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ABSTRACT

In  mechanical design,
synthesize the mechanism , especially for the
fully-isotropic hybrid mechanisms (HMs). This
article proposes a simple but very effective approach
for fully-isotropic HMs by means of Gg set theory.
firstly, a type synthesis method for HMs is simply
presented, especially, the option standard of the input
motion joint and the steps for the integration of the
branches are given which provide the theoretical
foundations for the integration of the type structure of
completely isotropic HMs. Secondly, the process of
type synthesis for fully-isotropic HMs is described in
detail. To corroborate the usefulness of the proposed
method for fully-isotropic HMs, type synthesis of
fully-isotropic 2T3R 5-Degree-0f-Freedom (DoF)
HMs is illustrated with example, where T denotes
translation and R denotes rotation. Finally, the
forward displacement analysis of a synthesized 2T3R
fully-isotropic HM is carried out. The expression of
the Jacobian matrix is deduced, it shows that the
Jacobian matrix of the synthesized fully-isotropic
HM is a 5x5 identity matrix throughout the entire
workspace validating the fully-isotropic feature of the
HM and the effectiveness of the type of composite
approach for fully-isotropic HMs.

it is necessary to
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mechanisms, more and more scholars (Tsai et al,
2002; Chung et al, 2004) begin to pay attention to the
hybrid structure. Because it has the advantages of
both series and parallel mechanism (Tanev, 2005;
Gomezbravo et al, 2012), hence it is also widely used
in industrial production.

Jacobian matrix of the mechanism can be
received by kinematics analysis of the deployment of
the mechanism. The conditional number of Jacobian
matrix determines the isotropy of the mechanism, and
the mechanism with isotropic property is easier to
manipulate (Carricato et al, 2002). Therefore, it is
necessary to design mechanisms with isotropic
properties, which is also an important subject in the
design of hybrid mechanisms.

Carricato (2005) designed a 4-DoF parallel
mechanism with isotropic properties by helix theory.
By applying the linear transformation theory and
combining with the morphological theory, Gogu et al.
(2004, 2007, 2012) puts forward a multibody system
with isotropy characteristic, which can realize spatial
operation. Zhang et al. (2009, 2013) provided a 2T1R
structure with the characteristic of fully-isotropic
through a systemic methodology of the reciprocal
screw theory. Zeng et al. (2009, 2010, 2011)
introduced an useful approach by utilizing the screw
principle to design the robot with the advantage of
decoupling. Kong and Gosselin (2004, 2007) studied
the 3-DoF decoupled parallel mechanism by using
the geometrical description method. Yu and Zhang et
al (2010, 2011) adopt different configuration methods
to design multi-body mechanism with certain
application value and the theory proposed has certain
guiding significance.

However, very few works has been performed
with regard to the type integration of completely
isotropic HMs. In last two decades, a lot of research
attention has been paid to the analysis and modeling
for hybrid robots (Liu et al, 2007; Takuma et al, 2010;
Zhao et al, 2012; Hu, 2014; Joubair et al, 2015), The
design of some hybrid mechanisms has already been
developed and applied in some area, and more and
more scholars are also doing scientific research on it
(Huang et al, 2010; Li et al, 2012; Pisla et al, 2013;
Campos et al, 2008; Shen et al, 2011; Zeng et al,
2014; Zhou et al, 2016, 2017). Especially, Cao et al.



(2017) proposed a quite convenient and useful
approach for structure integration of HMs by means
of Ge method and structure integration of 3T2R and
2T3R 5-DoF HMs was given. Nevertheless, the types
of fully-isotropic HMs are deficient and far from the
high demanding in practice. The method presented in
this paper solves the shortcomings mentioned above
and this approach provides an effective way for the
design of hybrid mechanism.

