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Abstract. This paper presents the analytical dynamic
modeling of a Triglide parallel robot and numerical
simulation using Maple and Adams software. The Lagrange
with multipliers method was successfully applied to develop
the closed-form dynamic model using the Maple software.
Next, an equivalent dynamic virtual model of the Triglide
parallel robot was developed and simulated in ADAMS
program on different task. The simulation of the theoretical
dynamic models (closed-form model) and ADAMS numerical
approach confirm the validity of the analytical dynamic
model.

Keywords: Parallel

structure.

robot, dynamic model, Triglide

1. INTRODUCTION

HE parallel robots have begun to make the object of

study in priority at the last three decades. In this

period, important contributions were done specially
on the parallel robot modelling: kinematics [1] and
dynamics [2].

Because the parallel robots are closed kinematics chains,
constituted by a mobile platform with n degree of freedom,
connected to the fixed base by serial or complex kinematics
chains, the dynamic modelling proves to be complex even
in the rigid body hypothesis.

Regarding the dynamic modelling of the parallel robots,
different methods can be applied. A method using the
Lagrange — D’Alembert formulation has been applied by
Yen and Lai [3] for obtaining the dynamic equations of a
3-DOF translational parallel robot.

The virtual work principle was usefully applied by Wu et
al. [4] for obtaining the dynamic equation for a 3DOF
parallel robot and the obtained driving forces were
optimized by applying the least-square method.

Li and Xu [5] derived the analytical dynamic model of a
translational parallel robot using the dynamic equations
obtained via the virtual work principle and validated on a
virtual prototype with the ADAMS software.

In this paper, a kinematical and dynamical modeling for
the Triglide parallel robot is presented.

A kinematical analyzes and simulation of Triglide
parallel robot has done by Arochia Aelvakumar et al [6].

A kinematical model of the TRIGLIDE parallel robot is
presented in [7-8].

The Lagrange method with multipliers was used to derive
the closed form dynamic model in the rigid links
hypothesis. Based on numerical examples, the dynamic
closed form models were validated through MBS
prototyping in ADAMS environments.

978-1-4244-9639-6/11/$26.00 ©2011 IEEE

II. KINEMATICS OF THE CONSIDERED TRIGLIDE PARALLEL
ROBOT

The considered Triglide parallel robot (Figure 1) has 3
degrees of freedom (DOF) and is derived of Delta parallel
robot. This parallel robot has three legs of type
parallelogram (Figure 1), connected to the mobile platform
by spherical joints and to the fixed base by linear motors
(translational joints — qy, q, and q3). Each leg has 4 spherical
joints and one driving translational joint.

Typically, the study of the robot kinematics is divided
into two parts: inverse kinematics and forward (or direct)
kinematics. The inverse kinematics problem involves a
known pose (position and orientation)/ velocity/
acceleration of the moving platform to obtain the active
joint movement (joint displacements/ velocities/
acceleration) that will achieve that imposed end-effector
movements.

The forward kinematics problem involves the mapping
from a known set of input joint variables/ velocities/
accelerations to a pose of the moving platform that results
from those given input displacement/velocity/acceleration.
However, the inverse and forward kinematics problems of
the former parallel robots can be described in closed form.
The direct kinematical model describes the moving
platform absolute velocity (v, Vyp, V) in relation with

driving velocities ( 91-92-95 ):

Vi ‘I'l
Vap q-3

where Jp is the robot Jacobian analytically established.

The inverse geometrical modeling of the considered
Triglide parallel robot permits to obtain the liaison between
independent joint variables {qi, q», qs;} and the moving
platform coordinates {X,, yp, Z,}:
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Fig. 1. The kinematical structure of the considered Triglide parallel robot
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Deriving the relation 2, the inverse kinematical model is
obtained:
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Fig. 2. The dynamical diagram of the Triglide parallel robot

III. DYNAMICAL MODELING OF TRIGLIDE PARALLEL ROBOT

The dynamic modeling has been done in the following
prerequisites:
a) The elements are rigid bodies;
b) The gravity vector is oriented in negative sense of the z
axis (Figure 2);
c¢) No external load on the moving platform;
d) The inertial matrix J;=Js=Js and J,=Js=J;.
e) The mobile platform (the element no. 4) contains four
parts (sub-elements): 41, 42, 43 and 44.

Considering rigid elements with distributed masses, the

dynamic model can be analytically developed using the
Lagrange multipliers method:

oL
%,
(5)

where: A, - Lagrange multipliers;

k

D

i=1

A

a;, d
i Qj

o _dfa) a_
e

d;

g, - Displacements from the actuators;

N
0 ;- Generalized external forces;
L Parallel robot Lagrangean:

n n
L= K +Y P,

i=1 i=1

(6)
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where: Ki — the kinetic energy of the link i;
Pi — the potential energy of the link i.

The Lagrange multipliers ( A; ) are identified

introducing the following set of geometric equations:
dist(By, B, ) = a, where a is the side of AB;B,Bj5;
dist(Bz,B3) =a,

diSt(Bl,B3): a,

Coordinate after Z of point B1 and B2 need to be
the same;

Coordinate after Z of point B2 and B3 need to be
the same;

Cosine director between L si K (Figure 2) is equal
with 1.

Finally, the analytical expression of the driver forces
Fq,, Fg; and Fq; (see Figure 2) are obtained using Maple
software.

Even the obtained analytical dynamic model is
complex; this method used can be usefully applied to solve
the dynamical model of any 3 DOF parallel robots and can
be extended to 4 and more DOF parallel robots.

IV. THE CAD MODEL OF THE TRIGLIDE PARALLEL ROBOT
AND SIMULATION RESULTS

The CAD model of the Triglide parallel robot is obtained
using ADAMS software and the simple elements of type
cylinders (see Figure 3).



The mass and inertial parameters of CAD model
obtained (see Table 1) were used also for simulation the
analytical model obtained using Maple software.

Numerical simulations of the obtained models are
carried out considering a linear trajectory in the operational
space, using a three degree polynomial low of movement of
motor B3 (see Figure 1) with 0.1m in 10s (presented in

Figure 4).
M Ixx Iyy 1zz Ixy,
lyz,
Izx
[ke] [kg*m’]

Element 3,6,8 | 0941 | 2.824 [2.824 [3.011 [0
*102 | *102 | *107

Element 4 0.570 | 8.015 | 4.055 |4.055 |0
*10% | *10* | *10*

Fig. 3. The CAD model of the Triglide parallel robot Table 1: The elements’ inertial property of the
considered Triglide parallel robot
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Fig. 4. The q; movement (a-displacement; b-speed, c-acceleration) of the Triglide parallel robot
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Fig. 5. The displacement of the mobile platform (of the Triglide parallel robot) after X (a), Y (b) and Z (c) axis
The driving force (presented in Figure 6) have the same
In this way, for the movement in active joint q; of 0.1m  rate of curve with the displacement impose in active joint
we obtain a maximal speed major then 0.014m/s and an g3, obtaining a maximal value for driving force Fg, (4.3N).
acceleration major then 0.006m/s” (Figure 4). For verify the correctitude of the analytical model, the same
The displacements of the mobile platform (Figure 5) simulation was made in Maple and Adams.
have the same rate of curve with displacement of motor q;,
obtaining a displacement of 0.012m after X axis, 0.067m
after Y axis and 0.01m after Z axis.
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Fig. 6. The driving force of the Triglide parallel robot: Fg,

In Figure 6 is presented for exemplification the result
obtained for driving force Fg; in the both case (Maple and
Adams); the results obtained is the same witch can give the
conclusion the analytical model obtained is correct and can
be utilized in command and control model of the considered
Triglide parallel robot.

V.CONCLUSION

The study highlights the following conclusions:

= The Lagrange with multipliers method for obtaining the
dynamic analytical method was successfully applied for
this parallel robot using Maple software;

» This numerical simulations effectuated allow to obtain
the quantitative dates regarding the kinematical and
dynamic response of the parallel robot when the
movements from the active joints are known;

= A CAD model was successfully implemented in
Adams software to allow to making the numerical
simulation in Maple (using the masse and inertial
propricties of the elements of Adams) and also to
compare the results obtained for verify the correctitude
of the analytical model;

= The results obtained in both models (Maple and Adams)
are the same in kinematical and dynamical cases, which
go to at the conclusion that the analytical model
obtained in Maple is correct;

= In this way, the analytical model obtained can be
utilized for obtaining the model of command and
control of the considered Triglide parallel robot;

= The presented methodology used for obtaining the
analytical dynamic model, with its numerical
simulation, can be extended for more type of parallel
robot.

(a), Fg2 (b) and Fg; (c) from Maple and Fg; (d) from Adams
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Abstract.

The robot studied in the paper has a 3DOF parallel structure of type 1PRRR+2PRPaR, with two
coupled motions and one decoupled motion, composed by a mobile platform connected to the fixed
base by three kinematic chains (one open kinematic chain of Prismatic — Revolute — Revolute —
Revolute type and two kinematic chains of Prismatic — Revolute — Parallelogram — Revolute type).
An analytical kinematic modelling of the parallel robot of type IPRRR+2PRPaR is firstly presented
in this paper, followed by a numerical simulation of the closed-form kinematic model and by a
Virtual Reality (VR) application with control aspects. An innovative user interface for high-level
control of the parallel 1PRRR+2PRPaR type robot is developed in MATLAB - Simulink and
SimMechanics environment.

Introduction

In the last couple of decades parallel robots have been studied and developed from theoretical
view point and also for practical applications. The advantages offered by parallel manipulators
(PMs) are high stiffness, excellent load-to-weight ratio, positioning accuracy and good dynamic
behavior [1]. The parallel robots are mechanisms with closed kinematics chains, composed by a
mobile platform (the end-effector) with n degrees of freedom, connected to the fixed base by two or
more kinematical chains called limbs or legs. A simple or a complex kinematics chain can be
associated with each limb [2].

Jin et al. [3] studied the kinematic design of a family of partially decoupled parallel manipulators
(DPMs) with 3-limb symmetrical structure, in which 3-DOF spatial motion composed by a vertical
translation and two horizontal rotations can be independently controlled. The concept of group
decoupling (GD) is introduced for classification and synthesis of decoupled motion PMs.

Also, a kinematical analyze is made by Stan et al. [4], where a kinematics analysis and control of
a 3DOF parallel robot is presented. A kinematical modeling of a 3DOF medical parallel robot is
detailed in [5].

The Virtual Reality (VR) immerses the user in a three-dimensional (3D) environment that can be
actively interacted and explored. Virtual reality environment tool is used by many researchers in
design, development and manufacturing of the robotic industry [6].

Using the virtual reality simulation with a virtual robot, a three dimensional design and the real-
time behavior of the robot can be observed; that fact is relatively new and allows testing the robot
before accomplishment a physical implementation. In this way, resources (money and time) can be
saved and various problems can be solved from the design stage.

This paper presents the kinematical modeling of a parallel robot of type 1PRRR+2PPPaR [7] and
the necessary steps for developing the virtual environment for kinematic simulation, starting from
the SolidWorks model [8].



Description and kinematical modeling of 1IPRRR+2PRPaR parallel robot

The parallel robot of type 1PRRR+2PRPaR (1Prismatic, Revolute, Revolute + 2Prismatic,
Revolute, Parallelogram, Revolute) has 3 degrees of freedom (DOF) with one decoupled motion
along X axis and two coupled motions (see Fig. 1).
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Fig. 1 Kinematic structure of parallel robot of type IPRRR+2PRPaR [7]

This parallel robot is composed by a mobile platform 7 connected to the base by three kinematic

chains A, B and C:

- A: simple open kinematic chain with one active prismatic joint (q1) and three passive revolute
joints (p2a, @3a and @4a) — see Fig. 2,b;

- B and C: complex kinematic chains of parallelogram type with one active prismatic joint (q2 and
respectively q3) and six passive revolute joints (¢2i, ¢3i, @3il, ¢4i, @4il, and @5i — where
i=Db,c) —see Fig. 2,a.

Fig. 2 Parametrization of the IPRRR+2PRPaR parallel robot (a and b) and its CAD model (c)



Direct and inverse kinematic model of IPRRR+2PRPaR parallel robot

The direct geometrical (Eq. 1) and the kinematical model (Eq. 2) have been derived to compute
the mobile platform displacement (Xp, yn, zn) and velocity (Vin, Vyn, Vo) in function of drivers’
motion.

