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Abstract: One kind of movable-pair analysis method is adopted
to analyze the configuration of a 3-7R ( revolute-pair) parallel
decoupling mechanism, and the mechanism’s characteristics are
summarized. The mechanism has three orthogonal distributional
branch-chains, and all movable pairs are rotational joints. The
movable platform of the mechanism has x, y, z translational
decoupling directions. Furthermore, in order to verify the
mechanism’s  decoupling characteristics, the mechanism’s
kinematics analysis is solved, and the mechanism’s direct/inverse
kinematics model, input/output velocities and accelerations are
deduced, which confirm its decoupling movement characteristics.
Finally, one kind of mechanism link decomposed-integrated
approach is adopted, and the mechanism’s dynamics model is
completed with the Lagrange method, which also proves its
decoupling force characteristics. All of these works provide
significant theory for the further study of the mechanism’s control
strategy, design, path planning etc.
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he 3-DOF( degrees of freedom) parallel robot has good
Tpractical prospects in the parallel robot application are-
as'"! and it is also a hot-spot. Gosselin and Angeles"™™ pro-
posed plane, spherical 3-DOF parallel robot design optimiza-
tion. Lee and Shah'" studied the 3-DOF parallel robot’s de-
sign. Hunt"' proposed a three-degree of freedom 3-RPS
space parallel mechanism. Jin and Yang'”' analyzed one no-
vel three translational decoupling parallel mechanism. Based
on the theory of mechanism structure, Li et al. [81 synthesized
out one kind of absolute decoupling 3-DOF parallel mecha-
nism, which has one pure-translation pair and two revolute
pairs. Furthermore, based on decoupling determination crite-
ria, Hang et al.'” suggested a novel decoupling parallel
mechanism, which has three pure-translation pairs and one
revolute pair; in addition, this mechanism has both the topol-
ogical decoupling and the criteria decoupling characteristics.
In view of the basic principles of translational decoupling
mechanisms, the configuration characteristics of a 3-7R(rev-
olute pair) parallel mechanism""""" are proposed in this pa-
per. Furthermore, the mechanism’s kinematics and dynamics
analyses are carried out, which proves the mechanism’s
movement and force decoupling characteristics. All of these
works provide significant theory for the further study of the

Received 2007-11-23.

Biographies: Zheng Jianyong ( 1978—), male, graduate; Shi Jinfei ( corres-
ponding author) , male, doctor, professor, shijf@ seu. edu. cn.

Foundation item: The National High Technology Research and Develop-
ment Program of China(863 Program) ( No. 2006 AA040202) .

Citation: Zheng Jianyong, Shi Jinfei, Zhang Zhisheng, et al. Kinematics and
dynamics analysis of a 3-7R parallel decoupling mechanism[J]. Journal of
Southeast University ( English Edition), 2008, 24(2):183 —187.

mechanism’s control strategy, promotion applications etc.
1 Configuration Analysis and Characteristics

The basic idea of the translational decoupling configura-
tion is: A linear movement input is irrelevant to the perpen-
dicular motion which is in the plane input. The physical
meaning of the idea is shown in Fig. 1 (a). The prismatic
pair P is identified as a motion input, which can determine
the location of a z-coordinate axis direction. Otherwise, the
movement of the plane pair F along x, y directions is irrele-
vant to P. Thus, as shown in Fig. 1(a), the motion’s diagram
is a defined branch chain PF, which can form the input/out-
put corresponding translational decoupling parallel mecha-
nism.

If the branched-chain PF is further studied, a new 7R
(revolute-pair) branched-chain can be designed as shown in
Fig. 1 (b). The parallelogram mechanism is defined as P
and the two-linking rods represent plane F. Furthermore,
three 7R branches can combine the 3-7R parallel decoupling
mechanism( see Fig. 2), and its characteristics are as fol-
lows:

1) Having a simple structure, and all the movement pairs
of the mechanism are rotational joints.

2) Having servo motors that can be used for the
mechanism’s drive energy, which has a simple control-pat-
tern.

