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Abstract

Additive manufacturing (AM) has come to be considered one of the must

groundbreaking technologies nowadays, revolutionizing the traditional man-

ufacturing and opening the doors to a new generation of complex freeform

engineered functional part. The AM process shows a high correlation between

material, design, and the manufacturing process. This relationship offers the

possibility to tailor and engineer localized material properties within one part.

Currently a number of AM processes are available to deliver tailored mechan-

ical properties through multi-material printing. In this work a novel inte-

grated material-manufacturing-control system to print parts with functional

Ferro-magnetic properties is presented. The proposed AM system, based on

material jetting, photo polymerization, real time control system, and active

magnetic alignment control allows the manipulation of the local orientation of

a specialized photosensitive magnetically responsive resin to fabricate objects

with locally controlled anisotropic particles arrangement. The proposed sys-

tem builds upon the standard slicing and path planning algorithms used by

open source 3D printing software and extends it by adding two extra dimen-

sions related to the orientation of the magnetic particles within the printing

process itself enabling the real-time control of the particles orientation of the

printed parts.

ii



To my father

iii



Contents

1 Introduction 1
1.1 Magnetic materials . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Additive Manufacturing . . . . . . . . . . . . . . . . . . . . . 2

1.2.1 Additive manufacturing technologies review and com-
parison . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Recent advances . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3.1 Study and fabrication of magnetic anisotropic composites 7
1.3.2 Isotropic magnetic composites additive manufacturing . 8
1.3.3 Anisotropic magnetic composites additive manufacture 13

1.4 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Magnetic-material deposition system design 15
2.1 Dispensing system . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 Ultraviolet (UV) curing light . . . . . . . . . . . . . . . . . . . 18
2.3 Magnetic alignment jig . . . . . . . . . . . . . . . . . . . . . . 19
2.4 Printing Head . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.5 Motion platform . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.6 Control drivers . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.6.1 Motion control module . . . . . . . . . . . . . . . . . . 29
2.6.2 Digital and Analog Input/output modules . . . . . . . 33

2.7 Power Supply . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.8 System Integration . . . . . . . . . . . . . . . . . . . . . . . . 34

3 Control Software 36
3.1 ADaM Lab - Particles Control Center . . . . . . . . . . . . . . 38
3.2 ADaM Lab - Motion Control Center . . . . . . . . . . . . . . 45

3.2.1 CompactRIO and LabView . . . . . . . . . . . . . . . 45
3.2.2 Software workflow . . . . . . . . . . . . . . . . . . . . . 47
3.2.3 Project Explorer files tree . . . . . . . . . . . . . . . . 48

3.3 VIs internal description . . . . . . . . . . . . . . . . . . . . . . 50
3.3.1 Motion control . . . . . . . . . . . . . . . . . . . . . . 50
3.3.2 Essential function blocks . . . . . . . . . . . . . . . . . 54

3.4 VI description . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.4.1 FTP Loader VI . . . . . . . . . . . . . . . . . . . . . . 57
3.4.2 Main VI . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.4.3 FPGA VI . . . . . . . . . . . . . . . . . . . . . . . . . 73

4 Experimental validation 76
4.1 Printing test . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.2 Particles alignment test . . . . . . . . . . . . . . . . . . . . . . 80

4.2.1 Alignment characterization . . . . . . . . . . . . . . . . 81
4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

iv



References 87

Appendix A 90
A.1 Ultimus V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
A.2 UV LED Driver . . . . . . . . . . . . . . . . . . . . . . . . . . 97
A.3 Permanent Magnets Setup . . . . . . . . . . . . . . . . . . . . 102
A.4 Final Assembly Images . . . . . . . . . . . . . . . . . . . . . . 104
A.5 SISU-1004 FPGA VI code . . . . . . . . . . . . . . . . . . . . 109
A.6 Deposition Test . . . . . . . . . . . . . . . . . . . . . . . . . . 115
A.7 Particles orientation test G-Code . . . . . . . . . . . . . . . . 117
A.8 Alignment characterization images . . . . . . . . . . . . . . . 120
A.9 Permision letters . . . . . . . . . . . . . . . . . . . . . . . . . 121

v



List of Tables

3.1 XY common configurations . . . . . . . . . . . . . . . . . . . . 51
3.2 Z axis configurations . . . . . . . . . . . . . . . . . . . . . . . 53
3.3 C axis configurations . . . . . . . . . . . . . . . . . . . . . . . 54
3.4 G-Codes cases. . . . . . . . . . . . . . . . . . . . . . . . . . . 67

vi



List of Figures

1.1 Single and multi step process principle . . . . . . . . . . . . . 3
1.2 Single-step AM polymer processing . . . . . . . . . . . . . . . 4
1.3 Vat photopolymerization schematic . . . . . . . . . . . . . . . 5
1.4 Binder jetting Schematic . . . . . . . . . . . . . . . . . . . . . 5
1.5 Material jetting schematic . . . . . . . . . . . . . . . . . . . . 6
1.6 Field-structured composites . . . . . . . . . . . . . . . . . . . 7
1.7 Process of bonded Nd-Fe-B magnets by injection . . . . . . . . 8
1.8 3D printed magnet vs commercial magnet . . . . . . . . . . . 10
1.9 Hysteresis loops . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.10 3D printed magnet vs commercial magnet . . . . . . . . . . . 11
1.11 BAAM system . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.12 Demagnetization curves for both BAAM and injection molding 12
1.13 Drop-on-demand apparatus . . . . . . . . . . . . . . . . . . . 13
1.14 Hysteresis loops . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.15 3D printed magnet vs commercial magnet . . . . . . . . . . . 14

