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Abstract 
 

Laser Directed Energy Deposition (LDED) is one of the advanced manufacturing technologies for 

building near-net-shaped engineering components in a layer-by-layer fashion using high-power 

lasers as an energy source. LDED using powder feeding (LDED-PF) is widely used due to its 

higher dimensional accuracy and ability to build fine features. The quality and performance of 

LDED-PF-built components are dependent on several factors such as process parameters, process 

conditions, feedstock properties, system configuration, tool-path generation, etc. Among the 

above, trajectory control is one of the emerging and active areas of research. Generally, trajectories 

are developed offline for printing the parts. However, some of the major challenges involved in 

conventional trajectory development for LDED-PF are the propensity for collision between the 

deposition head/ nozzle and the part being built and challenges in building components with 

variable overhang.  

The major goal of this work is the development of adaptive trajectory control of the LDED-PF 

process using online and offline techniques to build high-quality components. The work involves 

the offline trajectory development to build complex-shaped components with variable overhang 

angles by considering collision between the nozzle head and the part; adaptive layer thickness for 

higher dimensional accuracy. In addition, the work is extended to the development of online and 

intermittent trajectory control using a combination of in-situ surface quality monitoring and 

machine learning technique. 

Offline trajectory planning is performed for two complex-shaped geometries such as a 

hemispherical dome and a bent pipe. Offline adaptive trajectory planning for hemispherical dome 

involves the development of an algorithm including the deposition parameters with variable 

overhang and collision checking, while the trajectory planning for building bent pipe structures 
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includes the deployment of adaptive slicing in addition to the collision check and overhang angle 

deposition. To manufacture the dome, the tilt angle is used to avoid the collision between the 

nozzle and previously built material with a condition that the tilt angle cannot exceed the maximum 

allowable overhang angle. The algorithm verifies the tilt angle suitable to build the dome and the 

angle is transferred from the tilt angle to the tilt angle of the rotary table. In order to build the bent 

pipe geometry, the variation in scanning speed is used to realize the adaptive slicing, which aids 

in having point-to-point variable layer height thereby permitting non-parallel deposition. In 

addition, changing the tool orientation during the deposition permits the manufacturing of support-

free bent pipe parts as observed for dome structures. LDED-PF of the hemispherical dome and 

bent pipe was performed using the developed algorithms and the built geometries have good 

dimensional stability and density.  

In the case of online trajectory planning, a novel in-situ monitoring software platform was 

developed for the online surface anomaly detection of LDED-PF parts using machine learning 

techniques. The above starts with the development of a novel method to calibrate the laser line 

scanner with respect to the robotic end-effector with sub 0.5 mm accuracy. Subsequently, 2D 

surface profiles obtained from the LDED-PF built part surface using the laser scanner are stitched 

together to create an accurate 3D point cloud representation. Further, the point cloud data is 

processed, and defect detection is carried out using unsupervised learning and supervised (deep) 

learning techniques. Further, the developed defect detection software platform was used to create 

an online adaptive toolpath trajectory control platform to correct the dimensional inaccuracies in-

situ. It uses a laser line scanner to scan the part after the deposition of the definite number of layers 

followed by the detection of concave, convex, and flat surfaces using deep learning. Further, the 

developed adaptive trajectory planning algorithm is deployed by using three different strategies to 
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control material deposition on concave, convex, and flat surfaces. The material deposition is 

controlled by using adaptive scanning speed, and a combination of laser on-off and scanning speed. 

Subsequently, the built geometries are subjected to geometric, microstructure, and mechanical 

characterizations. The study offers an integrated and complete methodology for developing high-

quality components using LDED-PF with a minimal dimensional deviation from the original CAD 

model.  
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1 Introduction  
 

1.1 Motivation  

 

Metal Additive Manufacturing (MAM), a disruptive technology, is revolutionizing industrial 

manufacturing through a unique combination of shape and material design freedom [1ï3] uses a 

layer-by-layer manufacturing methodology to build metallic components directly from 3D model 

data. MAM is used to build complex-shaped metallic components with overhangs, undercuts, etc. 

that enable the fabrication of lightweight structures for various engineering applications. MAM 

primarily uses wire and powder as feedstock source [4-5].Among them, powder-based MAM is 

the most commonly used technique mainly due to the higher precision. Laser Directed Energy 

Deposition- Powder Fed (LDED-PF) is a MAM process that uses a moving laser heat source to 

create a melt pool on the surface of the substrate/ previously built layer onto which powder is 

added to deposit material as per the desired geometry. The material deposition is carried out in a 

layer-by-layer fashion to build 3D components. LDED-PF is also known by several names such 

as laser metal deposition, direct metal deposition, laser solid forming, laser engineered net shaping, 

etc[6]. LDED-PF permits the fabrication of components with desired density and high performance 

with tailored properties by manipulating the process parameters and conditions [7].  

