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This study presents the development of collision avoidance control for tele-operated dual
robotic arm. The main aim of this project was to develop collision avoidance control to
minimize the collision in human robot interaction. In absence of work cell mapping, collision
checking in tele-operated robotic arm is commonly performed based on the motor current or
torque. However, the collision checking based on motor current or torque cannot predict the
collision. To overcome this issue collision avoidance based on proximity sensor and collision
checking based on the unified robot description file are presented in this thesis. Test results
obtained from collision checking using sonar sensors are presented. The findings suggest
that the performance of the collision avoidance control is effective in minimizing risk of
collision in tele-operation.
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α𝑖

Link twist

𝜙𝑖

Orientation of end-effector
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Joint angle

𝜏𝑡𝑜𝑡

Total torque

𝜏

Control torque
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𝑎𝑖

Link length

𝐶(𝑞, 𝑞̇ )

Coriolis and centrifugal term

𝑑𝑖

Joint offset

g(q)

Gravity vector
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Inertia matrix
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Rotation matrix (3×3)
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Warning distance limit
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Position of end-effector in Z axis
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Adaptive Neuro-Fuzzy Interface System
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Simultaneous Localization and Mapping
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Transformation Frame
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Unified Robot Description File

XML

Extensible Markup Language

8

1 INTRODUCTION

The main aim of this project was to minimize the accident in human-robot (tele-operated)
interaction, in absence of work cell mapping (Simultaneous Localization and Mapping). In
such case collision detection is carried out most commonly using torque or the motor current.
The drawback of this approach is, it generates the signals after colliding with the object.
Such system can be used to minimize the further risk by immediately stopping the robot
motion. However, this approach cannot predict the collision in advance. This drawback had
leaded to the development of this project. The following sub-chapter aims to highlight the
general overview of the project. It is divided into four sub topics; description of project,
research problem, contribution of author and the outline of the upcoming chapters are
discussed respectively.

1.1 Background of project
In the past robotic manipulator were bulky, expensive and was only designed to work on
cluttered environment. It was always fenced by metallic wire-meshed wall or a safety
sensors. A special programming knowledge was required to operate the robot. With the
advancement in the robotic technology, engineers have been able to shift the industrial robot
from a wire-meshed cell to Operation Theater, kitchen, agro-industry, research lab, and so
on. Unlike classical industrial robot; they are human friendly, cheap, lightweight and can
achieve dexterous motion. Commercially available collaborative robot has up to seven
degrees of freedom. Collaborative robot when subject to collision, effected joint will submit
itself to the force thus avoiding injury.

Such ability of collaborative robot has opened a new avenue for a researcher to bring robotic
arm in different field. At the Lappeenranta University of technology, a pair of collaborative
robotic arm was used to design a mobile robot (as shown in figure 1). It was designed to
work hand in hand with human to assist in tele-repair task. The tele-operated robot consists
of mobile platform based on Omni-wheels, a pair of robot arms, head and a fixed torso. The
main goal was to assist human in tele operated repair or installation of machine parts. This
robot has several functionalities such as; opening nuts and bolts, installing electronics cards,
and drilling, opening/closing tracks and so on.
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Figure 1. Conceptual design of mobile assembly robot (Lappeenranta University of
Technology 2017).

1.2 Research problem
Use of robots in different discipline are increasing rapidly. Tele-operation is one of the
popular field in which extensive research is being carried out to improve safety in humanrobot collaboration. Researchers are experimenting different method to improve the safety
of robot and the operators in tele-operation. Telepresence is most likely used where the
dedicated task needs to be carried out in geographically difficult or hazardous environment.
Operator plays crucial role in the smooth and collision free manipulation of robotic arm.

Smooth and collision free manipulation could be enhanced by integrating feedback system.
Most generic form of feedback are videos, audio, distance, force, torque, vibration. Vision
based teleoperation is enrich with lots of details making it the best form of the feedback for
the operator. Due to the size of data and limitation in wireless data transmission range it is
not always the first choice in teleoperation. Others forms of feedback such as force, torque
and numerical estimation of acceleration are widely used. These signals are helpful in
preventing unnecessary loading of robotic arm. In case of collision, feedback signal is
generated during the collision with the surrounding objects. Such feedback does not help to
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prevent the accident. This research aims to develop the collision avoidance controller that
could be used to predict the collision.

1.3 Contribution
The goal of this thesis was to developed collision aware tele-operation system. Design of
collision avoidance control was divided into two stages: collision detection in neighboring
link and collision detection in end-effector. This work involves following contributions:
•

Low cost feedback device based on the proximity signals to minimize collision was
used. This device was integrated in main controller of mobile robot.

•

Development of collision aware robot model. In this controller, collision checking
was running in background of the software. This was used to detect the collision in
neighboring links and surrounding object which was considered while computing the
robot motion model.

•

Controller for arm navigation was developed. Based on the input signals provided by
the user, robot was tele-operated. Open-source software namely ROS (Robot
operating system) was used.

•

Reachable coordinates within its workspace of UR10 and Geomagic Touch device
was computed.

1.4 Outline of Thesis
The remainder of this thesis is further divided into five chapters. Chapter two starts with the
description of robot arm and the omni device and the development of collision aware
kinematic model of dual robotic arm. Chapter three presents an approach for the
implementation of proximity based collision avoidance control in tele-operated end-effector.
Chapter four presents the result obtained from the used methods. Chapter five presents a
brief description about the method used and its effectiveness. Chapter six summarizes the
result and present the brief framework for future consideration.
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2 COLLISION AWARE TELEOPERATION OF ROBOTIC ARM

This chapter begins with a brief description about the specification and the workspace of
universal robotic arm and Geomagic Touch Device. Then the method used for detecting
collision in neighboring link is explained. In addition to this, software used for collision
checking and detection in tele-operation is explained.