The organization of the paper is listed like this:
Firstly the he option standard of the input motion
joint and the standard of the integration of the
branches is proposed, the process of type synthesis
for fully-isotropic HMs is described in detail in
Section 2. By using the method described above, the
type integration of the structure of 2T3R completely
isotropic HMs is performed in Section 3. Meanwhile,
the forward displacement analysis of a synthesized
2T3R fully-isotropic HM is carried out in Section 4
to demonstrate the fully-isotropic feature of the HM.
The summing-up and prospective works of the paper
are concluded in Section 5.

TYPE SYNTHESIS APPROACH FOR
FULLY-ISOTROPIC HMS BASED ON
GrSETS

Document (Zhou et al, 2016; Gao et al, 2011)
gives a detailed presentation about the notion of Gr
theory and its arithmetic rules, which will not be
described here owing to the limitations of the space.

Jacobian matrix can be used to describe the
fully-isotropy of mechanism. For a fully-isotropic
mechanisms, its driving joint speed corresponds to its
motion speed. The type and distribution of branched
chains and the choice of kinematic pairs at branched
chain joints are all related to the fully-isotropic
design of the mechanisms. To ensure the driven
branch possesses decoupled input in a certain
direction, both three rotation axes R; (j=a, g, y) and
three translation axes T; (i=a, b, c) should be
perpendicular to each other.

Type Synthesis Principle for HMs

Based on the contents stated above, there are
two types of Gg sets of hybrid mechanisms, which are
given in Fig.1 and Fig. 2.

Through the method of Gg set, the terminal
output characteristics at the end of the mechanism
and the relationship between the characteristic size of
the end of the mechanism and its structural
parameters are as follows:

Gp =Gpg, UGk, ... UG UG, UGL,,...UG, , (1)
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Figure. 2 G¢" hybrid mechanism

The description of the physical significance of
relevant symbols in Eq. (1) and Eq. (2) is detailed in
reference (Zhou et al, 2016), which is not further
elaborated here.

Selection Criterion of the Input Kinematic Pair

For the purpose of simplifying the selection of
the input motion pair, the number synthesis of HMs
denoted by Eg. (2) can be set to p=0, qi=1, F=N=n. In
this situation, the selection basis of the input motion
pair is:

(1) For the serial mechanism module Ges;, all
elements of Ggs;j are input kinematic characteristics. If
the input kinematic characteristic is a translational
characteristic, the driving joint must be a prismatic
pair. When it is a rotational characteristic, the driving
pair shall be the rotating pair.

(2) For the parallel mechanism module Gegj,
each element should be an input kinematic
characteristic of each branched chain which
constitutes a parallel mechanism module. If the input
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kinematic characteristic of a branched chain is a
translational characteristic, the driving joint shall be a
prismatic pair or a cylindrical pair. While it is a
rotational characteristic, the driving joint shall be a
rotating pair or a cylindrical pair.

(3) Each branched chain constituting a parallel
mechanism module should only has one actuated
joint, that is =1 and the number of passive limbs
p=0. Hence, the number of driving arms of the
mechanism is equal to the size of characteristics of
the mechanism, n=F.

Criterion for Type Synthesis of the Branches

For a serial mechanism module, the design of
decoupled chains for Ggsi can be carried out based on
the fact that the element T;, R;j and prismatic pair,
revolute pair is a one-to-one relationship. For the
parallel mechanism module Ggpj, the input kinematic
characteristic of each branched chain should be
determined based on the selection criterion of the

input kinematic pair described in the previous section.

For purpose of ensuring the decoupling feature of
each branch, the configuration synthesis method of
branched chains is as follows:

(1) If the input kinematic characteristic is Ti,
the driving joint is a prismatic pair or a cylindrical
pair, the axial directions of the remaining prismatic
pairs and other cylindrical pairs should be vertical to
Ti, two or three revolute pairs with parallel axis in the
branch should have one unique axis which is parallel
to Ti.

(2) If the input kinematic characteristic is R;,
the actuated joint is a rotating pair or a cylindrical
pair, the axes of the remaining revolute or cylindrical
pairs in the branch should be perpendicular to the
axis of R;. Due to the fact that decoupling design of
the mechanism weakens the stability of the
mechanism, the driving joint of the branched chain is
preferably located on a fixed platform or a mobile
platform.

