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ABSTRACT:

Robotic desktop devices have been used for academic purposes for a variety of investigation and

development studies. Desktop devices for academic/educational purposes have been highly anticipated especially
in the fields of haptics, teleoperation systems, and control studies. This paper’s motivation is to present the steps
of designing, manufacturing, and implementing of Educational Desktop Robot R’D to be used for haptics,
teleoperation, and redundancy control studies. The design, manufacturing details, kinematic, and dynamic model
of the robot are described in the manuscript. Additionally, a case study is carried out for end effector control in task
space is given and the results are shared. © 2017 Wiley Periodicals, Inc. Comput Appl Eng Educ 25:222-229, 2017,
View this article online at wileyonlinelibrary.com/journal/cae; DOI 10.1002/cae.21792
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INTRODUCTION

In engineering education, laboratory experimental setups are
useful as educational tools just as they are essential evaluation
platforms for testing theoretical methods. Itis acknowledged in the
literature that developing a laboratory experimental setup usually
costs much less compared to commercially available setups, and
researchers and students gain significant experience in design and
construction of real systems [1-18]. Among those laboratory
experimental setups robot manipulators are considered as good
examples of multiple-input multiple-output nonlinear systems that
can be utilized for both control and robotics education. In addition
to their inter/multi-disciplinary usage, robot manipulators can be
utilized in both undergraduate and graduate level courses.
Introduction to robotics and mechatronics courses and such like
can be given as an example for undergraduate level courses. More
than this, graduate level course such as non-linear control,
redundant control, haptics, and teleoperation and graduate level
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research in this areas are possible application area of the proposed
system. According to the authors’ best knowledge, there are only a
few past works fully dedicated to design and development of a
robot manipulator [12—18]. Some line of past research has focused
on designing mobile robots [12]. In Ref. [13], an articulated
desktop robotic device called Rhino XR4 is proposed to be used as
an educational robotic workstation with graphical user interface
for students to perform experiments. Moreover, in the literature, a
variety of robot design and development studies are presented for
haptic applications [14—18]. The results in Refs. [13-18] empha-
size the importance of programming as an important part of
robotics.

In this study, an R*D robot manipulator which is a desktop
device inspired from the lack of low-cost, easy-to-use robotic
systems is developed. The robot manipulator works in the planar
workspace and has three Degrees of Freedom (DoF) articulated
structure. The main motivation behind this study is to gain the
experience in designing a robot manipulator. Another important
motivation of developing this robot is to apply linear and nonlinear
control strategies. Firstly, by utilizing the physical properties of
the robot manipulator a kinematic model can be obtained, which is
followed by deriving a dynamic model via using energy based
methods [19-21]. When the control problem is to drive the joint
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positions to desired constant or time-varying values (i.e., joint
space control) both linear (i.e., proportional derivative integral)
controllers and nonlinear controllers can be applied [19]. On the
other hand, when the control objective is to move the end-effector
of the robot manipulator to a desired pose (i.e., task space control)
two common methods are preferred in the literature. One method
converts the desired pose into desired joint positions via utilizing
inverse kinematics at the position level and then makes use of joint
space control [20,21]. The other method makes use of inverse
kinematics at the velocity level and nonlinear task space
controllers can be designed [20,21]. In task space control
applications, when the desired pose requires only positioning of
the end-effector (i.e., the orientation of the end-effector is not
driven to a desired value), the robot manipulator becomes
kinematically redundant [22]. Similar to most robot manipulator
designs, R’D is not equipped with joint velocity measurement
tools. On the other hand, several control algorithms require joint
velocities. To overcome this restriction, linear or nonlinear
velocity observers can be applied [19,23]. Apart from the control
applications, R’D can be configured as a master haptic device
(force-reflecting device) which can be adapted for teleoperation
systems or virtual reality scenarios.

In this paper, design and manufacturing phases of the
educational desktop robot R*D are presented. Firstly, the design
of the mechanism that includes mechanical structure, electro-
mechanical hardware, and controller interface are described.
The mechanical structures are manufactured and assembled with
electromechanical parts by the members of Robotics and
Control Laboratories of Izmir Institute of Technology. Due to
ease of use, Matlab Simulink environment is chosen for robot
control and also as the user interface. Forward and inverse
kinematic models and dynamic model of the robot manipulator
are then obtained. Finally, a task-space controller is de-
signed [24] and experiment results are presented to demonstrate
the performance of the overall system.