The quality and performance of LDED-PF-built components are dependent on several factors such 

as: process parameters, process conditions, feedstock properties, system configuration, tool-path 

generation, etc. In LDED-PF, the major process parameters that control the process quality are 

laser power, scanning speed, powder feed rate, shielding gas feed rate, powder particle size 

distribution, working distance, etc [8]. In addition to the above, the slight change in the process 

conditions such as variations in ambient temperature, humidity, etc. can influence the process 
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quality. The quality of feedstock governs the density of the part, mechanical properties, and 

minimum feature size of the LDED-PF built part [9]. The system configuration is significant in 

deciding the amount of design freedom that can be achieved with LDED-PF. 

Among the above, trajectory control is one of the emerging and active areas of research. Generally, 

trajectories are developed offline for printing the parts. However, some of the major challenges 

involved in conventional trajectory development for LDED-PF are the propensity for collision 

between the deposition head/ nozzle and built part and challenges in building components with 

variable overhang. In order to manufacture complex parts with a high overhang angle using LDED-

PF, the nozzle need to rotate to keep tangent to previous layers. This avoids the requirement of 

building support structures for geometries having high overhang angles. However, the above 

introduces the possibility of a collision between the deposition head, the substrate, or previously 

deposited layers. In addition, the trajectory may need to be adaptive to suit the geometry of the 

components with overhangs as it is challenging to build complex components with uniform slicing. 

Another challenge in trajectory development is the lack of dimensional accuracy due to heat 

accumulation and melt-pool overflow [10]. The rapid heating and cooling cycles during LDED-

PF can lead to the induction of residual stresses and consequently distortions in the parts. 

Therefore, it is required to have in-situ process monitoring to understand the deviations in real-

time [11]. Recently, the use of various vision systems including laser scanners, laser line profilers 

and stereo vision cameras are reported in the literature for in-situ assessment of  LDED-PF parts 

[12-13]. Computer vision algorithms have been tested heavily on feature extraction and error 

identification on the LDED-PF parts and they have been proven to detect the surface defects of the 

LDED parts [14]. Subsequently, the prediction of the geometric defects and adaptive trajectory 

development can be used to improve dimensional accuracy. 
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1.2 Objectives  

 

The major goal of this work is the development of adaptive trajectory control of LDED-PF process 

using online and offline techniques to build high-quality components. The work involves the 

offline trajectory development to build complex shaped components with variable overhang angles 

by considering collision between the nozzle head and built part; adaptive layer thickness for higher 

dimensional accuracy. In addition, the work is extended to the development of online and 

intermittent trajectory control using a combination of in-situ surface quality monitoring and 

machine learning technique. This is further used for developing the intermittent repair trajectory 

to improve the surface quality of the LDED parts. 

In order to achieve this goal, the objectives of this research are defined as follows:  

a) Development of collision-free offline adaptive trajectory planning for building components 

with variable overhang angles and characterization of the built parts. 

b) Development of offline trajectory planning using adaptive slicing technique to build parts with 

variable overhangs followed by geometrical and material characterization of the built parts 

c) Development of machine learning technique for in-situ surface quality assessment of LDED-

PF built parts.  

d) Development of an online adaptive tool path platform for LDED-PF and extensive geometrical, 

microstructural, and mechanical characterizations on the built parts. 



4 

 

1.3 Outline  

 

 

This thesis consists of eight chapters. The first chapter includes the introduction, motivation and 

objective of the thesis. Chapter two is dedicated to the short literature review on metal additive 

manufacturing, LDED-PF and adaptive trajectory planning. Chapter three outlines the architecture 

of the in-house developed LDED-PF system, all the experimental process parameters and 

characterization techniques and settings. At the beginning of chapters 4-7, a short literature survey 

related to the objectives of the associated chapter is provided.  

The fourth chapter is a journal article published in the journal of Additive Manufacturing Letters:  

× F. Kaji, A. N. Jinoop, M. Zimny, G. Frikel, K. Tam, and E. Toyserkani, ñProcess planning 

for additive manufacturing of geometries with variable overhang angles using a robotic laser 

directed energy deposition system,ò Addit. Manuf. Lett., vol. 2, p. 100035, 2022, doi: 

https://doi.org/10.1016/j.addlet.2022.100035 1.  

 
1 The copyright permission is provided in the Letters of Copyright Permission section 

https://doi.org/10.1016/j.addlet.2022.100035
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The fifth chapter is a journal article published in the journal of Additive Manufacturing:  

× Farzaneh Kaji, Arackal Narayanan Jinoop, Ali Zardoshtian, Patrick Hallen, German Frikel, 

Mark Zimny, Ehsan Toyserkani, ñRobotic Laser Directed Energy Deposition-based Additive 

Manufacturing of Tubular Components with Variable Overhang Angles: Adaptive Trajectory 

Planning and Characterizationò, Addit. Manuf., vol. 61, 103366, 2023, doi:  

https://doi.org/10.1016/j.addma.2022.103366 2.   

