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Abstract  

The aim of this thesis is to automate the depowdering step in binder-jet 

additive manufacturing using KUKA kr6 robot. 

The major tasks involved in this thesis work are commissioning of the KUKA 

kr6 robot, plan the actions required for automation process of binder jet 

considering the scaling factor of green bodies. For this purpose KUKA robot 

with a standard KUKA compact controller (KRC4) and KUKA system 

software 8.3 (KSS) has been used. In Peter Corke Matlab toolbox (Matlab 

toolbox), KUKA kr6 robot model has been simulated to understand forward 

kinematics problem which shows the study the motion of end effector of robot 

in space for picking process. These transformations between the Joint 

coordinate systems and Cartesian coordinate systems give the forward and 

inverse kinematics. 

Firstly, a KUKA kr6 robot has been programmed in a KUKA Robot Language 

(KRL) using an algebraic approach with geometric operator to automate the 

picking process of green bodies. These are fragile bodies thereby many 

number of tests have been conducted to improve the program. Also additional 

effort has been placed to test the customized gripper used for the layered pick 

and place of the components, customized vacuum cleaner for the vacuum 

cleaning in between the layers and to consider the scaling factor during the 

sintering step of the binder jet. 

Finally, KUKA kr6 robot model has been simulated in Matlab toolbox. The 

picking point in the space has been simulated to study the forward kinematics 

and to understand how the robot reaches a position and orientation in space. 

Cartesian trajectory has been simulated. Also, the Jacobian matrix, its rank 

and determinant are studied to understand the singularities in KUKA kr6 

robot, basing on which the thesis work can be continued and enhanced 

further. 
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1 Introduction 

The purpose of the thesis work is to commission a KUKA kr6 robot and to automate 

the depowdering step of the binder-jet additive manufacturing production process. 

1.1 Background 

Background of the thesis work is the industrial robotics and binder jet additive 

manufacturing techonology. 

1.1.1 Additive manufacturing 

Additive manufacturing (AM) is a growing industry sector with many of its leading 

companies based in Europe. It enables industrial and design revolution in various 

industries such as aerospace, energy, consumer goods, medical and tooling. 

'Additive manufacturing' is the most common term in industrial markets while '3D 

printing' is used more in consumer market. AM is a technology that facilitates the 

process of combining materials to form a new part[1]. 

Binder jet 3D printer 

For this thesis, the green bodies are produced from a Binder jet (BJ) 3D printer 

from the manufacturer ExOne. Presently, there is an emerging trend for the BJ 3D 

printing, it is more productive than the other 3D printing techniques like Laser 

beam / Electron beam melting as it requires no support structure [1]. 

 

Figure 1. 3D binder jet printing process [2]. 

BJ is used for printing a variety of materials including metals, sands and ceramics. 

Some materials like green bodies used in this thesis might need to be cured and 

sintered in the furnace depending on the end user application [1]. 

As seen in the Figure 1 BJ 3D printing is a 2 step indirect process, 

I. In the first Stage, according to the predetermined design of the CAD model , 

the liquid binding agent is dropped onto the layer of evenly spread powder bed 

in order to glue the powder particles. Again a fresh layer of powder is laid on 



Sowjanya Kolluri         Automation of depowdering step in binder-jet additive manufacturing  

 
7 

the top of the previous powder layer. This  sequence of adding layer-upon-layer 

continues until the 3D object is built, where each layer represents the sliced 

CAD file format. These obtained parts are sticky, thereby the need to cure them 

to dry the glue between the powder particles. As an end result fragile ''green 

bodies'' are produced, which are needed to be carefully removed out of powder 

bed and placed onto the sintering tray [2]. 

II. Further a post processing stage is followed, where the solidification of green 

body takes place through a series of operations like debinding and sintering 

operation followed by an infiltration step. This reduces the porosity resulting in 

the densified finished parts [1,2]. 

The green bodies obtained in the depowdering step are fragile. The force applied on 

the gripper is fixed due to elasticity modulus of the gripper material which is helpful 

while picking these fragile parts. It is time consuming to remove the bodies from the 

powder bed, this involves lot of manual effort and time. Also, the material used is 

suspected to be carcenogenic in nature hence the need to automate the process using 

an Industrial robot like KUKA. 

1.1.2 Industrial robotics 

In the view of increase in the diversity of products, there is a necessity to improve 

the manufacturing productivity and flexibility to sustain the increase in the 

competitiveness. Industrial Robot is one way to achieve such flexible automation 

[3]. An industrial robot is a multifunctional and reprogrammable manipulator that is 

capable of moving parts or tools through the programmed motions depending on the 

type of the application. It is useful for applications such as spot welding, handling, 

assembling, machining, polishing, inspecting, palletizing [4]. Among all other 

available robotic mechanisms, the robotic arm is preferred in applications that 

require tasks to be executed  with repeatability and high accuracy, as in automated 

assembly, robotic surgery, handling of hazardous material etc, [5]. 

Robotic arm   

A robotic arm  is an industrial robotic manipulator that resembles a human arm and 

is usually programmable. The robotic arm is a serial link manipulator, whose links 

are connected by joints and form a kinematic chain to facilitate either a translational 

or rotational movement. While the base is at one end of the chain, the other end 

moves freely in space to hold the tool or end effector. The robot manipulates tools 

or parts using the end effector [6]. The manipulator joints decide its degree of 

freedom (DOF). For controlling the position and orientation of the end effector 

minimum six degrees of freedom (DOF) is required. The links of  the robotic arm 

have one DOF each for their movement, that is either translational or rotational. 
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More than six DOF cause redundant system, they may provide more flexibility but 

also consume more power. Less than six DOF are globally degenerated system, they 

are not flexible[4, 6]. 

1.1.3 Coordinate systems 

Various coordinate systems can be used to specify the position or orientation of a 

point in space. 

1.1.3.1 Cartesian coordinate system 

A KUKA user normally understands a point in terms of Cartesian coordinate 

system, where Z-Y-X defines the position and the Euler angles (A, B, C) define the  

orientation of the point. 

 

 

Figure 2. Cartesian coordinate system [7]. 

The Cartesian coordinate system as shown in Figure 2, can be defined as below [7], 

• WORLD coordinate system is a permanent coordinate system located at base of 

the robot. It represents the reference system for both robot and peripheral 

equipment. 

• ROBROOT coordinate system defines the position of robot with respect to 

world coordinate system. 

• BASE coordinate system defines the position of workpiece relative to world 

coordinate system. 

• TOOL coordinate system defines the tool centre point (TCP) relative to the 

world coordinate system. 



Sowjanya Kolluri         Automation of depowdering step in binder-jet additive manufacturing  

 
9 

1.3.1.2  Joint coordinate system 

The robot interprets in terms of joint coordinate system. 

 

 

Figure 3.  Joint coordinate system [7]. 

It understands the position and orientation of a point in space in terms of the 

External axis 1 (A1) to the External axis 6 (A6).  

1.2 Problem Statement 

1.2.1 Goal 

The goal of this thesis is to pick the green bodies out of the build box and place them 

on the sintering trays that can be used for post processing in BJ additive 

manufacturing. Vacuum cleaning is done in between the layers to remove powder in 

between the layers, to allow free movement of the gripper.  

1.2.2 Motivation  

The green bodies obtained after the curing step of the BJ process are concealed in 

the powder bed and are fragile, thereby the picking process involves extensive 

manual effort and time. Mass production of these finished parts can become a 

challenge when picking process gets hectic. Also, the materials used for this process 

are suspected to be carcinogenic in nature which can be dangerous on exposure to 

them over a long time. Thereby the requirement to automate the depowdering step 

of BJ. 
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1.2.3 Proposed solution 

The present thesis focuses on automating the binder jet picking process using a 

KUKA kr6 r900 sixx robot (KUKA kr6 robot). To achieve this, I have 

commissioned the KUKA kr6 robot and have developed a KRL code with an 

algebraic approach using a geometric operator to pick and place the green bodies out 

of the build box. Hence manual work can be reduced and as a result mass 

production can be facilitated. 

1.3 Objectives of the project 

The objectives of this thesis assignment are: 

• To automate the picking process of the green bodies in the depowdering 

step of BJ AM using a KUKA kr6 robot. 

• In future if there is a need for new hardware to be added for the KUKA kr6 

robot, a methodology has been studied to connect the additional hardware. 

• A KUKA kr6 robot arm model has been simulated in Peter Corke Matlab 

RVC toolbox (Matlab toolbox) to understand the forward kinematics. Also 

the Manipulator Jacobian, its rank and determinant are studied to verify the 

singularities in this model which can later be avoided in real time 

implementation. 

1.4 Thesis outline 

This thesis work comprises of five chapters, 

Chapter 1 gives the introduction to the thesis 

Chapter 2 gives the theoretical information relating to this assignment. 

Chapter 3 gives the explanation of methodology implemented in this thesis in terms 

of both the practical and simulation results. In practical implementation, the 

algebraic approach using a geometric operator has been used and is mentioned in the 

KRL code in appendix A. This program is about how the robot picks and places 

using ‘Electric Small Components Gripper EGP 40 (electric gripper) that has been 

customized for the process, vacuum cleans using a customized vacuum cleaner. The 

details about the functionality of electric gripper can be found in Appendix C. Also, 

a simulation is carried out that shows how the Matlab toolbox has been used to 

simulate a KUKA kr6 robot model. Its forward kinematics, Cartesian trajectory, 

Manipulator Jacobian, rank and determinant are studied to understand singularities, 

these results are explained and this procedure can be used as a future work to avoid 

singularity in real time. 
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Chapter 4 contains the discussion of the thesis,  

Chapter 5 presents the conclusion to the thesis.  

