox ) R"C.+ JR"v,
Oy =0+ R"a,(i=1,2,3),
Vo =Jden Ve +dci, Vi

E —é,
{03><3 E

a, =a+ex R"C,+oxox PR"C, +

_ _ By si
JCLV,. - - sik JCi’

v

]J‘l, J.

Bpm Bpm
20x R + ,R"ac;,

_ Bpm Bpm
g =&+wx , R"o,+ ,R"s,

E —e. )
Ay = [0 C’]A + ok Ay +
3x3
2a’)rfR 03X3 mV a’)zeCi
e+ :
0, o,R 0.,

5 Statics of 6-DOF PM with 30Q; and 3 Fingers

Let F, be the general active wrench applied to the
6-DOF PM with 3 planar limbs, F;; be the active force of
L; in finger mechanism, F; be workload wrench applied on
C;. Let Fc and V, be the general workload wrench and
general input velocity of 6-DOF PM with 3 planar limbs
and 3 finger mechanisms. They are represented as follows:

Vi i Veix
v, V12 Vi=via | Veiy
| Vu |V Vi3 _ | Ve 28
V.= v, = , Vi = » (282)
Vo V22 Ve Dcix
Vi3 Vst | Ve ={Vea |5 Wy
Vi32 Vc3 D¢y,
F
rll F F
F L1 Cl1
ri2 _
F FL - FL2 ’ FC FCZ >
r21
Fa = F 5 FL3 FC3 (Zgb)
r22 f
ci
Fr31 Fc,- :[ P ]
ci
F;'32

When neglected mass and inertia moment of moving
links, the statics equation is derived based on the principle
of virtual power and Egs. (25), (32) as follows:

F'V.+F'V,+FV.=0,
((FaT)lX6 Fy Fp FL3)Vn:_(FCTl FcTz FcTs)JCVna



CHINESE JOURNAL OF MECHANICAL ENGINEERING ©925 -
Tor v, Jery, orientation workspace.
Je=\Jesr v, JCLsz (29) 0.6 041 ~ 200
Jes v, Jca,vw E\ 0.5+ o i 0.3 ;__/207\- 150
3 04l ) g 02f 100 ~
The formulae for solving F, and F(i=1, 2, 3) are  § = = ol @ 1 X
derived as below: ‘*E 03F E B Ko 2
5 v P S 0 0 45
3 Z 0ot '”\31 " Ly 2 Z
T T < Ly 0.1 50 &
F, :_Z']CU/,. Fg, £, :JCLVLl F. (30) & S
-1 0.1F 02 —100
Ly
. B —-03 | —150
6 Solved Examples of 6-DOF PM with 3 0 25 30 0 25 50
. . i Ti
Planar Limbs and 3 Fingers T‘m(z)’/ s o /s
) o 301 10.15 80
The pose parameters X,, Y,, Z,, a, 5, y are given in Fig. 1. ’s ~ 60
The geometric parameters of finger, the input velocity of 7, 010 — 1,
o =20 ' b E 40
PM, the workloads exerted on fingers are given in Table 1. & s :E
A program is compiled in Matlab based on the derived = E §20
. . . . . 5 10 0.05 T «
relative analytic formulae in sections 3-5 and given 2 q§ c 0
= =]
parameters. ER z B-20
= 0 0 g &
5 ;» 840
Table 1. Given parameters of finger mechanism, input E =5 <
velocity of PM and workloads applied on fingertips Z-10 -0.05 —60
—~15 —80
Parameter Value 0 25 50
ls/mm 120 Time ¢/s Time ¢/s
L,/mm 240 ©) @
lC// mm zlé 18: Fig. 4 Analytic kinematics solutions of PM
;ng;G Jmm 50.80 with 3 planar limbs
s 1 )
lp/mm 71.5 . .
Ir/mm 495 (2) The displacement components of fingertip are much
p./mm 34.4 larger than that of m, see Fig. 5(a). It implies that the
e,/mm 78.6 workspaces of fingers are much larger than that of m. The
d/mm 12828 angular velocity components of fingertip are similar to that
{‘; (I; ) [?0007113](10] of m, see Fig. 5(d). It implies that the position workspaces
./(N'm . .
VC“ 14,41 156 5.2¢ 5.61. 1. 61 of fingers are much larger than that of m, the orientation
b, 1/ (°) 180, 60, 60 workspaces of fingers are similar to that of m.
Vi1, Vi, vi3/(mm = s7) 2,2,1 (3) When the center o of m is close to Z, the static active

The input displacement, velocity, acceleration of PM and
finger mechanisms are given, see Fig. 4(a) and Table 1. The
output displacement, velocity, acceleration of 6-DOF PM
with 3 planar limbs are solved, see Fig. 4(b)-Fig. 4(d). The
output displacements, velocity, acceleration of fingertip C;
are solved, see Fig. 5(a)-Fig. 5(d). The static active forces
F(i=1, 2, 3; j=1, 2) of 6-DOF PM are solved, see Fig.
5(e). The static active forces Fj(i=1, 2, 3) of finger
mechanisms are solved, see Fig. 5(f).