2.1 Serial link arm UR10
Robotic arm is a set of collection of links connected in a systematic order by joints, in which
first link is constrained to a ground (base) and the last link is connected to end-effectors
(Jazar 2010, p.3). Each joint is powered by either electric motor or a pneumatic or a hydraulic
actuator. For a precise motion, electronic controller constantly update the feedback from
sensors equipped at each joint (Wilson 2015, p. 20). In this project, a pair of UR10 robotic
arms from Universal Robotics was setup in a dual-arm configuration mode (as shown in
figure 2). It is light weight (28.9 kg) humanly friendly collaborative robot with a payload
capacity of 10 kg. The length of robot arm is one meter and the robot has 6-DOF (degree of
freedom). Technical specification provided by the manufacturers is presented in appendix 1.

Figure 2: Universal robot with fixed torso for dual arm configuration (Universal Robots
2016).

2.1.1 Forward kinematics
In robotics, forwards kinematics is defined as a method which is used to obtain position and
orientation of tip (end-effector) of the robot by using its joint values. Planar serial robotic
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arm with three revolute joints are shown in the figure 3. Coordinates frames are attached
from the base of the arm to the tip of the robot including each joint location.

Figure 3: Planar serial link robotic arm with three revolute joints.

For a simpler kinematics chain, position and orientation of end-effector can be obtained
using trigonometric equations. For this serial chain, it is given by:
𝑋 = 𝑙1 cos 𝜃2 + 𝑙2 cos(𝜃2 + 𝜃3 ) + 𝑙3 cos(𝑙1 + 𝑙2 + 𝑙3 )

(1)

𝑌 = 𝑙1 sin 𝜃21 + 𝑙2 sin(𝜃2 + 𝜃3 ) + 𝑙3 sin(𝜃2 + 𝜃3 + 𝜃4 )

(2)

𝜙 = 𝜃2 + 𝜃3 + 𝜃4

(3)

Where 𝑙1 , 𝑙2 𝑎𝑛𝑑 𝑙3 are the length of the link respectively and 𝜃2 , 𝜃3 𝑎𝑛𝑑 𝜃4 are
corresponding joint angle of given robotic arm; X and Y gives the position and 𝜙 gives the
orientation of the end-effector.

For a kinematically complex robot like UR10, four parameter based D-H (DenavitHartenberg) representation is widely used. The four parameters are: link length, link twist,
joint offset (variable in case of prismatic joint) and joint angle (variable in case of revolute
joint). In this approach coordinates frames are assigned using D-H convention and
transformation from base to tip of the robot is computed using homogeneous transformation
matrix. Homogeneous representation is given as:
𝑇𝐴𝐵 = [

𝑅𝐴𝐵
01×3

𝑝𝐴𝐵
]
1

Where,𝑅𝐴𝐵 is a rotation matrix (3×3), 𝑝𝐴𝐵 is a position vector (3×1).

(4)
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Position and orientation of end-effector of UR10 robotic arm can be computed using D-H
convention. D-H parameters of UR10 computed based on the figure 4 is shown in the table
1.

Figure 4: Frame assignment for UR10 based on D-H Convention.

Table 1. D-H-parameters of UR10 robotic arm (Universal Robots 2016).
Transformation Link

Link

Joint offset Joint

offset

length

twist

(𝑑𝑖 )

(𝑎𝑖 )

(α𝑖 )

𝑇01

0

π/2

0.1273

q1

0

𝑇12

-6.12

0

0

q2

-π/2

𝑇23

-5723

0

0

q3

0

𝑇34

0

π/2

0.163941

q4

-π/2

𝑇45

0

-π/2

0.1157

q5

0

𝑇56

0

0

0.0922

q6

0

angle
(𝜃𝑖 )

To compute the forward kinematics of UR10 robotic arm, transformation from base to the
end-effector is multiplied.
𝑇06 = 𝑇01 ×𝑇12 ×𝑇23 ×𝑇34 ×𝑇45 ×𝑇56

(5)
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Where each transformation can be computed using following homogeneous transformation
matrix,
𝑇𝑖,𝑖−1

cos 𝜃𝑖
cos 𝜃𝑖
=[
0
0

−cos 𝛼𝑖 sin 𝜃𝑖
cos 𝛼𝑖 cos 𝜃𝑖
sin 𝛼𝑖
0

sin 𝛼𝑖 sin 𝜃𝑖
−sin 𝜃𝑖 cos 𝜃𝑖
cos 𝛼𝑖
0

𝑎𝑖 cos 𝜃𝑖
𝑎𝑖 sin 𝜃𝑖
]
𝑑𝑖
1

(6)

Where the subscript (i) is the number of joints.

2.1.2 Inverse kinematics
Inverse kinematics of robot was computed using a method which is just opposite to forward
kinematics. In other words, inverse kinematics method was used to compute the joint values
of individual joint, given the desired position and orientation of end-effector within the
reachable workspace.
Inverse kinematics solution presented below was derived from the solution by Hawkins
(2013). The inverse kinematics solution of UR10 was divided into two sections. A planar
manipulator with three revolute joint and a manipulator wrist. To compute the value of first
joint (𝜃1 ) robot arm was positioned as shown in figure 5.