Xy = q\ - |7a
yh = I3a COS( ¢72a) + I4a COS( ¢)2a + ¢73a) > (1)
Zh = I3a Sin( ¢72a) + I4a Sin( ¢2a + ¢)3a)

VXh ql
Voo [ =074, |, 2)
Van q'3

where: J;, is the robot Jacobian.
The inverse geometric model allows obtaining the liaison between geometrical parameters (ql,
g2, q3) and (xh, yh, zh) — eq. 3 for IPRRR+2PRPaR parallel robot (with notations presented in
Fig. 1 and 2):

ql = Xh + I7a
2 2 2 3
qz:\/|4b — 2y =Xyl &)
2 2 2
3 :\/I4c — X, — Y, +I7c+zh
Deriving the eq. 3, the inverse kinematical model (eq. 4) is obtained:
ql vxh
: -1
q, |= J no | Vi s “4)
q3 Vzh
where J, ' is the inverse Jacobian matrix of the IPRRR+2PRPaR parallel robot:
1 0 0
. X z
J, = —— 1 S —" Q)
|4b2 - th Xh2 |4b2 - th Xh2
_ Xh _ yh 1
\/|4c2 Xh2 th \/|4c2 Xh2 yh2 B

Virtual Reality tools for parallel robot prototyping

An interface for high-level control of robot manipulators is presented in this section and is based
on a virtual reality approach in order to provide the user with an interactive 3D graphical
representation of the parallel robot.



The actuators and the control algorithm were modeled in Simulink. The dynamic model of the
mechanical structure was imported from SolidWorks using SimMechanics from MATLAB/

Simulink.

In fig. 3 is presented the complete model with VR of the parallel robot.
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Fig. 3 The complete model for IPRRR+2PRPaR parallel robot with VR

Virtual Reality Toolbox for MATLAB makes more realistic renderings of bodies possible.
Arbitrary virtual worlds can be designed with Virtual Reality Modeling Language (VRML), and
interfaced to the SimMechanics model. The user simply describes the geometric properties of the
robot first. Then, in order to move any part of the robot through 3D input devices, the inverse
kinematics is automatically calculated in real time. The interface was also designed to provide the
user decision capabilities when problems such as singularities are encountered.



In particular, the interface allows user to understand the behaviour of an existing robot, and to
investigate the performance of a newly designed structures without the need and the cost associated
with the hardware implementation.

SimMechanics offers the possibility to visualize and animate the robot. The visualization tool
can also be used to animate the motion of the system during simulation. The bodies of the robot can
be represented as convex hulls (fig. 4).

The models obtained allow the opening for a control strategy implementation.
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Fig. 4 Virtual Reality model of IPRRR+2PRPaR parallel robot

Simulation Results

For testing the obtained model, it has been chosen a linear trajectory between two defined points,
considering a movement low in Cartesian space of fifth degree polynomial type. The simulation is
done by numerical simulation of the analytical model and by numerical simulation of the CAD
model from Fig. 2.c.

Regarding the displacements (Fig. 5), it can be noted that for the same desired displacement of
the end-effector, the required displacements in motor joints q2 and q3 are bigger.
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Fig. 5. Displacements of the end-effector (red-continues line) and of the independent variables
Q12,3 (blue — dashed line) of the parallel robot of IPRRR+2PRPaR type

The results obtained by numerical simulation (Fig. 5) reach at the conclusion: to obtain a
displacement of 200 mm along each of the three axis, a 1.5-2.5 more displacement for motor q, and
qs are needed and exactly the same displacement for motor q;, due at the decoupling motion.



Conclusions

The main advantages of this parallel manipulator are that all the actuators can be attached
directly to the base, that closed-form solutions are available for the forward and inverse kinematics,
and that the moving platform maintains the same orientation throughout the entire workspace. The
paper presents a closed-form kinematic modelling and a novel Virtual Reality Interface for 3 DOF
medical parallel robots control. An evaluation model from the Matlab/SimMechanics environment
was used for the simulation and an interactive tool for kinematic system modeling and analysis was
presented and exemplified on the Virtual Reality environment for the 1PRRR+2PRPaR medical
parallel robot. By means of SimMechanics, the robotic system in represented as a block of
functional diagrams. Besides, such software packages allow visualizing the motion of mechanical
system in 3D virtual space.

With the obtained analytical kinematic model, a numerical simulation is done, on a given
trajectory, emphasizing the influence of decoupled/coupled motions on the robot kinematic
behaviour.

Especially non-experts will benefit from the proposed visualization tools, as they facilitate the
modeling and the interpretation of results. The research presented will lay a good foundation for the
development of medical parallel robots.
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Abstract

The paper presents the dynamic modeling of a 3DOF parallel robot of IPRRR+2PRPaR type
using the Lagrange multipliers method in the rigid link assumption. Numerical simulations of the
analytical dynamic model, developed using Maple software, on representative trajectories are
carried out and these results are finally validated trough numerical simulations in the MBS ADAMS
software. Final conclusions are drawn, useful for researchers and practitioners in the robotic field.

Introduction

The parallel robots are known as mechanism with high accuracy due to the non cumulative joint
errors. The advantages offered by parallel manipulators (PMs) are: excellent load-to-weight ratio,
high stiffness and positioning accuracy and good dynamic behavior [1].

The parallel robots are mechanisms with closed kinematic chains, composed by a mobile
platform connected to the fixed base by minimum two kinematic chains (simple or complex) [2].

Different methods can be applied for obtaining the dynamical model of the parallel robots. Using
the Lagrange-D’ Alembert formulation, Yen and Lai [3] obtained the dynamic equations of a 3DOF
translational parallel manipulator.

Lu and Xu [4] developed a dynamic model for a translational parallel robot, deriving the
dynamic analytical model using the simplified dynamic equations obtained via the virtual work
principle and validated on a virtual prototype with the ADAMS software.

Khoukhi et al. [5] applied the method Euler-Lagrange to obtain the dynamic model for a parallel
kinematic machine. A new approach to multi-objective dynamic trajectory planning of parallel
kinematic machines (PKM) under task, workspace and manipulator constraints is also presented.

A recursive model for developing kinematics and dynamics of a 3-PRR planar parallel robot was
used by Staicu [6]. The principle of virtual work is applied for solving the inverse dynamic
problem.

By means of the principle of virtual work and the concept of link Jacobian matrices, Zao and
Gao [7] developed the inverse dynamic model of the redundant parallel manipulator, obtaining six
linear consistent equations with eight unknown quantities.

Zhang et al. [8] proposed an innovative design for a parallel manipulator with 3-DOF, including
the rotations of a moving platform along X and Y axis and translation of this platform along the Z
axis. Kinematic aspects are investigated and a dynamic model using a Newton-Euler approach is
implemented. The global system stiffness of the parallel robot is formulated and the kinetostatic
analysis is conducted. Finally, a case study was presented to demonstrate the applications of the
kinematic and dynamic models and to verify the concept of the new design.

The methodology of the dynamic optimum design of a three translational degrees of freedom
parallel robot (Delta robot) while considering anisotropic property is presented [9].

The paper [10] presents a dynamics identification of kinematically redundant parallel robots
based on the Lagrange equations of the first kind and using the coordinate partitioning method the



dynamic equations of the considered mechanism are derived analytically in a reduced symbolic
form. For this parallel robot, a set of minimal dynamic parameters is automatically obtained.

The inverse dynamic model for a 5-DOF hybrid parallel robot is detailed in [11]. The virtual
work method based on the dynamically equivalent lumped masses is used.

The paper [12] presents the methodology of the dynamic optimum design of a three translational
degrees of freedom parallel robot (Delta) while considering anisotropic property. Taking the
acceleration, velocity, and gravity components into account, the torque and power indices are
adopted as the objective functions for the dynamic optimum design.

The dynamic modelling of a medical parallel robot is developed in the paper using the Lagrange
multipliers method in the rigid link hypothesis. The results of numerical simulations on a given
trajectory emphasize the influence of the parallel robot kinematic and dynamic properties on the
driving forces. Furthermore, numerical simulations on representative trajectories of the analytical
dynamic model, developed using Maple software, are fulfilled and the results are finally validated
trough simulations in MBS ADAMS software. Final conclusions are drawn, useful for researchers
and practitioners in the robotic field.

Description of IPRRR+2PRPaR parallel robot

The parallel robot of type 1PRRR+2PRPaR (1Prismatic, Revolute, Revolute, Revolute +
2Prismatic, Revolute, Parallelogram, Revolute) has 3 degrees of freedom (DOF) with one
decoupled motion along X axis and two coupled motions (Fig. 1).

120

Fig. 1 Kinematic scheme of the parallel robot of IPRRR+2PRPaR type [9].

This parallel robot is composed by a mobile platform 7 connected to the base by three kinematic
chains:

- A: simple open kinematic chain with one active prismatic joint (independent joint parameter
q1) and three passive revolute joints (dependent joint parameters ¢, (3, and @4,) — see Fig. 2,b;

- B and C: complex kinematic chains of parallelogram type with one active prismatic joint
(independent joint parameter g, and respectively qs3) and six passive revolute joints (dependent joint
parameters ¢z, P3i, P3iv, P4i, Q4i>, and @s; — where 1 =Db,c) — Fig. 2,a.



Fig. 2 Parameterization of the IPRRR+2PRPaR parallel robot (a and b) and its simplified CAD
model in ADAMS (¢)

Dynamical modeling of 1PRRR+2PRPaR parallel robot in the rigid links hypothesis

Based on rigid links hypothesis, the dynamic modelling has been approached in the assumptions
of: a) the gravity vector is oriented in negative sense of the z, axis (Fig. 1), and b) no external load
on the moving platform 7.

Considering rigid elements with distributed masses (see Fig. 3), the dynamic model can be
analytically derived using the Lagrange multipliers method:

k N
ZkigzE i _i_Qj
i=l aqj dt &1] a;

S (1)

where: 4, - Lagrange multipliers; ;- independent joint variables; (3 ; - generalized external forces;

n n
L - parallel robot Lagrangean: L= ZKi +ZP, ,

i1 i-1
)
where: K; — the kinetic energy of the link i; P; — the potential energy of the link i.

The Lagrange multipliers (A;) are identified introducing the following set of geometric

equations derived from the condition of obtaining the same coordinates (xm, ym, zg) of the
characteristic point H for each of the arms A, B and C:

Ec, = cos(@,,) - Lsa + 11, - CO8(02, + 93,) — 0, — cOS(@,) - cOS(@3) - |y, + 15
Ec, =sin(@,,) - i, + 1y, - sin(@,, + @5,) — 05 = c08(@, ) - c08(3.) - |y + 1
T): . FC3 =sin(gy,) - cos(@y,) - Ly — 0 +1;, 3)
Cy =sin(@y,) - Ly, — 5 —cos(@y.) -cos(@) -1y + 1
Ec, =sin(py) -1, — 0, +1,
Ec, =sin(g,,) - cos(@;) |, — 4, —cos(@y,) - cos(@y,) - Ly + 1,
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Fig.3 Dynamic scheme of the parallel robot of IPRRR+2PRPaR type

Finally, the analytical expressions of the driving forces Fql, Fq2 and Fq3 (see Fig. 1) are
obtained using Maple software.

Even the obtained analytical dynamic model is of high complexity, the Lagrange multipliers
method can be usefully applied to derive the dynamical model of any 3 DOF parallel robots and can
be extended to 4 and more DOF parallel robots.

Numerical simulation of IlPRRR+2PRPaR parallel robot

Numerical simulation of the dynamic analytical model is carried out considering a linear
trajectory in the Cartesian space between the point 1(0.5, 0.6, 0.7) and point 2(0.3, 0.8, 0.9), using a
fifth degree polynomial movement low (see Fig. 4).
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Fig. 4 Displacement of the end-effector characteristic point H along X axis (a), Y axis (b) and Z
axis (c)

For these imposed movements of the characteristic point H, the relative movement
(displacements, velocities and accelerations) in the three active joints were obtained and drawn in
Fig. 5. The maximum velocity and acceleration on the desired end-effector trajectory are obtained
in driving joint (q2). To validate the analytical results, numerical simulations are performed in
Adams for the same values of the input parameters as used in the Maple simulation; as the same



driving force variations were obtained (see Fig. 6, 7 and 8), it can be conclude that the analytical
model was correctly developed.
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Fig. 5 The relative movement of the active joints: displacements 0, i-1.3 (a), velocities (|, ;(b) and
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Fig. 6 The variation of driving force Fql in Maple (a) and Adams (b)
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Fig. 8 The variation of driving force Fq3 in Maple (a) and Adams (b)



Fig. 6-8 highlight that the maximum driving force is achieved in the X linear motor (Fql) with
decoupled motion.