2.1 Ultimus V precision dispenser . . . . . . . . . . . . . . . . . . 17
2.2 UV LED and development kit . . . . . . . . . . . . . . . . . . 19
2.3 FEMM simulation of the Halbach array . . . . . . . . . . . . . 21
2.4 Halbach array inside of gear . . . . . . . . . . . . . . . . . . . 22
2.5 Printing head bottom view . . . . . . . . . . . . . . . . . . . . 23
2.6 Printing head front view . . . . . . . . . . . . . . . . . . . . . 24
2.7 C-Beam linear actuator . . . . . . . . . . . . . . . . . . . . . . 25
2.8 Gantry configuration . . . . . . . . . . . . . . . . . . . . . . . 26
2.9 Design drawing of the XYZ gantry . . . . . . . . . . . . . . . 27
2.10 Deposition System CAD model . . . . . . . . . . . . . . . . . 28
2.11 CompactRIO controller . . . . . . . . . . . . . . . . . . . . . . 29
2.12 SISU-1004 pin-out . . . . . . . . . . . . . . . . . . . . . . . . 30
2.13 EM705 stepper motor drive . . . . . . . . . . . . . . . . . . . 31
2.14 Incremental torque per Micro-step/Full-step . . . . . . . . . . 32
2.15 A4988 carrier minimum wiring diagram . . . . . . . . . . . . . 33
2.16 Integration diagram . . . . . . . . . . . . . . . . . . . . . . . . 35
2.17 Final assembly . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.1 3D printing workflow . . . . . . . . . . . . . . . . . . . . . . . 38
3.2 Example of a G-Code line . . . . . . . . . . . . . . . . . . . . 39
3.3 Particles Control Center - GUI . . . . . . . . . . . . . . . . . 40
3.4 Toolpath example and alignment options . . . . . . . . . . . . 42
3.5 Post-processing algorithm . . . . . . . . . . . . . . . . . . . . 44
3.6 VI front panel, connector pane and back panel . . . . . . . . . 46
3.7 LabView data flow example . . . . . . . . . . . . . . . . . . . 47
3.8 VI’s block diagram . . . . . . . . . . . . . . . . . . . . . . . . 48
3.9 Project explorer files tree . . . . . . . . . . . . . . . . . . . . . 49
3.10 Machine coordinate system . . . . . . . . . . . . . . . . . . . . 51

vii



3.11 X-axis direction configuration . . . . . . . . . . . . . . . . . . 52
3.12 Y-axis direction configuration . . . . . . . . . . . . . . . . . . 53
3.13 Softmotion VI’s pallet . . . . . . . . . . . . . . . . . . . . . . 55
3.14 Ultimus V VI pallets . . . . . . . . . . . . . . . . . . . . . . . 56
3.15 PWM block diagram . . . . . . . . . . . . . . . . . . . . . . . 57
3.16 FTP VI front panel . . . . . . . . . . . . . . . . . . . . . . . . 58
3.17 FTP VI back panel . . . . . . . . . . . . . . . . . . . . . . . . 58
3.18 Main VI front panel . . . . . . . . . . . . . . . . . . . . . . . . 59
3.19 Manual control interface . . . . . . . . . . . . . . . . . . . . . 60
3.20 Manual control block diagram . . . . . . . . . . . . . . . . . . 62
3.21 Homing block diagram . . . . . . . . . . . . . . . . . . . . . . 64
3.22 Printing control interface . . . . . . . . . . . . . . . . . . . . . 65
3.23 Read file block diagram . . . . . . . . . . . . . . . . . . . . . . 65
3.24 String parsing block diagram . . . . . . . . . . . . . . . . . . . 66
3.25 Cases diagramm . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.26 Case F block diagram . . . . . . . . . . . . . . . . . . . . . . . 68
3.28 Case Z block diagram . . . . . . . . . . . . . . . . . . . . . . . 69
3.27 Case E block diagram . . . . . . . . . . . . . . . . . . . . . . . 70
3.29 Case L block diagram . . . . . . . . . . . . . . . . . . . . . . . 71
3.30 Main VI graph indicator . . . . . . . . . . . . . . . . . . . . . 72
3.31 Main VI additional controls . . . . . . . . . . . . . . . . . . . 73
3.32 FPGA front panel . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.33 FPGA back panel . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.1 UofA CAD model . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.2 Deposition test . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.3 UofA logo printing test . . . . . . . . . . . . . . . . . . . . . . 79
4.4 Grid used for directionality test . . . . . . . . . . . . . . . . . 79
4.5 Grid used for directionality test . . . . . . . . . . . . . . . . . 81
4.6 Optical microscopy images of aligned particles in cured resin . 82
4.7 Magnetic particles directionality data . . . . . . . . . . . . . . 83