Figure 5: Overhead head view of UR10 in X-Y plane for finding theta 𝜃1 .
From the figure 5, 𝜃1 can be computed using equation 7:
θ1 = atan2((0𝑝05 )𝑦, (0𝑝05 )𝑥) ± cos −1

𝑑4 𝜋
+ ⁄2
𝑅

(7)
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This equation yields two values of theta (𝜃1 ). Which corresponds to the shoulder up left or
right configuration. If the theta (𝜃1 ) is known, then the value of theta (𝜃5 ) can be obtained
using equation 8. Equation 8 is derived from the figure 6.

Figure 6: Overhead head view of UR10 in X-Y plane for finding theta 𝜃5 .

θ5 = ± cos −1

𝑝𝑥 𝑠1 − 𝑝𝑦 𝐶1 − 𝑑4
𝑑6

(8)

Again, the equation 8 yields two value for theta (𝜃5 ) they are wrist up or down configuration.
Now theta (𝜃6 ) can be solved using equation 9. Equation 9 is derived using figure 7.

Figure 7: Overhead head view of UR10.

θ6 = atan2 (

−𝑦𝑥 𝑠1 + 𝑦𝑦 𝑐1
,
𝑠5

−(−𝑥𝑥 𝑠1 + 𝑥𝑦 𝑐1 )
)
𝑠5

(9)
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Finally, the remaining three joints can be computed using equation 10, 11 and 12. Inverse
kinematics of above given three links planner arms (which is a part of UR10 robot arm) can
be computed using following equation.
θ3 = atan2(sin 𝜃3 , cos 𝜃3 )

(10)

θ2 = atan2((𝑘1 𝑌𝑛 − 𝑘2 𝑌𝑛 ), (𝑘1 𝑋𝑛 − 𝑘2 𝑋𝑛 ))

(11)

𝜃4 = 𝜙 − (𝜃2 + 𝜃3 )

(12)

Where, 𝑘1 = 𝑙1 + 𝑙2 cos 𝜃3 , 𝑘2 = 𝑙2 sin 𝜃3 ,
cos 𝜃3 =

(𝑋 2 +𝑌 2 −𝑙12 +𝑙22 )
2𝑙1 𝑙2

, sin 𝜃3 = √±(1 − cos 2 𝜃3 ),

𝑋𝑛 = 𝑋 − 𝑙3 cos 𝜙 and 𝑌𝑛 = 𝑌 − 𝑙3 sin 𝜙
2.1.3 Workspace of torso based dual robotic arm
Robotic arms are one of the fundamental element of flexible manufacturing system. Robotic
arm was designed and are being designed to work in hand with humans in flexible
automation system (Wilson 2015, p. 20). Industrial robots are constantly improving to
achieve similar dexterous ability of human hands. Design and development of dual mode
(anthropomorphic) configuration of robotic arm dates to 1940’s. Some of the early works in
dual manipulation include; manipulator for handling radioactive goods by Goertz, dual arm
teleoperation for deep-sea exploration and anthropomorphic dual arm teleoperation by
NASA (National Aeronautics and Space Administration). (Smith, Karayiannidis,
Nalpantidis, Gratal, Qi, Dimarogonas & Kragic 2010, p.1340-1341.)

A pair of robot arm (UR10) from Universal robots each having six-DOF was used in this
project. Both the arms were fixed together by a passive torso links. The position and
orientation of arm in dual mode configuration was obtained from the detailed drawing
provided by Universal robots which is presented in appendix 4 (2015). Drawing was based
on UR5 robot therefore relative ratio (between arm length and the offset distance between
robot base) was taken. Hence, the offset between two arms was changed to 650 mm and the
orientation was kept unchanged.

Front view of the dual arm workspace is shown in figure 8 (on left side), circle in black color
represent workspace of left UR10 arm and blue circle with diameter 2600 mm represent
workspace of right arm (including force torque sensor and robotic gripper and adapter plate).
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Circle with broken line represent the workspace of robot arm in which robot can reach the
goal position with at least 3-DOF. Both arm can perform mutual task on the shared
workspace and it is 1850 mm wide. Robot arm was modeled using a robotics tool box for
MATLAB developed by Corke (2015). An analytical method developed by Goyal and Sethi
(2010) was used to compute the workspace. Dual UR10 robotic arm modeled in MATLAB
environment is shown in figure 8 (on the right-hand side).
Dual UR10

1
0.8
0.6
0.4

Z

0.2
Y

Z

0
X
-0.2
Z

Y

X

-0.4

RightArm
LeftArm
-0.6
-0.8
0.6

-1
0.4
-0.4

0.2
-0.2

0

0
0.2

-0.2
-0.4

0.4
0.6

Y in meters
X in meters

Figure 8. Workspace of dual UR10 with fixed torso.

In case of complex geometry, solving kinematics of robotic arm using algebraic or geometric
or iterative approach is tedious and time consuming. In order to overcome this issues
application of neural networks has been studied in the various field of robotics. It is because
neural networks have ability of learning, decision making capability, handling uncertainties
and are capable of approximating nonlinear solution (Mashhadany 2012, p.700-701). Fuzzy
neural network model proposed by Jang (1993) is shown in the figure 5 (right hand side).
Reachable position within the workspace of robotic arm was computed using ANFIS
(adaptive neuro-fuzzy interface system), a method purposed by Alavandar and Nigam
(2008).

Figure 9 on the left shows the procedure for successful implementation of ANFIS method.
In ANFIS system parameters for fuzzy system is computed using neural networks. It begins
with the initialization of fuzzy system. Then the least square method is used for parameters
training. Finally, the parameters are updated by back-propagating approximation error layer
by layer.
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Figure 9. ANFIS procedure and model (Alavandar & Nigam 2008, pp. 224-232.).