DESIGN OF R’D

The overall mechanical system consists of structural base, link
frames, actuators, and sensors. The planar robot has articulated
structure which consists of three DoF, or equivalently, three
actuators that works in the same plane. The manufactured and
assembled device is shown in Figure 1, where the base frame links
and end-effector are labeled. Base frame is the structural
component where the first link is connected to and constructed
inside an aluminum casing. Consecutive links and joints have
identical design structure as can be seen from Figure 1. Some basic
specifications of R®D are summarized in Table 1.

The mechanism has three joints which are actuated using direct
drive DC motors. The base frame, illustrated in Figure 2, represents
the fixed point of the mechanism and also designed to counter the
weights of the links. The first actuator which is the only one that is
stationary is assembled in the aluminum box (base) that has
dimensions of 132.5 x 132.5 x 206 mm. The sensors are connected
to the rear shaft of the motors using 3D printed parts assembled to the
rear shaft of the motors. For rigidity and better performance, proper
bedding and power transmission components are required. The power
transmission with the main shaft is done by spring coupling presented
in Figure 2. Bearing house is used to mount the bearings and to create
the necessary bedding for first shaft. Two bearings are integrated to
withstand axial and radial loads.
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Figure 1 Educational desktop robot R°D.

Table 1 Basic Specifications of R’D

Characteristic Value

Efficient workspace 210 x 297 millimeters

Link lengths 127 mm
Joint limits 210 degrees
Power supply 24VDC 10A
Accuracy <+1 mm

Links and parts of the joints are manufactured with CNC
machining from aluminum. The motor and encoder connection
parts are printed in 3D printer using ABS+- plastic. The magnet of
the magnetic encoder is shrink-fitted to the rear shaft of the motor
via 3D printed part. In Figure 3, joint part 1 and joint part 2
represent the two parts that connects two consecutive links. Power
transmission is realized similar to the design in the base frame in
which a coupling and two bearings were used as shown in Figure 3.

The electromechanical parts of the robot manipulator are
DC motors and their drivers, and magnetic encoders (see Figs. 2
and 3). Each DoF is actuated by using direct drive motors.
Direct drive motor technology is preferred for the actuators

Main Shaft B Bedrieg
Bearing House
Coupling
Base
Dc Motor
Magnet
Magnetic
Encoder

Figure 2 Base frame design.
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Figure 3 Link frame design.

simply because the robot manipulator is desired to be used in
haptic and teleoperation experiments. E137576 Maxon motors
are chosen as actuators where their characteristics are given in
Table 2. Maxon Escon 36/2 DC, 4-Q Servocontroller enables to
drive the motors which can support a maximum power of 72
Watts. These drivers are programmable and support to be
operated in both current and speed mode, which provides
flexibility to implement different control strategies. The Arms
AS5045 magnetic rotary encoders were used as position sensors
which deliver outputs as A, B, and I phases of incremental
encoder with a 4096 bit resolution.

—aysin(0y) — azsin(0; + 62) — aszsin(6; + 0, + 63)
j = | aicos(0;) + axcos(0; + 62) + azcos(0; + 0, + 63)
1

The control algorithms are developed in a PC using Matlab
Simulink software package. The interface to receive sensor data from
a data acquisition (DAQ) card and send torque demands to the motor
drivers via a DAQ card is the Simulink Desktop Real-Time blocks,
which can be configured for a variety of commercially available DAQ
cards. Matlab provides a real-time kernel for executing Simulink
models in real time and when this Simulink Model with the control
algorithm and Simulink Desktop Real-Time interface blocks is

Table 2 Characteristics of E37576 Maxon Motor

—apsin(0; + 0,) — azsin(6, + 6, + 63)
acos(0; + 60;) + azcos(0; + 6, + 63)

Characteristic Value
Nominal voltage 24VDC
Torque constant 36.4 mNm/A
Speed constant 263 rpm/V
Nominal speed 5530 rpm
Nominal torque 78.2 mNm

compiled, this model is connected through this kernel to the DAQ
card for real-time information exchange. In this setting, the joint
actuator commands are transmitted to the motor drivers with analog
signals as torque demands and encoder signals are received as
quadrature counter inputs. The data transmission from PC, signal
inputs, and outputs, are carried out with Humusoft MF 624 DAQ (data
acquisition) PCI card. The signal flow scheme between the
peripherals is illustrated in Figure 4, which comprises a PC, PCI
DAQ, actuator, and drivers.

MODELING OF R®D

In this section, forward and inverse kinematic models of R3D are
first obtained and next its dynamic model is derived. The basic
kinematic sketch of the robot manipulator is illustrated in Figure 5
where modelling parameters are given in Table 3.

