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ABSTRACT 
 

Additive manufacturing has earned reputation as an advanced manufacturing method 

capable of making revolutionary impact on the manufacturing sector. It emerged as a rapid 

prototyping method capable of fabricating complex products directly from digital models. In a 

world that has been molded by digitized data over last few decades, additive manufacturing 

progressed harmoniously to become a manufacturing method that spread into various fields. While 

the applications and compatible materials of additive manufacturing are continuously been 

discovered, there has been little change in the process of successive addition of layers of materials 

to produce parts. Fabrication using this common additive method is predominantly carried out 

using planar layers based on its established process plan. 

 The critical impediment of additive manufacturing is the poor quality of products, which 

can be partially attributed to the fixed build direction found in the common planar layering. As a 

result, the parts produced by additive manufacturing have jagged surfaces and lower mechanical 

strength along the build direction. Another problem that contributes negatively to the quality of 

products and the production time is the requirement of additional support structures.  

 The extension of additive manufacturing process to integrate multi-axis manufacturing 

results in production along variable build direction which can open up new avenues for 

improvements. This work studies the scope of multi-axis additive manufacturing in fabrication of 

overhang structures and freeform geometries. Multi-axis processes lack the additive-specific 

facilities and knowledge to address some of the issues holding back the progress of additive 

manufacturing. Hence, a 5-axis additive manufacturing scheme is suggested where the layering 

method and the build path are tailored based on the shape of a freeform NURBS-based 3D model. 

The manufacturing processes are investigated on an additive manufacturing system designed and 

built in the Manufacturing and Automation Research Center (MARC). 

 To digitize and assess the shape of existing physical objects, a new 3D scanner is designed 

with wide viewing space. By acquiring uniformly dense points, the scanner measurements are 

evaluated, and its uncertainty is analyzed. Benchmark geometries are used for both assessment of 

measurement accuracy and optimization of the 3D scanner parameters. Optimization of 



influencing parameters based on the derived 3D scanner model is performed using least squares 

method. A standard measurement analysis is also carried out by uncertainty propagation using 

Monte Carlo simulation.  

  



ÖZETÇE 
 

Eklemeli üretim, imalat sektörü üzerinde büyük ve yenilikçi bir etki yapan geliĸmiĸ bir 

¿retim yºntemi olarak ¿n kazanmēĸtēr. Baĸlangēta, dijital modeller ile doĵrudan kompleks ¿r¿nleri 

imal edebilen hēzlē-prototip oluĸturma yºntemi olarak ortaya ēkmēĸtēr. Son birka on yēlda 

sayēsallaĸtērēlmēĸ verilerle kaplē olan bir dünyada, eklemeli ¿retim eĸitli alanlara yayēlan bir 

üretim yöntemi haline geldi. Eklemeli üretim uygun malzemelerin sayēsē ve uygulanmasē artmēĸ 

olsa da, katmanlarēn baĸarēlē bir ĸekilde eklenmesi konusunda ok yol alēnamadē. Bu güne kadar, 

bu üretim yönteminin uygulanmasē katmanlarēn d¿zenli  olarak üste üste konulmasē ile 

gerekleĸtirilmiĸtir. 

Eklemeli üretimin önündeki en büyük engel, ürünlerin d¿ĸ¿k kalitesidir. Bu d¿ĸ¿k kalite, 

üretimde, katmanlarēn baskēsēnēn tek bir yöne (takēm yönü) sabitlenmiĸ olmasē ¿rünlerin 

kalitesizliĵi ile de iliĸkilendirilebilir. Sonuç olarak, eklemeli imalat ile üretilen parçalar pürüzlü 

yüzeylere ve baskē yºn¿ boyunca daha d¿ĸ¿k bir mukavemete sahip olur. Ürünlerin kalitesini ve 

¿retim zamanēnē olumsuz etkileyen baĸka bir sorun da ek destek yapēlarēnēn gerekliliĵidir. 

Eklemeli ¿retim s¿recini ok eksenli ¿retime entegre etmek yeni alēĸma alanlarēnē ve 

fērsatlarē doĵuracaktēr. Bu alēĸmada, ñoverhangò (sarkētlē) yapēlarē ve NURBS serbest 

geometrilerin üretiminde çok eksenli eklemeli imalat konusunda alēĸēlmēĸtēr. Genelinde, çok 

eksenli eklemeli ¿retim ¿zerine alēĸmalar y¿r¿ten tesisler ve ilgili yazēlēmlar konusundaki 

eksiklikler gºze arpmaktadēr. Bu nedenden ötürü, çok eksenli eklemeli üretimde çok büyük bir 

geliĸme kaydedilememektedir. Bu nedenle, bu alēĸmada katman baskē yºnteminin ve takēm 

yolunun serbest forma sahip üç-boyutlu modelin ĸekline gºre ayarlandēĵē bir ¿retim planē 

önerilmektedir. Üretim ve Otomasyon Laboratuarē'nda (MARC) tasarlanan ve üretilen bir eklemeli 

¿retim yazēcēsē ile bu ¿retim yºntemleri araĸtērēlmēĸtēr. 

Fiziksel objelerin ĸeklini deĵerlendirmek ve dijital ortama geirmek iin geniĸ gºr¿nt¿leme 

alanēna sahip bir ¿ boyutlu tarayēcē geliĸtirilmiĸtir. Düzenli ve yoĵun noktalar elde edilerek 

tarayēcē ºl¿mleri deĵerlendirilmiĸ, belirsizliĵi analiz edilmiĸtir. ¥l¿mlerin doĵruluĵun 

deĵerlendirilmesi ve ¿ boyutlu tarayēcēnēn parametrelerinin optimizasyonu iin referans 

geometriler kullanēlmēĸtēr. Taranacak olan ¿ boyutlu modelleri etkileyen parametreler en küçük 



kareler methodu kullanēlarak optimize edilmiĸtir. Ayrēca, standart bir ºl¿m analizi Monte Carlo 

simulasyonu kullanēlarak belirsizlik yayēlēmē ile yapēlmēĸtēr. 

  



ACKNOWLEDGEMENTS 
 

I will first start by expressing my gratitude to my advisor Prof. Ismail Lazoglu for his 

endless support and motivation in this research, for his tutelage and insightful knowledge in 

manufacturing. Indeed, his vision is behind the advanced research and development going on in 

the invigorating environment of the research center. Gratitude to the other members of my thesis 

committee (Prof. Iskender Yēlgºr and Prof. Murat Sözer) for their comments and suggestions that 

helped in propelling this work.  

I will also like to thank my present and graduated colleagues in the Manufacturing and 

Automation Research Center for the stimulating, inspiring and debatable discussions that helped 

in widening my views on many issues. Special thank goes to Muzaffer Abi for his practical 

expertise and assistance.  

 I will like to also thank my family, who have been altruistically supportive and encouraging 

throughout my studies.  

  



 

TABLE OF CONTENTS 

Multi -axis Additive Manufacturing and 3D Scanning of Freeform Models .................................. 1 

ABSTRACT .................................................................................................................................... 4 

ÖZETÇE ......................................................................................................................................... 6 

ACKNOWLEDGEMENTS ............................................................................................................ 8 

LIST OF FIGURES .................................................................................................................. 12 

Chapter 1 ....................................................................................................................................... 21 

INTRODUCTION ........................................................................................................................ 21 

1.1 Emerging Manufacturing Methods ..................................................................................... 21 

1.2 Potentials of Additive Manufacturing ................................................................................. 24 

1.3 Standardization of AM ........................................................................................................ 27 

1.4 Reverse Engineering Introduction ...................................................................................... 30 

1.5 Motivation and Organization .............................................................................................. 31 

Chapter 2 ....................................................................................................................................... 33 

ADDITIVE MANUFACTURING SYSTEMS ............................................................................ 33 

2.1 History and relevant literature on Additive Manufacturing ................................................ 33 

2.2 Types of Additive Manufacturing Systems ........................................................................ 37 

2.3 Additive Manufacturing Development in MARC .............................................................. 43 

2.3.1 The first-generation AM machine ................................................................................ 43 

2.3.2 The second-generation AM machine ........................................................................... 45 

2.4 Fused Deposition on a Cartesian Machine.......................................................................... 47 

2.4.1 Fused deposition extrusion head .................................................................................. 48 

2.4.2 Composite production by AM ..................................................................................... 49 

Chapter 3 ....................................................................................................................................... 54 



MULTI -AXIS ADDITIVE MANUFACTURING USING EXISTING PROCESSES ............... 54 

3.1 Mechanical Design of Multi-axis AM System ................................................................... 55 

3.2 G-code interpreter ............................................................................................................... 61 

3.3 Multi-axis Additive Manufacturing .................................................................................... 64 

3.4 Simple Path Generation Methods for Multi-Axis AM ....................................................... 68 

3.4.1 Planar Slicing of By Part Decomposition .................................................................... 70 

3.4.2 Application in Roofing Without Support ..................................................................... 72 

3.4.3 Use of Miscellaneous Paths ......................................................................................... 74 

3.4.4 Discussion on the Need for a General Path Planner .................................................... 76 

3.5 Multi-Axis AM for Manufacturing of Overhang Structure ................................................ 77 

3.5.1 Multi-axis AM using 2D build platform ...................................................................... 78 

3.5.2 Additive manufacturing of parts with overhangs......................................................... 80 

3.5.3 Manufacturing and analysis of overhang structures .................................................... 81 

3.5.4 Discussion on results.................................................................................................... 87 

Chapter 4 ....................................................................................................................................... 88 

FIVE-AXIS ADDITIVE MANUFACTURING OF FREEFORM MODELS USING A NEW 

SCHEME ...................................................................................................................................... 88 

4.1 The 5-axis 3D printer .......................................................................................................... 90 

4.2 Path planning ...................................................................................................................... 92 

4.3 Freeform solid representation ............................................................................................. 94 

4.4 Side surface tangent tool orientation along 3D path ........................................................... 97 

4.5 Toolpath for infill .............................................................................................................. 103 

4.6 Evaluation of build angles and kinematic error ................................................................ 112 

4.7 Conclusion and discussion ................................................................................................ 116 

Chapter 5 ..................................................................................................................................... 117 



THREE-DIMENSIONAL SCANNING AND RECONSTRUCTION ...................................... 117 

5.1 Introduction to 3D Scanning and Reconstruction ............................................................. 117 

5.2 Relevant Literature Work on 3D Scanning ....................................................................... 120 

5.3 Three-Dimensional Scanner Design ................................................................................. 124 

5.3.1 Previous Work in MARC .......................................................................................... 124 

5.3.2 First Prototype ............................................................................................................ 127 

5.3.3 Second Prototype ....................................................................................................... 131 

5.3.4 Concluded Design ...................................................................................................... 135 

Chapter 6 ..................................................................................................................................... 150 

THREE-DIMENSIONAL RECONSTRUCTION...................................................................... 150 

6.1 Calibration......................................................................................................................... 150 

6.1.1 Camera Calibration .................................................................................................... 150 

6.1.2 Calibration of lasers, and motion axes ....................................................................... 155 

6.2 Triangulation model .......................................................................................................... 159 

6.3 Laser stripe extraction using image processing: ............................................................... 161 

6.4 Evaluation of Measurements ............................................................................................. 177 

6.4.1 Uncertainty analysis of measured points ................................................................... 179 

6.4.3 Least squares optimization ......................................................................................... 182 

6.5 Mesh Fusion and CAD conversion ................................................................................... 185 

6.6 Conclusion ........................................................................................................................ 187 

BIBILOGRAPHY ....................................................................................................................... 189 

 

 
 



LIST OF FIGURES 

Figure 1: Survey on the impact of various advanced manufacturing method in the next five years 

[7] .................................................................................................................................................. 23 

Figure 2: The future possible outcome of digital supply chain at different level of production [9]

....................................................................................................................................................... 24 

Figure 3: Correlation between technological advancement level and industrial adoption[10] .... 25 

Figure 4: Terminologies used to name Additive Manufacturing .................................................. 28 

Figure 5: Additive Manufacturing roadmap of standards following ASTM/ISO guidance structure

....................................................................................................................................................... 29 

Figure 6: Timeline of Additive Manufacturing progress showing critical milestones[10] .......... 35 

Figure 7:  a) Technology readiness level definition by NASA, and b) TRL values assigned to 

different applicational fields of AM from a keynote CIRP annals paper[34] ............................... 36 

Figure 8: Standard categories of Additive Manufacturing methods ............................................. 38 

Figure 9: List of various Additive Manufacturing equipment manufacturers [37] ...................... 39 

Figure 10: Analysis of the publication trends in additive manufacturing using search of number of 

publications from the year 2000 to 2015 [34] ............................................................................... 40 

Figure 11: Summary of literature works on the study of influencing parameters, their effects and 

optimization [38] ........................................................................................................................... 41 

Figure 12: Overview of IT-classes for various manufacturing processes [39] ............................. 42 

Figure 13: MARC's first generation Additive Manufacturing system setup ................................ 43 

Figure 14: Sample parts produced with first generation machine ................................................ 44 

Figure 15: Second generation AM machine designed in MARC ................................................. 46 

Figure 16: Modified AM equipment for fused filament fabrication showing important components

....................................................................................................................................................... 48 

Figure 17: Tensile test results of fabricated PETG (XT) and composite (XTCF20) compared with 

ABS strength from literature [44ï46] ........................................................................................... 50 