The training data of ANFIS networks for UR10 robotic arm is shown in the figure 10, front
view (top left) and the isometric view (top right). In this experiment ANFIS procedure was
implemented to obtain mapping between co-ordinates and the joint angles. ANFIS training
was only used to obtained the position of the end effector. To simplify the ANFIS training,
orientation of end effector was neglected. Therefore, angle and dimension of base link,
shoulder link and elbow link of UR10 was only considered. ANFIS procedure begins with
the data generation. It includes length of each links and joint angle (theta1, theta2 and theta3).
Each joint can rotate in ± 360 degree. Training data for ANFIS network was generated from
the joint angle whose range was from -360 degrees to +360 with the increment of 1 degree
in each iteration. Throughout the experiment the length of links was kept constant. Forward
kinematics of UR10 was used to compute X, Y and Z co-ordinates for every combination of
joint angles.

Data generated using forward kinematics was used in building ANFIS Network. ANFIS
Network was trained using the data set generated from forward kinematics of UR10. X, Y
and Z co-ordinates was used as input and joint angles was used as the output in building
ANFIS Network. The membership function of a Sugeno-type Fuzzy Interface System was
trained using input-output data set. Once the training was completed ANFIS was able to
approximate the joint angle values as a function of the co-ordinates. Reachable points within
the workspace in X, Y and Z axis are plotted in meter. Figure 10 on bottom left and bottom
right shows the surface plot of outermost point (near singularity point) that can be reached
by the UR10 in dual arm configuration.
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Workspace of UR10

Workspace of UR10
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Figure 10. Reachable workspace of UR10.

2.2 Geomagic Touch Haptic device
Geomagic Touch (formerly Sensable Phantom Omni) haptic device is widely used in
research project. It has six DOF; three for spatial position and remaining three are passive
joint equipped with potentiometer for orientation. It is impedance based joystick in which
first three set of joint is equipped with motors and thus can produce force feedback to the
user. As compared to Phantom Premium, Geomagic Touch (as shown in the figure 11) was
cheap and compact in shape. Communication takes place using Ethernet port. For the lowlevel device control, Open Haptics toolkit was provided by the Geomagic Touch. Geomagic
touch device was used as a joystick to send either joint angle or the Cartesian position to the
robot arm controller. Force feedback feature was not used in this project. Technical
specification of Geomagic Touch used in this project is presented in appendix 3.
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Figure 11. Geomagic touch haptic device (3D system, 2013).

Reacheable point within the workspace of Geomagic Touch device was computed based on
ANFIS using Matlab. As mentioned in above chapter, to simplify the ANFIS training,
orientation of end effector was neglected. Therefore, angle and dimension of base link,
shoulder link and elbow link of Geomagic Touch device was only considered. ANFIS
procedure begins with the data generation. It includes length of each links and joint angle
(theta1, theta2 and theta3). Training data for ANFIS was generated form joint angle. Range
of each joint is given in appendix 3. Joint values were updated with the increment of 1 degree
in each iteration. Throughout the experiment the length of links was kept constant. Forward
kinematics of Geomagic Touch device was used to compute X, Y and Z co-ordinates for
every combination of joint angles.

Data generated using forward kinematics was used in building ANFIS Network. ANFIS
Network was trained using the data set generated from forward kinematics of Geomagic
Touch device. X, Y and Z co-ordinates was used as input and joint angles was used as the
output in building ANFIS Network. Isometric and side view of reachable workspace of
Geomagic touch is shown in the figure 12.
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Reachable points of Geomagic Touch

Reachable points of Geomagic Touch
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Figure 12. Reachable workspace of Geomagic Touch.

Geomagic Touch device was connected to central computer via Ethernet cable. Device was
calibrated using Geomagic touch device setup manager. Joints values were obtained using
package developed in ROS environment. Simulated model of Geomagic Touch with its joint
value is shown in the figure 13.

Figure 13. Geomagic touch haptic device.

Figure 14 shows the corresponding joint values recorded form the digital encoder (first three
joints for spital position) of Geomagic Touch device when the operator moves the stylus in
spatial position. Y-axis represent the joint angle in radian and X-axis represent time.
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Figure 14. Joint values from Geomagic touch device.

2.3 Software framework
Mobile robot had different equipment from different manufacturer. They had their own
inbuilt software and establishing communication between these devices were almost
impossible. For example, robotic arm from Universal robot had its own software for
programming. Inbuilt software had many restrictions regarding low level control of robot.
To overcome this issue, different alternatives were studied by Belzunce (2015) for mobile
robot. Based on Belzunce (2015) findings, an open source software namely Robot Operating
System was used for controlling entire device in one single network.

2.3.1 Robot Operating System
ROS is an open source, flexible software framework originally designed and developed by
the Stanford Artificial Intelligence Laboratory (Martinez & Fernandez 2013, p.3).
Fundamental features of ROS are; open source, platform independent operability,
modularity, concurrent resource handling and readymade packages for thousands of devices.
Those packages are developed by community of self-motivated enthusiastic researchers
from around the globe.

ROS consists of several packages. Default packages were installed in the directory where
the ROS distribution was installed, that is (/opt/ros/indigo/). User developed packages can
be installed in different directory using catkin workspace. This helps in systematic
organizing of packages. Multiple packages can be installed in same workspace.
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ROS packages consist of multiple nodes. Example of publisher and subscriber node is shown
in the figure 15. Nodes are executables and are of two types: publisher and a subscriber node.
Node within a network communicate with each other on a topic. Topic consist of message
(String). Multiple node can publish and subscribe to one or multiple topics. (Martinez &
Fernandez 2013, p.26-34.)

Figure 15. Publisher and subscriber node in ROS network (MathWorks 2016).

