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ABSTRACT

An automatic system for a generic approach to detecting the normal vector of an unknown
three-dimensional surface using a sensor mounted on the wrist of a collaborative robot is described.
As this method proceeds, the end-effector uses three position sensors to measure the normal direction
and implementation of the proposed method in a robotic application such as polishing, sanding,
scanning, painting, etc., to meet industrial requirements. Here, the auto-normalization algorithm is
presented based on the detection system. Firstly, the deviation between the normal vector of the robot
and the surface is measured by the sensors installed at the head of any end-effector. Then, the robot
target pose is solved inversely by the auto-normalization algorithm. It adjusts the robot to the target
pose via pitch and roll rotations about the tool center point. The orientation is corrected in line with
the normal vector simultaneously by a Proportional-Integral-Derivative (PID) controller. To test and
verify the auto-normalization algorithm, an experimental platform is established using the ABB
RobotStudio software under an ideal condition for accurate measurements. The simulation results

demonstrate that the detection method and the auto-normalization algorithm are feasible and reliable.

Keywords: Auto-normalization, Normal vector detection, Position sensor, End-effector orientation.
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CHAPTER 1

INTRODUCTION

Deburring, grinding, polishing, welding, sanding, and paint-spraying are time-consuming
tasks that continue to be performed by human workers. It is vital that industrial robots can relieve
skilled and semi-skilled workers of these hazardous and monotonous operations [1]. Considering
the demand for higher productivity, more flexibility, and lower cost in many automotive and
manufacturing industries, articulated arm robots play a primary role in performing the above

operations.

However, an important indicator to evaluate the quality of robotic applications is precision
in the end-effector orientation and position. The low perpendicular precision of each application
will result in a poor quality finish. For instance, the low perpendicular precision of drilling holes
will make stress concentrations and fatigue cracks, resulting in poor hole quality [2, 3]. Similarly,
a poor quality finish by over or less coating in painting and sanding is due to low perpendicular
precision. So, it is necessary to adjust the orientation of the robot end-effector before performing
any operation. Owing to the robot positioning error, manufacturing and installation errors of fixture
& product, and random dynamic variations of the workpiece orientation in the workshop, there
must be an angular deviation between the normal vector of the workpiece surface and the robot
tool axis [4]. So, it is essential to align the robot end-effector perpendicular to the product surface

to assure maximum precision.

W. Tian et al. [4] designed an auto-normalization algorithm for robotic precision drilling
systems in aircraft component assembly based on laser displacement sensors. T. Furukawa et al.
[7] presented an automated system for polishing an unknown three-dimensional surface using a

passively compliant end-effector mounted on the industrial robot. Still, the above approaches are
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suitable for only specific applications that have large-size components with complex structure. But
this paper adds more features to the existing automated system by mounting the sensor fixture to
the robot with a controlled closed loop around the sensors to normalize the end-effector when

deviation beyond a specified threshold from the normal exists any applications.

One method for acquiring the normal direction is to measure the point cloud around the
desired location using three-dimensional laser scanning [9]. However, techniques similar to this
usually require lots of time and calculations, which might cost several seconds to achieve an
accuracy of 0.5° [10]. So the method of calculating the normal direction by measuring three points
on the curved surface with the position sensors was studied and applied in robotic applications.
The focus of this thesis is to study a novel method of detecting the actual normal vector from the
product surface and auto-normalizing by correcting the end-effector axis orientation for robotic
application. First, the normal direction measurement with three-position sensors is adopted. A
novel mechanical structure or fixture is designed to hold the three distance sensors, which can be
attached to the robot arm end. Next, the sensor holder shown in Figure 1.1 is developed to calibrate
conveniently by considering the accuracy and the efficiency of industrial applications. Then, a
control loop is established within the controller of the robotic system to send the feedback signal
from the sensor to the robot. For any changes in the sensor value (which means changes in the
product surface) geometry, there will be an immediate response in the controller using a PID
(Proportional Integral Derivative) control loop. Finally, robotic experiments are conducted by
simulating it in the RobotStudio software to study the performance of the developed measuring
unit. The perpendicular deviations of the robot end-effector are visually inspected by comparing
the product’s surface angle with the robot’s orientation angle, which the mathematical model

generates.



Surface
(Projection)

Figure 1.1. Sensor unit for detecting the normal direction of the workpiece surface.

Depending on applications, robot path planning comes into two major classifications. One
involves physical contact with its workpiece, and the other involves non-physical contact with its
workpiece. Tasks involving contact such as deburring, grinding, polishing, and sanding are,
therefore, more complicated and difficult than non-contact tasks, such as painting, spraying, and
scanning. A substantial amount of research effort has been concentrated on controlling these forces

[9, 11, 12, 13, 14].

The robot's behavior has been modified by different control algorithms based on active and
passive force control systems. According to Kazerooni [15], the active force control system for
robotic deburring has been described by measuring the normal and tangential contact forces using
force sensors. The end-effector for the robot has been actively controlled by two electric motors
using mechanical impedance. While for passive force control [16, 17], a passively compliant end-

effector is used to adjust the robot's trajectory based on the endpoint and contact geometry forces.



Similarly, the vision-based error compensation has been discussed in the end-effector position
error compensation (EPEC) algorithm, locating and triangulating the single fiducial's position on
the end-effector and servos to a position designated in a stereo image pair. Using this algorithm, it
calculates the error deviation between the fiducial's vector position by the forward kinematics of
the arm and stereo camera pair, then uses this error vector to compensate for the kinematic position
inaccuracy [18]. As discussed above, all the methods were explicitly designed with a certain end-
effector to suit the operation to be performed. Despite the application, those tools are limited to
particular tasks; they cannot be used along with other robots. There are some limitations in the
approaches mentioned above. The devices can be used with only certain standard industrial robots

without modifying existing electrical hardware or control software [18].

This thesis aims to build a feedback control method to overcome all the limitations
mentioned earlier on using it for not only specific applications but also other applications that
involve auto-normalization of the robot tool axis concerning the workpiece surface in real-time.
Therefore, the trajectory of the tool depends on the workpiece surface geometry to achieve a
smooth surface finish through implementing a precise workpiece surface geometry in the robot

path planning.