Also, it contains the recommendations for future work on the three tasks - practical 

part, simulation part and how the additional hardware can be added to the KUKA 

kr6 robot. The step by step explanation to add the additional components has been 

described in the appendix D. Also suggests that singularity found in simulation can 

be avoided in real time. 
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2 Theory 

This chapter provides information about the KUKA kr6 robot, fundamentals of 

robotics in kinematic analysis, how they were practically implemented in pick and 

place application, how they were simulated using Denavit Hartenberg (DH) 

parameters in the Matlab toolbox. 

2.1 KUKA kr6 robotic arm 

A KUKA kr6 robot as seen in Figure 4 has been used for this thesis, it belongs to 

agilus family and it has a 6 DOF. KUKA manipulator is one of the leading 

manufacturers in the world [7]. 

 

Figure 4. KUKA kr6 robot [7]. 

2.1.1 The Components of KUKA robot system 

This Section has detailed explanation of the components of KUKA manipulator, 

 
 

Figure 5. The components of KUKA [7]. 
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From the Figure 5, the industrial robot of this type comprises the following 

components: 

1. Manipulator 

2. Teach pendant 

3. Connecting cable, smartPAD 

4. Robot controller 

5. Connecting cable, data cable 

6. Connecting cable, motor cable 

7. Communication interface between the human and robot,  

• Connecting cables 

• Software (KRL 8.3) 

• Options, accessories 

• Emergency stop button [7]. 

2.1.2  Mechanical construction of KUKA robotic arm 

 
Figure 6. KUKA mechanical construction [7]. 

 
Figure 6 shows that the robot manipulator comprises of the following components 

• In line wrist 

• Arm 

• Link Arm 

• Rotating column 

• Electrical installations 

• Base frame 
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2.2 Fundamental concepts in kinematics 

Basic concept of robotics involves understanding the 3D coordinate transformation 

for determining the pose which describes the relative orientation and position of the 

point. The relative displacement of a frame with respect to its reference frame is 

explained using a homogenous transformation matrix. 

2.2.1 Pose and coordinate transformation 

Any point in Cartesian reference frame can be translated or rotated to a position and 

orientation of new pose in 3D, by using the right hand thumb rule as seen in the 

Figure [7], 

 

Figure [7].  Displacement of the reference frame into a new pose (from right to left) [8]. 

 

The rule states that the thumb direction marks the direction of the positive axis, 

while the curled fingers mark the direction of positive rotational displacement about 

the axis [8]. The reference frame as seen in Figure [7] is first translated, then 

successively rotated first around y axis, followed by rotation around z axis using the 

right hand thumb rule. After three successive transformations reference frame 

results in same final pose. This is a homogenous transformation involving both 

rotation and translation [8]. 

2.2.2 Homogenous transformation  

A homogenous transformation matrix (HT) is a 4*4 square matrix, that derives its 

name from the homogenising coordinate that makes the combinational matrix which 

is obtained from combining the rotations and translations compatible with the 

vector dimensions. HT is a solution to the forward kinematics problem [9]. 
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Figure 8. Homogenous transformation matrix [9]. 

 

The translation component required to transform the position vector from frame 

{A} to frame {B} is given by the vector addition. 

The equation  

P =  RB
A  P + PBORG

A
 

 B
 
 

 
A  ,                                                        (1) 

 

 gives the position vector of P in frame{A} is expressed as the rotation matrix RB
A 

times the position vector of P in frame {B} P 
B and position vector of origin of 

reference frame {B} PBORG
A   as seen in Figure 8 [9]. 

 

 [
1
P 

 A ] = [
1 0

PBORG
A RB

A] [
1
P 

 B ],                                                        (2) 

 

From the equation, P 
 A   and P 

 B  are 4*1 vectors and a single linear independent 

transformation TB
A which is a 4*4 HT matrix is obtained by combining both the 

translational and rotational components as given by the equation, 

 

TB
A = [

1 0
PBORG

A RB
A].              (3) 

 

It is easier to combine the sequence of homogenous transformations using matrix 

multiplication and matrix inversion. This computation is further useful to calculate 

the relative frame position with respect to the other frames, by using matrices. The 

{X, Y, Z, A, B, C} of the frame is internally stored as a 4*4 square matrix ‘T’ as 

seen in equation (3) [9]. 

2.2.3 Geometric model 

Forward kinematic transform or the geometric model shows the pose of a frame 

attached to the end effector with respect to the reference frame attached to the 

robot base. The serial link manipulator is a series of links that connects the base of 



Sowjanya Kolluri         Automation of depowdering step in binder-jet additive manufacturing  

 
16 

the robotic arm to the end effector. Each link is connected to the next link via an 

actuated joint. HT matrix defines the relationship between the adjacent links. The 

geometric model can be obtained by successful postmultiplication of individual HT 

which results in compound transformation matrix T6
0 as equation, 

T6
0 = T1

0T2
1T3

2T4
3T5

4T6
5.                 (4) 

2.2.4 Euler rotation theorem 

Euler angles are a set of three angles (roll-pitch-yaw) used to represent orientations 

in space. The end-effector or the TCP (tool center point) position, is defined as the 

X, Y and Z coordinates of the origin of the tool reference frame with respect to the 

world reference frame. The Euler rotation theorem defines its orientation in space. 

Rotation matrices can rotate a coordinate system to new coordinate system. In 

euclidean space, there are rotation of three angles in each of X, Y and Z directions. 

Using a right hand thumb rule as stated in Section 2.2.1, any rotation is a 

combination of three basic rotations as defined in Euler rotation theorem. 

The rotation matrix around X axis are given by roll angle α as, 

Rx(α) = [
1 0 0
0 cos α − sinα
0 sinα    cos α

].                (5) 

 

The rotation matrix around Y axis are given by pitch angle   as, 

Ry(β) = [
cosβ 0 sin β

0 1 0
−sinβ 0 cos β

].                (6) 

 

The rotation matrix around Z axis are given by yaw angle 𝛾 as, 

Rz(γ) =  [
cos γ −sin γ 0
sin γ cos γ 0
0 0 1

].                (7) 

 

The rotation sequence X  Y  Z is given by product of all 3 rotation matrices as, 

 

R(α, β, γ) = Rx(α) Ry(β)Rz(γ).                (8) 

 

For a frame transformation ,  

R(α, β, γ) =  [

    CαCβ CαSβSγ − SαCγ CαSβCγ + SαSγ
    SαCβ SαSβSγ + CαCγ SαSβCγ − CαSγ 

   −Sβ    CβSγ    CβCγ 

].              (9) 

 

Where C represents the cosine and S represents the sine functions. 

The Euler angles are required to describe the orientation of one frame with respect 

to another frame [11,12].               
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2.3 Kinematics  

Kinematics is the branch of mechanics that deals with the study of movement of 

objects without taking into consideration the actual forces that have produced that 

movement [6]. This section describes the forward and inverse kinematics as seen in 

Figure 9. 

 

 
 

Figure 9. Forward and inverse kinematics schematic representation [13]. 

2.3.1 Forward Kinematics 

Forward kinematics problem is finding the position and orientation of the end 

effector of the robot by a given set of joint angles. Forward kinematic problem can 

also be defined as a transformation from joint coordinate system to cartesian 

coordinate system. For a six axis robot, the position and orientation of end effector 

with respect to the base is 

 

Tend−effector
base = [

r11 r12 r13 px

r21 r22 r23 py

r31 r32 r33 pz

0 0 0 1

].                                  (10) 

 

Here the 𝑟𝑖𝑗  is the transformation matrix rotational part (where i=1,2,3 and 

j=1,2,3) and positional vectors are given by px , py and pz. The product of all the link 

transforms will give the forward kinematics of the manipulator as mentioned in 

equation (4), which can also be rewritten in equations where qi gives the joint 

variables [13]. 

 

 T6
0 = T1

0(q1)T2
1(q2)T3

2(q3)T4
3(q4)T5

4(q5)T6
5(q6),                                   (11) 

 

is the end effector transformation matrix that is equated to the forward 

transformation. 

2.3.2 Inverse Kinematics 

Inverse kinematics is finding the joint angles qi given the position and orientation of 

the end effector transformation Tend−effector
base . The inverse kinematic problem can be 
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defined as the conversion of position and orientation of  robot manipulator end 

effector from cartesian to joint space as seen in the Figure 9. This is also called the 

homogenous transformation approach which has 3*3 rotational elements. It can also 

be represented by 3 elements of rotation called as the Euler angle approach that is 

given by equation (9) [13] . 

There can be multiple solutions to inverse kinematic problem.The complexity of 

computing inverse kinematics in industrial manipulators is due to its geometry and 

trignometrical equations during this inverse transformation between joint to 

cartesian space [13]. 

2.4 Programming in KUKA KRL 

 KUKA is a 6 DOF industrial robotic arm. Movements of the arm can be controlled 

manually with the controller using jog keys of the Smart human machine interface 

(HMI) via the teach pendant in ‘T1’ mode or an operator written KRL program for 

a planned trajectory can be executed in ‘AUT’ mode. 