The sixth chapter is a journal article published in the Journal of Manufacturing Processes:  

× Farzaneh Kaji, H. Nguyen-Huu, A. Budhwani, J. A. Narayanan, M. Zimny, and E. Toyserkani, 

ñA deep-learning-based in-situ surface anomaly detection methodology for laser directed 

energy deposition via powder feeding,ò J. Manuf. Process., vol. 81, pp. 624ï637, 2022, doi: 

https://doi.org/10.1016/j.jmapro.2022.06.046 3. 

The seventh chapter is a journal paper submitted to the Journal of Optics and Laser Technology:  

× Farzaneh Kaji, H. Nguyen-Huu, Arackal Narayanan Jinoop, M. Zimny, and E. Toyserkani, 

Intermittent Adaptive Trajectory Planning for Geometric Defect Correction in Robotic  

Laser Directed Energy Deposition-based Additive Manufacturing. 

 

Chapter eight includes the conclusions and future work, Figure 1-1 shows the structure of the 

thesis  

 
2 The copyright permission is provided in the Letters of Copyright Permission section 
3 The copyright permission is provided in the Letters of Copyright Permission section 

https://doi.org/10.1016/j.addma.2022.103366
https://doi.org/10.1016/j.jmapro.2022.06.046
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Figure 1-1: Structure of the thesis 
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2 Literature Review and Background 
 

2.1 Introduction  

 

This chapter provides a brief literature survey in general. Specific and detailed literature review 

will be provided in chapters 4-7. 

2.2 Metal Additive Manufacturing  

 

Additive Manufacturing (AM) is a growing technique for processing polymers, metal, and 

ceramics using layer by layer deposition. It is a direct form of manufacturing to build complicated 

geometries with minimal wastage [17ï19] AM is also a new paradigm for the design and 

manufacturing of high-performance components for medical, energy, automotive and aerospace 

applications [19ï23].   

Among the seven AM processes as per ASTM/ ISO classification, the most commonly used Metal 

Additive Manufacturing processes are Laser Powder Bed Fusion (LPBF), and Laser Directed 

Energy Deposition (LDED) [22].   

2.2.1 Laser Directed Energy Deposition (LDED) 

 

In LDED, a high power laser (e.g., Disk, Fiber, CO2 or Nd:YAG) is used to create a melt pool onto 

which the feedstock material (wire or powder) is added to deposit a layer. The most commonly 

used LDED technique is LDED-Powder Fed (LDED-PF), where the metal powder is injected into 

the melt pool using a powder nozzle in the presence of the shielding gas or inert atmosphere as 

shown in Figure 2-1.  The advantages of LDED-PF include near-net shape manufacturing of high-

value and complicated components, manufacturing of functionally graded materials, in-situ 

alloying, and free-form fabrication [25ï27].  
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Figure 2-1 Schematic of LDED-PF Process 

 

Table 2-1. Comparison of LPBF and LDED-PF Processes 

Feature LPBF LDED 

Material addition Pre-placed powder bed [26] In-situ feeding [24] 

Layer height Micron-scale [27] mm scale [28] 

Surface Finish Medium [29] Low [32ï35] 

Design complexity Unlimited [34] Limited [35] 

Multi -material components Restricted freedom [36] Possible [36-37] 

Overhang Structures Possible [39] Limited [40] 

Support structures Mainly required [41] Mainly not required [42] 

 

Table 2-1 presents a comparison between LDED-PF and LPBF processes. Thus, the major 

advantages of LDED-PF technology are the higher build rate and multi-material freedom. In 

addition, due to its ability to join dissimilar materials, provide large area coating with minimal 

dilution, good metallurgical bond and low distortion levels, the technology has been widely used 

as compared to other joining and coating techniques such as laser welding, thermal spraying, etc. 
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As compared to other DED counterparts such as wire-arc DED and electron beam DED, LDED-

PF has the advantages of better precision and accuracy leading to the development of components 

having dimensions close to the original design, paving the way for near-net-shaped parts [43]. It 

also provides a smaller heat-affected zone and better surface quality. LDED-PF also provides 

opportunities to build free-form complicated geometries using advanced five-axis toolpath 

planning by reducing the time to market for prototyping and new product developments [44-45].  

On the process side, LDED-PF is a non-equilibrium thermodynamic process that entails very rapid 

heating and cooling rates often in the order of the ρπ ὑȾί or even more [46]. The major process 

parameters for LDED-PF are laser power (P), powder feed rate (F), scanning speed (V), and laser 

spot size (d) [47].A diverse set of process parameters coupled with complex heat transfer including 

conduction to the substrate, convection to the surrounding atmosphere, evaporation and radiation 

makes it difficult to understand the effects of process parameters on the overall quality of the 

LDED-PF process individually [48].Thus, combined process parameters such as laser energy 

density (LED) and powder fed per unit length (PFL) are used to correlate the process parameters 

with deposit quality. Equations 2-1 and  2-2 are used to calculate LED and PFL, respectively. 

