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Sammanfattning 

Additiv tillverkning, även känd som 3D-utskrift, är konstruktionen av ett tredimensionellt objekt 

från 3D CAD-modellen. Processen innefattar att material avsätter, sammanfogar eller stelnar 
under datorstyrningen. Det används allmänt inom många områden, till exempel arkitektur och 

anläggning, industri och till och med medicinska områden. Också, Förekomsten av 6 -axlig 
industrirobot ger forskare och ingenjörer mer möjlighet att designa och skapa på grund av fler 

frihetsgrader. 

Detta projekt har genomförts vid KTH ABE -skolan och ITM -skolan. Under de senaste åren har 
ABE -skolan undersökt möjligheterna till 3D -utskrift med byggmaterial som betong, vilket ger 

en teoretisk grund för genomförandet av detta projekt. ITM -skolan gav vägledning och förslag 
för detta projekt baserat på deras erfarenhet av industrielltillverkning och robotstyrning. Målen 

var att föreslå en förbättring av det nuvarande arbetsflödet och utforska en detekteringsstrategi 

för osäkerheten i konkret 3D -utskrift. 

På grund av den materiella begränsningen av betong och felaktighet i robotstyrning kräver de 

tidigare utskriftsuppgifterna som borde ha automatiserats mänsklig övervakning och 
intervention. Detta påverkar arbetseffektiviteten och färdigställandet av den färdiga produkten. 

För att undvika detta tillämpades en Intel RealSense L515 -radarkamera för att fånga produktens 

moln för att upptäcka produktens höjd och programmet kan kompensera antalet utskriftslager 

och robotbanan.Industriroboten styrs av KRL genererad från den kända banan. 

Genomförandet av detta projekt består av bakgrundsresurser, design av layouten för 3D -
utskriftssystem, algoritmutveckling och fallstudier. En enkel lermodell produceras under detta 

projekt för att studera genomförbarheten av denna metod. 

 

Nyckelord: Additiv tillverkning, 6-axlig robot, punktmoln, självkompensation 
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Abstract 

Additive manufacturing, also known as 3D printing is the construction of a three-dimensional 
object from 3D CAD model. The process includes that material depositing, joining or solidifying 

using computer control. It is getting widely used in many fields, such as architecture and civil 

engineering, industry and even medical fields. Also, the prevalence of 6 axis industrial robot 
gives researchers and engineers extended possibilities to design and create with the additional 

degrees of freedom.  

This project has been conducted at KTH ABE school and ITM school. In recent years, The ABE 

school explored the possibility of 3D printing with building materials such as concrete which 

provides a practical basis for the implementation of this project. The ITM school gave guidance 
and suggestions for this project based on their experience in industrial manufacturing and robot 

control. The goals were to propose an improvement of current workflow  and explore a 

detection strategy for the defection of concrete 3D printing product.    

Due to the material limitations of concrete and robot control, the previous printing tasks that 

should have been automated require human supervision and intervention, which affects work 
efficiency and completion of finished product. In order to avoid this, an Intel RealSense L515 

Lidar camera was applied to capture a point cloud of product to detect the height of product and 
program can compensate the print layers number and robot trajectory. The industrial robot is 

controlled by KRL generated from the known trajectory.  

The implementation of this project consists of background research, design the layout of 3D 
printing system, algorithm development and case study. A simple clay model is produced during 

this project to study the feasibility of this method.  

 

Keywords:  Additive Manufacture, 6-Axis Robot, Point Cloud, Self-Compensation 
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Notations 

Symbol Description 

𝑉𝑒                             Extrusion speed 

𝑉𝑟                             Robot speed 

𝐷                               Nozzle diameter 

V                               point coordinate in point cloud 

T                               translation vector 

Vt                              point coordinate after translation in point cloud 

𝑅𝑥, 𝑅𝑦, 𝑅𝑧                   rotation matrix along XYZ axis 

𝜃, 𝜑, 𝜓                       rotation angle along XYZ axis 

𝐻𝑝𝑟𝑖𝑛𝑡                         printing layer height 

𝑅𝑟𝑜𝑡𝑎𝑡𝑒𝑑                       overall rotational matrix 

𝑝𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙                       original point coordinate  

𝑝𝑟𝑜𝑡𝑎𝑡𝑒𝑑                        point coordinate after rotation 

(𝑎, 𝑏, 𝑐)                           unit normal vector of detected plane 

𝜆                                   included angle between 2 vectors 

�⃑�                                    rotation axis vector 

𝑛𝑙𝑎𝑦𝑒𝑟𝑠                          number of layers to print 

ℎ                                   height of layer 
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Abbreviations 

Symbol Description 

AEC                         Architectural engineering and construction 

AM                     Additive manufacturing 

ASTM                      American Society of Testing and materials 

B-rep                          Boundary representation 

CAD                         Computer aided design  

KRL                         KUKA Robot language 

LAAM                       Laser-Aided Additive Manufacturing 

RANSAC                   Random sample consensus 

PRC                          Procedural Robot Control 

RKI                            Ethernet KRL interface 

ROS                          Robot operating system 

RTC                          Real-time robot control 

RSI                            Robot sensor interface 

TCP                          Top center point 

TOF                          Time of flight 

3DCP                       3-dimensional concrete printing 
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1 INTRODUCTION 

1.1 Background 

Additive manufacturing (AM), known as 3D printing, is defined by the American Society of 

Testing and materials (ASTM) as “The process of joining materials to make objects from 3D 
model data, usually layer upon layer, as opposed to subtractive materials to make manufacturing 

methodologies; The synonyms of AM are 3D printing, additive fabrication, additive process, 

additive techniques, additive layer manufacturing, layer manufacturing, and freeform fabrication. 

(ASTM F2792-12a,2012)”  

It is a new technology that is getting growing attention in past 30 years because of the 
development of robotic technology and the increasing variety of available materials. It has the 

advantages of being a direct manufacturing process, without using a mould, unrestricted to the 

degree of structural complexity. 3D printing provides more freedom for innovative design, 
efficient utilization of materials, and environment friendly compared with traditional 

manufacturing technology (L Chen, et al. 2017). It has been widely applied in aerospace and 
automotive industry, artistic industry, medical industry and even architectural industry (Suresh 

Dhiman and Rajesh Kumar Sharma, 2013). The project mainly focuses on its application in 

architectural engineering and construction (AEC).   

In architecture and civil engineering fields, architects usually make their models manually (hand 

techniques), which is a time-consuming work and to create a relative complex shape which 
requires high skills. Besides, the accuracy of the finished product is difficult to guarantee. In this 

condition, AM technology provide a new approach to create product with complex shapes 

quickly and accurately.   

The prevalence of 6 axis industrial robot gives researchers and engineers more possibility to 

design and manufacture because of its more degrees of freedom. In KTH ABE school, 
researchers adopted knitting-to-toolpath principles (Figure 1) to create for varying the density, 

porosity, and surface articulation of material by using a KUKA 6-axis industrial robot (Helena 

Westerlind &José Hernández, 2020). Nanyang Technology University applied multi-robot 

collaboration to print large-scale concrete structure. (Figure 2) (Zhang, Xu, et al.). 

However, the main reason why concrete 3D print technology has not been widely used is that 
defects such as collapse, uneven surface, much height deviation are easily caused during printing 

process due to the instability of unset concrete. In most circumstances, this defected product 

must be started over via regenerating robot trajectory, changing material ratio or even reprint the 
product. This greatly affects the accuracy and time consuming of printing process. The 

development of point cloud and image processing technology in recent years has also provided 

us with more options for detecting these defects.   

This project is a collaboration of KTH ITM school and ABE school. The approach to 3D printing 

with concrete material is grounded in the method developed by Helena Westerlind and José 
Hernández at the KTH ABE School. The current work process is based on Rhino Grasshopper 

and KUKA PLC plugin. The KUKA robot arm trajectory is generated from the raw model in 

Rhino and translated to KRL which can be compiled in KUKA Robot controller. 
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Figure 1.knitting-to-toolpath, from Knitting Concrete 

 

 
Figure 2. multi-robot collaboration to print large-scale concrete structure, from Large-scale 3D printing by a 

team of mobile robots 

 

1.2. Objective 

The limitations of the current workflow are that the defects in the printing process can only be 

corrected manually after being observed by the eyes of the operator. That requires operators to 

regenerate and upload the trajectory according to the printing conditions. In order to overcome 

these, the objectives of this project are: 

⚫ Control KUKA KR16 robot to implement 3D print task. 

⚫ Create a feasible detection strategy for features and errors during print process. 

⚫ Continuous update robot trajectory. 

 

1.3. Delimitations 

The main aspects of the limitations will be dependent on time, resources, previous knowledge 

and the current state with crisis of COVID-19. The main limitations in this project are: 

⚫ The control method of robot is still based on previous KRL method instead exploring some 

new technology such as real-time control. 

⚫ Because of the limitation of technology, the total work process cannot be fully automated. 