2.4.1 Forward and reverse transformation in KUKA  

In general it is is impractical to define the movement using axis specific coordinates, 

when the programmer thinks and works in terms of Cartesian space. KUKA handles 

the forward and reverse transformation as seen in the Figure 10. 

 

 
Figure 10. Transformation of coordinate systems [7]. 

2.4.2 Robot motion in Cartesian coordinate system 

The working point of the tool or tool center point (TCP) is the origin of the tool 

coordinate system. Tool direction is the direction of gripping the green body [3] as 

in this thesis. 
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Figure 11. Principle of jogging the tool [3]. 

 

Figure 11 shows the principle of jogging the tool in Cartesian coordinate system. 

The KUKA kr6 robot moves in Cartesian coordinate system in two different ways, 

• Translational - Robot moves along the straight line in the X, Y, Z orientation 

directions of the coordinate system. 

• Rotational - Robot moves turning or pivoting in the A, B, and C orientation 

directions of the coordinate system [3]. 

2.4.3 KRL program structure 

A KRL program contains source and data list files as shown in Figure 12.  

 

Figure 12. KRL Program structure [10]. 
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Source file contains the actual program logic, various executable instructions that 

the robot requires to perform motion programming, execution of subprograms like 

open and close of gripper, and so on. Data list file contains specific program data, 

data definitions and initializations, like the frame position and orientations and so on 

[10]. 

2.4.4 Data types  

A rigid body or a point in Cartesian space is defined with its 6 DOF, three DOF in 

translation and three DOF in rotation. KUKA uses ABC representation for Euler 

angles(𝛼, 𝛽, 𝛾). The translations in the X, Y and Z axes along with the rotations A, 

B and C, to define the position and orientation of a point in space. The KRL 

language treats a point in Cartesian space as a frame and has predefined data types 

‘FRAME’ and ‘POS’ to store the Cartesian coordinates (X, Y, Z, A, B, C) [14]. The 

variable of structure type FRAME contains the current position of the reference 

coordinate system relative to the BASE coordinate system. 

• X, Y, and Z: Offset of the origin along the axes in [mm].  

• A, B, C: Rotational offset of the axis angles in [°]. 

2.4.5 Algebraic solution using geometric operator 

To find the joint coordinates that makes the end effector of the six-axis robot to 

reach the pick and drop points in the KRL program, an algebraic approach has been 

used to solve this inverse kinematic problem. To find the joint coordinates, say the 

first joint coordinate q1 then the homogenous matrix equation (6) is pre-multiplied 

with the link transformation inverse as  

[T1
0(q1)]

−1T6
0 = [T1

0(q1)]
−1T1

0(q1)T2
1(q2)T3

2(q3)T4
3(q4)T5

4(q5)T6
5(q6).             (12) 

The same procedure is repeated for the rest of the joint coordinates which results in 

12 non linear matrix equations, whose solution along with some trignometric 

functions gives the inverse kinematic solution [15]. 

In KRL, the position of the tool is a transform from the base defined in the world 

coordinate system. Geometric operator (GO) is used to calculate where the tool 

would arrive in the world coordinates, after performing a particular set of motions 

relative to the tool. 

‘EndPositionInWorld = StartingPositionInWorld: ShiftInTool’ 

GO considers the first operator as the reference frame and shifts with the offset 

mentioned in the second operator. Also, it requires all the 6 DOF for both the 

operands to make this operation possible [7]. For a point in space, position and 
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orientation  is defined by the translations X, Y and Z, along with the rotations A, B 

and C. Coordinate transformation between any two frames in terms of translation 

(X,Y,Z) and rotation (A,B,C) is given by the HT matrix as computed in equation 

(10). 

The Euler rotation theorem of Section 2.2.4 explains its operation in detail. In 

robotics, each robot has its own Euler angle convention, KUKA has ZYX-Euler-

angle convention. This sequence implies that the first rotation is around Z axis by 

angle A (equivalent to yaw angle γ), then rotation around Y axis by angle B 

(equivalent to pitch angle β) and lastly rotation is around X axis by angle C 

(equivalent to roll angle α). According to equation (9), the resulting rotation matrix 

of the frame is given by R(γ, β, α) [12]. 

The resulting homogenous matrix in the equation, 

[

    CαCβ CαSβSγ − SαCγ CαSβCγ + SαSγ 𝑋
    SαCβ SαSβSγ + CαCγ SαSβCγ − CαSγ 𝑌
   −Sβ    CβSγ    CβCγ 𝑍

0 0 0 1

],               (13)     

represents a point in space and is given by translation in XYZ followed by rotation in 

sequence ZYX . 

In KRL, the first reference frame having 6 DOF (X, Y, Z, A, B, C) Cartesian values 

are converted to matrix form internally, the resultant homogenous matrix obtained 

after the matrix multiplication with the shift frame is later converted back to the 

Cartesian frame. This explains the solution to inverse kinematic problem. This 

matrix multiplication and inversion can be handled by GO operator in  the KRL. 

The geometric operator (GO) does the frame transformation. GO is symbolized by 

‘:’ performs the logical operation ‘frame linkage’ on frame datatype operands, 

which is usually a transformation between coordinate systems. The GO is essentially 

used for matrix multiplication [7]. 

In the thesis implementation, GO is used to shift in the base and used within a loop 

to iteratively reach all the points within the matrix.  

2.4.6 Variable declarations and initialization 

In Industrial robot programming, variables are required for various purposes to 

perform arithmetic calculations to calculate a new position as in this thesis and so 

on. The variables are declared in source file before initialization [10]. 
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2.4.7 Motion programming 

As mentioned in Section 1.1.3 there are four different Cartesian coordinate systems 

for KUKA. By default, the base coordinate system corresponds to the world 

coordinate system and the tool coordinate system corresponds to flange coordinate 

system as shown in Figure 13, basing on which motion programming is defined [3].

 

Figure 13. Motion programming reference [3]. 

2.4.7.1 Home position 

The KRL programming language is structured in blocks. A block contains 

declarations, statements and parameters/comments. These declarations and 

executable statements are executed block by block by the system. Block coincidence 

(BCO) run is important for path planning. BCO run to ‘HOME’ position following 

position start or reset. It is to ensure that the current position of robot is same as 

coordinates of current position in robot program [10]. 

2.4.7.2 PTP motion 

Point to point motion is defined by PTP in KRL. This is the fastest path of the TCP 

to reach the endpoint P2 from P1. 

 

Figure 14. PTP motion [10]. 
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As seen in Figure 14, in KUKA due to the rotation of axes curved paths are faster 

than straight paths and thereby used in the KRL code while teaching the starting 

point of the bases [10]. 

2.4.7.3 LIN motion 

Linear motion is defined by LIN in KRL as seen in Figure 15. At certain points, 

where picking or dropping of green bodies are involved, velocity is more important 

to be maintained than the speed of the motion. This LIN motion is useful in the KRL 

code for this purpose [10]. 

 

Figure 15. LIN motion [10]. 

2.4.8 Control structures 

Control structures influence the execution of the program. In these structures, 

depending on the conditions, the order of execution of lines of code is decided. 

KRL offers various control structures like ‘FOR LOOP’, ‘IF ELSE’, ‘SWITCH 

CASE’, ‘WHILE LOOP’ and so on. Out of these, I have used FOR LOOP of KRL 

programming to iterate through the matrix and ‘SWITCH 

...CASE...ENDSWITCH’ of KRL programming to choose the place tray basing on 

the layer number [16]. 

2.4.9 System variables 

Any variable declared with the ‘$’ is considered as a system variable, they are 

predefined. In KRL code, swivel velocity  and  rotational velocity are the system 

variables that have been used in the program to define the velocities for changing the 

tools between gripper and vacuum cleaner. Where swivel velocity is a rotational 

velocity around X and Y in B and C Euler angles, rotational velocity is the velocity 

around Z axis in Euler angle A. 
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System variables like $BASE, $TOOL to assign the calibrated base  and tool and  

system variables like $OUT and $IN are used  to assign digital inputs and outputs for 

controlling the gripper functionality [17]. 

2.5 Pre-requisites for simulation of Kinematics 

2.5.1 DH notation 

For a KUKA manipulator having 6 joints, the pose of the end effector with respect 

to the inertial coordinate system attached at the base of the system as a product of 

successive transformation matrices from link 1 to link 6 as seen in Figure 16 [5]. 

 

 
Figure 16. Cartesian coordinate system attached on each link [5]. 

 
In order to control the position of robot, an adequate description of the pose of the 
end effector is needed to be found.  
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Figure 17.  Kinematic chain of the KUKA robot [18]. 

 

Figure 17 shows the  position of robot tool flange in the cartesian coordinate system 

relative to the world coordinate frame located in the base of the robot  gives the 

overall transformation. To describe the kinematic relationship of the robot DH 

notation is used. Kinematic relationship of the robot is the end effector pose given 

the joint angles (θ1,θ2, θ3, θ4,θ5,θ6). DH notation comprises of two rotation and two 

translation operations which are sufficient to compute a transformation matrix 

within a robot kinematic link chain. To avoid lot of analysis, Standard DH notation 

is preferred, where the transformation matrices are calculated using DH 

parameters.  