Figure 18: Microscopic image of chopped carbon fibers after deposition showing their alignment 

and length ...................................................................................................................................... 51 

Figure 19: Fractography of broken surface of tensile-test coupon ............................................... 52 

Figure 20: Sample parts fabricated with chopped fiber composite............................................... 53 



Figure 21: Cartesian and Delta designs of AM Systems in a) and b) respectively [58]. 2D print-

head used in commercial machine[59] ......................................................................................... 56 

Figure 22: Design of 2-degree-of-freedom rotation base added to Delta design .......................... 57 

Figure 23: Static  FEM stress analysis of supporting structural components ............................... 58 

Figure 24: Manufactured table base, build support and complete design of the 5-axis 3D printer

....................................................................................................................................................... 59 

Figure 25: 5-axis 3D printer design showing the function of the two-dimensional build platform

....................................................................................................................................................... 61 

Figure 26: Data flow of Marlin firmware G-code interpreter with added functions .................... 62 

Figure 27: Schematic diagram of electronic board showing pins used to control additional motors 

[62] ................................................................................................................................................ 63 

Figure 28: Microcontroller connection terminal pins of sensors and actuators ............................ 64 

Figure 29: Manufacturing of a solid cuboid using two different build directions ........................ 65 

Figure 30: Additive manufacturing of protruding components without the use of supports ........ 66 

Figure 31: Fused deposition modeling print-head showing the build direction and plane ........... 67 

Figure 32: Demonstration of multi-axis AM using two build directions...................................... 67 

Figure 33: Slicing using intersection of part and z-plane ............................................................. 68 

Figure 34: Demonstration of the goal of Multi-Axis AM............................................................. 69 

Figure 35: Demonstration of multi-axis AM using two build directions...................................... 70 

Figure 36: Illustration of how MAAM can be used with planar slicers to 3D-print without supports

....................................................................................................................................................... 71 

Figure 37: MAAM process using planar slicers on divided parts ................................................ 71 

Figure 38: a) An open cuboid to be covered b) and the path of the roofing operation for some layers 

with build direction shown............................................................................................................ 72 

Figure 39: The roofing process with collision detection .............................................................. 73 

Figure 40: Fabrication of a hollow component to demonstrate the roofing process .................... 74 

Figure 41: Generated support structure shown in a cross-section view of the component ........... 74 

Figure 42: Fabrication of a bent/revolved part in (a) and a feature manufactured from combination 

of circular and linear paths in (b) .................................................................................................. 75 

Figure 43: Sketch showing the ultimate 3D curved path desired ................................................. 76 



Figure 44: The constructed Multi -axis additive manufacturing system. b) Sketch showing the 

reference frames of the 3D printer and the 2D base platform where relative motion between the 

frames is achievable ...................................................................................................................... 79 

Figure 45: Definition of a) the slice path and tilt angle used in manufacturing thin overhang 

components, b) overhang angle, and c) slice angle which is equated with the tilt angle ............. 82 

Figure 46: Fabrication of a) overhang part with high slice angle, b) low slice angle overhang using 

5-Axis AM 3D printer. c) CMM measurement of surface deviation of manufactured sample parts

....................................................................................................................................................... 83 

Figure 47: Error distribution at sample points on the top surface of the fabricated overhangs for 

various tilt angles. At the sides where the nozzle turns, there are extra accumulation resulting in 

elevation causing small elevations. The range of deviation in error shrinks when the tilt is 

increased. ...................................................................................................................................... 84 

Figure 48: Plot of average planar deviation on bridge components measured for used slice angle. 

These are the errors of the manufactured surface measured with the desired CAD model of the 

bridging overhangs........................................................................................................................ 85 

Figure 49: Image of sample overhang parts showing bridge, free hanging and roof components. 

Marked regions show the possible occurrence of folds. As the tilt angle is increased, the build 

building condition of the overhang improves, and better parts are produced ............................... 86 

Figure 50:  a) A freeform model where surface is used to generate AM toolpath with fixed tool 

orientation from the local normal b) Error of produced part surface from the designed model in a. 

c)The freeform roof in a is being fabricated on the 5-Axis AM system with 400 tool direction from 

the normal d) A flat roofing overhang components manufactured at 400 e) Error distribution on 

the flat surface of the roof in (d). .................................................................................................. 87 

Figure 51: 5-axis 3D printer design showing actuators and mechanical components of the system

....................................................................................................................................................... 92 

Figure 52: Procedure of representation of a CAD model as organized connected surfaces along 

with the data and function organizational structure ...................................................................... 96 

Figure 53: Alignment and arrangement of surfaces from a freeform model ................................ 97 

Figure 54: Stairstep effect of an ideal part in fig. a is demonstrated on b) planar slicer, c) offset 

surface slicing and d) interior infill and outline (in red) of transition layers ................................ 99 



Figure 55: The algorithm used to generate 3D curves from side surfaces. Connection of edge points 

▬  and ▬  with surface curves is demonstrated. ........................................................................ 100 

Figure 56: Tool orientation along the 3D path applied in manufacturing of impeller blades .... 101 

Figure 57: Two impellers are manufactured, where a) traditional planar slicer is used, b) the blades 

are fabricated using the suggested path. Staircase effects are visible on the top wall of the impeller 

blades on the left. Retraction remnants are also visible on the hub and blade surfaces in a. The gaps 

in the blades of b can easily be filled using methods introduced in Section 3.3 ........................ 102 

Figure 58: : a) The surface (in blue ╛◊ȟ○) obtained by blending the top and base surfaces may 

not fit to the layer outline obtained using methods of Section 3.2. The shape of the blend surface 

needs to be transferred to the new layer ╛ᴂ◊ȟ○ b) Construction of the new surface ╛ᴂ◊ȟ○ by using 

combination of interpolated displacement vectors of the isoparametric curves of ╛◊ȟ○ ........... 106 

Figure 59: For some layers from a model, an illustration of a) Networks curves(NCs) blended from 

T(u,v) and B(u,v) (blue) and the modified NCs (brown) that fit inside the model, b) some transition 

surfaces obtained from the NCs, c) zigzag path drawn on some surfaces .................................. 107 

Figure 60: Outline of stages of path planning from surfaces extracted from a CAD model ...... 107 

Figure 61: a) A sample freeform CAD model to be manufactured. b) Horizontal layer paths used 

in manufacturing the model for comparison. c) The manufactured sample using plan in (b). d) The 

base, top(n=85), 5th and 84th layers with the 5-axis paths showing the layer gap distribution on the 

color scale and the tool directions e) The fabrication instant using the designed 5-axis 3D printer 

showing the infill of the proposed paths of transition layers. f) The final manufactured part using 

plan in (e). ................................................................................................................................... 109 

Figure 62: A sample compound model composed of regional parts is tested using the 5-axis process 

plan to produce sections 2, 3, and 4. The parts 2,3,4 have total of 75, 21 and 17 layers respectively

..................................................................................................................................................... 110 

Figure 63: a) The compound model in Figure 62 is produced by horizontal layer FDM for 

comparison. b) The 5-axis AM method is used to fabricate parts 2,3 and 4. Marked regions show 

the advantages of using the method in this work ........................................................................ 111 

Figure 64: Print-bed that can be oriented to a desired build direction. b) The four possible paths of 

ɗ solution c) Path simulation of the machine path obtained from G-code showing undesirable loops 

d) Reduced error after implementing the patching to the path of Ᵽ angle .................................. 113 



Figure 65: a) Distribution of kinematic error and plot of interpolator trajectory along the deposition 

path of the impeller blade fabricated in Figure 57 b) The patching method using look-ahead 

algorithm. .................................................................................................................................... 115 

Figure 66: Grouping of 3D scanning using different basis ......................................................... 118 

Figure 67: Process of reverse engineering in product development [110] ................................. 119 

Figure 68: Illustration of variables used in estimation of Zhouôs central axis error ................... 122 

Figure 69: Map of some sources of uncertainty in 3D scanner .................................................. 123 

Figure 70: Previous 3D scanning device designed in MARC .................................................... 125 

Figure 71: Processed scan points using the old MARC 3D scanner........................................... 126 

Figure 72: Image showing the new camera and laser used on the old 3D scanner setup ........... 129 

Figure 73: First results obtained from upgrade of the previous 3D scanner ............................... 130 

Figure 74: New design concept to increase the scanning viewing space ................................... 131 

Figure 75: The second prototype with added mobile lasers and lift frame fabricated from Plexiglas

..................................................................................................................................................... 132 

Figure 76: Distortion of the lift frame measured through variation of relative positions between 

points C and S ............................................................................................................................. 133 

Figure 77: Comparative deformation analysis of the camera and laser support frame using different 

materials ...................................................................................................................................... 134 

Figure 78: Alternative design considered for the 3D scanner..................................................... 135 

Figure 79: Components of the 3D scanner shown on the final design ....................................... 136 

Figure 80: Distortion of the final support frame measured......................................................... 138 

Figure 81: Deformation and stress analysis of the final lift frame made from AL7050 ............. 138 

Figure 82: Cross-section showing turntable rotation system ...................................................... 139 

Figure 83: Scanner setup showing relevant geometric axes, calibration grid and other design 

features with front and top views ................................................................................................ 141 

Figure 84: The 3D scanner shown during reconstruction of a knight piece ............................... 143 

Figure 85: Raw image obtained from the image sensor during the scanning of a knight piece . 144 

Figure 86: The centroidal radius of a reconstructed stripe points in (a) is used in controlling step 

angle to maintain uniform spacing between points shown in (b) ............................................... 146 

Figure 87: Two cases where the verical point spacing does not match the horizontal spacing .. 147 



Figure 88: The 3D scanner during scanning where motor drivers and microcontroller are shown

..................................................................................................................................................... 148 

Figure 89: Electronic wiring used by the motor controllers[138]............................................... 149 

Figure 90: Image acuisition GUI for calibration of camera ........................................................ 151 

Figure 91: Calibration pattern that looks like checker board is used along with small dark patch 

used for laser setting. .................................................................................................................. 151 

Figure 92: Detected pixel location of the square corners used for camera calibration ............... 152 

Figure 93: a) Reconstructed calibration patterns at several locations to visualize extrinsic 

parameters. b) Variation of some intrinsic parameters at different focus at stand off distance 

between 50mm to 120mm. c) The reconstructed lasers on the plane of calibrator. d) Computed 

laser beam planes used using reconstructed lines. ...................................................................... 154 

Figure 94: Mean deviation of reconstructed pixel points from the detected points which indicates 

accuracy of the camera model ..................................................................................................... 155 

Figure 95: Sketch showing camera and scanner object frame .................................................... 156 

Figure 96: a) Spin axis of 7 configurations with some calibration planes and center points of 1st 

Lift. b) Measured lift angles from fitted Spin axis data with their confidence interval .............. 157 

Figure 97: Procedure of calibration of the scanner variables using camera, lasers and a planar 

calibration grid ............................................................................................................................ 159 

Figure 98: Pinhole camera model relation between pixel and world position ............................ 160 

Figure 99: Triangulation diagram showing measurable range (MR), field of view, laser 1 plane 

and sample point (X, Y, Z) ......................................................................................................... 161 

Figure 100: laser width resolved as how it appears on the camera ............................................. 162 

Figure 101: Sketch showing measurable range and camera field of view .................................. 163 

Figure 102: Raw red channel image senor signal at two distances showing reflected laser beam

..................................................................................................................................................... 164 

Figure 103: Filter and unfiltered images compared .................................................................... 165 

Figure 104: a) Image shinny aluminum part and b) Image after it is painted ............................. 166 

Figure 105: Reconstruction of rat knee without painting in (a) and with painting in (b) ........... 167 

Figure 106: Local threshold method carried out in a local vicinity window .............................. 168 

Figure 107: Cubic spline fitting of stripe points with and without filling of holes .................... 169 



Figure 108: Demonstration of how artificial texture can be introduced to the reconstructed part by 

over-interpolation ........................................................................................................................ 170 

Figure 109: Omitted portion when applying global thresholding ............................................... 170 

Figure 110: Part on the left, reconstructed using global threshold shows more missing portions 

than the one on the right that is reconstructed using local thresholding ..................................... 171 

Figure 111: Normal estimation from image gradient ................................................................. 172 

Figure 112: Sample point cloud with some normal directions indicated in green arrows .......... 174 

Figure 113: Mesh generation showing polygons at various locations ........................................ 175 

Figure 114: PLY file structure generated using points and normal vectors and the real-time point 

cloud processing application in MATLAB ................................................................................. 176 

Figure 115: Preliminary evaluation of dimensions of reconstructed part ................................... 177 

Figure 116: Monte Carlo simulation of uncertainty propagation showing average sample 

distribution of radial deviation .................................................................................................... 181 

Figure 117: Results of uncertainty propagation in X, Y, Z are shown in plots a, b, and c with 2-

sigma confidence interval marked. The average least squares optimized radial deviation PDF of 

sample points on the sphere is shown in d. ................................................................................. 181 

Figure 118: a) First laser scan fitted on sphere after optimization. b) Painted aluminum specimen. 

c) Second laser scan fitted on sphere after optimization............................................................. 184 

Figure 119: a) Frequency distribution of point radial deviations on sphere. b) Radial deviations of 

scan points on the sphere ............................................................................................................ 185 

Figure 120: a) and b) are the sphere image and its fused mesh respectively. c) and d) are image 

and fused meshes of a knight piece respectively. ....................................................................... 186 

Figure 121: a) Plane and sphere model used for measurement b) Reconstructed model used to 

measure Ds c) Error distribution of plane data ........................................................................... 187 

 

 

 

 

 



NOMENCLATURE 

—:   Rotation angle of a turntable 

‰:  Tilting angle from a turntable 

ὼȟώȟᾀ : The coordinate position from the 3D printer frame 

ὼȟώȟᾀ : The coordinate position from the working-part frame 

ύȟύȟύ : Relative distance displacement between 3D printer frame and working-part frame 

όȟὺ:  

Ὓόȟὺ: NURBS surface defined for parameters ό and ὺ 

ɝὉ:  Amount of filament extrusion on the path of 3D printing 

Ὀ:  Diameter of filament 

ύȡ  Width dimension (usually constant) of deposited raster in additive manufacturing 

ɝὰ:  Layer spacing (variable) at a local path of deposition 

ὲ:  Unit vector representing the direction of the nozzle  

ὸǶ:  Unit vector representing the direction of movement along a path 

SST:  Side-Surface Tangent build orientation 

TSN:  Transition-Surface Normal build orientation 

Ὕόȟὺ: NURBS surface representing the top layer of a freeform model 

ὄόȟὺ: NURBS surface representing the base layer of a freeform model 

ὒόȟὺ: NURBS surface representing a 3D printing layer 

ὒᴂόȟὺ: NURBS surface representing a layer obtained by blending 

Ὠ όȟὺȟὨ όȟὺȟὨόȟὺ: Interpolated displacements using u-curves, v-curves their 

combination 

ὲ:  Build plate orientation in multi-axis additive manufacturing 



ȟȟ: Angles laser plane makes with the camera axis, subscripts show 1st and 2nd lasers 

ὢȟὣȟὤ : Position coordinates in camera frame C 

ὢȟὣȟὤ : Position coordinates in workpiece-object frame S 

ὢ ȟὣ ȟὤ : Relative distance between the camera focal point C and point S. 