⚫ In the point cloud detect and compensation process, the current method can only process z-

direction coordinates.  
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⚫ This project is just a valid attempt in point cloud detect method but the result cannot be 

regarded as a developed product. 

 

1.4. Method   

This project consists of three main tasks, trajectory generation, point cloud detection and 3D 

print task implementation.  

The initial part of first task is building a 3D model in Rhino, slicing model and generating robot 

movement trajectory for each layer. Slicing process and trajectory generating process can be 

completed with the help of Rhino’s powerful 3D modelling processing functions. Then, the 
trajectory which is represented as a series of three-dimensional coordinates that need to be 

translated to Kuka Robotic Language (KRL) using Python or plugin in Rhino Grasshopper. 

In this project, an Intel RealSense camera L515 was mounted on the robot to obtain point cloud 

data from object during the gap between 2 adjacent print tasks. The raw point cloud data 

undergoes several transform processes to obtain the height or z coordinates of object. The 
process of analysis is completed with Python and relative point cloud process library, such as 

Open3D. And based on the original trajectory and object height information, the error between 
target and actual height can be calculated. This error data was used to compensate following 

print task in order to ensure the final height of object is as close as possible to our target height. 

It’s worth mentioning that the camera position in world coordinate was obtained after rigorous 

designed experiment.  

The 3D print task was implemented in KTH ABE School with the assistance of the co-supervisor 
of this project. The experiment equipment is designed and installed by KTH ABE school 

researchers and will be described in detail in following chapter.  
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2 LITERATURE REVIEWS 

2.1. Industrial robot 

An industrial robot is defined in ISO 8373 is a robot system used for manufacturing. Industrial 

robots are automated, programmable, and capable of movement on three or more axes.  

Typical application of industrial robot includes welding, painting, assembly, disassembly, pick 

and place and additive manufacturing, between others, all accomplished with high endurance, 

speed, and precision.    

 

2.1.1 End effector 

In robotic technology, end effector is a device at the end of a robotic arm with a certain function 

and designed to interact with environment. The actual type of end effector depends on the 

application of robot. This may include robotic grippers, robotic tool quick changers, robotic 
collision sensor, robotic spray guns, robotic arc welding guns, etc. In additive manufacturing, 

end effector always refers to the nozzle mounted on flange of robot arm. The nozzle could have 
different shape and size to help to print different size and shape object and is connected to a 

material supply pipe. For a circular nozzle, the cross-section size of extruded material lace is 

calculated with multiple parameters, like robot speed 𝑉𝑟, extrusion speed 𝑉𝑒, nozzle diameter 

𝐷 .(Carneau, Paul, et al. 2020).  A rule of thumb to estimate the height of extruded material lace 

height is that the height is approximately equal to 1/4 to 3/4 of diameter of nozzle depending on 

material properties and operating conditions. 

 

 
Figure 3．Extrusion nozzle work principle,  

from Characterisation of the Layer Pressing Strategy for Concrete 3D Printing 

 

2.1.2 Robot coordinate systems 

The robot coordinate system is a position index system defined on the robot or space in order to 

determine the position and posture of the robot. In industrial robot, robot joint coordinate system 

and Cartesian coordinate system are applied widely.  

The joint coordinate system of the robot is used to describe the motion of each independent joint 

of the robot. For a 6-axis industrial robot, the joint types are all rotating joints. In the joint 
coordinate system, the end of the robot can be moved to the desired position and each joint can 

be driven in turn, so that the end of the robot can reach the specified position (INLEARC). 
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Figure 4. robot coordinate system, from INLEARC 

 

The Cartesian coordinate system refers to using X, Y, Z, A, B and C to represent the robot pose. 

X, Y, Z represent the distance between the target point and origin in x, y, z axis direction while 
A, B, C are yaw, pitch, roll angle in x-y-z fixed Cartesian coordinate system. Theoretically, each 

point with a direction vector in a three-dimension coordinate can be represented with these 6 

parameters. In 3D printing process, the trajectory is defined by a series point with the Cartesian 

coordinate system.  

In an industrial robot-cell coordinate system, various robot coordinate systems are used to make 

it easier to determine the position and orientation of the TCP easier. These are: 

⚫ World-coordinate system 

⚫ Robroot-coordinate system 

⚫ Tool-coordinate system 

⚫ Base-coordinate system 

⚫ Flange-coordinate system 

Robroot-coordinate system is based on the robot installation base to describe the motion of robot 

arm. World-coordinate system takes the Robroot or base as reference. In most condition, it 
coincides with the base coordinate system. Due to the different shapes and sizes of tools used on 

industrial robots, TCP is selected which is independent of type of tool. This point is origin of 
tool-coordinate system. Base-coordinate system is customizable which is related to the essential 

points of the technological process. The robot can work with various fixtures or working surfaces 

having different positions and orientations. Defining a Base-coordinate will greatly simplify our 
programming workload during real work. Flange-coordinate is fixed on the centre of robot 

flange. 
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Figure 5. Different cartesian coordinate system 

 

2.1.3 Robot programming 

The practice on industrial robot control is not only to move the robot manually with the 

controller but also control robot with programming. Most industrial robots have a similar 
programming structure. They run by storing a series of position and desired robot performance in 

memory and moving to them at various times successively. For a simple pick and place task, an 

example of a program syntax is shown below: 

 

 

Figure 6．An example of a program syntax, from https://en.wikipedia.org/wiki/Robot_software 

 

Because of the highly proprietary nature of robot, each robot manufacturer has launched its own 

programming language. For programming of a KUKA robot, a specific language called KRL 

(KUKA Robot Language) is used. This language is like most of other robot languages: Points are 
specified and the other parameters such as robot movement speed are defined. Then the 

controller will run the program line by line. Unlike G-Code, it does not contain just tool and 
machine movement commands but can also declare variables and work with conditional clauses. 

After programming in KRL, a .SRC-file is created containing the code and it will be compiled by 

controller. In some cases, a .DAT-file is created simultaneously to store some prerequisites and 
coordinate. These 2 files shall always have same name to be identified as the same program by 

the controller. There are various ways of giving movement commands to a robot, the most 
common two are Joint coordinate and Cartesian coordinate. Joint coordinate consists of absolute 

axis position commands, instructing the robot to move each of its axes to a defined rotation 

value. 
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A1 0, A2 10, A3 90, A4 20, A5 60, A6 25 

Meanwhile, Cartesian coordinate programming defined the location and orientation of robot end-

effector in a pre-defined coordinate system introduced in section 2.1.2. This can either be a 
point-to-point command where the end-effector moves from one position to the next one with the 

least amount of axis rotation or linear commands where the end-effector moves from one 

position to the next one along a straight line (Braumann et al, 2011). 

X 100, Y 100, Z 100, A 60, B 60, Z 60 

Some common KRL commands are shown below with a table. (KRL Reference Guide). 

 

Table 1.Common KRL command 

 

KRL Command 

PTP Point to point 
LIN Linear movement 

CP Continuous path 
CIRC Circular motion 

OUT[x]=TRUE/FALSE Turn on/off output port[x] 

 

2.2. Concrete Additive manufacturing process 

Additive manufacturing (AM) technology is limited to high value-added industries such as 

aeronautical and biomedical industries, mainly due to the cost of the main materials used in such 
process.  In the last decade, the large-scale AM in construction and architecture got a lot of 

development and started to use various materials, such as polymers (J.Menger, 2016), 
metals(MX3D, 2015) and concrete materials (T. Le, S. Austin, S. Lim, et al,2012). This project 

focuses on concrete materials. 

Among the literature available, three projects are worthy of further research and analysis. 

Eindhoven University of Technology (TU/e) adopts a gantry robot in their current 3DCP facility. 

Concrete is mixed with water can be pumped into tube by a mixed-pump installed on the side of 
device. This tube is connected to the printer head located on the end of vertical arm in the 4-

degree-of-freedom gantry robot. The valid print area is 9×4.5×2.8m. This printing system 

comes into use since September 2015. Under the pressure of pump, material is extruded to the 

printer head which has a nozzle in the end part. During the printing process the concrete filament 
is extruded out of the printer and deposited on the workspace. The nozzle is a hollow steel 

component with a square 25x25(625mm²) outlet section. Like nozzle opening, the speed of 

printer head and pump frequency (pump pressure) affect printing results in collaboration. And 

these three parameters are closely interrelated and highly depend on the concrete viscosity (Freek 
Bos et al, 2016). This project This method is more suitable for printing large-scale models and 

has very high reference value in construction practice. 
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Figure 7.3DCP facility at the TU Eindhoven, from Additive manufacturing of concrete in construction: 

potentials and challenges of 3D concrete printing 

 

The researchers at the Ecole Nationale Supérieure d'Architecture (ENSA) Paris-Malaquais 

configurate their concrete printing system with a ABB 6620 6-axis robotic arm. They divided 
their whole process setup into 3 sections: computational design, controlling the 6-axis robotic 

arm and printing system, printing process.  Computation design refers to generate robotic 

building path of designed 3D model with using 3D-to-2D slicing software. Expect from ABB 
robotic arm, the remaining print hardware parts consist of a printing head mounted on the robot, 

two peristaltic pumps and a premix mixer. Both pumps and printing head are controlled by an 
Arduino micro-controller for starting and stopping to extrude materials.  The 3D printing process 

includes two steps. Firstly, a mortar premix prepared with a rheological behaviours appropriate 

for pumping. Then the premix is conveyed using the pump toward printing head 
(C.Gosselin,2016). This method provides a good reference for researchers and engineers to 

produce prototypes and do experiments in the laboratory. 