2.5.2 DH parameters  

Denavit Hartenberg proposed a matrix method to create an attached coordinate 

system on each link in the joint chain of the robot as seen in Figure 18 to describe 

the robot kinematic model based on DH Coordination system [14]. 
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Figure 18. DH notation [6]. 

 

For Each link of the robot joint, the values of the below four quantities are required 

as seen in Figure 16, to describe the kinematic model of the robotic manipulator 

[19]. 

‘α’ is Link twist 

‘θ’ is Joint angle 

‘a’ is Link length  

‘d’ is Link offset  

DH homogenous transformation matrix 

As seen in Figure 17, the (j-1)th coordinate system is translated along the Zj-1 axis a 

distance of dj, so that Oj-1 is in coincidence with Hj-1 axis. The Transformation matrix 

is  

𝑇(𝑧,𝑑) = [

1 0 0 0
0 1 0 0
0 0 1 𝑑𝑗

0 0 0 1

]  .                  (14) 

 

The displaced (j-1)th coordinate system is rotated about Zj-1  axis at an angle 𝜃𝑗,that 

brings  𝑋𝑗−1 axis into alignment with 𝑋𝑗 axis. The Transformation matrix is  

 

𝑇(𝑧,Ѳ) = [

𝐶Ѳ𝑗 −𝑆Ѳ𝑗 0 0

𝑆Ѳ𝑗 𝐶Ѳ𝑗 0 0

0 0 1 0
0 0 0 1

] .                                     (15) 
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The displaced (j-1)th coordinate system is translated along 𝑋𝑗−1 axis at an angle 𝑎𝑗, 

that brings 𝑂𝑗  axis into alignment with 𝑂𝑗−1 axis.The Transformation matrix is  

 

𝑇(𝑥,𝑎) = [

1 0 0 𝑎𝑗

0 1 0 0
0 0 1 0
0 0 0 1

] .                (16) 

 

The displaced (j-1)th coordinate system is rotated along 𝑋𝑗  axis at an angle 𝛼𝑗, that 

brings the two coordinate systems into complete coincidence. The Transformation 

matrix is  

 

𝑇(𝑥,𝛼) = [

1 0 0 0
0 𝐶𝛼𝑗 −𝑆𝛼𝑗 0

0 𝑆𝛼𝑗 𝐶𝛼𝑗 0

0 0 0 1

].               (17) 

 

The homogenous transformation matrix from the base coordinate system to the end 

effector is obtained by the multiplication of  four basic transformation matrices in 

the order  

Aj
j−1

= T(z,d)T(z,Ѳ)T(x,a)T(x,α) .                (18) 

On expanding the equation (18), we get the Denavit- Hartenberg (D-H) 

transformation matrix  

Aj
j−1

=

[
 
 
 
CѲj −CαjSѲj SαjSѲj ajCѲj

SѲj CαjCѲj −SαiSѲi ajSѲj

0 Sαj Cαj dj

0 0 0 1 ]
 
 
 
 .                                                        (19) 

DH transformation matrices A01, A12, A23, A34, A45, A56 in terms of joint variables 

and link parameters can be found. The transformation between any two successive 

joints can be obtained by substituting these four quantities of DH parameter table 

into the HT matrix. Consider the base of the robot as the first joint and then 

transform to the second joint, then to the third until the arm of the robot and then 

to the end effector. The compound transformation matrix is computed as in 

equation (4). The Position vector of (j-1)th coordinate system is obtained by 

multiplying the position vector of  jth coordinate system with transformation matrix 

[19]. 



Sowjanya Kolluri         Automation of depowdering step in binder-jet additive manufacturing  

 
28 

2.5.3 Dimensions and DH parameters of KUKA kr6 robot 

 

Figure 19. Dimensions of KUKA kr6 robot [20]. 

 

Figure 19 shows the dimensions of 6 DOF KUKA kr6 robot model, these are the  

joint angles of manipulator with displacements between the manipulator joints. The 

characteristics can be further used in Matlab to simulate the forward kinematics and 

homogeneous transformation matrices [20]. 

The Parameters of KUKA kr6 robot (in mm) as shown in Figure 18 are given in 

Table 1 [20] : 

A B C D E F G H I J 

1276 1620 901.5 656 245.5 851.5 420 455 400 855 

 

Table 1. Dimensions of KUKA kr6 robot [20]. 

 

DH Parameters as specified in KUKA specifications are shown in the Table2 [20]. 

 

i αi (in rad) di(in mm) ai(in mm) Ѳi(in rad) 

1 -π/2 d1=I =400 25 q1= π/2 
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2 0 0 a2=H=455 q2= -π/2 

3 π/2 0 35 q3= 0 

4 -π/2 D4=-(G-1.4) = -418.6 0 q4= 0 

5 π/2 0 0 q5= 0 

6 π -80 0 q6= 0 

 

Table 2. DH parameters of KUKA kr6 robot [20]. 

2.6 Matlab simulation 

In this thesis, Peter Corke Robotics Toolbox for Matlab (release 9.10) has been used 

to simulate the kinematic model of the KUKA kr6 robot, forward kinematics, the 

Cartesian trajectory is generated to replicate the pick and place operations. 

Additionally, manipulator jacobian matrix, its determinant, rank have been studied, 

to verify the KUKA singularities. These simulated singularities can be avoided in 

real time which can be an interesting future work. 

2.6.1 Serial link 

Serial Link to create a robot object that represents a serial link robotic arm, defined 

by a set of DH parameters for each joint [6, 20]. 

2.6.2 Forward kinematics in Matlab 

The forward kinematics problem is finding the position and orientation of the end 

effector of the robot by a given set of joint angles and having DH parameters of the 

robot. The forward kinematic problem can also be defined as a transformation from 

a Cartesian coordinate system to a Joint coordinate system as mentioned in Section 

2.3.1. By computing the forward kinematics the pose of the robot end-effector is 

obtained [6]. 

𝜀𝐸  =K (𝜃) ,                                                                                                     (20) 

the equation defines the end effector ‘𝜀𝐸’ as a function of joint angles ‘𝜃’.  

Given the joint coordinates ‘𝜃’ for link frames 1 to 6, homogenous transformation 

(4*4) matrix  𝑇6
0 is returned as a solution of forward kinematics [6] 

𝜀𝐸~𝑇6
0 = 𝑇1

0𝑇2
1𝑇3

2𝑇4
3𝑇5

4𝑇6
5 .                                                                            (21) 
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2.6.3 Inverse Kinematics in Matlab 

Given the desired pose End effector 𝜀𝐸, what joint coordinates are required to reach 

this pose?  

𝜃 =  𝐾−1(𝜀),                                                                                               (22) 

From equation (22), joint coordinates ‘𝜃’ for link frames 1 to 6 can be defined as a 

function of the end effector ‘𝜀𝐸’. 

2.6.4 Manipulator Jacobian  

The Manipulator Jacobian matrix maps the joints velocity to the end-effector spatial 

velocity. This is defined as the ability to change robot end-effector’s position and 

orientation given its joint configuration. Jacobian is the obtained by differentiating 

the forward kinematics or it can be described as the differential change in the 

position and orientation of end effector with respect to the joint coordinates [10].  

𝑉𝑏𝑡
𝑠 = 𝐽𝑏𝑡

𝑠 (𝜃)�̇� ,        (23) 

Shows that the manipulator Jacobian 𝐽𝑏𝑡
𝑠 (𝜃) describes the relationship between the 

end effector velocity 𝑉𝑏𝑡 
𝑠 and joint velocities �̇� [21]. By analyzing the Jacobian, 

presence of singularity can be identified. 

2.6.5 Singularity   

Singularity is caused when two robot axes become colinear. Singularity applies to all 

six-axis robots, these singular positions should be minimized. Certain positions that 

are combinations of 0deg, 90deg, and/or 180deg, are essentially "singularities" in 

the mathematical sense. Due to the nature of Euler angles, robot orientations that 

are close to these "singularities" will show very large swings in the A, B, C values 

even if their actual position change in physical space is very small. By just slightly 

moving the toolpath will solve these issues.These singularities will thereby cause the 

robot TCP to slow down [6].  

2.6.6 Rank of the Jacobian 

Rank of Jacobian indicates the DOF. Full rank of Jacobian indicates non-singularity, 

while a robot loses a DOF when the Jacobian does not have full rank, and this gives a 

misinterpretation on the ability of motion of the robot [6]. 
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2.7 Singularities of KUKA kr6 robot 

A singularity position in KUKA can be expressed by the fact that the reverse 

transformation seen in Figure 9, from Cartesian to joint coordinate system is not 

possible, where small change in Cartesian values can result in large changes to axis 

angles [22].  

The KUKA kr6 robot with 6 DOF has 3 different singularity positions.  

2.7.1 Overhead singularity 

The wrist root point, located at the intersection of axes A4, A5 and A6, is 

positioned directly on axis 1 as seen in Figure 20. The position of axis A1 can take 

any value and the reverse transformation is not possible [22, 3]. 

 
Figure 20. Overhead singularity [22]. 

 

If overhead singularity is resulted during the PTP motion of the end effector, system 

variable for ‘singularity position for axis1’ can be edited to handle this or moving 

axis 1 to 0 (default position) will resolves this singularity [22]. 

2.7.2 Wrist axis singularity 

A Wrist axis singularity occurs when the axis 4 and axis 6 are parallel to each other 

as seen in Figure 21. There are infinite numbers of possible axis positions for axes 

A4 and A6 with identical axis angle sums. This explains that the two positions 

cannot be determined unambiguously by reverse transformation [3, 22]. 
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Figure 21. Wrist axis singularity [22]. 