 

 

ὒὉὈ
ὖ

ὠὨ
 

       2-1 

ὖὊὒ
Ὂ

ὠ
 

2-2 
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2.3 Advantages and Limitations  

 

The various advantages of LDED-PF are as follows: 

a) LDED-PF can manufacture metallic parts with desired density and excellent material 

properties [49].  

b) Compared to traditional welding, LDED-PF can result in lower residual stresses, especially for 

joining dissimilar materials [50]. 

c) LDED-PF can be used to join dissimilar materials by creating a smooth transition in the 

composition of the materials based on the position using the gradient path. This avoids the 

formation of detrimental phases and sharp interfaces, which can increase joint strength and life 

[51].  

d) LDED-PF can be used for multi-axis deposition using 5-axis CNC machines and robotic 

systems, making it possible to deposit the material in different orientations. This can provide 

opportunities to manufacture the components with overhang features without using support 

structures [52]. Robotics systems show great flexibility for LDED-PF since they provide 

additional degrees of freedom, if required. LDED using robotics also provides a larger build 

volume due to the high reachability of the robotic arm. It makes them the best candidate for 

manufacturing large-size components [53].  

Despite all the benefits of the LDED-PF, the process has some limitations. Some of the limitations 

of LDED-PF are: 

a) Being a very rapid thermal process with high complexities, LDED-PF suffers from a lack of 

repeatability [44].  
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b) A significant number of experiments are required for establishing the toolpath efficiency and 

process parameters to achieve the desired density and geometrical stability [54] 

c) For parts with complex features, multiple iterations are required to optimize the process 

parameters for achieving the desired dimensional accuracy and material properties [55]. 

d) The surface roughness and dimensional accuracy of LDED-PF parts are lower than LPBF 

processes mainly due to larger met-pool size and higher energy density [56].  

e) Fabrication of thin wall structures is challenging [57]. 

Therefore, manufacturing parts with desirable dimensional accuracy and material properties is 

time-consuming and expensive using LDED-PF. Thus, modelling techniques such as finite 

element analysis (FEA) and controlled LDED-PF are being used recently to address these issues 

and they are still active areas of research in LDED-PF [58-59].  

2.4 Applications  

 

2.4.1 Near-net shape Manufacturing  

 

One of the main applications of LDED-PF is the manufacturing of near-net-shape components for 

various industries, especially when the application requires hard-to-machine materials. Machining 

hard materials is a slow and costly process. The machining speed can be accelerated, and cost can 

be reduced by using LDED-PF, which aids to build the near-net-shaped component and final 

finishing can be done using traditional subtractive manufacturing. Some examples include the 

development of Titanium brackets for aerospace applications [60-61].  

2.4.2 Large area cladding  

 

Cladding is mainly used to develop a high-performance coating on a part surface with strong 

metallurgical bonding and controlled dilution. Cladding aids to improve the properties of the 
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component by improving its surface hardness, corrosion resistance, wear resistance, oxidation 

resistance, etc. to increase the lifetime of the component [62-63]. Multi -axis cladding using LDED-

PF permits the cladding of the interior surface of pipes and elbows and surfaces that have non-

planar curvatures as shown in Figure 2-2(a).  

2.4.3 Feature Addition  

 

LDED-PF can be used to add features to the existing parts, and it is beneficial when the required 

features are expensive to build using conventional manufacturing techniques. The features can be 

the same material as the substrate, or new material, which is metallurgically compatible with the 

base material [64]. An example of a feature addition application is shown in Figure 2-2(b).  

 

  

 

 

(a) (b) 

Figure 2-2: Applications of LDED (a) Cladding on an SS316 shaft (b) Building features on 

the existing parts 
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2.4.4 Repairing or remanufacturing  

 

Repairing/Remanufacturing is one of the most common applications of the LDED-PF, especially 

in the aerospace and nuclear industries. In the case of high-value components, repairing a worn-

out high-value part is more cost-effective than manufacturing a new part. Some of the main 

examples of repair using LDED-PF are repairing the jet engine gas turbine blade using Ni-based 

superalloys, repairing the manufacturing molds, etc. [65ï67].   

2.5 Challenges and opportunities  

 

LDED-PF has the potential to replace/ compliment conventional manufacturing in several sectors. 

However, the process limitations offered by the technology such as lack of dimensional accuracy 

slow down the wide implementation of the technology. In addition, conventional slicing 

techniques used for trajectory planning are not yet robust enough to support automatic collision 

avoidance and variable layer height deposition. The above techniques are necessary to build 

components with complex shapes and variable overhangs. In addition, during the component 

fabrication, dimensional inaccuracies are introduced by the thermal cycling, acceleration and 

deceleration in turns and corners, and laser and powder stream defocusing. Adaptive trajectory 

planning and control are also required to measure the deviations during the build and develop 

remedial strategies to reduce the dimensional deviations.   