The characteristics of the proposed manipulator are
analyzed based on solved results as follows.

(1) When r(i=1, 2, 3; j=1, 2) are varied within 280-550
mm(see Fig. 4a), the displacement components of m are
varied within —100—220, —-80——270, 240—290 mm for X,
Y,, Z, respectively, see Fig. 4(b). The orientation
components of m are varied within 40—170°, 18—5°,
—50——140° for a, p, y, respectively, see Fig. 4b. It implies
that the proposed manipulator has a quite large position and

forces of PM are lowered. When o is far from Z, the static
active forces of PM are increased largely, see Fig. 5(e).

(4) When the displacement, velocity, and acceleration of
active legs r; and L; are varied smoothly, the displacement,
translational velocity and acceleration of m and finger tips
are varied smoothly in a large range; the orientations,
angular velocity and acceleration of m are varied smoothly
in a large range. The active forces of r; and L; are varied
smoothly in a large range. It implies that the proposed
manipulator has good characteristics of kinematics and
statics.

The analytic solutions are verified by the simulation
solutions in advanced CAD software. The maximum
absolute errors between analytic and simulation kinematics
solutions of fingertips are shown in Table 2. The maximum
relative errors between analytic and simulation active
forces solutions are shown in Table 3. It is proved by the
error solutions that the derived analytic formulae are
correct.
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Fig. 5. Analytic solutions of kinematics and statics of 6-DOF
PM with 3 finger mechanisms

Table 2. Maximum absolute errors between analytic
and simulation kinematics solutions of fingertips

Absolute errors i 1 2 3
AC, 04011 00006  0.0632
Position/pm AC;, 0.1212 0.000 2 0.3912
AC;, 0.1334 0.000 1 0.1613
Translational Aveir 4.30 0.81 8.01
. 1 Avey, 1.65 2.32 1.04
velocity/(um *s7) 2.25 0.72 0.28
. Awcix 1.72 2.40 0.03
A'}%‘,‘ié‘(r)v fl‘;ﬁlw Aoy 2.61 1.96 0.15
Awci 2.22 0.83 0.11
Translational Adciy 3.81 0.51 6.19
acceleration/ Aacyy 1.39 1.38 3.18
(um * s7?) Aaci; 0.55 1.17 1.88
. Aeciy 1.52 1.12 0.61
Ang‘lﬂ(;‘ﬂ?(i;’e_lzr‘;‘;“’n/ eciy 0.16 1.19 0.24
Aeci; 0.85 0.89 0.14

Table 3. Maximum relative errors between analytic
and simulation active forces solutions

Relative error of active forces of PM /%
AF‘rll AF‘rlZ AF‘r'Zl AF‘rZZ AF‘r31 AE'SZ
0.00095  0.00150 0.001300 0.00160 0.00054 0.001 60

Relative error of active forces of fingers/%
AFp, AFp, AFp3
0.091 0.018 0.047

7 Conclusions

(1) A novel 6-DOF parallel manipulator(PM) with 3
planar limbs and equipped with 3 one-DOF fingers is
proposed and its structure characteristics and merits are
analyzed. The formulae for solving its kinetostatics are
derived.

(2) When given the input displacement, velocity,
acceleration of the proposed PM and 3 fingers, its output
displacement, velocity, acceleration can be solved by using
derived formulae. When given the workload applied on the
fingertips, the coordinated static active forces applied on
proposed PM can be solved using derived formulae. The
analytic solutions of coordinated kinematics and statics for
the proposed parallel manipulator are verified by its
simulation solutions.

(3) The proposed PM has higher rigidity, more DOFs,
and more room for arranging multi-finger mechanisms
without interference among active legs and finger
mechanisms. Each of active legs is only the subjected to a
linear force along active leg, the active leg and has a large
capability of load bearing.

(4) The proposed PM equipped with three finger
mechanisms has potential applications for of forging
operator, manufacturing and fixture of parallel machine
tool, assembly cells, CT-guided surgery, health recover and
training of human neck or waist, and micro—nano operation
of bio-medicine, and rescue missions, industry pipe
inspection. Theoretical formulae and results provide
foundation for its structure optimization, control,
manufacturing and applications.
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