 

This singularity shows that as axis 5 approaches 0 degrees, then axis 4 and axis 6 

becomes colinear, the robot slows down nearer to the singularity implies that  low 

cartesian velocities, while the axes moves at maximum velocities. If there is a wrist 

singularity, PTP motion of the end effector is in the range of (-0.01812° ± A5± 

+0.01812°), then the system variable for ‘singularity position for axis3’ can be 

edited to handle this or moving axis 4 to 0 (default position) will resolves this 

singularity [22]. 

2.7.3 Extended position singularity 

 

The wrist root point, at the intersection of axes A4, A5 and A6 is located at 

extension of A2 and A3 as seen in Figure 22, which results in unambiguous axis 

angles [22, 3]. 

 

Figure 23. Extended axis singularity [22]. 
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This singularity is simulated in the Matlab simulation as mentioned in Section 4.2. If 

there appears an extended singularity of KUKA kr6 robot, indicates that robot is at 

the limit of its work envelope, this can be avoided by taking precautions [22]. 
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3 Process and results 

In this chapter, the processes of practical implementation and simulation is stated, 

with the results obtained in both the processes.HT matrix as described in theory 

Section 2.2.2 is considered in the practical implementation of KRL programming to 

describe the displacement of the pick up frame with reference to the new drop 

frame. Simulation of the robot kinematics is required to compute the position 

analysis. HT has also been considered in the simulation of the robot geometric 

model/overall transformation matrix to describe the end effector frame with 

reference to the base frame [10].  

3.1 KUKA KRL programming 

 

KUKA KRL programming can be written using ‘Orange Edit/Work Visual 3.1’ 

editor to program the pick and place, vacuum process of the KUKA kr6 robot. 

Operating modes of KUKA kr6 robot 

 
Modes 

 
Operation 

T1 (Manual reduced velocity) Mode for setup work,Programming or 

verfication in jog mode. Operator safe(safety 

gate) is inactive. 

T2 (Manual High Velocity) Mode for testing at higher velocity than 

manual velocity. Teaching not allowed and 

operator safe(safety gate) is inactive. 

Automatic or Automatic external Safety equipment and safegaurds must bne 

present and fully operational. 

 

Table 3. Operating modes of KUKA kr6 robot [23]. 

 

As mentioned in the Table 3, movements of the arm can be controlled manually 

with the controller using jog keys of the Smart HMI via the teach pendant in T1 

mode or the operator written KRL program for a planned trajectory can be 

executed in AUT mode. 

Cartesian Jogging 

In operating mode T1,World coordinate system is selected , out of the Base, Tool 

or World coordiante systems available to jog to the positions to be taught. 
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Cartesian jogging can be either of the two ways as mentioned in Figure 10 of the 

theory : 

• Jogging in X, Y, Z results in linear movement  along the axes of the selected 

coordinate system . 

• Jogging in A, B, C results in the rotational movement about the axes of the 
selected coordinate system [23]. 
 
 

Test setup 

 

Mount both the vacuum cleaner and the gripper tools on the KUKA kr6 robotic 

arm.Create a program module in T1 mode,select the pre-written robot program in 

‘AUT’ mode for execution.The test up is shown in the Figure 23. 

 

Figure 23. Test setup before the process.  

 

Tool calibration 

Tool calibration consists of calibration of TCP and alignment of tool coordinate 

system. There are XYZ 4-point method and XYZ reference method for tool 

calibration at origin, ABC world 5D and 6D method, ABC 2-point method for 

orientation calibration [3]. I have used XYZ - 4 point method to calibrate the 

gripper tool since it was being calibrated for the first time and XYZ reference 

method was used to calibrate vacuum cleaner with reference to the calibrated 

gripper tool. Calibrated tools can be seen in the Figure 24. Detailed calibration 

procedure is explained in the Appendix B . 
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Figure 24. Calibrated gripper and vacuum cleaner tools.  

Base calibration 

Base is calibrated to create a coordinate system at a specific point, relative to the 

world coordinate system. It is carried out in two steps, to calibrate coordinate origin 

and the coordinate axes. Different calibration methods can be defined as 3-point 

method, indirect method and numeric input method [3]. 

 

Figure 25. Build box base.  

 

Figure 26. Base of place tray1 and place tray2. 

Out of which I have choosen ABC 3 point method to calibrate the bases. Bases used 

in the KRL program are build box, drop place tray1 and drop place tray 2 as seen in 
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the Figure 25 and Figure 26. ABC 3 point method has been choosen to calibrate 

build box and place tray1, while place tray 2 is offset of calibrated base tray1. 

Calibration procedure explained in the Appendix B. 

 

PROGRAM EXECUTION  

HOME POSITION 

As mentioned in the theory Section 2.4.7, program execution starts with BCO run.  

‘PTP HOME’ motion command marks the start and end of the program. 

DECLARE AND INITIALIZE THE VARIABLES 

Needs to be executed first, contains standard parameters required for program. As 

stated in the Section 2.4.6. 

MOTION COMMANDS EXECUTED 

Motion commands as stated in theory Section 2.4.7 are executed for robot 

movement in cartesian space. Set the velocity, acceleration, motion data, related 

base and tool of the point and save it. 

GRIPPER OPEN AND CLOSE SUBPROGRAMS 

Subprograms are defined after the main program to utilize the open and close 

functionality of the gripper as shown in Figure 27a and Figure 27b. Customized 

electric gripper has been used for this purpose, the open and close functionality are 

explained in detail in the Appendix C. These subprograms are called within the 

main program, when approaching and retreating from the pick points and place 

points. Gripper force is controlled by the elasticity modulus of the customized 

gripper. 

 

Figure 27 a. Gripper open functionality. 
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Figure 27 b. Gripper close functionality. 

PICK UP THE GREEN BODIES FROM THE BUILD BOX 

On approaching the pick up point, velocity is reduced. Subprogram is called to open 

and close the gripper. The green body in the buildbox is approached as seen in 

Figure 28. After the green body has been gripped by the gripper as seen in Figure 

29. It returns to some safe intermediate point after the picking process. 

 

Figure 28. TCP movement to pick from build box. 
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Figure 29. Green body picked out of the build box. 

RELEASE THE PICKED GREEN BODY 

 The TCP is programmed to move to an ‘intermediate point’ before moving to the 

‘drop point’ of the sintering tray for safety reasons. Relative linear movement is 

defined from the ‘intermediate point’ to reach the ‘drop point’ of the sintering tray. 

Upon reaching this point velocity has been reduced and open gripper sub program 

allows the gripper to release the picked green body. 

WAIT  

Wait and logic commands are defined to wait few seconds before proceeding in the 

movement. 

SWITCH CASE  

Control statements are required to decide which sintering tray the green body is to 

be placed depending on the layer that the picked green body belongs to. 

Case1 - implies  drop tray1 as green body is picked from the build box layer1 (or) 

Case2 - implies  drop tray2 as green body is picked from the build box layer2 and so 

on as shown in the Figure 30a , 30b. 
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Figure 30a. Placing down the green body picked from layer1 of build box to place tray1. 

 

Figure 30b. Placing down the green body picked from layer1 of build box to place tray2. 

 

LOOP TO PICK ALL GREEN BODIES 

Homogenous transformation matrix is computed to do the position analysis using 

robot kinematics. Transformation matrix must be in a square form to calculate its 

inverse. Define position frames and iterate through the matrix with defined shifts to 

loop through grid. Predefined command Geometric operator ‘:’ has been used in 

the program to shift the position frames to facilitate homogenous matrix 

multiplication. 
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RESULTS AFTER PICK AND PLACE PROCESS OF LAYER1 

Pick and place procedure was repeated until end of all the 15 (i.e 5*3) elements in 

the first layer. The result of the pick and place process as shown in the Figure 31. 

 

Figure 31. Green bodies on the sintering tray after the pick and place process. 

 

VACUUM CLEANING 

Vacuum cleaner tool has been mounted and calibrated as the second tool. Vacuum 

cleaning step is performed in between the layers as shown in Figure 31, after each 

layer of green bodies are successfully picked. This step is performed within the Loop 

and repeated till the end. 

 

Figure 32. Vacuum cleaning.  
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CONTINUE PICK AND PLACE PROCESS FOR NEXT LAYER OF 

COMPONENTS 

The height in between the layers is specified from a CAD drawing of the green 

body. According to these dimensions, a Z offset has been programmed. This 

procedure repeats till the end of the program. 

FINAL RESULT 

As a final step, vacuum cleaning is continued till the end of the build box after 

picking process of both the layers is completed. 

 

Figure 33. Vacuum cleaned build box and green bodies after the process. 

 

A KUKA robot has been commisioned and it has been programmed in KRL to 

automate the picking process of green bodies in layers (5*3*2) , vacuum cleaning is 

done in between the layers. The Figure 33 shows the bases build box and place trays 

containing the picked green bodies after the entire process. 

3.2 Simulation process 

Matlab toolbox has been used in the simulation of KUKA kr6 robot. Robot forward 

kinematics is simulated to explain the pick and place process of green bodies in 

Cartesian space. Wrist singularity and extended singularity has been simulated, 

Jacobian determinant is zero at that position showing the singular configuration, 

which is further verified by rank and manipulability of the KUKA robot model [3]. 