The significant attributes required for such an automated system are as follows:

e The axis of the robot tool should remain normal to any contoured local surface.
e The normal force exerted by the contact application tool should be constant.

e The traversing speed of the robot tool over the surface should be consistent.



The demonstration of the proposed methodology was implemented in an ABB
IRB120T_3 58 G_01 robot to manipulate its end-effector that is the sensor unit shown in Figure
1.1. The sensor unit measures three different distances between the end-effector and the workpiece
surface. The end-effector orientation and position for the workpiece surface can be derived from
these three distance variables using math formulas. The communication between the sensor and
the robot has been established using an offline programming language named RAPID on the ABB
RobotStudio software platform. For real-time surface tracking, the intelligent features of the
simulation software are used to acquire or retrieve the sensory data and the TCP (Tool Centre

Point) of the robot to compute the desired pose of the robot end-effector in the virtual robot
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Figure 1.5: Isometric and Bottom view of Sensor System.

The cell layout in Figure 1.6 includes the following elements:

e In a virtual station shown in Figure 1.2, an articulated arm industrial robot shown
in Figure 1.3 is equipped with a sensor unit depicted in Figure 1.4 and Figure 1.5,
which includes a quick tool changer to plugin with any end-effector attached to it
to accommodate different robot applications.

e A sensor unit is shown in Figure 1.5, which includes a three-position/ laser sensor
to retrieve the z distance of each point between the fixture and the workpiece
surface, where the three z distances are used for calculating the end-effector
orientation and position for the workpiece surface.

e A test piece with a contoured surface that moves in a linear direction below the
robot's end-effector is used to test and verify how quickly the proposed feedback

control method responds to any changes in the workpiece surface geometry.



e A conveyor system is used to move the test piece back and forth for a certain

distance during the simulation.
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Figure 1.6: Virtual Robotic Cell

The sensor unit was partially made using the Catia 3D Experience virtual prototyping tool

for demonstrating the simulation of the proposed methodology on the ABB Robotstudio software

platform.

After creating the sensor unit parts, they were assembled and imported into the
RobotStudio virtual environment. The smart components, such as sensors and other necessary add-

ons, have been included along with their corresponding virtual controllers.



It is necessary to consider the manufacturing cell includes components that are moved by
other components, as is the case for a robot-driven by a linear track and parts driven by positioners
[19]. Thus, attachment relationships between the robot and the end-effector and between the test
piece and the conveyor were defined to ensure complete synchronization of different component

movements.



CHAPTER 2

LITERATURE REVIEW

This chapter presents literature surveys on different techniques on measurement units for
the normal direction for different applications such as robotic drilling system, automated polishing
system by passively compliant end-effector, robot orientation planning using augmented reality,
and Vision-based system for position error compensation by researchers. The papers that were
surveyed in this section also cover the use of the Auto-normalization algorithm in aircraft

industries.

2.1 Robotic drilling system

The study in [5] focuses on the attitude adjustment algorithm in the drilling process. In this
process, the spindle attitude must be adjusted or normalized when the spindle axis deviates from
the normal vector of the drilling point of more than 0.5. Here, the double eccentric discs-spherical
pair structure was used to adjust the attitude of the spindle axis. Similarly, the robotic drilling
precision system (RDPS) is presented in [4], which shows the operation of an independent multi-
function end effector (MFEE) to process series of functions such as scanning process datum,
measuring normal vector, pressure foot clamping, and drilling, etc. The next study presented in [8]
aims towards the normal direction for robotic drilling, intending to meet the industrial application

requirements.

All the above study uses varieties of special sensors for acquiring requisite data in real-
time during the drilling process using Industrial robots. The product to be drilled is held by the
fixture to guarantee enough stiffness when bearing pressing force from the multi-function end

effector. Then a control architecture or software accessible for the system is developed to orient
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and coordinate motions of the robot and the MFEE, acting as a communication interface between
the robot controller, the MFEE, and the operator [4]. Similarly, the author in [5] describes his
algorithm by the essence of attitude adjustment as making the spindle axis coincide with the normal
vector of the drilling point. Initially, the angle between the spindle axis and vertical direction has
been obtained from the normal vector. If the obtained angle is more than 0.5 degrees, the spindle
axis is to be adjusted. Then the target point can be obtained according to the intersection of the
normal vector and eccentric plane. Then, the calculated angles of double eccentric discs need
rotation. Finally, the author returned his results that, after adjustment, the drill axis coincides with
the normal vector. Two absolute encoders are added to form a closed loop of attitude adjustment

which can control the actual rotary angles of double eccentric discs.

The method documented in [8] explains that first, the normal direction measurement with
four laser displacement sensors is adapted, and a mechanical structure to micro-adjust the sensor
was established to achieve a higher installation accuracy. Next, the calibration takes place for the
sensors and the machines with consideration of accuracy and the efficiency in the actual aircraft
industry of the industrial circumstances. Finally, the experiment on robot drilling has been
conducted to study the performance of the developed measuring unit, and the perpendicular
deviations of the experimental holes are measured by a coordinate measuring machine for

demonstration.

For every methodology presented by authors in [4, 5, 8], the generic algorithm for auto-

normalization are as follows:

e Geometric model of detecting normal vector: Here the extraction of the normal vector

detection system is performed in the physical model by the geometric model. The model

11



has been calculated using two different coordinate systems such as robot base coordinate
system and unadjusted tool coordinate system.

e Deviation calculation: Here, the deviation is calculated by an angle which is defined as the
intersection angle between the spindle axis and the normal vector to the drilling skin
surface. The aim of the calculation to normalize the spindle axis direction by minimizing
the simplified angle [4].

e Inverse solution of target attitude: Here, the comparison of unadjusted and adjusted tool
coordinate systems have been discussed. The rotation transformation of the above system
can be described by the matrix form by pitch and yaw rotations. This matrix transformation
of robot target attitude of the base can be inversely solved using base coordinate system,
unadjusted and adjusted coordinate system.

e The calibration method of detection system: The calibration is performed by FARO laser
tracker which in general measures and calibrates the various styles of errors. The primary
error would be from the manufacturer on sensors, their mounting brackets, as well as
assembly errors. There is always an error that exists for this kind of system especially

between the physical model of the detection system and the theoretical one.

The generic procedures that are followed in the above methodology are as follows:

Stepl: Adjusting the sensors to the current tool coordinate system and clamping it for

measuring the requisite data by the laser tracker.