 

 

Figure 8. Schematic of the 3D printing setup: 0. System command; 1. Robot controller; 2. Printing controller; 3. 

Robotic arm; 4. Printhead; 5. Accelerating agent; 6. Peristaltic pump; 7. Peristaltic pump for premix; 8. Premix 

mixer; 9. 3D printed object. From Large-scale 3D printing of ultra-high performance concrete – a new 

processing route for architects and builders 

 

Minibuilder, a Spanish robotic research organization, provides an alternative approach for 3D 
concrete printing. In their printing system, 3 small mobile robots are used. One of the robots is 

equipped with a sensor that follows the desired path and builds the foundation of structure. The 

next robot grips previous foundation with roller and prints additional layers. The last robot 
equipped with suction cups prints vertically up the structure and reinforces the printed structure 
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(Areti Markopoulou). Different from the first two methods, this printing method is limited in 
structure flexibility, but thanks to the rapid construction of its system, it is very practical in the 

case of less requirements. 

 

 
Figure 9.  A family of small-scale construction robots, from https://iaac.net/project/minibuilders/ 

 

2.3. Rhinoceros and Grasshopper 

Rhinoceros is a powerful professional 3D modeling software on PC developed by Robert 

McNeel & Assoc in the United States. It can be widely used in three-dimensional animation 

production, industrial design, and scientific research. As a standard tool in the architecture and 
construction industry, it has the following characteristics: 

⚫ Rhinoceros modelling is accurate. For profiled architectural and construction components, 
the model generated by Rhinoceros cam be directly delivered to the manufacturer for 

production without having to re-model and scale the size. The CAD features of Rhinoceros 

also enable it to be well-connected with other popular architectural design software. 
Rhinoceros provides a lot of free-form 3D modeling tools that can create curves, surfaces 

and entities without constraints. It can be used to create any imaginable shape and the 

resulting model is not limited by complexity, degree and size. 

⚫ Rhinoceros has a powerful 2D or 3D graphics or model conversion program, providing an 

interface with most mainstream 3D software. Its supported formats include IEGS, DWG, 

DXF, OBJ, JPG and other formats. 

⚫ In addition, the cooperation of Rhinoceros, RhinoScript and Grasshopper provide more 
possibilities for architectural design. Grasshopper, as a dynamic and intuitive visual 

programming tool, allows designers to get rid of cumbersome computer code restrictions 

and begin to explore architectural design in a more intuitive, friendly and interactive way. 

2.4. Failure detection 

Although the accuracy of additive manufacture is higher compared with traditional approach, 
printing errors are still a substantial problem to solve and they impact the economic and 

environmental merits. With the development of various technologies, it provides more options 
for researcher and engineer to detect these errors in manufacturing process. Basically, this detect 

process can be divided into three types.   
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⚫ Image processing with RGB camera 

⚫ Point cloud detect with depth camera 

⚫ Height data with depth sensor 

 

Aliaksei L. Petsiuka and Joshua M. Pearcea made an extremely bold attempt in their paper Open 

source computer vision-based layer-wise 3D printing analysis. They applies a camera based on 
Sony IMX322 CMOS image sensor which consists of 2.24 M square 2.8 x 2.8 um pixels, 2000 

pixels per horizontal line and 1121 pixels per vertical line. In operation, this camera captures 
1280 X 720pixel frames at a frequency of 30 Hz. The printing area is under monocular 

monitoring where the camera provides a rectified top view and pseudo-side-view of the printed 

object.  Seven developed square shape makers are placed on the top of workspace to locate the 

position of object and help to estimate the pose of camera in world coordinate. 

The image pixel position corresponds to their three-dimensional spatial location in accordance 
with the transformation matrix. After applying projective transformations to recognized image 

from camera, it is possible to obtain a virtual top-view and pseudo-side-view. 

 

 
Figure 10. Visual Serving Platform: working area (left), printer assembly (right): a – camera; b – 3-D printer 

frame; c – visual marker plate on top of the printing bed; d – extruder; e – movable lighting frame; f – printed 

part. From Open source computer vision-based layer-wise 3D printing analysis 

 

The authors apply traditional image processing approach to analyze obtained data. Since the top 

surface of the printed object is usually horizontal, the height of object can be estimated from the 

pseudo-side-view. According to visual-top-view of the object, the contour and the infill area of 
the object can be discriminated clearly from background via edge detection algorithm and texture 

segmentation texture. Additionally, like scaling factor, rotation and translation matrix between 
defective layers and desired layers can be calculate with ICP&MTM algorithm. Using these 

parameters, operators can update robot trajectory to correct the print errors and produce better 

object (Aliaksei L. Petsiuka,  Joshua M. Pearce, 2020). 
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Figure 11. contour and the infill area detection, From Open source computer vision-based layer-wise 3D 

printing analysis 

 

As mentioned in last sub-section, Eindhoven University of Technology (TU/e) gained great 

achievement in concrete 3D printing. Also, in their hardware system, a ToF distance sensor 
controlled by Arduino is connected to the nozzle and real-time monitor the height of the layer 

being printed and height of nozzle. The height data will be fed back to the operator and written to 

memory with a rate of 50 measurements per second. The operator can be informed of the work 
condition of the system and the quality of the printed object and makes corresponding 

adjustment manually. The final goal of this project is to achieve automatic print without human 
interference. As the result, a real-time feedback control is applied on the robot to ensure each 

layer height is much closer to desired (Van Strien, E.C.F,2017). 

 

 
Figure 12.Measurement setup design, from Measuring and optimizing the 3D concrete printing process, using 

real time feedback 

 

A different point cloud based detect method from the previous two has done by Singapore 

Institute of Manufacturing Technology in 2020. This designed method is based on the Laser-

Aided Additive Manufacturing (LAAM) system developed at the institution. In order to monitor 
the surface of additive manufacturing component, the researchers choose a laser profiler due to 

its compactness, high accuracy and high capturing rate. The sensor is rigidly mounted on the end 
of the robot arm, next to the printer head. This configuration allows sensor moving along the 

path of printer head, thus enabling accurate location of surface defects in the workpiece’s 

coordinate. After pre-process of point cloud frame captured by the device (filtering and 
segmentation), the researchers identify the surface defect by combined unsupervised and 
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supervised machine learning method. The surface detect result can be divided into four types: no 
defect, bulge defect, dent defect and wavy defect with reference to the original CAD model 

(Lequn Chen,et al, 2020). 

 

 
Figure 13 (a) The laser profiler mounted on the robot. (b) The working principle of the laser profiler. From 

Rapid surface defect identification for additive manufacturing with in-situ point cloud processing and machine 

learning 

 

2.5. Point cloud 

Point cloud is a group of points in a spatial coordinate system. It is a collection of data pointed 

defined by the given coordinate system. A point cloud is usually generated by 3D scanner which 

is able to measure the distance between the object points in surrounding and itself. It is used for 
many purposes including to create 3D CAD models for manufacturing parts, quality inspection 

and object recognition.  

2.5.1. Point cloud transformation 

The point cloud has a number of transformation methods. The most basic two among these are 

translation and rotation. Translation approach takes a 3D vector 𝑡 as input and translate each 

point in point cloud by 𝑉𝑡 =  𝑉 + 𝑇. In Figure 14(a), It illustrates a point to be translated along 

X and Y axis by 1.3mm respectively 

Rotation approach can be defined with Euler angle. It is worth noting that the result of rotation is 
affected by the order of Euler angle rotation. Figure 14 shows rotating the mesh using Euler 

angles with sequence of x, y, z axis and the rotation angles are 90°,0°,45°. 

  

 
Figure 14. Point cloud translation and rotation 
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The rotation matrix and coordinate rotation are calculated from following equation: 

Rotation matrix along XYZ axis respectively: 

 

𝑅𝑥 = [
1 0
0 𝑐𝑜𝑠𝜃

0
−𝑠𝑖𝑛𝜃

0 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
] , 𝑅𝑦 = [

𝑐𝑜𝑠𝜙   0
0   1

𝑠𝑖𝑛𝜙
0

−𝑠𝑖𝑛𝜙 0 𝑐𝑜𝑠𝜙
] , 𝑅𝑧 = [

𝑐𝑜𝑠𝜓 −𝑠𝑖𝑛𝜓
𝑠𝑖𝑛𝜓 𝑐𝑜𝑠𝜓

0
0

0       0 0
]      (1) 

 

The overall rotated matrix: 

 

𝑅𝑟𝑜𝑡𝑎𝑡𝑒𝑑 = 𝑅𝑥𝑅𝑦𝑅𝑧                                                      (2) 

 

The original coordinate to rotated coordinate for one point in point cloud: 

 

                                                         𝑝𝑟𝑜𝑡𝑎𝑡𝑒𝑑 = 𝑅𝑟𝑜𝑡𝑎𝑡𝑒𝑑 ∗ 𝑝𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙                                               (3) 

 

Due to the point cloud definition, each point in point cloud can be regards a vector in spatial 

coordinate. Hence, each transformation of point cloud can be simplified with below equation. 