ὼȟώ : Pixel location on an undistorted image 

ὪȟὪ : Pixel focal length of camera 

ὧȟὧ : Pixel principal axis location on an undistorted image 

ί:  Scaling factor used in camera calibration 

:  Angle between scan surface and laser beam 

Ὂὕὠ:  Field of View of camera 

Ὑ :  The maximum radius measurable by the scanner 

ὓὙ:  The maximum range of the 3D scanner 

ὍὭȟὮ:  Image definition as a grayscale or binary 

ὬὯȟὰ:  Gaussian kernel used for smoothening 

ὲȟὲȟὲ : Normal vector on a partôs surface  

ὲᴂȟὲᴂȟὲᴂ : Normal vector on a part in the camera reference frame 

όȟόȟό : Array of scanner parameters, subscript represent the laser used 

Ὢ ό ȟὪ ό ȟὪ όȟό : Functions minimized for optimization of scanner parameters 

ICP:   Iterative Closest Point algorithm 

PCA:  Principal Component Analysis 

 



Chapter 1 

INTRODUCTION 

1.1 Emerging Manufacturing Methods  

With the progressive growth in the global economy, manufacturing methods and processes are 

required to be in continuous evolution to cater for the demands of industries and customers. New 

frontiers emerging from research works in manufacturing need to be studied. Only through 

exhaustive investigation into new methods and ideas can the best decisions be made in production 

process selection and planning. With rigorous evaluation of strengths and weaknesses of various 

aspects of upcoming advancements, that are gauged against processes in prevalent manufacturing 

methods, reforms can be made in line with the technological pace. The motivation for research in 

manufacturing is usually the desire for nations to engage in widening the horizon of cutting-edge 

technologies and to keep industries up to date. It is not surprising that governments around the 

globe use increased research funding in manufacturing to bolster industrial production and 

improve competitiveness.  

The direct effect research has on manufacturing output which then impacts positively on 

the economy of nations cannot be overemphasized. The importance of industrial growth is rooted 

and well-established in economic studies to the extent that economic principles have been built 

around the idea. Testing Kaldorôs hypothesis where industrial growth is viewed as the powerhouse 

of economic growth [1,2], the correlation between the growth in production and Gross Domestic 

Product (GDP) is observed. Having attested to the significance of research and development to 

keep up with the best practices in manufacturing industries and possible update of existing 

processes. 

Classical categorization of manufacturing processes proves to be inadequate when it comes 

to incorporation of new methods. Manufacturing processes grouped into casting, forming, 

processes and fabrication [3] are reclassified to accommodate emerging technology [4]. Hence, a 

technology-based classification of manufacturing processes including joining, dividing, 

subtractive, transformative and additive technology groups was suggested [5]. New manufacturing 



discoveries have led to increase in manufacturing flexibility and complexity that challenges proper 

utilization in the settings of conventional industries. 

With progresses and innovations in manufacturing, design for manufacturing and process 

planning are constantly shaped to suit new capabilities. For instance, the advent of wider computer 

aided design (CAD) applications in the development of product has added new tools in design that 

target minimum part count and total cost. Using design for manufacturing, where the full 

information of manufacturing process is incorporated at the nascent stage of product design, 

improvements are observed in production [6]. The benefits of Design for Manufacturing and 

Assembly on the product design level has been shown to decrease cost and time significantly [3]. 

The new concepts and approaches can trigger a revolution in the manufacturing systems with 

regards to product design, information/data organization, process planning, machine shop 

structures and the nature of supply and demand. 

Among the trending advanced manufacturing methods, additive manufacturing (AM) has 

been the most prominent and the dominating method that tailors the perception of the future of 

manufacturing. In a McKinsey report [7] on advanced manufacturing, AM was selected as the 

champion in the reformation of the future of manufacturing. The Figure 1, from the report, shows 

the result of an expert survey on the impact of advanced manufacturing methods in coming years. 

AM is seen to be the most influential considering the pace of development and interest it is 

accruing. Serving as a manifestation of imaginary predictions such as the 3 decades old vision of 

ñprosumerò by the American futurist, Toffler [8], AM  has the potential to place individual and 

private consumers at the center of production of goods making the consumer an integral part of 

the producer. The harmonious way AM integrates to the digital world is part of what makes it a 

modern and a promising new direction.  

Critical factors that forces overhaul and adaptation of present manufacturing systems are 

regulatory pressure, competition in cost reduction, demand for high production rate, increase in 

part complexity, changes in data/process flow and the use of digital modes of demand and supply 

management. 

 



 

Figure 1: Survey on the impact of various advanced manufacturing method in the next five years [7] 

 



1.2 Potentials of Additive Manufacturing 

Additive manufacturing prioritizes the end-user perspective when it comes to production 

because of the more dominant role the consumer plays. Manufacturing industries and AM device 

manufacturers need to assist the user in providing more flexible and direct access to the systems 

or network engaged in production. The center for International Manufacturing [9] analyzed some 

possible future scenarios of digital supply chain of manufacturing are shown in Figure 2. The 

future manufacturing factory is expected to provide unhindered access to inline cloud-based 

designs reconfigurable by multiple users. Within the factory, higher flexibility in design and 

process is also possible through real-time scheduling, the use of flexible automation and digital 

production processes. The digital production processes are compatible with applications like AM 

that supports process monitoring. In addition, full production information regarding production 

lifecycle management (PLM), supply and trade can be made accessible to the consumer. The exact 

nature of how this grow into are not yet certain, but developments have already been observed in 

industry 4.0 and smart industry initiatives. 

 

Figure 2: The future possible outcome of digital supply chain at different level of production [9] 

 



The extent to which AM has been adopted in industries is related to the technological 

readiness of several aspects of the various additive production methods. Figure 3 (adapted from 

AM platform report [10]) shows the degree of industrial adoption of some popular AM techniques 

against the technological advancement level. The ranges delimited for each method represent the 

common applications in industries, hence there could be special applications not covered by the 

chart. The chart also compares the AM methods with some traditional manufacturing methodsð

CNC machining, injection molding and die casting. Methods that have been incorporated in low 

volume or mass production can be considered as approaching the peak of industrial adoption. I 

should be noted that not all the manufacturing methods necessarily go through all the industrial 

adoption. Some methods could only be suitable for low volume production at the peak of their 

adoption. Conversely, methods can be predominantly adopted in mass production rather than 

production in small volumes. The reason for this behavior is mainly due to production cost and 

speed. In processes, like molding, the unit cost of production is low in mass production.  

 

Figure 3: Correlation between technological advancement level and industrial adoption[10] 



The four driving potentials of AM that puts it in competition with present manufacturing 

methods are given by Jiang et al. [11]. The critical factors mentioned are its power for exact 

replication (near net shape) of existing models [12], its improvement on function and weight of 

products [13], the capability for producing individualized products [14]. The forth factor 

enhancing potential of AM is the minimization of dependence on assembly and part count [15]. 

The advantages and benefits of AM are discussed below. 

¶ Production for CAD model to part: The capacity of producing any shape given with limited 

preprocessing and planning make AM the go-to method for fully automated manufacturing 

factory. Compared to other processes, like forging and machining, AM requires less 

breaking up of parts, therefore reducing assembly costs and in some cases, even production 

time is reduced. 

¶ Customized designs: By complementation of AM with reverse engineering, a rapid 

prototyping strategy of generation of CAD model from an existing object, customized 

products can be realized and produced for a specific need with the ease other traditional 

methods cannot afford. Applications are common in the production of medical products, 

obsolete spare components, and the replication of geographical landscapes and artistical 

artifacts. In addition, AM presents are medium where customers can redesign or modify 

their own models without having much impact on the production process. This capability 

has opened up various online marketing avenues capable of making estimates on 

production feasibility, cost and time merely from by analysis of an uploaded design model. 

¶ Function-based fabrication: Customarily, the burden of design decisions laid by how a 

product is going to be produced usually has more priority than how the product will be 

used. Using AM however, the decision on how to produce a part is less significant and can 

usually be give more room for complicated designs. Based on the application and the 

loading conditions of a part, AM filling patterns can be configured. Work on the use of 

topology optimization to generate optimal designs has evolved and major CAD software 

packages have started utilizing it.  

¶ Material usage: Compared to subtractive manufacturing methods, AM does not leave much 

scrap materials. Some AM methods may require additional processing before a used feed 

material can be reused.  



¶ Productivity: The initial material used for AM is the same and does not require preparation 

of blanks or cutting from stock. Consumables used by AM are easier and more productive 

to apply in machines mainly because they are identical. Unlike the use of non-uniform 

molding dies or machining blanks of different sizes, AM uses consumables like powders 

of graded sizes and filaments with uniform sizes. Additionally, use of less part counts, less 

assembly operations and limited human engagement makes AM more efficient. 

¶ Pollution: AM methods contaminate the environment much less compared with other 

methods and does not have as much hazardous release to the environment [16]. The 

demand to reduced pollution and increased government regulations has made industries 

consider using AM. Additive manufacturing of plastics provides means of recycling 

unwanted plastics [17]. AM does not only provide more environmentally friendly 

manufacturing, it also serves as a means of cleaning the environment by recycling of 

plastics. 

 

1.3 Standardization of AM 

In the last 20 years, it has been observed that AM lacks the necessary standards that govern 

other processes. There is a need to have a common understanding between different groups 

associated with AM. The lack of standard in AM is a known fact among experts and work on 

standardization is ongoing. The American Society for testing and Materials (ASTM) and the 

International Standards Society (ISO) have begun work on the certification of AM processes, 

materials and naming.  

Additive manufacturing was originally synonymously referred to as Rapid Prototyping 

(RP) [12] when it was initially conceived as a purely prototyping tool. Several names have been 

used to describe the it; the common ones used to describe AM are shown in the Figure 4. ASTM 

finally selected the name ñAdditive Manufacturingò to represent them. AM is defined officially by 

ASTM 2792-12 as ñthe processes of joining materials to make objects from 3D model data, usually 

layer upon layer, as opposed to subtractive manufacturing fabrication methodologies.ò It is 

important for all the disciplinaries involved with AM to use the same standard vernacular in 

communication for effective transfer of information. The fields involved with AM is vast, 



necessitating the clear uniform language to describe methodologies, processes and materials. 

Fields involved with design, technology, material and information communication need to be 

speaking the same AM languages. The capacity of AM to cut through industries is demonstrated 

in its growth into aerospace, medical, consumer products, automotive and even construction only 

intensifies the need for standardization. These industries will likely drive the future the growing 

manufacturing method [18] 

 

Figure 4: Terminologies used to name Additive Manufacturing 

The two big bodies that oversee the standardization of AM are the ASTM and ISO. In 

2013, the two organizations agreed on collaborating to jointly formulate AM standards [19]. The 

structure is aimed at obtaining a single AM standard to be used all over the world and a common 

standard organizational structure of AM. The organizational structure [20,21] developed (shown 

in Figure 5) provides a common road map to related standards for a specific AM methodology. 

The structure retains consistency and avoids contradictions between standards among countries 

and companies across the globe. Within three hierarchical levels, the map of the AM standards is 

developed.  

The top level, as shown in Figure 5, is for the general standards that covers all processes 

and methods. It contains the terminologies and definitions used in the field to describe the preferred 

names for consistency. The latest version of the standard of terminologies is the ISO/ASTM 52951. 