Forward kinematics is commonly used to calculate position
and orientation of the end-effector by using angular joint
positions [19-21]. Making use of the link parameters denoted in
Figure 5, forward kinematics equations for task space position are
formulated as shown below

X aycos(61) + azcos(6y + 62) + azcos(6y + 0> + 63)
y | = | aisin(6)) + azsin(01 + 02) + azsin(6; + 6, +63) | (1)
1 01+ 6, +0;

where x(¢) and y(¢) denote the position, and y(¢) is the orientation
of the end-effector with respect to the base frame.

Differentiating (1) with Respect to Time Results in the
Velocity Kinematics

i 0,
V| =6 (2)
y 05

where J(6) € R>* is Jacobian matrix that can be obtained as

—a3Sin(91 + 6, + 93)
a3cos(91 + 6, + 93) (3)
1 1

Given the end-effector position and orientation, angular joint position
can be obtained via utilizing inverse kinematics calculations [19-21].
Specifically, given x(), (), and y(¢), two known auxiliary variables,
denoted by x*(#) and y*(¢), can be calculated as

x* =x—azcos(y) = ajcos(01) + azcos(6; + 6,)

V' =y — azsin(y) = aisin(0;) + azsin(6; + 6,)

The expressions in (4) are first squared and summed and then
making use of trigonometric relations following expressions can
be obtained

= M}sin(@z) =+4/1 — cos?(6,) (5)

cos(62) Y

from which two solutions of 6, can be obtained as

0, = atany(£sin(6,), cos(6,)) (6)
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Figure 4 Signal flow scheme between the peripherals.
The angular position of the first joint can be calculated as Finally, the angular position of the third joint is calculated as
01 = atany(sin(0,), cos(6y)) (7) 0=y —6, — 6, 9)
where
sin(6y) = V(a1 + arcos(62)) — x*azsin(62) 7 When the desired end-effector pose requires only positioning
a% + a% + 2ajaxcos(62) of the end-effector (i.e., the orientation of the end-effector is not
x*(a1 + azcos(62)) + y*azsin(67) driven to a desired value), the Jacobian matrix, denoted by
cos(61) = (8)  7,(6) € R?3, is obtained as

af + a% + 2318.2(205‘(92)

—alsin(Gl) — aQSil’l(Ql + 92) — a3sin(91 + 6, + 93) —azsin(el + 92) — a3sin(91 + 6, + 93) —a3sin(91 + 6, + 63)
Jo=| aicos(6y) + azcos(6y + 62) + azcos(0; + 62 +63)  azcos(6y + 62) + ascos(6y + 62 +63)  azcos(6; + 6, +63) | (10)
1 1 1

The joint space dynamic model of the robot manipulator is
developed using the Euler-Lagrange equations of motion and can
be represented in matrix form as

T1 él él
T,| =M|6, | +N| 4, (11)
T3 65 03

where M(6) € R¥3 is the positive definite, symmetric inertia
matrix and N (0, 9) € R**3 denotes Coriolis and centripetal effects
and are of the following form

Table 3 Modelling Parameters

Parameter Value
Link lengths (a;, a,, and a3) 127 mm
z Mass center (1, 1) 106.20 mm
y Mass center (13) 71.58 mm
i Mass my, m, 595.96¢
Mass mj 160.48 g
X Inertia I, and I, 6.729207 ng
Inertia I5 0.82960524 gm?®

Figure 5 Kinematic sketch of R°D.
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Figure 6 End-effector trajectory tracking performance.

[m;p mp my;
M= |m_, my my;|,
L m; mp3 m33
[ V11262 + v11365 Biabs + v12365 B 365
N= B0, V22303 Bbs + v21361
B0, B3fr + i 0

(12)

It should be noted that there are no counter-mass and gravitational
effects acting on robot. The entries of the dynamic modelling
matrices are given the Appendix.

EXPERIMENT RESULTS

In this section, performance of the R’D is evaluated with a task
space controller in Refs. [25,26]. The exact model knowledge
controller is implemented where kinematic and dynamic models
presented in previous sections are utilized. The tracking control
objective is quantified via the task-space tracking error, denoted by
e(t) € R?, defined as

e:Xd—X (13)

where X (1) = [x(f) y(¢)]" € R? is the end-effector position and
X4(f) € R? is the desired end-effector position. The end-effector
position X(#) is calculated by using the joint positions obtained
from encoder measurements along with the forward kinematics.

x 107 Tracking Error in X-axis

Error (nj

[
w |
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b

0 5 10 15 20
Time (s)

Figure 7 X-axis error.
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Figure 8 Y-axis error.