Step2: Measuring all the errors on coordinate planes and comparing them to the original
parameters and obtaining close to the values in the formulas presented in the preceding

text.
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Step3: Modifying and verifying the precision of the updated formulas for the detection

system.

2.2 Automated polishing system by passively compliant end-effector

The work documented in [7], describes the design of a passively compliant end-effector
for polishing three-dimensional surfaces without prior knowledge of their precise geometry. It
explains the conceptual design of the end-effector as well as the principle of operation. In
conceptual design, it is mentioned that a spring-loaded prismatic joint is mounted along the robot
wrist axis. The joint is arranged symmetrically around the wrist axis by connecting it to three
planar parallelogram chains. This arrangement forms the spatial mechanism to kinematically over
constrain if the links are rigid and the joints are free from backlash. The three arms have
compliance in the radial direction, whilst maintaining rigidity in the tangential direction to control
the location of the virtual center of the tool to lie on the robot wrist axis [7]. The free rotation
around vertical and horizontal axes is possible by the three probes where the tool folder is attached
to the polishing. In addition to that, the polishing tool consists of an air motor and a flexible
polishing disk with abrasive paper for rotational movement of the end-effector, which is free to

rotate about the pitch and yaw axes.

The principle of operation explains that the end-effector incorporates both translational and
rotational compliance. First, the angular orientation to the surface is achieved within the range of
+ 8 degrees using a parallelogram mechanism while operating. Similarly, the translational
movement in the range of £ 10 mm is achieved by a prismatic joint during operation. This range
of movements in the preload spring causes all three probes to maintain contact with the surface by
providing a normalization of a tool while polishing and constantly maintaining the normal forces

regardless of the robot wrist movement. For continuous loop of operation, the potentiometers with
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both linear and rotary can measure the translational displacement and angular misalignment

between the robot wrist axis and the surface normal.

2.3 Robot Orientation planning using augmented reality:

The study in [6], proposed an RPAR-II method for orientation planning. In this research,
the author presented an AR-based approach for robot end-effector orientation planning
incorporating with robot dynamic which is called an RPAR-II method. Here, the applications are
targeted to those where the end-effector is constrained to follow a visible path on a workpiece at
recommended angle of an inclination concerning the path. The unknown curve is learned by
programming the demonstration (PbD) concept where the user guides a virtual robot to acquire the
input data from the system [6]. After learning an unknown curve, the user has an additional feature
of selecting points that control interactively from the curve and defines the orientation of the robot
end-effector at each control point to generate a smooth orientation profile for the end-effector of
the robot. In this study, the initial trajectory optimization scheme was implemented to obtain the

optimal trajectory, which was simulated with the virtual robot, and later executed on the real robot.

The RPAR-II methodology for orientation planning of end-effector is explained. In this
method, the main objective of the research is the application of AR in the end-effector orientation
planning that can be transferred into a controller code that is suitable for moving the end-effector
along a visible 3D path on a curved surface, which position is unknown, within a predefined
orientation range for the curve surface. The author explains three important tasks for orientation
planning. First, the curve tracing using an interactive device. Second, a collision-free volume
(CFV) is generated using the interactive device. Third, the sequence of control points is generated
by the user on the output curve to follow the smooth orientation plan. As an advanced feature, this

end-effector orientation path planning process has included two modes for human-virtual robot
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interactions. One is to create the control points and the other is the modification of undesirable

control points by deleting and inserting new control points for smooth operation [6].

The discussion on control point selection includes the output curve model and control point
creation modification. For end-effector orientation planning, the discussion is on the end-effector
orientation at a control point, end-effector orientation generation, and collision check. Finally, the
discussion is interpreted on trajectory optimization and simulation. In the output curve model, the
parametric curve is obtained by a re-parameterization and multilayer neural network techniques
with a given set of sample data for reference curve [6]. The re-parameterization is useful for
trajectory optimization whereby using the sequence of evenly discretized points, the output curve
will be re-defined in a scalar path coordinate. In the control points creation and modification
section, the list of control points is created by manually selecting the point of interest to assist the
user by Euclidean distance-based method. Similarly, the modification for the created points can be
done by the modification mode. This is performed by deletion of control point that has been
selected accidentally, deletion of excessive points, or insertion of a point into the list. The selection
of interesting points from the listed points or the output curve is performed in this mode by the
Euclidean-distance-based method. In this above method, the regeneration of a new list of control
points if the previous list of points is not satisfactory can be removed. It also interpreted that, it is
not suggested to have an excessive number of control points because it may result in a ruled surface
being generated in a more controlled manner, or an overly constrained ruled surface. That is the
reason for having a manual adjustment of control points in the proposed system. In the end-effector
orientation at a control point section, the orientations of the end-effector at the control points are
defined by a sequence of selection. The end-effector’s position is assigned as the position of the

current control point while its orientation is controlled through the manipulation of the interactive
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device. It also stated that the orientation specified at each control point should meet three
requirements, namely, it is accessible by the end-effector of the robot, it is within the predefined
inclination range, and the end-effector of the robot at this configuration should be collision-free.
Next in the end-effector orientation generation section, the method of cubic-spline interpolation is
discussed to adopt the generated orientation profile. The collision check is an important task in
end-effector orientation planning among all the virtual models when the robot is moving along the
planned orientation profile. The two steps in collision detection are, robot self-collision detection,
and determining whether the bounding cylinder enclosing the end-effector of the robot is within
the collision-free volume [6]. It also mentioned that the performance of the collision-free volume
check depends largely on the quality of the volume that is generated [6]. Finally, the discussion is
on trajectory optimization and simulation. In this section, trajectory optimization is discussed. The
trajectory which is obtained can be simulated using a virtual robot under a discrete PD control
scheme. In the simulation, the violation of limits can be determined by joint torque and joint
velocity. Then the trajectory is computed and compared with each joint of simulated torque and
velocity for associated normalized measurement. Finally, if the simulated trajectory is found to
have shifted away from the planned trajectory, the proportional control gains will need to be tuned

as these parameters dominate the drift of the output.