(3) The axial directions of the input kinematic
characteristics T; connected to the base platform
should be perpendicular each other and the axial
directions of the input Kinematic characteristics R;

perpendicular each other as well.

Process of the Type Synthesis for Fully-isotropy
HMs

From what has been discussed above, type
synthesis of full-isotropy HMs via Ge method will be
realized, that is:

(1) G sets can describe the moving features of
HMs. Firstly, through the Eqg. (1), the motion features
of the series and the parallel mechanism are
determined, meanwhile, the formation parameters of
HMs will be established according to the Eq. (2).
Then, complete type synthesis of series mechanism.

(2) For the Grpj set of the parallel mechanisms
to be obtained currently, the moving features of each
limb should be determined while the amount of
actuated limbs and limb actuators can be achieved by
Eq. (2). Furthermore, the type synthesis of each limb
can be realized and the branch synthesis method
proposed in the previous section, and the actuated
joint of each branch chain can be determined on the
basis of the selection method of the moving input pair
in the previous section.

(3) Based on the decoupling design of the
mechanism in steps 1-2, synthesized fully-isotropic
mechanism module are connected conforming to Eq.
(1) strictly. Type synthesis of the fully- isotropic
HMs can be made successfully.

TYPE SYNTHESIS OF 2T3R
FULLY-ISOTROPIC HMS

For the purpose of demonstrating the validity of
the above theory of type synthesis for fully-isotropic
HMs, 2T3R fully-isotropic HMs will be discussed in
the following. By the Gr theory, the 2T3R 5-DoF
HMs can be described by:

G =(T.T,0;RR,R)) ®)

The Eqg. (3) can be simplified as G . In
accordance with Eq. (1), type synthesis of 2T3R HM
based on G¢! can be written in Table 1:

connected to the moving platform should be
Table 1. Type of compositions for G2™R fully-isotropic HMs

N The Combination Form Type N The Combination Form Type
1 Ge™ UGH 8 Ge"UGH P+P
2 G UGH P+S 9 G UGH® UGHE

3 G UGE 10 GHUGH" UGH S+P+S
4 Grs UGH™ 11 Gi UGH UG

5 GIUGE S+P 12 GI UGR UGE P+P+S
6 G UGH 13 G UGH® UGE S+P+P
7 Ga UGE P+P 14 Gi UGH UGE P+S+P
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Without loss of generality, a combination form
s UGH® UGHK in Table 1-(10) is elected as an
example, the series connection is Grs=(T. 0 0; 0
0 0)and Gi=(0 0 0; 0 Rs 0), respectively,
while the parallel mechanism module is G&*=(0 Ty
0; R, 0 R,)).For the serial mechanism module Gi
and Gy, Gi is a prismatic pair and Gz represent a
rotating joint whose axial in line with Y-direction,
respectively. For the parallel mechanism module G
w7, according Eq. (1), when p=0, n=N=3, the G sets
of the three limbs can be constructed as followings:

Gy =(0T,0;R, 0R)), (4)
Gy =(0T,0;R, R, R), (5)
G =(T,T,0;R,0R)), (6)
Gy =(T.T,0;R, R, R), ©)
GL, =(Ta T,T.;R, ORy), (8)

Gy =(T.T, iR, R, R}, 9)

Expressions (4)~(5) can be simplified as G,
Gi™, G, GI™, GI'™®, GI™, respectively. Hence,
the combination forms of these three limbs
constituting a parallel mechanism module Gg* =(0

