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Featured Application: The systematic and generic method proposed in this study for the kinematic
design and dynamic modelling for a class of complex hybrid robots is useful and applicable for
the development of new hybrid robot products. Based on the proposed method, the mechanism
of anew hybrid robot can be synthesized and analysed effectively; the dynamic model and control
law of a complex robot can be formulated and simulated in a simplified and effective manner.

Abstract: Recently, more and more hybrid robots have been designed to meet the increasing demand
for a wide spectrum of applications. However, development of a general and systematic method for
kinematic design and dynamic analysis for hybrid robots is rare. Most publications deal with the
kinematic and dynamic issues for individual hybrid robots rather than any generalization. Hence,
in this paper, we present a novel method for kinematic and dynamic modelling for a class of hybrid
robots. First, a generic scheme for the kinematic design of a general hybrid robot mechanism is
proposed. In this manner, the kinematic equation and the constraint equations for the robot class are
derived in a generalized case. Second, in order to simplify the dynamic modelling and analysis of the
complex hybrid robots, a Lemma about the analytical relationship among the generalized velocities
of a hybrid robot system is proven in a generalized case as well. Last, examples of the kinematic and
dynamic modelling of a newly designed hybrid robot are presented to demonstrate and validate the
proposed method.

Keywords: Hybrid robot; kinematic design; dynamic modelling; local-closed loop; serial manipulator

1. Introduction

Generally, the robotic mechanisms can be categorized into three main groups: the open-loop
mechanism, the closed-loop mechanism and the hybrid mechanism. A robot of the first group is
usually designed with an end-effector connected to a fixed base by means of a single serial kinematic
chain. Meanwhile, each robot of the second group is a mechanism which is usually composed of a
moving end-effector connected to a fixed base by at least two kinematic chains, such as the parallel
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robots. A hybrid manipulator is a mechanism which is usually composed of some open-loop kinematic
chains combined with some closed-loop linkages [1-34].

The main advantages of the serial robots are the large workspace, the high dexterity of the
end-effector and the large non-singular range of the joint variables. However, the robots of this
group suffer from several drawbacks, such as relatively low stiffness and accuracy, low nominal
load/weight ratio and heavy structure [21]. Therefore, in the last decades, several types of robots having
closed-loop kinematic chains have been investigated in order to obtain better kinematic performances.
The main advantages of these robots are low weight, compact structure, better accuracy and stiffness.
Nevertheless, this robot group also have some disadvantages, such as a small workspace, a complex
mechanical design and a complex procedure for dynamic modelling and control. For these reasons,
in recent years, great attention has been paid to the development of hybrid robots which have combined
advantages of the serial robots and the closed-loop architectures. More and more hybrid robots
are designed and developed to meet the increasing demand for a wide spectrum of hybrid robotic
applications [10-30].

In practice, the hybrid robots have been designed in a large variety of kinematic configurations
and structures, and they can be classified into three main classes as follows:

The first class (Class I) includes all the hybrid robots whose structure has several parallel modules
connected in series [1-10] (Figure 1a).

(a) (b) (0)
Figure 1. Three main classes of the hybrid robots: (a) Class I; (b) Class II and (c) Class III

Class II consists of the hybrid robots which have a basic parallel module combined with a serial
manipulator [11-24] (Figure 1b).

Class III is a family of the hybrid robots which are composed of some local closed-loop chains
appended to a main serial mechanism [25-33] (Figure 1c).

It is clearly seen that the main architecture of a hybrid robot Class I or I is a parallel mechanism.
Other parallel modules or serial links are connected to such the main structure to complete a hybrid
serial-parallel robot.

Different from the robots Class I and II, each hybrid robot Class III is usually designed with a
serial module as the main structure of a robot. To provide with desirable mechanical advantages for a
hybrid robot, some local closed-loop mechanisms are added to the main serial module. For example,
when designing manipulators which suffer a heavy payload and operate in a large workspace,
parallelograms were added and hydraulic cylinders were used for driving some revolute joints of the
manipulators [26,28-31]. The addition of parallelograms to the main arm is to increase the rigidity of
the robot, and also to restrict the orientation of the end- effector as desired. The use of the hydraulic
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cylinders is to increase the structural stiffness and to avoid the counterweights for the robot structure.
The parallelograms and cylinders and other links of the serial arm naturally compose local closed
loops of the entire robot mechanism. Other examples of using local closed-loop linkages to optimize
the design and control for a robot can be found in [26-34].

In recent decades, a huge number of hybrid robot prototypes and products have been designed
and developed [10-30]. The dynamic modelling and control for some of these complex robots have
been addressed as well. However, to develop a generic method for formulating the dynamic model of
a generalized hybrid robot mechanism is challenging.