2.4 Vision-based system for position error compensation:

The work documented in [9], describes the end-effector position error compensation
(EPEC) algorithm where the image of a stereo camera pair is selected as an input to provide the
position of the target in the camera frame. The corrected vector has been calculated by differencing
the arm’s position determined by the arm frame and the camera frame to apply it for correcting

errors in the surrounding region of the workspace. This vector is calculated only near the target
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and at the place where the arm approaches its final position to further reduce the position error.
The algorithm includes target selection, fiducial detection, stereo triangulation, motion correction,

instrument contact, and computational requirements.

In the target selection section, the paper discusses the determination of the 3D location of
the target by selecting the end-effector’s target in one of the images of the stereo pair and standard
subpixel correlation. This correlation error can be compensated by a final approach along the
normal of the target until a contact sensor is triggered. Then in the fiducial detection section, the
author mentions the way of localizing the end-effector in the stereo camera pair by detecting the
position of a fiducial on the arm’s end-effector. Also, different ways of detecting the end-effector
fiducial have been tested such as the Harris corner detector [9], which is fast and invariant to affine
transformation, and a simple correlation-based method [9], which is more robust for a known
fiducial configuration and by arm’s forward kinematics to find the location of the fiducial in the
image. A circular fiducial has also been considered, which can localize the subpixel in the large
area very accurately. But due to the larger area, this method is hard to detect and would require
foreshortening compensation. In the stereo triangulation section, the located fiducial is triangulated
in 3D by finding the closest point of intersection between the two rays projected from the camera.
During the triangulation of the fiducial, the largest source of error is evolved due to several
parameters on camera and lens, including distortion. Next in the motion correction section, the
error which is formed by triangulation and arm’s forward kinematics is a function of the fiducial
location in the images and the joint angles of the arm, which makes it valid in a local region. This
results in recomputing the error vector and making the end-effector move closer to the target
location. To make the error correction often even for small changes in the system, the algorithm is

made into a closed-loop control system that allows the arm to start at any location and updates the

17



correction vector as it approaches the target. In the Instrument contact section, the discussion is on
end-effector orientation which is based on arm’s kinematics. Once the end-effector is positioned
along with the target normal, it is driven along that normal using the last error correction vector
until a contact switch triggers contact with the target. Finally, in the computational requirements
section, the author says that this algorithm comes from fiducial detection. Here, the time for the
correlation approach can be improved by using a pseudo-normalized cross-correlation, pyramidal
implementation, or using interest operators. In addition to that, forward kinematics, stereo
triangulation, camera projection, and correction vector computations are operated in closed form

with only a few floating-point mathematical operations [9].
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CHAPTER 3

METHODOLOGY

This chapter explains the design and simulation of auto-normalization of robotic end-
effector with the use of ABB RobotStudio. Taking an ABB robot as the leading platform, the
simulation workstation of the auto-normalization algorithm was established by using three-
dimensional modeling with CATIA V6 and the RobotStduio simulation software. According to
robotic surface finishing applications, a particular layout of the robot auto-normalization
workstation was constructed. Catia V6 was used to model the sensor holder/ fixture, and test piece
(contour surface), 1/0 signals, and Smart components were created. The robot Auto-normalization
mathematical model simulation program was compiled offline. The simulation results show that

the robot end-effector remains normalized for any changes in the surface.

3.1  Design of Workstation Simulation System

A RobotStudio based simulation system for a robotic auto-normalization workstation is
shown in Figure 3.1. In RobotStuido, the three-dimensional models of IRB120T, Conveyor system
(400_guide_2), and Catia V6 are imported, and the particular layout of equipment is adjusted. Tool
data, workpiece coordinates, 1/O signals, and smart components are set up. The robot can
automatically complete the whole process of keeping the robot’s end-effector always normal to

any unknown contour surface through debugging program.
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Figure 3.1 Simulation workstation of Robotic Auto-normalization method

setup for the workstation robot was made in a control loop to follow the orientation

path for every change in the surface periodically. Considering the 3-dimensional geometrical

pattern for different applications, it adopts the principle of vector deviation to achieve. The sensor

holder, which is mounted at the wrist end of the robot, can control the robot's arm orientation.

Catia V6 models the end sensor holder/ fixture; it is imported into RobotStudio to become a new

mechanical

device and installed on the robot's six axes. The sensor holder is modeled at optimized

size to fit the additional end-effector and work efficiently for different applications, as shown in

Figure 3.2.
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Figure 3.2 Robot end-arm tool (Sensor holder)

The model is quite different from the one that is used for the simulation in RobotStudio

3.2  Establishment of Tool and Workpiece coordinates

Tool coordinates are the tool center point (TCP) position parameter at the end of the robot.
The robot's motion is the coincidence of the TCP point and the path point of the robot. In this
paper, the robot end-arm tool needs to establish multiple tool coordinates for forming a plane and
getting back the distance data from the surface of the test piece to the sensor holder. Specific

settings are shown in Figures 3.3, 3.4, and 3.5.

Similarly, the workpiece coordinate system is the coordinate system used in programming,
including user coordinate frame and workpiece coordinate frame. Because the robot is convenient
to keep the position and orientation in a single frame, the work coordinate system is converted into
a user tool frame. Then it is easy to read, calculate, and write the necessary information for the

robot from the controller. Now, all the parameters are functional in a single coordinate frame.
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Figure 3.5. Establishment of Tool coordinates (Sensor 3)

3.3  Establishment of 1/O signal and smart component

I/0 signal is used to realize the communication between Robot and external equipment;
Smart component is an efficient tool to achieve animation effect in RobotStudio. Common signals
provided by standard I/O boards are digital input, digital output, analog input, analog output, and
conveyor belt tracking. 1/0 board is a device located on the field bus. The correlation of the 1/0
signal of a smart component with the 1/0 signal of the Robot is the function of the I/O board; that
is, the output signal of the smart component is acquired by the input signal of the robot end, and

the output signal of the robot end is the input signal of the smart component.

This workstation uses three analog inputs for the PID controller (Kp — Proportional, Ki —
Integral, Kd — Derivative), three analog inputs as coordinates of each of three different sensor

locations at p1, p2, and p3, so that X1, Y1, Z1 for sensor location p1, similarly, Xz, Y2, Z> for sensor
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location p2, and X3, Y3, Z3 for sensor location p3. Configuration for 1/0 signal of Robot is shown

in Table 3.1.