Where 𝑥𝑡𝑟𝑎𝑛𝑠 , 𝑦𝑡𝑟𝑎𝑛𝑠  , 𝑧𝑡𝑟𝑎𝑛𝑠  are coordinate after transformation and 𝑅11 to 𝑅33, 𝑇1  to𝑇3  are 

transformation matrix parameters. 

 

                                      [

𝑥𝑡𝑟𝑎𝑛𝑠

𝑦𝑡𝑟𝑎𝑛𝑠
𝑧𝑡𝑟𝑎𝑛𝑠

1

] = [

𝑅11 𝑅12

𝑅21 𝑅22

𝑅13 𝑇1
𝑅23 𝑇2

𝑅31 𝑅32

0 0
𝑅33 𝑇3

0 1

] [

𝑥
𝑦
𝑧
1

]                                     (4) 

 

2.5.2. Point cloud segmentation 

Point cloud segmentation is a process of classifying point clouds into multiple homogeneous 
regions, the points in the same region can be regarded as having same properties. This process is 

widely applied in robotics such as intelligent vehicles, autonomous mapping and navigation. 

Many literatures have put forward their own approach and algorithm to this problem, such as 

RANSAC, k-d Tree, Octree, Euclidean clustering.  

RANSAC (Random sample consensus) is one of the point cloud segmentation algorithm to 
extract sample geometric shapes from complex scenes. RANSAC was firstly published by 

Fischler and Bolles in 1981. It’s an iterative method used to estimate the parameters of a 

mathematical model from a set of observation data containing outliers. Meanwhile, the outliers 

have no effect on the estimated value (Fischler, Bolles 1981).  

RANSAC uses the voting scheme to find the optimal fitting model. The application of the 
scheme is based on validation of two assumptions: the noisy features will not vote to any single 

model constantly, and there exists enough feature to estimate a fine model. The essence of 

RANSAC algorithm is repetition of following step. First step, a sample subset containing 
minimal data is select from input dataset. And based on this sample subset, estimate the fitting 

model and corresponding parameters. Second step, use algorithm to extract which elements in 
the input dataset are consistent with the previous model. If an element does not meet the fitted 

model with a predefined error threshold, the data elements will be regards as an outlier. An 
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RANSAC algorithm written in pseudo code is shown below (Wan Mohd Yaakob Wan Bejuri, 

2015). 

 

 
Figure 15.RANSAC algorithm pseudo code, from Emergency rescue localization (ERL) using GPS, wireless 

LAN and camera 

 

2.5.3. Open3D 

Open3D developed by Cornell University is an open source which supports rapid development 
of software for 3D data. It encapsulates a large of mature algorithm and data structure for point 

cloud processing. It covers nearly all aspects of point cloud processing including geometry, 
visualization, system reconstruction and even machine learning and provide Python and C++ 

API. It continues to evolve thanks to the developer. In this project, the point cloud process part 

will be completed by Open3D (Qian-Yi Zhou, et al, 2018).  

 

2.5.4. RGB-D camera 

To estimate 3D features of an object, an RGB-D camera is always used in this scenario. In the 

last few years, Intel has launched several consumer-level RGB-D cameras which are affordable, 

small, and portable. Among them, three typical technologies are used: coded light, stereo vision, 

and time of flight.  

Coded light technology is projecting a pattern into the scene. The depth information can be 
evaluated by the deformation of pattern. Stereo vision technology uses two camera lenses to 

capture images of scene individually. By computing the disparity on the two images, depth can 

be retrieved. At last, time of flight technology calculates depth by measuring the delay between 
light emission and light reception. (Francisco Lourenco and Helder Araujo, 2021). The 

comparisons among these three technologies are shown as below table.  

 

 

 Table 2. different 3D feature technology 

 

 Coded light Stereo vision Time of flight 

Detect range Low High High 

Accuracy Low Medium High 
Precision Low Low High 

Failed points (1.5m) Up to 90% Approximately 0% About 0.3% 

Outliers (1.5m) 
Approximately 

0.01% 
Approximately 0.5% Approximately 0.1% 

Typical product 
Intel Realsense 

SR305 
Intel Realsense D415 Intel Realsense L515 
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3 IMPLEMENTATIONS 

3.1. Workflow framework 

 
 

Figure 16. Workflow structure 
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The whole system work process is represented in figure. In the setup of print task, a CAD model 
of object to be printed needs to be prepared by operator. Then, the model is sliced with a pre-

defined layer thickness and generate the robot tool trajectory. The original CAD model will be 
divided into two types: type 1 and type 2. For different types, different processes will be 

implemented. The system only considers x, y coordinate instead of x, y, z coordinate if it’s type 

1. From this point coordinate, the KRL which has the format of .SRC file is generated to be 
compiled by robot controller. The operator copies this file to controller and robot can set up to 

print object.  

The total print task will be divided into several group of layers to complete which remains 

reaction time for the printing system to make corrections and compensations after each subtask is 

over. Thus, a judgment process is required after each subtask is done. Meanwhile, the depth 
camera L515 is initiated and captures depth frame of the object. If the object is not the final 

product, the system will carry out a compensation and correction procedure from original model 
and point cloud data. It’s worthwhile mentioning that the system can correct height and layers 

numbers to better reach the target product for type 1 model. On the contrary, only height can be 

compensated to avoid print error in type 2 model. After the last print subtask being done, the 
system will feedback the final height of object and the difference from desired to enable operator 

to learn about the printing quality.  

The detailed process of this workflow will be introduced in following section in this chapter.  

3.2. System configuration 

The printing system is located in KTH ABE school building and designed based on a KUKA 
KR16 industrial robot. The remaining hardware parts consists of a 20mm-diamter nozzle with a 

motor, a material storage cylinder, an electrical pump, a KUKA C4 controller cabinet matched 

with robot and an Intel Realsense L515 radar camera. The layout of the system is shown in 

figure.  

 

 
Figure 17. System layout: 1. Robot controller C4; 2. KUKA Industrial Robot KR16; 3. Arduino micro 

controller; 4. RealSense camera L515; 5. Nozzle; 6. Printing Object; 7. Material Storage; 8. Electrical Pump; 9. 

Laptop. 

 

The industrial robot is manipulated by a KUKA C4 controller. The pneumatic pump supplies 

pressure to pump printing material from storage cylinder to a hollow plastic tube which is in 
connection with nozzle. The nozzle is mounted on the flange of robot arm end vertically and the 

radar camera is fixed next to the nozzle with a plastic component. The front surface of camera 
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has to be kept perpendicular to the nozzle. An Arduino micro controller is used to control the 
motor inside the nozzle to ensure the material extrusive speed is adjustive. 

3.2.1 Robot 

The robot used in this project is a KUKA KR 16 together with a KUKA C4 controller. This 

industrial robot is a lightweight, high-strength and flexible for its size. The robot is able to be 

mounted on the ceiling, floor and wall for various application scenes. In this project, this robot is 

installed on the flat floor for better performance in KTH ABE school lab. 

 

  
 

Figure 18 KUKA KR16  and technical Data sheet, from KUKA webpage 

 

The robot controller matched the previous robot is KUKA C4 controller. The C4 controller uses 

an embedded version of Windows XP as operating system. The KUKA’s own controller 
application runs in parallel with this Window system. This application integrates robot control, 

PLC control motion control and safety control. Benefit from the various additional package 
offered by KUKA, the robot can implement a variety of additional functions according to 

different application scenarios.  

Corresponding to the C4 controller, this system is equipped with a KUKA smart PAD which is a 
handheld programmer having operation and display functions required in industrial robot. The 

HMI version applied in this project is 8.3 B165. The detailed instruction of controller refers to 

KUKA webpage. 

 

 
Figure 19. KUKA smart PAD, from KUKA Webpage 

 

 

Robot Technical Data 

(Source: KUKA webpage www.kuka.com); 

  

Model: KUKA KR16 

Maximum reach 1612mm 

Rated payload  16kg 

Maximum payload 20kg 

Pose repeatability (ISO 9283) ±0.04mm 

Number of axes  6 

Weight Approx.245kg 
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3.2.2 Realsense camera L515 

Considering the comparison result in section 2.5.4 and robot arm work range, a Intel Realsense 

L515 RGB camera is selected in this project. Realsense L515 is based on lidar and intel’s unique 
Realsense depth-of-field technology, which can record the flight time of light, accurately 

measure the distance between objects through a special algorithm and easily present the size and 

shape of the virtual real scene. Its characteristics of detecting range (0.5m-9m) and fitting small 

scene match our requirements in 3D printing.  