J. CSME Vol.40, No.3 (2019)

the intersection operation of Gg set should in
accordance with the exchange law (Gao et al, 2011),
so the sequence of the limbs in Table 2 can be
exchanged.
Table 2. Type of compositions for G~
mechanisms

parallel

N The Combination Form N The Combination Form

1T2R 2T2R 3T2R 1T2R 3T3R 3T3R
1 G NGL" NGy 7 G NGL" NGy

1T2R 2T2R 3T3R 1T3R 2T2R 3T2R
2 Gn™ NG, NG 8 G NG NG

1T2R 2T3R 3T2R 1T3R 2T2R 3T3R
3 Gn™ NG, NG 9 Gn" NG, NG

1T2R 2T3R 3T3R 1T3R 2T3R 3T2R
Gu" NG, NG 10 Gn" NG, NG

1T2R 3T2R 3T2R 1T3R 3T2R 3T2R
Gu" NG, NG 11 Gu" NG, NG

[o2 T @ 2 T -

1T2R 3T2R 3T3R 1T3R 3T2R 3T3R
Gu" NG, NG 12 Gn" NG, NG

It is supposed that the first branch is moving
forward along Y axis, the second and the third turn
about the X and Z axes, respectively, the actuated
joint and possible architectures of the branches can be
determined according to the method of the input
moving joint and the method for type synthesis of the

Tob 0;R. 0 R,), are shown in Table 2. Especially branch. The results are shown in Table 3~8.
Table 3. Enumeration of the branches with the type G&™=
Input Actuated joint Type of branched chain
Ty Py PyRxRz PyRzRx PyUxz
R. Rx PxRzRx P:RzRx
R, Rz PxRxRz P’RxRz CxRz

In Table 3, the subscript indicates the direction
of motion of the pair, for example, Py denotes a
prismatic pairs with the axial direction along Y axis,
Rx a revolute pair around X axis, Uxz is a universal
joint pair whose two vertical axes are X axis and Z

Table 4. Enumeration of the branches with the type Gy

axis, P represent a parallelogram hinge with the
axial direction around Z axis, and Cx represent a
cylindrical pair around X axis, the meaning of other
symbols is elaborated in document (Yang et al, 2011;
Gao et al, 2002,2010).

1T3R

Input Actuated joint Type of branched chain
PY PYRXRYRZ PYRYR)(RZ PYRZU)(Y
Th PyRzRyRx PyRxUyz PyUxzRy
Cy CyRyRz CyRzRy
R R PxRzRyRz PxUyxRz P:RzRvRz
! z ZU"RvR; PZUxvRz

In Table 4, when R, is the input kinematic
characteristic, the actuated joint is Rx and the right
subscripts X and Z in the type of branched chain

Table 5. Enumeration of the branches with the type Gy

highlighted with blue-colored text should be
exchanged to satisfy the demanded input kinematic

characteristic R..
2T2R

Input Actuated joint Type of branched chain
Th Py PyPxRxRz PyCxRz PyPxUxz
R, Rz PxPyRxRz PP?RxRz UPRxRz
RzRzPxRx RzPxRzRx RzRzCx
Rq Rx RzRzRzRx P: RzRzRx Pz RzP; Rx
PyRzRzRx PyRzUzx RzPyRzRx

-310-



H. Zhang et al.: Type Synthesis of Fully-isotropic 2T3R 5-DoF Hybrid Mechanisms.

Table 6. Enumeration of the branches with the type GZ*

Input Actuated joint Type of branched chain
Ty Py PyPxRzRxRy PyPxRzUxy PyPxUxvRz
PyPxRzRyRx RzRzRzRvyRx RzPvRzRvRx
R R PyPxUzyRx RzRzUzvRx RzPyUzvRx
¢ X RzPyP:RyRx Pz RzRzRvRx Pz P: RzRvRx
U*RyRzRx RzP:UzvRx P2 PZ UvzRx

In Table 6, when R, is selected as the input
kinematic characteristic, the driving pair is Rz, and
the right subscripts in the type of branched chain

highlighted with blue-colored text should also be
exchanged.