In the literature, there have been efforts that focused on the kinematic modelling of the hybrid robots
Class I [1-5]. The kinematic modelling and analysis of two serially connected parallel mechanisms
were investigated in [1]. In [2], the kinematic redundancy issue of a serial-parallel manipulator was
addressed. The Screw theory and the Jacobian approach were applied for the kinematic modelling of
a serial-parallel robot [3,4]. In particular, the dynamics and the structural stiffness models of some
specific hybrid robots Class I were formulated and analysed [6-9].

There have also been attempts working on the modelling and analysis of the hybrid robots
Class II [11-21]. A real-time implementation of path planning, trajectory generation, and servo
control for a hybrid manipulation was presented in [11]. The kinematic modelling, the kinematic
design, the workspace modelling and other aspects related to the kinematics of the hybrid robots
Class II were studied [12-17]. The dynamic modelling and analysis of the robots Class II were also
investigated [18,19]. In addition, the structural synthesis and the stiffness of the hybrid robots of this
class were studied [20-22].

Apart from the aforementioned works, there have been investigations that emphasized on design
and development of the hybrid robots Class III [25-33]. A valuable comparison of the conventional
serial robot architectures and the hybrid robots Class III was presented in [34]. In the research [25],
some theoretical issues related to the kinematic modelling of multi closed-loop mechanisms were
addressed. In addition, some closed-form solutions to the kinematics problem of individual hybrid
robots Class III were presented in [26-28]. These solutions played an important role in validating the
design of the robots. The workspace and mobility analysis were also investigated in [28,29]. Other
aspects related to the design analysis of heavy-duty robots were presented in [30,31]. The control
issues were studied in [32,33]. It is noticeable that the dynamic modelling of a hybrid manipulator
Class III (forestry robot) was investigated in [33]. However, the effects of the local closed-loops on the
dynamic responses of this robotic system were overlooked.

Most of the efforts working on the hybrid robots Class Il mainly focused on the design and control
of some individual robots for the kinematical aspects. Though the dynamic modelling of the robots was
addressed in a few researches, e.g., [33], however, the mass and inertia of the local closed-loop linkages
that have significant effects on the robot motion were neglected; the geometrical and kinematical
constraints due to the presence of the local closed-loop linkages were usually ignored. Moreover,
little attention has been paid to the development of a general method for the kinematic and dynamic
modelling of this robot class. Therefore, in this paper, a new method for designing the kinematic chain
and formulating the dynamic model of the hybrid robots is developed. First, a generic scheme for the
kinematic design of a generalized hybrid robot mechanism is proposed. In this scheme, the generalized
hybrid mechanism is synthesized with m local closed-loop linkages appended to a general n-link serial
manipulator. Each locally closed linkage is regarded as a four bars mechanism which is made up of
two successive links of the main serial arm, and other two added links. Second, the kinematic equation
for the generalized hybrid mechanism and constraint equations for the closed loops are derived in a
generalized case. Third, a Lemma about the relationship among the generalized velocities of the hybrid
robots is proven, which is useful for transforming the dynamic equation and constraint equations into
a minimal and compact form. Last, the kinematic and dynamic modelling of a real robot prototype
are presented to demonstrate and validate the proposed method. It is shown clearly that, since the
kinematic and dynamic modelling of a hybrid robot take into account the constraint equations and the
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dynamic effects of all the local closed loops, the kinematics and dynamics models of a hybrid robot are
formulated in a better and more accurate manner. Therefore, the method proposed in this study is
advantageous and plays a crucial role in the development of hybrid robot products.

2. Kinematics of a Generalized Mechanism for The Hybrid Robots Class III

Let us consider a manipulator which is designed with n serial links {l } en
mechanisms {Ok}y_1.,, (M < n < 6) as shown in Figure 2. The serial chain of n links is the main
mechanism of the robot arm, and the closed-loop mechanisms are designed as sub-mechanisms
appended to the main one. The degree of freedom number (DOFs) of the designed robot equals the
DOFs of the main mechanism, n. The presence of the local closed-loop mechanisms does not change
the DOFs of the robot.

and m local closed-loop

Loop Ok IUREREREY lin1 i

(TYPEB) o o .: CI}]"HO:;F:#C -

Loop ©1
- (TYPE A)

Qo T qrr

FTTrT7T

/s

Figure 2. A generalized configuration of the hybrid robots Class III.