(a) (b)

Fig.1 Configuration research of parallel mechanism de-
coupling. (a) Movement sketch of P and F; (b) 7R branch

(a) (b)

Fig.2 Three degree of freedom parallel mechanism
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3) Connecting with the stable platform, the pairs are in
spatial orthogonal distribution, and each branch movement
separately controls one direction of the movable platform.

4) Connecting with the movable platform, the axis of the
revolute pair is in a spatial orthogonal direction, which can
overcome the general coupling defects of the parallel mecha-
nism.

5) Having some other characteristics, such as movement/
strength decoupling, continuous work space, simple assembly
process and so on.

2 Kinematics Analysis
2.1 Coordinate establishment

Let 0-x,y,z, be a fixed coordinate system, which is in
the top left of the mechanical rack. However, the movable
coordinate system P-x,y,z, is installed in the geometric cen-
ter of the movable platform. In the following, the value of
the subscript i =1,2,3. Then, parameter 3, is defined as the
angle between M, M, and its corresponding coordinate axis.
Parameter B/ stands for the angle between M, B, and corre-
sponding axis. The parameters m,, represent the rod length
of M, M/, and the other parameter definitions are shown in
Fig. 2.

a, +1,sinf, +m, X,

{ l,sinB, +1,cos(B) +8,) }: {YP —r}

[,,cos6, +1,cosB, +1,sin(B) +B,) Z,
(1)

ay, + 1, sing, + my, =

{ lZZSinBZ + lz3cos(ﬁ2 +B;) {Xp - V}

I, cos6, + 1,,co88, + L,,sin(B, +B3)

l;,co860, + l,cosB; + L;sin(B, +B5) |=
—ay, +1,8in0; + my,

ay, — [1,sinB, + ;cos(B5 +83)1 {XP +r}

(3)

2.2 Inverse kinematics problem

1) Solution of the input variables

(X, —my —a
0, = arcsm( M)
11

l

YP_moz_am)) (4)
lz]

Z, -my +ay) )
L,

0, = arcsin(

0, = arcsin(

2) Solution of the intermediate variables

UV JUV — (V' -D)(U* -D%)
(U -D%)

B, = arctan ( (5)

Bzzarctan( —UV =

UIZVIZ _(VIZ _DIZ)(UIZ _DIZ) )
(U!Z _DrZ)

(6)

B _ arctan( ~U'V' + A U772V!2 _(VHZ _DuZ)(UHZ _D,,z) )
’ (U'/Z _D/;z)
(7)
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/21,

U=Y,-r,V=2Z,-1,co80,,U" =X, -r,V' =Z, - 1, cosb,

8 :arctan( Z, -1, cosh, —lucosﬁl) B
' Y, —r—1,sing, '
D = (X, - r)z +(Z, - 12100502)2 + liz - 123
- 21,
ﬂ, =arctan( Zy - lzl cosf, _lzzcosﬁz) _
’ X, =1 —Lysing, ’

(ay, =X, =1 +(Y, = L,cos0,)” + 15, - [,

b"= 21,

U'=ay,-X,-r, V'=Y,-1,cos0,

2.3 Direct kinematics problem

The direct kinematics problem is the opposite of the in-
verse kinematics problem of the mechanism; i. e. , if the par-
allel robot’s structural parameters and the size( degree) of ev-
ery mechanism link’s input-movement-pair’s angles are
known in advance, then, the location reference point P(X,,
Y., Z,) of the movable platform of the mechanism is easy to
be solved

X, =ay +1,,sinf, + m,
Y, =ay, +1,sinb, + my, (8)

Z,= —ay +1,sin0, +my,

2.4 Velocities and accelerations

As for the movable platform being rigid-body, the linear
platform point’s velocities and accelerations are equal to
each other. Therefore, it can obtain the speed of the movable
platform by means of taking X,, ¥, and Z, to the first time
of the derivative. Furthermore, the velocity’s positive solu-

tion of the parallel mechanism is
V,= {XP’ YP’ ZP}T (9)

By further deducing to the upper formula, the inverse so-
lution of the mechanism can be obtained.

