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Abstract A novel redundantly actuated parallel
manipulator (PM) with multiple actuation modes was
developed recently by the author. In this paper, the fur-
ther research is implemented and a systematic method-
ology is proposed to develop the rigid—flexible coupling
dynamic model (RFDM) of the novel PM based on
the flexible multi-body dynamics theory. Firstly, under
the floating frame of reference, an arbitrary flexible
link of the novel PM is regarded as an Euler—Bernoulli
beam and the finite element approach is employed to
discretize the flexible beam. Then, one kind of planar
beam element with lumped masses and moments of
inertia at both ends is presented and a corresponding
dynamic model is deduced based on the Lagrangian
formulation. On this basis, the RFDM of system is for-
mulated by virtue of the augmented Lagrangian multi-
pliers approach. Given the stiff characteristic of system
dynamic model, the hybrid TR-BDF2 numerical algo-
rithm combined with Baumgarte stabilization approach
is employed to address the nonlinear RFDM so as to
balance the solution efficiency and precision. Based on
the RFDM and its degradation model, i.e., the rigid
dynamic model, one dynamic simulation experiment
is designed to investigate the dynamic performance of
the PM. Numerical results indicate that the practical
motion of the PM manifests rigid—flexible coupling
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characteristic, and the redundant actuation modes can
attenuate the effect of link flexibility and improve the
trajectory tracking precision of end-effector in compar-
ison with the non-redundant actuation modes. Finally,
to validate the presented methodology, the obtained
numerical results are compared with a virtual prototype
model developed based on SimMechanics. The results
will be helpful for structure optimization and efficient
controller design of the PM with multiple actuation
modes.

Keywords Parallel manipulator - Redundant actu-
ation - FMD theory - Finite element approach -
Rigid—flexible coupling dynamic model - TR-BDF2
algorithm

List of symbols

O—x—y The global coordinate system

Oj—x—y The relative coordinate system

ro, The radius vector of the original point of
body-fixed coordinate system

ro, | The radius vector of arbitrary point P in
the body-fixed coordinate system before
the deformation of flexible body j

8y The vector of deformation displace-
ments

rp The position vector of point P in the
global coordinate system

R(9;) The rotational transformation matrix
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The angular displacement of flexible
body j

The array of flexible generalized coordi-
nates of an arbitrary element i in flexible
body j

The axial elastic deformation of element
i in flexible body j

The transverse elastic deformation of
element i in flexible body j

The shape function matrix of element i
in flexible body j

The length of element i in flexible body
J

The array of global deformation dis-
placements of flexible body j

The coordinate array of point P,.] of ele-
ment i before the deformation of flexible
body j

The Boolean indicated matrix

The transformation matrix of global
deformation generalized coordinates
The vector of generalized coordinates of
flexible body j

The mass of intermediate continuous
section of element i

The mass density of element material
The volume of the intermediate contin-
uous section of element i

The kinetic energy of intermediate con-
tinuous section of element i

The mass matrix corresponding to the
intermediate continuous section of ele-
ment i

The lumped masses located at both ends
of element i

The lumped moments of inertia located
at both ends of element i

The distances from the initial position to
the both ends points of element i in the
undeformed state, respectively

The translational kinetic energy of lum-
ped masses located at both ends of ele-
ment i

The mass matrices of the lumped masses
of element i

The rotational angles of two end points
of element i

J
Tr, c

MM

Joii* 7 Joai

?(q¥, 1)
(¢, 1)

4

The rotational kinetic energy of lumped
moments of inertia at both ends of ele-
ment i

The mass matrices of the lumped mom-
ents of inertia of element i

The total kinetic energy of element i

The mass matrix of element i in flexible
body j

The total potential energy of element i
in flexible body j

The Young’s modulus of beam material
The area moment of inertia of beam
Cross section

The cross-sectional area of beam

The stiffness matrix of element i

The Lagrangian function of element i

The column matrix of generalized exter-
nal forces of element i

The centrifugal and Coriolis force matrix
of element i in flexible body j

The identity matrix

The mass matrix of flexible body j

The centrifugal and Coriolis force matrix
of flexible body j

The stiffness matrix of flexible body j
The column matrix of generalized exter-
nal forces of flexible body j

The number of elements in flexible body
J

The vector of generalized coordinates of
system

The mass matrix of system without con-
straint

The centrifugal and Coriolis force matrix
of system without constraint

The stiffness matrix of system without
constraint

The column matrix of generalized exter-
nal forces of system

The constraint equations of system

The constraint Jacobian matrix of sys-
tem

The right-hand side of acceleration con-
straint equations

The vector of Lagrangian multipliers
The modification term of the right-hand
side of acceleration constraint equations
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o, The stability coefficients of Baumgarte
o stabilization method

M The equivalent mass matrix of system
H © The quadratic velocity forces of system
K © The equivalent stiffness matrix of sys-

tem

The equivalent column matrix of gener-
alized forces of system

ac The acceleration of end-effector

Amax The maximum acceleration of end-
effector

Ve The velocity of end-effector

Aerror The mean-square deviation error

xld, ylfj The position coordinates of the ith sam-

ple point on the desired trajectory
Xi, Vi The position coordinates of the ith sam-
ple point on the practical trajectory

Abbreviations

AMM Assumed mode method

ANCF Absolute nodal coordinate formulation
DOF(s)  Degree(s) of freedom

FEM Finite element method

FFRF Floating frame of reference formulation
FMD Flexible multi-body dynamics

FSM Finite segment method

KED Kineto-elasto dynamics

ODE(s)  Ordinary differential equation(s)
PDE(s)  Partial differential equation(s)

PM(s) Parallel manipulator(s)

PSB(s) Parallelogram structure branche(s)

RAParM Redundantly actuated parallel manipulator
RDM Rigid dynamic model

RFDM  Rigid-flexible coupling dynamic model
VPM Virtual prototype model

1 Introduction

In comparison with serial manipulators, parallel manip-
ulators (PMs) have some advantages in terms of higher
stiffness, higher loading capacity, higher precision, less
error accumulation and excellent dynamic performance
[1,2]. Therefore, the application of PMs has increased
in various manufacturing industries, such as motion
simulator, aviation manufacturing, electronic packag-
ing and medical surgery. Nevertheless, owing to the

closed-loop constraints within the topological struc-
ture of a PM, there are some complex singular con-
figurations (mainly Type II singularities [3,4]) inside
the workspace of a PM such that the actually avail-
able workspace is very small and only one subzone
of the whole reachable workspace. Thus, the superior
performance of PMs cannot be exploited adequately.
With respect to this problem, the academia proposed
some approaches [5—14] to conquer Type II singulari-
ties of PMs. These proposed approaches can avoid the
singularities within workspace of PMs in some extent.
Amongst them, the redundancy approach is demon-
strated to be one much more effective strategy dur-
ing the avoidance of singularities. Basically, there are
two types of redundancy strategies included in this
approach, i.e., kinematic redundancy [8,9] and actu-
ation redundancy [10-14]. The topological structure
of the original mechanism is generally modified since
some new components are integrated into a certain
PM by using redundancy approach. Owing to the extra
degrees of freedom (DOFs) introduced by kinematic
redundancy, the complexity of control for the nonlin-
ear dynamic system increases in some extent. In con-
trast, by using actuation redundancy, no extra DOFs are
introduced into the PM, and the manipulability as well
as dynamic performance of system can be enhanced
with the elimination of Type II singularities.

Bearing in mind this issue mentioned above, the
authors have performed some innovative designs with
respect to the traditional planar 2-DOF SR PM recently
and proposed a novel redundantly actuated PM which
can realize multiple potential actuation modes [14,
15]. This novel PM has some promising application
prospects, such as 3D printing and electronic packag-
ing.

As is well known, with the rapid development of
advanced manufacturing technology, the demand for
the dynamic performance of manipulators in industry
field is higher and higher. Under this circumstance, the
manipulators should possess the capabilities of high
speed and high precision. Fortunately, with the aid of
materials science, more and more novel materials are
applied to design the manipulators so that the weights
of manipulators can be reduced a lot and high speed as
well as high ratio of payload/weight can be achieved
in the meantime. However, in the case of high-speed
motion, the deformations of links for a certain manipu-
lator readily occur owing to the flexibilities of links and
the effect of external actuation forces. The elastic defor-
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mations of links will certainly affect the whole rigid-
body motions of manipulator and even cause the motion
instability. In other words, under the circumstance of
high-speed motion, the practical movement of manip-
ulator is the outcome of rigid—flexible coupling effect
when the flexibilities of links are considered. Conse-
quently, in practical application, establishing an effec-
tive rigid—flexible coupling dynamic model (RFDM)
is of great significance to investigate the dynamic per-
formance and design effective nonlinear dynamic con-
trollers for the manipulator.

At present, the rigid dynamics of mechanism has
been developed maturely. Many basic formulations
of dynamics can be employed to establish the rigid
multi-body dynamic model of a manipulator, such as
Newton—Euler formulation [16], Kane’s formulation
[17], Lagrangian formulation [ 18], virtual work princi-
ple [19], Hamilton’s principle [20] and Gibbs—Appell
formulation [21]. However, due to the flexible effects
of links and joints, the modeling complexity of flexible
manipulators is much higher than that of rigid manip-
ulators. The main difficulties depend on whether the
description of deformation field for the flexible body
and the treatment to the rigid—flexible coupling rela-
tionship are reasonable or not. With regard to this issue,
the academia has made much beneficial exploitation
and extensive research.

A flexible manipulator is such a dynamic system
that encompasses one or more flexible components,
and thus can be called as flexible multi-body dynamic
system [22]. The accurate and complete flexible multi-
body dynamic model for a flexible manipulator should
not only involve the influence of rigid-body motions on
elastic deformations, but also involve the influence of
elastic deformations on rigid-body motions and elastic
deformations of other flexible links within the flexible
manipulator. With respect to the dynamic modeling for
flexible manipulators, a variety of modeling approaches
have been proposed by researchers. On the whole, these
approaches can be mainly classified into two categories
[23]. First, an arbitrary flexible link of a manipulator is
regarded as a continuous body which has infinite DOFs
[24-26]. The equations of motion are developed in the
form of nonlinear partial differential equations (PDEs).
System responses are obtained by solving the system
equations with numerical algorithms for simple con-
figurations and boundary conditions. In research work
using this approach, some important assumptions are
frequently utilized to reduce the complexity of dynamic
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model. Generally, this approach is applicable for the
system with uniform beams which are small in num-
ber. Consequently, this approach has some limitations
in practical application. The second approach makes
some discretization with respect to a flexible body and
treats it as a discrete system possessing finite elastic
DOFs. Subsequently, the dynamic model of system can
be deduced by virtue of the fundamental principles used
in the dynamic modeling for rigid bodies. The com-
mon discrete strategies mainly include lumped param-
eter method [27], assumed mode method (AMM) [28—
30], finite element method (FEM) [31-35] and finite
segment method (FSM) [36-38]. Amongst them, the
FEM and AMM are two most commonly used ones in
practice. Theoretically, the FEM can be applied for any
flexible system. If the element number is reasonable, an
accurate dynamic model can be developed to describe
the dynamic performance of system very well by using
FEM. A comparison of the FEM and the AMM used to
model link flexibility is presented in detail in Ref. [39].