 

Table 3.Camera Technical Data 

 

  

 

 

 

 

 

 

 

 

 

The use of camera in robot arm technology can be performed as two types of layout: the layout is 

called eye-in-hand when camera is rigidly mounted on the robot end effector and it is called eye 
to hand when the camera out of robot observes the workspace. Obviously, the eye-in-hand 

method has a more precise sight of workspace whereas the other one has a more global sight of 
it. Because the camera pose can be obtained from robot position and the transformation between 

tool coordinate and world coordinate in eye-in-hand layout. Thus, the depth camera is mounted 

next to the nozzle with a plastic component.   

 

 
Figure 20. Camera mounting position 

 

After determining the layout of camera and robot, which position of the camera in the world 
coordinate system can get more accurate results has become a problem. A laboratory experiment 

was conducted to figure out the optimal position of the camera. 

Camera Technical Data 

(Source: Intel webpage https://www.intelrealsense.com/lidar-
camera-l515/ ); 

  

Model: Intel RealSense LIDAR Camera 

L515 
Ideal Range 0.25m to 9m 

Use environment Indoor 

Technology Laser scanning 

Depth Accuracy ~5 mm to ~14 mm thru 9 m² 

Depth Field of View 

(FOV): 

70° × 55° (±3°) 

Depth frame rate 30fps 



 30 

 A pre-printed 3D concrete model with the approximate height of 167 mm is placed in the centre 
of workspace.   The control factors are the camera height and camera inclined angle with 

reference of horizontal plane. Considering the robot arm movement range and camera ideal 
ranger, the camera heights are set as 700mm and 1000mm while the camera inclined angles are 

0° (parallel to horizontal plane) and 30°. Then, 2×2 groups of experiment are designed.  The 

camera optical canters’ coordinate in world coordinate is (450mm,450mm,700mm), 

(450mm,450mm,1000mm), (200mm,450mm,700mm) and (200mm,450mm,1000mm) 

respectively. The side view of camera pose is illustrated in figure.  

 

 
Figure 21 Side-view of camera pose used in experiments 

 

For each experimental group, 3 snapshots are capture to estimate the maximum height of object. 

Figure shows the detect result as a function of camera height and inclined angle. The detection 
accuracy is greatly affected by the inclined angle instead of camera height. Thus, we select 

(450mm,450mm,1000mm) as the camera detected position. 

 

 

            
Figure 22. Detective result as a function of camera height and inclined angle 

 

3.2.3 Workspace 

The definition of working space limits the spatial boundary for the 3D printer and also the world 

coordinate system. A 900mm×900mm square area is set the working space in this project. One of 

the corners in the square area is regarded as origin of world coordinate. (See Figure 23).  
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 Figure 23. Workspace and world coordinate definition 

 

3.2.4 Motor controller 

The motor controller of printing system shown in figure consists of an Arduino micro controller, 
a digital stepping driver and some other components (2 plastic button and a LED display screen). 

The controller will collect outputs from Robot when system plans to start and stop extruding 

material. The LED display screen shows the work condition and the current speed of motor in 
the nozzle. In addition, 2 buttons are used to adjust the speed manually. The digital stepping 

driver converts signal to pulse for controlling the stepper motor.  

 

 
Figure 24. Motor controller 
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4 Results 

4.1. Printing preparation 

4.4.1 Modelling and trajectory generating 

The basic 3D model to be printed can be generally assigned to 2 types. One of them (see Figure 
25) is named as type 1 when it has same contour shape in each layer and the other called type 2 

is that each layer in the model may have various shape. Obviously, if we generate robot arm 

trajectory for these two types, the type 1 is supposed to have same trajectory for each layer and 
the only one dissimilarity is the height or Z coordinate while the type 2 perhaps has different 

trajectory for each layer. In this thesis, only type 1 model is planned to print as a case study.  

 
Figure 25 Type 1 and Type 2 CAD model 

 

The 3D model is built in Rhinoceros, commonly known as Rhino which is a Computer Aided 

Design (CAD) software. It can be used to model directly or as a result of scripted code through 

plug-ins. Rhino 7 is the latest version of the program  and is used for the case study. The reason 
why Rhino is chosed for this case is because it has multiple approach to slice and generate the 

trajectory point.  

The initial computational modelling approach involved creating trajectory through a set of 

polylines using an algorithm developed in Grasshopper. It consists of programming blocks which 

are connected by wires where data flows. Also, some of input data can be modified according to 
different requirements using a visible slider. KUKA company provides KUKA PRC add-on in 

Grasshopper to help to generate KRL and see the simulation animation to predict and find issues 

before 3D printing by robot.  
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Figure 26 Rhino Grasshopper Programming  



 34 

The Grasshopper block diagram created for this case study is shown above. The input parameters 
for this block script are Brep, height, print height and tolerance. Boundary representation, often 

abbreviated as Brep is a method to represent a solid 3D model using the collection of conneted 
surface elements. In this case study, we only select the side surface of created model as the Brep. 

The ideal height for each layer has been set as 5mm because the diameter of nozzle mounted on 

robot is 10mm. The maximum and minimum possible print height for a certain nozzle is given: 

 

1

4
𝐷𝑛𝑜𝑧𝑧𝑙𝑒 < 𝐻𝑝𝑟𝑖𝑛𝑡 <

3

4
𝐷𝑛𝑜𝑧𝑧𝑙𝑒                                               (5) 

 

The target print height of final product is 100mm and designed to be finished in 2 subtask, 50mm 
respectively. The GhPython script block embedded with a program to convert Brep to XYZ 

coordinate array of trajectory point. In another word, it converts boundary curve to polyline with 

the distance between neighboring point which is predefined in tolerance slider bar. The XY 
coordinates of the first five points are: 

 
Table 4. XY coordinates of the first five points 

X(mm) Y(mm) 

450.42 341.61 

460.36 342.71 
470.18 344.62 

479.80 347.37 
489.13 350.95 

 

The XY coordinates for each layers is exported as a TXT file and a script writen by Python is 

used to extract the data and generate the trajectory of the first ten layers.  

 

 
Figure 27. First 10 layers trajectory, Start point and End point 

 

In the printing process, A wood plate with a thickness of 12mm is placed on the workspace to 

help the operator to remove the formed product. Considering the thickness of the board, the Z 
coordinate of the trajectory should be added by 12mm. During the material deposition process, 

the first layer is often difficult to attach the working surface. A common solution is printing a 

thinner base before first layer. Like the figure shown above, the coordinate of start point in the 

full trajectory is (450.40, 341.60, 15.00) while that of end point is (441.80, 341.3, 65). 
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4.1.2. KRL generating 

Based on the trajectory obtained from previous section, KRL is supposed to be generated for 

robot compiling. Instead of compiling the program manually, a Python script or KUKA PLC 
add-on in grasshopper are able to simplifing this process. The stucture of KRL used in this 

project is shown below. 

 

 
Figure 28. KRL pseudo code for 3D printing 

 

While the robot is executing the program, the TCP will move to a defined point (home point) 
which is out of trajectory at a very fast speed. After that, it will move to the first point of 

trajectory slowly and run following the prededined trajectory. After traversing all trajectory 

points, it will go back to home point and stop. 

 

4.1.3. 3D printing preparation 

Before the 3D print system starting to print the product, some prepration work need to be done to 

ensure the completion of the task. This preparation workflow is shown in figure. 

First, the operator need to control the robot arm following the predetermined trajectory to check 
whether the robot movement is normal. In some cases, the movement of robot would interfere 

with the layout of printing system. Then, the operator move the robot to the first point of 
trajectory and turn on the motor. While the material is being squeezed out, the robotic arm also 

starts to move. Usually, the operator will pre-print several layers to test whether the materials 

flow is normal and whether the upper layers materials have enough viscidity to stick to lower 
layer material. If there is a problem at this step, operator needs to adjust extruder speed and  

robot movement speed until everything works well. 

From experience, if material cannot adhere to previous layer or workspace, reducing the moving 

speed of the robot arm and increasing the extrusion speed are proved to be very effective. On the 

contraty, in the case of material accumulation, the operator is required to reduce the extrusion 
speed and increase the robot moving speed. Sometimes in order to ensure the viscosity of the 

material, the operator can also spray water or manually apply the adhesive on the surface of 

printed material or workspace.  
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Figure 29. Preparation workflow 

 

4.2. Semi-product 

The semi-product printed from previous implementation approach consists of 11 layers as the 

desired trajectory. The bottom layer of 3 mm is to make the material deposit on the workspace in 
the set-up stage. Because before the material dries out, the surface of product can deform under 

the action of applied force. The average height data is probably between 54mm and 55mm which 

is slightly higher than desired.  

 

                
 

Figure 30 clay semi-product 
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4.3 Intermediate process 

4.3.1. Point cloud process 

The robot arm is expected to move to the detect position predefined in previous section at the 

end of each subtask. At that moment, the Intel Realsense L515 camera will start to be activated 
and capture 10 snapshots at spectific interval from top of the workspace. These depth frames is 

transferred to oprator’s computer for processing. 