A.1 Permanent magnets setup side view . . . . . . . . . . . . . . . 103
A.2 Permanent magnets setup top view . . . . . . . . . . . . . . . 103
A.3 Assembly view 1 . . . . . . . . . . . . . . . . . . . . . . . . . 105
A.4 Assembly view 2 . . . . . . . . . . . . . . . . . . . . . . . . . 106
A.5 Assembly view 3 . . . . . . . . . . . . . . . . . . . . . . . . . 107
A.6 Assembly view 4 . . . . . . . . . . . . . . . . . . . . . . . . . 108
A.7 FPGA VI - section 1 . . . . . . . . . . . . . . . . . . . . . . . 110
A.8 FPGA VI - section 2 . . . . . . . . . . . . . . . . . . . . . . . 111
A.9 FPGA VI - section 3 . . . . . . . . . . . . . . . . . . . . . . . 112
A.10 FPGA VI - section 4 . . . . . . . . . . . . . . . . . . . . . . . 113
A.11 FPGA VI - section 5 . . . . . . . . . . . . . . . . . . . . . . . 114
A.12 Zero degree alignment . . . . . . . . . . . . . . . . . . . . . . 120

viii



Abbreviations

A Ampere. 18, 19

AM Additive Manufacturing. 1, 3, 14, 15, 24

BAAM Big Area Additive Manufacturing. 11, 12

CAD Computer-Aided Design. 23, 27, 28, 36

cc Cubic Centimetre. 17, 84

FEA Finite Element Analysis. 27

FEMM Finite Element Method Magnetics. 20

FSC Field Structured Composites. 7

GUI Graphical User Interface. 40, 59

NdFeB Neodymium Iron Boron. 20, 22

PWM Pulse Width Modulation. 28, 33

STL Stereolithography. 36

T Tesla. 20

UV Ultraviolet. iv, 1, 4, 6, 17, 18, 21, 23, 34

V Volt. 18

VI Virtual Instrument. 18

ix



Glossary

3D printing The act of using an additive manufacturing machine (3D printer)
to produce a solid object one layer at a time (also known as additive
manufacturing). 2, 13

Br Remanence is the magnetization left behind in a ferromagnetic material
(such as iron) after an external magnetic field is removed. 12

Combo box It is a combination of a drop-down list or list box and a single-
line editable textbox, allowing the user to either type a value directly or
select a value from the list. 40

cRIO CompactRIO is a real-time embedded industrial controller made by
National Instruments for industrial control systems. 29

FPGA Field Programmable Gate Arrays can be reprogrammed to desired
application or functionality requirements after manufacturing. 45, 56

FTP File Transfer Protocol, is a standard network protocol used for the trans-
fer of computer files between a client and server on a computer network.
47

Hc The magnetic coercivity is a measure of the ability of a ferromagnetic
material to withstand an external magnetic field without becoming de-
magnetized. 12

LabView Laboratory Virtual Instrument Engineering Workbench is a system-
design platform and development environment for a visual programming
language from National Instruments. 16, 18

PR48 The Autodesk Standard Clear Prototyping Resin. 18, 81

RJ45 Computers, a commonly-used name for the 8P8C modular connector
used in Ethernet and other data links. 29

RS232 Recommended Standard 232 is a standard introduced in 1960 for serial
communication transmission of data. 16, 28

Ultimus V Provides high-precision benchtop fluid dispensing control for ad-
vanced applications of fluids that change viscosity. 16–18

XML Extensible Markup Language is a markup language that defines a set
of rules for encoding documents in a format that is both human-readable
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Chapter 1

Introduction

In the present work, an additive manufacturing (Additive Manufacturing (AM))

process involving a magnetically loaded ultraviolet (UV) sensitive resin was

investigated. The goal was to manufacture anisotropic permanent magnets

with enhanced characteristics that eventually could find their way to the in-

dustry. Such permanent magnets would exploit the advantages of additive

manufacturing, featuring complex geometries not achievable, nor economical,

by traditional manufacturing methods. Furthermore, this new manufacturing

approach would enable the user to tailor localized properties in the AM mag-

net. Then, all this effort could be translated, as an example, to an increase in

the performance of electric motors, having a direct impact in energy consump-

tion and therefore, a decrease in the devastation of natural resources required

to generate it.

The positive impact that magnetic materials can represent for the industry

is presented as part of this chapter. The concept of magnetic field structured

composites, the improvement that these can offer on the performance of many

electrical applications, and some of the different manufacturing methods used

to create them are briefly discussed. Along with this, the limitations and

challenges on the current fabrication processes are examined. The concept

of additive manufacturing (AM) is introduced and proposed as an alternative

manufacturing technique to create these anisotropic magnetic composites. The

advantages and disadvantages of some of the available technologies are com-

pared; then, the selection of material jetting is justified as the most suitable
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from the available options. Following this, an overview of the state of the art

in both additive manufacturing of magnetic materials and anisotropic mag-

netic composites is presented. In this context, the motivation of the ADaM

Lab for the development of an original material jetting additive manufacturing

system, capable of creating localized magnetic anisotropy is outlined.