In the past several decades, the academia has pro-
posed multiple coordinate frameworks to describe the
rigid—flexible coupling relation of motions. In general,
the widely used methods in practice mainly include
kineto-elasto dynamics (KED) method [40-43], float-
ing frame of reference formulation (FFRF) method
[22,44—46] and absolute nodal coordinate formulation
(ANCF) method [47-51]. First, the KED method devel-
oped earlier and obtained extensive research in the past
few decades. In the early research work using KED
method, the assumption of instantaneous structure is
generally employed. Only the influence of rigid-body
motions (nominal motions) on the elastic deformations
is considered, while the influence of elastic deforma-
tions on the rigid-body motions is neglected during
the modeling process. By using the KED method, a
set of ordinary differential equations (ODEs) with sim-
ple form can be obtained and solved easily. The KED
method is generally applicable to the dynamic model-
ing for the flexible mechanisms in which the flexibili-
ties of links are not significant and the motion speed of
links is not too high. However, in the case of high-speed
motions, or when the flexibilities of links are much
higher, it is difficult for the KED method to describe
accurately the real motion state of flexible mechanisms.
Given that, some scholars abandoned the assumption
of instantaneous structure to overcome the roughness
of dynamic model deduced through the KED method
[40]. Second, the FFRF method is such one that dis-
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tinguishes between the rigid-body motion and the elas-
tic motion of a flexible body by introducing a floating
coordinate system into the modeling process. Since the
rigid—flexible coupling effect is considered in the FFRF
method, the derived dynamic model of system contains
the nonlinear rigid—flexible coupling term. Moreover,
the dynamic model of system can be further simplified
easily in future by using the FFRF method. In order
to deal with the large deformation problem of flexi-
ble bodies, Shabana [47] proposed the ANCF method
which no longer distinguished between the rigid-body
motion and the elastic motion of a flexible body but uni-
formly employed the absolute position coordinates of
element nodes and the material derivatives to describe
the motion of a flexible body. The ANCF method is
very applicable to handling the geometric nonlinear
problem of large deformations of flexible bodies. At
present, this method has been drawn a wide attention
from the academia and obtained some developments
[48,49,51]. It is worth noting that, since the floating
coordinate system is removed from the ANCF method,
the obtained mass matrix is constant, while the stiff-
ness matrix is highly nonlinear. That is to say, the cou-
pling relationship between the rigid-body motion and
the elastic motion of the flexible body is not eliminated
but transferred from the mass matrix into the stiffness
matrix. Because the number of generalized coordinates
is extremely high and the computation of elastic forces
is complex in the ANCF method, the computation effi-
ciency for the complex system is lower than the FFRF
method to some extent. Besides, it is not convenient
for the ANCF method to simplify further the dynamic
model of system so as to be suitable for the design of
dynamic controller. Nevertheless, it cannot be denied
that the ANCF method will obtain a good development
in future with the progress of theoretical research.
With respect to the research about the flexible mech-
anisms, the academia has made great contributions. The
comprehensive review of these works can be found in
Refs. [52-54]. The research subjects mostly concen-
trate on the open-loop serial manipulators with one or
two flexible links [25,26,28-31,55-60] and some four-
bar mechanisms [24,27,32,40-42,50,61-64]. In con-
trast, the researches with respect to complex closed-
loop mechanisms, such as the PMs containing one or
more closed-loop constraints, are rather fewer in num-
ber. Some research contributions are summarized as
follows. Gasparetto et al. [65] developed a dynamic
model of a flexible planar 5SR PM using FEM and car-

ried out an experiment to verify the effectiveness of the
model presented. Piras et al. [66] implemented elas-
tic dynamic modeling with respect to a planar 3PRR
PM with flexible links by virtue of KED method and
obtained a set of linear ODEs of motion. Wang et
al. [67] presented a FEM model of the flexible pla-
nar 3PRR PM and made a strain rate feedback con-
trol simulation based on a simplified model. Kang et
al. [68] and Zhang et al. [23] applied the AMM to
establish two different dynamic models of the flexi-
ble planar 3PRR PM based on two different boundary
conditions, respectively. Based on AMM, Zhang et al.
[69] derived a dynamic model of a planar 3PRR PM
with flexible links and performed a trajectory tracking
control simulation. Yu et al. [70] developed an elas-
tic dynamic model of a planar 3RRR PM with flexible
links by virtue of KED method and implemented exper-
iments to verify the effectiveness of the model pre-
sented. Subsequently, Zhang et al. [71] employed the
Hamilton’s principle and FEM to establish a dynamic
model of the flexible planar 3RRR PM and solved the
dynamic equations based on the assumption of KED.
Liuetal. [72] employed KED method and spatial beam
elements to derive a dynamic model of a flexible 3RRS
PM. However, the number of elements is so small that
the dynamic model of system is not precise enough.
Zhao et al. [73] derived a dynamic model of a spatial
8PSS PM with flexible links using KED method and
FEM. Mukherjee et al. [74] employed Newton—Euler
formulation to derive a dynamic model of the Stewart
platform. However, each supporting leg is merely mod-
eled as a spring—damper system whose axial stiffness
is considered merely in the dynamic model. Song et al.
[75] applied KED method and spatial beam elements
to establish an elastic dynamic model of a PM with
two DOFs of rotation and implemented natural charac-
teristic analysis based on the dynamic model deduced.
Sun et al. [76] implemented the elastic dynamic mod-
eling with respect to a Delta-string manipulator based
on KED method.

From the relevant researches about flexible PMs,
one can discover that the most of researches concen-
trate on the KED method which commonly ignores
the nonlinear rigid—flexible coupling term such that
the dynamic models deduced generally are not pre-
cise enough to some extent. Meanwhile, the number of
researches about flexible PMs is far less than that of the
serial manipulators. Additionally, the dynamic mod-
eling approaches for flexible PMs are not systematic.
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Consequently, in order to satisfy the requirements of
future engineering application and theoretical research,
it is necessary to expand the research scope of flexible
PMs and develop much more systematic and effective
approaches to establish the dynamic models of flexible
PMs.

To overcome the shortcomings of former works
about flexible PMs, we will propose a systematic mod-
eling methodology in this paper to develop the RFDM
of the novel PM with multiple actuation modes based on
the FMD theory. The main contributions of this paper
can be drawn as follows:

e Firstly, the general dynamic model for one kind
of planar beam element containing lumped masses
and moments of inertia at both ends is derived,
which can be conveniently assembled to formulate
the RFDM of system with any number of lumped
parameters. Moreover, this kind of element can be
conveniently transformed into the common element
only through simple parameters setting.

e Secondly, a strategy of combining the hybrid TR-
BDF2 numerical algorithm with Baumgarte stabi-
lization approach is proposed to address the non-
linear RFDM of system to balance the solution effi-
ciency and precision.

e Thirdly, the dynamic performance of the PM
with multiple actuation modes is comprehensively
investigated via a numerical simulation experiment.
Moreover, the validity of the RFDM is exactly ver-
ified by a FSM-based VPM which is developed for
the first time by virtue of SimMechanics.

e Eventually, owing to the compact form of the
RFDM developed in this study, some dynamic con-
trollers can be efficiently designed in future based
on the RFDM via some strategies, such as modal
synthesis technique.

2 Topology description

Figure 1 shows the schematic diagram of the traditional
planar SR PM [4]. The output point C where the end-
effector can be mounted is connected to the base by
two branches, each of which consists of three revolute
joints and two links. The two branches are connected
to a common point (point C) with the common revo-
lute joint at the end of each branch. In each of the two
branches, the revolute joint connected to the base is
actuated by one servo motor. Thus, such a manipulator
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© End-effector

Fig. 1 The traditional planar SR PM without redundant actua-
tions [14]

is able to position its output point in a plane. It should
be noted that, in order to obtain a reachable workspace
without holes, the lengths of proximal and distal links
are usually identical to each other [4, 14].

However, owing to the singular curves existing
within the reachable workspace of the traditional pla-
nar SR PM, the usable workspace is very small and
only a subzone of the whole reachable workspace so
that the performance of the manipulator is restricted
a lot. Consequently, how to avoid singularities (espe-
cially the Type II singularities) within the workspace of
acertain PM and improve the dynamic performance is a
continuous hot issue in the research field of PMs. With
respect to the aforementioned issue, we have imple-
mented innovative designs based on the traditional pla-
nar SR PM and presented some redundant actuation
schemes to conquer the defects of the traditional pla-
nar SR PM. Considering the theoretical research sig-
nificance and practical engineering requirements, we
have selected one of some available redundant actu-
ation schemes as the optimum one that encompasses
parallelogram structure branches (PSBs) [77] with the
help of some selection criteria [14]. The correspond-
ing mechanism is named as RAParM (derived from
“Redundantly Actuated Parallel Manipulator””) which
possesses two DOFs. Moreover, the optimum redun-
dant actuation scheme determined by us includes two
configurations named, respectively, as RAParM-I and
RAParM-II based on the layout of the PSBs, as depicted
in Fig.2 [14].

Based upon the two topological configurations, two
preliminary virtual prototypes can be constructed by
means of commercial software Solidworks®, which
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Fig. 2 The redundantly actuated planar 2DOF PM with parallelogram structure branches [14]: a RAParM-I, b RAParM-II

@ Servo motor
(a)

@ Speed reducer @ Motor frame @ PSB (+)

Fig. 3 Virtual prototypes (RAParM) [14]: a RAParM-I, b RAParM-II

are shown in Fig.3 [14], in which some attachments
are not shown in detail.