2.3.2 MoveIt
MoveIt is open source software package which is widely used for a motion planning,
trajectory generation and environment monitoring. MoveIt setup assistance is used to
generate SRDF (Semantic robot description format) file by using URDF (Unified Robot
Description File) model of robot. In addition to this MoveIt setup assistance is used to
generate collision information, planning group, configuration files and motion planning.
High level system architecture of MoveIt is shown in the figure 16. MoveIt system
architecture is composed of user interface, robot interface and parameter server. (MoveIt,
2016.)

Different form of user interface is supported by MoveIt. Graphical user interface is most
commonly used to visualize the geometry, input output parameters and environment of
robot. Data from laser scanner, camera image, proximity sensors reading, TF (transformation
frame), URDF formatted robot file and so on are visualized using Rviz plugin manager. Rviz
is also used for detecting flaws in the model of robot or the environment (ROS 2016).

In addition, the Rviz, rqt_plot and rqt_graph plugin was also used to visualize information
in ROS. Example of rqt_plot is shown in figure 30. It is commonly used plot data from range
of sensors. The rqt_graph is used to visualize active node and the exchange of messages in
ROS system. Example of rqt_graph is shown in figure 22.
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Figure 16. MoveIt system architecture (MoveIt 2016).

Robot interface is used for low level control of the robot. It is used to acquire information
regarding joint position, sensor data and robot position using TF. Robot interface receives
the required information about the robot model from the ROS parameter server. Parameter
server contains URDF and SRDF model of the robot and configuration file which was
generated by the MoveIt setup assistance. (MoveIt 2016.)

2.4 Collision aware teleoperation of robotic arm
The main aim of this research project was to design collision free teleoperation. Different
approach is used in detecting collision in industrial robots such as: based on the variation of
torques or the motor current, based on comparison of nominal torques on desired motions
and based on numerical estimation of acceleration and so on (Luca, Albu-Schäffer, Haddadin
& Hirzinger 2006, pp. 1623-1628). Among different approach collision detection based on
the joint torque or motor current is widely used in industrial robot. Robot model for collision
detection using joint torque or motor current is
𝑀(𝑞)𝑞̈ + 𝐶(𝑞, 𝑞̇ )𝑞̇ + 𝑔(𝑞) = 𝜏 + 𝜏𝐾 = 𝜏𝑡𝑜𝑡

(1)

Where M(q) is inertia matrix, 𝐶(𝑞, 𝑞̇ ) is Coriolis and centrifugal term and g(q) is gravity
vector. Total torque 𝜏𝑡𝑜𝑡 consist of control torque 𝜏 and 𝜏𝐾 is joint torque caused by collision
force in corresponding link.

Collision detection in all active links in UR10 robotic arm is based on the joint motor current.
Figure 17 (a), shows collision of robot with the hand of human. Corresponding joint angle
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is plotted in the figure 17 (b). Robot arm was continuously moving from point one to point
two. In this trajectory, joint-0 and joint-1 was in motion and rest was fixed. Approximately
at time 17 second robot arm was in collision, as soon as the collision was detected robot was
stopped (straight line in joint value of joint-0 and joint-1). As seen from the figure it can be
concluded that joints had submitted to the collision force this is the reason behind smooth
(without major jerk) stopping.
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Figure 17. Robot in collision (a) and joint angle (b).

Based on the experiment conducted by Haddadin, Albu-Schäffer, Luca & Hirzinger (2008)
on collaborative robot it can be concluded that collision detection based on the joint torque
is useful in minimizing risk of damage during collision. It is because in this approach,
collision force that is experienced in arbitrary location within the link can be detect.
Therefore, inbuilt feature of collaborative robot to detect collision was used without further
improvement.

Design of collision avoidance control was divided into two stages: collision detection in
neighboring link and collision detection in end-effector. First stage, collision detection in
neighboring link is presented in this chapter. Collision between two arms and the body of
the mobile robot was computed using MoveIt, an open-source package based on ROS (ROS
2016). A CAD model of the robot was designed in SolidWork and using SolidWork- URDF
exporter tool, a URDF file was generated.

URDF is an XML (Extensible Markup Language) structured file that contained physical,
geometric, collision and kinematic property of robot model (ROS 2016). URDF model of
mobile robot is shown in the figure 18. It starts with the base footprint. Base footprint is a
virtual link that is used to constraint the robot model to the environment (floor or ground).
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In case of mobile robot, joint between base footprint and environment is defined as a planar
and in case of robotic arm fixed to the table or other structure is defined as fixed joint.

Base footprint is then connected to chassis (base link) of the mobile robot via a fixed joint
(base joint). The mobile robot had four rotating wheels, which was modeled along with the
chassis as a one single unit. Only the geometry of wheels and shaft was considered for
generating collision information. It was because wheels do not change its shape and
dimension while rotating about its own axis.

Chassis (base link) was connected to left arm and right arm via fixed joint (arm base joint
and right arm base joint respectively). Since the robotic arms were identical, both branches
in URDF had exactly same number of links and joints. Arm base link was connected to
shoulder link, then to up arm link, then to lower arm link and finally to the wrist of the robot
via revolute joint.
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Figure 18. URDF model of mobile robot.
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Finally, the URDF file was imported to MoveIt setup assistance. In MoveIt setup assistance,
collision information was generated. Based on the collision information a collision aware
motion planning package was generated. Generating collision information save motion
planning time and computation power. It is because there are links which do not collide with
other links or some links are always in collision. Collision checking in such links can be
ignored while motion planning. For example, arm cannot collide with trunk (cover for
battery access) of the robot chassis. As the length of the arm with gripper is 1350 mm,
whereas the distance of trunk from the arm base is 1500mm. Detail information regarding
excluded parts in collision is shown in appendix 5.