 

 
Figure 31. Raw Point cloud frame from camera 

 

4.3.2. Point Cloud transformation 

The raw point cloud obtained from camera is refer to camera coordinate. In the other word, the 
origin of this is located on (450,450,1000) according to base-coordinate. Thus, a pointcloud 

transformation process is able to make the camera coordinate system coincide with the base 

coordinate system.  

Observing the raw point cloud data, the X direction of camera coordinate points to opposite X 

direction of base coordinate while the Y direction of two coordinates are same. In addition, the Z  
coordinates have reverse direction because the camera is vertically downward to capture depth 

frame.  From the defination of Euler angle explained in section 2.5.1, the camera cooridnate can 

be rotated 90°, 0°and 90°seperately by the order along XYZ axis to coincide with  base 

coordinate system.  

 

After correcting the direction of coordinate, the current coordinate need to be translate to align 

with base coordinate. The each point in the current point cloud need to be translate -450mm,-

450mm and -1000mm along XYZ axis respectively. This transformation process is shown in 

following figures: 

 
 (a)                                                   (b)                                                     (c) 
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Figure 32.Point cloud transformation process(a) raw point cloud (b)rotated point cloud (c) translated point cloud 

 

4.3.3. Point Cloud correction 

Due to the error of camera mounting position and angle, the work space surface in point cloud 
may not be horizontal which can lead to further errors in detect process. A correction process 

based on plane detection is appied to solve this problem. The plane of the work space surface can 

be represent with following equation 𝐴𝑥 + 𝐵𝑦 + 𝐶𝑧 + 𝐷 = 0 which is based on RANSAC 

algorithm described in section 2.5.2. During the RANSAC iterations, the selected plane or model 
is estimated from random 3 points in the raw point cloud data.Tolerance defining the maximum 

distance between a point to be considered an inlier and estimated plane is 5mm .Because the 

accuracy of the depth camera is 5mm at a distance of 1 meter. And this estimated process has 

gone through a thousand iterations. The approach is shown below. 

 

  

 

 

 

 

Figure 33. Plane detection algorithm 

 

The plane segmentation result is illustrated in figure. The point cloud data in the plane is marked 

with red color instead of blue color.  

 

 
Figure 34.plane marked in point cloud 

The unit normal vector of this plane is (𝑎, 𝑏, 𝑐), easily obtained from above equation,denoted as 

�⃑� . The unit normal vector after correction should be (0,0,1) or �⃑� . The angle between these two 

vector is:  

 

                                                               𝜆 = arccos (
�⃑� ∙�⃑� 

|�⃑� ||�⃑� |
)                                                    (6) 

 

The plane where the rotation angle is located is a plane composed of P and Q, so the rotation axis 

must be perpendicular to the plane. The rotation axis �⃑�  can be obtained from the defination of the 

Plane detection algorithm { 

1, estimate a plane with 3 points in the point cloud data.t 

2, calculate the distance between this estimated plane and other points in the point 

cloud. Find how may data satisfy the tolerance that the distance is less than 5mm. 

Call this K. 

3, Repeat step 1 and step 2 for 1000 times 

4, Algorithm will be exit with the maximum K and corresponding estimated plane. 

} 
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crosee product of �⃑�  and �⃑� . From Rodrigues’ rotation formular, assume the rotation axis vectior 

is �⃑� = (𝑛𝑥, 𝑛𝑦, 𝑛𝑧) , the rotation matrix is calculated with equation below: 

 

                                                                       �⃑� = (𝑛𝑥, 𝑛𝑦, 𝑛𝑧) = (𝑏, −𝑎, 0)                                      (7) 

 

𝑅𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 = |

𝑐𝑜𝑠𝜆 + 𝑛𝑥
2(1− 𝑐𝑜𝑠𝜆) −𝑛𝑧𝑠𝑖𝑛𝜆+ 𝑛𝑥𝑛𝑦(1 − 𝑐𝑜𝑠𝜆) 𝑛𝑦𝑠𝑖𝑛𝜃 + 𝑛𝑥𝑛𝑧(1− 𝑐𝑜𝑠𝜆)

𝑛𝑧𝑠𝑖𝑛𝜆+ 𝑛𝑥𝑛𝑦(1 − 𝑐𝑜𝑠𝜆) 𝑐𝑜𝑠𝜆 + 𝑛𝑦
2(1 − 𝑐𝑜𝑠𝜆) −𝑛𝑥𝑠𝑖𝑛𝜃 + 𝑛𝑦𝑛𝑧(1 − 𝑐𝑜𝑠𝜆)

−𝑛𝑦𝑠𝑖𝑛𝜆+ 𝑛𝑥𝑛𝑧(1 − 𝑐𝑜𝑠𝜆) 𝑛𝑥𝑠𝑖𝑛𝜆+ 𝑛𝑦𝑛𝑧(1− 𝑐𝑜𝑠𝜆) 𝑐𝑜𝑠𝜃 + 𝑛𝑧
2(1 − 𝑐𝑜𝑠𝜆)

|              (8)  

 

Then, the corrected point cloud can be obtained with this correction rotation matrix and point 
cloud result from section 4.3.2 .Apply the plane segmentation method again, the plane equation 

is 𝑧 = 0. 

 

4.3.4. Point cloud filter 

From the result from previous section, the point cloud data still includes redundant data, such as 

point cloud of ground and work space. A simply point cloud filter could reduce memory and 
speed up calculations and make the result more intuitive. The filter will extract valid data whose 

Z coordinate is larger than 1/2 target height and X,Y coordinates are limited in the range of work 
space (900,900). The result in this section is shown in figure. We can see only a few fraction of 

point cloud data is reserved for following measurement process. 

 

  
Figure 35.point cloud filter 

 

 

4.3.5. Sampling points select 

From the trajectory generated in section 4.4.1 and the printing result, the measurement process 

could be implemented. 

In order to reflect the height distribution of the upper surface of the object in more detail, some 

sampling points need to be select on the last layer trajectory generated in section 4.4.1. This 
project provides two sampling approach: for the case where the trajectory points are equally 

spaced, the number of sampling point can be defined, and these points will evenly distribute on 

the trajectory. It is worth noting that the start point and end point must be selected during this 
process. On the contrary, in some cases, the printing process requires more material to be 

accumulated in certain locations. Thus, the distribution of trajectory points will be uneven. As 
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the result, we can count the distance on trajectory between each point and trajectory point and 

select sampling points at a specific distance.  

In this case study, the sampling points will be selected via the second approach. The sampling 
distance is set as 20mm. From figure, the sampling points are evenly distributed on the trajectory 

and the number of sampling points is 33 from 64 original trajectory points.   

 

 
Figure 36．sampling points on the trajectory 

 

 

4.3.6. Measurement 

The sampling points obtained from last section are stored as XY coordinate format and projected 

onto the processed point cloud. To avoid errors caused by noise during measurement process, the 
detect area was set as a circular area around the sampling points. The diameter of this area 

depends on the width of the material filament. In this case study, the width is approximately 
10mm because of nozzle diameter. Due to the rounded shape of filament upper surface, the area 

diameter should less than the width. After the tests, the diameter of 5mm can collect enough 

point cloud data and avoid large deviations caused by shape properties. The top view of point 
cloud and detect points projection is shown in figure. The sampling point is well aligned with 

point cloud. The yellow area represents the scatter plot of the point cloud data while red points 

are detecting point projected on point cloud. 

 

 
Figure 37．The top view of point cloud and detect points 

 

Because point cloud collection is sensitive to environmental light source, object surface 

reflectance and other factors, outlier in the collected point cloud data are unavoidable which has 
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negative effect on measurement accuracy further. Pauta criterion or 3-sigma criterion is 

introduced in this project to solve this problem. 

Assume the height data of each sampling point in point cloud should have normal distribution 
properties and the number of data is sufficiently large. The outlier data can be removed as 

following method: 

 

 

  

 

 

 

 
Figure 38.Outlier data removing method 

 

After removing all outliers for each detect area, the deviation of height data in each error has 

reduced to an acceptable level. Then calculate the new average height for each sampling point 

and do the same process for 10 snapshots. The reason why we need to take 10 snapshots is to 
reduce the statistic error as much as possible. Integrated with the 10 point cloud data ten times, 

the height for each sampling point can be calculated.  

 

4.3.7. Measurement result 

The approximate actual height manually measured with a calibration alone the trajectory and 
measured height by approach described in section 4.3.6 are illustrated in a plot to show the 

difference among them. (See figure). The red line represents measured height while blue line 
shows actual height. We can see the measured heights from point cloud are able to represent the 

height property and fluctuation of the semi-product.   

 

 
Figure 39.Measured height and actual height along sampling points 

In order to quantify the error between measured height and actual height, an average cumulative 

error defined with following equation is calculated, where 𝑛 is the number of sampling points. 

The average cumulative error in this case study is 0.64mm, which is acceptable. 

