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Tém tat
Co céu dong hoc song song (PKM) c6 dd cling viing cao va c6 tinh dan dong tily chon (SA) c6 thé tao nhing
chuyén dong riéng r€ theo cac bac ty do ma khong cé cac chuyén dong phu va dugc diéu chinh va sir dung dé
dang. Do d6 SA PKM c6 ca nhiing ting dung vi md 1an vi mé nhu la: dinh vi ang-ten hay ra-da, tay may dung
trong giai phau, két ndi cac dau cap quang, gia cong cac linh kién ban dan, tay may ding trong sinh hoc, ... Viéc
téng hop cac SA PKM bao gdm tong hop dang co cdu song song c¢6 s6 béc tu do theo yéu cau va diéu chinh vi tri
tuong ddi cac khau dé dat tinh chat dan dong tuy chon. Viéc téng hop trén dua trén viéc tao nén ma tran Jacobi
¢6 dang dudng chéo. Viéc tong hop duge minh hoa béi viée thiét ké co cdu song song din dong tiry chon ¢ sau
bac tu do va dua trén co cAu dan hdi.

ABSTRACT

Flexure parallel mechanism (FPM) possessing selective actuation (SA) feature can be used as a micro-
positioner. The design of SA FPMs consists of type synthesis of parallel mechanisms possessing the
required number of degree of freedom (DOF), geometric arrangement of the structure to obtain the SA
and conversion of the kinematic mechanism into the flexure mechanism. This paper focuses on the SA
synthesis and the conversion into flexure mechanism. The diagonal form Jacobian matrix of the
mechanism is the guideline for synthesizing a SA mechanism. The synthesis method is illustrated by
the design of a SA 6-DOF FPM.

Index Terms — Selective-actuation, parallel mechanism, flexure.

1. INTRODUCTION

Thanks to characteristics such as high
stiffness, clean room compatibility, no error
accumulation and no Dbacklash, FPM is
employed as the micro-positioners. Recently,
several FPM-based precision positioners are
developed (Chang et al. [1], Ryu et al. [2],
Koseki et al. [3], Yi et al. [4], Shim et al. [5],
Gao et al. [6], Hudgens et al. [7], Canfield et al.
[8], Oiwa et al. [9], Chung et al [10], Culpepper

et al [11, 12], Dagalakis et al [13] and Gloss
[14]). Beside those, there are studies about the
determination of the error existing in the flexure
mechanisms and the improvement of the
accuracy of the flexure mechanisms (Niaritsiry
etal [15, 16]).

Here, the concept of SA is proposed for FPM
design. An FPM with SA characteristics is one
that each actuator will effect only one-axis
direction movement, i.e., the motion axes are
decoupled. Moreover, the actuators can be
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reconfigured on the system to obtain the desired
axes of motion without affecting the work of
other existing actuators. In this way, SA rejects
fully or eliminates partially the dependence of
the end-effector motion on different axes of the
actuators, and therefore, aids the decoupling of
motion control. As the cost of precision
actuators is relatively high compared to other
subcomponents in a precision positioner, it is
possible to configure the SA FPM to have
appropriate number of actuators to perform the
task for cost effectiveness. Hence, SA becomes
an important design approach for miniaturized
micro-positioners.
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Fig. 1 Six-DOF parallel kinematic mechanism.

The constraint systems defined using screw
theory allows us to define the geometric
conditions of the limbs and, then, to construct
the classes of parallel mechanisms in the
synthesis of parallel mechanisms. FPM has
small motion that can be considered as
instantaneous motion. Hence, the design of FPM
can employ screw theory describing the
instantaneous kinematics of the mechanism.
Type synthesis of parallel mechanisms using
screw theory has been well studied in recent
years by Fang and Tsai [17], Huang and Li [18],
Frisoli et al. [19], Kong and Gosselin [20 - 22].
Recently, by combining a spherical and a
translational =~ mechanism into a  single
mechanism, Jin et al. proposed a three-identical-
limb 6-DOF parallel mechanism actuated by
three 2-DOF actuators [23, 24] (Fig. 1). This
paper focuses only on the SA synthesis and the
conversion from the SA parallel mechanism into
the SA FPM. Screw theory can be used to
establish FPM Jacobian matrices carrying

information of the geometrical configuration of
the mechanism [25]. The information is then
employed to synthesize the SA FPM that
requires a special form of the Jacobians.

2. SCREW THEORY-BASED SYNTHESIS
OF SA PARALLEL MECHANISM

The relationship between the end-effector
motion of the parallel mechanism and the
motions of acutated joints can be expressed
using the instantaneous kinematics:

dX =J(a)dq,

where

dX =(d0,,d0,,do,,dx,dy,dz)" is the vector of
the infinitesimal end-effector motion,

dq = (dg;,da,,das,day, dgs,dge) T is the vector of
infinitesimal joints variables,

J(q) is the Jacobian matrix.

A mechanism is considered as an SA mechanism
when the infinitesimal end-effector motion along
every DOF is driven by only one specified
actuator. The influence between the set of joint
variables {dq;, dg,, ..., dgs} on the set of the
infinitesimal DOF motions of the end-effector
{dé,, d&, dé,, dx, dy, dz} is desired to be an
one-to-one mapping, i.e., Jacobian matrix J(Q)
has diagonal form.