Each local closed mechanism © is designed with two successive links /,_; and /; of the main arm
and other two appended links [, K and [ , See Figures 2 and 3. In other words, each local closed-loop
mechanism is designed as a four bar linkage which is composed of the links [,_,, I, l and l .Ina
local closed chain linkage, the link li—l is a local base link, and the remained links ll l and l move
relative to the base link /,_,

As shown in Figure 3, there exists four types of the local closed-loops, Type A, B, C and D, which
can be designed by combining a couple of successive links /;_; and /; of the main arm and other two
links [, and ], added to the robot architecture.

In a local closed- -loop Type A (Figure 3a), the two links l and l are added to the main arm, and
the output link is a link /,. Meanwhile in Type B (Figure 3b) the two links /, and ] are inserted in
between the links [,_, and I, but the output link is the link /, . When a loop Type B is added to the
main kinematic chain, the link lk2 is inserted in between li and ll. 1
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(Output link) (Output link)

(Base link) (Base link) (Base link) (Base link)
a) Type A b) Type B ¢) Type C d) Type D
yp yp yp yp

Figure 3. Four types of the local closed-loops.

When the two links lk1 and lk2 are not connected together, there exists two more combinations of
thelinks /,_, [, lk1 and lk2 as shown in Figure 3¢,d. In a loop Type C, the output link is /;, meanwhile in
Type D, the output link is / k'

For all four types of the local linkages, the base link is /;
mechanisms does not change the DOFs of the robot.

Let us consider the main kinematic chain of the hybrid robot. In Figure 2, Oy = (Opx01020) is the

reference frame, and O; = (O1x1y121) to Oy = (OpXnYnzn) are the local coordinate systems which are

_;» and the formation of all the closed-loop

attached to all the links of the main arm. Let us denote q = [ g1 92 43 ... Gn ]T as the vector
of joint variables on the main arm, correspondingly.

As usual, the geometric and kinematic parameters of a link /, are denoted as 6, d, a, and a,.
By using the Denavit-Hartenberg notation, the transformation matrix for the end-effector (EEF) can be
calculated as follows:

Hoe = Ho1(91)H12(92)H23(93) - - - H(y-1) (qn) 1

where H(i—l)i(qi) is the transformation matrix for a link ..
In other words, Hyg can be expressed as follows:

A(q) r(q) ] @)

HOE:[ 0 1

where A(q) is the rotation matrix, and r(q) is the translation vector for the EEF. Equation (2) describes

T
the kinematic relationship of the robot. If we denote p, = [ XE YE zE a By ] as the posture

T T
of the EEF in Oy, where [ XE YE ZE ] is the position and [ a By ] the orientation of the EEF,
the kinematic equation can be written as follows:

pr = f(q) ®3)

Let us consider all the local-closed loops Type A, B, C or D, which can be added to the main
kinematic chain, as shown in Figure 3. The presence of a closed chain Type A does not change
Equation (1). However, Equation (1) must be recalculated if a closed loop Type B, C or D is designed
for the robot.

For a local linkage Type B, since a link lkz is inserted in between [, and [, ,, the transformation

i+17
matrix H;(, 1 (qi +1) in Equation (1) must be recalculated as follows:

Hi(i+1)(qi+1) = Hy, (qkl)Hk1k2<qk2)sz(i+1)<qi+1) )
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For a local linkage Type C and D, the matrix H;_y); (q ) is replaced by the following matrix:

H(i—l)i(qi) = H(i1), (qkl)Hkli(qi) ©)

In particular, for a linkage Type D, not only H;_y); (q ) is re-calculated with Equation (5), but also

must be re-calculated as follows:

the matrix Hi(i+l)( i+1)

Hi(ia1)(9141) = Hiicnky (91 Hio 1) (9111) ©®)

Note that the variables i, and Tk, in Equations (4)—(6) can be determined with respect to g, via
the two constraint equations of a corresponding closed-loops ®, which will be presented later in the
next section.

Constraint equations

Different from the formulation of the kinematics model for a serial robot, the formulation of the
hybrid kinematics models of the hybrid robots Class III must take into account the constraints due to
the presence of the local closed-loops.

As discussed before, each linkage @y includes two sub-kinematic chains that move relative to the
base link. For example, as shown in Figure 4a, the first sub-chain of a linkage Type A is the link li' and
the second sub-chain includes the two link [, and l . Obviously, the two sub-chains of a linkage are
closed at an intersection point M (see Figure 4)

(Base link) (Base link)

(Base link) (Base link)
(a) Type A (b) Type B (c) Type C (d) Type D

Figure 4. The closed kinematic chain of the local linkages.

In order to derive the constraint equation for a loop ®y, the position of the point M are determined
along the two sub-chains.