1.1 Magnetic materials

Satisfying the increasing demand of humankind for energy has greatly put

stress on the Earth’s natural resources, causing climate change and other se-

vere effects on the environment. New approaches are then necessary to guar-

antee the future of our society, and improving the way that we transmit and

use energy will be essential for this goal. An effective way to impact energy

consumption is through the improvement in energy efficiency. In developed

countries, half of the generated energy is consumed by electric motors, and

around 60 to 80 % of the electricity used by the industry along with 35 %

of the electricity used by the commercial sectors in the European Union, is

consumed by electric motors as well [4]. Considering this, functional mag-

netic materials like advanced hard and soft magnets, magnetic memory alloys,

magnetorheological fluids, and elastomers can have an important impact on

improving the performance of these technologies [6]. As an example, an

improvement of 1 % in electric motor efficiency would result in hundreds of

millions dollars of savings and an equivalent reduction of nearly 2.2 million

metric tons of carbon emissions [6].

1.2 Additive Manufacturing

Additive manufacturing, also known as 3D printing, is a relatively new tech-

nology that has come to disrupt traditional manufacturing methods. Intro-

duced in the 80’s, additive manufacturing has been related to the term rapid

referring to how it is a faster process than the conventional manufacturing

methods (for small quantities) that would involve specific tooling. This is

how 3D printing has evolved and expanded to include end-user products with
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numerous multi-functional characteristics and materials. It is based on the

fundamental principle of building an object layer by layer, consolidating ma-

terial only where needed. Additive manufacturing is then capable of creating

highly complex geometries in smaller quantities, and is more economical in

comparison to traditional processes.

1.2.1 Additive manufacturing technologies review and
comparison

Additive manufacturing processes can be divided into two main groups based

on the number of steps required to generate a part with certain properties.

These two divisions, as shown in Figure 1.1, are single-step and multi-step

AM processes. In a single step process, both the geometry and the properties

of a part can be developed in a single fusing material operation. In a multi-

step process, for example, the geometry can be created in a primary operation

and the material properties can be developed in a secondary operation and

depending on the application, further post-processing operations might take

place [1].

Figure 1.1: Single and multi step process principle [1] 1.

In a further division, single-step processes are divided depending on the

type of material being used. These divisions includes metallic, polymer, ce-

ramic, and composite materials. The general processing principles for each

one of these materials are further divided so each individual AM method can
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be clearly defined and identified. Based on the polymeric nature of the UV

sensitive resin selected for this research, the polymer processing principles were

closely analyzed to select the most suitable material for our application. A de-

tailed sub-division of the processing principles for polymer materials is shown

in Figure 1.2. From these different processes, the ones that can be applied to

our liquid resin were analyzed and will be described next.

Figure 1.2: Single-step AM processing for polymer [1] 1.

Vat-photopolymerization shown in Figure 1.3 is a process in which liq-

uid resin in a vat is selectively exposed to light (with a projector or a laser

typically), which triggers a polymerization process that solidifies the exposed

areas. Then, a new layer of resin is added and again, it is selectively solidified.

This technique offers a high level of accuracy and complexity, but it is usually

constrained to relatively small building areas. Technologies like SLA, DLP,

3SP and CLIP are included in this category.

1Copied by Alejandro Eufracio Aguilera at the University of Alberta with the permission
of the Standards Council of Canada (SCC) on behalf of ISO.
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Figure 1.3: Vat photopolymerization schematic [1] 2.

Binder jetting shown in Figure 1.4 is a process in which a liquid bonding

agent is selectively deposited to join thin layers of powdered material, then a

new thin layer of the powder is spread, and the process is repeated. One of

the advantages of this process is the diversity of materials that can be used

together, e.g., powdered plastic, metal, ceramics, and sand.

Figure 1.4: Binder jetting schematic [1] 2.
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By definition, material jetting refers to the process of selectively depositing

droplets of material layer by layer as shown in Figure 1.5. Usually this process

involves UV curable resins and thermally molten materials.

Figure 1.5: Material jetting schematic [1] 2.

From the described process, different aspects were analyzed, such as the

complexity of the technology, the flexibility of the process, and the compati-

bility with our goals. This is how, based on the fundamental requirement of

being able to tailor local properties in the printed part while this is being man-

ufactured, we concluded that, neither a binding nor a vat-photopolymerization

process would allow local tailoring and that the technologies themselves were

not flexible enough to be further modified. This is how the material jetting

process was selected for this application.

1.3 Recent advances

Studies of magnetic anisotropic composites and reports of additive manufac-

turing systems capable of fabricating permanent magnets have been published

[7] [8]. In this work, the most relevant study cases are summarized and their

limitations are identified. Then, a custom material jetting based system with

capabilities to dispense and align a magnetic-resin is presented.

2Copied by Alejandro Eufracio Aguilera at the University of Alberta with the permission
of the Standards Council of Canada (SCC) on behalf of ISO.
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1.3.1 Study and fabrication of magnetic anisotropic com-
posites

Martin et al. [12], presented data describing Field Structured Composites

(Field Structured Composites (FSC)’s). These composites are magnetic parti-

cle suspensions formed by aligning the particles inside of a resin mixture, ap-

plying an uniaxial or biaxial magnetic field, and setting the particles in place

via polymerization [12]. As part of this study, both soft and hard magnetic

particles were used. Soft magnetic carbonyl iron powder with a size between

3-5 µm in concentrations between 2-30 vol% and hard magnetic SmCo with

a concentration of 2.5 vol% were used [12]. The particles were mixed with

the epoxy resin Epon 28; combined with a series of hardeners and dispersant;

and mixed using an ultrasonic bath, mechanical stirring, and degassed in a

vacuum oven. The suspensions were then deposited in polystyrene cuvettes.