Table 3.1. 1/0 Signal Configuration of Robot

J Configuration - 1/0 System x | .

Type Name = Type of Signal
Arncess Level aikd Analog Input
Cross Connection ELY Analog Input
Device Trust Level aikp Analog Input

Eiherhat|P C 4 @SensedX1Foint  Analog Input
EthEINEUIF‘ DnTman aiSensedX2Point  Analog Input

Erie svice aiSensedX3Point  Analog Input
Industrial Network aiSensed¥Point_tcp | Analog Input

Route aisensed 1Foint Analog Input
Signal aiSensedY2Point | Analog Input
Signal Safe Level gisensedY2Point | Analog Input
System Input aiSensedYFoint_tcp | Analog Input
System Output aiSensedZ1Point | Analog Input

aiSensedZ2Point Analog Input
aisensedZIPaint Analog Input
aiSensedZPoint_tcp | Anzlog Input

aisetPoint_top Analog Input
aoSignal Analog Qutput
AST Digital Input
AS2 Digital Input
AUTON Digital Input
AUTOZ Digital Input
CH1 Digital Input
CH2 Digital Input
DRVI1BRAKE Digital Output

This workstation needs to build two Smart components to realize the simulation of the
whole workstation, including the normalization effect of the end of arm tool, which has the sensor
holder attached to the robot wrist that orient its device as well as the robot’s arm, and the tool piece
to linearly actuate the conveyor through conveyor belt for a certain distance to allow surface

variations for the robot to reorient itself accordingly .

Line Sensor, Comparer, Converter, Expression, Timer, and Vector converter are added to

the mount as a sensor holder. The linear mover and source signal are added to the conveyor
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mechanism. Then, the properties and signals of each sub-component are set. The robot signal is

connected to the smart component signal, as shown in Figure 3.5.
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Show Bindings Show Connections Show unused  Zoom: |:| Auto Arange
Source Object Source Signal Target Object Target Signal or Property
SC_Mount3PSensaor aoSensedXPoint_tcp IRB_120_3kg_0.58m aiSensedAPoirt_tcp
SC_Mount3PSensor aoSensedYPoint_tcp IRB_120_3kg_0.58m aiSensedYPoirt_tcp
SC_Mount3PSensor aosensedZPoint_tcp IRB_120_3kg_0.58m aiSensedZPoirt_tcp
Converter AnalogOutput IRB_120_3kg_0.58m aikp
Converter_2 AnalogOutput IRB_120_3kg_0.58m aiki
Converter_3 AnalogOutput IRB_120_3kg_0.58m aikd
SC_Mount3PSensaor aoSensedX1Point IRB_120_3kg_0.58m aiSensedX1Point
SC_Mount3PSensor aoSensed 1Point IRB_120_3kg_0.58m aiSensedY 1Point
SC_Mount3PSensor aoSensedZ 1Point IRB_120_3kg_0.58m aiSensedZ 1Point
SC_Mount3PSensar aoSensed X2Paint IRB_120_3kg_0.58m aiSensedX2Paint
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SC_Mount3PSensor aoSensedY3Point IRB_120_3kg_0.58m aiSensedY3Point
SC_Mount3PSensor aoSensedZ3Point IRB_120_3kg_0.58m aiSensedZ3Point

Converter_4 AnalogOutput IRB_120_3kg_0.58m aiSetPoint_tcp

Table 3.3. Robot Signal Connection — Properties Bindings

Source Object Source Property Target Object Target Property or Signal

Expression_4 [SetPoint] SetPoirt Converter_4 AnalogProperty
Expression [Kp] Kp Converter AnalogProperty
Expression_2 [Ki] Ki Converter_2 AnalogProperty
Expression_3 [Kd] Kd Converter_3 AnalogProperty
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Figure 3.7. Robot Signal Connection for Sensor holder Smart Component — Design Layout

Table 3.4. Robot Signal Connection for Sensor Holder Smart Component — 1/0 Connections

140 Connections

Source Object Source Signal  Tanget Object _ Target Signal or Property
5C_Mount 3P Senacr dStart Signial Timer1 Adive
SC_Mount 3P Senscr GResetSignal | Timert | Reset

SC_Mourt 3P Sensce A Sgnal Timer2 | Active

5C_Mourt 3P Sensce dResetSignal Timer2 Fleset

SC_Mourt 3P Senser S Sgnal Timee | Active
SC_Mourt3P Sensor | GResetSignal | Tineca | Reset

e— | Output [ LineSensor_1 | Active
Timer2 .DLlpc.t | Lire Senscr_2 .MNU
Timerd Output Line Senacr_3 .Pa.rue
Comparer_1 Output Timer1 Resat
Cempares 2 Outpue Tinee2 | Resat
Comparsr_3 Ouitpt | Tinera | Reset
ConveteP2! | AnaiogOutput | $C_Mount3PSensar | a0 SensedxzPoint
ConveterP22 | AnaogOutput | 5¢_Mount3PSensor | a0Sersed¥2Point
Converter?23 AnalogOutput .SC_Hm.r(3PSermr -aoﬁnudzﬂ’oﬂ
ConverterP31 ﬂndw.ln‘.l | 5C_Mount 3F Sensor a05ensed X3P oint
ConvertarP32 Mom SC_Mount 3F Sanzor 305ensed T 3Point
CorwertarP33 | AnaiogOutput SC_Mount3P Sansor 30SensedZ3Peint
SC_Mourt3PSensor | distartsignal |Taner sep adiive
SC_Mourt3PSensar | diResetsiona [ Timer_ten Rleset
Timer_tcp -Omu | LineSenaor_fcp .Mmre
Comparer_lcp | Dutput Tiner_tcp Rleset
Conwerler_1_tep | AnslogOutput SC_Mount 3P Sensar a05ensedXPeint_tep
Converter_2_tcp | Anslogoutpus | 5C_Mount 3P Sensor |aoSensedYPort_tep
Cormedar_3. i | Analogoutout | SC_lount 3P Sensor sosensedZPait_tco
ConverterP 11 Andw | SC_Mount 3F Sansor .mSenag!I'IPOI'I
ConverterP 12 Mm.l SC_Mount 3F Sansor 305engedY 1 Point
CorvertarP13 | Analogoutput SC_Mount3P Sansor 305ensedZ1 Peint
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Table 3.5. Robot Signal Connection for Sensor holder Smart Component — Property Binding