Pauta criterion or 3-sigma criterion { 

            1, Obtain height data for one detect area 𝑥1, 𝑥2, 𝑥3, 𝑥4 …𝑥𝑛   
            2, Calculate the average value �̅� and residual error 𝑣𝑖 = 𝑥𝑖 − �̅�(𝑖 =
1,2,…𝑛) 

            3, Calculate the standard deviation 𝜎 by Bessel formular 

            4, If a height data 𝑥𝑏(1 ≤b≤ 𝑛) satisfies |𝑣𝑏| = |𝑥𝑏 − 𝑥| > 3𝜎, 𝑥𝑏 can be 

regarded as an outlier. 

            5, Remove all outliers found in step 4 

           } 
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𝐸𝑟𝑟𝑜𝑟 =  
∑ |ℎ𝑎𝑐𝑡𝑢𝑎𝑙−ℎ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑|𝑛

𝑖=1

𝑛
                                          (13) 

 

4.4. Compensation 

4.4.1. Compensation strategy 

The purpose of compensation during concrete 3D printing is to make the final product height to 

be as close as target height and avoid printing failure. Because of materials plastic property, the 
thickness of each layer can be varying from 1/4 to 3/4 nozzle diameter. After several layers being 

printed, this error will accumulate. Thereby affecting the success rate and quality of printing.  

 

 
Figure 40. Effect of a difference between the actual height and target height 

 

Figure illustrates these two kinds of failure. When the actual height is smaller than target height, 
the distance between nozzle and the previous printing layer will increase and after several layers 

being printed, the difference between the target height and the actual height will increase. 

Eventually, the nozzle cannot apply enough force on the concrete surface which will cause the 
two layers of material to not be able to attach effectively. Furthermore, this will cause printing in 

“open air” instead of printing the next layers exactly on the upper surface of previous layer. This 
affects the quality and shape of the final product. If the actual height is larger than target height, 

the distance between nozzle and upper surface will reduce. This causes the printing product to 

get stuck or collapse due to too large force applied on it.  

 

The heights for each sampling points obtained from 3.7 are represent as (ℎ1, ℎ2, ℎ3, … , ℎ𝑛) where 

𝑛 is the number of sampling points in last printing layer. The average of height data ℎ̅ can 

roughly reflects the height of the last layer. The number of layers to print can be calculated by 

following equation: 

 

                                                                         𝑛𝑙𝑎𝑦𝑒𝑟𝑠 =  
ℎ𝑓𝑖𝑛𝑎𝑙−ℎ̅

1

2
𝐷

                                                      (9) 

The limitation of layers: 
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  𝑛𝑙𝑖𝑚𝑖𝑡,1 =
ℎ𝑓𝑖𝑛𝑎𝑙−ℎ𝑚𝑖𝑛

3

4
𝐷

                                                  (10) 

 

                                                                        𝑛𝑙𝑖𝑚𝑖𝑡,2 =
ℎ𝑓𝑖𝑛𝑎𝑙−ℎ𝑚𝑎𝑥

1

4
𝐷

                                                  (11) 

 

The limitation of layers is to ensure the thickness of each layer to be printed to be in the range of 

material thickness that the nozzle could print. Thus, a justification has to be done here. If the 

𝑛𝑙𝑎𝑦𝑒𝑟𝑠 is out of limitation, the compensation process will fail.  

If each layer’s trajectory is same, we just need to correct the Z coordinate for each point relying 

on the actual height and final height. Firstly, we can correct the coordinate for these points who 

has same XY coordinate with sampling points. The computational method is shown below. 

The Z coordinate of the 𝑚𝑡ℎ  layers to print and 𝑛𝑡ℎ sampling point: 

 

𝑍𝑚,𝑛 =
ℎ𝑓𝑖𝑛𝑎𝑙−ℎ𝑛

𝑛𝑙𝑎𝑦𝑒𝑟𝑠 
× 𝑚 (0 ≤ 𝑚 ≤ 𝑛𝑙𝑎𝑦𝑒𝑟𝑠 )                               (12) 

 

The coordinates of other points located between the sampling points will be calculated by 

interpolation method, and the newly generated trajectory is guaranteed to be continuous. 

And the final layers Z coordinate will be same as the target final height. 

 

4.4.2. Compensation result 

After evaluating the height of each sampling point along the trajectory, the compensation process 
described in 3.7.2 could be implemented to calculate the remaining layer number and the 

coordinate for these layers. To ensure that the final height of product is 100mm, the number of 
remaining layers is 9 instead of 10. And the compensation trajectory for these 9 layers is shown 

below. The trajectory starts from points (450.4, 341.6, 69.45) and ends with point (441.8, 341.3, 

112). After 9 compensation layers, the height error in the semi-product has been eliminated and 
the final height has reached target 100mm. Note that there is a base height of 12 in the trajectory 

Z coordinate. 

 

 
Figure 41.Compensation result 

 

  



 44 

 
  



 45 

 

5 DISCUSSION AND CONCLUSIONS 

A discussion of the results and the conclusions that the authors have drawn during the Master of 

Science thesis are presented in this chapter. The conclusions are based on the analysis with the 

intention to answer the formulation of questions that is presented in Chapter 1.  

This thesis project has explored the process of using KUKA industrial robot to implement 
concrete 3D print task and verifying the possibility of using the point cloud data generated by the 

camera to obtain the height information of the printed product. Additionally, a ‘fake’ real time 

feedback system is used to compensate the remaining layer number and trajectory of them to 

achieve target height and avoid printing failure if the trajectory for each layer of product is same.  

The 3D printing system configuration refer to the work of researchers in Ecole Nationale 
Supérieure d'Architecture (ENSA) Paris-Malaquais who uses a 6-axis industrial robot to 

implement small-scale concrete product printing task. As for height data, we take Eindhoven 

University of Technology (TU/e)’s work as reference. The difference with the former is that we 
introduce a TOF radar camera to gain the overall height data after several layers having been 

printed instead of TOF distance sensor to obtain each layer thickness during the print process. By 
comparing the height data of existing object and trajectory of remaining layers, a compensated 

layers number and trajectory of them could be calculated. The innovation of this experiment lies 

in the use of point cloud technology to detect the features of 3D prints and it has been proved.  

However, 3D concrete printing is still an emerging interdisciplinary field that integrates robot 

control, computer communication, non-metallic material and other subject. During the research 
process of this project, I deeply realized that the development and application of this technology 

requires the coordinated development of various fields. Relying on my superficial understanding 

of various technologies, I also sort out the limitations of this project. 

 

⚫ Due to time constraints and insufficient knowledge reserves, the current control strategy still 

relies on KRL which cannot implement real-time control and feedback of robot. 

 

⚫ Because the printing material properties are affected by the type of material, temperature and 
humidity of atmosphere, the robot speed and material extrusion speed have to be adjusted 

manually by operator before printing process. 

 

⚫ The current work process is only to obtain the point cloud from the top to process the height 

information and compensate along the Z direction. However, due to the shrinkage of the 
material and the deviation of the trajectory, the X and Y directions are required to be 

compensated as well. 

 

⚫ The existing workflow usually requires two people to cooperate, one of which manually 

controls the robot by controller pad, and the other holds the material cylinder to prevent 
interference with the robot body. An adaptive mechanical structure could be designed and 

manufactured to liberate labours. 
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⚫ The system configuration and workflow described in this project is proven to be able to 
successfully complete concrete 3D printing and height detection and compensation task. 

However, due to the limitation of the point cloud itself, this detection process is not suitable 
for scenes that require excessively high accuracy of detection results. After many 

experiments, the maximum error is as high as 3mm for a specific point while the average 

cumulative error is always less than 1mm. This error is relatively high compared with the 
thickness of concrete layer (5mm). Therefore, this approach is more suitable to large-scale 

product than small-scale. 
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6 FUTURE WORK AND RECOMMENDATIONS 

This chapter is aims give the suggestions of future work in this project referring to the limitation 

frame described in section 5 

6.1 robot control 

Real-time control (RTC) of industrial robot is able to update trajectory in real-time depending on 

the features of printed object which can reduce the errors that came from the difference between 

actual object and desired object. This process could be implemented by TCP or UDP 
communication protocol or robot control system (ROS) based on these to send motion 

instructions to the robot in real-time. Also, KUKA industry provides some add-on package on 
controller, such as robot sensor interface (RSI) or Ethernet KRL interface (EKI) to help 

customers to simplify this development process.   

This real-time control of industrial robot could help robot to complete basic pick-and-place task 
in manufacturing scenario based on a vision input. (L. Rogers, H. J. Vermaak, 2017) and even 

Human-robot physical interaction and collaboration (Milad Geravand, et al, 2013). In 
comparison, it requires high response speed and accuracy in 3D printing scenario. As the result, 

the time delay between sending command and execution of robot need to be considered. 

6.2 material properties 

Because of the different properties of printing materials, setting the robot movement speed and 

material extrusion speed cooperatively is still a difficult problem. Thus, a study on material 

properties could help operators to handle the task easily and achieve higher accuracy and get 
better results. Some existing conclusion could be found in “Effect of printing parameters in 3D 

concrete printing: Printing region and support structures” where the authors study the relation 
between continuity of printing filaments and different material combination. (Yi Wei, et al, 

2019). Besides, the printed object will shrink a little due to the concrete material properties and it 

leads to a small difference in size between desired and actual product. 