Conclusions

A dynamic modeling of maximally regular parallel robots [2], with application to the coupled
topology, has been presented in this paper. The closed-form dynamic model was developed in the
rigid link hypothesis using Lagrange with multipliers method. With the obtained analytical dynamic
model, a control model can be added to complete the study.

The numerical simulations, performed for the obtained dynamic analytical model and a
correspondent CAD model using ADAMS software, highlighted identical robot behavior and thus
the closed form dynamic model was validated.
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Abstract. This paper presents a comparative kinematic amaérdic analysis of a Delta parallel
robot based on numerical simulations of the riggdflexible links robot models. The flexible links
numerical models are derived using AutoFlex modidilddams software. Finally, the conclusions
regarding the obtained results useful in manipuledmstructive design are presented.

I ntroduction

The Delta parallel robot it's a very studied tygeparallel robot in literature, due at the great
advantages likes speed, precision and accuracy.

A method to obtained normal and inverse pose swiuth Delta parallel robot using ADAMS
software is presented in [1].

In [2] a design methodology of a Delta parallelaobly's proposed and developed.

A simplified dynamics modelling of a Delta paralk@bot is presented in [3]. The analytical
results are verified by the model obtained in ADAMS

Performance analysis of Delta parallel robot iSfqrered in [4] using criteria like: workspace,
manipulability, dexterity, etc.

A modelling taking in consideration flexible linkg/pothesis is presented in [5], using ANSYS
software,taking into account the dynamic forces of inertg, well as stress analysis along the
selected critical trajectory.

This paper deals with a Delta parallel robot of IBE Flexpicker type from ABB [6], designed
for high-speed pick and place tasks, able to perfb50 picks per minute, with capability of 1kg
payloads.

Kinematic ssimulation of Delta parallel robot

The IRB340 Delta parallel robot developed by ABBais3DOF manipulator with 3 active
revolute joints (with basis) and 18 passive jo( spherical joints and 6 revolute joints).

This parallel robot have the possibility to achiewenaximum speed of 10m/s and a maximum
acceleration of 100nfsind a cycle time for 1 kg payload of 0.38s.

Starting from Delta parallel robot developed by ABBIg.1,a) with technical specification
described in [6], a simplified humerical model vedgained using ADAMS software (Fig.1,b).

The principal objective of this paper was to optenithe diameter of the long bars of
parallelograms analyzing error positions, speed andeleration trajectory assuming flexible
elements - only these long bars of four-bar kinénettain of parallelograms, relative to the robot
with rigid elements.
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Fig.1 Delta parallel robot of ABB (a) and its sinfigld ADAMS model (b)
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Fig.2 ADAMS kinematic simulation of rigid link Deltparalelel robot: its configuration on the
starting point of the trajectory (a) and on the poaht the trajectory (b), time variation of theden
efector relative resultant displacement (c), geirtory velocity (d) and acceleration (e)

For obtaining the model in flexible links hypothsikdams AutoFlex module from Adams
software is used (Fig.3.a). In this study, only théong bars of the 3 parallelogram chains are
considered as flexible link, due at their highgr@aness.



In analyze of the comportement in flexible linkgpbthesis of the long bars of the parallelogram,

all 12 natural frequencies has taken in considandfrig.3.b).
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Fig.3 Delta parallel robot with flexble links moddlin ADAMS Autoflex (a) and natural
frecquencies of the 6 long flexible bars of thegpglogram chains (b)
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For the simulation maded in the same condition tig&l links hypotesis, the movements errors
it's presented in fig. 4. The displacement err@geha maximum of 0.5mm, a velocity errors until
35mm/s and an acceleration errors until 4.4r(i&y. 4).
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Fig.4 The end-effector movement errors of Deltajpalrrobot with flexible links on the
considered trajectory: displacement errors (apaigt errors (b) and acceleration errors (c)



The smaller error displacement obtained emphiseod gomportment of this parallel robot even
in flexible links hypothesis and the diameter a$ thars can be the start of optimization procces
with decrease of this diameter (0.75*diameter abdddlameter).

The displacement errors are inverse proportionéh whe bar diameter, until 1.8mm for the
smaller diameter, and 0.475mm for the bigger diam@tig. 5).
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Fig.5 The mobile platform displacement errors oft®parallel robot for differents diameters of
the parallelogram long bars

The velocity errors respects the same rule, ierise proportional with the decrease of diameter,
until 0.11m/s for the smaller diameter, and 0.0X0fof the bigger diameter (Fig. 6).
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Fig.6 The mobile platform velocity errors of Deftarallel robot for differents diameters of the
parallelogram bars

The acceleration errors it's also inverse propodiavith the decrease of diameter, from 13m/s
for the smaller diameter, and 2ffsr the bigger diameter (Fig. 7).
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Fig.7 The mobile platform acceleration errors oft®@arallel robot for differents diameters of
the parallelogram bars



Dynamical simulation of Delta parallel robot

Regarding the dynamic analyse, [7] presents thi/igca dynamic modeling of a parallel robot
and numerical simulation using Adams software.

Regarding the torque movements M1, M2 and M3 (8iga comparative results it's presented in
Fig. 10-12 between the obtained movement in rigiksl hypothesis and flexible links hypothesis
for this three cases presented (with diameter 014m, and the two cases: 0.75*diameter and
0.5*diameter).

Fig.8 Delta parallel robot with active movementgresentation

In the results obtained and presented in fig. 9eah, see difference between the maximal value
obtained, due of the total masse of the robot wdtetrease with the diameter of the link bars.
From fig. 9-11, it can be remarked that the linkdunal flexibility directly influences the torque
motions. Comparatively with rigid links case, the neededingcttorque are decreasing slowly
without modifying significantly the motion shaperfé1l and M3 torque motion, but with
modification of the shape for M2 torque.
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Fig.9 Torque motion M1 of Delta parallel robot igid vs flexible links hypothesis
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Fig.11 Torque motion M3 of Delta parallel robotrigid vs flexible links hypothesis

Conclusion

A numerical kinematical and dynamical simulation afDelta parallel robot with rigid vs.
flexible links hypothesis taken in consideratiorsvgaccessfully obtained in this paper.

The purpose of this paper was to see the compottaighe robot for three different diameters
of the long bars of the three parallelogram ofrthtzot.

The results obtained from kinematical and dynanpoaht of view emphases the importance of
the diameter bars of movements errors.

In conclusion, the initial value of the diametertbé long bars of this parallel robot it's a good
solution to have a good accuracy of this paratibbt.
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KINEMATIC AND DYNAMIC SIMULATION
OF A 3DOF PARALLEL ROBOT

Nadia Ramona CRETESCU'

Abstract: This paper presents a kinematic and dynamic study of a 3DOF
parallel structure of type 1PRRR+2PRPaR, with one decoupled motion and
two coupled motions, composed by a mobile platform connected to the fixed
base by three kinematic chains. A numerical simulation of the kinematic and
dynamic behaviour of this parallel robot in the assumption of rigid links is
presented comparatively with an equivalent structure with two flexible links,
modelled with ADAMS AutoFlex module. The results show a significant
influence of the natural flexibility of links on the effector speed and
acceleration, along with large variation of the active forces in the three
linear actuators. Thus, the results on the robot behaviour in the flexible links’
assumption are useful input data in and control systems.

Key words: parallel robot, kinematic, dynamic, simulation, ADAMS sofiware,

ADAMS AutoFlex module.

1. Introduction

In the last years, the parallel robots have
been more and more studied and developed
from theoretical view point and also for
practical applications. The advantages
offered by parallel manipulators (PMs) are
high stiffness, excellent load-to-weight
ratio, positioning accuracy and good
dynamic behaviour [8]. The parallel robots
are mechanisms with closed kinematic
chains, composed by a mobile platform
(the end-effector) with n degrees of
freedom, connected to the fixed base by
two or more kinematic chains called limbs
or legs. A simple or a complex kinematic
chain can be associated with each limb [3].

A kinematic modelling of a 3DOF
parallel robot is detailed in [6] and an
analytical model following by numerical
simulation is presented in [1].

Regarding the dynamic model of parallel
robots, different methods can be applied.
Yen and Lai [7] obtained the dynamic
equations of a 3DOF translational parallel
manipulator  using the  Lagrange-
D’ Alembert formulation.

Euler-Lagrange method applied to obtain
the dynamic model of a parallel kinematic
machine is presented in [4]. Also, a new
approach to multi-objective dynamic
trajectory planning of parallel kinematic
machines (PKM) under task, workspace
and manipulator constraints is presented
here.

The inverse dynamic model of a 5-DOF
hybrid parallel robot is detailed in [2]. The
virtual work method based on the
dynamically equivalent lumped masses is
used.

This paper presents the kinematic and
dynamic simulation of a 3DOF parallel

! Product Design, Mechatronics and Environment Dept., Transilvania University of Brasov.
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robot of type 1PRRR+2PPPaR based on
analytical models presented in [1] and [5]
and simplified models with rigid links
developed in ADAMS software. In the
second part of the paper, the influence of
links’ flexibility on the robot kinematic
and dynamic behaviour is also approached
considering a fifth degree polynomial low
of movement in motor joints. The
comparative numerical simulations on a
representative trajectories of this parallel
robot in both rigid vs. flexible links
assumptions are developed to draw useful
recommendations for researchers and
practitioners from the robotic field.

2. Description of the IPRRR+2PRPaR
Parallel Robot

The parallel robot of type 1PRRR+
2PRPaR (1Prismatic, Revolute, Revolute,

4c
(J4c,m4c)

(Joc.moc)

(J4a,m4a)

(J3a.m3a)
34~

(Jm4b,m4b) 45

Revolute +  2Prismatic,  Revolute,
Parallelogram, Revolute) has 3 degrees of
freedom (DOF) with one decoupled
motion along X axis and two coupled
motions [3], (Figure 1).

This parallel robot is composed by a
mobile platform 7 connected to the base 0
by three kinematic chains (Figure 1):

- one simple open kinematic chain with
one active prismatic joint and three passive

revolute joints;
-two complex kinematic chains of
parallelogram type with one active

prismatic joint and six passive revolute
joints.

3. Kinematic Simulation
Starting from the kinematical model

developed in Maple and presented in [1], a
numerical simulation of this model is

(JSc, mS5c)
Sc

1,0

35
(J3b,m3b) Yo
Fig. 1. Dynamic scheme of the parallel robot of IPRRR+2PRPaR type



Cretescu, N.R.: Kinematic and Dynamic Simulation of a 3DOF Parallel Robot 75

carried out considering a linear trajectory Starting from desired motion of the end-
in the Cartesian space between the point 1  effector (link 7), Figure 3, the needed
(0.5 m, 0.6 m, 0.7 m), Figure 2a, and point motions of the drive motors are
2 (0.3 m, 0.8 m, 0.9 m), Figure 2b, using a  determined, Figure 4.

fifth degree polynomial movement low
(Figure 3) with the end-effector maximum 1.0
acceleration reaching 1 m/s” while the linear  ~09] e
motor 3 develops a maximum acceleration é 08 e
of 5 m/s” (Figure 4c). g0 _-==="""" | —elem7 Displacement X
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Fig. 3. The imposed end-effector motion:
displacements (a), velocities (b), and
accelerations (c)

4. Dynamical Simulation in the Rigid vs.
Flexible Links Hypothesis
Fig. 2. ADAMS model of the parallel robot
of IPRRR+2PRPaR type in rigid links Based on the dynamical model developed
hypothesis represented at the beginning (a) by applying the Lagrange with multipliers
and at the end (b) of the trajectory methods in rigid links hypothesis [5], a
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numerical simulation has obtained in
Maple software considering the input
values form Table 1.
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Fig. 4. The motion needed in the linear
motor drives : displacements (a), velocities
(b), and accelerations (c)

Also, numerical simulations are done in
the Adams software in both rigid and
flexible link assumptions. In this study, the
natural flexibility of the links 3a and 4a
(Figure 1) was only considered.