Propery Bindings

Source Chyect Source Propedy Target Object Target Property or Signal
Expression [¥2"1000) Fiemit CorrvererP21 AnalogFropery
Expression [1271000) | ema ConverterP 22 fnalogroperty
Expresson [Z2 10004 Result ConventarP23 AnakgPropesty
Expression [ 1000) [ et CormverterP31 AnalogProperty
Expresson [T31000] ™ CorerterF a2 BnabogFropery
Expression [Z3 10004 Fisslt ConreenterPId AnalegProperty
Timer1 Cument Time: Comparer_1 Value A

TimerZ | Currert Time Comparer_2 Vaked

Tard | cosrertTime Compams_3 VahseA
LineSenscr_1 SernedPoint VeciorConwerer | Vactor
VectarConverer] * Expreasion [%1°1000] 1
VectorCorverter] [¥ Espeession [11°100] 1
VectorCormerter] .2 Exgression [2171000] 21
LiraSanser_2 SernadPant WecterConvener Wectlor
LneSensar_3 SersedPont VectorConwenerd Wector
Vectolonverter? [ Expression [£2°1000] w2
VactorConrerter? ¥ Espression [Y271000] 2
VectorCorwerter z Expression [Z21000] z2
VectorZarwerter ] [ | Expression pa+1000] [
VectorCormerter 3 ¥ | Exoression rrar1000) [va
VectorCorrvererd 2z Expression [2371000] 23

Teewar_tep Curmert Tma Comparer_1cp Value &

Line Senser_tep | senscdPont [VecterConverter_tep [vecter
WechorComverer_top -2 -Emmﬂm_iwlrlﬂﬂﬂl -2
Expression_icp [Z71000] st Cornverter_3 bep ArslogPropesty
WectorConverer_tep Y Expression_icp [Y"1000) Y

Expression fcp [V 1000} ) | Corverter_2 1cp | ArslogPropery
WectorConerter_top X Expression_cp PC1000 x
Expression_jcp (X°1000] [Resa [Cormerter_1 ten [r——
Expression [X171000] | Ret | CormverterP11 [E—
Expression [Y1°1000] Foaslt CarrverterP12 AnalogPrpety
Expression [Z1°1000) | Reauit | CormverterP13 | AnalogPropesty

3.4 Mathematical Model

Mount (Fixture)

Lazer Sensor (Position)

Fig 3.8. Prototype for Robot Mount
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Laser Sensor

Tool

Surface
[Projection)

Fig 3.9. Prototype for surface projection



From the figure 3.8 and 3.9, the following formulas can be derived.

The three sensor locations (or points) that represent Plane 1 in the robot tool frame are
given as follows:

o pl(Xy, Y1, Z1)

o p2 (X2, Y2, 2Z2)

o p3(Xs, Y3, Z3)
The three projection points on the workpiece surface that represent Plane 2 in the robot
tool frame are detected by the three sensors. The sensor feedback points are as follows:

e pl" (P, Qy Ry

e p2" (P2, Q2 R)

e p3"(P3, Qs Rs)
Since, we are operating in the tool coordinate system, all the Z coordinates of the sensor
location points are equal to zeros.

o Z1=2,=23=0
The XY coordinates of the sensor location points (or Plane-1 points) are defined by the
sensor holder geometry. Therefore, the Plane-1 points become:

e pl(Xy, Yy 0)

e p2(Xz Y20

e p3(Xz Y30
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We know that Plane 2 is a projection of Plane 1. So, the

following equations can be derived for p1°, p2°, and p3". Pi i i :
VA Position Sensor
1 1 Tool
e (P1,QuR)T=(Xy, Y1, Z')" P "
RN
o (P2, Q2 R)T=(Xa, Y2, Z5)" it
T AT P’l: i i P’2
d (PS, Q3, R3) = (X31 Y31 Z 3) v Surface
P (Projection)

In Figure 3.10, Z’; is the distance between tool and Fig 3.10. Prototype for surface projection with Z's
the surface, where i is the index. The values of Z;

measured by the three sensors. The normal vector calculations are as follows.

e The normal vector of Plane 1 is calculated as follows.

nl = plp2 x plp3

Where,

plp2 = [(X; — Xq), (Y2 = Y1), (Z, — Z))]T
plp3 = [(X3 — X1), (Y3 — V1), (X3 —Z;)]7

e The normal vector of Plane 2 is calculated as follows.

n2 = pl'p2" x p1'p3’

Where,

p1'p2’ = [(P, = P1), (@2 — Q1), (R, — Ry

p1'p3’ = [(P; — Py), (@3 — Q). (Rs — Ry)I"
6(y) and ¢(x) are Eulerian angles necessary for aligning n1 to n2. n1 coincides with the z axis
of the tool coordinate system, which moves along with the robot. n2 is associated with the

workpiece surface that is detected by the three sensors.
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3.1 Tree diagram for finding @ (x):

P (x)

If
Y-p;>=0 & Y-p,>=0

If
Y-p;>=0 & Y-p,<0

If
Y-p;<0 & Y-p,<0

If
Y-p1<0 & Y-p,>=0

@ (x) = -(180- (@1 (x)+ 92 (x))

\ 4

\ 4

If
P1(x) > @,(x)

If

P1(x) <@a(x)

If

P1(x) =@a(x)

A

@ (x) = (180- (@1 (1) + 2 (%))

l

A\ 4 v

P1(x) =@(x)

If

If

P1(x) > @a(x)

If
P1(x) <@a(x)

p(x) =0

@(x)

=0

0 (x) = -(1(x)- @2(x))

v

0(x) = (p1(x)- P2(x))

0 (x) = (91 (x)- @2(x))

0 (x) = (P1(x)- 2(x))

@1 (x) is the angle from the yz projection of nl to the z axis of the robot reference frame.

