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Abstract - A robotic manipulator needs to be compliant,
efficient, and lightweight to carry out multiple operations
with the desired accuracy in the industrial environment.
These factors impose a great challenge to design, analyze,
and implementation of control architecture on the
sophisticated robotic system. In this pursuit, this study aims
to indigenously design and control a six degree of freedom
(DOF) robotic manipulator to perform demanded tasks. The
mathematical expressions for the robot’s motion, including
its kinematics and dynamics, have been derived and
discussed in detail. Apart from that, the design analysis has
been performed to figure out the mechanical system
stability. Moreover, the workspace analysis has been carried
out followed by a kinematics study using Robotics System
Toolbox to ensure the authenticity of derived mathematical
models. To validate the forward and inverse kinematics, the
position control has been implemented on robotic
manipulator hardware using ARM microcontrollers. The
robotic manipulator has been controlled through Visual
Studio GUI (Graphical User Interface). The transfer function
of actual DC motors is estimated using the System
Identification Toolbox after needful experimentations. A
series of simulations followed by experiments are carried
out to effectively validate the design and control
architecture. The robot’s weight is calculated to be 5.98 Kg
with a payload capacity is approximately 330 g. The
repeatability test is performed which amounted to +0.35cm.

Key Words: Robot design, robot kinematics, position
control, pick and place, system identification

1. INTRODUCTION

Nowadays, robots are utilized for multiple tasks, such as
painting, polishing, spot welding, pick and place of heavy
objects, and many other useful applications [1] [2]. In an
industrial environment, robots perform multiple
operations with desired accuracy and precision which are
unachievable by human workers.

To design a robotic manipulator, first of all, it is required
to design a mechanical structure and then model its
kinematics [3]. There are multiple fundamental
configurations of robotic manipulators available includes
articulated, cylindrical, spherical, etc. [4]. These robotic
manipulators are used for different kinds of applications

as mentioned earlier. As per the design perspective, it is
required to select the material which has a high strength
to weight ratio to optimize the maximum payload capacity
of the robotic manipulator. The lighter the weight of the
manipulator the more load it can lift with the assurance of
not compromising on material strength.

In terms of the kinematics study, multiple approaches are
utilized by researchers, including the screw-based theory
[5] and the Denavit-Hartenberg convention [6]. These
methods are shown identical results for direct kinematics
[7]. The problem of kinematics is divided into two
subgroups: 1) Forward Kinematics and 2) Inverse
Kinematics [8]. The forward kinematics model of the 6-
DoF robotic manipulator is described which is used for
different applications [9][10]. Between forward and
inverse kinematics, the inverse kinematics is more
complex as compared with the forward kinematics [11]. In
the last decades, several researchers have worked on the
kinematics formulation. For computing the joint variables
of a robotic manipulator, a geometric model is presented
[12]. The problem of direct kinematics is solved using
quaternion algebra [13]. Based on the forward kinematics
solution, the inverse kinematics model is presented to
solve the joint variables of a serial robotic manipulator
[14]. A sophisticated mathematical model of the SCARA
robotic arm has been developed with actuator dynamics
[15]. The inverse kinematics of the hydraulic arm is
computed using MATLAB environment [16]. A virtual
robot modal is presented to solve the kinematics problem
[17].

The robotic arm has been controlled using an ARM-based
microcontroller, LabView, and Dexter ER2 Robotic arm
[18]. The joint angles of 5-DoF are calculated and tested
using a geometric approach [19]. As per the authors’
knowledge, no work has been reported in the past. In this
paper, the author presented the kinematics of the 6-DoF
robotic arm, including forward and inverse kinematics,
with in-depth details to ensure transparency. To validate
the kinematics of the manipulator, the model is
implemented using a MATLAB environment. The
experimental setup to operate 6-DOF robotic manipulator
consists of three L298 motor drivers to send PWM and
control the direction of actuators. The DC motors with
incremental encoders and gear boxes are used as
actuators in the robotic manipulator. Furthermore, a
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master, and slave topology is employed to ensure the
efficlent communication and coordination between
controllers. A GUI (graphical user interface) is developed
to have a user-friendly experience to compute forward,
and inverse Kkinematics. Moreover, a number of
repeatability tests are performed to evaluate the precision
of manipulator by performing pick, and place task.