Considering the similar structure characteristic
between the two configurations of RAParM, in Ref.
[14], we have implemented detailed analysis with
respect to one of the two configurations, i.e., RAParM-
I. Owing to the special structure characteristic, this
novel PM can achieve 9 potential actuation modes,

as illustrated in Table 1 [14]. Moreover, we have car-
ried out kinematic analysis about RAParM-I and estab-
lished the uniformly dynamic model at the level of
rigid-body dynamics. Based on rigid dynamic model
(RDM), the dynamic dimensional synthesis has been
implemented to obtain the optimal dimensional param-
eters. The results indicate that the PM can realize
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Table 1 Potential actuation modes of RAParM [14]

RAParM
passive mode)

Frame links (6 denotes active mode, & denotes

Sum of the
combinations of
actuation modes

Link A131 Link D1E1

Link Ay B> Link D> E»

Actuation modes

Non-redundant actuation

One redundant actuation

O e & 0D O
S 0 DD OSSO

Two redundant actuations

53]
5]

® O & & & OO &
& & &S OO D DO
~

52

Signals “@” and “©” denote active and passive modes of each frame link, respectively

high kinematic and rigid dynamic performance after
dynamic dimensional synthesis.

3 Rigid—flexible coupling dynamic modeling

Since the flexible PM is a rigid—flexible coupling multi-
body dynamic system, it is much more difficult to estab-
lish the dynamic model for the flexible dynamic system
compared with the rigid dynamic system, and much
more factors need to be considered in the modeling
process. Especially for the PM with multiple closed-
loops and multiple actuation modes, such as RAParM,
establishing the rigid—flexible coupling dynamic model
(RFDM) considering the flexibilities of all links and the
multiple actuation modes has received less attention.
Therefore, it is extremely significant and challenging
to solve this problem.

Considering the modeling complexity, we first cut
virtually all the joints of the mechanism and obtain
each independent flexible body. In subsequence, the
dynamic model for each independent flexible body
is deduced. Finally, we assemble the dynamic equa-
tions of all the flexible bodies and incorporate the con-
straint equations by virtue of Lagrangian multipliers to
achieve the nonlinear RFDM of system.

3.1 Discretization for any flexible body based on
finite element approach

In general, the deformations of links for a lightweight
mechanism readily arise during high-speed motion.
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Fig. 4 The elastic deformations of links for RAParM-I during
high-speed motion

Manifested in Fig.4 is the possible situation of defor-
mations for RAParM-I due to the flexibilities of links
during high-speed motion.

In order to conveniently simplify the dynamic model
of system in future, in this paper, the floating frame
of reference is employed to describe the deformation
of the flexible link. Because the cross-sectional area
of the flexible link for RAParM-I is small, the Euler—
Bernoulli beam is adaptable to modeling the defor-
mation of the flexible link. Without loss of generality,
shown in Fig. 5 is the deformation description of a cer-
tain flexible body (denoted by j where j = 1,2,..., N
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Neutral axis

Fig.5 The deformation description of an arbitrary flexible body
during the movement

in which N represents the total sum of flexible bod-
ies of manipulator) during the large overall motion. In
order to establish the dynamic equations for an arbi-
trary flexible body conveniently, some assumptions are
made here [56]:

e The material of each flexible body is uniform
and isotropic, and the constitutive relation satisfies
Hooke’s law.

e Each flexible body satisfies the small deformation
assumption, and the cross section of the beam is
vertical to the central axis forever.

e The axial and transverse deformations are taken
into consideration, while the shear and torsion
effects are negligible.

As shown in Fig.5, O —x—y represents the global
coordinate system, i.e., the inertial coordinate system.
Oj—x—y represents the relative coordinate system,
which is fixed to the body and can be called body-fixed
coordinate system. P is an arbitrary point located on the
central axis of the body and P’ represents the practical
position of point P after the occurrence of deformation.
ro; represents the radius vector of the original point of
body-fixed coordinate system, which is expressed in the
global coordinate system.ry j =[x 0 1T represents the
radius vector of point P in the body-fixed coordinate
system before the occurrence of deformation. §, rep-
resents the vector of deformation displacements from
point P to point P’ (see Fig.5), which is expressed
in the body-fixed coordinate system. r, represents the

position vector of point P in the global coordinate sys-
tem. Based upon the vector relationship depicted in
detail in Fig. 5, one can obtain

rp=ro; +R(¢;) (ro.j +8,) 1)

where R (qu) is the rotational transformation matrix
between the O j —x—y system and the O —x—y system,
and

R(¢;) = [COS S ¢j] @

sing; cos¢;

where ¢; is the angular displacement of flexible body
J as shown in Fig.5.

It should be noted that Eq. (1) represents the position
vector of an arbitrary point P of the uniformly flexible
beam. Herein, the finite element approach is employed
to discretize the flexible beam and the type of element
is determined as the planar beam element. The num-
ber of nodal coordinates of the beam element is 8, as
depicted in Fig. 6. Without loss of generality, the ele-
ment number is marked with i, and the flexible body
number is marked with j.

Let the array of flexible generalized coordinates of
an arbitrary element i ( = 1,2,---,n;) in flexible
body j be

— J . J J J J J
"= [“u W20 30 Mai M1t Y241 3041 “4,i+1]

3

where u{ ; and u{ ;+1 denote the axial elastic displace-

ments of the two nodes for element i; ué ; and ué it
denote the transverse elastic displacements of the two
nodes for element i; u} ; and uf 41 denote the elastic

angles of the two nodes for element i; u"‘ ; and ui it
denote the elastic curvatures of the two nodes for ele-
ment i. Based upon the above assumption, the deforma-
tion displacements of an arbitrary point Pij of element
i in flexible body j can be expressed as

T RACR)

.= ; =Nj Wl 4
I A @

where N IJ (x;) represents the shape function matrix of
element i in flexible body j, and
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Fig. 6 The discretization of
an arbitrary flexible body
using finite element
approach

<

Elastic displacement
along x or y axis
Elastic angle

FElastic Curvature

N (%) = Ny )
l z(xz

0

A

_ fi‘,zl fz+110 0 0
0 f

0
f fH—l 2 fl+1 3 fH—l 4
)

in which the corresponding shape functions are given
by

fli=1-¢
f2_1—10§i3+15§i’4—16§i15

i 3 =1 (;l:i — 6;12/3 + 8§l~j4 — 3{1:"5)
1
o= (67 =36 43/ = %)
L =¢
W s
Jo1a =108 — 1567 + 6¢/

floa=1 (‘49/3 +7¢/* - 35{i5>

1 j2 (. )3 4 s
=32 (67 -2 +¢7)
{ij = f—j’ with lij being the length of element i in flexible

body jl.
Assume the array of global deformation displace-
ments of flexible body j is
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Element node

Flexible element

i\, 5 0 J J
Uy = [”1,1 U Uz g 0 Wini41 Y2041
. . T
J J
U3 ni+1 “4,n_,-+1] (6)

After the discretization using finite element approach
for flexible body j, the displacement vector of arbi-
trary point Pl:’ of element i in flexible body j can be
expressed as

rh =ro, + R @) (v}, + N/ GB[DIu)) ()
where réﬁi =[Yich lkj + % 0]T (lé = 0) represents

the coordinate array of point Pl.] of element i before

the deformation of flexible body j; Blj e R¥>40;+D
represents the Boolean indicated matrix which is deter-
mined by the element number as

No 1 2 o ii4l-njn+1
B — 0454 0454 -+ Tyxca Og5cq -+ Og5cq Og4 @)
! 0454 04xa - 0454 Taxq -+ - 0454 0454

where u - represents the array of independent global

deformatlon displacements; D/ represents the transfor-
mation matrix of global deformation generalized coor-
dinates. For instance, with respect to a cantilever beam,
based on the boundary conditions, the axial and trans-
verse elastic displacements and elastic angle of the first
node for No. 1 element are null. Meanwhile, the elastic
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curvature of the second node for the last element is null
as well. Therefore, the corresponding transformation
matrix of global deformation generalized coordinates
can be written as

) 03 x4n
D/ = I4n_;><4n_,- (9)
0154n;
T jT T .
Letg; = [roj bj uy ] be the vector of generalized
coordinates of flexible body j. Differentiating Eq. (7)
with respect to time yields

i =814, (10)
where
y R /i
J J . . y
§/ = [IM ST (¥ GoB/Du) + 1],
R(6 N’ (x; BiD-/] 11
@Vl @BDT] an

3.2 Dynamic modeling for element i in flexible body
J

In this paper, the Lagrangian formulation is employed
to derive the dynamic model of element i in flexible
body j. Therefore, the kinetic energy and potential
energy of element i in flexible body j should be first
determined.

3.2.1 Kinetic energy of element i

The flexible bodies of RAParM-I contain many lumped
masses and moments of inertia (see Figs.2, 3), such
as the masses and moments of inertia of joints. So a
novel dynamic model of element i with lumped masses
and moments of inertia at both ends will be deduced
here. Thus, the kinetic energy of element i consists
of two parts, i.e., the kinetic energy corresponding to
the intermediate continuous section and both the trans-
lational and rotational kinetic energies corresponding
to the lumped masses and moments of inertia, respec-
tively. The associated element with lumped masses and
moments of inertia is depicted in Fig. 7.

(1) Kinetic energy of intermediate continuous sec-
tion

OI’C +_ ''''''''''''''''' + 02/1
mj, =0 my, #0
J, =0 Jo, %0
méﬂ = m{,}l #0
J} =0 J5 #0
OfZC)— --------------- (302’}-
mo,(J5,) @ mo, (J5,)

@ Common element
@ Present element with lumped parameters
© Lumped mass and moment of inertia

Fig. 7 The common element and the present element with
lumped masses and moments of inertia

Assume the mass of intermediate continuous section
of element i in flexible body j is méi. Based on the
aforementioned kinematic analysis, the kinetic energy
of intermediate continuous section of element i can be
written as

. 1 . .
Jo_ T J
I = E/v.f PipiTp; Y

i

1 .TajTaj- -
= 5/‘/] Pq;S; Si‘deVi]

1 .
_ -T J -
= 34;M.:4; (12)
where p represents the mass density of element mate-
rial, Vij represents the volume of the intermediate con-

tinuous section of element i, and M { ; represents the
mass matrix corresponding to the intermediate contin-
uous section of element i and can be expressed as

Ml = [ osl"slav;
) V[’
J J J
Mt.,i,rr Mt?i,r(]ﬁ Mt.,i,rf
— J J J
- Mt.,i,qbr Mt]i,qbqb Mt‘,i,qbf
J J J
Mt,i,fr Mt,i,fqb Mt,i,ff

13)

Owing to the space limitation, the expression of each
component for M lj’i is not shown in detail here.
(2) Translational kinetic energy and rotational kine-
tic energy of lumped masses and moments of inertia
Assume the lumped masses located at both ends
of element i are denoted by mJOM and mjozi, respec-
tively. The corresponding lumped moments of inertia
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are denoted by J}, and J}, , respectively. Based upon
the aforementioned kinematic analysis, after the defor-
mation of flexible body j, the displacement vectors of
both end points of element i can be expressed as

] ; T . o
rjoll, =ro; +R(®;) ([ZJOH 0] +N{(O)B{D/u§>
(14)
/ i ol 4+ N () BiDiu
Fo, =710, +R(¢f) <|:102i O] +Ni <1i>BiD]uf)
(15)

where R(¢;) is the rotational transformation matrix and
. T . T
[1’01, O] and [1’02, 0] are the arrays of coordinates
1 1

corresponding to the two end points O7; and Oy, of
element i in the undeformed state, respectively.