Definition: Selective-actuation mechanism.

A mechanism possessing a diagonal-form
Jacobian matrix is a selective-actuation
mechanism.

We consider a parallel mechanism including m
limbs, and each limb, without loss of generality,
is an open-loop chain connecting the platform to
the fixed base by | one-DOF joints
(revolute/prismatic joint) and actuated joints in
one limb appear in the first g joints (Fig. 2). The
total number of DOF of the mechanism is thus
(m-g). We denote Sp and ¢ as the instantaneous

twist of the platform and the rate of joint
variables respectively:
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where
6x.0y.0;,%,yand  zare the rotation and

displacement rates of the end-effector.



dj 1is the intensity of the unit screw S;j

associated with the actuated joint j of limb i.
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Fig. 2 Limb i of a parallel mechanism.

Following [25], the relationship between the
instantaneous twist (displacement and rotation
rate of the end-effector) and the actuated joint
variables can be expressed as follows.
JXSP = Jqq bl
(1)

where Jy, and Jq are the direct and inverse
Jacobian matrices respectively.
The direct Jacobian matrix has the form:
Jy = (Jxlasza"'Jxm)T >

(2)
where
i =[S71i-Stain > Sr gl is the matrix
assembled from the unit screws S;ji, (j = 1,

2,...,0and i =1, 2,..., m) that are reciprocal to
all passive-joint screws in the limb i.
The inverse Jacobian matrix has the form:
‘]q = dlag(‘]qb qu,--«, \]qm)a
(3)

where

Sri ® S Sr1i ® Sy; Sr1i ® Sgi
| Sr2i ®Sii Sr2i ® Sy Sr2i ® Sy
qi = . . .

Sy gi ® Sy Sy gi @Sy - Sy gi ® Sgi

Assume that the mechanism is working in a
singularity-free workspace, the direct Jacobian
Jx is invertible. Equation (1) expressing the
relationship of actuated joint variables and the
DOF of the end-effector can be rewritten as:

Sp=Jx'Jgd.
“4)

Lemma 1: The product Jx'J, of a selective-

actuation parallel mechanism is in diagonal
form.

In case that only one actuated joint appears in
each limb (g = 1), from Eq. (3), we can see that
the inverse Jacobian Jy is always in diagonal
form. Therefore, the above condition can be
simplified as follows.

Lemma 2: For a parallel mechanism with only
one actuated joint in each limb, the condition of
selective actuation requires only that the direct
Jacobian matrix J, is in diagonal form.
Lemmas 1 and 2 are then employed as a
guideline to arrange the geometrical structure of
the parallel mechanism resulted from type
synthesis to achieve the SA condition.

3. SYNTHESIS EXAMPLES

The synthesis of a SA parallel
mechanisms based on the 6-DOF dexterous
parallel mechanism obtained respectively in [23,
24] is presented in this section.

The 6-DOF parallel mechanism with three
identical limbs (Fig. 1) proposed by Jin et al.
[23, 24] is synthesized to obtain the SA
characteristic. Each limb is an open-loop chain
with two actuated joints: one prismatic joint and
one revolute joint. The mechanism possesses
some structure characteristics: all axes of the
passive revolute joints intersect at one point in
space, the axis of the actuated prismatic joint is
perpendicular to the axes of corresponding
passive prismatic joints, and the axes of three
actuated revolute joints intersect at one point.
This mechanism decouples the 3-DOF rotation
and translation but not completely separate the
all 6 DOFs.

We define an instantaneous reference frame,



(uvw), with its origin locates at the intersecting
point P of the axes of six passive revolute joints
and u-, v-, w-axes parallel to the x-, y-, z- axes
of the base frame, (xyz), located at origin O that
is the intersecting point of the axes of three
actuated revolute joints (Fig. 3). The joint
screws of limb i with respect to this
instantaneous reference frame are determined as
follows.

Sti 0 0
Si =| > s Sa=l b Sss| s
OAjx Sy S2i S3i
0 Ss; S6i
Sai =l [+Ssi=] o > S6i =| - ;
4 ODjx ss; OEjx Sg;
)

where 0 is a 3x1 zero vector and s; is the unit
vector along the axis of prismatic joint j when |
= 2, 3, 4 or along the axis of revolute joint j
whenj=1,5, 6 of limb i.
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Fig. 3. RPPPRR limb.