On one hand, the point M, 1}, = [ X Y Zu
link /;, can be determined via the position and orientation of the link /; that can be calculated relative to

T
the base link /;_1. On the other hand, the point M, r = [ K 421 ] expressed in O,, can be

T
1 ] represented in the coordinate O; of the

N Y
calculated through the position and orientation of the link /i,. Consequently, the constraint equation

for a loop Type A and B can be yielded as follows:

H(i_i(:) - Thy = Hiay, (95, ) - Higro (90,) - 75 @)

For a loop Type C and D the constraint equation can be written as follows:

H i1y, (a%,) 2 = Hj_yy, (le) “Hy,1(g:) - 1y ®)
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Note that, for a closed-loop Type A or Type C, the point M coincides the point Oy,, thus

T ‘ T
rﬁf{ = [ 0 0 01 ] . In addition, for a closed-loop Type B or Type D, 1), = [ 0 0 01 ] .

In essence, Equations (7) and (8) can be rewritten as three constraint equations corresponding to
three axes of the coordinate system O;_;. However, among such the three constraint equations, there
exist only two independent ones, since all the closed-loops under consideration are planar four bar
linkages. As a consequence, corresponding to a loop @y, the two independent constraint equations can
be written as follows:

Fio (i s 1) } . )
sz Gir iy s qkz)
For every local linkage, only one joint variable among g, T, and G, 18 independent. The kinematic

relationships among g, T, and Gy, are determined via the two constraint equations, Equation (9),
for each closed-loop ©. Therefore, in the case that, instead of g,, the variable i, OT 4y, is selected as the

(i, G, 91,) = [

independent joint variable of O, the variable g; in the transformation matrix H; ) i(qi) in Equation (1)
must be changed by the variable g, = hk(qkl) orgq, = gk(qk2 ), respectively, where the functions f; and

8k can be determined with respect to the kinematic relationships among g;, T, and -

3. Dynamic Modelling of the Hybrid Robots Class III

T
u= [ Uy up Uz ... Up ] is the vector of n independent generalized coordinates which are

selected among 7 joint variables {g;} of the main arm, and 2 X m joint variables {qkl, qkz} of m

i=1+n k=1+m

closed-loops. In other words, u is the vector of all active joint variables.
z=|[z12 ... zz,n]T is the vector of 2m dependent generalized coordinates.

T
s = [ u z ] is the vector of all (n + 2m) generalized coordinates of the robot system.
T
f= [ fii fiz oo fm fm2 ] is the vector of 2m constraint equations.

T4 T3 ... Tn 0 ... 0 T
T= is the vector of applied torques/forces.

n 2m
By using the Lagrangian formulation, the equations of motion including constraint equations for

the robot can be written as follows:

f(s,t) =0 10)

{ M(s, )5+ C(s,3,1)5 + g(s, £) + JTA = 7(t)
Note that the size of the global matrices M(s, t) and C(s, S, t) is (n 4 2m) x (n + 2m). The global
mass matrix M(s, t) must be formulated with respect to all the links of the robot including # links of
the serial chain and 2m links added to m local closed-loops.
The global mass matrix is calculated as follows:

n+4-2m

M(s,t) = Y (mI]Jr, + Tk ik, ()

=1

where m; and I; are the mass and inertia of a link j. The translational and rotational Jacobian matrices

orc; dw;
are calculated as Jr, = —< and Jr, = =

velocity of a link j, respectively.

where r¢; is the centre of mass, and wj is the angular

The Coriolis and centrifugal matrix C(s, s, t) is calculated by using Cristoffel notation.
The matrix g(s, t) is calculated as follows:

on|

g(st) = [8_5] (12)
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where the total potential energy of the entire system is calculated as

n+2m
11 = Z m]-gTer (13)
j=1
The Jacobian matrix J; is derived with respect to 2m constraint equations as J; = %, and
T
A= [ A A oo Aoy ] is the vector of 2m Lagrangian Multipliers.

It is clear that the system of DAE equations seen in Equation (11) consists of (n 4 2m) differential
equations of second order and 2m constraint equations (s, t) = 0. Moreover, Equation (10) has not
only n independent variables u, but also 2m dependent variables z and 2m unknown Lagrangian
Multipliers A. Therefore, if using this complex system of DAEs to analyse the dynamics behaviour and
to design a control law for the robot, the time complexity of the formulation and computation will be
increased dramatically. For this reason, it is necessary to transform Equation (10) into a more compact
form in which the Lagrangian Multipliers A should be cancelled, and the number of the differential
equations is minimized.