6.3 XY coordinate compensation 

XY coordinate compensation requires a full point cloud data instead of height data only. In this 

case, some advanced point cloud process approach should be applied, such as point cloud 

registration and reconstruction to gain a multi-dimension property of objects.  

In addition, some detection methods are required to align the printed object with CAD model to 

calculate the scale factor and planar translation.  

6.4 Mechanical structure 

In the current work scenario requires the material cylinder hanging from ceiling and the 
operators to manually adjust the height to avoid interference with the moving robot. Thus, an 

adaptive mechanical structure could be designed to lift the material cylinder according to the 

robot pose. Thereby reducing the number of operators in the work process. 
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APPENDIX A: Gantt chart 
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APPENDIX B: Risk analysis 
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APPENDIX C: Camera initialization code 

import pyrealsense2 as rs 

import numpy as np 

import cv2 

import matplotlib.pyplot as plt           # 2D plotting library producing publication quality figures 

import json 

print("Environment Ready") 

 

# normal configuration 

# the size of depth frame has been set to 640,480 

# the size of color frame has been set to 1280,720 

def camera_intrinsics(): 

    pipeline = rs.pipeline() 

    config = rs.config() 

    config.enable_stream(rs.stream.depth, 640, 480, rs.format.z16, 30) 

    config.enable_stream(rs.stream.color, 1280, 720, rs.format.bgr8, 30) 

    pipeline.start(config) 

    frames = pipeline.wait_for_frames() 

    color_frame = frames.get_color_frame() 

    intr = color_frame.profile.as_video_stream_profile().intrinsics 

    camera_parameters = {'fx': intr.fx, 'fy': intr.fy, 

                            'ppx': intr.ppx, 'ppy': intr.ppy, 

                            'height': intr.height, 'width': intr.width} 

    with open('intrinsics.json', 'w') as fp: 

        json.dump(camera_parameters, fp) 

    return camera_parameters 

 

# color frame size is set as same as depth. 

# return a color_image (640,480,3) 

def get_color(): 

    try: 

        pipeline = rs.pipeline() 

        config = rs.config() 

        config.enable_stream(rs.stream.depth, 640, 480, rs.format.z16, 30) 

        config.enable_stream(rs.stream.color, 1280, 720, rs.format.bgr8, 30) 

        pipeline.start(config) 
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        frames = pipeline.wait_for_frames() 

        color_frame = frames.get_color_frame() 

        color_image = np.asanyarray(color_frame.get_data()) 

     

         

 

        return color_image 

    finally: 

         pipeline.stop() 

         #plt.imshow(color_image) 

         #plt.show() 

 

 

#  return a color_image(640,480,3) and depth_colormap (640,480,3) 

def get_depth_color(): 

    try: 

         

        pipeline = rs.pipeline() 

        config = rs.config() 

        config.enable_stream(rs.stream.depth, 640, 480, rs.format.z16, 30) 

        config.enable_stream(rs.stream.color, 1280, 720, rs.format.bgr8, 30) 

        pipeline.start(config) 

        frames = pipeline.wait_for_frames() 

        align_to = rs.stream.color 

        align = rs.align(align_to) 

     

 

        aligned_frame = align.process(frames) 

 

        color_frame = aligned_frame.get_color_frame() 

        depth_frame = aligned_frame.get_depth_frame() 

         

        color_image = np.asanyarray(color_frame.get_data()) 

        depth_image = np.asanyarray(depth_frame.get_data()) 

        depth_colormap = cv2.applyColorMap(cv2.convertScaleAbs(depth_image, alpha=0.03), 

cv2.COLORMAP_JET) 
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        pc = rs.pointcloud() 

        pc.map_to(color_frame) 

        points = pc.calculate(depth_frame) 

        vtx = np.asanyarray(points.get_vertices()) 

        tex = np.asanyarray(points.get_texture_coordinates()) 

 

         

        return vtx 

    finally: 

         pipeline.stop() 

          

# img = get_color() 

# cv2.imwrite('aruco.png', img) 
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APPENDIX D: Point cloud data process code 

%point_cloud 

import open3d as o3d 

import matplotlib.pyplot as plt 

import L515_init 

import numpy as np 

from copy import deepcopy 

import matplotlib.pyplot as plt 

def normolized(vector): 

    return 

np.array([vector[0],vector[1],vector[2]]/np.sqrt(np.square(vector[0])+np.square(vector[1])+np.sq

uare(vector[2]))) 

 

def record_raw_pcd(name): 

    vtx=L515_init.get_depth_color() 

    npy_vtx = np.zeros((len(vtx), 3),np.float64) 

    for i in range(len(vtx)): 

                npy_vtx[i][0] = np.float64(vtx[i][0])*1000 

                npy_vtx[i][1] = np.float64(vtx[i][1])*1000 

                npy_vtx[i][2] = np.float64(vtx[i][2])*1000 

    axis_pcd = o3d.geometry.TriangleMesh.create_coordinate_frame(size=500, origin=[0, 0, 0]) 

 

    pcd = o3d.geometry.PointCloud() 

    pcd.points = o3d.utility.Vector3dVector(npy_vtx) 

    o3d.visualization.draw_geometries([pcd]+[axis_pcd]) 

    name = str(name)+'.ply' 

    o3d.io.write_point_cloud(name,pcd) 

    return name 

 

def pcd_trans(name,trans_name): 

    pcd = o3d.io.read_point_cloud(name) 

    axis_pcd = o3d.geometry.TriangleMesh.create_coordinate_frame(size=500, origin=[0, 0, 0]) 

    #rotate 

    R = pcd.get_rotation_matrix_from_xyz((np.pi, 0,np.pi))  

    pcd_r=deepcopy(pcd).rotate(R, center=(0, 0, 0)) 

    #translate 
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    pcd_t = deepcopy(pcd_r).translate((463, 407, 1006), relative=True) 

 

    #correction of normal vector 

    plane_model, inliers = pcd_t.segment_plane(distance_threshold=5, 

                                         ransac_n=5, 

                                         num_iterations=1000) 

    [a, b, c, d] = plane_model 

    orginal_vector =normolized([a,b,c]) 

    target_vector = normolized([0,0,1]) 

    rotation_axis = normolized([orginal_vector[1]*target_vector[2]-

orginal_vector[2]*target_vector[1],orginal_vector[2]*target_vector[0]-
orginal_vector[0]*target_vector[2],orginal_vector[0]*target_vector[1]-

orginal_vector[1]*target_vector[0]]) 

    n = rotation_axis.reshape(-1,1) 

    theta = np.arccos(np.dot(orginal_vector,target_vector)) 

 

    matrix = np.array([[np.cos(theta)+n[0]**2*(1-np.cos(theta)),-n[2]*np.sin(theta)+n[0]*n[1]*(1-

np.cos(theta)),n[1]*np.sin(theta)+n[0]*n[2]*(1-np.cos(theta))],[n[2]*np.sin(theta)+n[0]*n[1]*(1-
np.cos(theta)),np.cos(theta)+n[1]**2*(1-np.cos(theta)),-n[0]*np.sin(theta)+n[1]*n[2]*(1-

np.cos(theta))],[-n[1]*np.sin(theta)+n[0]*n[2]*(1-

np.cos(theta)),n[0]*np.sin(theta)+n[1]*n[2]*(1-np.cos(theta)),np.cos(theta)+n[2]**2*(1-

np.cos(theta))]]) 

    matrix= matrix.reshape(3,3) 

    T = np.eye(4) 

    T[:3, :3]=matrix 

    pcd_c = deepcopy(pcd_t).transform(T) 

    #select point cloud 

    points = np.asarray(pcd_c.points) 

    pcd_c_sel = pcd_c.select_by_index(np.where((points[:, 2] > 50) & (points[:, 2] <200) & 

(points[:, 1] < 700) & (points[:, 0] < 700) & (points[:, 1] >200) & (points[:, 0] >200))[0]) 

    o3d.io.write_point_cloud(trans_name,pcd_c_sel) 

 

 

def read_pcd(name): 

    pcd = o3d.io.read_point_cloud(name) 

    points = np.asarray(pcd.points) 

    return points 
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%write to folder 

import open3d as o3d 

import matplotlib.pyplot as plt 

import L515_init 

import numpy as np 

from copy import deepcopy 

import os 

import time 

import point_cloud 

 

def mkdir(folder): 

    if not os.path.exists(folder+"point_cloud/"): 

        os.makedirs(folder+"point_cloud/") 

        print('point cloud folder created') 

 

def write_to_folder(folder): 

    mkdir(folder) 

    for i in range(10): 

        point_cloud.record_raw_pcd(folder+"point_cloud/"+str(i+1)) 

        time.sleep(3) 

        point_cloud.pcd_trans(folder+"point_cloud/"+str(i+1),folder+"point_cloud/"+str(i+1)+'t') 
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