KINEMATIC MODEL FOR KUKA KR6 ROBOT  

Create a Links for robotic arm. Using the pre-defined DH parameters from Table 2 

in the theory as the inputs to the ‘Link’ object to create the links of robot arm. 

Using the ‘SerialLink’ constructor  and the elements to the ‘Link object’, the KUKA 

robot arm model is created as seen in Figure 34 [3]. 
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j theta d a alpha offset 

1 q1 400 25 -1.571 0 

2 q2 0 455 0 0 

3 q3 0 35 1.571 0 

4 q4 -418.6 0 -1.571 0 

5 q5 0 0 1.571 0 

6 q6 -80 0 3.142 0 

                                                          

Table 4. Links of Simulated KUKA kr6 robot model. 

 

  Figure 34. Simulated KUKA kr6 robot model. 

 

FORWARD KINEMATICS  

Forward kinematics  gives the end effector pose as a function of joint coordinates. 

End effector pose (position and orientation) has six spatial DOF, 3 DOF in 

translation and 3 DOF in rotation. Thereby a 6 axis robot with 6 joints like KUKA 
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kr6 robot used for the thesis simulation requires 6 DOF to achieve an arbitrary end 

effector pose. A compound homogenous transform ‘T6’ gives the robot movement 

as described in equation (4) of Section 2.2.3 , this is the product of individual link 

transformation matrices equated to the forward kinematic solution [3]. End effector 

frame 𝑋(𝑃(𝜃), ∅(𝜃)) is defined in terms of  XYZ  as  position of the  tool frame 

𝑃(𝜃) and the orientation of tool frame as ∅(𝜃) as [21] , 

∅(𝜃) =  𝜃1 + 𝜃2 + 𝜃3                    (24) 

Kinematic mapping is a function of joint angles, 

 𝑋 = 𝑓(𝜃).                     (25) 

Given the joint coordinates [𝜃1, 𝜃2, 𝜃3, 𝜃4, 𝜃5, 𝜃6] which were defined in DH matrix 

while creating the robot object, forward kinematic solution for pose [0, π, π, π,0,0] 

can be computed. Upon changing these joint coordinates a new end effector pose of 

the robot is achieved . 

Consider the forward kinematic solution at this pose,  

𝐹𝐾1 = [

1 0 515 0
0 −1 0 0
0 0 −1 −98.6
0 0 0 1

], 

forward kinematics FK1 returns a end effector pose in homogenous transformation 

matrix representation. 

Now translate the tool, using the tool transform consider 500mm in X direction and 

500 mm in Y direction  of the end effector. 

 

𝐹𝐾2 = [

1 0 0 515
0 −1 0 −0.5
0 0 −1 −99.1
0 0 0 1

], 

forward kinematics FK2 returns a end effector pose of new translated position in 

homogenous transformation matrix representation. 

The last column of the FK2 homogenous matrix shows the displacement in Y and Z 

directions. FK1 and FK2 are the resulted homogenous matrices as shown in the 

Matlab code of Appendix A. 

TRAJECTORY FOR THE PICKING PROCESS 

 
I have defined two poses to resemble the pick and place positions in a Cartesian 
space.  
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Pose1 shows a translation [0.5,0.5,0] with a rotation of π in the X direction, 
Pose2 shows a translation [-0.5,-2.5,0] with a rotation of -π /2 in the Y direction 
and with a rotation π /2 in Z direction.  
The trajectory represents the movement of end effector in 2 steps for the pick and 
place process of the green body which is in homogenous matrix form. 
The Cartesian trajectory between the two poses from the matlab code in Appendix 

A is generated to show the homogenous transform sequence 4*4*2 [6], 

T( :, :, 1) = [

1 0 0 0.5
0 −1 0 0.5
0 0 −1 0
0 0 0 1

] and 

 

T( :, :, 2) = [

0 0 −1 −0.5
1 0 0 −2.5
0 −1 0 0
0 0 0 1

]. 

 

MANIPULATOR JACOBIAN  

Manipulator Jacobian is generated which represents the relationship between the 

individual joints velocity and the robot’s end effector cartesian velocity as stated in 

the theory Section 2.6.3 . From equation (26), by following the chain rule [21], 

�̇� =
𝜕𝑓

𝜕𝜃
 �̇�                   (26)  

Where 
𝜕𝑓

𝜕𝜃
  gives Jacobian matrix mapping. 

For manipulators, which generate the end effector full rotation also can generate 

singularities, that leads to false conclusions on robots ability to perform, in order to 

reach certain configurations and move end effector with certain velocities. The 

Manipulator Jacobian is needed to be studied in order to avoid these singularities 

[21]. 

J = 

[
 
 
 
 
 
0 −953.6 −498.6 0 −80 0
60 0 0 0 0 0
0 −35 −35 0 0 0
0 0 0 0 0 0
0 1 1 0 1 0
1 0 0 1 0 1]

 
 
 
 
 

. 

From the above result of jacobian (J), the axis 4 and axis 6 are colinear indicating a 

loss of one DOF. 

RANK OF JACOBIAN 
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When manipulator Jacobian loses a rank, it is said to be a singular configuration. 

Manipulator cannot achieve instantaneous motion in some directions because 

Jacobian cannot be invertible. Near these singular configurations, joint velocities can 

be extremely large to maintain the end effector velocity. For a 6*6 jacobian matrix, 

rank 5 shows that the Jacobian is rank deficient, that is the robot lost a DOF.  

SINGULARITY 

Singularity is defined by ‘The American National Standard for Industrial Robots and 

Robot Systems - Safety Requirements’ as a condition caused by the collinear 

alignment of two or more robot axes that causes unpredictable velocities and robot 

motion [13]. For a KUKA kr6 robot having 6 DOF, if the manipulator has less than 

6 DOF then robot end effector DOF drops. Then two or more of the columns in 

the Jacobian 𝐽𝑏𝑡
𝑠 (𝜃) becomes linearly dependent, this dropping rank of manipulator 

Jacobian relates to a singular configuration. Most of the manipulators require all 

DOF to implement certain tasks, therefore it is important to avoid these 

singularities [21].  

At pose [0, π /2, - π /2, 0, 0, 0] as shown in the matlab code in Appendix A , the 

manipulator jacobian shows a singularity. It is verified observing that the column 4 

and column 6 of Jacobian matrix are identical, which indicates a loss of one DOF. 

This is due to the wrist singularity of KUKA.  

At pose [0, π, π, π, 0, 0] as shown in the matlab code in Appendix A,the 

manipulator shows a singularity. This result shows an extended singularity, 

practically it occurs when the point is out of workspace. 

Determinant of Jacobian matrix 

From the basics of linear algebra, if the square matrix has a determinant whose value 

is equal to zero then such a  matrix is singular, otherwise it is non singular. KUKA 

kr6 robot having kinematic structure consists a 3-DOF forearm with a 3-DOF 

spherical wrist is in the singular position if and only if the determinant of jacobian is 

zero. The result zero indicates and verifies the presence of a singularity [21]. 

The simulation results indicate the presence of singularities for KUKA kr6 robot 

model , these singularities can be avoided in practical implementation. 

 

http://ieeexplore.ieee.org.webproxy.student.hig.se:2048/xpls/icp.jsp?arnumber=6662574#deqn8
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4 Discussion 

This chapter discusses the strengths and improvements of this approach in detail. 

For the thesis implementation  a KUKA 6 DOF robot has been used, thereby I have 

choosen an algebraic approach using geometric operator. While a geometric 

approach is much preferable, if it has less geometric calculations and easier to 

compute the inverse kinematics for the robot that has 2 DOF or less [15]. 

Geometric operator has been successfully used in this thesis to iterate through the 

matrix of green bodies by performing matrix multiplication between the reference 

frame and shift frame. But, the geometric operator will only perform matrix 

multiplication on FRAME or POS datatypes of KRL, it requires all 6 DOF to 

perform this action successfully or else it fails [7]. Thereby, this  should be taken 

care while declaring the position frames in KUKA KRL program. 

The electric gripper functionality is controlled by the elasticity modulus of the 

custom designed gripper material, but as shown in Appendix C, the gripper force 

can be set during commissioning and reset if required according to the requirement 

[25]. 

In the simulation process, Singularity is experienced over a neighbourhood, this can 

be studied by studying manipulability velocity ellipsoids. These were are not studied 

in this thesis due to the time constraint, but the direction of axis, size and shape of 

the ellipsoid for both translational and rotational velocities[6] can be studied which 

provide more information about the elliptical plate thickness corresponding to a  

singularity. 
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5 Conclusion 

The thesis objective to automate the depowdering step of a binder-jet manufacturing 

process has been implemented successfully. A KUKA kr6 robot has been 

commissioned and programmed to pick all the components layer by layer from the 

build box and place them on the sintering place tray for further post processing. 

Vacuum cleaning between the layers had been taken care off. Additionally, future 

work also has been suggested. 

5.1 Future work 

Suggestions for future work have been provided in this chapter as an extension to 

the thesis. 

5.1.1 KRL program for different sizes and layers of green bodies 

A program has been implemented for picking two layers of green bodies of matrix 

size 5*3 from the build box, which can be extended in the future for picking up 

larger number of green bodies with different sizes, by varying the matrix dimensions 

and number of layers within the build box. This can be handled in the program 

within the iterative loop. 