Differentiating Eqs. (14) and (15) with respect to
time yields

oR(¢;)
A,
i ol N OB DI d
([1-0” 0] +n (O)BiD/uf> é;
+R(¢,)N! 0B/ D1, (16)

oR(¢;)
0¢;

([lf)z,- O]T +N/ (z{)B{Dfujf) $;

+R(¢,)N! (z{)B{Dfaj; (17)

.
To, =To;

N
rOZi_r0f+

Therefore, the translational kinetic energy of lumped
masses located at both ends of element i can be obtained
as

. 1 . 1 ;i T
J J ool JoopJb s
Tie = §m01ir01ir01i + EmOZirOZirOZi
| N T
= 54;M{,4;+ 34;Mp,4, (18)

where M f)“ and M bzl, represent the mass matrices cor-
responding to the lumped masses of element .

Furthermore, according to kinematic analysis, the
rotational angles of both end points of element i can be
expressed as
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dw! (&, 1)

J
6011’ = d)] + 8)?1

x; =0
IN!, (%)

0X;

B/D'u’, (19)
%=0 ‘
: dw! (%, 1)
9] — b i
0y =it 3%,

%=1/
ONT, (F)

2 B/D/u’ (20)
3)(,' !

f

Xi :[i]

Differentiating Eqgs. (19) and (20) with respect to time
yields

g INY (%) o

6, =d; ’T _ B/Di, 1)
Xi=

. INY . (3) o

Joo_ 4. i,2\ YN

902[_ = ¢;j 8—)?1 ] jBiDjuf 22)
Xi:i

Therefore, the rotational kinetic energy of lumped
moments of inertia at both ends of element i can be
obtained as

. 1 i . 1 i .
J J J J J
Iie = 5']011'0011' 5'1021'9021'

Lop. i . L.p. ;
= —qTMj ‘Ij + —qTMj

217" Joi 21 ]02iqj (23)

where M7~ and M represent the mass matrices
corresponding to the lumped moments of inertia of ele-
ment .

(3) Total kinetic energy of element i

Based upon above analysis, the total kinetic energy
of element i can be expressed as

T/

1

J J J
T[yi + Tt,c + Ti’,C
Joti Joai

=S4 (Mt”l.—i—M{)”—I—M{)z[—kM] + M )qj

Lr
= 54;M;4, (24)

where M l] represents the mass matrix of element i in
flexible body j, which is a symmetric positive definite
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matrix, and is written as M’ e = =M/t i of
| : T T ) o
Ml i, m , M, = N5 +ml, D''B/"N/"(O)N{(0)B/D’
Lrr L,r l r
. ; j iTRITAiT (17N A7 (17 pipJ
|l @9 el BN 1)V ()
M/, M, M Tz /
i fr i,f¢ iLff i Jj DjTBjT aNi,2(xi) aN 2()6,) Bij
. . 01 i 9% 0x: i
in which ! = ! Fi=
R Y FA e N, (%) o
J o 4 b, D/B]T —22 i /D’
M;,, = (mdi +mo, +m02i>12><2 o E s g | i
Xi=lj Xi=l

i R
ire = o,

(N, L+ N+ mi, ([001,} +N{(O)B{Dfujf>
s i (P BiDiw
TMoy \ | o +N; (li> D uy
T
(N1 + mily, NI OBIDT +miy N] (1)) BIDT)

i _ T
Ml Jor T Ml Ng)

J
M¢¢_Nl3+2Nl4uf+qu Suf—{—mo1

l

l] . . . .
([001, ] + u;TDJTB{TN{T(O))

o, | + N )BIDI

0 i |+ i( ) i uf

j lj ! i'T iTArjT j

. iT

+m, ([0021] +ul'D/TBI'N (z;))
([éoﬁ ] + N/ (zg)B{Dfuff) I T

M|, =Nls+ul'N/,

A e
+my ([10”] +u§TDJTB{TN{T(0))

0
o
KN/ (0)B/D’
. gt - T
J . J iTpJ J J
+my, ([002,] +uy D/"B! N/ (Q))
AN (%) o
KN (1) BID) + 0}, —22| BlDI
li 8Xi B L
Xj=!
j -
J aN"’z_(x’)‘ B'D/
2i aX' , ¢
l _1_1;/
J_agiT
Mi,fr_Mi,rf

The integration constants in the mass matrix Mij of
element i are given by

Nzl_/~pr6id‘/[j
v/ ’

i

N, = / . PN]x)B/D'av]
Vi

v/ JT Jj J
Ni,3—fv pro 7o, dV;

i

N{4_/ priIN! G)BID av/]

Nls= [ oD!"B["N]" N} )B{DIav,
v/

I

Nl ;= /Vj pD/TB/'N!" (3)KN! (%)B/D’aV/

i

where K = |:(11 (1)i| is a 2 x 2 unit skew matrix.

3.2.2 Potential energy of element i

Since the structure of the manipulator is horizon-
tal overall layout and the working plane is O—x—y
plane, the gravitational potential energy of RAParM-I
can be not taken into consideration [14]. Herein, the
tensional strain energy and bending strain energy are
taken into consideration, while the shear and torsion
strain energies are negligible in this paper. Therefore,
the total potential energy of element i in flexible body
J can be expressed as
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L (i Go\
+—/ EA[—22) di
2 0 ax,‘

= %q, Klq; (26)
where E represents the Young’s modulus of beam mate-
rial; I represents the area moment of inertia of beam
cross section; A represents the cross-sectional area. K lj
represents the stiffness matrix of element i and can be
written as

_ 0252 O2x1 O2x4p,
K/ =|0ix2 O 01, 27)
04nj><2 04nj><l K{’ff

where
I T )
K{ff = /l EIDJATB{Ta N; Zz(x’) 3 Nz zz(xz) {Djdi,-
N3 0 05 s
i T2y oNY - i
n /1 EADJTBJT 8Ni’1_(Xz) alel_(xl)BijXm
0 ' ox; 0X; !
(28)

3.2.3 Dynamic model of element i

Substituting the kinetic energy and potential energy of
element i into the Lagrangian formulation yields

d (027 ag _
— - . =F. (29)
dr 8qj 8‘11 &t
where .fj = j — U’ ».i represents the Lagrangian

function of element i and F, J ; represents the column
matrix of generalized external forces of element i.

Through a series of mathematical derivation, the
dynamic model of element i in flexible body j can
be expressed in a compact form as

Ji e Kla — F
M;4;+Ciq; +K;jq;=F,, (30)

where M l] and K lj are the mass and stiffness matrices,
respectively, which are displayed in the Sects. 3.2.1 and
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3.2.2 of this paper. Cij is the centrifugal and Coriolis
force matrix of element i in flexible body j. In order to
obtain the detailed expression of C l] , let

J

A oM;;
J I 31
il 3‘1, (qj ) ( )
o1 T oM
Ch=-(I®q) — 32

where I represents a identity matrix and signal “®”
represents the Kronecker product. Through a series of
derivation, one can obtain

i C{l,rr Cz]l R Cl{,lyrf
Ci = C{],q)r Cz] o C{,1,¢f (33)
Czll fr Czll [ Cz!l,ff
where
Cijl,rr = 02x2
.92 R&) & . 82R(¢) j
Cz]l o =i 8(152] e ’ N j’
J
IR(¢)) - i . azR(qs,-)
+ . N me,, i bi 2
0 3¢j

j o
x ([éou} + N/ (O)B{Dfu})

"o g N OB

. °R(®))
J J J J
+ml j—— 502 ([0 ]+N (l)BDJ )

CORD) i (0N wiri s
mi)Zi 3¢. Nlj (li/)B{Djuﬁ"

. OR(@)) -
llrf ¢] 8¢ 1]2

3R(¢>/)

§; (mh, N/ © +ml, NI (1)) B/DI

¢ =cif

il,pr il,r¢
TR
,1¢¢—2N14“f+2”] N; Suf
. jT

+2m}, @' DITB!'N!"(0)

J . S
([ womion)

C
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+2m DJTB]TN]T (l]) Jj 1. o JT J JT jTAsjT

0y f Ciz,j'r:§¢j (Ni,2+m0|1Di B; N; (0)
1, i (17 pinini i i TRITNIT (1)) 2R (@)
(|:0021:|+Nl. <Zi>BiDJuf +m}, D/"BI"N (li))T
J
. ; . 1 /- . T T T
Tk TArjT j

Cl oy =il NL 4wl al"DITBIINIT (0) Ch.o = 5 (M2 +m), DI"BI'N"©)

) Y oR

KN/ (0)B/D - mi, DIBINIT (1 )) : fj) io,

+mby, &' DITB'NIT (i) kN (1] ) BIDI ' ,

. L Wi L i i piTpiTniTn | Loy

j iT N/, +N sus+m!, DI"B/"N/"(0)| ‘0u
Cil fr — Cil o i,4 is%f 0171 i i 0

iT A YAV J Y

Cliyp=Cligy p| o BN ON OBy Y

Cil,ff = 04nj><4nj

J J J
CiZ,rr Ci_2,r¢ Ci_2,rf

R PN j j
Cir= Ci2,¢r Ci2,¢¢ Ci2,¢f
J J J
Ci2, fr Ci2, fo Ci2,ff
where

J _
Ci2,rr =02x2

J _
Ciarg = 02x1
o
Ci2 rf = 02><4nj
1.
J — .
CtZ or — ¢./

i 9T
J
viT 4 jT Ly T niT i TarjT
N;j+ fN +m 01 ([001,] +u D; B N; (O))

; T
. J
+mly ([20211 +u} D/ BN (11))
2pT
2R (¢))
a¢2

1 .
4o uf (N/TerfO1 DJTB]TNJT(O)-i—mJO p/TB/TNIT (1’))

IRT(¢))
30;
ol _ L I’R(¢))
2,09 — 20 a2
J a¢j

N N J J i)
szl +Ni,2"f + mo,; +Ni (O)Bi Di uf>

+md (| 0x |+ N (/) BDw]
i 0 i \'i it f
Ly 9RG)
270, o)

N/ ©B/D] +m}, N; (i) B/D])

j
Cirpr =

(Nj +m/0

i pITRITNIT (1) |t
+mOziDi Bi Ni (li) 002'
+mb, DI"BI'NI" (i) Ni (i) BIDIw)
1
+5 (N, ;+mj, D!I'"BI"N/"(0)KN!(0)B!D]

j iTpiTArJjT i\ 7
m, DI"BIINIT (1] kN (i) BD] ) ]

(34)

“r

Chyy = % (N l7+my, DITBIIN/T KN/ 0)B/D]
o, DBINT (1) R (1) 31D ) )

Therefore, the centrifugal and Coriolis force matrix of
element i in flexible body j can be obtained as

J J
¢l = aaf @on - eq) T
e, o,
= éil - 61{2 = C,j(;)r Czj¢¢ Cl]¢f (35)
Cisr Cigp Cigs
where
C:j rr = Czjl rr sz e Czj re
= Cu T sz ro? C! rf = Ctjl,rf - CijZ,rf
C{,(m = C'il or Ci2,¢r’ Ci,¢¢
= Cli36 = Chas Clog = Clior = Chyy
Clyr =Clyr = Chyr Clyy
=C} 4= Ch.o Clyp =Cli gy = Ch sy

Remark 1 The dynamic model of an arbitrary element
i with lumped masses and moments of inertia in flex-
ible body j can be transformed conveniently into the
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dynamic model of common element only through mod-
ifying the parameters of lumped masses and moments
of inertia of element i presented in this paper to null
(see Fig.7). Consequently, the dynamic model of ele-
ment i deduced here can be conveniently assembled
into the dynamic model of a certain flexible body with
any number of lumped masses and moments of inertia.