2.6 Summary  

 

In this chapter, LDED-PF process, its advantages, limitations, and application were discussed. This 

research aims to address the limitations of conventional trajectory planning and propose remedial 

measures to build complex geometries with improved dimensional accuracy.  To conquer the 

above-mentioned challenges, an adaptive collision avoidance technique is introduced in Chapter 4 
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and an adaptive slicing algorithm for non-uniform layer height deposition is discussed in chapter 

5.  The dimensional accuracy is addressed by developing a deep learning-based framework to 

detect the geometrical defects in chapter 6 followed by an adaptive intermittent dimension 

correction platform to improve the dimensional accuracy in chapter 7.  
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3 Fabrication and Experimental Methodologies 
 

3.1 Introduction  

 

In the previous chapters, a short literature review is carried out, gap areas are identified, and 

objectives are defined. In the present chapter, a discussion on the powder characterization, LDED-

PF experimental system, process parameters, and characterization system used for the experiments 

are presented.  

3.2 Material  

 

The experiments are carried out by using gas atomized SS 316L powder provided by Carpenter 

Additive. SS 316L powder is mainly spherical with fine satellites attached to the surface of powder 

particles as shown in Figure 3-1(a). The powder particle size distribution obtained from the laser 

particle size analyser is presented in Figure 3-1(b) and the D10, D50 and D90 values 

are 19.66 µm, 29.54 µm and 44.08 µm, respectively. The powder composition is confirmed using 

Energy Dispersive Spectroscopy (EDS) and the elemental composition is presented in Figure 

3-1(c) and Table 3-1. 

  
(a) (b) 
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(c) 

Figure 3-1: SS 316L powder (a) Morphology (b) particle size distribution (c) composition (d) 

material composition 

 

Table 3-1: Composition of SS316L powder 

Element Iron Chromium Nickle Molybdenum Manganese Silicon Cobalt Sulfur 

Mass %  65.23 18.77 11.37 2.13 1.48 0.52 0.35 0.10 

3.3 Laser Directed Energy Deposition -Powder Fed (LDED-PF) system  

 

Figure 3-2: Schematic representation of the in-house LDED-PF system and the flow of material, 

energy and signals 
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Figure 3-2 presents the in-house developed robotic LDED-PF system used for the present 

research work. The main components of the system are listed below: 

a) 6-axis Fanuc M-20iA arm with the repeatability of   πȢρ άά with 2-axis servo positioner 

H875 and a maximum payload of 500 kg. The robot and the servo positioner are controlled 

by R30iB controller.  

b) Micro-Epsilon scanCONTROL 2950-100-BL line laser profiler as shown in Figure 3-3(a), 

mounted on the end effector for scanning the components. It has a measuring range of 265 

mm in the z-direction and 143 mm in the x-direction. The resolution is 18 µm with a 

maximum of 2000 Hz. It is rigidly mounted on the robot 6th axis using a bracket as shown 

in Figure 3-3(b).  

 
 

(a) (b) 

Figure 3-3: (a)The mounted laser scanner sensor on the robot, (b) Laser scanner sensor 

mounting position based on the CAD model 
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c) IPG CW YLS-1000 fiber laser source with maximum laser power of 1 kW, laser beam 

wavelength of 1069 nm and the spot size of 1.2 mm  

d) Dual hopper GTV powder feeder is used to deliver the powder using a carrier gas (Argon) 

to the meltpool 

e) Fraunhofer Coaxial nozzle COAX-14 with 4 powder ports  

f) In-house developed PROERA 3D CAD/CAM software was used for the tool-path planning  

3.4 Robot and Positioner setup 

 

The tilt angel of the nozzle will adversely affect the deposition quality due to the effect of gravity 

on the powder stream in tilted position of the nozzle [68]. The nozzle manufacturer also 

recommends the maximum tilt angel of 15° [69]. The positioner is used to transfer the tilt angel of 

the nozzle to the base plate to overcome the limitation of tilt angel of the nozzle.  

The 2-axis Fanuc positioner is used for periodic positioning of the workpiece for effective reach 

or access for manufacturing processes. Fanuc motion planner provides a coordinated motion option 

which maintains the absolute relative speed between the Tool Center Point (TCP) and the Tool 

frame of the positioner.  

A coordinated motion setup and calibration are required to calculate the position and orientation 

of the TCP of the positioner [70]. Since the positioner is made by FANUC, a known four-point 

calibration method can be used [62]. Once the positioner TCP is found, a coordinated pair is set 

up using the active TCP of the robot. It means that when coordinated motion is used, the TCP of 

the robot (laser focus point) maintains the absolute velocity and position with respect to the TCP 

of the positioner. It simply means that if the positioner is rotated in a particular direction, the laser 

head rotates in the opposite direction. This means to be able to print the parts predominantly using 
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the external axis, the position and orientation of the laser TCP must be calculated and continuously 

get updated to maintain the relative position and orientation with respect to the positioner TCP.  