Table 7. Enumeration of the branches with the type GZ=

Input Actuated joint Type of branched chain

T p PyPxPzRxRz PyPzPxUzx PyP: P RxRz
b Y PyU’RxRz PyU*Uzx PyP) PzRxRz
Px P P2 RvRx Px RyRvyPxRx Px PARyPxRx

PXCyRyRx CyRyRyRx CyPzRyRx
Rx RyRy*UYRx PXRy*UYRx RyRyRy*UA

R. U*PzRyRx PXU*RyRx PyU*RyRx

RxPzRzRzRz RxCzRzRz RxRzCzRz

C CxPyPzRz CxPyCz CxRzRzR7

X CxU*R; CxP:P:R;z CxRzPyRz

From Table 7, if the input motion characteristic
of the limb G}™is R,, the actuated joint can be Rz or
Cz. When actuated joint are Rz and Cgz, it needs to

exchange the subscript X and Z in the type of
branched chain.

Table 8. Enumeration of the branches with the type G35

Input | Actuated joint Type of branched chain
PyPxPzS PyPxPzRyRyRy PyPxCzRvRy PyP; Py UxyRz
Py PyPxCzUvy PyRvyRyUyzRx PyRzRzRxRxRy PyRyP: Py Uyx
T, PyRYRYRvRzRx PyYUPRzRyRx PyYUPUyxR7 PyRyPvYU R,
PyPY CxRzRy PyRyRyYU"R; PyPYP)S
c CvyRvRyRzRx CyPyRyUzx CyRyCxRz CyP: Py Uzx
Y CvRyYU”R, CyRyUyxRz CvPYRyRxRz CvYUPRxR;
RxRxRzRzRzRy PxRxRxRxRzRvy RxRxPzRzRzRvy P CxUxvRz
RyRyPxPzRxRz RxRxRxRyRyRz PxPyPzRyRxRz XU"RxUxvRz
RxPyRxRzRzR7 RyRvPxRxRxRz RyRyRvyPYRxRz *U"PzUxvRz
R CxRxRxRyRz CxPzRxRyRz PzPvCxRvYRz RxPi CxRyRz
R z CxRxUxyRz PzCxUxvRz UxyCvRYRz CxPiPiRyRz
! U*PzRxRvRz UxzRvUyxRz PzU*UxyRz CxP:RxRvRz
RxRxUxyRyRz PxRxRxUxyRz RxUxyRyPxRz RxPi Py PxRvRz
P,UPRxRYRz PxUPUxyRz Py"UUxyR; PXPXRxPxRyRz
c, CzUxvUvyx RxUxyRyCz CzRxRyUyx CzUPUxy
CzRxRyUyx CzU*Uxz Py Py UxyCz CzCyRyRx
In Table 8, when the input kinematic fully-isotropic HM based on Table 1. One point to be

characteristic is R,, the actuated joint can be Rx or Cx.
When actuated joint are Rx and Cx, it needs to
exchange subscript X and Z in the type of branched
chain as well.

Based on the research described above, firstly,
in accordance with Table 2, the topology structure of
the parallel mechanism module Gi*can be selected
and the type synthesis of each decoupled branch for
the parallel mechanism can be fulfilled using Tables
3~8, then a closed-loop fully-isotropic parallel
mechanismﬂis obtaliRned. Finally, the serial mechanism

module Gz , G and the fully-isotropic parallel

mechanism, G &~ , is combined into a 2T3R
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noted is that the same procedure can be applied to
any combination style in Table 1, The type synthesis
of fully-isotropic 2T3R HMs can be accomplished.
Taking the form of G UGLE" UGH in table 1
as an example, the type synthesis of the
fully-isotropic 2T3R HMs. a combination form Gi*
NGEF NGE™ (highlighted with blue-colored text) is
chosen from Table 2. On the assumption that the
input characteristics of the three limbs followed by Tp,
Ra Ry, type of branched chain PyRzRx (highlighted
with blue-colored text) is selected as the first limb of
the parallel mechanism G £  from Table 3,
RxPzRzRzRz and RzPxRxRxRx in Table 7 are



selected as other two limbs, then a fully-isotropic
parallel mechanism, Gg* , is achieved, finally a
fully-isotropic 2T3R HM is combined whose CAD

model is shown in Fig. 3.