3.3 Dynamic model of flexible body j

The total generalized coordinates of arbitrary flexible
body j are selected as the generalized coordinates of
the dynamic model of element i within flexible body ;.
To obtain the dynamic model of arbitrary flexible body
j, we need only to add all the dynamic equations of
elements within flexible body j together. Thus, assem-
bling the dynamic model of an arbitrary element i, one
can further obtain the dynamic model of flexible body
jas

Mjéj-i-éji]j-f-l_(jqj:Fe,j (36)

where M j= Zln; M l] : mass matrix of flexible body
i € i = Z?; | C{ : centrifugal and Coriolis force
matrix of flexible body j; K j = Zln; | Kl/ : stiffness
matrix of flexible body j: Fe.j = Y ;7| F! : column
matrix of generalized external forces of flexible body j;
nj represents the number of elements in flexible body
Jj.

Remark 2 1t should be mentioned that the dynamic
model of flexible body j derived here is generally appli-
cable for planar PMs with flexible links. That is to say,
the dynamic model of flexible body j can be assembled
modularly to achieve the RFDM of a certain flexible
planar PM and can be realized conveniently by pro-
gramming as well. In the following section, the estab-
lishment of complete dynamic model of system will be
elaborated in detail.

3.4 Dynamic model of system
3.4.1 Dynamic model of system without constraints
In our study, RAParM-I encompasses totally 8

flexible bodies. Therefore, the vector of general-
ized coordinates of system is denoted as ¢ =

@ Springer

[rTO1 b1 u;T . rTO1 b3 u?T 1T. Based upon the above
analysis, assembling the dynamic equations of all the
flexible bodies of system, one can obtain the flexi-
ble multi-body dynamic model of system without con-
straint as

M(S)fi(s) + C(S)q(s) + I_((S)q(s) _ FZS) (37)

where M © is the mass matrix of system; C(S) is the
centrifugal and Coriolis force matrix of system; K ©

is the stiffness matrix of system; F is) is the column
matrix of generalized external forces of system. These
four matrices are expressed as follows:

M, )

e M,

M(s) _ ,
i M3
¢, ]

_ C,

C(S) _ ’

i Cs
e
) K,
K(S) _
i Ks
= (5) ST T -7 17T
FL Z[Fe,l Fe2 Fe,8:| (38)

3.4.2 Constraint equations of system

It should be mentioned that the dynamic model of sys-
tem manifested in Eq. (37) is achieved through assem-
bling the dynamic model of arbitrary flexible body
J obtained via cutting virtually the joints of mecha-
nism, which contains no constraints. In other words, the
dynamic model shown in Eq. (37) is open-loop. Con-
sequently, in order to establish the complete dynamic
model of system, some constraint equations of sys-
tem should be introduced into the open-loop dynamic
model. The schematic diagram and topological graph of
RAParM-I are shown in Fig. 8, from which one can dis-
cover that there are three independent closed-loop con-
straints, i.e., loop I, IT and III, respectively. In addition,
since the joint position coordinates of flexible body j
are introduced in the dynamic model, some related joint
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constraint equations of flexible body j should be con-
structed to restrain the redundant degrees of freedom
caused by the joint position coordinates. Therefore, 8
set of joint constraint equations need to be constructed
here. The 8 joints are joints Ay, By, D1, Eq, Az, Ba,
D5 and E», respectively.

Based upon above analysis, there are totally 22 con-
straint equations, which can be expressed as follows:
(1) Constraint equations for joint A

"y = [ge} (39)

(2) Constraint equations for joint B

i end
1+ uj ] (40)

rp, = |:_Oei| +R(¢l)|: Mend

Ly

(3) Constraint equations for joint Dy

rp, = [_Oe} (41)

(4) Constraint equations for joint £

_ 1, end
re, = |: Oe:| + R(¢2) |: :endzx :| (42)

2,y

(5) Constraint equations for joint An

e
rap, = [O] (43)
(6) Constraint equations for joint B,
e ll + uend
rp, = |:O:| + R(¢s) |: uend (44)
5.y

(7) Constraint equations for joint D>

ro, = [g] (45)

(8) Constraint equations for joint E»

end
lg + ug j| 46)

re, = m + R(#6) [ uend”
Y

(9) Constraint equations for closed-loop I

l T u m1d ll 4 uend
) + R(¢4) mrd =rE, + R(¢3) end
I/t4’y M3’y
47)

(10) Constraint equations for closed-loop II

Iy + uMid L+ uend
re, +R(#8) | ¢ s | =rE, +R($7) end”
u&)—} u7,y
(48)

(11) Constraint equations for closed-loop III

b +u end 12 4 uend
rp; +R(¢4) end =Trp, +R(¢8) end
M4yy M&y
(49)

where rjoint, represents the position vector of a certain
joint; u;md and ujm‘}d represent, respectively, the axial
and transverse elastic displacements of element node at
the position of middle joint (see Fig. 8) for flexible body
j(=4,73); uenﬁi and ui“)d represent, respectively, the
axial and transverse elastic displacements of element
node at the position of end joint for flexible body j (j =
1,2,---,8). These above constraint equations can be

uniformly expressed in a compact form as
@ (q“), t) —0 (50)

where @ (q(s), t) e R?2, Taking first-order differentia-
tion for Eq. (50) with respect to time yields

o, (q“), z) ¢® +@, =0 1)

AP (gt
where @ (q(s), t) d( oT ) represents the constraint

Jacobian matrix of system, which is a sparse matrix,
99 (g

@, = "R 0nag® =, o il - 7, gy il

Furthermore taking second order drfferentratron for

Eq. (50) with respect to time yields
@ (a%.1)i" =v (52)

where §©® =
R22X1

T .-T s --ST
=[F, ¢1 u T, gs Uy 1T
represents the rrght -hand side of acceleration
constraint equations and is given by

,andy €
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Fig. 8 The schematic diagram and topological graph of RAParM-I

3 (00 (¢¥.1) .
y = ( ( )q(5)> q(S)

B agOT 9gOT
o (0@ (¢, 1 L 3% (q¥, ¢
ot ag®T ar?

3.4.3 Complete dynamic model of system

By assembling the open-loop dynamic model of sys-
tem shown in Eq. (37) and the constraint equations
of system shown in Eq. (50), and incorporating the
Lagrangian multipliers, one can obtain the complete
dynamic model of system as

{ MG + Vg0 +K Vg + o7 (¢, )h = F
@ (g, 1) = 02,1
(54)

where A € R?? is the vector of Lagrangian multipliers
which denotes the magnitude of the generalized con-
straint reactions; F ZS) is the column matrix of general-
ized external forces of system, which can be expressed
as

o | 01x2 71 Oiscdny 0152 T2 Otscdny O1xans+3) O1x(@na+3)
F, = ————— — —

‘ body-1 body-2 body-3  body-4

T
0152 75 O1xans 01x2 T6 O1xdng O1x@ns+3) O1x@ns+3)
— —

body-5 body-6 body-7  body-8

(55)
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Base body

where 11, 12, T5 and 76 represent, respectively, the driv-
ing torques offered by the servo motors mounted at
the base of RAParM-I (see Fig.3). It is worth noting
that different actuation modes can be achieved here via
selecting different driving torques as the practical driv-
ing ones, for instance,

e whent) # 0,7 =0, 15 # 0, 76 = 0, the actuation
mode is “@ © O

e whenty # 0,13 # 0,15 # 0, 76 = 0, the actuation
mode is “@ ® PO”;

e whent) # 0,12 # 0,15 # 0, 76 # 0, the actuation
mode is “D D PPD.”

Likewise, the other actuation modes can also be
obtained easily by using analogous method, and the
relevant actuation modes are illustrated in Ref. [14].

Equation (55) is also called index-3 dynamic model,
which is a group of differential and algebraic equations
(DAE:).

This type of dynamic equations can be solved
by virtue of the direct integration methods, such as
Newmark-g8 method [78], Wilson-0 method [79], HHT
method [80] and generalize o method [81].

Furthermore, combined with Egs. (52), (54) can be
transformed into

M40 1+ V4O + KV + T (¢, 1)r = F

®. (q(s), f) é(s) =Y22xl1
(56)
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Equation (56) is also called index-1 dynamic model,
whose constraint equations are described at the level
of acceleration.

Remark 3 1f the flexibilities of links are not consid-
ered, namely the values of flexible generalized coor-
dinates are null, the rigid—flexible coupling dynamic
model (RFDM) of system shown in Egs. (54) or (56)
will degrade into the rigid dynamic model (RDM) of
system (refer to Ref. [14]).

4 Solution strategy for the RFDM of system

Since the constraint equations of system are expressed
at the level of acceleration, and there are many depen-
dent generalized coordinates in the index-1 dynamic
model of system, the violations of position and veloc-
ity constraint equations may occur during the integra-
tion with respect to the index-1 dynamic model of sys-
tem. Under this circumstance, based on the method of
Baumgarte stabilization [82] and the idea of feedback
control, the right-hand side of acceleration constraint
equations can be modified as

y=vy -2« <<bc (q(s), t) q¢® + q)t) - g’ (q(s), t)
(57)

where o and 8 are the stability coefficients, whose value
range generally holds 0 < «, B < 50. Therefore, the
dynamic model shown in Eq. (5§6) can be transformed
as

M(S) ¢I I:a(s):| _ FS) . C(S)i](s) _ I_{(S)q(s)
o, 0 A Y2xi

(58)

Thus, one can further utilize the elimination method
to remove the Lagrangian multipliers, and change the
dynamic model of system from the DAEs to the ODEs.

