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1. Introduction

Nowadays, teleoperation systems are standard, especially in teleoperated robot control. These
systems are highly needed for works of dangerous nature and dangerous working environments where
humans cannot operate the robot directly. At present, the remote control system has broad application
prospects in the industry, service, construction, medical care, and national defense [1], deep-sea
operations [2], nuclear material treatment [3], and space exploration [4]. The teleoperation system
consists of at least one master robot, controlled by the operator, and at least one slave robot that mimics
the movements of the master robot via a wireless network to interact with the environment around.
Besides, the structure types of the system, such as multi-master/single-slave, single-master/multi-slave,
and multi-master/multi-slave. [5].

In the structure of the teleoperation system, the workspace of the master and slave has the same
feature about shaping and sizing, which is convenient for controlling. However, the robot has many
types of realistic, so their two workspaces are also dissimilar. Therefore, the problem of homogenizing
the workspace of two robots is challenging and needs to be solved in the teleoperation system. Recently,
most researchers have used a method to solve this problem called "Position Control." The experimental
results show that the accuracy of the position is improved, but the factor must be investigated many
times to choose the relevant factor for the robot. Otherwise, studying the advanced Position Control
changes the Scaling value the following time [6]. This factor depends on the linear velocity of the end
effector and gains stability. However, the active workspace of the robot is limited in the small space.
This issue can be resolved by the Rate Control method [7], which shows the workspace expansion by
adjusting the center of the chosen area to a new center on the workspace of the robot and is used by
setting the velocity command of the slave robot proportional to the pose displacement of the master
robot. Besides, the mapping methods such as Constant Scaling Control (CSC) and Variable Scaling
Control (VSC) are optimal algorithms, but the VSC has a feature that overcomes the disadvantages of
CSC. It is also applied to compare the advantages and disadvantages of each algorithm, besides in the
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application to control the slave surgical robot in teleoperation surgery [8] using a variation of Modified
Rate Control. Otherwise, most researchers use the neuron network to combine the workspaces on the
Ballistic system for trajectory planning [9]. In the articles [10], [11], two methods were proposed: rate
control for coarse motion and a variable scaled position mapping for accurate positioning - to achieve
efficient and precise teleoperation. However, the current implementation still requires manual switching
between the mapping modes for sequential teleoperation tasks, which means that the teleoperation
cannot be performed continuously. In Vietnam, most research involves designing an adaptive controller
for a 3-DOF manipulator [12], [13]. However, mapping methods are limited in applying this robot's
teleoperation system.

Through an analysis related to the teleoperation system, the Haptic method helps to increase the
intuition of the operator when controlling the robot. Besides, a camera with force feedback can feel or
interact with the object's shape in the environment [14]. To ensure system safety, we use Haptic feedback
based on slave robot position displacement. One Hook law method improves precision [15]; the damping
system is proposed to be stable when operating.

Related to the analyses mentioned above, this paper proposes a position mapping algorithm to
convert the motion position of a joystick device into the workspace position of a slave robot. This
conversion enhances the efficiency and accuracy of remote-control operations. The proposed approach
incorporates a haptic feedback method to ensure the slave robot remains within the working area during
the remote-control process. This allows for mapping the entire workspace of the control lever into the
virtual workspace of the slave robot, thereby expanding the virtual workspace area compared to the
mapping of a selected rectangular workspace. The proposed methods are applied to an experimental
model consisting of one master device equipped with a Novint Falcon haptic device connected to a
laptop and one slave device consisting of a 3-degree-of-freedom robot with three stepper motors
controlled by Atmega2560 microcontrollers. A Zigbee wireless network is utilized for data exchange
and communication between the master and slave devices. Through experimental results, the
effectiveness of the position mapping method combined with haptic feedback is demonstrated.

The structure of this paper is organized as follows: the kinematics for the Haptic device and the 3-
DOF robot in section 2. Section 3 presents the mapping and haptic methods for preventing control of
the slave robot out of the workspace. Section 4 includes the result of the mapping and haptic method.
Section 5 presented the conclusion of the proposed method.