By using the following Lemma, (n 4 2m) differential equations of second order, Equation (10),
can be transformed into only n differential equations of second order which are expressed in
terms of only n independent generalized coordinates, not including 2m Lagrangian Multipliers

A= M Ao A ]

Lemma. Consider a generalized hybrid robot mechanism Class 111 which has n independent joint variables

T
u = [ Uy Uy Uz ... Uy ] and 2m dependent joint variables z = [z1 zp ... zZm]T. The relationship

between u and z is expressed as s = [ u z ] = Ru, in which the matrix R is explicitly calculated as

R = [ Y ], where E is an identity matrix of appropriate dimension, J, = g—{: and J, = g—};, where
“Jz Ju

f(s, t) = 0 is the constraint equation.

As a consequence of this Lemma, the following important relationships, Equations (14) and (15),
can be proved easily.
RIJT=0 (14)

s=Ru+Ru (15)
In Equation (14), the Jacobian matrix J; can be expressed as follows:

]s =
(2 #1-1n 1] "

Note that Equations (14) and (15) play a very important role in transforming the complex system
Equation (10) into a minimal form. With respect to Equations (14) and (15), multiplying RT with both
sides of Equation (10) yields

M(s, t)u+ E(s, S, t)li + C_%(s, Hu = 1q(t) (17)

where )

M = R™M(s,t)R,C = RT(M(s, )R + C(s, s, t)R),G = R'g(s, 1), and 1q = RT(¢t).

Different from the complex ADEs system in Equation (10), which has n + 2m differential equations
with the presence of 2m dependent variables z, and 2m unknown Lagrangian Multipliers A, the minimal
form of the dynamic equation, Equation (17), consists of only n differential equations which are expressed
for n independent generalized coordinates u only. Moreover, the matrix form of Equation (17) is similar
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to the form of any dynamic equation that is usually written for a conventional industrial robot. Hence,
by using Equation (17), the dynamic analysis and control law computation for any complex hybrid
robot Class III can be implemented in an effective and simplified manner.
Proof of the Lemma. Taking a time derivative of the constraint equation f(s, t) = 0 yields
Jis=0 (18)
Substituting Equation (16) into Equation (18) obtains

Ji+]z=0 (19)

. .. T .
Rewriting the relationship s = [ u z ] = Ru in the following form:

2] on

TE] (20)
= T u
Note that E is an identity matrix and T is an unknown matrix which needs to be proved.
With respect to Equation (20), the vector z can be expressed as follows:
z=Tu (21)
Multiplying J, with both sides of Equation (21) yields
J,z=1],Tu (22)
Substituting Equation (22) into Equation (19) yields
- Juﬁ = JZT':l (23)
Hence
T=-1;'], (24)
Finally, substituting Equation (24) into Equation (20) yields
E
R = _ 25
[ _Jz 1] u ] ( )

Equation (25) completes the proof. O

4. Example: Kinematic and Dynamic Modelling of a Real Robot

In this section, the kinematic and dynamic modelling of a newly designed hybrid robot Class
III are presented. The robot was designed and implemented with the purpose of handling material
for a hot forging press shop floor. The 3D design of the robot and the robot prototype are shown in
Figure 5a,b, respectively. The functional tests of the robot prototype and the numerical simulation of
the kinematic and dynamic responses shows clearly the effectiveness and advantages of the method
proposed in this study.
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(€)) (b)

Figure 5. The forging robot: (a) The 3D design, and (b): The robot prototype.

The kinematic diagram of the robot is presented in Figure 6, which is designed with 4 serial links
{li}i: e and 4 local closed loops {®};—1-4 ( Figure 7). The reference frame Ogxgyoz is located on
the ground. The coordinate systems O1x1y121, O2x2222, O3x3y323 and Oux4y424 are located on the
serial links.

B — FT7ILT7
0

Figure 6. The kinematic chain of the forging robot.
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Loop ©2

Base link

() (b)

Loop ©4 ga
Base link ya ) X41=X3
P - -

T o
> ,.,/""/“‘ /| M=051=02=0

Y x42

() (d)

Figure 7. The local closed-loop linkages of the forging robot: (a) Loop ©1,(b) Loop ®,, (c) Loop ©3,
and (d) Loop Oj.

The joint variables of the main serial chain are q = [ g1 92 93 4qa ]T (Figure 6).

Each local closed loop presented in Figure 7 is a four-bar linkage which is made up of two serial
links (in red colour) and other two additional links (in green colour). Note that ®; and ©, are the loops
of Type A; @3 and Oy are the loops of Type B.

The loop ©; includes the link I3, I, I1; and I;;. The joint variables of the loop are g2, 411 and
g12- The loop ©, consists of I, I3, I>1 and Ip. The joint variables of the loop are g3, g21 and g2».
The loop @3 consists of I3, I, I31 and I32. The joint variables of the loop are g3, 431 and g3p. The loop ©4
consists of I3, I3, l41 and I4. The joint variables of the loop are g3, q41 and g42. Table 1 presents the
Denavit-Hartenberg notations of the four loops. Table 2 presents the dynamics parameters of the robot.