From Eq. (58), one can obtain the expression of
Lagrangian multipliers as

oy 1 -1
A= <¢C (M(”)) <1>CT>
(N1 /e _ (<
(«pc (M(”) (FS) — e — K“)q“)) - ;7)

(59)

since (@ (M) ™' ®T) ™" may be ill-conditioned dur-
ing computation by programming, the pseudoinverse
of(¢c(M(s))_1 ?l)ie., (@, (A_/I(S))_l ¢3)+7 can take
place of (®.(M (S))_1 o7 ! during computation. Sub-
stituting Eq. (59) into Eq. (58) results in the simplified
dynamic model of system as

~ (s)

= (s) = (8) = (s)
M é(S) +H .

+K ¢®=F (60)

~ (s)
where M represents the equivalent mass matrix of
~ (s)
system; H
~ (8)
system; K

represents the quadratic velocity forces of
represents the equivalent stiffness matrix

=~ (s)
of system; F, represents the equivalent column matrix
of generalized forces of system; and they are given
by

~ (s) _

Ms —u®

=) o (9. N
H =&.C"§® — o] <<I>C (M ) 4’3) y

~ (s) -

K =&,k (61)
=~ (s) ~ -

F, =& F®

~ -1 - _ -1
é. =107 (ch (M(S)) ¢Z) >, (M(S)>

The dynamic model shown in Eq. (60) is a group
of rigid—flexible coupling and nonlinear time-varying
ODEs, which can be solved by virtue of the numeri-
cal algorithms. There are many numerical algorithms
to deal with this issue, mainly including two types,
i.e., direct integration algorithms and reduced-order
algorithms. The reduced-order algorithms commonly
used include the classical four/five order Runge—Kutta
algorithm, trapezoidal algorithm, Adams algorithm,
BDFs algorithm (Gear algorithm) [83], NDFs algo-
rithm [84] and hybrid TR-BDF2 algorithm [85]. The
adaptively variable step size can be applied in these
algorithms to balance the precision and efficiency in
the meantime. In general, these reduced-order meth-
ods can guarantee good precision and stability during
computation.

The RFDM of system contains slow-varying com-
ponents of rigid displacements and fast-varying com-
ponents of elastic displacements simultaneously. Con-
sequently, the dynamic equations of system display
strongly the “stiff”’ characteristic. In this case, the clas-
sical Runge—Kutta algorithm is not adaptable to solve
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this type of equations, and the solution efficiency is
also slow. Within the reduced-order algorithms men-
tioned above, Gear algorithm, NDFs algorithm and
hybrid TR-BDF2 algorithm are relatively adaptable to
solve the “stiff” differential equations. To balance effi-
ciency and precision, in this paper, the hybrid TR-BDF2
algorithm, which is L-stable [85], is employed to solve
the rigid—flexible coupling dynamic equations of sys-
tem; namely, the trapezoidal algorithm and the BDFs
algorithm are utilized, respectively, in the first and sec-
ond stages within the implicit Runge—Kutta formula-
tion [85].

5 Dynamic simulation experiment

In order to investigate the dynamic performance under
different actuation modes of RAParM-I where the flexi-
bilities of all the links are considered during high-speed
motion, this section will employ numerical algorithm
to implement dynamic simulation analysis based on the
RFDM established in this paper.

5.1 Degrees of freedom of the RFDM of system

The dynamic model of arbitrary flexible body j
deduced in above sections encompasses n; elements
and is a general model. Theoretically, the more the
number of elements is, the higher the accuracy is. How-
ever, during the practical computation, the complexity
of system dynamic model should be taken into consid-
eration. Thus, the number of elements for each flexible
body of system should be set reasonably to guarantee
the solution efficiency and precision simultaneously.
In this paper, RAParM-I encompasses totally 8 flexible
bodies. Herein, the total number of elements is set as
20, and the detailed discretization using finite element
approach is depicted in Fig. 9.

After discretization using finite element approach,
the number of flexible generalized coordinates is 80, the
number of rigid generalized coordinates is 24 (includ-
ing 8 rotational angle coordinates of body-fixed coor-
dinate systems and 16 position coordinates of original
points of body-fixed coordinate systems), and the total
number of generalized coordinates of system is 104.
The associated physical parameters of RAParM-I are
listed in Table 2.
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Fig. 9 The detailed discretization of RAParM-I using finite ele-
ment approach. Notice that j-Ei represent element i in flexible
body j

5.2 Design of simulation flow

As is mentioned in Remark 3, once the flexibilities
of links are not considered, the RFDM derived in
this paper will degrade into the rigid dynamic model
(RDM), which can be referred to in Ref. [14]. There-
fore, the mechanism will move rigorously according to
the desired trajectory when the driving torques obtained
through inverse solutions of RDM are utilized to actuate
the “rigid” mechanism (the flexibilities of links are not
considered). However, once the flexibilities of links are
considered, the elastic deformations of links of mecha-
nism may arise under the actuations of driving torques
during high-speed motion. As a consequence of the
rigid—flexible coupling effect, the practical trajectory of
mechanism may deviate from the desired trajectory so
that the tracking precision of trajectory may be affected
in some extent. In the following content, we will inves-
tigate the rigid—flexible coupling dynamic performance
of RAParM-I and elaborate the tracking precisions of
trajectory for the manipulator under different actuation
modes through numerical simulation so as to lay a good
foundation for the design of nonlinear controller based
on the RFDM in future.

On the basis of above statements, the simulation
flow chart is designed and shown in Fig.10. There
are mainly three modules in the simulation flow chart.
Firstly, according to the trajectory planning for the end-
effector, the desired motion rules of all the joints of
mechanism are obtained through inverse kinematics
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Table 2 The associated

physical parameters of Parameters Values Parameters Values
RAParM-1 p (kgm=3) 2.7 % 103 I1, I (mm) 243
E (Pa) 7.0 x 1010 I, (mm) 100
I (m*) 2.6042 x 10710 e (mm) 110
A (m?) 1.2500 x 10~*
Parameters Values
117370 (mm) 81/81/81
112 (mm) 100
13/13/13 (mm) 81/81/81
I}/13/1% (mm) 100/71.5/71.5
13/13/13 (mm) 81/81/81
l? (mm) 100
17711717 (mm) 81/81/81

18718718 (mm)

1 1 1 1 1 1
Moy, /m021 ’ mOlz/mOn’ m013/m023 @

2 2
; mo, /mg, (@)
lij represents the length of On’ O

elementi(i =1,2,..., nj)

in flexible body mt /m4 mé /m4 m /mb(g)
i O 0217 7" 012 02° """ 013 023

i(j=1,2,...,8); m}, 5 5 5 5 5 5

Iy ): Mo, m011/m021’m012/m022’m013/m023 @

and mjom_ represent the
lumped masses placed at

both ends of element i; J é”

6 6
mo,, /m021 (@

and J, é represent
correspondmgly the lumped
moments of inertia placed at
both ends of element i.
There are totally 18 lumped
masses and 18 lumped
moments of inertia in
RAParM-I, and the related
parameters can be obtained
by virtue of
three-dimensional modeling
software, such as
Solidworks®

011/']021 012/']022
011/J021 (gmm )

011/‘]021
JOH/JOZ] (gmm )

011/‘,021 012/‘1022

3 3 3 3 3 3
mo,, /m021 ’ mOlz/mOn’ m013/m023 (@

7 7 7 7 7 7
m011/m021’ mOlz/m()zz’ m013/m023 &)

8 8 8 8 8 8
m011/m021 m012/m022 m013/m023 @

013 /‘]022 (8 mm?)

3 3 3 3 2

Joll/‘lozl JOlz/‘,Ozz JOH/J()ZS (gmm?)
2

‘]011/‘1021 ‘1017/‘1072 ‘101;/‘102; (gmm?)

2
012/‘]027’ 013/‘]02% (gmm?)

7 07 7 1 g1 7 2
J01/0y+ 901,/ 0y ‘101;/‘102; (gmm?)

013 /‘,023 (g mmz)

100/71.5/71.5

354/0, 0/0, 0/111

354/130

111/0, 0/0, 0/111

130/130, 0/0, 0/177.5

354/0, 0/0, 0/111

354/130

111/0, 0/0, 0/111

130/130, 0/0, 0/169.5
43,933/0, 0/0, 0/14,508
43,933/15,871

14,508/0, 0/0, 0/14,508
15,871/15,871, 0/0, 0/14,508
43,933/0, 0/0, 0/14,508
43,933/15,871

14,508/0, 0/0, 0/14,508
15,871/15,871, 0/0, 0/11,269

[14] of RAParM-I. Secondly, the driving torques asso-
ciated with the “rigid” mechanism are obtained through
the inverse solutions of RDM and taken as the feed-
forward input of the third module. It should be noted
that the driving torques under redundant actuation
modes are obtained through the method of minimizing
the Euclidian 2-norm [14], such that the practical con-
trol can be realized conveniently by using this method.
Finally, the dynamic responses of system are obtained
through solving forwardly the RFDM by virtue of the
aforementioned hybrid TR-BDF?2 algorithm.

5.3 Numerical simulation example

In Ref. [14], we have demonstrated that there are
many complex singularities within the workspace of
RAParM-I when non-redundant actuation modes are
considered. In this paper, in order to make a compar-
ative analysis conveniently about the trajectory track-
ing precisions of end-effector under different actuation
modes (including non-redundant actuation modes), the
desired trajectory of end-effector is planned without
crossing the singular zones (corresponding to the non-
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Read the input data
(The physical
parameters shown in
Table 2)

Trajectory planning for end-effector

)

|

[}

[}

[}

|

} . .
: l qe’ qe’ qe
[}

[}

[}

|

[}

\

Inverse kinematics [14]

]

® Non-redunadnt actuation modes [14]
Tiigid — sH" Mq,+C.q,)
® Redunadnt actuation modes [14]

Tiigid — S(STSY1 (M4q,+Cpq,)

P ————
s

® Rigid-flexible coupling dynamic
model of system
A;l(s)ij(s) THY &+ I?(S)q‘s) —F®
® Solve forwardly the dynamic model by
the hybrid TR-BDF2 algorithm

S e

Save simulation data

Fig. 10 The simulation flow chart

redundant actuation modes) inside the task workspace
of RAParM-1.