Starting from the Adams model obtained
in rigid links hypothesis (Figure 5a), a new

model with flexible links was derived used
ADAMS AutoFlex module. In this way,
the influence of flexible links 3a and 4a on
the dynamic behaviour of this parallel
robot (Figure 5b) was obtained considering
only the natural frequency smaller then
2500Hz (Figure 6).

Table 1
Geometric and mass parameters

2= s 0.63 [m]
Ly = b 0.15 [m]
l4b = l4c O95[m]
lza=lw =l 0.2 [m]

m3, = My, 9.68 [kg]
msp, = M3 2.32 [kg]
My = Msp 7.35 [kg]
My = Ms, 7.35 [kg]
Mgy, = Mg 2.32 [kg]

Fig. 5. The Adams models of robot with:
rigid links (a), and flexible links (b)

Regarding the dynamic behavior of the
parallel robot in rigid links hypothesis, the
Figure 7 shows that the maximum driving
force is achieved in the X linear motor
(Fql) with decoupled motion (more than
700 N).

The parallel robot with flexible links
encounters variations of the driving forces
with large amplitude and high frequencies
in the first part of the trajectory (Figure 7).
The maximal value of the driving forces in
the flexible robot are about two times
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bigger than in the case of the parallel robot
with rigid links.

" Modify Modal ICs ..

Mat. Freq. |Enabled |Displacment IC

|1 |-3.0579658927E-003

2 |-7.3524394299E-004

|3 |-5.8411686458E-004

4 |-5.152192861E-004

|5 |-1.0098943619E-004

6 |5.4661672295E-004

|7 |677.8209817009 * (none)
8 |683.7772146225 * (nane)
|9 |1832.1215059333 * {none)
10 1832 5402560479 * (none)

1 |2847.888098581
12 |3465.5283198386
|13 |5211.4004721048
14 |6151.9901024597
|15 |7671.428160172
|16 |1.4176900339E+004
|17 |1.4286642396E+004

|18 |2.2580234734E+004

Fig. 6. Natural frequency of the parallel
robot of IPRRR+2PRPaR type in the
flexible links hypothesis

6. Conclusion

A kinematic and dynamic simulation of
maximally regular parallel robots [3], with
application to the coupled topology, has
been presented in this paper starting from
the analytical models detailed in [1] and [5].

The numerical kinematic simulations point
out the kinematic behavior of the robot:
decoupled motion on the X axis and coupled
motions for the other two axis (Y and Z).
Also, higher accelerations in the motor
drives are needed (up to 5 time bigger in the
Y linear motor) to generate a desired end-
effector acceleration (e.g. 1 m/s).

Dynamic simulations in the rigid links’
hypothesis allow to obtain the driving
forces developed by the linear motors,
where a maximum force of 700 N is
developed by the X motor drive.
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Fig. 7. The variation of driving force Fql
(@), Fq2 (b) and Fq3 (c) in rigid (red-
continuous line) and flexible (blue-dash
line) hypothesis

When the flexible links assumption is
taken into consideration for one arm (arm
a with the most flexible links, Figure 1)
and its natural frequencies up to 2500 Hz,
the dynamic results show a major influence
of the links’ flexibility on the driving force
variations.

In conclusion, kinematic and dynamic
simulations for a parallel robot using
ADAMS software are presented in this
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paper, including the study of the influence

of the link flexibility.
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Kinematic and Dynamic Analysis
of a 4DOF Parallel Robot
with Flexible Links

N. Cretescu, M. Neagoe and R. Saulescu

Abstract The paper deals with the dynamic behaviour of a 4DOF parallel robot
with decoupled motions, three orthogonal translations and one rotation, in a com-
parative approach of flexible versus rigid links, and also the influence of friction in
the four active prismatic joints. The ADAMS software and its AUTOFLEX module
were used to model the parallel robot and further to identify the end-effector motion
errors on a representative trajectory, due to the natural flexibility of the robot links,
and the variation of the actuating forces needed in the input joints with both links
flexibility and active joints friction. The obtained numerical results show significant
resultant errors of the end-effector from the planned trajectory, generated by link
elastic deformations, and important errors of actuating forces (up to 300 %) in the
assumption of both link flexibility and active joint friction. The results are useful for
robot designers to optimally select the actuators and appropriate design the control
system to ensure trajectory high accuracy on the robot workspace.

Keywords Parallel robot + ADAMS modelling + AUTOFLEX module
Flexible link .+ Friction « Analysis

1 Introduction

The parallel robots are closed kinematic chain type mechanisms, composed by a
mobile platform (the end-effector) connected to the fixed base by two or more
kinematic chains called limbs or legs [4]. Comparing with serial manipulators,
parallel robots have the advantages of higher speeds and precision, higher loads and
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thinness of links. As consequence, the link flexibility under heavy operational
conditions can be an important factor influencing significantly the end-effector
trajectory accuracy and the driving forces/torques in active joints. Furthermore,
friction forces in robot joints influence directly the driving generalised forces and
implicitly the design of the actuating system by appropriate choice of actuators.

The link flexibility was approached in many works [1, 2, 5-10], using different
modelling methods aiming especially to develop dynamic models and to study the
robot mechanism behaviour in the assumption of elastic deformations of robot
links. A dynamic finite element analysis of a planar fully parallel robot with flexible
links is developed in [9]. By formulating and solving a set of linear ordinary
differential equations of motion, the influence of mechanism configurations at high
speed motions on the elastic vibrations was highlighted. A numerical kinematical
and dynamical modelling in rigid and flexible links hypothesis was presented in [1,
2], using a simplified CAD model developed in ADAMS software and analysed as
flexible link system in ADAMS AutoFlex module.

The dynamic behaviour a flexible space robot with joint friction was analysed in
[6] by developing the dynamic equations using Jourdain’s velocity variation prin-
ciple and the single direction recursive construction method, concluding that the
Coulomb friction model is limited in describing the nonlinear features of friction.
Furthermore, an active controller of a flexible space robot considering joint friction
was designed, studied and validated using ADAMS software [5]. A review of the
main principal methods used in literature for kinematical and dynamical analysis of
flexible mechanical systems is presented in [10].

The paper aims at presenting representative results on the influence of the link
flexibility and active joint friction on the dynamic behaviour of parallel robots,
based on a case study of the 4DOF Isoglide4 manipulator [3] by approaching the
robot modelling in ADAMS software and ADAMS Autoflex module to highlight
their effect on the end-effector motion accuracy and the driving forces.

2 Problem Formulation

The paper deals with the modelling and simulation of the Isoglide4 parallel robot
with decoupled motions [3], Fig. 1, in the assumption of flexible links 3a, b, c, d
and 4a, b, ¢, d and considering friction in the four prismatic active joints ql...q4.
This parallel robot (Fig. 1) is composed by four arms (a, b, ¢ and d), containing
each 3 revolute joints with parallel axes, and connected to the end-effector 6
through revolute joints. And additional load 6’ is added in the centre of mass
(cm) of the mobile platform 6. The end-effector has three decoupled translational
motions (along X, Y and Z axis) and one coupled rotational motion (on Y axis)
obtained through differential motion of the two vertical linear drivers. This robot is
included in a parallel mechanism family proposed in literature [4] as parallel tool
machine, raising multiple issues on the link flexibilities and joint frictions.
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Fig

of the Isoglide4 parallel robot

. 1 Kinematical scheme

This study is based on the CAD model developed in the ADAMS software

considering the following assumptions:

the robot links are modelled using simple shape steel bodies: cylinders and
parallelepipeds, with physical properties systematized in Table 1. The masses of
links 5a, ¢, d are not significant and thus neglected;

the gravity acts in the negative sense of the Z axis;

a supplementary mass 6’ of 10 kg is used as robot load;

using ADAMS AutoFlex module, the links 3 and 4 of each arm are transformed
into flexible links; their natural frequencies up to 1000 Hz are considered in
simulations;

the open loop control is applied in the parallel robot simulations;

Table 1 Geometric and mass parameters (according to Fig. 1)

,}fll.gﬂ?_sﬂ_‘ S Masses

ba = by = be = Iy 130 mm Mg, = My = My = Mg 17.10 kg
l3a 677 mm ms, 26.90 kg
Lo 711 mm ms, 28.65 kg
b 752 mm ms, 22.81 kg
L3 638 mm M3y 23.58 kg
ko 792 mm Myq 31.98 kg
ba 698 mm My 27.99 kg
be 630 mm My 28.99 kg
g 702 mm Mg 28.97 kg
L 300 mm me 17.00 kg
s 120 mm ms 0 ke
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Fig. 2 Motion generated in the active joints ql, g2, q3 and q4: a displacement, b velocity,
¢ acceleration

e the numerical simulations are carried out considering a representative linear
trajectory in the Cartesian space between two points, using a fifth degree
polynomial movement low in each active joint (Fig. 2, q1 and q3 have identical
motion lows), which allow the end-effector maximum acceleration reaching
5.5 m/s®, while the linear actuators develop a maximum acceleration of 3.5 m/s*
and a maximum velocity of ~1 m/s; the strokes of the driving motions along the
X (ql), Y (g92) and respectively Z (q3) axis are each of 500 mm and the coupled
rotational motion along Y axis is done by the difference between the motions q3
and g4 (the q4 stroke equals 600 mm;

o the coefficient of friction in active joints are 0.016 (static) and 0.01 (dynamic).

Starting from these data, a comparative analysis on the kinematic and dynamic
behaviour of the Isoglide4 parallel robot with flexible vs. rigid links, in both
assumptions of considering and neglecting the friction in the active joints, is per-
formed in the next chapters. The motion errors on a planned trajectory, due to the
link flexibility, are investigated; the influence of friction and link flexibility on the
driving forces is also approached in the paper.

3 Effects of Links Flexibility on Robot Behaviour

Based on the CAD simplified rigid link model developed in the ADAMS software
(Fig. 3a), the flexible link robot model (Fig. 3b) is obtained using ADAMS
AutoFlex module.

The links elasticity influence on the robot kinematic behaviour is highlighted in
Fig. 4 by drawing the time variation of the resultant motion (displacement—
Fig. 4a, velocity—Fig. 4b and acceleration—Fig. 4c) of the mobile platform mass
centre (cm, Fig. 1) in relation to the ideal trajectory achieved by the robot with rigid
links. The results show that the elasticity has a significant impact on the end-effector
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Fig. 3 ADAMS model of parallel robot in the initial position on the selected trajectory: a rigid
links model and b flexible links model

motion, causing an oscillating evolution of the kinematic parameters relative to the
planned trajectory and hence significant displacement, velocity and acceleration
errors. Thus, for the considered trajectory (Fig. 2) the maximum resultant dis-
placement error reaching worth ~45 mm is recorded at the trajectory ends (Fig. 4a)
due to inertial effect. The maximum resultant errors of the velocity on the trajectory
reach values up to 15 mm/s (Fig. 4b), and the resultant acceleration records errors
up to 7500 mm/s> (Fig. 4c), i.e. acceleration maximum relative errors of ~125 %.
Larger errors are registered for the angular motion of the mobile platform, e.g.
velocity relative errors up to 175 % (Fig. 4d).
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online)

The links elasticity influence on the robot dynamic behaviour is determined by
analyzing the evolution of the axial forces in the active joints (q1...q4) and their
errors in relation to the ideal case of rigid links. The obtained results (Fig. 5) show a
relatively high frequency oscillatory regime of active forces, with negative impact
on the robot operation due to the additional rapid varying loads on the linear
actuators. It can be remarked that all four actuators are affected by the links elas-
ticity effects to a similar extent, the driving force relative errors registering maxi-
mum values of approximately 100 % (Fig. 5).

4 Influence of Friction on Driving Forces

The joint friction influences the robot dynamic behaviour in both assumptions of
rigid and flexible links, having a major impact on the driving forces in the active
joint, as Fig. 6 shows. The normal forces in the active prismatic joints, transmitted
to the base link, generate additional resistant friction forces for the linear actuators
and thus changing the magnitude of the driving forces. In the case of rigid links
robot, the driving forces with friction are registering significant absolute errors in
relation with the ideal joints assumption for the active joints ql (up to 475 N,
Fig. 6a, b) and q2 (up to 700 N, Fig. 6c, d), and friction has less influence on the
other two vertical actuators (Fig. 6e-h).