The rest of the paper is organized as follows: the
mechanical design, robot kinematics and dynamics, DC
motor modelling, hardware description, and control
scheme are discussed in section 2. After that, the
simulations and results are presented in section 3
followed by experiments in section 4. In section 5, the
conclusion followed by limitations and future work is
presented in section 6.

e [
Figure 1: Mechanical design of 6-DoF robotic manipulator,
including six servo-DC motors, belt-pulley mechanism to

enhance torque, control unit, and functional gripper
2. Methodology

In this subsection, the mechanical design of the 6-DoF
robotic manipulator is discussed. The first three joints are
in articulated configuration while the last three joints are
standard spherical wrist. The mechanical design of the 6-
DoF robotic manipulator with timing belt-pulley
mechanism and gripper attachment at end-effector is
shown in figure 1. In mechanical design, material selection
is an important step due to weight, strength,
machinability, manufacturability, and assembly easiness.
Among the number of materials, aluminum 7075 is chosen
based on high strength, less weight, corrosion resistance,
and thermal conductivity. More precisely, it has less
strength to weight ratio which makes it a better choice for
our design. However, this material is expensive, but it has
more suitable mechanical properties comparative to 6061
such as its yield strength is 73 kpsi whereas 6061 has just
40 kpsi.

It is not feasible to use a high torque motor without such a
mechanism to increase torque. Therefore, timing belt-
pulley is employed for motion transmission between

motor, and joint shaft. Due to the low load on base, elbow,
and wrist as compared to shoulder, GT2 timing belt-pulley
with ratio 1:2.08 is employed. While for the shoulder joint,
the G3T timing belt-pulley system with a ratio of 1:3.57 is
used to effectively hold the shoulder joint at extreme
conditions. The thrust bearing is used at the base joint to
shift the axial load on the base structure. While the thrust
bearing bears axial load but it cannot shift radial load,
which is a limitation. On top of that, the thrust bearing
provides smooth rotation with negligible friction.

2.2 Position Kinematics

Position kinematics deal with the relationship between
joint variables, and task variables of the robotic
manipulator. Kinematics plays an important role in a
robot’s motion. It is further divided into sub-groups: 1)
Forward kinematics, and 2) Inverse kinematics.

2.2.1 Forward Kinematics

In forward kinematics, the end-effector variables are
calculated for the given pose (position plus orientation).
There are two major methods available to calculate the
forward kinematics of the n-DOF robotics manipulator: 1)
Homogenous transformation and 2) Denavit-Hartenberg
(D-H) convention. In the Denavit-Hartenberg convention,
there are four parameters used to derive the kinematics
model of the robot. Among four parameters, one
parameter is variable while the remaining three
parameters are constant. According to the D-H convention,
the transformation matrix of ith joint w.r.t i-1 joint can be
represented as follows:

A; = Rot, g » Trans, 4 * Trans, , * Rot, , (1)
= [R5 P @)
0 1

Ti1
Coi —S6iCai SaiSei  QAiCoi

_ [Sei  coiCai  —CoiSai @iSei (3
0 Sai Cai d;
0 0 0 1

Where s, So co and c, indicate sin(a), sin(6), cos(6) and
cos(a) respectively. While P"' and Ri™! depict the
translation and rotation of i-1 joint w.r.t i joint. The D-H
parameters of the 6-DoF robotic manipulator are
presented as shown in Table 1. Moreover, the frame of
reference on each joint is represented as shown in figure
2. The joint limits are depicted as shown in Table 2. For
the given joint variables, the end-effector pose w.r.t world
frame for n-DoF can be calculated as follow:

1g=1§.1h.1he 5= [Re Pt] )
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Figure 2: Frame of Reference on each joint of 6-DoF

robotic manipulator based on Denavit-Hartenberg
convention to demonstrate the transformation between

Table 1. Denavit-Hartenberg parameters of 6-DoF
robotic manipulator

Link Alpha Link Joint Theta Offset

No. length | offset
1 pi/2 0 L: * 0
2 0 Lz 0 * 0
3 pi/2 0 0 * pi/2
4 pi/2 0 Ls * pi/2
5 -pi/2 0 0 * 0
6 0 0 Ls * 0

Table 2. Lower and upper limits of joint variables

Joint variables

]?m.t Articulated Manipulator Spherical Wrist
Limits

1 J2 3 /4 5 J6
Lower

-45 0 0 -90 -90 -90
(deg)
Upper | 45 80 60 90 90 90
(deg)

2.2.1 Inverse Kinematics

In inverse kinematics, the joint variables are calculated for
the given end-effector pose. Fortunately, there is one
widely used approach available to derive the joint
variables expressions in terms of end-effector pose
provided the last three joints of robotic manipulator
intersecting at a point. In case of 6-DoF robotic
manipulator, most robots have decoupled configuration
such as three DoF spherical wrist attached with three DoF
robot. In such scenario, the inverse kinematics problem is
resolved easily by splitting the problem into two
subgroups: 1) Inverse position kinematics and 2) Inverse
orientation kinematics.