5.3.1 Trajectory planning

In this simulation example, the desired trajectory of
end-effector of RAParM-I is planned as a complex
square trajectory that is marked with blue color, as
shown in Fig.11. The position coordinates of four
end points of the square trajectory within the task
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Fig. 11 The desired trajectory of end-effector planned within
task workspace of RAParM-I

workspace are set as: A (50, 314) mm, B (—50, 314)
mm, C (—50,214) mm, D (50, 214) mm. The center of
task workspace for RAParM-I is denoted by Q (0, 264)
mm. The motion direction of the desired trajectory is
A — B — C — D — A,asdepicted in Fig. 11.

In order to avoid the impact caused by sudden
change of acceleration for end-effector when RAParM-
I is started or stopped, a kind of trapezoidal modified
velocity planning strategy is employed within each sec-
tion of the desired square trajectory. Taking the first
section of trajectory as an example, the correspond-
ing motion rules of acceleration and velocity of end-
effector are described as follows:

dc = Amax SiN (ZTHI) : h=t<n
ac =0, n=t<nb (62)
ac = —amax Sin (ZT“I) , h=t=<n

T 2 T
Ve = —amaxz—n COS (Tnt) +amax2_n7 tO =r<n
Uczamax%, h=t<n

2

T T
Uc = dmax 35 COS (Tnt) + Amax 55 » Hh=I=Hn

(63)

where T = _/ azi , s represents the length of each sec-

tion of the desired square trajectory; amax represents
the maximum acceleration of end-effector; 15 = 0,
ty = T/2, o = T and r3 = 3T/2. In this simula-
tion case, the maximum acceleration of end-effector is
set as amax = 40 m/sZ. The total simulation time is
0.7, in which the practical motion time of square tra-

jectory is 6,/ %~ 0.532's and the dwelling time is

(0.7 - 6\/%) ~ 0.168s.
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Fig. 12 The driving torques of RAParM-I under different actuation modes: a non-redundant actuation modes; b redundant actuation

modes

By taking into account multiple actuation modes
depicted in Ref. [14], one can obtain the dynamic
responses of RAParM-I under different actuation
modes. As a matter of fact, since some actuation modes
are symmetric, we can merely analyze 6 actuation
modes (see Table 1), which are “® © S, “© ® 6®,”
“©DO oD, ‘DD DO, “CDdOD” and “© ® &D,”
respectively. Amongst the 6 actuation modes men-
tioned above, the first three ones are non-redundant
actuation ones and the latter three ones are redundant
actuation ones.

5.4 Simulation experiment results and discussions

The numerical simulation experiment is implemented
in the environment of the commercial software
MATLAB® because various application scenarios
[86-90] have been successfully simulated by using this
software. Thus, according to the simulation flow chart
shown in Fig. 10, the numerical simulations are per-
formed in MATLAB® 2013b on the computer with
Intel (R) Pentium (R) G2020 processor (2.90 GHz),
6.00 G system memory and Windows 7 operating sys-
tem.

First, the driving torques of RAParM-I under differ-
ent actuation modes are obtained based on the RDM
resulting from the degradation of RFDM, as shown
in Fig.12. From Fig.12, one can discover that the
driving torques show significant differences amongst
different actuation modes. Since the method of mini-
mizing the Euclidian 2-norm is applied to obtain the
optimal driving torques, the peak values of driving
torques for the redundant actuation modes are much
smaller in comparison with the non-redundant actua-
tion modes. Moreover, the peak value of driving torques
for “@ @ ®PD” mode is the smallest, and about 7 Nm,
and the distributions of driving torques under this actu-
ation mode are balanced as well. That is to say, this
actuation mode may be helpful to prolong the lifetime
of servo motor and may further improve the perfor-
mance of manipulator.

Based upon the third module of simulation flow
chart, we solve forwardly the RFDM of system and can
obtain the dynamic responses of RAParM-I under dif-
ferent actuation modes. Figure 13 illustrates the time-
varying curves of axial and transverse elastic displace-
ments, and the elastic angles of end points for links 1
and 4 under the “® ® ®@” actuation mode. Owing
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Fig. 13 The axial (/) and transverse (2) elastic displacements, and elastic angles (3) of end points for links 1 and 4: a link 1, b link 4

to the space limitation, the simulation results under the
other actuation modes are not manifested in detail here.
The relevant simulation results can be obtained through
implementing similar procedure based on the simula-
tion flow chart shown in Fig. 10. From Fig. 13, one can
discover that the links of the RAParM-I display obvious
deformations because of the flexibilities of links dur-
ing the high-speed motions. Moreover, the values of
transverse elastic displacements of links are much big-
ger than those of axial elastic displacements, and the
ratio of magnitude order between them is up to 103
This result coincides with the structural characteristic
of link, i.e., the axial tensional stiffness are much bigger
than the transverse bending stiffness. Consequently, in
future research of simplifying the dynamic model of
system, only the transverse elastic deformation of flex-
ible link can be considered, whereas the effect of axial
elastic deformation can be ignored. In addition, since
the effects of external and structural damping are not
considered, when the tracking to the desired square tra-
jectory is completed and from the beginning of 0.532 s,
the links display residual vibrations with approximately
equal amplitudes and the residual vibrations will hold
all the time, as shown in Fig. 13.
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Figure 14 manifests the motion curves of angular
displacements, velocities and accelerations of all the
links for RAParM-I under the “@® @& @©@” actuation
mode. Herein, the blue lines represent the practical
motion rules of all the flexible links, and the red lines
represent the desired motion rules of the “rigid” links
whose flexibilities are not considered.

It can be observed from Fig. 14 that the rigid-body
motions of all the links are affected strongly by the
flexible effects of links, and the practical motions of
links display rigid—flexible coupling characteristics,
which are different from the results obtained by the
method of KED because the nominal motions (rigid-
body motions) are not affected by the elastic deforma-
tions in the assumption of KED method. From the simu-
lation results, one can further discover that, with respect
to each flexible link, there exists deviation between the
practical angular displacement and the desired angu-
lar displacement. Moreover, the motion rules of veloc-
ity and acceleration of each flexible link display high-
frequency oscillations relative to the desired motion
rules, especially for the motion rule of acceleration.
In addition, it is worth mentioning that, after the com-
pletion of tracking to the desired square trajectory and
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Fig. 14 The motion rules of angular displacements, velocities and accelerations of all the links for RAParM-I under the “® & &®”
actuation mode: a link 1; b link 2; ¢ link 3; d link 4; e link 5; f link 6; g link 7; h link 8
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Fig. 14 continued

from the beginning of 0.532 s, the motion rule of angu-
lar displacement of each link displays small oscilla-
tion with approximately equal magnitude. This phe-
nomenon can be explained as follows. Since the effects
of external and structural damping are not considered
in this study, when the driving torques are removed
(t > 0.5325), the inertia effect and the residual vibra-
tions of flexible links will excite the oscillations of
rigid-body motion rules.

Based on the analysis with respect to the simulation
results shown in Figs. 13 and 14, it is concluded that
the elastic deformations and the rigid-body motions
of links are coupled mutually, and the coupling effect
between them will result in the practical trajectory of
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end-effector for RAParM-1. Owing to the space limi-
tation, we display only the practical trajectory of end-
effector for RAParM-I under the “® & ®®” actua-
tion mode, as depicted in Fig. 15, in which the blue
line represents the practical trajectory and the red line
represents the desired trajectory. Correspondingly, the
motion curves of displacements, velocities and accel-
erations in the directions of x and y are illustrated in
Fig. 16, in which the blue lines represent the practi-
cal motion rules and the red lines represent the desired
motion rules. From the results shown in Figs. 15 and 16,
one can discover that the practical trajectory of end-
effector deviates from the desired trajectory in some
extent. Moreover, the motion curves of velocities and
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Fig. 15 The trajectory of the end-effector of RAParM-I under
the “® @ ©P” actuation mode

accelerations in the directions of x and y manifest high-
frequency oscillations relative to the desired motion
rules, especially for the motion rules of accelerations in
the two directions. In addition to these, it is manifested
that the motion rules of displacements in the directions

of x and y display small residual oscillations relative to
the static values after the tracking to the desired square
trajectory is completed (r > 0.5325). It is not diffi-
cult to infer this phenomenon based on the simulation
results illustrated in Figs. 13 and 14 as well.

Furthermore, one can obtain the Poincare phase dia-
grams of motion rules (the displacement/velocity phase
diagram and the velocity/acceleration phase diagram)
in the directions of x and y for end-effector, which are
shown in Fig. 17, in which the blue lines represent the
Poincare phase diagrams of practical motions and the
red lines represent the ones of desired motions. From
the Poincare phase diagrams shown in Fig. 17, one can
easily discover that, as a result of the rigid—flexible
coupling effect, the practical motion rules deviate from
the desired motion rules in some extent, especially for
the motion rules of velocities and accelerations in the
directions of x and y. The results manifested in Fig. 17
coincide well with the results shown in Fig. 16.

In order to make comparative analysis about the
dynamic performance of RAParM-I under different
actuation modes, the trajectory tracking errors of end-
effector under different actuation modes are manifested
in Fig. 18, in which the blue lines represent trajectory
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Fig. 16 The motion curves of displacements, velocities and accelerations of end-effector: a x direction, b y direction
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Fig. 17 The Poincare phase diagrams of motions of end-effector
for RAParM-I under the “® @ @@®” actuation mode. a The phase
diagrams of displacement/velocity: / x direction; 2 y direction.

tracking errors in the direction of x and the red lines
represent the ones in the direction of y. It is observed
that the trajectory tracking precisions of end-effector
under redundant actuation modes are superior to the
ones under non-redundant actuation modes. That is to
say, the redundant actuation modes can restrain the
flexible effects of links in some extent. Meanwhile,
the redundant actuation modes are not affected by the
Type II singularities within the workspace of RAParM-
I, and the motion stabilities of manipulator are also very
well so that the trajectory tracking precision of end-
effector can be improved. From the results shown in
Fig. 18a, one can further discover that, from the begin-
ning of about 0.25 s, the trajectory tracking error in the
direction of y increases rapidly. This phenomenon can
be explained as follows. From the beginning of about
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b The phase diagrams of velocity/acceleration: / x direction; 2
y direction

0.25s, the end-effector approaches gradually the sin-
gular curve (but not crosses it) inside the workspace of
RAParM-I under the traditional non-redundant actua-
tion mode “@ © GO” such that the stiffness perfor-
mance of the manipulator will be decreased. There-
fore, the dynamic performance of system will be fur-
ther degraded under “® © ®O” actuation mode such
that the trajectory tracking errors of end-effector will
increase, and even the desired trajectory of end-effector
cannot be tracked under this circumstance. In addition,
one can also discover that, under the two redundant
actuation modes of “® @ 6" and “D G BP,” the
end-effector of RAParM-I can obtain relatively higher
trajectory tracking precisions.

