Design Analysis and Dynamic Modeling
of a High-Speed 3T1R Pick-and-Place
Parallel Robot

Guanglei Wu, Shaoping Bai and Preben Hjernet

Abstract This paper introduces a four degree-of-freedom parallel robot producing
three translation and one rotation (Schonflies motion). This robot can generate a
rectangular workspace that is close to the applicable work envelope and suitable for
pick-and-place operations. The kinematics of the robot is studied to analyze the
workspace and the isocontours of the local dexterity over the representative regular
workspace are visualized. The simplified dynamics is modeled and compared with
Adams model to show its effectiveness.

Keywords Pick-and-place robots - Schonflies motion - Parallel manipulators -
Dynamics

1 Introduction

The 3TIR (three translations and one rotation) robots have been widely used in
material handling for pick-and-place operations. Compared to the serial SCARA
robot, the parallel typed robots have the advantages in terms of high speed and light
weight to improve productivity and reduce cost.
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Up to date, a number of parallel robots which can generate Schonflies motion
have been presented. The successful Adept Quattro robot created by Pierrot and
Company [1, 2], which has four symmetrical limbs, hit the market in 2007, is the
fastest industrial robot available. It can accelerate at 200 m/s> with a 2 kg payload,
being capable of moving 240 cycles per minute (cpm). By making use of the base
structure of the Quattro robot, various robots with different mobile platforms have
been introduced [3—5]. These robots usually have a cylindrical workspace. Besides,
Angeles et al. proposed a two-limb 4-dof parallel manipulator to achieve high speed
and a large workspace [6]. Recently, Angeles introduced the ‘pepper mill’ [7] robot
with more simple structure.

This paper introduces a 3T1R parallel robot, which has a modified structure
based on the Quattro robot. The design of this robot determines a rectangular
workspace [8, 9] to allow more robots deployed above the conveyor, which is much
more suitable for the pick-and-place application than the existing robots. The
kinematics of the robot is developed and the workspace and dexterity are analyzed.
Moreover, the dynamic model is established and illustrated with the standard testing
trajectory, being validated by an Adams model.

2 Manipulator Architecture

The conceptual design of the new robot is shown in Fig. 1, whose motors are
mounted at different orientations on the base frame, of which the axes of rotation
are not coplanar. Each limb is composed of an inner arm and an outer arm (par-
allelogram, a.k.a ‘II joint’) connected to the base and mobile platforms.

The global coordinate frame xyz is built in Fig. 1b, whose origin is located at the
geometric center of the base frame. The moving coordinate frame is attached to the
mobile platform and the origin is at the geometric center. The geometric parameters
of the first leg is displayed in the figure.

(b)

Inner arm

Outer arm

Revolute joint

Fig. 1 The conceptual design of the robot: a CAD model, b schematic view
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3 Mobility Analysis

The degree-of-freedom of the manipulator under study is derived by the Group
Theory. The robot is composed of four RRITRR typed limbs as shown in Fig. 2 and
the bond %; of the ith limb is the product of the following five bonds:

e The rotation subgroup %(.</;) passing through A; and parallel to e;.

e The rotation subgroup Z(%;) passing through B; and parallel to .o7;.

e The translation subgroup 7 (n;) corresponding to the IT-joint lying in a plane
normal to n;.

e The rotation subgroup %(%;) passing through C; and parallel to %;.

e The rotation subgroup #(%) passing through C; and parallel to k.

and K is the unit vector of z-axis. Thus, the kinematic bonds of the ith limb is
L= R(At))- R(B) - T (w) - R(G) - R(E)) (1)
where the product of the first four bonds leads to the Schonflies group, namely,
Li=X(e)  R(€) =X (K)- R(E;) (2)
Therefore, the intersection of the four limbs yields
LNLrNL3nNLy=Z(k) (3)

Henceforth, the intersection of all subgroups being a Schonflies subgroup Z'(k),
the robot generates the Schonflies motion.

Fig. 2 The joints of the ith
limb with rotation input
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4 Kinematic Analysis of the Robot

Under the coordinate system depicted in Fig. 1b, the axis of rotation of the ith
actuated joint is described by

e =Rk; R, =R(z, o)R(y, f;)R(z, 0;) (4)

where o3y = —oy4) = o and —By4) = B3 = n/4. Moreover, their position
vectors in frame xyz are denoted by

a; = —az = [ax ay O]T; A = —Ay = [—ax ay O]T (5)
then, the position vector of point B; is derived as
b; =Ri[b00]" +a; (6)

Let the mobile platform (MP) pose be denoted by x = [p” (f)]T, p=[xyz’, the
position vector of point C; in frame xyz is expressed as

¢ = QC/i +p (7>

where Q = R(z, ¢) is the rotation matrix of the mobile platform and ¢; is the
position vector of C; in the frame XYZ:

¢, =rlcosy; siny; 0]; 3y == =7, 7 = F (8)

4.1 Inverse Geometric Problem

The inverse geometry problem is solved from the following kinematic constraints:
lei—bill> =2, i=1,..4 9)
Expanding and simplifying the above equation leads to
I;sin0; + J;cos0; + K; =0 (10)
with
I; = 2b(c; — a,-)Tu,»; u; = [sino; cos oy O]T (11a)

Ji=—2b(c; —a;)"v;; v =[cos o; cos f; sin a; cos f; — sin f]7  (11b)
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K, = ||ci—a,~|\2+b2—lz (IIC)
Consequently, the inverse geometry problem is solved as

ik TR

0; =2tan”
an X 7

(12)

From Eq. (12), it is seen that each limb has two solutions corresponding to two
working modes. Here, the “— + —4” mode is selected as the working mode.