The links flexibility increases in some extent the impact of friction forces on the
driving forces, but keep the same frequency profile of active forces variation
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comparing with the no friction assumption. Comparing with the rigid link robot
without friction, it can be highlighted that the driving forces are doubled when only
the elasticity is considered and are tripled if the joint friction occurs, mainly for the
active joints q1 (Fig. 6a) and q2 (Fig. 6c).

5 Conclusions

This comparative study of the Isoglide4 parallel robot with flexible links and
friction in the four active prismatic joints in relation with its ideal variant (rigid link
and no friction assumption), allows us to draw the following conclusions:

o the link flexibility has a significant influence on the robot trajectory accuracy,
large variations of the end-effector displacements, velocities and especially
accelerations can occur from the planned motion trajectory;

o the link flexibility has an important influence on the time variation of driving
forces, increasing both the forces magnitude and frequency;

o the joint friction generates relevant additional resistance forces and thus
increases the driving forces.

According to the presented results and conclusions, the designers of parallel
robots should develop deep knowledge on the kinematic and dynamic behaviour of
the robot with flexible links and joint friction in order to identify the best solutions
for a high accuracy operation and appropriate selection of the actuators according to
the real power and force requirements. Also, a future work will aim at comparing
the simulation results with real robot measurements.
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Abstract. The dynamic modelling of parallel robots rise difficult development
issues due to the structural, kinematic and dynamic complexity of parallel mech-
anisms. The paper presents the application of a dynamic approach aiming at re-
ducing the modelling complexity by replacing the parallel robotic structure with
simpler open kinematic chains derived from the parallel structure. This method
was successfully applied to obtain the closed-form dynamic model of an Isoglide
T3 parallel robot and it was validated by numerical simulations using the
ADAMS software.

Keywords: Parallel robots, dynamic modelling, closed-form dynamic model,
simulation, ADAMS software.

1 Introduction

The parallel robots are closed kinematic chain type mechanisms, composed by a mobile
platform connected to the base by two or more kinematic arms (legs or limbs). For each
arm a simple open or a complex kinematic chain can be associated [1].

The parallel robots have the advantages of higher speeds and precision, higher loads
and stiffness comparing with serial manipulators. The most important drawback is re-
lated their reduced workspace.

Different approaches can be applied to obtain the dynamic model of parallel robots,
e.g. Euler-Lagrange method, Lagrange equations with multipliers, Newton-Euler
method, were applied in literature aiming at identifying their dynamic behaviour [2-7].
A dynamic modelling method for hybrid robotic structures is presented in [8]. The di-
rect and inverse dynamic models of the robotic arms and the mobile platform were
obtained by using the Newton Euler equations, where Jacobian matrices are also in-
volved.

The influence of the load-rigidity correlation on the dynamic response of a medical
Triglide parallel robot was identified using ADAMS simulations in the hypothesis of
rigid and elastic connecting rods [9]. The same approach was applied for a 4 DOF par-
allel robot of type T3R1with decoupled motions [10]. The Lagrange with multipliers
method was used in [11] to obtain the analytical dynamic models of two parallel robots
with two and three degrees of coupling, respectively, followed by a virtual simulation
in SimMechanics environment.



The Lagrange equations of second kind is used in this paper to derive the closed-
form dynamic model of an Isoglide T3 parallel robot, considering the rigid link hypoth-
esis, based on an approach presented by Ibrahim [12]. The structural and kinematic
analysis is presented in Section 3, followed by the analytical dynamic modelling of the
three open arms and the end-effector platform and the projection of the dynamic equa-
tions in the space of active joints (Section 4), developed using the Maple software. The
close-form dynamic model is numerically simulated and validated in the ADAMS en-
vironment software (Section 5). The conclusions of the study are drawn in the section
6.

2 Problem formulation

The dynamic modelling of parallel type robotic structures, used in this paper, is based
on an algorithm proposed by Ibrahim [12] and composed of the following steps:
1) breaking the kinematic joints between the mobile platform (end-effector) and the
component robotic arms;
2) inverse dynamic modelling of each open robotic arm with serial kinematic chain
configuration, considering the joint variables as independent generalized coordinates;
3) inverse dynamic modelling of the end-effector platform based on the operational
variables associated to the parallel robot, considering known the end-effector motion;
4) projection of the dynamic equations obtained for the open robotic arms and the mo-
bile platform into the space of the independent joint variables (in the active joints) of
the parallel robot through Jacobian matrices.
The dynamic modelling of the robot arms, considered after removing their connections
with the end-effector platform, can be done using known approaches applied to serial
robots, such as the Newton-Euler method or Lagrange equations of the second kind.
The inverse dynamic model of the end-effector platform can be described through the
Newton-Euler equations, which allow to obtain the forces and moments applied on a
rigid body with known motion.
The inverse dynamic modelling algorithm of each robotic arm, isolated from the paral-
lel robot, has the following steps:

» establishing the kinetic energy of the component kinematic links;

» establishing the potential energy of the component kinematic links;

»  expressing the Lagrangian of the robotic arm;

*  deriving the inverse dynamic equations for each arm.
The generalized forces (forces and torques) resulting in the inverse dynamic models of
the end-effector platform and the robotic arms, considered independently, are reduced
in the space of active joints and thus the actuating generalized forces are obtained by
applying the superposition principle.



3 Geometric and Kinematic Modelling

The Isoglide T3 robot has a three degrees of freedom (DOF) parallel structure of
3TRRR type (3 Translation, Rotation, Rotation, Rotation) with three translational in-
puts and three translational outputs (Fig.1). It is composed by a mobile end-effector
platform (4) connected to the base by three arms a, b ¢, each one composed by three
links (1;, 2;, 3;, where i = a, b, ¢) and four kinematic joints: one active prismatic joint
disposed along the axis of the global coordinate system OoXoY0Zo (denoted by ¢;, i = a,
b, c¢) and 3 passive revolute joints characterized by the relative angular displacements
01, P2i, O3, Where i = a, b, c. The four joints have parallel axes to each other.

The three output motions of the end-effector along the axes Xo, Yo and Z are decou-
pled. Therefore, each output motion is commanded from a single motor: the output
motion along the X axis is controlled by the active joint ¢,, the one along the Y axis
by the active joint g5, and the one along Z, axis by the active joint ¢.. In addition, the
input motions are transmitted unchanged to the outputs [13]. Therefore, this parallel
robot type is also called “maximally regular” [14, 15] and refers to the particular case
of Jacobian matrix that equals the identity matrix.

Fig. 1. Kinematic diagram of an Isoglide T3 parallel robot



The traveling coordinate system method [16] was used to obtain the direct and in-
verse geometric and kinematic models of the Isoglide T3 parallel robot. The results of
the direct geometric model is the absolute translational displacement function, i.e. the
displacements of the end-effector characteristic point E(xg, yE, zg) = O4in relation with
the relative displacements in the active joints (¢a, g5, qc):

XE =q“ _l4a
J’E=‘1h—l4b M

Zp =49, —l4e

where liq, lap, lsc represent the lengths of the mobile platform 4 in the direction of the
axes of the local coordinate system O4X4Y4Z,4 as depicted in Fig. 1.

The inverse geometric model allows to establish the dependence of the relative dis-
placements in the active joints (g, g», ¢c), in relation with the end-effector Cartesian
coordinates (xg, Y, Z£):

q =Xg + l4a

q, =g+l 2
g, =zp+ly

The direct kinematic model expresses the dependences of the end-effector speeds

(%z»yg»2;) and acceleration (i, , j. , 7, ) on the relative linear speeds (g, ,4¢,,4q,)
and accelerations (¢, , g, , g, ) in the active joints, through the robot Jacobian matrix J,:

).CE qa xb . qa qa
dp (= Je-ldy | W g = dy [+ -] A

where 7, and J, are define by relations:

_6xE Oxy 8xE_
%, 04, 04, 10 0 S Jooo0
J, = e e e =lo 1 o and.]e:() 0 0 “)
oq, 9q, 0q, 0 0 1 0 0 0
Ozp Ozp Ozg
_aqa aqb aqz‘_
As a result, the kinematical model is expressed by:
Xg da Xp Gq
ve |=|ds | @ ip |=d, | )

ZE 9. ZE 9.



4 Dynamic modelling

The inverse dynamic modelling begins for the Isoglide T3 parallel robot with the pre-
liminary stage of disconnecting the three arms from the mobile platform, i.e. disassem-
bling the passive revolute joints D,, D) and D, as represented in Fig. 2. Thus, three
separate kinematic open chains of T-R-R type (the arms 1;-2;-3, j = a, b, ¢) and the end-
effector 4 are obtained.

The three robotic arms a, b and ¢ have a serial structure, formed by the active pris-
matic joints 4; and two passive revolute joints B; and C;, j = a, b, ¢, Fig. 2. The three
kinematic joints 4;, B; and C; have axes parallel to the axis OgXo for the robotic arm a,
with axis Ogyo for the robotic arm b and to the axis Oz, for the robotic arm c, respec-
tively. The independent joint variables (the linear relative displacement in the active
joints 4;) are denoted by g;, and the dependent ones by ¢y; for the joints B; and by ¢y;
for the joints Cj, j =a, b, c.

The links of the robotic arms are rigid bodies and characterized by the length /i (dis-
tance between the axes of the two adjacent joints), the gravity centre Gy, the mass my
and the matrix of the moments of inertia J established in a local coordinate system with
origin point in the gravity centre G, k = 14, 24, 34, 16, 2, 36, 1cs 2¢, 3¢ As a simplifying
hypothesis, the gravity centres Gy are located at middle of the length /; and the centrif-
ugal moments of inertia are zero (i.e. the axes of the local coordinate system coincide
with the axes of inertia of the link).

Z
| Lo (e, J1e)
2 (mye, Jp) &2
P Bl

4 (myJy)

3c (g, JS30)
Q 3, (3 S 3p)
. 3a (m3y, J3y)

Arm ¢

End-effector

0 Arm b

Fig. 2. Dynamic scheme of the Isoglide T3 robot considering the robotic arms detached
from the end-effector platform.




The end-effector platform 4 performs only translational motions, it has the mass my
and the gravity centre G; in the origin O, of the local coordinate system O4X4Y4Z4, as
well as the matrix of moments of inertia Ji. The length of the element 4 in the X, direc-
tion is denoted by /4,4, in the Y4 direction by I and in the Z4 direction by /4.

The inverse dynamic model of the Isoglide T3 parallel robot is derived based on the
following algorithm:

1. Stage I: inverse dynamic modelling of the 3 robotic arms a, b and ¢, considered as
independent serial kinematic chains. The Lagrange equations of second kind are
used in this study.

2. Stage II: inverse dynamic modelling of the end-effector platform 4, considered as a
rigid body with independent translational motions along the three axes of the global
coordinate system OyXoY 0Zo.

3. Stage III: projection of the dynamic equations of the robotic arms and of the end-
effector platform in the force space of the active joints 4;, j = a, b, c, Fig. 2.

4.1 Inverse dynamic models of the robotic arms

The inverse dynamic modelling based on the Lagrange equations of second kind, in the
case of a robotic arm j = a, b, ¢, involves determining the total kinetic energy K; and the
total potential energy P;, necessary to establish the system Lagrangian L;:

3
Li=K;,~F=) K;=D B (6)

i=1 i=1
where Kj; represent the kinematical energy of the i link from the arm j:

J

ijxx

0 0

1 5 1 7
K":_mUVGU+EwUJGUwU’JGij: 0o J 0 |, @)

/) iy

0 0 Jy.
where mj; is the mass of the link ij, vg;; — the speed of the gravity centre Gj;, @y, — the
angular speed vector of the link 7, Jg; — the inertial matrix of the link #j, define in a
local coordinate system Oyx;y;z; with the origin Oy in the gravity centre Gj; and with
the axes parallel to the principal axis of inertia, Ji, Jijpy, Ji=z — principal moments of
inertia in relation with the axis x;;, y; and z;.

The potential energy Pj; of the link i is determined by using:

By =—myg Tgy =myg -2y ®)

where 7g; = xGiji) + yGijjO +zGijl;0 is the position vector of the gravity centre G; in
global coordinate system, Z)’j()a];o — the unit vectors of the global coordinate system

axes, g = —glgo is the gravitational acceleration, Fig. 2.