Considering that the trajectory tracking errors vary
with time, to evaluate quantitatively the trajectory
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tracking precisions of end-effector for RAParM-I under
different actuation modes, the mean-square deviation
error (Aerror) 18 employed as the performance index,
which is defined as follows:

Nsample

1

Aerror =
Nsample iz

where ngample represents the number of sample points
on the trajectory; xlfi, ylfi represent the position coordi-
nates of the ith sample point on the desired trajectory;
Xi, yi represent the position coordinates of the ith sam-
ple point on the practical trajectory. Table 3 manifests
Aerror of RAParM-I under different actuation modes.
From the data manifested in Table3, one can
discover that the trajectory tracking precisions of
end-effector under redundant actuation modes are

@ Springer



420

D. Liang et al.

Table 3 Acror under different actuation modes for RAParM-1

Actuation modes Acrror (m)
SESESIS) 0.0575
SRS 0.0075

b o ob 0.0118
(SPRSPNSYIS) 3.3624 x 10~
®DOP 7.9297 x 10~*
D D DD 6.0885 x 10~

much higher than those under non-redundant actua-
tion modes. This coincides with the simulation results
shown in Fig. 18. With respect to the tracking effect
for the square trajectory planned in this experiment,
the difference of trajectory tracking precisions amongst
the three redundant actuation modes (“® @ ®6,”
“© D OB, “@ P DdP”) is not significant. Taking into
account both the kinematic and rigid dynamic perfor-
mance, the redundant actuation mode “@ @ &P’ has
significant advantage over the other redundant actua-
tion modes in practical application. That is, under this
redundant actuation mode, not only nice kinematic per-
formance of the manipulator can be guaranteed, but also
nice dynamic performance can be realized. In addition,
we also have implemented simulation experiments of
trajectory tracking with respect to some other trajecto-
ries, including linear path and circular path. The cor-
responding simulation results indicate that the redun-
dant actuation modes can improve obviously the trajec-
tory tracking precision of end-effector for RAParM-I.
Moreover, the redundant actuation mode “@® @ P
can always ensure good tracking effect in all kinds of
simulation experiments of trajectory tracking. Conse-
quently, from the two levels of rigid multi-body dynam-
ics and flexible multi-body dynamics, the redundant
actuation mode “@ @ @G@” is a superior actuation mode
and will be further researched in future.

6 Model verification

In order to validate the RFDM presented in this paper,
a virtual prototype model (VPM) of RAParM-I will be
established by virtue of SimMechanis®. In the VPM,
the same trajectory for the end-effector is planned.
Meanwhile, a similar simulation flow (designed in
Sect. 5.2) is applied in the VPM.
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Fig.19 The flexible link modeled with multiple successive equal
rigid-body segments and massless torsional springs (with spring
constants k;). Notice that 0y, 62, ..., 6, represent the absolute
rotational angles of rigid-body segments and ¢7, ¢, ..., @, rep-
resent the relative rotational angles

6.1 Virtual prototype model (VPM) in SimMechanics

Reference [38] proposed a FSM-based approach to
model link flexibility, i.e., a certain flexible link is dis-
cretized into multiple successive equal rigid-body seg-
ments which are connected to one another by massless
torsional springs. Without loss of generality, Fig. 19
illustrates the discretization of a certain flexible link
using the aforementioned method. For the model shown
in Fig. 19, each one of the rigid-body segments (1, 2,
..., n) has the same mass m, moment of inertia of beam
cross section / and length /. The total length of the
flexible link is L = nl/ when it is in the undeformed
state. The spring constants are denoted by k;, which
can be computed by ki = nEI/L, where E is Young’s
modulus of flexible link. Thus, one can utilize some
modeling methods, such as Lagrangian formulation or
Newton—Euler formulation, to establish the equivalent
dynamic model of system.

Since the aforementioned method can be realized
through rigid-body dynamic analysis, some multi-body
simulation software, such as SimMechanics®, can be
employed to establish an equivalent dynamic model
of system without deducing the dynamic equations.
Herein, we will employ this method to develop a VPM
for RAParM-I in SimMechanics® for the first time.
In accordance with the aforementioned idea, a VPM
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Fig. 21 The configuration
of VPM at some point
during the dynamic
simulation
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can be constructed by virtue of some modules within
SimMechanics®, as shown in Fig.20. It should be
emphasized that each flexible link of RAParM-I is mod-

eled with multiple rigid-body segments. These seg-
ments are connected with each other by the massless
spring—damper modules in SimMechanics®, and the
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Fig. 22 continued

flexible links are connected by the revolute joint mod-
ules (see Fig.20). Meanwhile, the lumped masses and
moments of inertia are also considered in the VPM,
which are fixed at the associated positions of links via
some welding joint modules in SimMechanics®. The
driving torques obtained through the inverse solutions
of RDM (see Fig. 12) are taken as the feed-forward con-
trol input which is emphasized with a green rectangle,
as shown in Fig. 20.

6.2 Comparison of results
The same trajectory planning strategy (used in the

above numerical example) is applied in the VPM. Thus,
the simulation time is 0.7s. The gravity field is set to
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null in the VPM. Figure21 displays the configuration
of VPM at some point. In the VPM, the manipula-
tor is totally discretized into 56 rigid-body segments.
Amongst them, links 1, 3,4, 5, 7 and 8 are, respectively,
discretized into 8 rigid-body segments, while links 2
and 6 are, respectively, discretized into 4 rigid-body
segments.

Without loss of generality, let us take the “® @® &®”
actuation mode as an example. The angle and angu-
lar velocity curves of all flexible links calculated by
the RFDM and the VPM are illustrated in Fig.22.
Comparisons manifest that the results calculated from
the two approaches are consistent. Especially for the
angle curves, the two approaches match very well. With
respect to the angular velocity curves, there exists small
difference between the two approaches. The reason can
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Fig. 23 The practical trajectories for end-effector achieved
through the RFDM and the VPM under the “® & @@~ actu-
ation mode

be explained as follows. On the one hand, the discretiza-
tion methodologies used in the two approaches are dif-
ferent. The FSM is utilized in the VPM, while the FEM
is utilized in the presented RFDM. On the other hand,
the numbers of generalized coordinates of elements in
the two approaches are also different. Within the VPM,
for an arbitrary element, only one generalized coordi-
nate, i.e., the rotational angle of the rigid-body segment,
is encompassed. However, within the RFDM, the nodal
coordinates of an arbitrary element contain multiple
flexible generalized coordinates, such as axial elastic
displacement, transverse elastic displacement, elastic
angle and curvature. Consequently, the small differ-
ence of the results derived from the two approaches
may exist.

The trajectories of end-effector calculated by the
RFDM and the VPM are illustrated in Fig.23. By
comparison, one can discover that the trajectory track-
ing effects of end-effector achieved through the two
approaches are consistent.

The above comparative results indicate that the
RFDM of RAParM-I with multiple actuation modes
presented in this paper is valid. In future research work,
combining with the analyzed results of this paper, we
will further simplify the dynamic model of system by
using some methods, such as modal truncation method.
On this basis, the nonlinear dynamic control strategy
will be further developed to restrain elastic vibrations

and improve the trajectory tracking precision of end-
effector for RAParM-1.

7 Conclusions

In this paper, we have established the rigid—flexible
coupling dynamic model (RFDM) and implemented
performance analysis with respect to a novel PM, i.e.,
RAParM-I, with multiple actuation modes.

Firstly, the flexibilities of all the links of RAParM-
I are considered, and the finite element approach
is employed to discretize the flexible link. Since
RAParM-I contains many lumped masses and moments
of inertia, one kind of element is presented in this
paper to accommodate the dynamic modeling. On this
basis, the RFDM of arbitrary element i within flexible
body j is deduced by virtue of Lagrangian formulation.
This kind of dynamic model of element can be trans-
formed into the dynamic model of common element
only through some simple changes. In other words,
this kind of dynamic model of element can be suit-
able very well for the establishment of dynamic model
for a certain flexible beam with any number of lumped
parameters. Because the total generalized coordinates
of arbitrary flexible body j are selected as the gener-
alized coordinates of the dynamic model of element i
within flexible body j, the dynamic model of arbitrary
flexible body j can be easily obtained merely through
summing all the dynamic equations of elements within
flexible body j together. In subsequence, the open-loop
dynamic model of system can be achieved conveniently
by assembling all the dynamic equations of flexible
bodies. By virtue of the augmented Lagrangian mul-
tipliers method, the completely RFDM of system is
established.

Secondly, the dynamic model of system is expressed
in the form of index-1. Based upon the Baumgarte sta-
bilization approach, and drawing on the elimination
method, the Lagrangian multipliers are removed and
the simplified dynamic model of system is developed,
which is a group of rigid—flexible coupling and nonlin-
ear time-varying ODEs. Owing to the “stiff” charac-
teristic of dynamic equations of system, a hybrid TR-
BDF?2 algorithm is employed to solve the “stiff” differ-
ential equations so as to balance the solution efficiency
and precision well.

Finally, based on the RFDM of system and the
degraded rigid dynamic model (RDM) of system, a
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simulation experiment of trajectory tracking is imple-
mented with respect to RAParM-1 when the flexibili-
ties of links are considered during high-speed motion.
Numerical results indicate that the practical motion
of RAParM-I displays a rigid—flexible coupling char-
acteristic. Through comparative analysis, the redun-
dant actuation modes can realize significantly higher
trajectory tracking precisions in comparison with the
non-redundant actuation modes. A virtual prototype
model (VPM) is further established in SimMechanics®
to verify the presented RFDM. The conformities of
results show exact evidences to support the validity
of the RFDM. The simulation experiment provides a
scientific basis for the selection of redundant actuation
modes in practical application.

It is worth mentioning that, in the simulation exper-
iment, the input of RFDM is the torques obtained
through the inverse solutions of RDM, whereas the
feedback is not included. Consequently, in future work,
we will further simplify the RFDM of system via modal
synthesis approach and develop efficient dynamic con-
trollers to restrain the elastic vibrations and improve the
trajectory tracking precision with the help of superior
redundant actuation mode, such as “@ D DP” actuation
mode. In addition, it is noted that the damping effects
of joints are not considered in this study. These fac-
tors can be regarded as the uncertainties of model and
can be identified and compensated via artificial neural
network or fuzzy algorithm in the adaptive controller.
Last but not least, the systematic modeling methodol-
ogy developed in this paper can provide some beneficial
reference for the analysis of other flexible planar PMs,
especially the emerging ones with multiple actuation
modes.
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