This standard contains terminologies and testing methodologies covering definitions of systems 

and devices. The terminology standard is complaint with ISO 841. Because AM depends on 



computer numerical control. Most of its standards are made to obey ISO 841. The new AM 

terminologies are designed to complement the ISO 841 to tailor it for AM applications and not to 

overwrite it. The remaining general AM standards are the ISO 17296-2, ISO 17296-3 and ISO 

17296-4. The second standard relates to processes, materials and their requirements. The next 

standard among the general standards is the testing method standard. Here, the specifications of 

the standard test specimen are given with the suggested types of testing. The ISO 17296-4 covers 

the design and data format of AM design files. The standard file format of AM has been the 

STereoLithography (STL) file format which commonly saves object model in the from of 

triangular tessellation meshes. The lack of the representation of texture, color, material and 

substructure features in the STL motivated the development of a new file standard for AMðthe 

AMF file format. The AMF standard is based on the XML coding format. 

 

 

Figure 5: Additive Manufacturing roadmap of standards following ASTM/ISO guidance structure 



 The AM standards go beyond the general terms; there is the second level standards that 

make provisions for standards specific to a process or material. It contains standards for 

consumables, processes and finished parts. The consumables standard covers all necessary 

standard for the feedstock material for a certain AM method and process. The standard covers the 

powder, filament, resins and other material forms used in AM machines. Next is the category-

based standards that covers the guidelines for the all the AM categories described in Chapter 2. 

The last standards in the second level covers the activities carried out on the finished part.  

In the next level, the process standard for a some commonly used material-specific cases 

are given in details. For each material used in an AM method, the material features such as the size 

and composition specification are given. Some processes can accommodate fabrication using 

many materials that require some changes in standards. For instance, Powder Bed Fusion AM 

method can be used to produce both polymers like ABS and metals like titanium; the two materials 

require standard that are related to the Powder Bed Fusion process. The level 3 material standard 

covers these possible variations. The standards for AM processes also have their standards given 

in details in level 3. The details on the standards of testing of process performance and components 

properties are under the level 3 process. Last in level 3, the standards that cover a specific 

application like aerospace and medicine are outlined. The application condition of AM 

components does affect how it should be produced and the type of testing that should be used. 

Using the guidelines provided, up to level 3 standards, the required variation in standards is fully 

applied. 

 

1.4 Reverse Engineering Introduction 

Reverse engineering in this context refers to the generation of CAD model from an existing 

object. The term is u sed light to refer to all the processes involved in the obtaining this model. 

There is usually a measurement device (3D scanner), where points and mesh generation could 

follow. The whole data acquisition, processing, fusion and conversions are enveloped under the 

definition of reverse engineering in this text. To enhance the capacity of AM to produce parts that 

do not have digital models, reverse engineering can be used to generate freeform surfaces that can 

be modeled into CAD and produced by AM. Reverse engineering is a part of rapid prototyping 

tool that is used usually in the design or quality control stage of production.  



Objects can be reconstructed to get a befitting design, for instance in bio-medical 

application where prosthetic limbs need to be customized. Consumer-specific products like shoe 

soles have also being manufactured using reverse engineering [22,23]. Aerial and terrestrial 

scanning is another growing application field of 3D scanning [24,25]. Stripes are made in making 

cars detect the geographic landscape to ultimately create fully automated smart vehicles. 

In this paper, the application of RE considered with emphasis on using it a measurement device. 

It is interesting that RE can be used before and after production of a product for entirely different 

reasons. For new manufacturing methods, coordinate measurement of part may require full surface 

analysis to evaluate the deviation of manufactured parts. The potentials of using optical or non-

contact measurement methodologies in RE for precision measurement of AM parts [26] is one 

critical issue. The conventional coordinate measurement machines are limited in speed; hence, 

there is need for a device that gathers measurement point without the need for mechanically 

touching each point. 

Work on RE in the manufacturing lab was at early stage of verification of concepts. There 

was a laser scanner step-up and point cloud were acquired without a calibration, evaluation nor 

processing of the results. New prototypes of 3D scanner were built and analyzed in this work. Full 

calibration sequence and verification of measured surface accuracy are analyzed. Ways of 

improvement of measurement are also investigated alongside standard uncertainty evaluation and 

testing. The study on reverse engineering is deferred to Chapters 5 and 6 of this dissertation.  

 

1.5 Motivation and Organization 

Among the advanced methods of manufacturing, it is seen that AM has the most promising 

long-lasting effect on the manufacturing structure and facilities used in industries. It has capacity 

of expanding into many applications, as can be seen in its adoption into automotive, aerospace and 

medical fields. The most popular form of AM is the fused deposition modeling (FDM) or fused 

filament fabrication (FFF). Since the expiry of Stratasys patent [27], commercial FDM devices has 

expanded, making it the most familiar method of AM in industrial, educational and business 

settings. As an important method of AM, it still lacks the necessary research work to further its 

wider application and industrial adoption.  



The process planning of AM has been established using common planar slicing and a 

movable fabrication point in three-axis for most of AM methods. Despite drawbacks in such 

systems, the ease and generality of the three-axis systems make them the default AM machines. 

Majority of AM work by solidification or binding of materials that is mainly carried out in a single 

direction. There is benefit in exploring the potentials of multi-directional AM to mitigate some of 

the existing impediments in application of AM.  

In furtherance of work on multi-axis AM, the inadequacy of process planning for non-

planar AM was acknowledge. A method of five-axis AM process planning for a freeform solid is 

suggested and tested by experiments. Without losing the universality of fabrication of parts by 

AM, freeform models are fabricated using new 3D paths aimed at alleviating deficiencies in 

present conventional AM process plan.  

AM ushered in the capacity to fabricate freeform parts that are pre-designed as computer 

model directly. To complement the capacity of AM for objects that are not easily sketched as 

computer models, 3D scanning is also studied. The uncertainty of measured surface using a 

designed 3D laser scanner is evaluated and analyzed. Uncertainties of influencing parameters are 

propagated using the scanner model after optimization of the parameters. 

Chapter 2 discusses the various types AM systems and the brief history of AM in 

Manufacturing and Automation Research Center (MARC). Chapter 3 covers the design of a multi-

axis AM (MAAM) system together with preliminary manufacturing of certain parts. The benefits 

of MAAM system is also demonstrated using those simple geometries. For systematic part 

fabrication directly from a computer model, Chapter 4 introduces five-axis additive manufacturing 

(5AAM). The path and processes used to fabricate a model composed of enclosed solids bounded 

by freeform NURBS are suggested and implemented. Finally, Chapters 5 and 6 cover 3D scanning 

and reconstruction.  

 

 

 

 



Chapter 2 

ADDITIVE MANUFACTURING SYSTEMS 
 

Additive manufacturing (AM) or Three-dimensional (3D) printing has grown continuously 

since its inception in the 1980s. Parts are manufactured by a successive layer-by-layer based 

material deposition directly from a digital design model. Manufacturing of various materials 

ranging from flexible polymers to strong metals can now be realized additively. The most 

ubiquitous AM technique is the fused deposition modeling® (FDM), which relies on the 

malleability of thermoplastics (TP) at low temperature for deposition of molten material to form 

the final part. FDM is significantly cheaper than other AM methods such as SLS/SLM used for 

metals, it is however still mainly confined to mainly fabrication of prototyping components that 

permits less structural applications [28]. The major setbacks of additive manufacturing are bad 

dimensional accuracy, lower production rate, small produced part size and poor mechanical 

properties of manufactured parts [29]. The effects of residual thermal stresses on form and 

dimensional accuracy of the final geometry of the manufactured part becomes very significant for 

large parts. As a remedy, measures are taken to improve uniform cooling and avoid excessive 

thermal gradient in the part by the use of cooling fans and heated bed. Most importantly, the lower 

accuracy and mechanical strength of the AM parts precludes its spread in vast application fields. 

To increase the applications of additively manufactured parts, it becomes necessary to address the 

issues holding back its promise of revolution in manufacturing. 

 

2.1 History and relevant literature on Additive Manufacturing 

The idea of using layered method in fabrication can be dated back to Blantherôs patent [30] where 

it is used for the construction of 3D relief maps by impression on wax mold. The earliest powder 

bed fusion type laser sintering was first described in 1979 through a patent in 1979 by Housholder 

[31]. He suggested binding and solidification of powder using laser heat for selective scanning or 

by using mask. Since the existence of AM depends on the invention and progress recorded in 

computing, it becomes necessary to acknowledge the role played by advancement in computers. 



There was little promise that the early computers (such as Zuse Z3 and ENIAC) could make much 

impact; it was subsequent developments in transistors and microchips that brought higher speed, 

cheaper and small-sized computing systems to the forefront of technology[12]. Some indirect ways 

AM benefits from progress in computers include networking, graphics, processing power and 

machine control[12]. These functions are used in processing data and communicating with 

different entities to fabricate a part. 

Despite earlier patent application on layered methods in topography and photo-sculpture, 

modern additive manufacturing is considered to date back to 40 year ago. The precise starting 

point of AM is rather hard to pinpoint, however there are many activities between 1950 and 1970 

[12]. Notably, the invention by Charles Hull[32] introduced stereolithography(SLA) to the world 

in 1986, which rose to become the first commercialization of AM under the new company, 3D 

Systems. Figure 6 shows the timeline of important milestones in AM. The method of fused 

deposition modeling has its root in 1989 when a group from MIT invented and patented the 3D 

printing process. It became profusely utilized as consumer 3D printing method after the patent 

expired in 2009, making it the most popular AM process to date. AM continues to grow and its 

adoption in industries continue to supplant traditional manufacturing methods. Plans to use AM in 

mass production is underway as popular companies like general electric lead the way for 

implementation of the manufacturing method. Most of the progress in AM has been generally 

directed towards developing from a rapid prototyping method to a direct digital manufacturing 

method. The progress occurred in multiple fields simultaneously. Materials that can be used in 

AM systems have been advanced, processes have been improved and the accuracy, reliability and 

speed of the machines have also improved. These paved the way for commercially successful 

products like the fuel nozzle manufactured using powder bed fusion by GE Aviation[33]. This has 

reduced the amount of wielding on the nozzle part from 25 counts to only 5. 



 

Figure 6: Timeline of Additive Manufacturing progress showing critical milestones[10] 

An important factor that affects the adoption of a technology to the industry is the 

technological readiness level (TRL) of the technology. In an aim to bridge the gap between 

research done in universities, government research centers and commercial industries, America 

Makes gave the TRL in AM a value 4-7. The TRL levels, invented by NASA, are given in Figure 

7a. The TRL serves as a method of estimating technological maturity across different types of 

technology. The readiness level of metal AM in some major application fields are provided in a 

keynote review paper[34], shown in Figure 7b. According to it, laser-based AM has reached the 

high maturity in aerospace, medical and tooling industries.  



 

 

Figure 7:  a) Technology readiness level definition by NASA, and b) TRL values assigned to different applicational 

fields of AM from a keynote CIRP annals paper[34] 

 

Wessel[21] studied the potential of AM in the maintenance, repair and overhaul of existing 

machine parts where powder bed fusion and FDM are selected as the most likely AM method to 

dominate. Polymer FDM is assigned TRL level of 7-9 while Electron Beam Melting (EBM) and 

Selective Laser Melting (SLM) are given pre-production levels (3-7).  

 

 

 

 

 

 



2.2 Types of Additive Manufacturing Systems 

Additive manufacturing is defined as the selective layer-upon-layer based addition of 

material to consolidate a solid part to fit a known computer model .Additive manufacturing has 

evolved into various methods and applications with the trend of explosive growth of around 30% 

since 2010 [35]. Pham et. al. [36] classified AM technologies based on the mode of material 

addition. Initially most AM is carried-out by point-wise material addition and later droplets 

deposition technology in jetting methods introduced the possibility of deposition by array of point 

sources. The improvement from 1D source to array of 1D sources improves the manufacturing 

speed through increased throughput. In furthering this, 2D sources were introduced by the use of 

digital micro-mirrors and high resolution projection [12]. The 2D source, presently used in some 

stereolithography AM systems, is capable of projecting an entire surface at once. There is a 

possibility for a 3D source in the future using something like holographic technology. Phamôs 

classification also demarcates the methods according to the materials usedðliquid, powder, solid 

sheets or molten. The classification proves to be inadequate when classifying new methods such 

as composite extrusion where both particle/solid are deposited with molten material.  

 The AM standards on terminology broached in the previous chapter actually provides the 

standard classification of technologies. AM methods are grouped into seven categories: Vat 

Photopolymerization, Directed Energy Deposition, Material Extrusion, Material Jetting Powder 

Bed Fusion, Binder Jetting and Sheet lamination. Brief descriptions of the categories are given in 

Figure 8. This classification scheme allows new strategies to find their place easily among the 

groups without ambiguity.  

 

 



 

Figure 8: Standard categories of Additive Manufacturing methods 

 

The mentioned categories of AM have been adopted in academia with analysis carried out 

on the bases of the classification. Huang and Leu [37] listed the commercial 3D printing machines 

on the basis of this categories. As indicated in Figure 9, each category has amassed enough interest 

in the private sector to record a number of commercial products.  



 

Figure 9: List of various Additive Manufacturing equipment manufacturers [37] 

 



Upon studying the trend of AM in the academic environment, Figure 10 prepared by 

Schmidt et. al. [34] gives the number of publications from the year 2000. Academic interest in AM 

has been increasing in general with acceleration somewhere around the year 2012. The searches 

investigated in the figure include total AM, AM with laser, Laser Beam Melting (LBM), Laser 

Metal Deposition (LMD), Electron Beam Melting (EBM) and FDM. The publications in FDM is 

seen to overtake LMD and EBM in the last 3 years recorded in the figure. This trend is expected 

to keep up because of the industrialization of FDM and the emerging advancements in composites 

fabrication. 