Using the geometric and kinematic models, the Langrangian L; of the robotic arm j
is described by:



(T IR R o ,
Ly = Ao, ; +5 A9+ Ay + Ay 0oy + i s J=as by ©)

where

Aoy =my;+my;+my;

4;=Jy;+J5 +m2j622j +my; (122j +c32j)+2m3jlzjc3j CoS @ ;

Ay =Jsj+mycs;

Ay =J5; +my 035 +myl; 5080, (10)
A4a =M, Crg —My,Coy sin Dia _m3a12a Sin(/’]a —m3,C3, Sin((/)]a +(/12a)

Ay = myCyp, = My Cypy COS @y — Myl COS @y, — My €OS (P + P )

A4C = _(mlc +my, +my, )qc

with notation Jza = JZaxx, J3a = J}axx, J2b = J2byy, J3b = J3byyy JZc = JZczz, J3c = J3czz, and
Cli= Blej, Cy= Bszj and C3 = CjG}j (Fig. 2).

After performing the calculus according to Lagrange equations, the inverse dynamic
model of a robotic armj is expressed by:

Ly q q,
ay | =M\ ¢y | FV | ¢y |+Gy=a,b,c an
Ty (sz (Pz‘/

where: Fj-, ¢

e Mj represents the matrix of inertial coefficients, Vj - the matrix of

centrifugal and Coriolis coefficients, and Gj - the vector of gravitational terms:

A()j 0 0
M;=| 0 4, 4; (12)
0 A3j A2j
0 0 0
V.=|0 =2my.l,.c;;sin ) —my 1, ¢y sin j (13)
j 3j2C3; SIND, iP5 ; 3j02jC3; SN D, ;P ;
0 my;lcs;singy ;¢ 0

0
G, =| My, 8@y, +m3, (D, COSP, +C3, COS(P1, +Pr,))

M3,C34 COS((p]a + (pZa)

(14a)
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G, =| —mypCyp Sin @y, — My, (L, SIN @y, + C3 8IN(Py, + 903, ) (14b)
L —3,C3, SIN(Qy, + @)
[y, +my, +ms,
G, = 0 (14a)
0

4.2  Inverse dynamic model of the end-effector platform

As the mobile platform can only perform translational motions, and considering the Eq.
(5), the inverse dynamic model is expressed by:

F;lx m4qa
F, = F4y = myq, . (15)
F.| |miG.-2

4.3  Projection of the dynamic equations in the force space of the active joints

The dynamic model of a robotic arm j can be projected in the force space of the active
joints by applying the principle of virtual power:

T . )
T | ey =By | |9 |sJ=abie (16)
Ty ?, Jj F. Jj 4e

where F,;, Fp; and F.; represent the components of the forces in the active joints gen-

erated by the dynamic effects of the robotic arm ;.
It is known that:

q; 94 Faj £
By | =as s | = [ Fos | =Yg | 7 a7
(bz, 9c F,; Ty
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(18)

The absolute positions of the central points of the passive joint D;, j = a, b, ¢ can be
expressed depending on both the operational variables (xz, yE, z¢) and on the joint var-
iables (gj, @1j, ¢2j). The relationships thus obtained make possible to obtain the partial
derivatives in the matrix (18):
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qu

qc
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0
SIn(@y, + @54)
by sing,,
—hy singy, — b, sin(@y, +¢y,)

lZal3a sm@,,

0
sin(@y, + @,5)
Ly sin gy,

—Lyp, sin gy, — by, sin(@y, + ¢p)

lZal3a sm ey,

0
cos(@y, + @)
Ly, sin gy,

—lyy, COS @y, =I5, cos(@yy, + )

bl sing,,

0
COS((”]L' + (p2c)
IZC sin Dac
_120 COS Py, — 130 COS(Q)]C + q’ZC)

Ll sing,,

0
Sin((plc + (025)
lZc sin Pae

_120 sin Prc — Z3c Sin(q)lc + ¢2€)

12c13c S @y

12c13c S @,

(19a)

(19b)

(19¢)

Similarly, the dynamic equations of the end-effector platform are projected into the
force space of the active joints using:

FaA F4x
T

E).4 = ‘]e F4y

Frq Fy,

(20)
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where J, is the identity matrix according to Eq. (4).
By applying the superposition principle for the projected dynamic equations, the to-
tal driving forces in the active joints 4;, j = a, b, ¢ are:

FAu Fa.a Fa4b Fu.c Fa.4
Fy | = Foa |t] o | 7| Foe |7 Foa |- o2y
FA, F‘Cu Fvah F‘CAC F‘cA

5 Simulation results

The closed-form dynamic model described by Eq. (21), obtained by using the Maple
software, was simulated on a test trajectory implemented both on Maple and ADAMS
software, that allows the modelling and simulation of mechanisms as multibody sys-
tems (MBS) [17]. The CAD model of the Isoglide T3 parallel robot (Fig. 3) includes
bodies of simple cylindrical shape; this ADAMS model can be used for validation of
the closed-form model and to deliver the necessary input data in numerical simulations
related to the inertial link properties, Table 1.

Tablel. Geometric and inertial properties of the robot links

Link/ Length Mass Principal moments of inertia
body | [m] [ke] [kg'm2]
Jxx Jyy Jzz
1j 0.1 0.98 9.14-10* 9.14-10* 1.96-10
2j 0.63 6.17 0.204 1.235-10-3 | 0.204
3j 0.63 6.17 0.204 1.235-10-3 | 0.204
4 0.20 5.66 5.302-102 5.302:102 | 5.302-102
j=ab,c
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Fig. 3. ADAMS model of the Isoglide T3 parallel robot and its positions at the tra-
jectory ends

The numerical simulations were performed on a trajectory defined in the joint space,
characterized by:
- motion durationt=10's;
- strokes in active joints Ag, = Ag, = 0.25 m and Ag. =- 0.25;
- linear trajectory between the points P;(0.7, 0.8, 0.9) and P,(0.95, 1.05, 0.65);
- time interpolation functions: fifth degree polynomials, as represented in Fig. 4 for
the active prismatic joint A,.
The simulations on the selected test trajectory (Fig. 3) allowed obtaining the driving
forces as depicted in Fig. 5...7.
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: 2007
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Acceleration[m/s 2]
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Fig. 4. Simulated motion for the active joint 4,: linear displacement ¢, (a); linear
speed ¢, (b); linear acceleration g, (c).
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Fig. 5. Driving force F4, obtained by: numerical simulation in Maple (a); ADAMS

simulation (b).
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Fig. 6. Driving force F 4 obtained by: numerical simulation in Maple (a); ADAMS

simulation (b).
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Fig. 7. Driving force F4. obtained by: numerical simulation in Maple (a); ADAMS
simulation (b).

The analysis of the results obtained by numerical simulation of the closed-form
model (Maple) and of the CAD model (ADAMS), it can be noticed that the driving
forces have identical time variations for the same active joint in both cases (Figs. 5...
7). Thus, it can be concluded that the closed-form inverse dynamic model is validated
by ADAMS simulation. It can also be observed that:

— the driving forces F4, and F4, follow the shape as the displacements imposed in
the active joints (Fig. 5 and 6); the maximum values of the driving forces are ~12
N for the F4, force and ~22 N for the F4; force, respectively;

— the force F has higher values in relation to the other two driving forces (ranges
between ~ 249 N up to ~ 255 N), due to the gravitational forces directed in the
negative direction of the Oz axis.

6 Conclusion

The paper presents the inverse dynamic modelling of an Isoglide T3 parallel robot, us-
ing the approach of preliminary decomposing the parallel structure into open kinematic
chains by disassembling the revolute joints between the robotic arms and the end-ef-
fector platform.

The application of the investigated inverse dynamic modelling for the Isoglide T3
parallel robot allowed to highlight the following aspects:

— By dismantling the revolute joints with the mobile platform, the parallel structure
was decomposed into three serial robotic arms of TRR type and the end-effector
link with translational motion;

—  The inverse dynamic models of the three robotic arms, considered as independent
mechanisms, were derived using the Lagrange equations of the second kind. The
dynamic model of the mobile platform resulted based on the Newton's second law
of motion;

— The driving forces were obtained by projecting the dynamic equations of the ro-
botic arms and end-effector platform on the force space of the active joints, based
on Jacobian matrices determined in the kinematic analysis stage;
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The closed-form of the inverse dynamic model was developed using the Maple
software, that also allowed numerical simulation;

The inverse dynamic model was validated by developing the CAD model of Iso-
glide T3 parallel robot and by simulating its dynamic behaviour using the ADAMS
software.

The main advantages of the applied dynamic modelling method refer to the simplic-

ity of its application: the complex modelling of a parallel structure is reduced to simpler
modelling of serial structures (the robotic arms) and the end-effector platform, followed
by the projection of their dynamic equations in the force space of the active joint
through Jacobian matrices.
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Abstract: Delta robot is a lightweight parallel manipulator capable of accurately moving heavy loads
at high speed and acceleration along a spatial trajectory. This intensive dynamic process may have a
significant impact on the end-effector trajectory precision and motor behavior. The paper highlights
the influence on the dynamic behavior of a Delta robot by considering individual and combined
effects of clearances and friction in the spherical joints, as well as the flexibility of the rod elements.
The CAD modeling of the Delta robot and its motion simulation on a representative spatial trajectory
where the maximum allowed values of speed and acceleration are reached were performed using
the Catia and Adams software packages. The obtained results show that the methods used were
successfully applied and the effects are mutually interconnected, but not cumulative.

Keywords: parallel robot; Delta manipulator; dynamic; flexible link; joint clearance; joint friction;
modelling; simulation

1. Introduction

The Delta parallel robot (DPR) is a three-degree-of-freedom (3-DOF) translational
manipulator that consists of a fixed base linked to a mobile platform by three arms. The first
model of the Delta parallel robot was invented in 1987 by Reymond Clavel [1] as a suitable
structure for high-speed and high-acceleration tasks, specially used for pick and place
operations, but also for packaging, sorting, precision positioning, and other applications.

In the industry, parallel robots have light structures and usually operate at high speeds
and accelerations with heavy payload; as a result, negative kinematic and dynamic effects
may intervene in the operation due to joint clearances and frictions or link flexibility.
Preliminary knowledge of the behavior of these robots represents a critical asset for their
optimal design.

Various studies related to the analytical modeling (both kinematic and dynamic ap-
proaches) of parallel robots but also their CAD modelling and simulation can be found
in the literature. To the best of our knowledge, no relevant works have been identified
that address the idea of analyzing the cumulative effect of the flexibility of elastic elements
in combination with the clearances and friction from the spherical joints. These three
parameters can have a major role in the dynamic behavior of parallel robots. The analysis
of the effects of these factors is exemplified in the paper on the case study of a Delta parallel
robot (DPR).

A new DPR is proposed and developed in [2], along with its dynamic optimization. A
direct and inverse pose modeling method for a DPR is addressed in [3] based on ADAMS,
and a DPR kinematic model is presented in [4], completed by a closed-form inverse dynamic
model using the Newton laws, a formulation called “in two spaces”. An analytical approach
for the dimensional synthesis of a Delta parallel robot is presented in [5]. The analytical
solution presented, with dimensional optimization for the link length, aims to find the
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DPR workspace. A dynamic dimensional synthesis using the pressure/transmission angle
constraints of a DPR is described in [6]. Two types of pressure angle are defined, and thus
direct and indirect singularities can be identified.

The kinematic calibration and sensitivity analysis for a DPR is described in [7], a
method which can be used successfully for other parallel robots.

An experimental verification of a newly developed DPR, based on the dynamic model
derived by using the Hamilton’s principle, is presented in [8]. An inverse dynamic model
is developed using the Euler-Lagrange approach, a model validated with real torques data
obtained from of a model of the Delta parallel robot developed by SIPRO [9].

Other approaches to dynamic DPR modeling are presented in [10], for example, the
Lagrange equations, Newton—Euler formulation and the Principle of Virtual Work. An
analysis of an analytical dynamic model of the Delta robot was presented in [11] and
another analytical model was validated by experimental data [12]. Different methods for
dynamic modeling of parallel robots are presented in [13-17], with numerical simulation
and experimental validation.

In addition, the kinematic modeling of parallel robots, especially the Delta robot,
has been extensively addressed in the literature [18-22] including forward and inverse
modeling and kinematic optimization.

The numerical simulation of parallel robots is an attractive topic, mainly using MAT-
LAB software (https:/ /en.wikipedia.org/wiki/MATLAB) [23,24] or MATLAB simulation
validated by experimental research [25,26].