Model of mobile robot visualized in Rviz plugin manager is shown in the figure 19. It
consists of two robotic arms from Universal robots and a chassis. Motion planning was active
in right arm therefore two different pose was displayed in case of right arm. Arm pose in
green was the initial (actual pose of real robot) position of the robot and arm in orange color
represent the goal position. Every time a new position was requested, collision aware motion
planning was computed in the background. If the goal position was free from collision then
the motion of real robot was executed, otherwise a dialogue box with a text “collision
detected” was displayed. Result obtained from the collision avoidance checking is presented
in chapter four.

Figure 19. Collision aware model of robot.
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3 COLLISION AVOIDANCE IN END-EFFECTOR

This chapter aims to explain the concept of purposed augmented tele-operation. It is divided
into three different sub-topics. It begins with the brief description of grasping theory. Then
two different approaches used for teleoperation of gripper are explained with some merits
and demerits. Finally, it goes deeper into the core of purposed hardware for augmented teleoperation.

3.1 Grasping
A term “grasper” or “gripper” is also used to represent end-effector. It is the most crucial
part of robotic arm because to achieve a dexterous motion of end effector like an
unconstrained rigid body in three-dimensional space, several links are joint together in a
specific order. Links connected by joint assist the end-effector to approach the desire
position within its working envelop and provide strength to handle a payload. Development
of gripper came along with the development of industrial robot (Wolf, Steinmann, & Schunk
2005). One of the main functionality of industrial robot is to grasp an object from different
orientation. Object is said to be grasped if a set of rigid contact points used to constrain the
object restrict the motion of the grasped object. Two types of contact points is shown in
figure 20; frictionless contact points and contact point with friction. Fundamental difference
between these contact points is that; frictionless point contact can only transmit force in the
direction perpendicular to the surface. Whereas point contact with friction can transmit force
in tangential direction.

Figure 20. Contact model: point contact without friction (left) and point contact with
friction.
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Depending upon the nature of contact, grasped object is defined as force closure and form
closure. Form closer is a type of grasp in which an object is completely restrained by a set
of point contact. If an external forces and/or moments is applied to the object then the set of
contact point should not allow any motion. Force closer is defined as a type of grasp in which
grasping finger can apply a reaction force to overcome any externally applied forces and
moments. In three-dimensional space to achieve form closure seven frictionless contact point
is necessary, while three contacts with friction is necessary to achieve force closure
(Markenscoff & Papadimitriou 1989; Nguyen 1988).

3.2 Teleoperation of robotic 3-finger adaptive gripper
3-Finger adaptive gripper from Robotiq was used in this research project. It was equipped
with force and torque sensor from the same manufacturer. According to Robotiq (2014a),
“three finger adaptive gripper is highly robust and unique tool to pick, place and handle a
broad range and volume of parts of varying sizes and shapes”. It has three under actuated
fingers which means few actuators is needed to control the fingers, each finger have three
phalanxes as shown in figure 21. Presence of under-actuated linkage based fingers makes it
capable of grasping object of arbitrary shape with maximum number of contact as compared
to gripper with rigid fingers (Robotiq 2014b). Given same size of finger, linkage based
under-actuated finger can apply lager force then compared to tendon based under-actuated
fingers (Wu 2013, p. 133-156). Technical specification provided by the manufacturers is
presented in appendix 2.

Figure 21. Robotiq 3-finger adaptive gripper with three different grab modes (Robotiq
2015b).
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Gripper used in this project was teleoperated by sending control command from a remote
location. ROS package developed by Robotiq was used to control the gripper. Depending
upon the geometry of the object to be grasp, there was provision to select different gripping
mode. Predefined gripping mode were; basic (figure left), wide (figure left), pinch (figure
left) and scissor. Gripper was controlled in two diverse ways; by using joystick/keyboard
and voice command.

3.2.1 Voice enable teleoperation
ROS based speech recognizer package developed by Ferguson (ROS 2016) was used. In this
method microphone was used as an input device to send voice command to a voice
synthesizer which convert speech into text. Gripper controlled by both speech and joystick
is shown in the figure 22. Commands that was used for speech recognition were “activate
gripper, open gripper, close gripper, pinch mode, basic mode and stop”. Speech recognition
let user to control gripper with minimum effort. When the gripper had to be controlled in
conjunction with robot arm, voice command was convenient. It was because user could fully
deploy his hands to control the robot arm.

Figure 22. Active nodes for teleoperation of gripper.

Despite of being convenient for user, yet it has some drawback. One of the drawback of
speech recognizer was, it was responding to the conversation that took place between the
humans. If the surrounding noise level is higher or there is background music or conversation
then the voice recognizer fails to recognize the correct phrase. Speech recognizer was in
experimental phase hence was only used when it was convenient to the user. Joystick
command was used as supervisory control to correct the error made by the speech recognizer.
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3.2.2 Teleoperation using Joystick
Logitech joystick or predefined key from a computer keyboard were used to actuate fingers
of the gripper. Gripper controlled by joystick is shown in the figure 23, right gripper node
(r_grip_node) was subscribing the topic (/joy) which contain key stroke, published by
joystick node (joy_node). Similarly, gripper driver (Robotiq_driver) was subscribing the joy
topic via “SModelRobotOutput”. In this way, key stroke was sent to gripper driver in the
form of control signal.

Figure 23. Active nodes for teleoperation of gripper using joystick.