To derive the joint variables expressions for a 6-DoF
robotic manipulator, the desired end-effector pose can be

expressed as follow:
i1 Tz Triz X

721 T2z T3 Y
Tg_ 3 Trzz T3z Z (5)
0 0 0 1

Using eq. (5), the wrist center x,, y. and z. can be calculated
as:

Xc=X-dgly3 (6)
Y. =y -dgrz (7)
Z.=27-dgrs3 (8)

Where x, y and z depict the end-effector position while ds
indicate the link length between wrist center and end-
effector. Using wrist center, the mathematical expressions
for first three joints can be expressed as:

e (Ye
0, = tan (xc Q)
- z.— 1
K =tan™! (%) (10)
Vv xC + yC
p _y [ BB +(x24y2ezR+i3-(2xzcx1) 11
= cos
lezxJx§+y§+z§+l%—(2xzc><ll)
6,=K-P (12)
z.— 1l — 1, x sin(@
0, = tan‘1< c 1 2 ( 2)) -0, (13)
Vx& + vt — cos(6;)

The term I;, Iz and I3 indicate the base, shoulder, and elbow
link lengths, respectively. While 6;, 6, and 63 represent
first, second, and third revolute joints, respectively. Using
these joint variables, the remaining spherical wrist angles
04, 05 and O can be calculated as follow:

RO=R} RS (14)

RE=R} «RY
(15)

Where R? and RY" show rotation of 6th joint w.r.t 3rd joint
and rotation of 3rd joint frame w.r.t base joint frame,
respectively. By matching R2 with Euler rotation matrix,
C4C5C6-S4S6  ~C4C5C67S4S¢ 4S5
R‘gz S4C5C6+1C4Se  ~S4C5C6HC4Se  S4C5
-S5Cs $5C6 Cs (16)

The singularity condition is occurred at6; =0. For
nonsingular cases, the following expressions are derived
for wrist angles:

04 =atan2 (r23,r13) (17)
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05 = atanZ( 1-r%,, r33>

(18)
96 = atan2 (r32 ; r31) (19)

0, = atan2(y,, x.)
(20)

ze—1

varl = atan (\/Ez=12>

x¢ +

c yE (21)
var2 = acos (13-13-(2+y2+2zE+i-(2+2cx11)))
—2*12*Jx§+y§+z§+1§—(2*zc*11) (22)
6, = varl — var2 (23)
03 = atan2((z, — l; — (I,
esin(@), ((VoZ +72)
— 1y * cos(6,))) - 6) @4
Suppose that both r;3 and rz; are zero then,

05 = atan2 <r33, 1- r323> (25)
0, = atan2(ry3,723) (26)
B = atan2(—r3,73;) (27)

If not both 7,3 and r,3 are zero, 133>0.999 and r33 < 1.001
then,

05 =0 (28)

6,=0 (29)

06 = atan2(ry1,791) (30)

Otherwise,
0, = atan2(ry3,113)
(349
05 = atanZ( /1 — T323,7’33)

(35)
s = atan2(rsz 131) (36)

2.3 Robot Dynamics

In robot dynamics, the mathematical expressions indicate
the relationship between joint torques and joint
accelerations. The inverse dynamics computes the joint
torques for the given joint accelerations. While the
forward dynamics calculate the joint acceleration for the
given joint torques. There are two major methods
available to compute the robot dynamics: 1) Newton Euler
and 2) Euler-Lagrange. It is not possible to derive the
explicit equation of motion with the Newton-Euler
formulation. For this reason, the equation of motion is
derived using Euler-Lagrange formulation as:

7 OH .

qa_qlq

()~ -+ i

=HG+V(@ Nl (37)
; OH .
q 6_qnq
H(@QG+C(q. g+ 9@ +f(@) =1~ Foxe
(38)

where,

q, q,G4 = Joint position, velocity, and acceleration
H(q) = Positive-definite inertial matrix

g(q) = Gravitational forces

f (@) = Frictional forces

C(q, ¢)q = Coriolis and centrifugal terms

] = Jacobian matrix

F,,: = External forces on end-effector

T = joint torques
2.4 DC Motor Modelling

To design a PID controller, the transfer function of the
motor is required to figure out PID parameters for the
given desired transient response. Therefore, the transfer
function of the DC motor is identified using System
Identification Toolbox in MATLAB. An experiment is
performed on each DC motor to compute the input, and
output relationship by checking motor RPM with
tachometer against multiple input voltages. This data is
utilized in the System Identification Toolbox to find a
transfer function as shown in figure 3. After that, the PID
Tuner App is used for each transfer function to design a
robust controller. The PID gains for each DC motor are
listed in Table 3.
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Figure 3: System identification toolbox for identifying
and validating DC motor transfer function