Table 1. The D-H notations of the four local closed loops.

Loop O Loop O, Loop O3 Loop O4
Link I I o I I In ) I3 I3 I ln )
0 92 q11 0 93 g1 0 92 931 932 T a4 942
d 0 0 T2 0 0 P 0 0 0 0 0 0
a Ly —L1 cosqq1 0 Ly —b3 —Lp cos g1 0 Ly Ly 0 L3 —b3 L3 —b3 0
a 0 3 = 0 = E: 0 0 0 0 0 =
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Table 2. Dynamic parameters of the robot.

Mass Centre (m) Mass (kg)
Index j Link
XC Yc Zc

1 I 0 bi/2 0 my = 81.3
2 I Ly/2 0 0 my = 50.6
3 I11 0 0 L11/2 m3 = 25.6
4 Ip 0 L1p/2 0 my = 5.70
5 I3 L3/2 0 0 ms = 58.4
6 I 0 0 Ly1/2 me = 25.6
7 Iy 0 Lp/2 0 my = 5.70
8 liy 0 0 Lyp/2 mg = 37.7
9 Iy 0 0 Ly/2 mg = 73.1
10 I3 Ly/2 0 0 myy =7.20
11 I3 /2 0 0 my = 12.9
12 Iy L3/2 0 0 mip = 6.50

The length of the links are given as follows: L1 = 0.7; L = 0.7; L3 = 0.8; Ly = 0.2; L1; = 0.4;
L21 = 0.4,' L42 = 0.2,’ bl = 0.3; bz = 0.3,’ b3 = 0.2,' 1 = 0.2; Cy = 0.2.

Note that g1, 92, 43, 94, 911, 912, 921, 922, 931, 932, a1 and g4 are 12 generalized coordinates of the
robot, in which

u= [ q1 q12 922 44 ]T is the vector of 4 independent generalized coordinates,

z= 1[92 93 q11 921 931 932 g1 q42]T is the vector of 8 dependent generalized coordinates and

s = [ u z ] is the vector of all 12 generalized coordinates of the robot.

Constraint equations

By using the formulation Equation (7), the constraint equations can be derived for 4 closed loops
as follows:

fi = (Ly—bp)cosqa+ Ly — (q12 + L11) cosqi1 =0 (26)

fo = (Ly—by)singa — (q12 + L11) singq; =0 (27)

f3 =bszcosqs — (Ly —c2) + (o2 + L1) cosgo1 = 0 (28)

fa = bssingsz + (o2 + Lp1) singp; =0 (29)

f5 = c1cos(qga + q3p —3m/2) + Ly cosqp — Ly cosgsy +c¢1 =0 (30)

fo = c1sin(qa + g3 —31/2) + Ly singp — Ly singz; =0 (31)

f7 = —(Ls —b3) cos(qa2 + qa1) — (L3 — b3) cos g3 — ¢1 sin(g3 + gaz) — ¢1 cos g3z = 0 (32)
fs = (L — b3) sin(gsp + qa1) + (L3 — b3) sings — c1 sin(g3 + q42) + ¢18ingzn = 0 (33)

Kinematics of the robot
By using the formulation Equation (1), the transformation matrix for the end-effector is calculated
as follows:

Hoy = Ho1(91)Hi12(92)H23(q3)Hz4(q4) (34)

Since @3 and @ are the loops of Type B, by applying Equation (4), the matrices H23(q3) and

H34<q 4) are recalculated as follows:

HZB(%) = H2(31)(¢731)H(31)(32)('J32)H(32)3<'J3) (35)
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H34(674) = H32(41)(6741)H(41)(42)(q42)H(4z)4(674) (36)

T
Finally, the position of the end-effector E = [ XE YE ZE ] is yielded as follows:

XE cosq1(Ly + Lgp + (L3 — b3) cos(q2 +g3) + Lpcosqy)

ye | =1 singy(Ly + Lyp + (L — b3) cos(g2 +q3) + Lacosqa) (37)

ZE (Ls —b3)sin(q2 +4q3) + Lasingy + by

Note that ) )

(12 + L))" = L% = (La = bo)
= 38
cosi2 2L (Lo = by) (38)

- Lo1)2 4+ 532 + (Ly — cn)?

cosgs — (q22 +Ly1)" +b3" 4 (L2 —¢2) (39)

2b3(Ly — c2)

Note that all the joint variables and the position of the end-effector in Equations (34)—(39) must be
functions of time t. However, to simplify the representation of such the complex equations, the term
(t) is truncated.