5.1.2 Singularity can be avoided in real time implementation 

KUKA singularities has been simulated to understand the robot behavior at these 

singularity positions, making small changes in offset can make it possible to avoid the 

singularity positions in real time. During programming, controller provides various 

options to handle these singularities as discussed in the Section 2.7 of the theory. 

5.1.3 Additional functionality - new hardware 

As an extension to this thesis in future, if new hardware need to be added to KUKA, 

to improve the process performance. Like sensor to detect the depth of build box in 

order to avoid collision with the base during vacuum cleaning or any arduino 

controlled equipment to indicate the end of the process, can  be added to the robot 

for improving the performance of the process. This IO expansion can be done in 

either of the below mentioned ways, 

KEB (KUKA Expansion bus) and KLI (KUKA Line Interface) are user interfaces so 

any I/O expansion therefore will have to be either through, 

• KEB (adding EtherCat I/O, or through EtherCat adding legacy buses like   

DeviceNet and ProfiBus) / SYS-X44. Profibus ‘X61’ expandable with ‘X12’ 

digital inputs and outputs 16/16.  
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• KLI (adding ProfiNet or EthernetIP devices). If not, exception is Agilus - robot 

arms [x41]  have built in I/O module (EM8905) installed at base of the robot.It 

comprises of 6 inputs and 8 outputs .‘X41’ has built in I/O module.One can  

map inputs to $IN[1-6] and outputs to $OUT[1-8]. 

Hardware extension is possible, by performing these additional instructions or 

connecting to a new Siemens PLC or Bechkoff modules.Procedure for I/O mapping 

in workvisual in appendix D. 
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A1 

Appendix A 

KRL CODE – PICK AND PLACE, VACUUM CLEAN BETWEEN 

LAYERS  

DEF Depowdering_automation( ) 

 

;=================================================================  

; Declarations 

;=================================================================   

DECL INT ITERX,ITERY,ITERZ,i,X,Y,Z 

DECL FRAME Shift,BINBOX 

DECL FRAME Shift1,TRAY1 

DECL FRAME Shift2,TRAY2 

DECL FRAME ShiftVacuum,VACUUM 

 

;=================================================================  

; Initialization 

;=================================================================  

INI 

$BASE = BASE_DATA[1] ;Base data - Build box 

$TOOL = TOOL_DATA[2] ;Tool data - Gripper 

$VEL.ORI1 = 10; swivel velocity (rotation around X and Y (B and 

C))  

$VEL.ORI2 = 10; rotational velocity (rotational velocity is around 

Z (A angle)) 

 

;=================================================================  

; Motion Programming 

;=================================================================  

; BCO-run to home: 

PTP HOME Vel= 100 % DEFAULT 

 

;=================================================================  

; Loop for Frame Offset in X, Y and Z directions   

;================================================================= 

 

FOR ITERZ = 1 TO 2 ; index along Z axis  

 FOR ITERX = 1 TO 5 ; index along X axis  

  FOR ITERY = 1 TO 3 ; index along Y axis  

  $BASE = BASE_DATA[1]    

 

;=================================================================

; Picking green body from build box 

;=================================================================  

  

PTP Approachpt Vel=50 % PDAT1 Tool[2]:gripper Base[1]:Binbox 

 

$VEL.CP = 0.1 

LIN_REL {Z 5} ; move straight above the point 

 

;=================================================================  

; Gripper open 

;=================================================================    

 

Grip_Open() ;call to subprogram 

 

;Iterate through Matrix 

Shift = $NULLFRAME ; zero out all values 

Shift.X = ((ITERX-1) * 12) ; increment in X   



 

 
A2 

Shift.Y = ((ITERY-1) * 12) ; increment in Y 

Shift.Z = ((ITERZ-1) * 18) ; Increment in Z 

BUILDBOX = XApproachpt : Shift ; Shift the point with the offset  

LIN BUILDBOX 

 

$VEL.CP = 0.05    

LIN_REL {Z 65} ;Move straight above the point 

WAIT SEC 5 

 

;=================================================================   

; Gripper close  

;=================================================================  

 

Grip_Close() 

 

$VEL.CP = 0.1   

LIN_REL {Z -250} ;Move straight above the point 

 

 

PTP inter_pt1 Vel=50 % PDAT3 Tool[2]:gripper Base[2]:placetray1 

WAIT SEC 2 

 

;================================================================= 

; Place green body on the Sintering tray 

; SWITCH - CASE for Z offset 

;================================================================= 

 

SWITCH ITERZ 

CASE 1 

 

;================================================================= 

; Goto the first drop tray  

;================================================================= 

  

PTP drop_pt Vel=50 % PDAT4 Tool[2]:gripper Base[2]:placetray1 

 

Shift1 = $NULLFRAME ; zero out all values 

Shift1.X = ((ITERX-1) * 18) ; increment in X  

Shift1.Y = ((ITERY-1) * 18) ; increment in Y 

SINTER_TRAY1 = Xdrop_pt : Shift1; shift in frame  

LIN SINTER_TRAY1 

 

$VEL.CP = 0.05  

LIN_REL {Z 35} ; move straight towards the point 

WAIT SEC 1 

Grip_Open();gripper open 

 

$VEL.CP = 0.1   

LIN_REL {Z -150} ; move straight away from the point 

Grip_Close();gripper close 

 

;=================================================================

; Goto the second drop tray  

;=================================================================  

 

PTP drop_pt Vel=50 % PDAT4 Tool[2]:gripper Base[2]:placetray1 

 

Shift2 = $NULLFRAME ; zero out all values 

Shift2.X = ((ITERX-1) * 18) ; increment in X  

Shift2.Y = ((ITERY-1) * 18)+125; increment in Y 

SINTER_TRAY2 = Xdrop_pt : Shift2; shift in frame  



 

 
A3 

LIN SINTER_TRAY2 

 

$VEL.CP = 0.05  

LIN_REL {Z 35} ;move towards the point 

WAIT SEC 1 

Grip_Open();gripper open 

WAIT SEC 2 

 

$VEL.CP = 0.1   

LIN_REL {Z -150} ;move away from the point 

Grip_Close();gripper close 

ENDSWITCH 

 

;Intermediate point before proceeding to next green body 

PTP inter_pt2 Vel=50 % PDAT5 Tool[2]:gripper Base[2]:placetray1 

 

;================================================================= 

; Pick up the next component  

;================================================================= 

ENDFOR; ending the loop in Y axis pattern 

ENDFOR; ending the loop in X axis pattern  

 

;================================================================= 

; Intermediate point for changing to Vacuum cleaning tool 

;================================================================= 

 

PTP CHANGEPT Vel=50 % PDAT13 Tool[3]:vacuum Base[1]:Binbox 

 

;================================================================= 

; Vacuum in between the layers 

;================================================================= 

$TOOL = TOOL_DATA[3] ;Tool data - Vacuum cleaner 

 

PTP STRT_VACUUM Vel=50 % PDAT12 Tool[3]:vacuum Base[1]:Binbox 

$VEL.CP = 0.05  

LIN_REL {Z 50} 

FOR Y = 1 TO 3 

FOR Z = 1 TO 16 

FOR X = 1 to 3 

ShiftVacuum = $NULLFRAME ;zero out all values 

ShiftVacuum.X = ((X-1) * 26.8) ; increment in Y   

ShiftVacuum.Z = ((1-Z) * 10); increment in X  

ShiftVacuum.Y = ITERZ*((Y-1) * 5.9) + 61 ; increment in Z 

VACUUM = XSTRT_VACUUM:ShiftVacuum ;Shift the point with the offset  

LIN VACUUM 

ENDFOR 

ENDFOR 

ENDFOR 

$VEL.CP = 0.1   

LIN_REL {Z -150}  

 

;================================================================= 

; Intermediate point for changing to Gripper tool 

;================================================================= 

 

PTP CHANGEPT2 Vel=50 % PDAT14 Tool[3]:vacuum Base[1]:Binbox 

$TOOL = TOOL_DATA[2]  

 

;================================================================= 

; Pick up the next layer  

;================================================================= 
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ENDFOR; ending the loop in Z axis pattern   

PTP HOME Vel= 100 % DEFAULT 

END 

 

;================================================================= 

; Sub-Program to pick the component   

;================================================================= 

 

DEF Grip_Open() 

WAIT SEC 0.5 

  $OUT[oOpenGripper] = TRUE ;gripper1Index=15 

  $OUT[oCloseGripper] = FALSE ;gripper1Index=16 

 WAIT SEC 0.5 

 END 

;================================================================= 

; Sub-Program to release the component   

;=================================================================  

 

DEF Grip_Close() 

WAIT SEC 0.5 

  $OUT[oOpenGripper]= FALSE ;gripperIndex=15 

  $OUT[oCloseGripper]= TRUE ;gripperIndex=16 

  WAIT SEC 0.5 

 END 

 

MATLAB CODE FOR SIMULATION OF KUKA FORWARD 

KINEMATICS AND SINGULARITIES 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% MATLAB SIMULATION OS KUKA KR6 ROBOT 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
clear all, close all 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%CREATES LINK OBJECT OF KUKA KR6 ROBOT USING DH PARAMETERS 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
L(1)=Link([-pi/2,400,25,-pi/2],'standard'); 
L(2)=Link([pi/2,0,455,0],'standard'); 
L(3)=Link([0,0,35,pi/2],'standard'); 
L(4)=Link([0,-418.6,0,-pi/2],'standard'); 
L(5)=Link([0,0,0,pi/2],'standard'); 
L(6)=Link([0,-80,0,pi],'standard'); 

  
KUKARobot = SerialLink(L,'name','KR 6 R900 sixx');%, KUKA KR6 

Robot object 
qn = [0,0,0,0,0,0]; 
figure(1), 
KUKARobot.plot(qn); 

title('Simulation of KUKA KR6 Robot'); 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% FORWARD KINEMATICS 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
qz=[0,pi,pi,pi,0,0];%consider a working pose  
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figure(2), 
KUKARobot.plot(qz); 

  
%Forward Kinematics 
FK1 = KUKARobot.fkine(qz); 

 
%Tool transform by 500mm in X and Y direction 
KUKARobot.tool = transl(0.5,0.5,0); 
FK2 = KUKARobot.fkine(qz); 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% CARTESIAN TRAJECTORY 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
%Cartesian trajectory 
%T0 and T1 are two cartesian endpoints 

  
T0 = transl(0.5, 0.5, 0) * trotx(pi); 

T1 = transl(-0.5, -2.5, 0) * troty(-pi/2) * trotz(pi/2);  

% Homogenous transformation sequence between them in 2 steps  

T = ctraj(T0, T1, 2); 

% T is a 4x4x2 matrix.   