Table 3: PID gains of each motor mounted on 6-DoF
robotic manipulator

Motor Kp Kd Ki
Base 100 400 0.00001
Shoulder 120 550 0.00006
Elbow 78 289 0.0009
Wrist 1 144 362 0.008
Wrist 2 206 199 0.0007
Wrist 3 165 183 0.0054

2.5 Hardware Descriptions
2.5.1 Controller

To operate a robotic manipulator, the ARM-based
microcontroller Tiva-C tm4c123gxl LaunchPad is
employed due to Cortex-M4F 32-bit CPU operating at 80 to
120 MHz. There are two encoder modules available in a
single unit. For six actuators, three controllers are used to
measure position data from the encoder. The master-slave
technique is used for controlling a 6-DoF robotic
manipulator.

2.5.2 Actuators

There are several types of actuators available to propel the
robotic manipulator, such as electric motors, pneumatics,
and hydraulics. Among all types of actuators, electric
motors are widely used in robotic manipulators. In this
project, encoded DC motors with gearboxes are used for
the actuation of the robotic manipulator. A belt-pulley
system is used to increase motor torque. To compute the
relationship between the motor rotation and link shaft, the
following calculation is carried out for the motor mounted
on the base joint.

Motor Gear ratio = 43.8:1
Pulley ratio = 2.08:1

To figure out the gear-ratio between shaft and encoder,
43.8x2.08=91.104

After multiplication 91.04 with encoder resolution, the
total number of bits are:

91.104x32=2915.328 bits
360 degree=2915.328 bits
1 bit=360/2915.328=0.1234852

To compute the exact position/angle of the shaft, this
factor will multiply with the current encoder reading. The
same calculations are carried out for the remaining five
motors as shown in Table 4.

Table 4: Motor specifications and pre-computation of
each motor mounted on 6-DoF robotic manipulator

Motors | G69r Tiizlzie leﬁgel'lnt rpm | Encoder g .
Ratio (Kg.cm) A Res.(CPR)
1st 438:1 | 12 7 251 | 32 0.1234
2nd 270:1 | 80 6 40 | 32 0.0116
3rd 168:1 | 58 5 80 | 32 0.0324
4th 131:1 | 18 5 80 | 32 0.0858
5th 100:1 | 16 5 100 | 32 0.0540
6th 4381 | 12 7 251 | 32 0.2568

2.5.3 Sensory System

To ensure mechanical safety, the limit switches are
mounted on each joint to stop the manipulator to avoid
serious injury. Apart from that, the limit switches are used
for detecting home position as a power switch to ON.
Moreover, the force sensor is mounted on the end-effector
to measure force.

2.6 Control Architecture

In this section, the control scheme is discussed in more
detail. To validate the kinematics of the robotic
manipulator, the position control scheme is implemented
using a PID controller. As mentioned in the previous
section, the PID gains are computed based on the
estimated transfer function of the DC motor using
MATLAB. The PID algorithm can be expressed as:

Current error = desired value - actual value;

Integral error = (accumulator error) * time period;
Derivative error = (Current error - previous error) *

1/time period;

PID = kp*Current error + ki*Integral error + kd * Derivative
error;

Previous error = Current error;

Accumulator error += Current error;
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3. Results & Discussion

In this section, the simulation studies are discussed in
detail to validate the kinematics expressions as well as to
explore the workspace of the 6-DoF robotic manipulator.
The link lengths are considered to be the unit length of
each link. To verify the inverse kinematics formulation, the
following 4 by 4 homogenous transformation matrix is
given to the robot to compute the joint variables.

0.8140 -0.3642 0.4525 1.7051
0.2695 0.9269 0.2612 0.9844
-0.5146 -0.0907 0.8526 3.0880

0 0 0 1.000

-

For the given pose, the joint variables are computed as
presented:

Joint variables (rad) = [0.5233;0.3927;0.6283;1.047;0;0.3490]

To verify the given pose against the computed joint
variables, the forward kinematics is implemented to
compute the end-effector pose. The results show that the
kinematics formulation is accurately derived as shown in
figure 4. The calculated 4 by 4 homogenous
transformations for the computed joint variables is
expressed as:

—0.6404 0.6206 0.4525 1.7426

9= -0.5702 -0.7788 0.2612 0.9275
7| 0.5146 -0.0907 0.8526 3.0265
0 0 0 1.000

For the exploration of workspace, the actual link lengths of
6-DoF robotic manipulator are considered as L1 = 13cm,
L2 = 13.5cm, and L3 = 38cm. The workspace of the
articulated part of the 6-DoF robotic manipulator based on

.
X 1.7051
Y 0.98444
Z3.088

Z - Axis
N

0

0 1

X - Axis
Figure 4: Implementation of inverse kinematics on 6-
DoF robotic manipulator using MATLAB. The end-
effector position is represented as highlighted.