@, (x) is the angle from the yz projection of nZ to the z axis of the robot reference frame.
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3.2 Tree diagram for finding 6(y):

0(y)

If
X-py>=0 & X-p,>=0

If
X-p1>=0 & X-p,<0

If
X-p1<0 & X-p,<0

If
X-p1<0 & X-p,>=0

6(y) = (180- (6: (»)* 62(»))

\ 4

\ 4

If
0:(y) >6,()

If

6:(y) <6,(y)

If

0:(y) =6,()

A

0(y) =-(180- (6:(»)+ 62(¥))

l

A\ 4 v

0:(y) =6,(y)

If

If

0:.(y) >6,(y)

If
0:1(y) <6:(y)

8(y) =0

6(y) =0

0(y) = (6:(¥)- 6,(»))

4

6(y) =-(6:(»)- 6:(»))

0(y) = (6:()- 6:())

6(y) =-(6.(0)-02())

0, (y) is the angle from the zx projection of nl to the x axis of the robot reference frame.

6, (y) is the angle from the zx projection of nZ to the x axis of the robot reference frame.
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3.5 Robot Programming and Simulation

Before compiling the robot program, it is necessary to set up the sensor position and
retrieve the TCP location from the sensor holder to perform a mathematical model. When
compiling the program, each sensor position point is taken from the sensor fixture using a CRobT
function and used to calculate the z distance (height) of the fixture from the surface. Based on the
input data from the sensor, the input angle (angle of deviation from the normal vector of the robot’s
end-effector to the normal vector of the surface) for the controller is determined. Then the
controlled or manipulated angle is given to the Robot to attain its position. The controller is
designed as a closed-loop system that follows Proportional, Derivative, and Integral control. The
output from the robot is the pose vector to make the robot end-effector normal to the changes in
the surface. To make it work again and again, even for small changes in the surface, the output
from the robot is sent as feedback to the controller in less than microseconds based on the processor

of the system and make it work as a closed-loop control system, as shown in Figure 3.11.

Controlled (or) Manipulated angle

Error angle (e)

Rx=Rx + @(x)
|e=000)/0()-0c./0c=0()/p(x) | Ry= Ry £ 6(y)
Rz =Rz Rx, Ry, Rz
J Controller i
b ' Robor ==
Angle (BC’ (pC) controdlllers ) I
Here,
Oc=¢c=0
Angle (6, @)
calculation using (¢
Actual Angle (68(y), @(x)) | sensor feedback Sensor Feedback| p1’, p2’, p3’

Figure 3.11. Closed loop control system
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From the figure 3.11,

Error = Bactual — B¢

Where,

Oactual - Actual angle from Sensor Feedback

Oc - Controlled angle

Here, The Controlled angle (6¢) should be zero to compensate all the error value.

i.e.0c=0

Therefore,

Error(e) = Oactual

Figure 3.12 shows the system requirements for running the simulation on ABB RobotStudio.

Processor: Intel(R) Core(TM) i5-10310U CPU @ 1.70GHz 2.21 GHz
Installed memory (RAM):  16.0 GB (15.6 GB usable)

System type: 64-bit Operating System, x64-based processor

Figure 3.12. System requirements.

The proposed auto-normalization algorithm based on the PID control is converted into a RAPID

program as shown in Figure 3.13.
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73 PI0_drientation:

74 |Routine function called

75 Calculation_routine;

76 IMain Calculation starts here

77 posl 1= CRobT{\Teol:=toold “WObj:=wobjd);

78 UserToolFrame.oframe.trans t=posl.trans )

7% UserToolFrame.oframe.roti=posl.rot;

ge UserToolFrame.uframe.trans := posl.trans;

g1 UserToolFrame.uframe.rot = posl.rot;

g2 posl 1= CRobT{\Teol:=toold ‘Wobj:=UserTocolFrame);

B3 anglex :=EulerZy¥i{\X, posl.rot);

g4 angley :=EulerZy¥Xx{\Y, posl.rot);

83 anglez :=EulerZ¥x{\I, posl.rot);

Be Sub_angles for_teta_phi; |¥inds sub angles teta 1 & 2, phi 1 & 2
87 Sign_routine_for_phi_x; Ilphi_x = angle around the x rotation
B8 Sign_routine_for_teta_v; lteta_y = angle around the y rotation
B9 Kpi= Alnput{aikp);

ae kir= Alnput{aiki);

a1 kd:= Alnput{aikd);

a2

83 eli= teta_y;

ad e2:= phi_x;

85 g_suml:= e_suml + teta_y;

a8 g_sum2:= e_sum2 + phi_x;

a7 lproporticnal control

88 teta_y 1= kKp*® el;

9% phi_x := kp* &2;

1ed |Intergral Control

ie1 teta_y := teta_w + (ki * e_suml);

i@z phi_x := phi_x + (ki * e_sum2)};

183 |Derivative Control

g4 teta_y 1= teta_y + kd * {el - e_previ);

g5 phi_x := phi_x + kd * {e2 - e_previ);

186 g_prevl 1= alj

1e7 g_previ = el;

188 posl.rot = Orientzye{anglez, angley+{teta_y), anglex+(phi_x});
18 |5ign_Orientation_routine;

118 Mowvej posl,vld,fine, toold\Wibj:=UserToclframe;

111 |FID Height_adjuster;

11z GOTO PID Orientation;

Figure 3.13. Auto-normalization algorithm in RAPID programming language.
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CHAPTER 4

RESULTS AND DISCUSSION

According to the simulation experiment, the proposed methodology demonstrates a proper
auto-normalization mechanism for the robotic system. Without affecting the precision and safety
of the proposed methodology, the most important factor affecting the workstation rhythm is the
speed of the robot. Increasing the speed of the robot can affect the accuracy of the orientation.
However, for several applications such as painting, sanding, polishing, etc., the current speed of
the robot’s orientation under ideal conditions is good enough to operate the system. After
completion, clicking the “play” button of the “simulation” tab will enable the system to execute
the auto-normalization algorithm task according to the preset program. The work cell simulation
steps are shown in Figures 4.1 to 4.5. The virtual work cell simulation provides a powerful
guarantee that the proposed auto-normalization methodology can perform well, at least in a virtual

simulation.
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h Instructi Workobject | wobjo - ShowHide -
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Figure 4.1. Workcell Simulation Step 1
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Figure 4.5. Workcell Simulation Step 5
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4.1  Angle Deviation Calculation

Different conditions are considered to make the system more intelligent to successfully
align the normal vector on the robot’s point to the normal vector on the 3D surface with any
change of angle. Based on the quadrant conditions, tree diagrams 3.1 and 3.2 are developed for

Pitch and Roll rotations.