4.2 Kinematic Jacobian Matrix

Differentiating the four equations in Eq. (9) with respect to time yields

Ax = B0 (13)
with
R ... T
A=[jihdlls x= [xym} (14a)
. . . . .nIrT
B = diaghy hy hs ha]; 0 = [01 0, 05 04} (14b)

where A and B are the forward and backward Jacobians, respectively, and

. T
i = (e = 1) (k x (e = ) (ci — b1)] (152)
e = (e x (b — a,))" (e — by) (150)

The kinematic Jacobian matrix is obtained as

J=A"B (16)

4.3 Workspace and Dexterity

The workspace (WS) can be found through the geometrical approach reported in [5]
and visualized as shown in Fig. 3a, which admits a cuboid workspace. The cor-
responding geometric parameters are listed in Table 1. By changing the motor
position and orientation, the robot topology can formulate workspace of different
shapes, such as cylinder/trapezoid displayed in Fig. 3b, c.
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Fig. 3 Robot topologies with different shaped workspace

Table 1 Geometrical

[ay, a,] (mm) o b (mm) [ (mm) r (mm) %
parameters of the robot

[200, 55] 15° | 315 596 112 30°

Here, the cuboid WS in Fig. 3a will be investigated. As the the top view of the
reachable WS has the cross-section close to superellipse, a superellipsoid is adopted
to approximate the WS. Figure 4 shows the maximum superellipsoid workspace.

Dexterity is an utmost important concern, which is usually evaluated by the
condition number of the kinematic Jacobian matrix. The entries of the forward
Jacobian matrix of the robot are not homogeneous as they contain mixed rotation
and translation terms, for which the condition number is limited to indicate the
kinematic performance. Here, the characteristic length is introduced to normalize
the forward Jacobian matrix below [5]:

(b) g0

600

400

20

y [mm]

-200}:0
-400

-600

-500 0 500

Fig. 4 The superellipsoid workspace with constant orientation ¢ = 0: a 3D view, b top view
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Fig. 5 Local dexterity distributions on upper and lower cross-sections of the workspace

3377,
tr(J1J,) (17)

where J, is the first three columns and J,, is the last one in A, respectively, and then
the forward Jacobian is normalized to A’ = [J, /L J,,]. The local dexterity isocon-
tours are displayed in Fig. 5, where the condition number is based on 2-norm. It is
observed that the dexterous workspace nearly forms a rectangular volume that is
suitable for pick-and-place operation.
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5 Dynamic Modeling

Dynamics is used to compute the actuator torque/power, which is solved by using
the Lagrange equations below

d (oL 0L
“(Z=) = - 1
o (aq) 8q+ A=Q, (18)

where L =T — V is the Lagrangian of the system, including the mobile platform
and the four legs, and q = [GT XT] " Moreover, Q,, = [t7, O]T € R? is the vector
of external forces and vector T = [t 1, T3 m}T characterizes the actuator torques.
Matrix C, = [B — A] is the system’s constraint Jacobian. Moreover, A=

(A1 22 43 /14]T is a vector of Lagrange multipliers.
In this modeling, the rotation of the outer arm is not considered for simplifi-
cation, thus, the kinetic and potential energies are calculated below:

1
~x"M,x (19a)

T L ..
T= Z( Ib92 +< ml(bi + &) (b + &) + EmjciTcl) + 2

1
V= Z( mpb] g + > mi(b; + €)' g + ijfg> +myp’g (19b)

where I, and my, are the moment of inertia and mass of the inner arm, respectively,
and my, m, and m; are the masses of the outer arm, mobile platform and the joint on
the latter. Moreover, M,, = diag [mp m, n, Ip] is the mass matrix of the mobile
platform. Terms b; and ¢; stand for the velocities of points B; and C;, respectively,

which can be calculated with known 9,- and x. In the above formulation, it is assumed

that the centers of mass of the outer arms is coincident to their geometric centers.
Substituting Eq. (19) into Eq. (18), the terms in the equation of motion for this

system can be derived. With payload f, the actuator torques are expressed as:

,=1-Jf (20)

In order to evaluate the dynamic equation, a CAD model with geometrical
parameters in Table 1 and mass properties in Table 2 was built in MSC Adams for
comparison. The dynamic simulation is conducted with a pick-and-place trajectory
of 25 mm x 305 mm X 25 mm, where the mobile platform positions in the y and z
directions are shown in Fig. 6, and x =0, ¢ =0, f = 0.

The simulated velocity and acceleration profiles are shown in Fig. 7, where the
solid and dashed lines stand for the Adams model and analytical model, respectively.
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Table 2 The mass and moment of inertia of the robot for dynamic simulation
my (kg) Iy (kg m’) m (kg) m; (kg) my (kg) I, (kg m?)
1.8 0.0595 0.42 0.2 22 0.026
(3)300 (b)—475
250
-480
— 200 —
€ £ -485
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> 100 N -490
50 -495
0 . ; ; ; ; -500 ; ; . .
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
time [sec] time [sec]
Fig. 6 The mobile platform positions with respect to time
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Fig. 7 Motion profiles of the testing trajectory for the Adams and analytical models

As aresult, the motor torques and powers are illustrated with Fig. 8. It is noted that a
gearbox with reduction ratio p = 30 is mounted on the output shaft in each limb.
By comparison, it can be observed that there is a relatively good correlation between
these two models.
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Fig. 8 The motor torques and powers along the testing trajectory

6 Conclusions

This paper introduces a 3T1R parallel robot, which can generate a rectangular
workspace that is suitable for pick-and-place operations. The isocontours of the
local dexterity distributions show that the robot can have a workspace with better
kinematic performance to implement the pick-and-place operations. The simplified
dynamic equations are modeled for the computation of motor torques and powers.
Moreover, the dynamic model is validated with an Adams model.
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