 

Figure 10: Analysis of the publication trends in additive manufacturing using search of number of publications 

from the year 2000 to 2015 [34] 

 

Mohamed et. al. [38] studied the methods used in optimization of FDM process parameters. 

Methods such as response surface methodology, Taguchi method, full factorial, Artificial Neural 

Network (ANN) and many other methods. The parameters studied in literature are tabulated [38] 

and shown in Figure 11. Majority of the targeted optimized output is related to the surface and 

dimensional accuracy of the produced parts. Accuracy of produced part is indeed an important 



factor in AM. Compared with other manufacturing methods, AM generally exhibits tolerances that 

are on the poor side. 

 

Figure 11: Summary of literature works on the study of influencing parameters, their effects and optimization [38] 

 



The achievable tolerances on systems using various manufacturing methods are tabulated 

by Lieneke et. al. [39], as displayed in Figure 12. The international tolerance grade, IT-classes, by 

ISO 286 standard of AM ranges from 11 to 16. These category of tolerance falls under large 

manufacturing tolerances that are usually useful for production of less rigorous parts. More 

demanding tight tolerance parts need to be produced using subtractive methods that manifest 

smaller tolerance. The large tolerance associated with AM also limits the how small a part can be 

produced.  

 

Figure 12: Overview of IT-classes for various manufacturing processes [39] 

 

 

 



2.3 Additive Manufacturing Development in MARC 

The development of AM system in the Manufacturing and Automation Research Center (MARC) 

were discussed in Bankôs dissertation [40]. The history of the old generation of 3D printing 

research in MARC are obtained from the dissertation.  

2.3.1 The first-generation AM machine 

The beginning of additive manufacturing work in Manufacturing and Automation Research 

Center (MARC) was marked by a TUBITAK research project in 2005. The work targeted design 

of polymer extrusion head for AM. At that time, there was no much facilities developed, hence 

designs and processes decisions have to be carried out comprehensively. The mechanical structure 

designed was built on an open loop control where G-codes are used for communication. The design 

has an XY moving plate upon which Z-axis motor is attached. The extrusion of material was 

achieved by using a syringe controlled by an additional motor on the XYZ moving element shown 

in Figure 13. By the nature of the AM process, part can only be produced as using slurry or material 

paste. 

 

 

Figure 13: MARC's first generation Additive Manufacturing system setup 

 



The first MARC prototype machine was a ς  D machine build as a cartesian positioning 

device. Even though the machine was aimed at delivering sub-millimeter level of tolerance, there 

was no deformation nor dynamic analysis to verify its precision. The work provides an 

introductory investigation of verification of ideas in AM but there are much more areas that require 

more studies to bring the research center at the contemporary level in the advanced manufacturing 

method. Some of the preliminary results obtained from the system are shown in the Figure 14. 

 

 

Figure 14: Sample parts produced with first generation machine 

 

The tool location path was obtained from machining computer aided manufacturing (CAM) 

package. The path is then processed in MATLAB to make it suitable for AM and G-codes are 

developed to construct parts. Signals are transferred by RS-232 interface using serial protocol with 

the aid of microcontrollers and drivers. The machine does not support STL, and hence cannot 

produce many freeform parts. The geometrical complexity of the parts produced is severely 

limited. In addition, having to manually copy codes from one software to another is cumbersome 

and not user-friendly. There was a need to address the major issues with the first-generation rapid 

prototyping system in MARC. 

The important issues observed by Bank[40] are outlined below: 



¶ The temperature gradient in the extrusion head is not easily controllable. There way not 

proper analysis on the melting and the effects of heating. 

¶ The viscosity is too low to allow construction of more complex objects. There is need for 

added layers to be fully supported during fabrication 

¶ The lack of reverse control on extrusion makes material deposition continuous without full 

control on stoppage and taking material back. 

¶ The software used is not for additive manufacturing but for machining. The two methods 

of manufacturing are very different, hence AM requires its own computer-aided software 

support. 

¶ The syringe method used depends on the specific type of polymer used. The material used 

has limited applications; it will be better if a material-independent strategy is used. 

¶ The structure is made out of heavy metal making it unwieldy and not easily carriable. z-

axis is prone to errors. 

 

2.3.2 The second-generation AM machine 

The second-generation 3D printer was designed for the thesis titled ñOpen Architecture 

System for Biomanufacturing of Scaffolds for Tissue Engineeringò by Daulet Izbassarov for 

Masters work in Mechanical Engineering. The system was designed mainly using the RepRapôs 

Fab@Home architecture.  

For portability, the new system is designed from a Plexiglas body that significantly 

decreased the mass of the machine. However, due to the inaccuracies in the Plexiglas cutting 

method (laser cutting) and the inferior structural strength of the material, the second system has an 

unaccounted deformation. Basic machine design was not carried out on the machine. As a result, 

the build plate deforms by couple of millimeters during 3D printing. The alignment of X-axis is 

also questionable since it is done manually and slippage on the back belt can easily cause 

misalignment.  



 

Figure 15: Second generation AM machine designed in MARC 

 

The inherited problems of a syringe extruder head system still persist in the second-

generation. However, the designed new syringe injection head is compatible with different types 

of syringes like 5-, 10- and 20-mL syringes, making it a great improvement on the old system. 

The second-generation machine allows not only injection by pressing in the syringe 

plunger, but also it also permits the withdrawal of the plunger making it possible to relieve pressure 

quickly during deposition. This makes it possible to stop extrusion of material faster. The machine 

was produced to target the biomedical application of AM by attempting to produce scaffolds using 

some sample cell types. 

The second system abandoned the 100MHz 8050 Cyrix microcontroller to apply a 20 MHz 

16F877PIC microcontroller. The new controller allows micro-stepping which coupled with the 2.5 

mm pitch lead screw provided very high resolution of position in X and Y coordinates at the cost 

speed. There is the need for a computer-aided means of producing geometries using G-codes. 



After these AM machines are studied in MARC, the next research in AM focused on the 

use of laser energy in an open-architecture powder bed fusion machine. There were ways study of 

material-deposition AM can be furthered. This dissertation will focus on the used of fused 

filaments in material deposition AM to provide new ideas and test them. 

2.4 Fused Deposition on a Cartesian Machine 

The most ubiquitous AM technique is the fused deposition modeling® (FDM), which relies 

on the malleability of thermoplastics (TP) at low temperature for deposition of molten material to 

form the final part. FDM is significantly cheaper than other AM methods such as SLS/SLM used 

for metals, it is however still mainly confined to fabrication of prototyping components that 

permits less structural applications[28]. The major setbacks of additive manufacturing are lower 

production rate, small produced part size and poor mechanical properties of manufactured 

parts[29].  The effects of residual thermal stresses on form and dimensional accuracy of the final 

geometry of the manufactured part becomes very significant for large parts. As a remedy, measures 

are taken to improve uniform cooling and avoid excessive thermal gradient in the part by the use 

of cooling fans and heated bed. Most importantly, the lower mechanical strength of the AM parts 

precludes its spread in vast application fields. To increase the applications of additively 

manufactured parts, it becomes necessary to address issues holding back its promise of revolution 

in manufacturing.  

Due to the demand of lightweight strong components such as in aerospace and automobile 

applications, specific strength of manufactured parts becomes a critical criterion in manufacturing 

decisions. A unidirectional continuously reinforced thermoplastic composite has been proven to 

exhibit potentially much superior specific strength of around 500Mpa in the fiber direction[41]. 

By tailoring the fiber embedding directions, it is possible to achieve structurally enhanced parts. It 

has been shown that metallic parts can be supplanted by such fiber enhanced TP composite[42].  

It is noteworthy that even though high-performance TPs are already in used in aircraft applications, 

there is still need to study their freeform fabrication and reinforcement by AM since this will 

expand their applicability. 



2.4.1 Fused deposition extrusion head 

The second-generation machine was modified to replace the syringe head with a filament 

extruder, shown in Figure 16. The result of which is makes the device a polymer 3D printer capable 

of printing different materials sold as standard filaments. Since FDM has been studied sufficiently 

in literature and many commercial products and parts are available, there are open source FDM 

components for design, control and planning. Open source RepRap control is used to guide the 

motion of the 3D printer and communicate via serial port to receive position commands. The 

extrusion actuation is carried out using a pinch-roll mechanism to precisely feed or retract the 

filament during AM process. 

 

Figure 16: Modified AM equipment for fused filament fabrication showing important components 



2.4.2 Composite production by AM 

Carbon fiber is used to reinforce parts in the form of powder, chopped fiber or continuous fiber. 

Commercially, there are many continuous fiber preform as sheets and tapes made by braiding the 

fiber into woven structures. The length of the disbursed fiber significantly determines how the 

mechanical property of the resulting composite is enhanced. The theoretical strength expected 

from changing fiber length when perfect bond is assumed at the interface for some critical fiber 

lengths [43]. The reinforced strength seems to converge as the fiber length is increased. Particular 

to additive manufacturing, chopped fibers are added to a thermoplastic matrix to form filaments 

that enable fabrication of stronger parts. Various commercial filaments are sold with chopped fiber 

reinforcement. For this report, an Eastman co-polyester brand Amphora which is blended with 

small fibers by Colorfabb is used as filament. The filament named Colorfabb XT CF20 is loaded 

with no less than 20% carbon fiber. 

Using the new extrusion head, composites of carbon fiber are produced on the cartesian 

3D printer. The carbon fiber (CF) reinforced polymer needs to be characterized to assess the 

improvement in mechanical strength. Using a standard token dimension defined by DIN EN ISO 

527-2 Type 5A, tensile strength is measured. The filament is made from PETG produced from 

pellets made by Eastmanôs Amphora co-polyester that was mixed and winded into filament by the 

company Colorfabb. Two versions, one having 20% volumetric carbon fiber content, are tested. 

The result of the tensile test along XY direction of 3D printing direction are shown in Figure 17.  

 



 

Figure 17: Tensile test results of fabricated PETG (XT) and composite (XTCF20) compared with ABS strength 

from literature [44ï46] 

The chopped carbon fibers tend to align with the deposition direction as shown in the microscopic 

image in Figure 18. The small improvement in tensile strength of the reinforced part sample is 

attributed to this fibers. The estimated fiber lengths are around 50 to 130 ‘ά.  

In general, the strength of the composite improves as the average fiber length is increased. 

The tensile modulus of the composite (Ὁ ) is expected to conform to the rule of mixture where it 

is superposition of the fiber and matrix modulus ὉȟὉ  in proportion of their volumetric content 

assuming there is non-porous sample. Ὁ Ὁὺ Ὁ ρ ὺ , where ὺ is the fiber volumetric 

content. As the fiber content gets high however, the tensile strength is found to decrease. As a 

result, most commercially available short fiber filaments are made with fiber content less than 30% 

due to higher chance of clogging in the printing nozzle. Another reason why higher volumetric 

ratio is avoided is because there is usually not enough thermoplastic resin to encapsulate the fibers.  



In a more recent emergence, interest in embedding continuous fibers using AM techniques 

has surfaced through new startups and a couple of research papers. Continuous fibers provide the 

maximum possible reinforcement. A trademarked 3D printing filament with continuous fiber in 

the core has been developed by Markforged [47] to be used with their FFF 3D printers. Composites 

made using this printer have been shown rival aluminum parts in their specific strength[42]. A 

comprehensive investigation on literature work on fiber reinforced FDM can be found in the 

review paper by Brenken et. al [48]. 

 

 

Figure 18: Microscopic image of chopped carbon fibers after deposition showing their alignment and length 

The study of the fractured surface after destructive test usually reveals some information about the 

part. This fractography study is useful in understanding the dynamic behavior involved during 

breakage. For the tensile test coupons, the microscopic image of the fracture surface shows the 

pulling of fibers from the polymetric matrix, hence the holes in Figure 19. This indicates that most 

of the load applied is carried by the matrix rather than the stronger fibers.  



 Apart from the need for longer fibers, it should be noted that when the tensile test is carried 

out on a coupon that is aligned with the Z-direction of 3D printing the tensile strength is very weak. 

This shows the weak point of fiber reinforcement where strength cannot be tailored in a particular 

direction on the AM machine. The interest in application of new manufacturing innovation in 

composite fabrication has lead to multi-national projects like the Directional Composites through 

manufacturing Innovation (DiCoMI) project[49]. With the inspiration of tailoring local structural 

and physical properties, this study looked into possibilities of applying multi-axis AM in 

fabrication of parts. 

 

Figure 19: Fractography of broken surface of tensile-test coupon 

Despite the bendable build plate of the machine, the following sample parts are fabricated with CF 

reinforcement. An airfoil and sample impeller were tested using the AM setup.  



 

Figure 20: Sample parts fabricated with chopped fiber composite 

 

 

 

 

 

 

 

 



Chapter 3 

MULTI-AXIS ADDITIVE MANUFACTURING USING EXISTING 

PROCESSES 
 

Multi -axis manufacturing which is popular in machining literature, generally refers to 

manufacturing process done with more degree(s) of freedom(s) in addition to the native spatial 

three axis in machining centers. For machining systems, the flexibility of multi-axis machines is 

exploited in production of more complex free-form parts and in improvement of overall machining 

efficiency of parts. The growth in interest and application of it has led to wide research in 

four(five)-axis machining [50] and existence of several commercial multi-axis machining centers. 