In order to verify the formulation of the kinematics model, the following numerical experiments
were carried out:

1. Calculate the trajectory of the end effector E(t) = [xE(t)yE(t)zE(t)}T, with the input data is
given as g1 (t) = {5 xt, q12(t) = 0.1+ 0.01 X t and g22(t) = 0.15 4 0.005 x t. Figure 8 shows the curves

of E(t) = [xe (1) ye(t) ze()]".

1.5
\ XE
Tr Ye L] 12
E o5t —_
w — S 1
N 1=
>|_‘|_| N
wo Of
x
0.8 4
-0.5 1
0.5
p . , 0.5 0
0 5 10 15 0oy U8
t [sec] y [m] x [m]
(a) The curves Xg, Yg and zg (b) The trajectory E t in the workspace

Figure 8. The trajectory of the end-effector.

2. Take the data E(t) = [xg(#)ye(t)ze(t)] T obtained in Step 1 as the input for the inverse kinematic
analysis, and calculate the displacement of the joints 4} (t), g7, (f) and g7, (t). The results are shown in
Figure 9.

It is clearly shown in Figure 9 that the curves g} (t), 4;,(t) and g, () obtained in Step 2 match
exactly the given data g1 (t), g12(f) and g22(t), respectively. This demonstrates and validates the
proposed kinematic modelling method.

Dynamic Modelling and Analysis of the Robot

The dynamic equation of this robot can be derived directly by using the formulation Equation (17).

In order to formulate M(s, t),E(s, S, t),G(s, t) and 7,4(t), the matrices M(s, t), C(s, S, t), g(s,t) and R
must be computed.
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Figure 9. The displacement of the active joints.

In this manner, M(s, t) can be calculated with Equation (11), where the masses m; are given
in Table 2, and the inertias I; can be calculated based on the geometrical dimension of the links

ore-:
given in Table 2 as well. In Equation (11), the Jacobian matrices are calculated as JTj = % and
0 .
Jr. = 221, where the centre of mass rc; and the angular velocity w; are calculated and presented in the
Ry = "os j j

Appendix A. Based on all the components of M(s, t), the matrix C(s, s, t) is then calculated by using
Cristoffel notation.

The component g(s, t) is calculated with Equation (13), where the total potential energy of the
robot, I1, is calculated and presented in the Appendix A also.

The matrix R is calculated with Equation (25), where the Jacobian matrices J,, and J, are presented
in the Appendix A, respectively.

Finally, all the terms of Equation (17) can be formulated properly that can be used for the dynamic
analysis and the control law computation. In the following example, we demonstrate an inverse

T
dynamic solution t; = [ 71 Fip Fp 14 ] that was calculated with respect to a input data given
as follows: 1 () = Z&L, g12(t) = 0.1+ 0.01¢, g2»(t) = 0.15 + 0.005¢ and q4(t) = ZL. The responses of

T = [ 71 Fip Fp» 14 ]T are shown in Figure 10.

It has shown that instead of the complex governing equations seen in Equation (10), the minimal
form of the dynamic Equation (17) can be used directly for computation of the control (the inverse
dynamic analysis) for the robot. In addition, analysing the dynamic model of a hybrid robot does not
need to take into account the unknown Lagrangian Multipliers A.
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(a) The applied forces F, and F,, (b) The applied torques 7; and 7,
Figure 10. The forces/torques applied on the active joints.

5. Conclusions

A new method for the kinematic and dynamic modelling for a class of hybrid robots was introduced
in this study. The proposed method can be applied for the kinematic design of a robot mechanism
composed of m local closed-loop linkages appended to a general n-link serial manipulator. In this
manner, the kinematic equation for a generalized hybrid robot mechanism and the constraint equations
due to the closed-loop linkages of a robot are derived effectively. Since a Lemma about the analytical
relationship among the generalized velocities of a hybrid robot system was proven in a generalized
case, the dynamic equation and constraint equations can be transformed into a minimal and compact
form, so that the dynamics model of any hybrid robot can be formulated and analysed in an effective
and simplified manner. Finally, to demonstrate and validate the proposed method, examples about
the kinematic and dynamic modelling of a real robot are presented. It was shown clearly that, since
the kinematic synthesis and the dynamic modelling of a hybrid robot take into account the constraint
equations and the dynamic effects of all the local closed loops, the kinematics and dynamics model
of a hybrid robot is formulated in a better and more accurate manner. In addition, since the method
presented in this study was proposed and validated in a generalized case, it can be applied effectively
for the kinematic and dynamic modelling of any individual hybrid robot Class III. In particular, when
designing a new hybrid robot, the designers can follow all the steps of the kinematic design procedure
presented in this paper to archive easily an optimal mechanism for the robot. The control law of
the designing robot is then designed and simulated in an effective and useful manner by using the
dynamic modelling procedure presented in this study as well. Therefore, the method proposed in this
study is advantageous and plays an important role in the development of the hybrid robot products.
All the experimental procedures for development of next versions of the robot prototype will be the
future work of this study. The simulation of the kinematic and dynamic modelling of the hybrid robots
having closed loops Type C and D will be the future study of the authors.
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Appendix A