The position of the TCP in the FANUC H875 is located at the cross-section of the Ὁ and Ὁ as 

shown in Figure 3-4.  The kinematic relationship between the positioner TCP and laser TCP is 

shown in Figure 3-4. The rotation matrix between the positioner TCP and laser TCP can be 

expressed in Equation 3-1, where Ὑ  is the  σ σ rotation matrix between the positioner tool 

frame and the base userframe (which is located at the corner of the substrate), and Ὑ  is the 

rotation matrix between the base userframe and the laser TCP which is computed during the 

toolpath generation process.  

Ὑ Ὑ Ὑ  3-1 

 

Figure 3-4: Kinematic relationship between the positioner and laser TCP 

 

Ὑ  can be presented as Equation 3-2.  
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Ὑ = Ὑ Ὑ Ὑ  3-2 

where, Ὑ  is the rotation matrix between the base user frame and the new frame obtained from 

the rotation of positioner TCP in Ὁ ×Ὁ direction.  

FANUC convention uses the right-hand rule and Euler angles of (u,v,w) which are intrinsic rotations 

around the X, Y and Z axis, respectively, to calculate the reference frames rotation matrix [71]. The 

rotation matrix is then calculated using Equation 3-3.  

Ὑ Ὑ ύ Ὑ ὺ Ὑ ό 3-3 

Ὑ and Ὑ  can be rewritten as Equation 3-4 and Equation 3-5.  

Ὑ =Ὑ Ὁ  3-4 

Ὑ =Ὑ Ὁ  3-5 

The kinematic links of the robot and positioner reside inside the in-house developed toolpath 

planning engine (PROERA 3D), and it is used to compensate for the laser TCP orientation when 

the positioner axes are selected as the priority axes.  

3.5 Process Parameters  

 

Single track experimental trials are carried out by varying the laser power, scan speed, powder 

feed rate, and shielding gas flow rate. The range of process parameters that yielded continuous 

deposition is selected for the study. Table 3-2 presents the range of process parameters deployed 

for the present study. 
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Table 3-2: Process parameters used for the experiments 

Laser power 500 - 800 W  

Powder feed rate 5 - 12 g/min  

Scanning speed (deposition) 4 - 20 mm/sec 

Shielding gas flow rate 10 - 15 slpm 

Laser beam diameter 1.2 mm 

 

3.6 Characterization 

 

3.6.1 Geometrical Analysis 

 

The built parts are scanned using the optical scanner (Make: HEXAGON; Model: AICON 

SmartScan). The scanning was performed using an S-350 mm lens having a field of view of 260 

× 205 mm. Scanning data acquisition was performed using OptoCat 2018R3 software, and the 

point cloud data was converted to an STL file using a triangulation accuracy of 0.005 mm. 

Subsequently, the CAD model and the scanned STL file are imported in PolyWorks|InspectorÊ. 

In order to analyze the geometrical deviation, automatic alignment is performed. The automatic 

alignment aids in aligning the CAD model and STL file and to overlay the CAD model of the 

component with the scanned STL data. To measure the geometrical deviation from the intended 

dimensions, a CAD to the part comparison was performed.  

3.6.2 Density analysis 

 

The samples are hot-mounted, and ground and polished using an automatic polisher (Make: 

Struers; Model: LaboPol-20). The mirror-finished sample surface is observed using a digital 

microscope (Make: Keyence; Model: VK-X250) to check the presence of defects. The density of 
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the samples (ɟ) was measured using the Archimedes density analyzer (Make: GAOTEK; Model: 

GT00WI00ZV) using Equation 3-6.  

”
ὡ ”

ὡ ὡ
 

3-6 

where WD, Ww and ɟw are the dry weight, wet weight, and density of distilled water, respectively. 

The density of each sample was measured three times to obtain the average density values. The 

density of standard SS316L is measured as 7.9 g/cc to calculate the relative density. 

X-ray computed tomography (CT) was performed using a Sub-micron CT Scanner (Make: ZEISS; 

Model: Xradia 520 Versa) to understand the distribution of the pores in the built samples. The 

parameters used for the CT scan are as follows: number of projections: 1601, Voltage: 140 kV, 

and exposure time: 1.0 second per image with the voxel size of 5 - 6 µm. Reconstruction is 

performed using a beam hardening constant of 0.05, and the obtained images were post-processed 

and analyzed in Dragonfly 3.1. 

3.6.3 Microstructure  and Micro-hardness 

 

Further, the polished samples are chemically etched using Kallingôs2 (CuCl2 5gm + HCL 100ml 

+ C2H6O 100ml) reagent to reveal the microstructural features. The microstructure of the samples 

is analyzed using a scanning electron microscope (Make: TESCAN; Model: VEGA3) at an HV of 

15 kV. Microhardness measurements are taken using a Vickers automated hardness tester (Make: 

CLEMEX; Model: CMT) by applying a load of 300 gm for a dwell period of 15 s. 