In dynamic studies, various assumptions can be considered, such as rigid vs. flex-
ible links (analytical or numerical), ideal condition vs. friction and clearance in joints.
The effect of link flexibility is analyzed for different parallel robots by using ADAMS
software (https:/ /hexagon.com/products/product-groups/computer-aided-engineering-
software/adams) compared with rigid link case [27-29]. An alternative approach to obtain-
ing the analytical model of a DPR with flexible links is presented in [30].

An optimal trajectory planning for a DPR is carried out in [31] aiming to suppress
robot vibration by developing an elasto-dynamic model assuming flexible links, and a
polynomial function in the operating space was considered. The dynamical model of a
parallel robot considering link flexibility was developed in [32] based on co-rotational and
rigid finite elements.

Several scholars have analyzed the phenomenon of friction in spherical joints. The
stability analysis of a ball joint based on Coulomb and Stribeck-type model was addressed
in [33]. Nonlinear periodic solutions were obtained depending on the ball joint friction
parameters. The error modeling for a DPR has been analyzed in [34] by considering
joint clearances.

Thus, there are works that separately deal with the influence of these factors on the
kinematic and dynamic behavior of the DPR, some through analytical modeling and most
through numerical simulation using specialized software, but without identifying relevant
results regarding the cumulative effect of these three factors (link flexibility, friction and
joint clearance).

The main problems of DPR highlighted in the literature are systematized in the
Introduction:

(a) kinematic and dynamic modeling and simulation of DPR;
(b) optimizations of the dynamic model;
(¢) new methods for solving the dynamic model;
(d) analytical modeling with experimental verification;
(e) the influence of the flexibility of DPR elements using different software;
(f)  the analysis of the friction in joints of DPR;
(g) errors produced by joint clearances of DPR.
This paper addresses the following gap identified in the literature: to the best of

the authors” knowledge, there is a lack of significant scientific works dealing with the
cumulative effects of link flexibility, joint friction and joint clearance on the dynamic
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behavior of parallel robots. Therefore, the proposed research is conducted on a Delta
parallel robot using a CAD model obtained in the CATIA software (https://en.wikipedia.
org/wiki/CATIA) and deriving specific simulations in the ADAMS software.

The rest of the paper is organized as follows: Section 2 presents the problem formula-
tion; Section 3 proposes seven simulation scenarios and discusses the obtained results; and
Section 4 draws final conclusions.

2. Problem Formulation

The effect of element flexibilities, frictions and clearances can be studied numerically
by developing a CAD model of the analyzed robot in the first stage, for example, using the
CATIA software, followed in the second stage by the ADAMS analysis. Since ADAMS does
not easily allow the creation of elements with complex shapes, it was decided to develop
the CAD model in CATIA and then export the 3D bodies (in an IGES format) to ADAMS.
Thus, a CAD model can be obtained in ADAMS that reflects the properties of the existing
physical robot as accurately as possible.

In this analysis, we consider the case study of a Delta Siax D3-1600 parallel robot
(Figure 1a, [35]). Its simplified CAD model (without motors) at a 1:1 scale was represented
in CATIA (Figure 1b) and then transferred to ADAMS (Figure 1c). The Delta Siax D3-1600
is a three degree-of-freedom (3-DOF) robot (the end-effector performs three independent
translations). It is composed of a fixed platform (0) and a mobile platform (4), interconnected
by three arms, A, B and C, each of them with a driving element (1) connected to the base by
a motor drive (R). Each arm has a parallelogram-type kinematic chain with two flexible
elements (2 and 3) and four passive spherical couples each (Syx1, Soxz and Ssk1, Sspo, where
k= A, B, C—Figure 1d). The three arms are equiangularly distributed (Figure 1e) in relation
to the global coordinate system (XoY¢Z) of the robot, with the origin located at point O
(Figure 1d). The Delta robot has attached to the end-effector (4) a payload in the form of
a cylinder (5) with a mass of 5 kg. The characteristic point P is the origin of the mobile
coordinate system of the end-effector and it travels a spatial trajectory established so as to
reach the maximum velocity and acceleration according to the values specified in Table 1.

Table 1. Delta SIAX D3-1600 parallel robot: main characteristics.

Parameter Value
Total mass 80 kg
Maximum payload 5kg
Maximum end-effector speed 8m/s
Maximum end-effector acceleration 120 m/s?

34

(a) (b)

Figure 1. Cont.
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(d) (e)

Figure 1. Delta parallel robot: (a) Delta Siax D3-1600 type robot; (b) CATIA model without payload;
(c) ADAMS model with payload; (d) ADAMS model parametrisation; (e) arm arrangement.

The geometrical, mass and material properties of the robot’s component bodies are
key factors in determining its dynamic behavior. In the proposed analysis, the following
assumptions have been made:

- Elements 0, 1, 4 and 5 are rigid solid bodies;
- Rod Elements 2 and 3 have higher elastic characteristics than the other elements due

their dimensions, see Table 2;

- All bodies are made of steel.

Table 2. Geometrical and mass details of the Delta robot bodies.

Body CAD Model Parameters

Fixed platform (0) Ip =125 mm
[ =500 mm
mq =1.58 k
Crank (1) dll Cem nf
a1 =106 mm
Rod element d2 LZI :_lgmz 1_1863?1?1
(2 and 3) 2= M3 =1.0% K8

Iz dr =dz =20 mm
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Table 2. Cont.

Body CAD Model Parameters

my = 0.46 kg
dy =20 mm
aq =106 mm
r4 =97 mm

Mobile platform (4)

T I5 =212 mm

Payload (5) e 5 ms =5kg
; ds =50 mm

The reference model of the Delta robot is based on the assumptions of an ideal mech-
anism, where all bodies are rigid solids, all kinematic joints are ideal (no clearance, no
friction), and the characteristic point P follows a trajectory that reaches maximum allowed
values of speed and acceleration. Thus, the fifth degree polynomial function was chosen to
generate the movement trajectory in the joint space as well as a short trajectory travel time
of 0.2 s, the time resulting from the simultaneous provision of the conditions for the robot to
touch the PyP; trajectory (Figure 2), the maximum speed of the end-effector vp,,,x = 8 m/s
and the maximum acceleration ap,,; = 120 m/s? (see Table 1).

P

Po Po

(a) (b)
Figure 2. Cartesian trajectory of the Delta robot: (a) initial position; (b) final position.

The starting position of the Cartesian trajectory (Py) corresponds to the initial position
of the robot where all three motor torques R4, Rp and R¢ are in the zero position and
Elements 1 are arranged in a horizontal plane (parallel to XYy, see Figure 1d). The
trajectory in the Cartesian space PyP; is a spatial curve obtained by applying an angular
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displacement of 70° in the positive direction of the joint axis R4, 41° in the positive direction
of the coupling axis Rp and of 36° in the negative direction of the joint axis R¢ (Figure 3a).
Along this trajectory, the maximum angular velocity of 656° /s in joint A, 384° /s in joint B
and 292° /s injoint C is reached (Figure 3b), as well as the maximum angular accelerations of
10,103°/s? (engine A), 5124° /s? (engine B) and 4500° /s? (engine C), as shown in Figure 3c.

Phi (deg)

Time e
(a)

0

a ~(megk A

§ gggg - aneged g

D 0 w(megal M 8

L b

8 m— N 3

0 03 .............. "

g-won .............. 8

%032 ..........................

T o
Time st T see)
(b) (c)

Figure 3. Motion trajectories in the active joint space (R4, Rp and R¢): (a) angular displacement;
(b) angular velocity and (c) angular acceleration.

When polynomial movement trajectories of the fifth degree are applied to the active
joints, a Cartesian trajectory PoP; is obtained. This trajectory is characterized by the
displacement of the characteristic point P along all three axes of the global coordinate
system XY Z, (Figure 4), and it reaches a final position of rp = 1.245 m (Figure 5a). The
trajectory also reaches a maximum speed of vp =8 m/s at 0.1 s (Figure 5b) and a maximum
acceleration of ap = 120 m/s? at approximately 0.052 s and 0.158 s (Figure 5c).
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¢ oo 0.05 0.10 0.15 0.20

Time (sec)
Figure 4. End-effector displacement components for the Delta robot reference model.

The torque in the active joints (Figure 6) on the stated trajectory has the allure of
angular acceleration (see Figure 3c); higher values of the moment TA are observed due to
the higher angular accelerations (and consequently higher values of angular speeds and
displacements) compared to the other two active torques.
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Figure 5. End-effector motion for the Delta robot reference model (magnitude of): (a) displacement;
(b) velocity and (c) acceleration.
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Figure 6. Driving torques (TA, TB and TC) for the Delta robot reference model.

Under these considerations, the aim of this study is to analyze the kinematic and
dynamic effects of these three factors, both individually and in combination:

e  Friction on spherical joints;
e  (Clearances on spherical joints;
e  Elasticity of the flexible rod elements (2 and 3).

Thus, the comparative analysis of the Delta robotic structure is presented in seven
dynamic simulation scenarios, taking as reference the previously defined ideal model. The
study makes the following assumptions:

e  Scenario 1: considers only the frictions from the passive spherical joints (Syk1, Sako
and Szkq, Szky, k = A, B, C) assuming steel/steel friction with lubricant.

e  Scenario 2: considers only the elasticity of Elements 2 and 3 and only allows natural
frequencies lower than 250 Hz.

e  Scenario 3: considers only the play in the passive spherical joints with the value of

0.1 mm.

Scenario 4: combines Scenario 1 and Scenario 2.

Scenario 5: combines Scenario 1 and Scenario 3.

Scenario 6: combines Scenario 2 and Scenario 3.

Scenario 7: combines Scenario 1, Scenario 2 and Scenario 3.
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3. Results and Discussions

The influence of each of the three factors considered (Scenarios 1-3) as well as their
combination (Scenarios 4-7) was analyzed by comparison with the reference model (ideal
case) in order to identify

(a) kinematic (displacements, speeds and accelerations of the characteristic point) and
dynamic (driving torques) deviations generated by these factors. These deviations
are denoted generically withe_X_p = X_p — X, where X = rp, vp, ap, TA, TB, TC, p
is the considered parameter (u—friction, e—elasticity, c—clearance), and X_p is the
value of the X variable in the assumption of considering the p factor, X obtained in the
ideal case;

(b) the coupling effect of the factors, i.e., the extent to which they are independent
variables and whether their effects can be considered additive phenomena.

3.1. Scenario 1

In this scenario, we start from the ideal case of the robot structure, to which the friction
in the spherical joints Syxq, Soxr and Sai, Ssio, k = A, B, C is added, taking into account
steel/steel friction with lard oil lubricant with the 0.11 static friction coefficient and the
0.084 dynamic coefficient [36].

As is known, friction in kinematic joints does not influence the motion transmission
function but has an effect on the dynamic behavior of the robot. The friction from the
spherical joints has a moderate effect on the diving torques (about 0.007%, Figure 7),
resulting in deviations of up to 0.508 N-m for TA (Figure 7a), 0.207 N-m for TB (Figure 7b)
and 0.241 N-m for TC (Figure 7c).

=\
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Figure 7. The driving torque deviations in the hypothesis of considering the friction from the spherical
joints (Scenario 1): (a) arm A; (b) arm B; (c) arm C.

0

A variation of these deviations is noted for all three driving torques, with a profile
similar to the acceleration a, (see Figure 5c) and in correlation with the moment variation
(Figure 6):

e  the deviation values e_Tk_p, k = A, B, C are directly proportional to the absolute values
of the moments Tk;

e friction leads to an increase in the driving torques value during the acceleration
phase (0.0-0.1 s interval) and helps the motors to brake during the deceleration phase

(0.1-0.2 s).

3.2. Scenario 2

In the hypothesis of considering the flexibility of the flexible elements of the Delta
parallel robot (Elements 2 and 3 on each arm, see Figure 8) and limiting the analysis to
the first 10 vibration modes (with natural frequencies lower than 250 Hz, as the effect of
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higher frequencies is negligible—the principal characteristics are presented in Figure 9),
the results represented in Figure 10 (motion deviations) and Figure 11 (torque deviations)

are obtained.

(b)

Figure 8. The CAD model of the Delta robot: (a) in ideal case, and with flexible links at (b) trajectory

start point Py; (c) trajectory end point Py.