16 of 19

The centre of mass calculated for all the links of the robot

Ici =

oS o

L2cqcq
e = LZ—ZS%S%
%qu + by

3L11Cq1Cq11 — L1 Coy
re3 = | 5L11Sq1Cq11 — LS
$L11Sq11 + by

(L1t + 912 = 3 )C1 Cqn1 — L1 Cy
rcs = | (La + 912 - 3)Sq1Can — LS
(L1t + 912 = 5)Squ1 + by

C’/]l(wc(ﬂlz +43) + L2C072)
C(q2+4g3) + L2qu)

S(q2 +4g3) + L2Sq2 + by

rcs = | Sqy —(LS_ZZhS)

(L3—2b5)
2

Cq1(3+C(q2 + 421) + €2Can)
rce = (% (92 +921) + ©2C42)
F5(92 4+ q21) + 02542 + by

The angular velocities of the robot links

rcy = (Lzl +42 -

Ics =

(Lot + 22 = 22 )CqnC(q2 + 421) + e2Cr Cap
%) C(q2 +921) +259:1Cq
2

Sq1
(Lar + 22 - )S(g2 + 421) + 02502 + by

Ca1(% + (Ls = b3)C(q2 + 43) + LoCap)
Sq1 (% + (Ls — b3)Clg2 + g3) + L2Cqa)
(Ls = b3)S(q2 +93) + L2Sq2 + by

Cq1(% +Laz + (L3 = b3)C(q2 + q3) + L2Cqo)

rcg = 56]1(% + Ly + (L3 - bB)C(qZ + 173) + LZC‘]Z)

(L3 —b3)S(g2 + g3) + LaSqz + by

Cqr(%Cq2—a1)

rcip = 541(%072 - Cl)
%qu + b
Cq1(L2Cq2 - %)
rci1 = Sql(chqz - %2)
LrSq0 + 2]
CQ1((L3 ) (g, + 43) + L2C112)
fciz = 5‘11((L3 D) (g, +43) + Lz@z)
(Ls bs)

S(q2 +q3) + L2Sqa +c1 + by
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0 szsm 7115‘71
w;=| 0 wy =| —4,Cp w3 =| —q1Cn
Uhl 1 71
5‘11(‘72 + ‘73) Sql("iz + ‘721)
Wy = @3 ws = | ~Cq(q, + ) W = | =Cq(d, + )
7 q1
7,Cm
w7 = wg wg = W wy =| 4,57
0
wip = Wy w1 = Wi Wiy = Ws

The potential energy of the robot

II= %mlgbl + mZg(L—ZSqZ + b1) + M3g(lL11Sq11 -+ bl)
+m4g((L11 +q12 - —)Slhl + b1) + m5g(( 25 5(g, + 3) + LoSqa + bl)
+ meg( S lh +q21) + 03502+ b1) + m7g((Lz1 +q2 - F)S(g2 + 421) + 2502 + by)
+msg((Ls = b3)S(q2 + q3) + L2Sq2 + b1) + mog((Ls — b3)S(q2 + q3) + L2Sq2 + b1)
+ m108(7 92 + bl) + m118(L2Sq2 + br)
(Ls

+ mug( bs)g S(g2 +q3) + L2Sqa + 2 + b1)

The Jacobian matrices J,, and J,

[0 qul 0 0]
0 Sqll 0 0
0 0 Cq1 O
J, = 0 0 S 0
u 0 0 0 0
0 0 0 0
0 0 0 0
| 0 0 0 0 |
(L2 =b2)Sq2 =Squ1(q12 + L) 0 0 0 0 0 0
—(L2=b2)Cq2  Cqui(q12 + L) 0 0 0 0 0 0
0 0 ~b3Sq3 =Sq21 (422 + La1) 0 0 0 0
.= 0 0 b3Cq3 Cq21(g22 + La1) 0 0 0 0
z LquZ 0 0 0 0 *LzSQz 0 0
c1— Lquz 0 0 0 0 chqz C1 0
0 0 C1Cq2 + (L3 - b3)5q3 0 C]qu 0 (L3 - b3)Cq3 - c1Cq2 (L3 - b3)Cq3
0 0 —c15q2 — (L3 —b3)Cq3 0 —c15q2 0 (L3 —b3)Sq3 + 1592 (L3 —b3)Sq3
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