The third

limb
Lower
platform

Fix platform

Figure.3 A fully-isotropic 2T3R hybrid mechanism

ANALYSIS OF OUTPUT VELOCITY

As mentioned above, the 2T3R fully-isotropic
HMs has been proposed by Gr theory, To verify the
validity of the theory, The diagram of mechanism
presented in Fig. 4 is taken as the object of analysis,
the global reference coordinate is O-XYZ and O is a
midpoint of the fix platform, the local coordinate
01-xyz, where O is the intersecting point of the three
rotation axes in the first limb and the distance
between the upper platform and the fix platform is h.

Figure.4 Diagram of mechanism motion parameters

The schematic diagram of mechanism motion
parameters are present in Fig. 4. L is the displacement
of a fixed platform along the X-axis, The direction
indicated by the arrow B is the direction of movement
of the branch chain. 6:, 6, 6 are respectively the
rotation angles of the revolute pairs of each branch
shown in Fig. 4. while the output parameters of the
HM is described by the end position of the
mechanism denoted by (I, b, h) and direction of the
end of the mechanism denoted by (a, g, y). Initiallly,
the moving reference system O1-xyz and the fixed one

J. CSME Vol.40, No.3 (2019)

O-XYZ is parallel, the position and the direction of
the end of the mechanism is (I, b, h; «, g, y)=(lo, bo, h;
0, 0, 0). Through the above parameters, the
mechanism satisfies the following relationships:

I=l,+L
b=b,+B
a=0
B=0,
y =0,

: (10)

The velocity relationship between the input
drive and the output actuator of the mechanism is:

X =Jq, (11)

The Eq. (10) takes the derivation of time t:

I'=L'
b'=B'
azﬁl' (12)
p=e.
y'=0,
Eq. (12) can be written as:
1’7 [1 0 0 0 0] [L]
b’ 1 00 0] (B 13
a|= 0 1 0 Ofe|l | (13)
i 0 010 |6
Ed 0 00 1] |6]

Where, J=

R\
T
coroog o o o

O O O O B+
O O O — O
o B O O O
P O O O O

Obviously, the Jacobian matrix J is always an
identity matrix indicating that the HM is fully
isotropic and also verifying the correctness of the
type synthesis theory proposed in the paper. The
velocity at the driving joint is mapped to the output
velocity of the mechanism, therefore, the problems of
path planning and real-time control are potentially
simplified.

CONCLUSIONS AND FUTURE
WORKS

A very simple but very effective type synthesis
approach for fully-isotropic HMs is proposed in this
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paper by means of Gr set, the method presented in
this paper can obtain HMs structures with fully
isotropic characteristics. And the velocity at the
driving joint is mapped to the output velocity of the
mechanism. The 2T3R 5- DoF HMs is illustrated
with example to prove the validity of Gr method for
fully-isotropic HMs. The forward displacement
analysis of a synthesized 2T3R fully-isotropic HM is
carried out and the Jacobian matrix is deduced, it
shows that the Jacobian matrix is a 5x5 identity
matrix which validated the fully-isotropic feature of
the HM and the correctness of the G approach for
fully-isotropic HMs.

Though a very simple but very effective type
synthesis approach for fully-isotropic HMs is
proposed by Ge method, two questions should be
indicated 1): type synthesis of fully-isotropic 2T3R
HMs is accomplished, this work should be extended
to more general cases; 2): The type synthesis of
completely isotropic HMs depends on the designers
some relevant experience and intuitive perception of
the mechanism. At the same time, this work will
consume a lot of time and energy of designers.
Therefore, relevant software shall be developed to
realized the type synthesis design of completely
isotropic HMs. All of these mentioned above will be
further studied in future.
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