2. Description of the teleoperation system
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Figure 1. Overview of the teleoperation system

Figure 1 illustrates the overview of the master/slave teleoperation system. In detail, the Haptic
Device block has position-sensing digital encoders that keep sending the position data at a frequency
setup of 1kHz to the Laptop via USB. The laptop block receives data from the Haptic Device block
through the CHAI3D software built to support communication with the Haptic Device lines. The
position mapping algorithm is also built on the laptop. Zigbee wireless network is responsible for
communication between Master and Slave at a baud rate speed of 115200. The Atmega2560 block is
responsible for receiving the signal setpoint from the master; after calculating the kinematics for the
robot, it proceeds to generate the pulse control drive step. Besides, there is also the task of reading the
Encoder at the joints of the 3-DOF robot. The Driver Step block is responsible for controlling each
stepper motor. The 3-DOF robot block is the actuator responsible for moving according to the control
signal of the Driver step.
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The structure of the joystick Novint Falcon is a parallel 3-DOF robot equipped with a sensor to
measure the angle at the joint robot, a force sensor to help raise the sensing ability, and a button to adjust
the model on the end effector [16]. Most of the research about the Novint Falcon is about forward and
inverse kinematics. It identifies the parameters of the robot system by measuring the feedback signal at
each joint [17], [18]. The slave robot is a 3-DOF robot whose mission is to track the desired signals from
the joystick. The robot is equipped with 3 Encoders AMT322D-V with a revolution of 400 pulses/rev
at each joint to read the angle position of the robot. Besides, the kinematics of the robot are calculated
following the Denavit — Hartenberg (DH) method.

2.1. Kinematic of the haptic devices and 3-DOF robot
2.1.1. The inverse kinematic of the haptic device

Figure 2. The haptic model a) CAD model; b) side of view one leg; c¢) base

The CAD model of the joystick is described in Figure 2a. The coordination of one leg is illustrated
in Figure 2b and Figure 2c. O is the center of the original coordination on the XYZ axis, and P is the
position of the end-effector of the haptic device. The UVW axis is attached to the base platform. 6, is

the angle at each joint of one leg (with 1=1,2,3), and the parameter of the haptic device is according to
Table 1.

Table 1. The parameter of the Novint Falcon haptic device

Dimension Value (mm) Dimension Value (mm) Dimension Value (mm)
a 60 d 11.25 g 27.9
b 102.5 e 11.25 r 36.6
c 14.43 f 25 s 23.09

After the end-effector's position is known, the inverse kinematic is calculated to determine each
joint's angles. The transformation formula between the UVW and the XYZ is depicted as follows:
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cosg,  sing O] P, r
OP-OA=|-sing cosg O P, [-|s 1)
0 0 1yPR| |O

where ¢, , @, , and ¢, are the rotation angles with the value 77/12,-7/12,—97/12.
Based on Figure 2, the vectors are described as follows:
OP-OA=AB+BE+EP (2)
After calculating the vector AB, BE, EP and line segment BE, the result is as follows:

acos(6,)| | cos(6,)(e+sin(6)+d) | [
OP-OA=| 0 |+ bcos(6;) +|-f (3)
asin(,) | |sin(6,)(e+bsin(6,)+d)| | 0

where OP-OA=AP=[P, P, P,] ,theequation (3) is written as:

P [acos(6,)+cos(6,)(e+bsin(g,)+d)—c]
P |= bcos(6;)— f (4)

\

P asin(6,)—sin(6,)(e+bsin(6,)+d) |

u

Thus, the &, can be obtained by the following equation:

6, =J_racos(PV; fj (5)
The results of the angle 8, can be demonstrated as follows:
2 2 (2
6, =2tan™ BvB +A-C (6)
A+C

where A=2(P, +c)a, C=—(P, +c)’ —a?—P? —(e+bsin(6?3)+d)2
After calculating the 6, and 6,, the 6, angle is defined as:

6, =2tan™ . —asin(4) (7)
? P, +c—acos(6))

2.1.2. Forward kinematic of the haptic device

With the angles 6,6, and 6, illustrated above, the forward kinematics for a 3-DOF parallel delta
robot is solved. The structure of a 3-level parallel robot is described as follows:

b)

Figure 3. The 3-level parallel robot a) constructor; b) description of the method of the intersection of 3 spheres