Using two magnets, a uniaxial 150 G field was applied to the samples, and

those were cured for 20 hours and post-cured for another 6 hours.

Figure 1.6 shows the chainlike particles structure created by the applied

uniaxial magnetic field on the sample in the cuvette. Using this sample, Martin

et al. [12] studied the effect of the anisotropic structures, concluding that both

magnetic remanence and susceptibility increase along the alignment axi s [12].

Figure 1.6: Field-structured composites of particles structured by a uniaxial
magnetic field [12].
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Xiao-lei et al. [25] briefly describe a fabrication method for anisotropic

hard magnetic bonded magnets through an injection molding process. Their

study is based on the usage of anisotropic Nd-Fe-B magnetic powder. Figure

1.7 shows the process diagram. It can be seen that after mixing the anisotropic

Nd-Fe-B powder with additives and binders, prilling it at a temperature of 205-

215 C, and injecting it into the mold [25], an external electromagnetic field

is generated around the mold to promote some degree of alignment of the

particles inside. Finally, the injected part is magnetized by a pulsed magnet

and its characteristics are analyzed.

Figure 1.7: Process of bonded Nd-Fe-B magnets by injection [25].

The effects of powder loading, particle size, and the kind of binder used

were examined. Their method resulted in anisotropic bonded magnets with a

field of Br=0.72 T and Hc=983 KA/m.

1.3.2 Isotropic magnetic composites additive manufac-
turing

The traditional methods for manufacturing permanent magnets have a series of

limitations, e.g., the injection molding process tooling of a new mold is required

every time that a new design needs to be fabricated, making it a very expensive

and slow process. Additionally, the geometry of the mold itself is limited by the

8



traditional manufacturing methods. Furthermore, techniques such as sintering

generate significant waste of magnetic material as part of the tooling needed

to achieve net-shape geometries. Motivated by the goal of reducing the waste

of this critical material and enabling the creation of complex geometries and

sizes, Paranthaman et al. [19], started a new research with the sole purpose

of fabricating near-net-shape isotropic NdFeB bonded magnets using additive

manufacturing to compete with the conventional injection molding methods

[19]. For this study, Parantham [19] selected the binder jetting technique

due to its versatility, feasibility, and performance to fabricate the near-net-

shape magnets. This method, previously described in section 1.2.1, was then

tailored to produce the desired bonded magnets. As described, the first step

consisted of preparing a CAD model of the desired part (magnet, in this case);

then, the CAD file was exported as an STL file which divides the object into

triangles that subsequently, the printer’s software separates into layers. An

ExOne X1-Lab printer was then used to print the generated shapes [19].

A resin-coated isotropic NdFeB magnetic powder (MQP-B-20173-070) with

an average diameter of approximately 70 µm was then used in the powder

bed for the building area. For this study, several combinations of parameters

were tested: the powder layer thickness, the powder packing rate, the binder

saturation, the spread speed, and the drying time between layers [19]. A

square and a ring shaped magnet were printed and then thermally cured in

an oven for 4-6 hours at a temperature ranging between 100-150 C and finally

dip-coated with a clear resin.

Figure 1.8 shows a comparison of the binder jet magnets that were 3D

printed within the Oak Ridge National Laboratory (on the left) and commer-

cial nickel-coated sintered NdFeB magnets (on the right).
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Figure 1.8: 3D printed magnet vs commercial magnet [19].

The above samples were then analyzed. Figure 1.9 shows the hysteresis

loop for the printed parts. It was found that the printed parts had a coer-

civity of 716.2 kA/m that corresponds to the range of values of the initial

powder(MQP-B-20173-070) that ranges between 692.3-748.0 kA/m. These re-

sults are important because they prove that the coercivity of the powder is not

decreased by the process itself. The resultant density of the parts turn out to

be 3.47 g/cm, around 46 vol.% of the density of the NdFeB itself (7.6 g/cm).

Finally, Figure 1.10 shows a remanent magnetization of about 0.3 T for both

parts. Using this information, the manufactured magnets were compared with

standard injection molded and sintered NdFeB magnets with a typical rema-

nence of 0.5 and 0.64 T and a volume fraction of 0.65 and 0.80 respectively.

Such comparison allows one to estimate a volume fraction of approximately

0.45 of NdFeB powder within the printed magnets [19]. With these results,

the team at Oak Ridge concluded that no degradation due to the process itself

was present and that further investigation is needed to increase the magnetic

particle loading to fabricate stronger bonded magnets.
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Figure 1.9: Hysteresis loops of a binder
jet printed magnet [19].

Figure 1.10: Hysteresis loops of the
binder jet printed ring and square mag-
nets [19].