On the contrary, most additive manufacturing (AM) is carried out using 3-axis of movement 

leaving multi-axis AM in adequately studied. This is the case for major AM methods, such as fused 

deposition modeling (FDM) and selective laser sintering (SLS). Even though AM is known for its 

ability to fabricate complex geometries, many AM methods are constrained by the need for a 

support beneath each layer [51]. Consequently, in most AM part manufacturing planning, 

overhangs are supported by an additional support structure which negatively affects production 

time, labor and part quality [52]. 

 

Analogous to how the extension of axes of motion in machining can enhanced the machining 

process, AM can also benefit from multi-axis promotion to mitigate some of its inherent 

limitations. Despite being in its primitive stage, multi-axis additive manufacturing (MAAM) is 

shown to eliminate the need for support structures and improve part strength and surface quality 

[53]. Due to the anisotropic property of parts manufactured by AM [45], with the weakest direction 

being along the build direction [54], the possibility of varying the build direction within a part can 

go long way in strength improvement of the part. With the flexibility offered by variable build 

direction in MAAM, the part strength can be tailored to substantially improve the load bearing 

capacity of the part [55]. 



Section 3.1 and 3.2 cover design of a MAAM system and its control. Section 3.3 introduction 

manufacturing of parts using the multi-axis machine. Work on fabrication of simple parts without 

the need for support structure is discussed in Section 3.4. The work on analysis of overhang 

structures and fabrication of freeform overhangs previously published in proceedings of Solid 

Freeform Fabrication is discussed in Section 3.5 [56]. 

 

 

3.1 Mechanical Design of Multi-axis AM System 

Initially, parts were manufactured using a Cartesian 3D printer used for scaffold 

manufacturing as mentioned in Chapter 2. The need for a new design of AM device was realized 

immediately. Apart from the structural and mechanical issues, addition of two extra degrees of 

freedom served as the reason for the new design. From available open source architecture of 3D 

printers, the Cartesian and delta designs were considered. A multi-axis Cartesian system was found 

to be bulky and composed of many connecting members. This is due to the commonly movable 

build platform and lack of space for addition of additional moving components. As a result, the 

delta type design was selected as starting basis for the five-axis machine. Delta design has a fixed 

build plate which is suitable for addition of multi-directionality. The delta design can achieve faster 

linear motions and maneuverability than traditional designs [57]. The actuators in Delta design are 

usually similar and the positioning method is more suitable for 3D curves. Cartesian design, on 

the other hand, usually has faster X and Y motion with slower Z motion making it particularly 

featured for horizontal motion. The common target speed for AM is between 20 to 100 mm/s with 

build volume that can contain a cube of length 100 mm. 



 

Figure 21: Cartesian and Delta designs of AM Systems in a) and b) respectively [58]. 2D print-head used in 

commercial machine[59] 

 



The needed degrees of freedom could be attached to extrusion head or the base. In other 

words, either the tool is given additional axis of motion or the otherwise rigid base is made to 

rotate. It can be observed that positional freedom is already achieved in 3D printing, but rotational 

motions are restricted. To avoid adding load to the delta arm, two rotational motions are introduced 

to the base plate. In the other case, the added rotational motions can be given to the print-head 

instead of the print platform as shown in the commercial gantry in Figure 21c. Decision on adding 

motion to the platform rather than the print-head is based on both simplicity [57] and concern of 

added load on the parallel arms. Besides, keeping the nozzle aligned with gravitational acceleration 

assists in material deposition.  

After several considerations on application, manufacturing and feasibility, the following 

design having movable build is suggested for the two degree of freedom requirement. 

 

 

Figure 22: Design of 2-degree-of-freedom rotation base added to Delta design 



 

 

 

 

Figure 23: Static  FEM stress analysis of supporting structural components 

 

A planetary gearbox attached to 3Nm stepper motor with backlash less than 0.250 powers 

the tilting of the base. As for the azimuthal axis, a 1.2Nm stepper is used connected to a thrust 

bearing which supports the build plate. Static analysis was carried out by finite element analysis 

on critical components for dimensional decisions. With a load of 6 kg (The maximum weight of 

3D printed object is rated to be 4kg ) on the build plate, the stress and deformations of the support 

structures are checked using stationary analysis in COMSOL multi-physics. The results are shown 



in Figure 23. Fine meshes are used with the assumed fixed boundary condition at the location of 

integration with the system. 

The base, build plate, and vertical supports in Figure 24 are manufactured from aluminum 

7075 using CNC milling machine center. The detailed manufacturing process of the parts are 

carried out in Unigraphics CAD/CAM environment. Frame is made from aluminum profile and 

parallel arms are cut from carbon fiber tubes. The complete design of the printer is shown in Figure 

25 below. 

 

Figure 24: Manufactured table base, build support and complete design of the 5-axis 3D printer 



 

Delta type 3D printers, along with other common 3D printing designs, are capable of 

manipulating 3D printing nozzle only in the translational axes X, Y and Z. The build direction 

which is along the nozzle deposition direction is usually fixed in the Z direction for such 3-axis 

systems. Confined by the constant build direction, the scope of AM is diminished to the 

incorporation of only Z planar deposition paths. In this study, a 3D printer inspired by the described 

delta-type concept is designed with two additional degrees of freedom resulting from the rotation 

and tilting of the print-bed, as shown in Figure 25. The print-bed rotation about C axis is controlled 

by the motor attached to the base of the bed platform. The second rotation, about B axis, permits 

tilting of the whole print-bed via a belt that is linked with a planetary geared motor. The designed 

printer has a cylindrical working space of about 210mm diameter and 200mm height.  

Expansion of 3D printing tool movement with respect to the workpiece beyond 3-axis unleashes 

new possibilities in toolpath design. In literature, 5-axis AM system with two additional rotational 

have been tested. Yerazunis et al. [55] added an AB type rotary table to a 3D printer where 

manufacturing of hemispherical pressure cap is studied. Shen et al. [60] utilized an interference-

free nozzle in 5-axis AM to test surface guided offset toolpaths for different modes of 3D printing. 



 

Figure 25: 5-axis 3D printer design showing the function of the two-dimensional build platform 

 

3.2 G-code interpreter 

From the open source GRBL project of CNC G-code interpreter in 2011, the open source 

community has developed a firmware called Marlin that works with many 3D printers and control 

boards. Communication is established via serial port protocol and commands are sent from any 

applications that support serial communication.  The commands are in the form of G-codes and 

control position, temperature, end-stops, feed and filament extrusion. These are processed by a 

microcontroller like Atmel atmega2560.  

Marlin firmware accepts G-code commands, parses them and stores them in a command buffer. 

Each command in the buffer is redirected to subroutines that handle the G-code. For the new device 



created, new G-codes routines are added to the module. ñG6ò and ñG7ò commands are accepted, 

parsed and stored to the buffer. G6 commands takes rotation values of the base table together with 

amount of filament extrusion. G7 accepts all the 6 motor commands and redirects them to G1 and 

G6 commands. How the motors are driven is controlled by stepper planer where a trapezoidal 

acceleration profile is found for a given feed rate. 

 

Figure 26: Data flow of Marlin firmware G-code interpreter with added functions 

 

Having designed and assembled the 3D printer, it is necessary to control the motion of the 

nozzle and print-bed. Just like in computer numerical control (CNC) systems, there is need for a 

central control unit, where all the actuation and sensory signals are processed. In 3D printing 

jargon, the control unit is synonymous to a microprocessor board with an installed compatible 

firmware software. ATmega2560 microprocessor loaded with a designed software based on the 

opensource framework, Marlin firmware [61], is used in this work. Since the original firmware 

only supports 3-axis 3D printers, new submodules are programmed to extend it to support 5-axis 

functions. Figure 26 shows the simplified data flow in the control unit. The commands are 

classified and added to the command buffer for queuing and redirection to the motion planner. The 

motion planner mixes the required motion steps of each motor smoothly and the pulse signals are 



sent to the motor drivers. New G-code commands, G6 and G7, are introduced to handle 2D rotation 

of the build platform. The control unit supports only positional and orientational commands in the 

joint space of the machine. Therefore, the required transformation of 3D printing path is carried 

out in the post-processing stage (before generation of the G-codes) because the control unit cannot 

handle complex calculations with the required speed. More details on the computer-aided 

manufacturing and post-processing are provided in Chapter 4. 

 

 

Figure 27: Schematic diagram of electronic board showing pins used to control additional motors [62] 

 

RepRap Arduino Mega shield is used to as a control board where auxiliary pins for LCD 

screen are used to control the two additional motors. The connection points with the motor drivers 

and sensors are given in Figure 28. For most of the additive manufacturing tasks, G-codes are 

generated from Rhinoceros CAD software where an AM plugin is designed to process digital 

models and provide path files. The details on path planning is covered in Chapter 4. 

 



 

Figure 28: Microcontroller connection terminal pins of sensors and actuators 

 

3.3 Multi-axis Additive Manufacturing 

The traditional 3D printing can only deposit material unto plane with the same axis along the tool. 

With the 5-axis additive device, the part being manufactured can be oriented and materials can be 

deposited in other configurations. Some of the advantages of multi-axis additive manufacturing 

are explored by manufacturing simple parts shown in this section. Features of multi-axis AM such 

as ability to print on multiple planes, on freeform surface and 3D print of bend parts without 

supports are demonstrated in each figure. 



 

Figure 29: Manufacturing of a solid cuboid using two different build directions 

 

Figure 29 shows the ability to produce parts on different build directions. Another simple 

demonstration of the MAAM is in its application in fabrication of overhang parts. The part shown 

in Figure 30 will normally require support, but since the build direction is variable, it can be 

produced directly. 



 

Figure 30: Additive manufacturing of protruding components without the use of supports 

 

For a complete MAAM system, it is required to construct the 3D printer, evaluate its 

kinematics, program the numerical controller to listen and interpret commands, and finally design 

the path planner. Each of the mentioned requirements can be set out as an individual scope of 

research. The 3D printer used in this work is designed to perform fused deposition AM process, 

depicted in Figure 31. As shown in Figure 32, the gantry that carry the deposition print-head is 

constructed from RepRap Delta design concept[63] with the addition of tilting and rotation of the 

build platform. Additional details on the specific computer-aided design, kinematics and controller 

are discussed in Chapter 4. This chapter will concentrate on how the MAAM 3D printer can be 

used in manufacturing specific parts that cannot be produced on normal planar 3D printers without 

support structures. 



 

Figure 31: Fused deposition modeling print-head showing the build direction and plane 

 

 

Figure 32: Demonstration of multi-axis AM using two build directions 



During planar AM, the boundaries of successive layers do not have to be precisely 

vertically aligned. Depending on the layer spacing and the wall thickness, it is possible for the 

boundaries to slant away from the vertical to some extent. This slant angle popularly termed 

overhang angle is critical for a successful AM process. For both FDM and SLS, a typical overhang 

angle not exceeding 450 is usually permissible[45,64,65]. Support structures are usually generated 

before or during slicing of parts. Regions on the part that protrude by an angle greater than the 

critical overhang angle must therefore be supported. 

For the Subsections 3.4 and 3.5, ways of fabricating parts with changing build direction will be 

investigated. Simple parts whose path can be formulates easily are demonstrated in Section 3.4. 

Section 3.5 looks into the fabrication and analysis of overhang structures. The complete process 

of fabricating freeform models using 3D curves will be discussed the next chapter.  

3.4 Simple Path Generation Methods for Multi-Axis AM 

It should be noted that the simple paths do not provide a solution to Multi-Axis process planning 

and a more general solution is necessary. All the parts manufactured using the 5-axis AM in this 

section (Section 3.4) are planned were planned manually using MATLAB  where 3D line segments 

are generated and written into G-code command files. The final geometry is not known nor defined 

initially. This method is time consuming and almost impossible for complex parts. There is a need 

for a path planar that generates 3D curve paths that when followed through can produce a known 

CAD file. For traditional planar 3D printing, slicing is done obtain intersection of STL files with 

XY planes at z-positions as shown in Figure 33. 

 

Figure 33: Slicing using intersection of part and z-plane 



3D paths can be obtained based on the final surface form of the part. The paths can be 

designed to follow paths that ensure that the final deposition on the surface is normal to the path. 

An idea on how this kind of path should be is provided in Figure 34. This minimizes discontinuities 

on the final part surface and eliminates staircase effect. 

 

Figure 34: Demonstration of the goal of Multi-Axis AM 

 

This section discusses strategies that can be used to apply simple paths to fabricate parts 

using the designed Multi-Axis AM system. By combining pre-existing methods and using simple 

intuitive patterns of toolpath, the capacity of MAAM is studied.  

 

 



3.4.1 Planar Slicing of By Part Decomposition 

The usual fused deposition AM can only eject molten filament in a uniaxial direction, 

leading to parallel deposition planes. The 3D printing paths are therefore in a stack of parallel 

layers that are generated by planar slicers[66].  In this section, the ability of MAAM to produce a 

part using more than one build direction is demonstrated using a part that is divided into two and 

sliced with the usual slicer. A diagonally split cuboid is sliced horizontally at the lower portion 

while the top part is sliced diagonally. While the first part is 3D printed with zero tilt, the second 

is manufactured on the first part at a tilt angle of 26.570 when the diagonal surface becomes 

perpendicular to the build direction as shown in Figure 35. 