JTE, Volume 19, Special Issue 02, 2024 35


https://jte.edu.vn/index.php/jte/index
mailto:jte@hcmute.edu.vn

JTE JOURNAL OF TECHNICAL EDUCATION SCIENCE
Ho Chi Minh City University of Technology and Education

HCMIUTE Website: https:/jte.edu.vn
ISSN: 2615-9740 Email: jte@hcmute.edu.vn

where 6, is the deflection angle at the joints on the base plane, the point at the linked joints, and the
point lying on the plane of the fixed base (i = 1, 2, 3). The method is described as follows: from the
value of the angle &, it is easy to calculate the coordinates at the points J;. Furthermore, the center of

the sphere J, is chosen with a corresponding radius J;E, . If the sphere is moved along a vector EE,
a new sphere is created, and the intersection of these three spheres gets the point coordinates E,. The
coordinates of the center sphere after shifting the axis are respective J,, J, and J;.

Considering the 3-arm system, the J point in the UVW is rotated to the XYZ axis.

Ja| |cos(@) —sin(@) OfJ;—r
Ji [=|sin(@) cos(¢) OfJ;+s (8)
J, 0 0 1 J,

With i =1, 2, 3, the equation of the sphere with the three centers is found:

(x=3,) +(y=3,) +(z2-3, ) =BE?
(x=3,) +(y=3,) +(z-3,,)" =BE® 9)

(x—st)2 +(y—\]y3)2+(z—JZ3)2 — BE?

The position of the haptic device in terms of the x, y, and z axes relative to the Polar Coordinate
System of robotics is known when solving the equation (9).

2.2. Kinematic of the 3-DOF robot

The 3-DOF coordination of the manipulator is depicted in Figure 4.

Figure 4. The coordinate system of the robot a) 3D model; b) description
2.2.1. Forward kinematics of the manipulator

The kinematics of the robot are resolved by utilizing the Denavit-Hartenberg method. The D-H table
can be illustrated as shown in Table 2.

Table 2. The D-H table

i a o, d, 0.
(mm) (degrees) (mm) (degrees)

1 L, 90 d, 0,

2 L, 0 d, 0,

3 L 0 0 0,
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The translation matrix from the i axis to i —1 the axis [19] is as follows:

cos(@) -—sin(@)cos(e;) sin(@)sin(e;) @& cos(6)
ria_|SIN@)  cos(@)cos(ey)  —cos(é)sin(e;) & sin(é)
0 sin(,) cos(;) d

0 0 0 1

(10)

Then, the position of the robot is shown in the equation below:
P =16 —d;s; + L,CC, + L5CiC,C; — LiCiS,S,
P, = LS +d,¢ + 1,C,8, + LiC,Cs8 — LSS, s, (11)
P, = dl + L5, + LS,
where ¢, =c0s(8,), s, =sin(6,), s, =sin(6, +6;), with i=1,2,3.
2.2.2. Inverse kinematics of the manipulator

In the inverse kinematic problem, the position end effector in the XYZ axis is known. When resolving
the inverse, the results are in the three joints of the robot.

The value of €, can be determined as the equation (12):
szl - Pycl = _d2 (12)

The 6, angle is defined after solving the formula (12):

2
6, =atan2| + [1- Zdz = |, Zdz = |-« (13)
JP2+P2 | ([P7+R;
P
when a =atan ZPX =, zy = |.
JPZ+P? PP+

The 6, angle is calculated as:

{R(Cl+Pysl_L1:L2C2+L3023 (14)

P—d =Ls, +Lssy

Then, the &,angle is defined as follows:

w+vi+ -2 w+v+ L -2

Jany+ny | ) (L)

6, = atan2

2uL, , 2vL,
J2uL, Y +(2vL, Y y(2uL, ) + (2L, )

Finally, the &,angle is following the equation below:

where u=Pc, +Ps —L, v=P,—d,and g=atan2

2

6, =atan2(v—L,s,,u—L,,) -6, (16)
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3. Position Mapping and the Haptic Feedback method
3.1. Position Mapping Method

Desired
workspace

Mapping—

= Virtual
workspace

Figure 5. The origin coordinate system of the Novint Falcon and the 3-DOF manipulator