First
Quadrant

Second
Quadrant

Positive Direction
of y-axis ——»

Positive Direction

of x-axis ——»
X' - > X

Negative Direction 0
«—— of x-axis c
c.2
g
2>
a's
[<}]
=
=
@
Third oy Fourth
Quadrant = Quadrant
v
YI

Figure 4.6. Different Quadrant Conditions
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+Y

2nd Quadrant (-X, +Y) Ist Quadrant (+X, +Y)
S.no Applied Angle (On Surface)| Actual Angles (On Robot)|  Angle deviation S.n0  |Applied Angle (On Surface)| Actual Angles (On Robot) Angle deviation
X Y X Y X Y X Y X Y X Y
1 -5 5 -5.013 4.987 0.013 0.013 1 5 5 5.01 4.9903 0.01 0.0097
2 -10 10/ -10.133 9.84 0.133 0.16 2 10 10 10.146 | 9.853 0.146 0.147
3 -12.5 7.5| -12.607 7.328 0.107 0.172 3 12.5 7.5 12.589 7321 0.089 0.179
Average deviation 0.084 0.115| Average deviation 0.081 0.111
-X +X
3rd Quadrant (-X, -Y) 4th Quadrant (+X, -Y)
S.no Applied Angle (On Surface) | Actual Angles (On Robot) Angle deviation S.no Applied Angle (On Surface)| Actual Angles (On Robot)|  Angle deviation
X Y X Y X Y X Y X Y X Y
1l -5 5 -5.015 -4.974 0.015 0.026 1 5 -5 5.02 -4.984 0.02 0.016
2 -10 -10/ -10.161 -9.843 0.161 0.157 2 10 -10 10.15 -9.846 0.15 0.154
3 -12.5 -7.5| -12.605 -7.32 0.105 0.18 5 85 -7.5|  12.627 -7.321 0.127 0.179
Average deviation 0.093| 0.121 Average deviation 0.099 0.116

Figure 4.7. Angle deviation evaluation for 4 different quadrants

Figure 4.7 shows the angle deviation evaluation results for different quadrants. The calculation

results are summarized using the charts in Figures 4.7 — 4.10 for the quadrants.

Angle deviation chart on X-axis Angle deviation chart on Y-axis
1st Quadrant 1st Quadrant

12.5 12.589

10 10.146 - 10 9.853
5 4.9903

(7]
w
w
o
o
w
[a]

DEGREES

22
NUMBER OF RUNS NUMBER OF RUNS

X (Applied Angle (On Surface)) ® X (Resulted Angles (On Robot)) Y (Applied Angle (On Surface)) mY (Resulted Angles (On Robot))

Figure 4.7. Angle deviation chart on X-axis and Y-axis — 1* Quadrant
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Angle deviation chart on X-axis Angle deviation chart on Y-axis
2nd Quadrant 2nd Quadrant
12.5 12.607

10 10.133 10 9.84
prm— fEo=—7-328

(7] (7]
w w
w w
o o
O (V)
w w
[a] [a)

NUMBER OF RUNS NUMBER OF RUNS

X (Applied Angle (On Surface)) ®m X (Resulted Angles (On Robot)) Y (Applied Angle (On Surface)) MY (Resulted Angles (On Robot))

Figure 4.8. Angle deviation chart on X-axis and Y-axis — 2" Quadrant

Angle deviation chart on X-axis Angle deviation chart on Y-axis
3rd Quadrant 3rd Quadrant

12.5 12.605
10 10.161 e 10 9.843

DEGREES
DEGREES

NUMBER OF RUNS NUMBER OF RUNS

X (Applied Angle (On Surface)) ® X (Resulted Angles (On Robot)) Y (Applied Angle (On Surface)) ®Y (Resulted Angles (On Robot))

Figure 4.9. Angle deviation chart on X-axis and Y-axis — 3 Quadrant
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Angle deviation chart on X-axis Angle deviation chart on Y-axis
4th Quadrant 4th Quadrant

12.5 12.627 10 9.846

10 10.15 Bl ] 75 7.321

(%] [%]
i} w
w w
o o
O O
w w
o o

NUMBER OF RUNS NUMBER OF RUNS

X (Applied Angle (On Surface)) m X (Resulted Angles (On Robot)) Y (Applied Angle (On Surface)) mY (Resulted Angles (On Robot))

Figure 4.10. Angle deviation chart on X-axis and Y-axis — 4" Quadrant

Robot simulation scenarios for different surface orientations are shown in Figures 4.11-
4.14. The proposed methodology successfully reoriented the robot end-effector for various

different workpiece poses.

Figure 4.11. Robot simulation — Orientation along positive y-axis
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Figure 4.12. Robot simulation — Orientation along negative y-axis

Figure 4.13. Robot simulation — Orientation along negative X-axis
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Figure 4.14. Robot simulation — Orientation along Positive X-axis
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1 Conclusion

In this paper, ABB RobotStudio is used to build and simulate a virtual robot auto-
normalization workstation. The simulation results indicate that the proposed auto-normalization
method works well in an ideal environment and ready for real robotic applications, such as
painting, inspection, etc. It provides a feasible basis for replacing manual labor and eliminating
the effect of teaching the waypoints for the robot, and further improving the degree of automation

in many surface finishing industries.

The main advantage of this proposed methodology is that it is an active compliance
technique that can be used with a standard industrial robot without making major modifications in
the hardware, except a minor change in the end effector of the robot. A disadvantage of the
proposed methodology is that it may not be efficient in dealing with intense high-frequency
curvatures. However, using this auto-normalization technique, it is possible to enable the robot to
deal with arbitrary surface ramps of the workpiece. A robot can use a considerable step length
during a surface finishing process, so that the translational and angular errors do not exceed the

range of the compliant motion.

The standard finishing force may vary with the radius of the curvature of the surface to be
finished when the distance between the three probes of the sensors is large. The range of surfaces

which may be finished with small to large contour surface may be limited by this factor.
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6.2 Future Recommendation

The future work will be focused on applying the proposed system in similar robotic path-
planning tasks in the real-world environment and perform the analysis with variations and

improvising the accuracy of the methodology.

In addition, various ways of improving the current algorithm can be considered, such as
improving the algorithm by considering different factors and conditions that influence the spatial

accuracy of the robotic system.
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