Natural Freq. Generalized
Mode (Hz) Stiffness
1 1.1518958978e-03 5.2382497388e-05
2 7.9683124725e-04 2.506€427918e-05
3 6.7322190739%e-04 1.7892713855e-05
4  4.2411675126e-04 7.1011811048e-06
S 1.0216174116e-03 4.120370876%9e-05
[3 1,2931285196e-03 6.6015074361e-05
7  7.8683948112e+01 2.4441734563e+05
8 7.8720880107e+01 2.44€64€84450e+05
] 2.1644260022e+02 1.8494€1188%e+06
10 2.1655696823e+02 1.8514162115e+06
11 4.2357073107e+02 7.0829083423e+06
12 4.2377863224e+02 7.0898630547e+06
13 8.0134291407e+02 2.535108425%+07
14 £.0253908819e+02 2.542€824477e+07
15 1.2399320219e+03 €.0695359596e+07
16 1.2422770737e+03 6.0925159870e+07
17 2.2897598814e+03 2.0698535591e+08
18 2.6876483924e+03 2.8517052887e+08
18 6.4453936151e+03 1.6400558051e+09
20 7.1969750670e+03 2.0448418881e+09
21 1.838763441l¢€e+04 1.3347854309e+10
22 2.0763778650e+04 1.702050798€e+10
23 2.9880545194e+04 3.5248185976e+10
24 3.4802008438e+04 4.7815461595e+10
Mass :  2.€77430125 kg
CM Location 0.1481442¢€1, 0.3€094€0597, -0.475523€3783 meter, meter, meter

Inertia Tensor : (relative to the Local Body Reference Frame)
IXKX : 1.205559104 kg-meter**2
IYY : 0.877780837 kg-meter**2
IZ2Z : 0.483000€89 kg-meter**2
IXY : 0.175740214 kg-meter**2
IZX : -0.1281€18898 kg-meter**2
IYZ : -0.354€975703 kg-meter**2

Figure 9. The principal modes of vibration (Hz), generalized stiffness (N/m) and mass properties
(including CM and inertia tensor) of rods.

Taking into account the natural properties of the rod elements (Table 2), the ADAMS
dynamic simulation leads to low deviations from the theoretical trajectory of the effector
(e_rp < 4.2:10~® m, Figure 10a), the speed deviation of up to 3.1-10~* m/s for (Figure 10b)
and deviations of up to 5 m/s? for acceleration (i.e., max. 4.2%, Figure 10c). The largest
deviations e_vp and e_ap occur at around 0.042 s and 0.158 s, respectively, the moments of
time at which the acceleration 4, is at its maximum (see Figure 5c).
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Figure 10. Kinematic deviations in Scenario 2 for (a) displacement; (b) velocity and (c) acceleration.
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Figure 11. Driving torque deviations in Scenario 2 for (a) arm A; (b) arm B and (c) arm C.

The driving torque deviations have an oscillatory evolution (seven oscillations with
a period of approx. 0.025 s) characterized by maximum values of ~26.4 N-m for TA
(Figure 11a), ~10.8 N-m for TB (Figure 11b) and ~25.3 N-m for TC (Figure 11c). The
maximum deviations are recorded in the case of the engine in joint A (~0.035%). An
instability phenomenon occurs at the time of ~0.15 s, corresponding to the maximum
acceleration zone of the characteristic point.

3.3. Scenario 3

In this subsection, we analyze the influence of the clearances in the spherical, using
a single value of 0.1 mm for all 12 joints Syy1, Sy and Sz, Szka, k = A, B, C. Under these
conditions, the deviation of the characteristic point in the initial position is 0.2 mm.

The deviation from the characteristic point trajectory is up to 1.18-10~* m (Figure 12a),
with a velocity deviation of up to 0.0035 m/s (Figure 12b) and an acceleration of up
to 0.068 m/s? (Figure 12c). Compared to Scenario 2, the displacement deviation on the
trajectory is significantly higher (~20 times higher), but the deviation of the acceleration on
the trajectory is much lower (~70 times lower).
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Figure 12. Kinematical deviation in Scenario 3 for (a) displacement; (b) velocity and (c) acceleration.
The influence of the spherical joint clearances on the driving torques is moderate,
about 10-20 times lower than in Scenario 2, but 2-3 times higher than in Scenario 1. A
deviation of up to 1.7 N-m can be highlighted for TA (Figure 13a), up to 0.49 N-m for TB
(Figure 13b) and up to 0.47 N-m for TC (Figure 13c). The extreme values of the deviations
are also recorded around the values of 0.042 s and 0.158 s, which are co-responsible for the
extreme values of the driving motors (Figure 6).
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Figure 13. Driving torque deviations in Scenario 3 for (a) arm A; (b) arm B and (c) arm C.

3.4. Scenario 4

In this subsection, we analyze the cumulative influence of friction in the spherical
joints and elasticity of the rod elements. We compare and analyze the cumulative resulting
deviations with the sum of the deviations identified in Scenarios 1 and 2 to identify the
coupling effect between these two factors.

Figure 14 shows the kinematic behavior of the Delta robot with the elastic elements
and the joint friction, highlighting both the deviations of the effector motion from the ideal
case (red, solid line) and the differences from the case of summing the separate effects of
the two factors (blue, dashed line). For the characteristic point displacement (Figure 14a), it
can be observed that the cumulative effect of the factors leads to a deviation (in absolute
value) of up to a maximum of 4.23-10~® m (compared to a maximum of ~4-10~° m for the
case of summing the effects), up to 4.2:10* m/s for velocity (Figure 14b) compared to
the maximum of 3.5-10~% m/s for the additive case, and up to ~6 m/ s2 for acceleration
(Figure 14c) compared to the maximum ~6 m/s? for the case of summing the effects. These
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results highlight that the kinematic effects of the two factors (friction in the spherical joints
and the elasticity of the elements) are not additive.
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Figure 14. Motion deviations in Scenario 4 (red solid line) and the additive effect of friction and
elasticity factors (blue dashed line) for (a) displacement; (b) velocity and (c) acceleration.
Similar to the motion case, the cumulative effect of the two factors results in a decrease
in the maximum values of the driving torque deviations compared to the additive case
(Figure 15). Therefore, it can be concluded that these factors have no significant coupling
effect. Friction (with less significance) does not affect the shape of the deviation curve, but
rather contributes to better curve shapes for the torque deviation values.
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Figure 15. Driving torque deviations in Scenario 4 (red solid line) and the additive effect of friction
and elasticity factors (blue dashed line) for (a) arm A; (b) arm B and (c) arm C.

Tnelses

3.5. Scenario 5

The kinematic deviations from the theoretical movement trajectory are shown in
Figure 16. In the case of displacement, it can be seen that the cumulative effect of these
two factors leads to a deviation similar to that observed in the simulative case. As a result,
the effects of the two factors on the kinematic behavior of the Delta parallel robot are not
cumulative and their coupling results in the same deviations.
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Figure 16. Motion deviations in Scenario 5 (red solid line) and the additive effect of friction and
clearance factors (blue dashed line) for (a) displacement; (b) velocity and (c) acceleration.
The cumulative effect of the two factors manifests similarly in the case of motor
moments: it leads to the increase in deviations up to 2.12 N-m (additive case) for TA torque
(Figure 17a), up to 0.36 N-m (TB torque, Figure 17b), 1.11 N-m (TC torque, Figure 17c). The
moment deviations still have the same value also in the case of summing the effects, when
their values are the same compared to the case of summing the effects, without affecting
the shape of the curves.
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Figure 17. Driving torque deviations in Scenario 5 (red solid line) and the additive effect of friction
and clearance factors (blue dashed line) for (a) arm A; (b) arm B and (c) arm C.

3.6. Scenario 6

The combination between the flexibility of the rod elements and the clearances in
the spherical joints (0.1 mm) has almost no effect in the displacement and velocity of the
characteristic point. However, the “picks” in the acceleration are considered reduced and
the cumulative effect is taken into consideration (Figure 18).
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Figure 18. Motion deviations in Scenario 6 (red solid line) and the additive effect of clearance and
elasticity factors (blue dashed line) for (a) displacement; (b) velocity and (c) acceleration.
In this scenario, the moment deviations have a relatively constant harmonic pitch and
amplitude variation, the maximum values reaching ~50 N-m vs. ~20 N-m (in the additive
case) for TA (Figure 19a), to ~30 N-m vs. ~10 N-m for TB (Figure 19b), 20 N-m vs. 22 N-m
for TC (Figure 19c).
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Figure 19. Driving torque deviations in Scenario 6 (red solid line) and the additive effect of clearance
and elasticity factors (blue dashed line) for (a) arm A; (b) arm B and (c) arm C.

3.7. Scenario 7

In this scenario, the cumulative effects of the three factors (friction, flexibility and
clearance) on the kinematic and dynamic behavior of the Delta robot are not considered.
ADAMS simulations that consider the simultaneous action of those three factors resulted
in values of kinematic deviations that are approximately the same values for displacement
and speed (Figure 20). However, for acceleration, smaller values are emphasized due to the
better numerical integration in ADAMS compared to summing the deviations generated
individually by each factor (Figure 20c).
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Figure 20. Motion deviations in Scenario 7 (red solid line) and the additive effect of friction, elasticity
and clearance factors (blue dashed line) for (a) displacement; (b) velocity and (c) acceleration of the
characteristic point.

The maximum deviation of the driving torques shows the same type of harmonic
variation as in the scenarios where the elasticity factor is considered. It reaches ~120 N-m vs.
~20 N-m (in the additive case) for TA (Figure 21a), ~80 N-m vs. ~10 N-m for TB (Figure 21b)
and ~70 N-m vs. ~10 N-m for TC (Figure 21c).
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Figure 21. Driving torque deviations in Scenario 7 (red solid line) and the additive effect of clearance,
friction and elasticity factors (blue dashed line) for (a) arm A; (b) arm B and (c) arm C.

4. Conclusions

A new approach is employed in this paper by analyzing the impact of three factors
on the kinematic and dynamic behavior of the Delta parallel robot: the elasticity of the
robot’s supple elements (rod elements), friction and clearance in the spherical joints. For
this purpose, the analysis was carried out for the case study of a Delta SIAX 3-1600-type
robot based on the 3D models developed in CATIA and simulated in the ADAMS software.

The following summarizes the effects of these factors’ actions on the movement
trajectory:

- Friction has an insignificant influence on the movement parameters of the characteris-
tic point (displacement, speed, acceleration);
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- The elasticity of the elements causes practically negligible deviations in the displace-
ment on the trajectory (of the order of 10~% m), small deviations on velocity (of the
order of 1074 m/ s), but significant in the acceleration (of up to 5 m/ sz);

- Joint clearances (considered at the value of 0.1 mm) have a substantial effect on the
characteristic point displacement (deviations of the order of 104 m), moderate on
velocity (of the order of 1073 m/s) and relatively negligible on acceleration (of order
1072 m/s?);

- The coupling of any two of these factors results in the cumulative effects on kinematics
and dynamics, except in Scenario 6, where the deviations reach values three times
higher than those in the case of the individual effects summation;

- The coupling of the three factors leads, from a kinematic point of view, to a slight
reduction in deviations, except for acceleration, where a significant reduction in
deviations, and especially in picks, can be observed, leading to a better numerical
integration solution;

- Regarding dynamics, the effects of the three factors are the following:

- Friction in the joints causes a practically insignificant variation in the driving torques
(of the order of 10~ N-m) compared to their nominal values of the order of 103 N-m
(<750 N-m);

- The elasticity of the elements has a substantial impact on driving torques (deviations
of up to 25 N-m, i.e., 3.3%, with a harmonic evolution);

- Joint clearances have a moderate effect on driving torques (<2 N-m);

- When two factors are combined (except in Scenario 6), the deviations can reach vaues
up to two times higher compared to the case of the summation of individual effects
and values up to three times higher when all three factors are combined.

For all factor coupling scenarios (54-57), the study observed that individual effects
are not always cumulative. The coupling of factors can increase deviation values when
the clearances and elasticities in the joints are considered simultaneously. Consequently,
it is not recommended to simulate these factors separately and sum their effects. Since
the phenomena are not linear, a combined approach of the factors is necessary to obtain
relevant results. The authors propose to validate the conclusions of this theoretical study
resulting from numerical simulations in the ADAMS software through experimental means
in the future.
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