 

Figure 35: Demonstration of multi-axis AM using two build directions 

 

Using the same rationale mentioned above, it is possible to fabricate parts that will usually 

require support such as the part shown in Figure 36a without any support. The part to be fabricated 

needs to be dissected into smaller parts, where each of the trimming planes serves as a build 

direction. With respect to each of the build directions, there should not be any overhang exceeding 

the critical overhang angle in each of the divided parts. 

 

To avoid using the supports shown in Figure 36, the part is divided into 5 regions. Each of 

the region is to be fabricated in a suitable build directionðwhich must start from the build platform 

direction. The subdivided parts must be transformed in such a way that the initial plane coincides 

with the horizontal plane of the slicer. Popular open-source slicers such as Cura, Skeinforge and 



Slic3r can generate support structures together with the complete planar path for a tessellated 

model in STL format. Using such slicers, the 3D printing path of each division can be found. If 

the division is done right, there should be no necessity of support when slicing each subdivision. 

Finally, using the path, each region should be 3D printed at the determined build directions. The 

process of MAAM using slicers is summarized in Figure 37. 

 

 

Figure 36: Illustration of how MAAM can be used with planar slicers to 3D-print without supports 

 

Figure 37: MAAM process using planar slicers on divided parts 

 



3.4.2 Application in Roofing Without Support 

In this section, a method of adding a roof over an open 3D printed part will be discussed. Laying 

such roof is not possible on planar AM because the overhang angle of a typical roof is around 900.  

However, when the open part is tilted by some angle, it becomes possible to incrementally fabricate 

the roof component at an overhang angle that is less than the critical overhang angle.  

 

It should be noted that in some cases, even for planar AM, it is possible to 3D print at an angle 

greater than the critical angle. When the gap between two vertical pillars is only a few centimeters, 

a bridging process where small horizontal overhangs are created without support is possible [67]. 

It is therefore possible to carry out a roofing process in planar AM if the opening is small. However, 

for a part with significant size, obtaining good outcome without support requires a multi-axis 

method. 

 

 

Figure 38: a) An open cuboid to be covered b) and the path of the roofing operation for some layers with build 

direction shown 

  

The roofing strategy requires the lid to be separated from the part as illustrated in Figure 

38. A prescribed tilt angle of the print platform should be chosen such that the already 

manufactured portion will not collide with print-head during manufacturing. The roofing process 



starts by using one side of the hole as start layer. Adding a small wedge at one side of the hole is 

found to improve the first layer deposition. The whole process is summarized in Figure 39. 

  

Figure 39: The roofing process with collision detection 

 

With the aid of Rhinoceros® CAD software, geometric data of the roof is used in a 

programmed plugin script to plan the path of the AM. Using this path along with the given tilt 

angle, g-code is generated in the plugin script. The path starts from a layer that is on the wedge 

surface as shown in Figure 40. Subsequent layers are then added until the roof structure is 

complete. It is found that decreasing the speed of deposition, especially around the edges, helps in 

ensuring better binding with hollow part. 

 

If the roofing specimen is fabricated using a planar slicer, the interior of the part will require 

support structure like the one shown in Figure 41.  The proposed roofing method makes it possible 

to manufacture the part without the additional structures. 



 

 

Figure 40: Fabrication of a hollow component to demonstrate the roofing process 

 

 

Figure 41: Generated support structure shown in a cross-section view of the component 

 

3.4.3 Use of Miscellaneous Paths 

There are other ways of multi-axis 3D printing of parts that require support in planar AM. 

Just like the previous methods, these strategies depend on the nature of the part. For some parts 

that are obtainable by revolution or sweeping of a cross-section, the cross-sections can be 

manufactured incrementally at different platform orientation. The platform orientation must be 

changed slowly between consecutive layers so that each cross-section is supported. The way the 



print platform moves determines how the cross-section is swept or revolved. Figure 42-a shows a 

sample revolved part constructed without any support structure.  

It is also possible to make use of non-linear layer paths in multi-axis part construction without 

support. A sample of application of non-linear path is shown in Figure 42-b. A combination of 

linear and circular passes in each layer is used in the MAAM. When making the path, caution must 

be given to the gap between the nozzle and the deposited part especially during the circular pass. 

The nozzle must not jam into the part and the gap should not be greater than a few micrometers. It 

should be observed that since the layers are non-planar, an initial base part needed to be 

constructed. 

  

Figure 42: Fabrication of a bent/revolved part in (a) and a feature manufactured from combination of circular 

and linear paths in (b) 

 

 

 



3.4.4 Discussion on the Need for a General Path Planner 

For the two parts discussed in the previous section, each of the solid part is constructed as a 

byproduct of a sequentially arranged set of 4-axis motion to produce a 3D part by mere intuition. 

In fact, there are many different solid parts that can be manufactured with the 5-axis AM machine, 

but producing their path manually can be difficult. In engineering application, designs are made in 

solid models and there is usually no information on the manufacturing motion path. As a result, 

precedence needs to be given to finding a 5-axis path from a given solid model. The multi-axis 

path can be generated from a collection of 3D curves, as shown in Figure 43. Despite the significant 

progress in multi-axis path planning in machining, path planning needs to be studied for additive 

manufacturing since the two types of manufacturing methods are characterized by different 

constraints. Nevertheless, multi-axis machining literature can still provide some guidance on 

MAAM path planning. 

 

Figure 43: Sketch showing the ultimate 3D curved path desired 

 

 



 

3.5 Multi-Axis AM for Manufacturing of Overhang Structure 

Additive manufacturing (or 3D printing) became a popular rapid prototyping method since 

its beginning in the 1980s. It has since then expanded in application to various fields in engineering 

and sciences. It is now prevalent in the rapid prototyping, biomedical, construction and multi-

functional applications. The most popular AM method is the fused filament fabrication (FFF) 

where molten material is deposited in layers to construct a part directly from a digital model. The 

layers are commonly extracted and filled from a tessellation model called StereoLithography 

(STL). This format represents an approximation of the actual analytical model using triangular 

surface meshes. The inaccuracy in STL files are usually negligible and do not affect the ability of 

AM to fabricate complex parts. Despite the complexity of parts obtainable by AM compared to 

other traditional manufacturing methods, the requirement for each layer to be supported limits the 

types of features realizable. Parts with overhanging structures like branch, roof and bridge 

components may not be directly manufacturable by AM. In such cases, preprocessing is commonly 

carried out by addition of support features to model. The additional support adversely affects 

production time, efficiency and quality of the part [52]. 

An alternative way of 3D printing overhanging features is by reorientation of the part. The 

reorientation is aimed at repositioning the part so that a feature can be 3D printed support-less. To 

evaluate the amount of tilting required, it is relevant to know the overhang angle. The overhang 

angle is the angle by which a layer contour deviates from the vertical build direction. Features that 

deviate from the vertical by an angle greater than a tentative angle of 450 are usually required to 

be supported [45,64,65]. This critical overhang angle serves as the criterion to use in deciding if a 

part can be additively manufactured. By reorienting a part, a new equivalent overhang angle below 

the critical angle can be obtained. However, such reconfiguration needs to be carried out on a 

multi-axis AM(MAAM) system because many complex parts do not have any orientation where 

overhangs can be eliminated. MAAM is not a new concept since it has been utilized in 

manufacturing.  In machining, it improves machining efficiency of freeform parts. Even though 

AM is already compliable with freeform parts, multi-axis benefits has been demonstrated in 

overhang manufacturing [55]. By determination of part orientation for every overhanging portion 



in STL, partitioning method has developed to fabricated in stages at various suitable part 

orientation [68].  

 

There are few studies on application of multi-axis positioning in additive manufacturing. A robot 

arm platform has been used for AM using multi-plane toolpaths [69]. Non-planar slicing paths has 

been developed for MAAM robot to reduce need for supports and improve production time [70]. 

Recently, A new slicing method termed inclined layer printing has been developed to 3D print 

overhang features in uniaxial AM systems [71]. The use of an inclined surface allows AM of 

overhangs beyond the critical slant angle. However, the pressure of compaction during deposition 

is less when the deposition layer is not perpendicular to the build direction. To reposition the 

relative build direction normal to the sliced layer, MAAM can be introduced. Research on MAAM 

is multifaceted comprising of design, control, process planning, path planning and analysis of 

manufactured parts. Most of these categories occupy an entire scope of research. Hence this paper 

will focus on the analysis of overhang features produced by AM. 

 

3.5.1 Multi-axis AM using 2D build platform 

A 5-axis AM system has been developed to facilitate variable axis of fabrication. As stated in the 

previous section, MAAM can be used to change part orientation to avoid unsupported features in 

a model. Figure 44 shows the constructed system where a motorized build platform is attached to 

a 3D printer designed from Delta design concept [63]. The arms carry the print-head, which 

distributes material melted from the filament. The build table configuration is defined by the angles 

— and ‰.   



 

Figure 44: The constructed Multi -axis additive manufacturing system. b) Sketch showing the reference frames of 

the 3D printer and the 2D base platform where relative motion between the frames is achievable 

 

An initial stage in fabrication of a part is the 3D printing path planning. The path is planned 

within the workpiece frame of reference. Since the part manufactured moves with the build table, 

it is necessary to transform each point in the partôs path to a fixed frame P. Equation 1 provides 

the transformation relation from the workpiece frame W to the 3D printer frame P. Where the 

relative position of workpiece origin ὕ with respect to the printer origin ὖ is ộύȟύȟύỚ. 
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The transformed path in P frame is send to the printer control system where actuation takes 

place. The control unit of the 5-axis 3D printer is designed to receive commands of positions X, 

Y, Z, rotations — and ‰ and filament extrusion E. 

 

3.5.2 Additive manufacturing of parts with overhangs 

Complex parts used in various applications can have overhanging regions that necessitates 

the use of support in AM. The setbacks introduced by the supports has led to research in how the 

use of support structures can be minimized. Supports, commonly generated as vertical columns, 

patterns or tree-like structures, are usually minimized to improve AM productivity. Given a design 

model, usually in STL format, regions requiring supports are identified. Bounding regions 

(surfaces and edges for meshes), that incline by an angle greater a critical overhang angle, are 

considered for support generation. Vanek et. al[72] and Mao et.al[73] sampled points at such 

regions to generate support structures. In horizontal AM case where build direction remains fixed, 

studies have been carried out to either modify the desired part to reduce support structure or 

optimize the needed support structures.  

By changing general designed model orientation, using multi-objective optimization, Jibin 

[74] and Pandey et. al.[75] obtained improved part orientation with respect to surface quality, 

support volume and production time. Optimal direction for simple models has also been studied to 

minimize geometric dimensioning and tolerancing errors[76]. Recent studies in design for AM 

have suggested inclusion of support minimization constraint at part design stage using topology 

optimization[77,78]. Hu et. al. investigated shape optimization and transformation of models to 

reduce supports. The design of support structure itself has also been studied. The goal is to use the 

best part orientation and generate the minimum amount of support since fully self-supporting part 

cannot be guaranteed on a uniaxial AM system. 

 

 



3.5.3 Manufacturing and analysis of overhang structures 

With the ability to change part orientation in the making, several types of overhang 

structures are fabricated and analyzed in this section. The instances where the outlines of a model 

slants significantly away from the build direction usually results in rough surface. This is attributed 

to the fact that the new line of deposited material on the outline may be entirely or partially 

unsupported. Figure 45 shows the overhang angle —, slicing angle  —, and the print platform tilt 

angle. Free overhangs (Figure 45b), bridges (Figure 45c) and roof components are studied in this 

paper.  

The lack of research and tools in non-planar slicing has been acknowledged[60,79]. Hence 

most MAAM systems are used to fabricated parts using planer slicers at different build orientation. 

The overhangs need to be identified as explained in the previous section. Moreover, for MAAM, 

the model is required to be partitioned after identification of support requirement. Lee et. al.[80] 

used adjacent layer features classification to label features and partition them into buildable and 

unbuildable regions. In this study, the overhang features are predesigned separately to investigate 

them. A common two-pass printing path is used to fabricate the overhang structures. The path 

obtained directly from the analytical model of an overhang part using a developed Rhino plugin. 

A solid overhang model, in STEP or IGES file format, is first selected. After the starting layer is 

specified, the plugin generates the 3D printing paths.  

 

The three types of overhang parts considered can be constructed in similar matter. It is 

observed that fabrication of bridge components is harder than roof components because roofs are 

supported at the sides. The side supports on roofs makes deposition of each raster easier due to the 

supports on both ends. Also, the free hanging component can be manufactured using similar design 

with the bridge, with elimination of the end wall. Hence, the analysis of overhang structures is 

carried out using the model in Figure 45a. Small variation in the design is used to study roof and 

free-hanging parts. The free-hanging part does not require collision check like the bridge 

component. The filament used is Colorfabb PETG filament of diameter 1.75. Fabrication of the 

base region of the designed model that holds the overhang structures is fabricated using normal 

horizontal AM using Simplify3D® for g-code generation. 



 

Figure 45: Definition of a) the slice path and tilt angle used in manufacturing thin overhang components, b) 

overhang angle, and c) slice angle which is equated with the tilt angle 

The bridge component introduced has an overhang angle of 900. For bridge length greater 

than 10mm[81], there should be added supports to prevent deposition on air. Upon tilting the 

bridge, the effective overhang (—) can be decreased — — —. The tilt angle is chosen to be 

equal to the slice angle. For slice angles ranging from 250 to 700, the bridge component is 

manufactured. 