3.3 Purposed hardware for feedback
The mobile robot was designed to be used in tele-operated maintenance. Tele-operated
maintenance is a demanding task particularly when robotic arm must move in a very
confined space. Space limitation restrict the manipulability of robotic arm. It takes time for
a user to operate the robotic arm smoothly in such space. There is always a risk of collision
of end-effector with the surroundings. Updating the collision information in real-time that
appears within its working envelope can solve the problem. Sensors such as; laser scanner,
camera, proximity, accelerometer can be used to generate the information about the
surroundings and thus generate the collision information based on the SLAM (Simultaneous
Localization and Mapping). Solution based on the distance measured using sonar sensor was
utilized to localize the end-effector.

Hardware for haptic enabled wrist band is shown in the figure 24. It is divided into three
sections: central computer, wrist band for operator and sonar sensor array on the endeffector. Module on the end-effector consist of Arduino-Nano, Xbee module, Xbee adaptor
and sonar sensor. Distance measured from sonar sensor was transmitted to the central
computer. Robot operating system was running on the Linux based central computer. Xbee
module was connected to this computer. On the operator side (wrist band); potentiometer,
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and vibration motor was connected to the Arduino-nano. Xbee module was used to transmit
signal to and from the wrist band.

Figure 24. Hardware for haptic wrist band.

3.3.1 Sensor module on arm
In this project collision information was generated using proximity sensors. Array of sonar
sensors was placed on the end-effector base plate (as shown in the figure 25). A simple two
finger gripper with a base plate was attached to the UR10 robotic arm. All together six sonar
sensors was paced on the base plate, four sensor (S_S1, S_S2, S_S3 and S_S4) were facing
sideward and the remaining two sensor (F_S1 and F_S2) was facing straight.

Figure 25. Sonar Sensor array on end-effector.

Figure 26 shown below is a conceptual design of the end-effector. Placement of six sonar
sensor with different orientation is shown. Distance measured from sensors that are facing
front side was used to recognize how far the object on the scene was from the gripper tip
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point. Information regarding sensors reading was updated in every one second. Based on the
visual data displayed on the monitors operator decide whether the object had to be grasp or
avoided. If the object has to be collected, then the operator proceeds forward. Once the
gripper reaches the warning distance limit (“Wd” as shown in figure 26) then a feedback
signal was sent to the haptic wrist band. If the gripper was closed then this information helps
the user to open the gripper fingers otherwise this feedback was used as an alert for user to
proceed for grasping safely. When the distance between the object to be grasp and the endeffector pam reaches minimum distance limit then again, another alert signal was send. This
alert allow user to close the gripper.

Figure 26. Sonar Sensor array

Distanced measured from the sensors that are perpendicular to the axis of robot arm was
used to alert the operator. If the gripper reaches closer to the wall or humans then a warning
signal was sent to the wrist band. Depending upon the side, respective vibrating motor was
activated. Based on the transmitted information, robotic arm was manipulated without
colliding to the environment. The massage type and its corresponding cause is shown in table
2.
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Table 2. Alert type.
Condition

Nature of alert

Action

for

arm remarks

controller
Distance > set-point

No action

No action

No obstacles

Distance < set-point1 Enable vibration motor No action

Obstacles

are

(<20->10)

(corresponding to sonar

present. Move arm

sensor) for 0.25s in every

with caution.

1 second interval as long
the condition is true.
Distance < set-point2 Enable vibration motor Pause motion of robot When
(<10)

the

(corresponding to sonar for 1 second.

controller resume

sensor)

after delayed time.

as

long

the

condition is true

Move
opposite
direction

robot
to

the
of

collision.

3.3.2 Haptic enabled wrist band
Hardware develop for collision detection in end-effector was driven by ROS based software
package. Message flow between different nodes is shown in the figure 27. Two Arduino
microcontroller was exchanging data between each other. Driver for Arduino one
(serial_node_3179) was publishing distance measured from sonar sensor (message:
/ultrasound1) and it was subscribed by a node (state_listener) running in central computer.
This node was also subscribing potentiometer reading from Arduino two (serial_node2).
Based on the set-point requested by user the distance measured from the sonar sensor was
compared. If the distance measured was less than the set-point then command to enable
vibration motor was sent to Arduino two else no action was taken.

Figure 27. Active node for haptic feedback.
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Haptic enabled wrist (as shown in figure 28) band consist of Arduino-Nano, Xbee adapter
Xbee module, four vibrational disc motor and a potentiometer. Vibration motor was actuated
based on the signal received from the corresponding sonar sensor. The use of haptic device
was to alert the user about the object in the environment and help the user to maintain proper
distance with the surrounding object. The potentiometer present on the wrist band was used
to set the offset distance to the surrounding object. In addition to this, this band was also
used to alert the user if the robots stop its motion during motion execution.

Figure 28. Conceptual design wrist band with haptic feedback.
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4 EXPERIMENTS AND RESULTS

This chapter present the finding and outcomes of this research project. Primarily the collision
detection was divided into two sections (except collision detection using joint motor current)
therefore the two sets of experiments and its corresponding result are presented. In the first
experiment, collision detection in neighboring link is presented. Simulated model shown in
the figure 29 can be displayed in the monitor or it can be suppressed. In both cases, before
the path execution self-collision detection is computed using precomputed collision
information. In the figure 29 (top left) left arm (arm in green color) is active and it is ready
for the motion planning. None of the links are in collision therefore motion planning can be
started. Figure 29 (on top right) shows the multiple link in collision (link with red color) with
the chassis. In this scenario arm can move as close as the goal location which do not lead to
the collision. However, if the user tries to move the robot to reach the collision point then
the motion planning will be aborted. This will result in the collision avoidance with the
chassis.

