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Abstract:- This work presents the design and position
control of a 6-DOF robot arm. Autodesk inventor was used for
the design and dynamic simulation of the arm. An interface
between the Matlab SimMechanic and Autodesk Inventor is
developed to animate the motion of the robot arm. The interface
is able to communicate with the robotic controller to send and
retrieve information to/from the controller. An experimental
test rig for the arm is built. The main components of the
electrical subsystem are servo motors and stepper motor that
drive the links, processing and control unit, Arduino board, and
two laser pins for sensing the gripper position. The motion of
servo motor depends on PWM (pulse width modulation) pin
which is produced by a micro- controller. A Pl control that
depends on the inverse kinematics of the arm is applied to track
a desired trajectory.

Keywords: 6-DOF robot arm - Autodesk inventor - Matlab
SimMechanic - PI control - Arduino board - inverse kinematics.

I. INTRODUCTION

Rigid robots are dynamic systems that have multiple
applications in industry, including welding, painting, and
assembly of electronic parts. Additionally, robot manipulators
can be used either in jobs where human life may be at risk or
in processes that require a very high production rate. These
numerous applications lead to the development of analytical
tools to ensure better performance of the electromechanical
systems.

The problem of the robot's positioning is a
well-researched one in robotics, that is, the way in which its
coordinates change. This is a relevant problem because robots
are often used to move objects from one point to another.
There are many research works in this field; many research
contributions have been reported in the field of Mechanical
modeling [1-6], trajectory planning [7-21], and robotic
control schemes such as proportional-integration-derivative
(PID) control [22], feed-forward compensation control (DFF)

[23], adaptive control [24-26], computed torque control
(CTC) [27], and intelligent control [28-31].

The main goal of this paper is to design and to control
the position of a 6-DOF robot arm. The objectives can be
summarized as; to use the Matlab SimMechanic link toolbox
to model and simulate the arm, and to develop an interface
between the Matlab SimMechanic and Autodesk Inventor to
animate the motion of the robot arm. The interface should be
able to communicate with the robotic controller to send and
retrieve information to/from the controller.

Il. MODELING AND MECHANICAL DESIGN

The considered robotic manipulator is presented in Fig.
1. It is based on a five joint system which is popular in
industry and a prismatic joint. Therefore, the experiments
using the arm can be directly applied in the real business
needs.
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Fig.1: A six degree of freedom industrial manipulator
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Fig.2: Frame assignment for 6-DOF industrial manipulator

Forward and Inverse Arm Kinematics:

A systematic technique for establishing the
homogeneous matrix for each two adjacent links of
manipulator was proposed by Denavit-Hatenberg (DH) in
1955. The DH convention is mainly implemented in robot
manipulators, which consists of an open kinematic chain, in
which each joint contains one-degree of freedom, and the
joint is either revolute or prismatic. Links coordinate systems
are established for each of the joints as shown in Fig. 2.
Therefore, the joint-link parameters for the manipulator based
on the frame assignment without link 1 (prismatic joint) are
identified and tabulated in Table 1.

Table 1 D-H Parameters of the articulated arms.

Link 0 d a a
Link 2 01 Ly 0 90°
Link 3 0, 0 L, 0
Link 4 03 0 Ls 0
Link 5 0,+90° 0 0 90°
Link 6 05 Ls 0 0

The overall transformation matrix for the manipulator from
link 2 to link 6 is,

OTs=1T2T3* T4 T Te

C1-354-C5 + 5185 -C1-S84-55+ 51-C5 Cr-Cn4
51-Cp4-Cs - C1 85 —S1-5m485-C1-Cs S1Cmt S1{LaCy+ Ly O +15Cm4)
~C134Cs Cr34-55 —S14 Ly -Lp-8y - 1383 - L5 (1)
0 0 0 1

Cr{LaCa+13Cp + LsCra)

The inverse kinematics analysis aims at finding the joint
variables for a specific position and orientation of the end
effector.

01= Atan2 (ay, ax) 2
05 =Atan2 [ +(Sinx - Cany, S10x - C10y)] (3)

62 = Atan2 (¢ [tan0s (Cinx + Siny) + C10x + S10y, Nz tanOs +0z]) (4)

_ T —c1szpx—smpy—c:(pz+1.1}+1.5|:c1szax+51s:ay+c:az},]
93‘Ata”2(+c1csz+s1czpy—s:(pz—Ll}—L:—Ls.jcu::ms1czay—szaz} Q)
04= 0234 —02—- 03 (6)

To decouple the orientation kinematics, three joints
(Joint 1, 5, 6) were dispensed. The robot turns into 3-DOF
sufficient to define the position of the hand with respect to
three base frame axes X, y, z. Then the forward kinematics of
3-DOF will be,