 

%The first pose is  

T(:,:,1); 

%The second pose is  

T(:,:,2)  

%Ploting the motion of coordinate frame 

tranimate(T); 

 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Jacobian matrix and its determinant 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 

%consider a working poses qr and qz 
qr = [0,pi/2,-pi/2,0,0,0]; 
J1 = KUKARobot.jacob0(qr); 
qz=[0,pi,pi,pi,0,0];  

J2 = KUKARobot.jacob0(qz); 

 

%determinant of Jacobian 

det(J1);  

det(J2);  

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Singularity and rank 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 

% Singularity 
jsingu(J1);  

jsingu(J2);   

 
% rank of Jacobian  

rank(J1);  

rank(J2);  
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Appendix B 

ROBOT COMMISSIONING, BASE AND TOOL CALIBRATION 

START UP OF ROBOT 

• Visual inspection of the manipulator is performed. Mounting base of the 

manipulator and later the manipulator are installed. 

• Install the robot controller. Connect the equipotential bonding between the 

manipulator and the robot controller. Connect the robot controller to the 

power supply. 

• Configure and connect interface X11. Robot safety interface (X11) is 

setup.External safety circuits (external estop,operator safety etc are setup) 

• Login as an ‘expert’ , Select and set the operating mode to ‘T1’(Manual reduced 

velocity for testing/programming) 

• Switch on the robot controller. 

• Check the machine data and safety configuration[3]. 

 

TOOL CALIBRATION 

Tool calibration is done in 2 steps 

• Origin of tool coordinate system is calibrated using : 

1. XYZ 4point method, 

2. XYZ reference method. 

• Orientation of tool coordinate system is calibrated using: 

1. ABC  2-point method, 

2. ABC world method [3]. 

 

XYZ 4-point Method 

Both the tools vacuum cleaner and the gripper are mounted on the robotic arm. 

Tool calibration is the generation of a coordinate system having the origin at TCP 

(Tool centre point). The distance between the tool coordniate system (in X, Y, Z) 

and the flange coordinate system, and their rotation relative to each other (in A, B 

,C) is saved [3]. 
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Figure 1.  XYZ-4 POINT METHOD [24]. 

As seen in the Figure 1,the process is as shown below, 

• Select Menu  Startup  Calibrate  Tool  XYZ 4-point. 

• Assign number,name of tool and save. 

• Move TCP to reference point from 4 different directions,calibrate and save. 

 

XYZ Reference method 

In this method, a new tool is calibrated using the already calibrated tool as a 

reference [3]. 

 

Figure 2. XYZ Reference method [24]. 

As seen in the Figure 2,the process is as shown below, 

• Select Menu StartupCalibrateToolXYZ Reference. 

• Enter the number of calibrated tool and save. 
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• Move TCP of the new tool to reference point of the calibrate tool,calibrate 

and save [24]. 

BASE CALIBRATION 

Base calibration is done to assign the base coordiante system to the workpiece .It can 

be done in 2 ways, 

1. ABC - 3 point method 

2. Indirect method 

Base calibration is the creation of a coordinate system at a specific point in the robot 

environment, relative to the world coordinate system. Build box is calibrated as one 

base and sintering place tray 1 are calibrated as another base as seen in Figure 3 [3], 

[24]. 

 

ABC -3 POINT METHOD 

  

Figure 3. ABC -3 POINT METHOD [24]. 

• Mount tool whose dimensions on the robot flange are known to the robot 

controller 

• Select Menu StartupCalibrateBase3-point 

• Assign a number and name of the base,press next, 

• First point : Move the TCP to the origin of new base and calibrate, 
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• Second point : Move the TCP to a point on the positive X axis of the new base 

and calibrate. 

• Third point : Move TCP to a point in XY plane with a positive Y value and 

calibrate. 
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Appendix C 

ELECTRIC SMALL COMPONENTS GRIPPER EGP40 

 

 
Figure 1. Electric small components gripper EGP40 [25]. 

 

Various parameters like type of task,cycle time,precision, environment, 

size/shape/weight/surface type of parts to be picked etc,. needs to be taken into 

consideration before choosing the type of gripper.We have used Shunk EGP 40 

small parts electric gripper as seen in Figure 1 for this thesis [25]. 

FUNCTIONALITY AND CONTROL 

 

 
Figure 2. Functionality of gripper [25]. 

 

 Pos. Gripping force [%] 

100 (default) 100 

75 75 

50 50 

25 25 
Table 1. Rotary Switch- gripping force [25]. 

 

The gripping force can be set as shown in the truth table1, by changing the rotary 

switch (# 3) to position of gripping force as seen in the Figure 2.
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Appendix D 

KUKA SYSTEM BUSES AND INTERFACES X11, X12, X41 

Robotic Controller KRC4 

 

Robotic Controller KRC4 contains a control PC and has 3 ethernet ports  as seen in 

Figure 1: 

KCB (KUKA CONTROLLER BUS) - main control bus of the controller 

KLI (KUKA LINE INTERFACE) - connection to higher level control infrastructure 

KSB (KUKA SYSTEM BUS) - internal KUKA BUS for internal networking of 

controllers. 

 

 

Figure 1. Hardware configuration of KUKA ROBOT CONTROLLER - KRC4 [26] 

 

Harware Safety Interface(X11) 

 

All the pairs of KRC4 Compact X11 safety interface needs to be jumpered in order 

to jog in startup mode.  
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X12 INTERFACE 

 

X12 is I/O interface located on the cabinet as shown in Figure 2. X55 must used to 

power X12, as it does not have power.Below is the connector pin alloaction for X12 

digital I/O modules. 

 

 
Figure 2. Connector pin allocation, X12, digital I/O modules 16/16 [26]. 

 

X41 INTERFACE 

 

‘X41’on the robot arm wrist has an built in I/O module with a power supply of 

‘24V’. One can map inputs to $IN[1-6] and outputs to $OUT[1-8] as seen in the 
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Figure 3, X41 has 6 digital inputs , if needed to connect more than that once can 

also use ethernet coupler. 

 

 
Figure 3. X41 wiring connection [26]. 

 

The procedure below explains the process to assign the inputs and outputs of the 

devices to the inputs and outputs of the robot controller. 
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The I/O mapping tool is used to assign bus module addresses to the 

KRC I/O: 

 

Figure 4. IO mapping process [27]. 

Figure 4 shows the IO mapping process, about how the controller is controlled 

through work visual and how these digital output are configured to pick the 

workpiece. 

6.2 Pre-requisite for IO mapping: 

• Robot controller is active controller, field buses are configured . 

• PLC should be connected to the KRC4 cabinet by a field bus system .PLC 

should be able to send signals to the tell KRC4 how your hardware is 

mapped to your software (KRC digital $IN, $OUT). 

➢ Industrial I/O Modules - digital IN, digital OUT,analog IN, analog OUT. 

➢ Field buses depending on KRC – DeviceNet, Profibus, EtherCat standards or 

Beckhoff module. 

• If bus configuration of Work visual corresponds to the real bus configuration 

then IO mapping can be done [26]. 
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IO mapping to interconnect the logical I/O and physical I/O 

Figure 5 shows to do IO mapping in the work visual 3.1, 

 

Figure 5. IO mapping in work visual [28]. 

• The analog and digital inputs/outputs of the robot controller are displayed 

on the KRC I/O’s Tab. These are the logical I/O that robot programs can 

access. 

• The inputs/outputs of the field bus devices are displayed on the field bus 

Tab. These are the physical I/O. 

• Goto Mapping Editor  I/O Mapping  KRC I/O’s Tab (on the left side 

of the window as seen in the figure, say digital inputs)  select the signals 

that are to be mapped (from robot controller) or vice versa. 

Note: Signals are on the bottom of I/O mapping window. 

• Goto Mapping Editor  I/O Mapping  Field buses Tab (on the right side 

of the window as seen in the figure)  Drag the signal from the device onto 

the controller (or) Drag signals from the controller onto the device. 

• Now the signals are mapped.[28] 
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