3.7 Summary  
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In this chapter, powder characteristics, experimental setup, process parameters, and 

characterization tools were presented. The subsequent chapter deals with process planning for 

LDED-PF of components with overhang features. 
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4 Process planning for LDED-PF of components with overhang features  
 

4.1 Introduction  

 

In this chapter, a novel LDED-PF process planning methodology is proposed to build a dome 

structure with variable overhang angles. Overhang structures with different overhang angles were 

built where the maximum angle of 35° can be used to build overhang structures without the process 

and structure compromise. The thin-wall hemispherical dome built using the developed 

methodology shows a maximum deviation of 2% with respect to the diameter of the original CAD 

model data. The study paves a way for building high-value, lightweight thin-walled structures with 

complex cylindrical-based shape (e.g., storage tanks, nozzles, combustion chambers) for 

engineering applications. 

4.2 Literature review  

 

LDED-PF enables the fabrication of lightweight and complex-shaped structures, which requires 

process-specific planning and strategy development. LDED-PF systems often use three-axis or 

five-axis configurations to build intricate components. However, increasing focus on the 

deployment of five-axis configuration is seen recently due to improved freedom to build complex 

shaped components with overhang feature [68ï70]. Overcoming the challenges of overhanging 

features is easier in LPBF compared to LDED-PF due to support material generation [41], 

however, the size of the parts printed using LPBF is limited [75], therefor, 5-axis toolpath planning 

in LDED-PF is used to facilitate the fabrication of large-scale components with overhanging 

features. The five-axis configuration allows the nozzle to remain tangent to the surface, which 

eliminates the need for support structures to build features having a larger overhang angle 

(‌)[76].However, this configuration increases the process complexity and probability of collision 
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between the nozzle and substrate/ previously deposited layers. It is critical to avoid collisions that 

can damage the LDED-PF nozzles as they are costly and collision sensitive. In addition, focusing 

on the overhang features is a critical matter for the LDED and extrusion processes. The evaluation 

of the maximum overhang angle (‌max) is critical and once the ‌ exceeds the maximum limit, the 

structure collapses due to a lack of force balance between gravitational forces, surface tension, and 

capillary forces [77]. Researchers have investigated the fabrication of thin-wall structures with 

overhang features such as dome structures, which is challenging primarily due to the continuously 

changing ‌ in two directions and the chances of collision between the nozzle and previously built 

layers [78]. Kalami et al.[79]. encountered nozzle collision issues while building a dome structure 

and used the geometrical partitioning method for successful fabrication. However, the transition 

region between the partitions shows large surface irregularities, which increases the roughness 

values significantly in these regions [80] . A combination of multi-directional segmentation and 

single-directional slicing was carried out by Xiangping et al. for building overhang structures [81]. 

Prahar et.al developed a novel slicing algorithm to tilt and rotate the build platform to avoid support 

structure using a robotics FDM setup [82].  Thus, the process methodology for building overhang 

structures using LDED-PF is limited to geometrical partitioning or segmentation.  

The literature indicates that there are limited published works available on the development of tool 

paths for building overhang components such as dome structures in a single step. The present work 

proposes a novel approach based on the identification of maximum allowable overhang angle and 

collision detection interactively to directly build the dome structures in a single step, which can 

pave way for building complex and lightweight components using LDED-PF. 
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4.3 Developed Methodology for Dome Structures 

 

LDED can take advantage of 5-axis techniques such as lean (tilt) and lead angles to avoid collision 

between the nozzle and the built parts. It must be considered that the lead angle must not exceed 

the Ŭmax [78] as large values of Ŭ may result in lack of support for melt pool leading to molten 

material collapse. Lean (Tilt) angle is the orientation of the nozzle measured in the plane 

perpendicular to the deposition direction as shown in  Figure 4-1(a), where D is the deposition 

direction, N is the substrate normal vector, and B is the Cross product of D and N. Lean angle is 

defined as the orientation of the nozzle measured in the plane parallel to the deposition direction 

as shown in Figure 4-1(b). When the nozzle tilts in the B-N surface, the angle is called lean (tilt) 

angle, and when the nozzle leans in the D-N surface it is called lead angle. 

To manufacture a dome in a single step using LDED, in this work, the tilt angle is used to avoid 

the collision between the nozzle and previously built material while keeping in mind that the tilt 

angle cannot exceed Ŭmax . In Figure 4-1(c), ὦᴆ is the deposition direction and ὔᴆὴ is the surface 

normal direction to the surface at the point P. The relationship between the ὦᴆ and  ὔᴆὴ is 

ὔᴆὴȢὦᴆ π to ensure that the deposition can be supported fully by the previously built layers. 

However due to partial support from previous layers, the deposition range can be extended as 

shown in Equation 4-1.  