The limitations faced with the binder jetting process and the goal of pro-

ducing more dense parts with better magnetic properties led Ling et al. [9] to

start a new project. Named, the Big Area Additive Manufacturing system (Big

Area Additive Manufacturing (BAAM)) located at the manufacturing demon-

stration facility at the Oak Ridge National Laboratory. Combining melting,

compounding, and extrusion functions, Ling et al. [9] used this system to

extrude magnetic pellets constituted of 65 vol% isotropic NdFeB powder and

35 vol% Nylon-12. Figure 1.11a shows the nozzle dispensing the magnetic

material, and Figure 1.11b shows a diagram of the process itself and a hollow

cylindrical magnet printed with the BAAM system [9].

Figure 1.11: BAAM system and process diagram [9].
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A comparison of the magnetic, mechanical, and microstructural properties

of the 3D printed bonded magnets against commercial injection molded mag-

nets made of the same material was then performed. Starting with the part

density, the BAAM magnet resulted in a very similar density as the injection

molded magnet with values of 4.8 g/cm and 4.9 g/cm [9]. The most mean-

ingful part from this analysis was the hysteresis loop. Figure 1.12 shows the

demagnetization plot of both the BAAM and the injection molded magnets,

showing that the BAAM magnet had slightly better magnetic properties, with

a coercivity Hc=688.4 kA/m and remanence of Br=0.51 T [9].

Figure 1.12: Demagnetization curves for both BAAM and injection molded
magnets [9].

With these and another series of characterizations, Ling et al. [9] showed

that BAAM magnets can outperform injection molded magnets. In addition,

these AM magnets have all the advantages that additive manufacturing itself

has to offer. These advantages include the reduction of material waste and

the capability of producing parts of unlimited size and shapes [9]. Finally, it

outlines the agenda for the future work, where the effect of the type of binder

used, the loading fraction of the magnetic powder, and anisotropic particles

will be investigated.
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1.3.3 Anisotropic magnetic composites additive manu-
facture

Based on a drop-on-demand 3D printing process, Song et al. [23] proposed a

methodology aimed at fabricating magnetic composites and components with

high permeability and low hysteresis losses, aligning magnetic particles in ink

through an external magnetic field during the jetting process [23]. Employing

a Thermal Inkjet Pipette (by HP) and a 60 µm nozzle, a printing ink is

dispensed on the shape of an aqueous suspension of ferromagnetic Cobalt-

based 40 vol% [23]. Then, employing a commercial inkjet paper as a substrate,

a custom magnetic alignment setup and a high-resolution XY-rotational stage,

Song et al. [23] made two sample parts to analyze the performance of the

proposed technique. Figure 1.13(a) shows an illustration of the apparatus

created and Figure 1.13(b) shows two sample parts.

Figure 1.13: Drop-on-demand apparatus [23].

Figures 1.14 and 1.15 show the normalized hysteresis curves of both
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sample parts. Both sample parts were cut in to slices to be analyzed. For

both of the unaligned samples it was found that the x and y directions of

the hysteresis curve overlap with each other. In comparison, for both of the

samples printed while applying the 10 mT magnetic field a different pattern

is shown for the x and y directions exhibiting anisotropy.

Figure 1.14: Hysteresis loops for the
square shape printed sample [23].

Figure 1.15: Hysteresis loops for the
ring shape printed sample[23].

1.4 Motivation

The few but most important research related to additive manufacturing of

magnetic composites published at the time that this document was written

were presented. The research team at the ADaM lab was able to identify the

opportunity of developing an AM system capable of creating in-situ magnetic

particle alignment. The goal was manufacturing tailored permanent magnets

and magnetic composites with intricate geometries and anisotropic magnetic

properties.
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Chapter 2

Magnetic-material deposition
system design

As detailed in Chapter 1, the material jetting process resulted in the most

promising AM method to experiment with magnetic particles suspended in

liquid resin where the rheological behavior can be tailored to achieve particle

orientation. In this context, there are many consumer-level 3D printers avail-

able on the market, but none of them has the flexibility in terms of hardware

or firmware to be modified and used as a research tool. This lack of open frame

systems was the main motivation to develop our own. As part of this chapter,

a detailed explanation and analysis of the design, the parts that integrate our

magnetic material jetting system, and their role on the printing process are

described. The system was divided into major components, according to their

functionality. Dividing them in this way helps to narrow down and select the

options that better suit needs for each of the different solutions.

2.1 Dispensing system

For this magnetic material deposition application, the dispensing system was

identified as the most critical component. This is because its capabilities in

terms of precision, dispensing volume control, and range of viscosity allowable

constrain the rheological characteristics of the magnetic-resin that can be used,

as well as the level of accuracy that can be achieved in the material deposited.

To be able to select the most suitable option, the required features for the
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dispensing system were listed. First, the dispensing system had to be able to

jet viscous fluids with embedded particles with a size of up to 200 µm related

to the maximum grain size of the available magnetic powder. Second, the

dispensing system had to have a construction or a mechanism to prevent the

fluid from coming in contact with internal components of the system itself.

Such mechanisms could include having a contamination free system or having

inexpensive components that could be replaced every time a new variation

of the resin had to be tested. With this approach, multiple variations of the

resin could be tested without involving deep cleaning. Third, the system had

to allow the selection of different nozzle sizes. Fourth, the final dispensing

tip or the system itself had to be relatively small and light to be mounted

on an aluminum moving gantry platform. Finally, the dispensing system had

to have a control driver that could be externally activated through a stan-

dard communication protocol like RS232 or could be directly compatible with

LabView.