Y-Axis 2 -1

the allowable joint variables range is shown in figure 5.

To further verify the kinematics formulation, the circular
trajectory is given to the robot with a fixed orientation. In
the first case, the link lengths are assumed to be the unit
length of each link. The results represented that the robot
achieved the desired path with a minute error in the
position due to computational error. Figure 6 shows the
reference and actual path of the 6-DoF robotic
manipulator.

Y - Axis
L & 4
N

06T s

0.7

0.8 : : — . : : :
07 06 05 04 03 02 01 0

X - Axis
Figure 6: Circular trajectory tracking. The solid black
line indicates the reference path while the dark dashed
line depicts the actual path of end-effector

4. Experiments

After validation of kinematics formulation, the
position control using the PID controller is implemented
on the hardware. The circuit diagram to control the 6-DoF
robotic manipulator is shown in figure 9. There are three
controllers used to control six encoded DC motors in
which one controller act as a master and the remaining
two controllers act as a slave. Moreover, three L298 motor
drivers are used to control the PWM and direction of the
DC motor. After that, the graphical user interface is
designed to get data from the user and actuate the 6-DoF
manipulator to achieve the desired pose. Figures 7 and 8
show the layout of the GUI for forward and inverse
kinematics. A series of experiments are performed to
effectively validate the design structure and control
scheme. The joint actions of actual hardware are
represented for each joint as shown in figure 10. The
repeatability tests are performed which amounted to
#0.35cm. For the pick and place task, the gripper is
controlled by a simple servo motor with a force sensor
mounted between the jaws of the gripper.
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Figure 5: Workspace analysis of 6-DoF robotic
manipulator using MATLAB

5. Conclusions

In this study, the authors design, analyze, and fabricate the
6-DoF robotic manipulator for pick and place operation.
Moreover, the position control is implemented using an
ARM-based microcontroller to effectively validate the
robot kinematics, including forward and inverse
kinematics. The mathematical expressions for robot
kinematics are derived and elaborated in more detail. The
transfer function of the DC motor is estimated using the
System Identification Toolbox after collecting motor RPM
data by applying a series of input voltages. To control a

]

A Forward Kinematics

Enter 2nd Angle
Enter 4th Angle

Enter 6th Angle

Go To Inverse

Figure 7: Inverse kinematics GUI layout to control the

60

40 A

z-axis (cm)

0
40

9 0 l 40
-20 40 %0 0 20

y-axis (cm) x-axis (cm)

Figure 8: Forward Kinematics GUI layout to control

robotic manipulator, the graphical user interface is
developed using Visual Studio. The robot payload capacity
is amounted to 330g while the robot’s weight is 5.98 Kg. A
number of experiments performed to test the repeatability
of the robot which came out +0.35cm. The force sensor is
employed on the end-effector to measure gripping force.

6. Limitations and Future Work

On the off chance that you have 6 DOF, a given end-
effector present is just reachable in a specific
configuration of the robot. Unless provided that you have
extra joints, you can in any case move the arm without
moving the end-effector so that for instance the elbow of
the arm isn't slamming into parts of the workspace. So, a
7-DOF redundant manipulator will be used to reach the
unreachable points of the work envelope. In the upcoming
versions of our robot, we will ensure cylindrical links have
an even load distribution in our design and improved
aesthetics as well. The replacement of Brushed DC motors
with Brushless DC motors will give us more control and
precision to achieve our desired position and trajectory.
Above all that high resolution incremental optical
encoders or absolute encoders would contribute to more

[

e Moo Wt 2

U

—f

Shoun Motor

Figure 9: Circuit diagram to control a 6-DoF robotic manipulator, including six DC servo motors, three motor drivers,
three ARM microcontrollers, power supply, and force sensor mounted on end-effector
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1st wrist motor 45 degree ~ Second wrist motor 45 degree Third wrist motor 45 degree

Figure 10: Experimentations on 6-DoF robotic manipulator to ensure the validity of forward and inverse kinematics.
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