X=c0s01 (L2c0s02+L3 cos(62+ 03)) @)
Y=sin61 (L2cos 02+L3 cos(02+ 03)) (8)
Z=L1+L 2sin01+L3 sin(02+ 03)) 9)
The inverse kinematics will be,

01= Atan2 (py, px) (10)
02= —log [‘“IEE"' = (11)
A=—(D" = (b~ L* ~ L + Ly (12)
B:[—ZLzlzpt —L) - f£}= + [ri}z +ip.—LJF+L," — L:‘] (13)
C=2Ly(p, —Ly) =i — 222 (14)
0s= A sln[(P‘L—:L‘] - (%'] —5,] (15)

Mechanical Arm Model:

Features used to develop a system model of the
manipulator were derived from the Autodesk. The
dimensions of the links and the limits of joints motion are

presented in Table 2 and 6061 aluminum sheets are
considered.
Link Mass (kg) Length (mm)
L1 15 300
L2 05 290
L3 0.1 260
End-effector L5 0.05 110

Table 2 Robot parameters

Stress analysis:

The safety of the design and structure, with respect to
stress and deflections respectively is checked using Autodesk
Inventor. Figures 3 - 6 discuss the stress and strain of each
link with external load 10N on the end-effector.

Von Mises (Mpa)
)
R
s
.

Yield s’&éh’ge’h‘
55.2 MPA

Fig.3: Stress affecting the 6mm base
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Fig.4: Stress distribution in link2
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Fig.5: Stress distribution in link 3
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Fig.6: Stress distribution in link 4

I11. JOINT SPACE TRAJECTORY PLANNING

Torque of each motor has been calculated based on
dynamic of the robot and trajectory of each joint by using
Autodesk inventor.

Joint Space Trajectory Planning: Defining both the initial
location and orientation of the robot, then the inverse
kinematic equations are used to find the final joint angles.

Consider one of the joints, which at the beginning of the
motion segment t; is at 0; and its final position 05 is at time tz.
One way to plan the trajectory is to consider a polynomial
such that the initial and final joint displacement conditions
are satisfied and that the velocities at the beginning and the
end of the motion segment are zero (or known values). These
sixth pieces of information allow solving for the six
unknowns of the fifth degree polynomial in the form (16):

0=a +ait +a)? + asts + aqt* +ast® (16)
Assuming that for joint 3:

Initial position = -50 deg, Final position = 170 deg, Initial
velocity = Final velocity = 0 m/s, Initial acceleration = Final
acceleration = 0 m/s?, Time =22 s

Then the polynomial parameters for joint 3 are obtained as:
ao=-50 deg, a1= 0 deg/s, a,= 0 deg/s?, as= 0.189 deg/s?,

as= -0.012 deg/s*, as= 0.000214 deg/s®

The trajectory of joint 3 is illustrated in Fig.7.

Fig.7: Input motion of Joint 3

Velocity of Joint 3

The instantaneous velocity and acceleration during the
considered time interval are shown in the Fig. 8-9.
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Fig.8: Velocity of Joint 3

Acceleration of Joint 3
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Fig.9: Acceleration of Joint 3

20

The motor torque for joint 3 based on previous trajectory
to move this joint from 6; (Initial position) to 6 (Final
position) with external force 10N on the end effector is

presented in Figure 10.
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Fig.10: Torque behavior of Joint 3
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Table 3 Torque required for each joint
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Fig.11: Comparison between torques required for each joint

Electrical subsystem (Servo Motors):

According to the dynamic analysis reported in the
previous section, torque at each joint was estimated. The

specifications are listed in Table 4

Table 4 Specifications of Servo Motors

The servo’s position is controlled by providing pulse width
modulation (PWM). The width of the pulses is measured in
milliseconds. The rate at which the pulses are sent is not
particularly important; it is the width of the pulse that matters
to the control circuit. Typical pulse rates are between 400Hz
and 50Hz.

The Servo.h library was used to provide the required PWM
signal to the servo. Whenever sending a different angle value
to the servo object, the code in the library takes care of
sending the correct PWM signal to the servo. In this case the
frequency is 50 HZ corresponding to a period of 20 ms, the
pulse is varied from 1 ms to 2 ms. the pulse width represents
the amount of rotation wanted from the servo. (The duty
cycle is from 2% to 4% for a servo). The six pins of PWM in
Arduino board (3, 5, 6, 9, 10, and 11) are used for all servos
movement as shown in table 5. A stepper motor is used to
actuate the prismatic joint.

Table 5 PWM pins of Arduino board and the usage.