The first kind of dispensing system analyzed was the one known as micro-

dispensing valves. We found out that most of these systems are based on

electromechanical or piezoelectric actuators combined with a nozzle. We also

learned that these kinds of systems require a number of inflow filters to guar-

antee that the internal mechanism will not jam or get clogged in the presence

of contaminants in the fluid. The presence of such filters will constrain the size

of the magnetic powders that we could work with. Furthermore, in these kinds

of systems, there is a direct contact of the dispensed fluid with the internal

mechanism. Therefore, selecting this system would represent a significant in-

crease in the operation time, due to the necessary cleaning process involved in

order to avoid contamination caused by running trials with different variations

of the magnetic-resin. Besides, most of the control drivers for these systems

have close interfaces that do not offer a direct integration or communication

with any hardware outside of the control drivers that are sold by the same

manufacturer.

Finally, an Ultimus V precision dispenser was selected. This syringe-piston

pneumatic system can be equipped with different kinds of syringe barrels that
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can be combined with a large selection of dispensing tips made of different

materials with different diameters. Next, the components of the system that

get in contact with the fluid to be dispensed, including the syringe barrels,

pistons, and dispensing tips are designed to be used one time and be disposed.

Thus, making it easier to test different fluids without cross contamination.

Figure 2.1 shows an image of the components that integrates this dispensing

system.

Figure 2.1: Ultimus V precision dispenser [11].

The Ultimus V is capable of regulating air over a piston in a range from 0

to 100 psi and also regulating vacuum in a range from 0 to 18 H2O making

it suitable for dispensing highly viscous fluids. Due to the UV sensitive na-

ture of the magnetic-resin and the presence of the UV light during the curing

process, a 30 Cubic Centimetre (cc) amber syringe barrel was selected. This

barrel features a UV filter able to block UV and visible light wavelengths up

to 550 nm, at the same time it allows one to visually monitor the fluid level

inside of the barrel. Following the same reasoning, a specific group of dispens-

ing tips called smooth flow tapered tips were selected. These tips molded of
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polyethylene with a UV light block additive are recommended for applications

that involve medium to high viscosity UV-cure adhesives and particle filled

materials with a range of nominal inner diameters from 0.26 mm to 1.6 mm.

Detailed information of the selected parts and further description of the Ul-

timus V platform is shown in section A.1 in the Appendix. Lastly, a serial

port in the Ultimus V driver allows a direct communication with a plug-in to

control and manipulate all the settings as well as the dispensing actions from

LabView. A LabView Virtual Instrument (VI) was implemented as part of

the ADaM Lab Motion Control Center discussed in detail in Chapter 3.

2.2 UV curing light

The selection of a suitable UV curing system was focused on how easy it would

be to integrate and control from LabView. In addition, a complete solution

that included all the necessary elements to be operated was preferred over

standalone UV LEDs. The criteria for selecting the curing system included

controllability through a standard communication protocol and an analog sig-

nal or a pulse width modulation signal. The wavelength of the emitted UV

light had to be 405 nm, matching the wavelength required to trigger the pho-

toinitiator present in the UV sensitive resin (PR48). The last consideration

was the minimum power, which was set to be at least 100 W considering that

the UV LED will not be directly over the magnetic-resin when this will be

deposited, and that there will be significant losses.

A DK-136M series - Development Kit from Luminus was selected. This

kit consists of a driver and a heat sink used to dissipate the heat generated

by the high power UV LED. The driver was designed to control a high power

light source and its intensity is operated by an onboard rotating knob or with

an external pulse signal. A full description of the control signal can be found

in section A.2 in the Appendix. The driver is powered by 12 Volt (V) and is

capable of driving LEDs up to 36 Ampere (A). A compatible CBT-120 UV

LED from the same company was selected to be combined with the develop-

ment kit. This LED was designed for applications that include curing inks,
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coatings, and adhesives; as well as, rapid prototyping and 3D printing. This

high power density LED allows a variable current up to 30 A and emits a bin

light with a peak wavelength of 405 nm. Figure 2.2 shows both the DK-136M

development kit and the CBT-120 LED.

Figure 2.2: UV LED and development kit [22].

2.3 Magnetic alignment jig

As it has been mentioned, the main purpose of this work was to create a ma-

chine capable of inducing particle orientation to tailor the magnetic properties

of a 3D printed part loaded with magnetic particles. Therefore, initial experi-

ments were conducted to understand what the necessary magnetic field would

be to induce the chain like microstructures discussed in Section 1.3.1. Based

on these experiments, we were able to prove that by bringing the magnetic
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field generated by a pair of permanent magnets to an appropriate distance

from a drop sample of the magnetic-resin, the chain like microstructures can

be induced. Moreover, we were able to prove that the orientation of the par-

ticles can be modified changing the orientation of the magnetic dipole itself.

The setup created to run these experiments can be found in the Appendix

A.3.