The position mapping method does not directly map two workspaces to each other but through
selecting parameters to select the compatible slave and master workspace. Firstly, the joystick's
workspace is identified based on its structure and joint limits. Then, a desired workspace is chosen based
on the joystick's workspace. The workspace can either be in the shape of a cube that intersects with the
joystick workspace or the entire joystick workspace. The desired workspace includes all positions
converted to the setpoint of the 3-DOF manipulator using the position mapping algorithm. After that,
the desired workspace is placed within the 3-DOF manipulator's workspace based on the p,, parameter,

which is the translation vector of the joystick' workspace to the manipulator's workspace. Finally, the
size of the desired workspace in the 3-DOF manipulator's workspace is adjusted based on the K
parameter. This method is illustrated in Figure 5.

With the application of the Position mapping technique, the end-effector position of the slave robot
is specified using the relation [20]:

P, =Kp, +p, 17)
where p, eR*>* is the end effector's position of the 3-DOF manipulator relative to the original
coordinate system X'y'z', p, e R*® is the end effector's position of the Novint Falcon relative to the
axis system xyz viewed within the selected workbox, p, € R*® is the center position of virtual
workspace in the 3-DOF manipulator workspace relative to the coordinate system X'y'z' and K e R*®
is the scaling factor.

3.2. The Haptic Feedback Method

The haptic method assists the operator in controlling the robot during tasks and prevents it from
entering the singularity area. When the robot reaches this area, a force is generated and transmitted to
the operator's palm, providing sensory feedback and helping the operator remind the safety limitations.

|
Position P. Inverse i
X ) . —Control—»
Mapping Kinematic !
I
I
|
I
Haptic < Forward !
F k—

Feedback e 5 Kinematic [Feedbac i
f |

Figure 6. Overview of the haptic system

Figure 6 demonstrates the haptic feedback method. The joystick's position p,, is collected and
converted to the desired position of the manipulator p, . The stepper motors in the actuators ensure the
joint angle's response accuracy. The manipulator's position p, is calculated using the forward
kinematics formula. Finally, the force feedback is generated based on the displacement of p, and p,, .
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The force feedback creates a sensation like stretching a tension spring. When a tension spring is
stretched to an external force, it shrinks and offers resistance in the opposite direction. Based on Hooke's
law, a virtual spring is simulated to provide force feedback. In addition, a damper is added to regulate
the damping. The force feedback rendering is illustrated in Figure 7.

Virtual Representation of the
Handle of the Haptic Feedback

/ device

- «— Damper

Virtual
4 Object
Spring - (
KS
Figure 7. Description of the haptic method
The force feedback modeling is denoted as follows:
f=KAx+Cv (18)

where f e R**is aforce, K, e R*is the spring stiffness, Ax e R>* is the deformation, C e R*® is the
damping coefficient, v e R** is the velocity of the spring's deformation.
4. The experiment

This section presents the experiments to evaluate the effectiveness of the position mapping method
in unifying the workspace of two robots and the meaning of the haptic feedback method when the haptic
device is moved out of the desired workspace. A survey is conducted to select a suitable parameter for
the position mapping algorithm. Then, the haptic feedback method experiments with the parameters of
position mapping above are conducted.

4.1. Survey the appropriate parameters for the position mapping method

Step 1: To build the teleoperation system, the workspace of the robot and the haptic device is defined
from the limited angle of each joint. The limited angles of the manipulator can be defined as:
6 e [—llO°,+ 75°] , 6, € [—110°,+120°], 6, [—120°,+1lO°] . Besides, the limited angles of the haptic
device are defined as: 6,(i=12,3)e[-45° +45°]. The workspaces of the joystick and the 3-DOF
manipulator are described in Figure 8.