Figure 29. Collision detection in neighboring link.
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In the figure 29 (lower left and right), both arms are in collision with each other. In this
scenario, right arm is active and left arm is at rest, motion planning of right arm is not
executed even though the goal location does not lead to collision. It is because if the motion
planning is executed, one of the link (wrist_link, refer to figure 14) will meet the left arm
resulting in collision. This type of situation can be avoided by choosing different joint
configuration or orientation.

Second experiment is shown in the figure 30, in this experiment two sonar sensor (S_S1 and
F_S1) was attached to the end-effector of robotic arm. These sensors were used to measure
the distance of an object that were present in the workspace of the robotic arm. To understand
the feasibility of proximity based collision checking, sonar sensors were fixed temporarily
to the end end-effector. Sonar sensor (F_S1, refer figure 21) was used to ease the grasping
by providing the feedback to the user. This feed signal was used to open or close the endeffector.

Figure 30. Collision detection in end-effector.

Distance measured form the S_1 sensor is shown in the figure 31. X-axis represent distance
in centimeter and Y-axis represent time in second. As seen from the figure, when the distance
of end-effector was higher than the user defined no actions were taken. When the distance
was less than the set-point (Wd). Then the feedback signal (step signal as shown in green
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line) was generated to energize the vibration motor on the wrist band (as shown in figure 31)
of operator. When the user ignores the first signal and still continue towards object then a
pause signal (as shown in red line) was generated and it was used to stop motion in the robot.
In this experiment, it can be concluded that user had moved robot very close to the object
and therefore the user had experienced two feedback signals at time approximately 2.2
second and 6.2 second.
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Figure 31. Distance measurement from the S_S1 sensor and collision detection.
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5 CONCLUSION

Robots are working in close proximity with humans. The goal of teleoperation is to
maneuver end effector to reach user defined goal point without colliding to the object in the
surrounding. In absence of work-cell mapping end-effector is most likely to collide with the
surrounding objects such as humans, moving parts and machine in the assembly line. It is
because robotic arms are used in pick and place application and during maneuvering endeffector frequently meets the surrounding object in very close proximity. Path through some
of the object in the surrounding had to avoid during maneuvering to prevent collision. This
works provides a solution to minimize the collision in teleoperation in absence of work-cell
mapping.

Package developed for avoiding end-effector collision was developed using ROS. In order
to enhance safety in human-robot interaction, collision avoidance was divided into two
sections. Collision checking in neighboring link and collision checking in end-effector.

URDF and SRDF file based method was used in collision checking in neighboring link.
MoveIt setup assistance was used to generate collision information in neighboring links.
Based on the collision matrix, collision checking was carried out. Collision avoidance with
passive and active link was successfully accomplished (as shown in the figure 25). Robotic
arm controller could identify colliding links before the motion execution. Based on this
information user could choose a path or a goal location which do not lead to the collision.
Implementation of this package has enhanced safety of robot and mapped object (in URDF
file).

Collision avoidance in end-effector was based on the distance measured using sonar sensor.
With proximity based collision checking feedback signal was generated well before the endeffector collide to the object. Based on the signals operator could identify possible collision
direction and was able to avoid it by moving the robot arm in opposite direction to the object.
In addition to this distance measured from front sensor was helpful to open the grasper at
right distance. Hardware developed in this project could be used in commercial robots as
standalone or system integrated package.
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It was a prototype therefore there was plenty of space for the improvement, in the future
distance measured from the sensors could be used to offset the robot end-effector position.
This will automatically restrict the motion of robot towards the collision direction. Currently
three different modules were used; Arduino Nano (for input/output handling), Xbee shield
(wireless data transmission) and Xbee adaptor. This configuration can be replaced by single
module device such as Bluno-Nano (a Bluetooth low energy device).
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APPENDIX 1

Technical Specification of UR10.

SN

Specification

unit

1

Weight

28.9Kg

2

Payload

10Kg

3

Working Radius

1300mm

4

Freedom

6 Rotational Joint

5

Communication

TCP/IP 100Mbit,Ethernet,Modbus TCP

6

Power

350W

7

Power Supply

100-240VAC

8

Joint Ranges

±360º on all joints

9

Repeatability

± 0.1 mm

10

Controller Power

24V 2A

Tool

12V/600mA

11

Material

ABS plastic, Aluminum

12

Controller Dim

475x423x268- WHD

13

Price

23750

APPENDIX 2

Technical Specification of 3-Finger Adaptive Gripper.

Gripper stroke

0 to 155 mm

Grip force in pinch mode

15 to 60 N

Maximum recommended payload 10 kg
(encompassing grip)
Closing speed

22 to 110 mm/s

Parallel grip repeatability

0.05 mm

Voltage

24VDC

Peak Power (at maximum gripping 36W
force)
Gripper weight

2.3 kg

Communication

EtherNet/IP,
TCP/IP, CANopen,
Modbus RTU

APPENDIX 3

Technical Specification of Geomagic Touch.

Workspace

~160W x 120H x 70D mm

Range of motion

Hand movement pivoting at wrist

Nominal

position ~0.055mm

resolution
Maximum exertable force 3.3 N
and torque at nominal
position (orthogonal arms)
Stiffness

x-axis(1.26 N/mm)
Y-axis(2.31 N/mm)
z-axis(1.02 N/mm)

Force feedback

X,Y,Z

(6 Degree of Freedom)
Position sensing/input

X,Y,Z (digital encoders)
[Roll, pitch, yaw (±5% linearity
potentiometers)]

Communication

Rj45 Compliant Ethernet port

Base joint

-56 to+56 degree

Shoulder joint

-13 to + 110 degree

Elbow joint

-13 to +87 degree

APPENDIX 4

Design of Torso for dual UR10.

Figure 2: Torso design for dual robotic arm - UR10 ().

APPENDIX 5

Collision Information of mobile robot.
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