Pin number

Pin 3

Pin 5

Pin 6

Pin 9

Pin 10

Pin 11

Pin 7,8,12,13

Usage
is used for the base motor
is used for the link 1
is used for the link 2
is used for the link 3
is used for the rotation of gripper
is used for the gripper open and close
is used for the Stepper motor

Position Sensing: Two perpendicular laser light tools are
attached to the top at gripper to find out the point that gripper
stands on. Two charts in X-Y plane and in X- Z plane are
included to read the position of the gripper.

IV. CONTROL SYSTEM

SimMechanics Link:

Normal Simulink blocks represent mathematical
operations, or operate on signals. Sim-mechanics is a
Matlab® toolbox that enable importing Autodesk Inventor
model from an Inventor environment to the Simulink
environment as blocks of links connected by joints as
outlined in Fig.12. Moreover, Sim-mechanics provides users
with a tool to specify bodies and their mass properties, their
possible motions, kinematic constraints, coordinate systems
and the means of initiating and measuring motions. This
makes it easier to do the analytical modeling without going

Number Joint2 Joint3 Jointl . .
of motors (2x4.0 Nm) (2x2.0 Nm) (IxL5 Nm) through a complex modellng process. It_saves _the time a_nd
in each 4(2x1.5 Nm) effort to derive the eqL_latlons of motion. SlmMechgnlcs
joint 5(1x1.5 Nm) models, however, can be interfaced seamlessly with ordinary
6-7.2v 6-7.2V 6-7.2v Simulink block diagrams.
Voltage
Speed | 0.16 0.16 0.16 ’
sec/60degree sec/60degree sec/60degree . ! Matlab
(6v), 0.14 (6v), 0.14 (6v), 0.14 ¢ diios Simmechanics Toolbox
sec/60degree sec/60degree sec/60degree Inventor \____/
(7.2v) (7.2v) (7.2v)
3.8 Nm | 1.8 Nm | L4ANm  (6v),
Torque (6v), (6v), L5Nm (7.2v), Fig.12: SimMechanics Link Interface
4.0Nm 20Nm (7.2v), | Stall torque
(7.2v). Stall torque The steps to build the dynamic model are:
Dimensiong 22-229.2*54 59.5x29.2x51 | 40.8x20.1x38 1-Firstly, a CAD model needs to be built. Autodesk Inventor
mm mm mm . - 1A
is used as a suitable platform for building such a model, as
1.65N 1.64 N 056 N L
Weight shown in Fig.1.
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2-All body properties such as mass, moment of inertia or
position of the central center of gravity were exported from a
CAD/CAM environment — Autodesk Inventor. Initial
simulation of the robot kinematics is conducted in Autodesk
Inventor

3-The manipulator CAD model is then to be imported to
Matlab Simulink as an XML file by the aid of Sim-mechanics
toolbox.

4-The dynamic modelling in the Matlab/Simulink
environment is completed using the SimMechanics library.
Fig. 13 presents a fragment of the block diagram of the
dynamic model. It consists of six blocks represent six links.
The linkage between each consecutive link-block is the joint
block which is either prismatic or revolute. Since the case
study considered in this work is focused only on the position
control of the end effector, the prismatic joint and revolute
joints 4 and 5 are fixed. The revolute joints (1, 2, and 3) are
controlled and an actuator is added to each one of them.
Revolutel (6f1), Revolute2 (612), and Revolute3 (Of3) are
resulted from the controller and are fed to the joint actuators.
The actual angular displacements of the revolute joints (1, 2,
and 3) are read by adding sensor to each joint. These angles
are used in the forward kinematics to determine the end
effector position. The robotic arm can be visualized in the
Matlab environment as in Fig. 14.

—fin1 Outt

{2 outz]

3 outy
Fuzzy Controller

Fig.13: Fragment of the block diagram of the Robot dynamic model

Inverse | 1 620;

% H 2= Kinematics

1" iteration: Direct to The Robot

] Assembiy122

Fig.14: Robot visualization in the Matlab environment

PI Control:

Due to the high nonlinearities in the inverse of the robotic
arm, it was difficult to synthesize a PID controller in order to
track a desired trajectory. Therefore, using the inverse
kinematics, the desired angular displacements are obtained
and compared to the actual joint angular displacements. The
errors (e) in joint displacements are fed to the PID controller
as illustrated in Fig. 15. Three controllers (one for each joint)
are used. The PID control output is ©i where

de
8. = kye+ka+k [eadt (11)

The Following iterations: (B, 62, 63)ram th robot [pmmmm

Fig.15: Using PI to Control the robot

The tuned PI parameters, that minimized the overshoot,
steady-state error and the settling time, are: The proportional
gain kp= 0.3, The integral gain ki = 0.001 and The derivative

gain kd = 0.0. The PI- control system Simulink model is
shown in Fig. 16.