ÓÉÎ‌ ὔᴆὴȢὺᴆ π 4-1 

where, ‌  , a function of  
Ў

Ў
 , is the maximum allowable overhang angle along the deposition 

direction of ὦᴆ, ЎὨ  is the maximum offset value that a new layer can overhang from the previous 

layer without melt pool collapse, and Ўὰ is the layer thickness.  
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Figure 4-1 (d) and (e) presents the schematic indicating the variation in Ŭ in the dome and flowchart 

of the developed methodology, respectively. Initially, the geometry is prepared, which includes 

the creation of a surface model [78-79]. Subsequently, the ‌  is given as the input and the 

starting tilt angle is 0° in the beginning. The input track width and height are used to generate the 

stock model of the deposited material and the collision of the stock model versus the nozzle head 

is performed within the interface of PROERA 3D. If the collision is not detected, the toolpath will 

be generated in the robot native language. If the collision is detected (refer to Figure 4-1(f)), the 

tilt angle will be increased, and the toolpath will be re-generated. This continues until the 

methodology converges to the tilt angle that avoids the collision.  

 

  

(a) (b) 
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(c) (d) 

 

 

(e) (f)  

Figure 4-1: Dome structure using LDED (a) lead angle schematic (b) lean angle schematic (c) 

deposition direction and surface normal (d) Varying Ŭ for a typical dome (e) algorithm (f) 

collision issue 

4.4 Results and Discussion 

 

Figure 4-2(a) presents the schematic of the overhang structures and photographic view of built 

cones, respectively. The overhang cone geometry was built by laying overlapped tracks one over 

the other by shifting the laser spot center as per the required angle. As discussed in the previous 

section, the primary data for developing the methodology is the Ŭmax. It was observed the Ŭmax of 
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35° can be used to build cone structures of height 20 mm without the material collapse as the melt 

pool becomes asymmetrical and collapses when the Ŭ exceeds 35º. This can be mainly due to the 

imbalance between the gravitational forces, viscous forces, and surface tension. The 35º overhang 

will result in an offset value of 0.4 mm as per Equation 4-2 based on the nominal track height and 

a track width of 0.5 mm and 1.5 mm, respectively (obtained from process parameter setting). 

ÔÁÎ‌
ЎὨ

Ўὰ
 

4-2 

Figure 4-2(b) presents the cross-sectional images of cones built with 5-degree, 20 degree, and 35 

degree overhang angle. It is observed that the built structures are crack-free and micro-pores are 

mainly seen along the cross-section. The micro-pores are primarily spherical, with the presence of 

a few irregular pores. The spherical and irregular pores are mainly due to gas-porosity and lack-

of-fusion porosity, respectively. Gas porosity is generated primarily due to gas entrapment inside 

the melt-pool during solidification. It can also be due to the presence of porosity inside the powder 

particles, which are generated during powder manufacturing. These pores get transferred to the 

built part during the fabrication. On the other hand, a lack of fusion porosity is generated due to 

the insufficient bonding at isolated locations due to insufficient heat input and/or unexpected 

disturbances during LDED. An increase in the number of lack of fusion pores are seen with 

increase in overhang angle, which is primarily due to increase in the melt-pool instability at higher 

overhang angles [45-46].  

 

 

 

 



30 

 

 

(a) 

 

5-degree overhang cone 

 

20-degree overhang cone 

 

35-degree overhang cone 

 

(b) 

Figure 4-2: LDED of overhang structures (a) Schematic (b) photographic view 
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Further, the deposition is simulated (refer to Figure 4-3(a)) and carried out as per the required 

machine configuration (refer to Figure 4-3(b)). The algorithm verifies that a tilt angle of 32.5º will 

be suitable to build the dome using the rotary setup. Further, the angle is transferred from the tilt 

angle to the tilt angle of the rotary table. The orientation of the nozzle is perpendicular to the 

previously built layer up to 57.5º and the tilting start at this point. The Ŭ varies from 0 to 32.5º from 

the bottom layers to the top of the dome as shown in Figure 4-3(c). ‌, ‌ , and ‌ shows the angle 

between the normal to the previous layer direction and the nozzle at different curvature angles in 

the dome at different positions. For the initial layers, ɻ is 90º  indicating that the nozzle is normal 

to the previously built layer, while at the top layers ɻ is 57.5Ü and the corresponding Ŭ at the top 

of the dome is equal to ‍ (Maximum tilt angle), which is equal to 32.5º. Figure 4-3(d) presents 

the photographic view of the built dome structure and it can be seen that deposition is uniform 

with reduced surface irregularities as opposed to ones built with partitioning [41][85]. A 

comparison with the CAD model (refer to Figure 4-4) shows the uniform surface quality and good 

agreement with the intended dimensions. The deviation is lower than 0.5 mm at the lower to middle 

layers and the maximum deviation of ~ 1.5 ï 2 (about 2% of the dome diameter) mm is observed 

at the top layers primarily due to the higher degree of overhang.  
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(a) (b) 

 

 

(c) (d) 

Figure 4-3: LDED of dome structures (a) simulation (b) deposition process (c) schematic of 

varying overhang and tilt angle (d) final part  

 

Figure 4-4(a) shows the typical overlay of the CAD model cross section and the scanned data cross 

section. It is observed that the maximum deviation is at the top of the dome printed with maximum 

overhang angles of 32.5 degrees.  


































































































































































































