Figures 46a and 46b shows an overhang fabrication with high and low slice angles 

respectively. While deposited material in Figure 46a rests on a rigid layer, the one in Figure 46b 

hardly touches the bridge with insufficient support. Another issue with low slice angle is the blade-

like ends. The sharp end of the low slice angle bridge makes the supporting structure less rigid and 

less heat dissipative. Hence, for small slice angles, the tip of the bridge during fabrication is fragile 

and neither supports the deposited material nor dissipate the heat away from the nozzle. The top 

surface of the component is analyzed using contact type CMM with Renishaw MH 20 probe of 



1mm diameter, as shown in Figure 46c. It is used to study the form of the bridge surface at various 

slice angle. 

 

Figure 46: Fabrication of a) overhang part with high slice angle, b) low slice angle overhang using 5-Axis AM 3D 

printer. c) CMM measurement of surface deviation of manufactured sample parts 

 

The CMM results of four slice angles are shown in Figure 47. Around 150 points are sampled from 

each surface and the deviations from the expected planar surface are analyzed. From the results 

found, it is observed that it is not only the surface roughness that is affected by slice angle[71], but 

also the overall shape of the surface. The complete results of average deviations from the plane at 

different slice angle is given in Figure 48. 

 

 



 

Figure 47: Error distribution at sample points on the top surface of the fabricated overhangs for various tilt angles. 

At the sides where the nozzle turns, there are extra accumulation resulting in elevation causing small elevations. 

The range of deviation in error shrinks when the tilt is increased. 

 

Some similarities are observed in Figure 47. There a is common dent at the center of the 

bridges and sides of the bridges are raised. Since the bridge parts are thin, the motion of the nozzle 

at the sides carries unsolidified material to form a fold shown in Figure 49. This is what accounts 

for the raised sides. Figure 49 also shows that the folding phenomenon also decreases as the tilt 

angle is increased. It can also be observed that this behavior does not exist on the roof sample 

because of the side walls that increase heat dissipation at the side corners of the roof. For the roof 

sample that is fabricated at slice angle of 400, the average deviation is 0.051mm. This is less than 

all the bridge samples measured. 

 



 

Figure 48: Plot of average planar deviation on bridge components measured for used slice angle. These are the 

errors of the manufactured surface measured with the desired CAD model of the bridging overhangs. 

 

The shape deviation plot in Figure 48 is obtained using repeated measurements from two 

samples of each part at the slice angles. The deviations of the fabricated surface from the ideal 

model are analyzed in MATLAB. 

The higher the slice angle (which is set to match the tilt angle), the lower the effective 

overhang angle, which is expected to produce better surface. The tilt angle serves the purpose of 

changing the partôs altering the build direction on the part. From the work of Zhao et.al.[71], where 

the slice angle and overhang angles are studied, there are combinations of the slice and overhang 

angles that lead to failure in part fabrication. In mentioned the paper, part failures are classified 

into two types. For slice angles that deviate too much from the overhang angle, the mode of failure 

is collapse failure. The other failure mode is the adhesion failure where slice planes deviate from 



the build direction. The adhesion failure is completely resolved by multi-axis AM in this section. 

The collapse failure can be avoided by choosing appropriate slice angles. Introduction of tilt angle 

expands the possible fabrication ranges of the slice and overhang angles. 

 

Figure 49: Image of sample overhang parts showing bridge, free hanging and roof components. Marked regions 

show the possible occurrence of folds. As the tilt angle is increased, the build building condition of the overhang 

improves, and better parts are produced 

The path planning script enables manufacturing of freeform overhang structures as well. 

This is because the AM toolpaths are obtained from the actual overhang geometry surface. For a 

curved surface, a new angle — is introduced as indicated in Figure 50a. The angle defines the tool 

orientation. It is chosen and fixed from the local surface normal direction while maintaining 

perpendicularity with the relative tool velocity vector. An identical two-pass paths are generated 

in each layer using 3D curves on the overhang surfaces. Figure 50b and c show error measurement 

and fabrication of a freeform roof component respectively. The surface normal relative tool 

direction is 400. A flat roof fabricated with the same angle in Figure 50d is shown to have less 

error in Figure 50e. 

 



 

Figure 50:  a) A freeform model where surface is used to generate AM toolpath with fixed tool orientation from 

the local normal b) Error of produced part surface from the designed model in a. c)The freeform roof in a is being 

fabricated on the 5-Axis AM system with 400 tool direction from the normal d) A flat roofing overhang components 

manufactured at 400 e) Error distribution on the flat surface of the roof in (d). 

 

3.5.4 Discussion on results 

The effects of changes in build direction on the shape of overhang features are studied in 

this paper. The slice angle is matched with each build direction to study the effect on the shape of 

overhangs. For an overhang angle of 900, the inclined layer slicing can only be used for slice angles 

between 40 to 50 degrees. However, using a changing build direction, thin overhangs are produced 

with slice angles from 25 degrees and above. It is shown that with the aid of tilting, slice angles 

from 250 angle and above is obtainable using a PETG filament. 

 

Some factors that can affect the test like overhang thickness, printing temperature, filament 

feed rate and speed are kept constant for all the tests. Analytical and numerical thermomechanical 

modeling of the overhang parts can be used to study the part deformations. A good knowledge of 

overhang fabrication without support can improve production time, reduce postprocessing labor 

and decrease material usage. 



Chapter 4  

FIVE-AXIS ADDITIVE MANUFACTURING OF FREEFORM MODELS 

USING A NEW SCHEME 
 

Additive manufacturing (AM) or three-dimensional (3D) printing has grown continuously 

since its inception in the 1980s. Parts are manufactured by a successive layer-on-layer based 

material deposition along paths that are generated directly from a computer-aided design (CAD) 

model. Manufacturing of various materials ranging from flexible polymers to strong metals can 

now be realized additively. AM applications has also proliferated to a wide scope of research 

stretching from nano-scale bio-fabrication to large architectural constructions [82]. The most 

ubiquitous AM method is the fused deposition modeling® (FDM) or fused filament fabrication 

(FFF), which relies on the malleability of thermoplastics at low temperature for deposition of 

molten material to form the solid part. FDM is significantly cheaper than other AM methods, such 

as selective laser sintering/melting (SLS/SLM) used for metals, however, it is still predominantly 

confined to the fabrication of prototyping components [28]. The lack of reliability and consistency 

in material properties and dimensional accuracy hinders the adoption of AM in the rigorous 

industrial production environment [83]. For AM to satisfy more demanding applications, it 

becomes necessary to address the hurdles holding back its promise of revolution in manufacturing. 

To open up new avenues of research, classic uniaxial AM design can be expanded to multi-

axis AM (MAAM) concept. In addition to the common three-axis relative motion between tool 

and workpiece, multi-axis systems have one or more additional direction(s) of movement that 

allows variable tool orientations. Multi-axis manufacturing is not a new notion seeing that it is has 

gained ground in machining field with an extensive research background and advanced application 

in production of complex parts. On the contrary, when it comes to AM, the available research, 

hardware and software in MAAM is inadequate and requires an overhaul of the present facilities 

[84].  

Mechanical strength and geometric accuracy of produced parts are major concerns in AM. 

The surface quality of additively manufactured parts is affected by stairstep (or staircase) 



phenomenon which leaves ridges in the size of layer thickness on surfaces that are supposed to be 

smooth. In addition to deviation in shape, staircase effect also necessitates postprocessing 

operations like polishing [85]. Surface quality of top and side profiles in FDM have been analyzed 

by Jin et al. [86], where mathematical models of surface deviations are explored.  

By the addition of z-axis to common 2D layer path of three-axis 3D printers, Chakraborty 

et. al [87] introduce the idea of curved layer fused deposition (CLFD) modeling. This method uses 

a curved layer where deposition path normal vectors deviate only slightly away from the vertical. 

Llewellyn-Jones [88], Allen and Trask [89] demonstrated CLFD application in manufacturing of 

skin surfaces in composite and multi-material structures to reduce stairstep effects. Recently, in 

the modeling and process planning of CLFD [90], the demand for a universal slicing method for 

arbitrary model is emphasized. The disadvantages of using three-axis 3D printers for curved layers 

includes limited surface geometry and the possibility of shearing and scraping during deposition. 

Since the CLFD in literature uses uniaxial deposition, issues like requirement of support structure 

and staircase effects (especially on side surfaces) are still predominant. As a result, an ideal curved 

layer 3D printing is envisioned using 5-axis gantry [87,90]. Pertaining to mechanical strength, It 

has been shown that 3D printed parts are anisotropic and have the highest strength along the 

deposition rasterôs direction [45]. The incorporation of fiber reinforcement in this direction can 

further increase this strength manifold [28]. Singamneni et al. [91] showed that using curved layer 

path can improve the load a part can withstand. In light of these prospects, it becomes necessary 

to explore new paradigms in additive fabrication of parts where tailoring 3D raster direction is 

feasible.  

An important aspect of most manufacturing methods is path planning. For subtractive and 

additive manufacturing alike, the toolpath determines the quality of the part produced. Considering 

the nature of machining, parts can be machined starting from any region and orientation as long as 

it leads to the desired geometry. Hence, for the many machining operations, various toolpath have 

been studied with objectives like optimization of production time [92] and geometric accuracy 

[93]. On the other hand, AM is constrained to begin from a given build layer and configuration. 

Perhaps, this is the reason why AM has less diverse toolpath and its multi-axis strategies has not 

been equally studied exhaustively. There are several commercial multi-axis CAM packages for 

machining, but there is lack of such for AM [60]. Using conventional slicers, it is possible to 



sequentially 3D print parts in discrete build orientations. To eliminate the need for supports, a 

digital model, in STL (StereoLithography) file, can be partitioned algorithmically and fabricated 

at different build orientation using a multi-axis system [80]. The use of these planar slicers narrows 

the applicability of MAAM by restricting depositions to planar paths. For instance, it will not be 

possible to carry out 5-Axis AM, where 3D printing paths of 3D curves demand instantaneous 

mingling of the all the axes of motion. Grutle [79] designed a 5-axis 3D printer to show the 

possibility of fabrication with better surface quality and without requirement of supports. These 

improvements are demonstrated on simple parts and the lack of a 5-axis slicer for general 3D 

printing is mentioned as a main issue. In another work [94], the build table is attached to a robotic 

arm to accomplish multi-axis AM using commercial machining CAM software for path planning. 

Most recently, Shen et al. [60] proposed slicing methods of 5-axis AM by intersection of offset 

surfaces for non-planar sculpture-printing and tangential tool direction for shell parts. Concerning 

the amount of material deposited, development of AM process where the shape of layers 

deformsðcontrary to the use of parallel planes or offset surfacesðwill require non-uniform 

material buildup and variable material extrusion rate within each layer. Indeed, the prospects of 

studying new AM layering combined with the new realm of possibilities facilitated by MAAM, 

commonly affirmed in the available studies, can extend AM development and application. With a 

complete multi-axis AM process for freeform parts, integration to combined additive and 

subtractive scheme can be a promising endeavor [95]. 

In this chapter, a new approach in model representation, geometric computation and path 

planning is explored to address some of the setbacks of AM. Initially, Section 2 presents design 

alternatives of a 5-axis 3D printer, introduces the selected mechanical design, and outlines features 

of its control system. Next, Section 3 proposes methods of path planning for arbitrary shell and 

solid models. Considering build orientations requirements and shape of modelôs geometry, 

strategies in construction of buildup layers and path are explored. Finally, Section 4 covers the 

evaluation of build angles and analysis of kinematic error.  

 

4.1 The 5-axis 3D printer 

A 5-axis 3D printer is designed and reconstructed by extension of a modified open-source 

design. As introduced in Chapter 3, RepRap project [96] brought 3D printing to the open-source 



community in 2011 and has been expanded to many designs ever since. One of such designs is the 

delta-type protype [63], whose variant forms include three pair of moving parallel arms that hold 

the print-head in place during 3D printing operation. A more popular design is the Cartesian gantry 

design that is usually composed of drives along the X and Y axes and a moving platform along Z. 

It is observed that augmentation of additional realm of motion in the delta-type model is less bulky 

compared with the Cartesian type. Besides, Cartesian design is shown to be slower and less 

productive [57]. Figure 51 shows the Delta design with its parallel-arm mechanism that supports 

and positions the print-head. A slider connected to each pair of arms is positioned vertically by a 

belt that is attached to the slider in a pulley-belt system, which is solely controlled by a motor 

above each tower. The positions of the sliders on the three towers dictate the 3D position of the 

print-head, where the essential process of additive manufacturing takes place. Within the print-

head, a thermoplastic filament is injected, heated and deposited through the nozzle. The filament 

is fed with the aid of an additional motor and the heating is carried out by a resistive cartridge 

heater where temperature is regulated by a thermistor. 



 

Figure 51: 5-axis 3D printer design showing actuators and mechanical components of the system 

 

4.2 Path planning 

A vital process in AM, and most of other manufacturing methods, is toolpath planning. At 

the path planning stage, a set of position coordinatesðincluding orientation information for multi-

axis systemsðis chosen with respect to the workpiece that is to be manufactured. Regardless of 

whether or not the part remains stationary during the manufacturing operation, the path generated 

in the workpiece frame remains equally useful. This is because the path can be transformed to any 

position the workpiece is moved to. As a result, a complete toolpath can be used in any 




































































































































































