- omEm
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Fig. 16 Pl-control system model at Matlab Simulink

V. RESULTS AND DISCUSSION

Point-to-Point Motion: It is assumed that the first point
coordinates are 400, 400, 400 mm where the corresponding
joint angles ©1, ©2 and ©3 are 45° 43.7° and -59.47°,
respectively. The performance of the PI control system is
investigated for different specified second point coordinates.
The error (e) in reaching the second point is considered as the
norm of the error in the three directions.

e= Jeﬁ +ei+ e (12)

Where ey, ey, and e, are the errors in X, y, and z directions,
respectively.
Comparisons between the numerical and experimental
results, upon implementing the PI controller, are given in
figures 17- 19. It can be noticed from these figures that both
results have the same trend but the errors associated with the
experiments are higher than the numerical ones. The errors in
the experimental results are related to:

1- Inaccuracy in position measurements using a laser light
which  must be perpendicular to the calibrator
measurement of x, y and z axes.

2- Change in the lengths of the links due to bending
deformation.

3- The accuracy of the servo motors used is 1 degree;
therefore any angle less than 1° cannot be sensed by the
servo encoder.

3.6 - ,
33 Xperimental rror —
3
2.7
£24;
€21
~138
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Yoo -
060 ° ° ° s ° L ] °
0.3
9 .
360 370 380 390 400 410 420 430 440
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Fig.17: Comparison between numerical and experimental error with Pl
control as x-coordinate varies
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Fig.18: Comparison between numerical and experimental error with Pl
control as y-coordinate varies
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Fig.19: Comparison between numerical and experimental error with Pl

control as z-coordinate varies

60 370

The error response of the PI control system when x= 440
mm, y= 440 mm and z= 440 mm is illustrated in figure 20.For
P1 controller the error in X-direction is 1.1 mm, Y-direction is
1.1 mm, Z-direction is 1.2 mm.
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Fig.20: Error response of PI controller for motion in X, Y, Z-direction

Robustness of PI Controller:

The uncertainties in the nominal values of the system
parameters that are related to the robot construction are
investigated. Upon 100% variation of the values of weight of
base link, no change is traced in the dynamic responses of
hand displacement and control demand.

Effect of change in the third link length (L3):

The original length of the third link is 370 mm. The
effects of the uncertainties in length of the third link on the
performance of PI control system are investigated. The end
effector final position error is plotted in Figure 20 as L3 is
changed from 200 mm to 500 mm. It can be noticed that for
the performance of the PI controller is greatly affected by the
uncertainties in L3. This is because the control action reflects
only the inverse kinematics results and it is not sensitive to
the position error.

48|

40/

Q2‘80 300 320 340 360 380 400 420 440 460 480 500
Length , mm

Fig. 21 Effect of change in third link length on Pl performance

Effect of change in the load:

External uncertainties are investigated as the weight of
the load is increased to 1.6 kg. The errors in the position of
the gripper resulted according to the load increase upon using
PI control are presented in figure 21. The performance of the
Pl-control deteriorates as the load is more than 12.5 N (1.25
kg).

30

25
£20
~15

ror, m

o 10

E
3]

o

10 10.5 11 115 12 12,5 13 13.5 14 145 15 15,5 16
Load, N
Fig. 22 Effect of change in load on PI performance

CONCLUSIONS

The design and position control of a 6-DOF robot arm is
presented. Autodesk inventor is used for the design and
dynamic simulation of the arm. An interface between the
Matlab SimMechanic and Autodesk Inventor is developed to
animate the motion of the robot arm. The interface is able to
communicate with the robotic controller to send and retrieve
information to/from the controller. An experimental test rig
for the arm is built. A PI controller is synthesized based on
the inverse kinematics. It is tuned to eliminate the steady-
state error between the desired and the actual displacement of
the robot end effector, and minimize both the overshoot and
settling time. The numerical simulation indicated that the
controlled system response is satisfactory and the norm of the
error is less than 1.2 mm. The experiments result in an error
of 0.6 mm higher than that of the numerical one. Upon 100%
variation of the values of weight of base link, no change is
traced in the dynamic responses of hand displacement. The
uncertainty in length of the third link on the performance of
Pl greatly affects the response. This is because the control
action reflects only the inverse kinematics results and it is not
sensitive to the position error. The uncertainty in external
load on the performance of Pl deteriorates as the load is more
than 12.5 N (1.25 kg).
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