0=1{6,, 6,, 6,)"=1"{X,, Y,, Z,}' (10)
where
1 0
1, cosf,
1
-1 _

I = 0 1, cosb, (1D

0 0 !

1;,cos,
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If some parameters, such as the mechanism’s size, the ve-
locities and the accelerations of the drive pair angles, are
known in advance, every component’s acceleration of the
movable platform can be obtained.

2

) X, —1,,sing, 0 0 6,
{éz}:r‘ {Y,,}_ 0 —1,,sing, 0 0’;
0, Z, 0 0 —1,,sing, 5
b5

(12)

Therefore, according to the decoupling configuration idea
of the translational parallel mechanism, then, the 3-7R paral-
lel mechanism has movement decoupling characteristics, and
its every branch is in one to one correspondence decoupling.

3 Parallelogram Mechanism Static Analysis

As it is known, the parallelogram mechanism is a statical-
ly indeterminate structure. In order to overcome the statically
indeterminate structure’s defects, the servo motor is as-
sumed to be installed in the bottom joint of the parallelo-
gram mechanism, which can provide a balance moment for
the parallelogram mechanism to be a static spatial mecha-
nism. Known by the principle of virtual work, there is a bal-
ance condition to the particle system, which is in the ideal
constraint circumstance. That is to say, the virtual works
equal zero, which is initially done by the particle system in
any virtual displacement. The parallelogram mechanism’s
virtual displacement diagram is shown in Fig. 3; the input
torque of each branch is defined M,, and the 4th link of
each branch’s internal strength in the point M, is replaced by
fi- The relationship of M, and f,, is completed as

M, :ﬁl I}, cosf, =P, I}, cosh,
M, :fi] I cost, = P, I, COSBZ} (13)
M, =f; I}, cosd, = P, I}, cosb,
Eq. (13) can be written in the matrix form:
P 0
P .1 €050, 1 M,
{PZ}: 0 1}, cosh, 0 {Mz} (14)
P, . M,
0 0 13, cosb,

In addition, if the generalized driving-force is replaced by
P, and M substitutes for the driving torque of the servo mo-
tor, the relationship of P and M is P = GM, where

Ly 0
1}, cos@,
1
G= 0 1}, cosf, 0 (15)
0 0 ’#
15, cosb,

Furthermore, G is also defined as the power transfer ma-
trix of the parallelogram mechanism, i. e. the power Jacobian
matrix, which conforms to the antithesis relations of the

movement and strength transmission. On the other hand, the
following formula /), =1, is known (see Fig.2), so the fur-

ther formula is G =J .

|-

Fig.3 Parallelogram mechanism’s virtual displacement

4 Dynamics Analysis

The establishment of the parallel robot dynamics model is
the basis for the robot’s control. Furthermore, the accuracy
of dynamics model determines the parallel robot’s control
accuracy. The Lagrange method is adopted to establish 3-7R
parallel mechanism dynamics model in this paper. Once the
spatial tracks of the robot’s joint variables have been identi-
fied, or the track of the robot’s end effectors has been deter-
mined in the Descartes coordinate (i. e. the motion paths
have been planned), then, the solution of each robot
actuator’s driving force/torque is defined as a reverse dy-
namics problem. Knowing from the 3-7R parallel
mechanism’s kinematics analysis, each branched-chain’s mo-
tion is decoupled, and the change of #, can only cause the
movable platform to move along the corresponding X, Y, Z
translation directions. Therefore, the inverse dynamics model
of the 3-7R parallel mechanism is to establish the relation-
ship of M, and 6,(i =1,2,3). Therefore, M, is defined as
the driving torque of the parallelogram mechanism bottom’s
rotational joint A,(A}), and @, stands for the pendulum an-
gle of the parallelogram mechanism. Then, let each 3-7R
parallel mechanism’s component be a part of the generalized
force, and by the Lagrange method, the parallel mechanism’s
inverse dynamics model can be solved.