Since the unit vector $;; is perpendicular to the
unit vectors S;i and the unit vectors S, and Ss;
and S intersects at point P, two screws Syj; and
Spi that are reciprocal to all screws except for Sy;
and S,; respectively are defined as

(o
Sr1'= 5 Or2i T -
© ssixsg OPxs);

(6)
Applying above screws and reciprocal screws to
Eq. (2) and note that
Sr1i ® S =0-55; +(85i xS6)-0=0 and

- -
Sr2i ®Sji =85j - (OAix 8}j) +(OPxs5) - 81 =0,
we have the inverse Jacobian matrix
‘]q = diag[s;,(Ss5; X Sg;), S1,(S5; X S ),
S3(S53 X S3), 1, L 1]
@)

Applying above screws and reciprocal screws to
Eq. (3) we have the direct Jacobian matrix

i T T
(Ss1xS¢1)” O

T AT
(Ss2xSg2) O

T AT
(ss3xsg3)” 0O

H
T T
(OPxs11)"  s1p
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T T
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Equation (7) shows that the inverse Jacobian

matrix is in diagonal form. Therefore, the SA

condition can be simplified as the direct

Jacobian matrix is in diagonal form, i.e.,

(ss51%56)" | Tx 0 0
(552><s62)T =0 x 0].
(ss3%563)" | L0 0 x
] ©)
SlTl x 0 0
sh[=[0 x 0
31T3 0 0 x
(10)

W T
(O_I:XSII) 00 0
(OPxs;,)T [=]0 0 0
(O_I)>><sl3)T 000

(11)

Note that sj; is a unit vector, hence, Egs. (9) and

(10) can be respectively changed to:
(S5 x8)=(1 0 0);

(S5, x85,)=(0 1 O)T;
(S5 %85)=(0 0 D'
(12)



s, =1 0 0)"; S, =(0 1 O)T;. (13)
S;=(0 0 I)T
Equation (11) is satisfied when

> -
OP Ls); (i=1,23) or OP =0. Equation (16)
shows that unit vectors s;;,S;, and s;3 are

mutually perpendicular, hence the first case is
impossible. Therefore, Eq. (11) is satisfied if and

only if
H
OP=0.

(14)
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Fig. 4 Selective-actuation 6-DOF parallel
mechanism.

The conditions of Eq. (12), Eq. (13) and Eq. (14)
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can be explained based on the geometrical
arrangement of the mechanism respectively as

follows.

(1) The axes of passive revolute joints of each
limb are perpendicular together and create a
plane. That plane is perpendicular to other
planes created in similarly manner by axes of
passive revolute joints of the remaining limbs.
(2) The axes of actuated prismatic joints (or
actuated revolute joints) of the three limbs are
perpendicular to each other.

(3) Points O and P coincide with each other.
This condition guarantees decoupling of the
translational motions.

Together with the conditions proposed by Jin et
al. [23, 24], the above three conditions allow the
6-DOF dexterous parallel mechanism to provide
six fully decoupled motion axes. The
configuration of the SA 6-DOF parallel
mechanism is illustrated in Fig. 4. The
synthesized SA mechanisms possess diagonal
Jacobians with unity diagonal elements. This
guarantees the uniformity of the resolution of the
mechanisms along different directions.

4. CONVERSION OF SYNTHESIZED SA
PARALLEL MECHANISMS INTO SA FPM

The conceptual design of an SA 6-DOF
FPM is proposed based on the kinematic
mechanism presented in Fig. 4. The RPPPRR
limb of the mechanism is realized as a flexure
limb including three flexure hinges, one linear
spring and one 2-D flexure prismatic joint (Fig.
5). Two passive prismatic joints in Fig. 4 are

flexure hinge center of limb =
end-effector

flexure 2-D
prismatic joint
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= {mmlio Z)

Fig. 5
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Flexure
limb

joint base

actuator
(translation Z)/§

combined into one 2-D flexure prismatic joint.
To avoid error of the end-effector motion due to



deformation along non-working directions of
these passive prismatic joints, we use the 2-D
linear spring built from four columns with two
pairs of orthogonal corner-filleted hinges as a 2-
D flexure prismatic joint. One flexure hinge and
one flexure spring is serially connected and
actuated by two linear actuators to perform two
actuated joints. The complete limb is designed as
a monolithic structure and satisfies the
manufacturability required by the cutting tools
such as EDM or water jet machine. The
monolithic structure of the limb avoids assembly
error and allows three revolute joints to be
intersectional and orthogonal at a center (called
center of three flexure hinges) as stated by the
SA condition.

Three limbs are connected to a hollow-cube
platform. The center of the cube is the end-
effector. The position of connection interfaces is
strictly arranged using positioning pins so that
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Fig. 6 Assembly scheme of SA 6-DOF FPM.
Fig. 7 Assembled SA 6-DOF FPM.
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the flexure-hinge centers (Fig. 5) of three limbs
coincide at the end-effector. The assembly
scheme of the entire mechanism is shown in Fig.
6. Figure 7 illustrates the fully assembled SA 6-
DOF FPM.

5. CONCLUSION

The conceptual design of an SA 6-DOF
FPM with three identical limbs is proposed
based on the selective-actuation synthesis and
the flexurization of the rigid-body mechanism.
The condition of SA is stated as the diagonal
matrix form of Jacobian matrix of the
mechanism. Based on the Jacobian matrix
formulated using screw theory, the links and
joints of the mechanism matching the
requirement of DOF resulted from recent type
synthesis is geometrically arranged to satisfy the
SA condition. The links and joints of the SA
parallel mechanisms are then realized as the
flexure groups in order to obtain the desired SA
FPMs.
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