Since there is no desired end-effector orientation given, for this
task, the robot is kinematically redundant.
The control input torque is designed as [27]

t=J"e+K,(X;+Kee—0) +M
7" (i + Kee) -+ (Xa + Ked)| + NI (Xa + Kee) - (14)

where K, € R¥? and K, € R¥? are positive-definite diagonal
control gain matrices, and J*(0) € R¥? is the pseudo-inverse of
J,(6) defined as

(15)

An infinity-like desired task space trajectory was designed as
given in the Equations below with desired position,X,, velocity,
X 4, and acceleration, X 4 as a function of time, ¢. The maximum
task space velocity achieved during the given motion is 8§ mm/s
with a maximum acceleration of 3.2 mm/s?.

~0.02 + 0.02 cos(0.47)
71 0.127 — 0.01 cos(0.47)

—0.08 sin(0.4¢)
Xa= (16)
—0.04 cos(0.47)
. —0.0032 cos(0.4¢)
7| 0.0016 sin(0.4)
The initial joint positions were 6, =0°60, =90°,

63 = 90°and the control gain matrices are chosen via trial-and-
error as K, = diag{55,55,55} and K, = diag{65,65}.

The results are presented in Figures 6-—8. In Figure 6, desired
task-space trajectory and end—effector position are demonstrated.
The tracking errors in x- and y-axis are shown in Figures 7 and 8,
respectively. In each axes, error between =1 mm is observed at
steady-state.

CONCLUSIONS

An educational desktop robot, R3D, is developed for experiment-
ing control designs. The mechanical structure is designed to work
in plane, 2D, which also allows to develop redundant robot control
experiments. Additionally the actuation system (direct drive)
enables to configure R®D as a haptic device. The first control
experiments are done with Matlab Simulink environment using
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Real-Time Windows Target package which addresses control
input and outputs via PCI DAQ on a PC.

As a result of the case control study, it is observed that the
end—effector position accuracy is bounded in +1 mm for each
axis through given trajectory. It should be noted that the
controller is open for development and the accuracy may be
enhanced in future studies with different control approaches.
The design is devised to have the flexibility of using several
control strategies either in joint-space or in task-space. In
conclusion, demonstrations of the performances of classical
controllers (such as PID controllers) on the robotic system can
be given in undergraduate feedback control systems courses in
both Mechanical and Electrical and Electronics Engineering
programs at Izmir Institute of Technology. The robot can also be
utilized to demonstrate several robotics and mechatronics
concepts as part of the introductory robotics courses in the
undergraduate curriculums of both Mechanical and Electrical
and Electronics Engineering programs. The robot can serve as a
test-bed for graduate level courses in the broad areas of control,
robotics and mechatronics (such as the graduate level courses
taught in Izmir Institute of Technology including: non-linear
control, robot manipulator control, control of kinematically
redundant robot manipulators, haptics and teleoperation). We
plan to perform a survey similar to that of [28] as a future work
for a larger set of students since this robot has to be tested by
undergraduate and graduate students that are taking courses in
the fields of control, teleoperation, and mechatronics.
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APPENDIX: ENTRIES OF THE DYNAMIC MODELING MATRICES

The generalized inertia coefficients are included using terms represented in Equation 12 listed below:

my=1+0L+1z+ mll% + my (af + l% + 2allzcos92) + m3 (af + a% + lg + 2a1a2¢080; + 2a113c08023 + 2a13c0803)
myy = mzl% + m3 (a% + l% -+ 2612]3605‘93) +L+1;

myy = m3l3 + 13
myy = [mz (allzcosé’z + l%) + mj3 (a1a2c0s92 + aylzcos0y; + a% + 2asl3cos03 + l§) + 1 + [3}

myz = [m3(a1l3c08053 + arlscos0s + ) + I3]

my; = m3 (azl3cos93 + l%) + 13

(17)

The centripetal and Coriolis coefficients are included using terms represented in Equation 12 listed below:

Blz = *mzallzsinez —m3 (alazsin92 + a113Sin923)

313 = —m3 (all3Sin923 + a213sin93)

By = my(ailrsindy) + ms(ajazsindy) + ms (a1 lzsinba3)
323 = *"13(6121351'7193)

331 = Vn3all3sin923 + M3112135in93

B32 = m3a213sin03

(18)

Y12 = 72m2a|lzsin92 - 2m3a1azsin92 - 2m3all3sin923
Y113 = —2m3all3sin923 — 2m3a213sin93
Y123 = —m3all3sin923 — 2m3a213sin93 — m3a113sin923
Y213 = —2m3a213sin93
Va3 = —2m3azlzsings

V310 = 2m3ayl3sindz
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