4.1 Establishment of link-rod coordinate

As shown in Fig. 4, joint M, is selected to stand for the
origin of an absolute coordinate system. In addition, Q, and
Q, are defined as the two link rod’s centroid, and r, and R,,
(the absolute coordinate vector) determine the values of Q,
and Q,. R, depends on each rod’s generalized coordinate
posture. In order to identify the position of the Q, and Q,
centroid, then, the following terms are defined.

T, is the homogeneous coordinate transformation of coor-
dinate i(1, 2) to the absolute coordinate system; 7, is the
variable in the i(1,2) coordinate system; e, is the unit vari-
able of each rod coordinate system, which is described by
the absolute coordinate; r, is the position variable of the
centroid Q,; R,, is the position variable of the centroid Q,.

Furthermore, the following formula can interpret the rela-
tionship of these parameters'"” .

Q,:r,=T7%; 0,; R, =T7 -T, R, +T,7, (16)

4.2 Solution of general driving torque

In the following formula, U, is defined as the none-driv-
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ing force of the link-rod system, and P, stands for the joint’s
general driving torque. Some parameters are also defined as
follows: S, =sin B,, S, =sin 8}, C, =cos 8;, C, =cos B3;.

. 1 x oM, (m, +m,)gl,C, +mgl.C,
U=Mj-—q¢ — —Y:{ } n
Y 2 K aqq m,gl,C,
(a8 2L BBY
mzlizlmBiz
P, =Mj+U, = {Tl } = {(ml +m)8l,C, +m2gli3C2}+
T2 ngli3C2

{mzlé +2m,l,1,C, +(m, +m2)lf2 m,l,1,C, +mzl?3}

2 2
myl,l;C, +myl m, 1,

{ﬁ,}+{ -m,l,18, ﬁ,,z =2myl,1;S, Bzﬂ:} (18)

B” m2112113S2 Biz

Fig.4 Coordinates of the link-rod system

4.3 Dynamic model of 3-7R parallel mechanism

In order to conveniently express the model of the 3-7R
parallel mechanism and to find the law in the complicated
analytic formula of the mechanism’s dynamic model, some
equations and parameters are defined as follows:

T, =m,l +2m,1,1,C, + (m, +m,) [}
T, =ml,1;C, + mzl?w T, =m, 1?3
T, = -myl,l,S, ﬁ:z =2m,l,1,S, BIB:
T = m2112li3SZBi2
Ty =(m, +my)gl,C, +m,gl,C,

T, =mygl,C,

Furthermore, after the reorganization of Eq. (18), we can
obtain the following result:

. T T, Tq(B T, Ty
P. =Maqg = = .. =
v =7 gt n ]
TIB:'+TZBI', T, +T, TlBi+TZBi,+T4+T6 19
Ry I e R P Y AV B

Therefore, we can obtain the following equation from M
=G 'P=[J'1"'P=JP.

M, P, l,,cosb, 0 0 P,
M, =J{P2}= 0 l,,cos6, 0 {Pz}z
M, P, 0 0 l,,cos6, || P,
l,,cos@, P,
{121 cosh, P, }
l,,cos6, P,

That is

M, =1,cos,P, (20)

From Eq. (20), M, and 6, are only related to each corre-
sponding parameter, and are independent of the other param-
eters. Therefore, we can draw the conclusion concerning the
3-7R parallel mechanism’s force decoupling.

5 Conclusion

Based on the analysis of the movable pair, the configura-
tion analysis of a 3-7R (revolute pair) parallel decoupling
mechanism is presented and the parallel mechanism’s char-
acteristics are summarized. Furthermore, kinematics analysis
of the 3-7R parallel decoupling mechanism is also solved,
and the mechanism’s direct/inverse kinematics, input/output
velocities and accelerations are deduced, which confirms the
mechanism’s kinematics decoupling characteristics. In addi-
tion, based on the results of kinematics analysis and virtual
work theory, parallelogram mechanism’s static analyses are
performed. Finally, the Lagrange method is adopted to estab-
lish the dynamics model of the 3-7R parallel mechanism,
which proves the mechanism’s force decoupling characteris-
tics. All the analyses will be the base of further study on the
mechanism’s control strategy and the design.
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