#  3-DOF manipulator

600

— 400

mm

N 200

100 T —
— 0 — "
150 50 400 500

a) b)

Figure 8. The workspace of the a) joystick Novint Falcon; b) the 3-DOF manipulator

Step 2: This step aims to determine the appropriate parameters of the position mapping method.
Cases of this survey are listed in Table 3.
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Table 3. The survey of the parameters of the position mapping method

Case

K

Pw

2 diag([L3 3 25])

[0 0 205]

[0 0 205]

[500 0 205]

5 diag([26 6 3])

[0 0 205]

[0 0 205]

[500 0 205]
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Figure 9. The virtual workspace in the manipulator's workspace a) case 1; b) case 2; c) case 3; d) case 4; €)

case 5; f) case 6
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The value of the scaling factor K is adjusted to change the shape of the desired workspace and makes
the two unified workspaces more effective. The value of the translation vector p,, is adjusted to change

the position of the virtual workspace in the manipulator's workspace. The results of the survey are shown
in Figure 9. The workspace mapping method works best when the virtual workspace and the
manipulator's workspace intersect as much as possible. As a result, the parameters in case 5 have
achieved this. In this case, the singularity is solved by the haptic feedback method.

4.2. The experiment of the haptic-teleoperation system with the position mapping method

In this experiment, the teleoperation system is combined with the force feedback to advantage the
operator's feeling about the environment. The new reflectance coefficient is selected to expand the

working space. The parameter is following as: K =diag([2.6 6 5]); p, =[90 0 250] .

In order to prevent the slave robot from being moved out of the designated workspace, the singularity
area is designed to create an unstable system. The haptic method generates a force that acts against the
direction of motion. During the experiment, the operator held the end effector of the haptic device and
moved it out of the desired workspace, then returned it to the workspace. When the haptic device enters
the singularity area, a force is applied to the palm of the operator's hand, which allows them to stop and
reverse the movement of the end effector of the haptic device.

Haptic after mapping
= = = +3-DOF Manipulator

E €
£ 100 E 200
~N Haptic after mapping ~N
0 Haptic before mapping 150
- I ~ _— T~ > o
100 ™~ 0o 500 100 T~ 450
0 ™~ — 300 0 . — a0
00 T g 200 00 T 350
Y (mm) X (mm) Y (mm) X (mm)
a) b)

Figure 10. The signals of the robot with the force feedback a) the haptic device; b) the robot arm

The trajectory of the haptic device and the response of the 3-DOF manipulator is presented in Figure
10. The solid red line is the desired planning of the haptic device when the operator performs, the solid
black line is the reference after using the mapping method, and the dashed red line is the position of the
slave robot. The results show the effectiveness of the Position mapping method. The 3-DOF manipulator
follows the setpoint from the haptic device and is not unstable, while the Novint Falcon device is out of
the permitted spaces. The position of points outside the workspace of the 3-DOF robot is depicted
in Figure 11.

#*  3-DOF manipulator
#  Point outside of workspace

200 40?)\“"_,;5;-72_070! o 200 400
X(mm) Y(mm)
Figure 11. The position of points located outside the workspace of the 3-DOF manipulator

To evaluate the effectiveness of the position mapping and haptic method, Figure 12 illustrates the
system's responses to the position.
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Figure 12. The response of the 3-DOF manipulator and the force feedback a) x-axis; b) y-axis; ¢) z-axis

Based on Figure 12, the solid black is the setpoint from the haptic device after applying the position
mapping method, the solid red line above is the measurement position of the 3-DOF manipulator, and
the solid red line below is the generated force of the haptic device. At the singularity region, marked by
the blue circle, the error of the position is more significant than the allowable threshold, but the response
of the manipulator is still stable. The force value changes rapidly, and its direction is opposite to that of
the force applied by the operator on the joystick. This force impacts the palm to alert the operator that
the system has reached the limited workspace and helps the operator recognize the issue and return to
the safety area.

5. Conclusions

This paper presented the mapping haptic method to unify two workspaces for the robot arm on the
teleoperation system. The teleoperation system, including the 3-DOF manipulator and Novint Falcon
haptic device, was established with Zigbee wireless communication. The Novin Falcon haptic device
belongs to the master module, and the 3-DOF manipulator stays in the slave module. The operator moves
the end-effector to generate the command for the 3-DOF manipulator. Because the workspaces of the
falcon device and 3-DOF manipulator are different, the proposed method was developed with a position
mapping algorithm to unify the workspace of the master-slave robots and a haptic feedback algorithm
in the master robot to prevent the singularity in the slave robot. To verify the effectiveness of the
proposed method, the proposed methods were applied to the experimental test bench. Using force
feedback in the proposed method has helped to expand the entire workspace of the master device into
the workspace of the slave device.
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