From the previous experiment, we had a first notion of how the particles are

oriented applying a magnetic dipole of 0.1 Tesla (T) (estimated through the

Finite Element Method Magnetics (FEMM) method). This kind of magnetic

dipole was formed by two cubic rare earth magnets with opposite polarities

facing each other. From the results obtained, we understood that we would

have to generate a stronger field if we wanted to experiment with higher con-

centrations of particles and more viscous resins. Due to their capability of

providing a relatively strong magnetic field within a small volume, the perma-

nent magnet approach was followed. To increase the strength of the field, a

special array of eight cubic (1cm3) Neodymium Iron Boron (NdFeB) N52 mag-

nets was implemented. This special array called a Halbach Array was analyzed

using the Finite Element Method Magnets (FEMM) to determine the mag-

netic flux density in function of the arrangement among the eight permanent

magnets. Figure 2.3 shows the magnets’ arrangement and the resulting mag-

netic flux lines from the FEMM analysis. As it is shown, dipolar uniform flux

lines with strength of approximately 0.3 T are generated in the center of the

array [16]. Afterwards, the objective was to combine this Halbach Array with

a mechanism that allows the array to be rotated and at the same time, moved

along the XY plane while the dispensing system deposits the magnetic-resin.
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Figure 2.3: FEMM simulation of the Halbach array.

2.4 Printing Head

A modular design where the components needed for dispensing, aligning, and

curing the magnetic-resin were put together in a single sub-assembly that is

called the printing head. This sub-assembly was required to be light and

compact so that a relatively small stepper motor could raise it and lower it

down in the Z axis.

Due to its low weight and simplicity to manufacture, aluminum angle and

sheet metal were machined to create a support for the syringe barrel, the UV

LED, and the Halbach Array. For this proposed design, the syringe barrel was

positioned in the center of the printing head. Using two aluminum stanchions,

the syringe barrel was secured in place in a parallel position to the Z axis.

Furthermore, two slots allowing to modify the distance between the dispens-

ing tip and the bottom of the sub-assembly were machined on the aluminum

angle. This feature was included to lower down or bring up the dispensing tip.

With this feature, it was possible to modify the distance between the printing

bed and the Halbach array, as well as increase or decrease the magnetic flux

intensity applied over the dispensed magnetic-resin.

As indicated above, one of the system’s requirements was to be able to

rotate the magnetic dipole in a programmable way. In order to achieve this,
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the previously discussed Halbach Array was embedded into a gear. A half inch

transparent acrylic plate was laser cut to create an involute gear profile. At

the same time, eight compartments matching the position of the permanent

magnets in the Halbach Array, together with a central opening for the dispens-

ing tip to go through, were laser cut in the gear. Using close-fit tolerances for

the laser cutting process, the NdFeB magnets were press-fitted and secured in

place inside of the acrylic gear. Figure 2.4 shows the manufactured involute

gear CAD model with the inserted NdFeB magnets.

Figure 2.4: Halbach array inside of gear.

To enable the gear to rotate concentrically to the dispensing tip, a swivel

bearing was secured in the bottom of the aluminum angle and aligned concen-

trically to the syringe barrel. Subsequently, the laser cut gear was mounted on

the bearing, giving it the freedom to rotate. Finally, to have a precise control

of the rotation angle of the gear, a matching pinion cut from the same acrylic

plate was attached to a NEMA 14 stepper motor (200 steps/revolution) con-

trolled by a driver with a micro-stepping resolution of down to 1/16-step. For

this general configuration, the system was set up for full stepping giving a res-

olution of 1.8 degrees/step. Figure 2.5 shows the bottom face of the printing

head, where the gear containing the Halbach Array and the pinion attached

to the Nema 14 stepper motor can be seen.
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Figure 2.5: Printing head bottom view.

This design combines the mechanical action of a gear with the Halbach

Array reducing weight and mechanical elements. At the same time, the trans-

parency of the acrylic plate used allows the light from the UV LED to reach

the printing bed, even though the resin is not directly under the dispensing

tip, a feature of extreme importance for the curing process.

At last, based on the Computer-Aided Design (CAD) model of the printing

head, the appropriate position for the UV LED was determined. That position

was found considering the point on the printing bed where the magnetic-resin

will be deposited by the dispensing tip, and then drawing a construction line

that goes from that point through the opening in the acrylic gear to the center

of the UV LED. A T-slotted aluminum profile and a laser cut acrylic support

were used to attach the UV LED’s heat sink to the aluminum sheet metal.

Additionally, the UV LED driver was secured to the side of the sheet metal.

Figure 2.6 shows the front view of the printing head’s CAD model.
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Figure 2.6: Printing head front view.

2.5 Motion platform

As discussed previously, motivated by the close frame construction of the avail-

able off-the-shelf motion solutions, we decided to design and build our own

open frame system. Based on the modular design of the printing head, the

motion platform had to be able to position the whole printing sub-assembly

in a controllable way over the X-Y-Z axes. Considering a stable deposition

bed, we moved towards a design where the surface on which the magnetic-

resin would be deposited remained static, while the printing head would be

positioned according to the AM process.

The motion platform was required to be flexible enough that it could be

expanded or modified, depending on the needs of the AM process itself. Thus,

the system was required to allow cameras, limit switches, and other kinds of

sensors to be added. Afterwards, the minimum specifications in terms of force,

acceleration, and accuracy were defined to help us with the selection of the

best actuator. Considering a maximum payload of 10 kg, and including the

printing head and any other extra devices and using conventional 3D printers

in the market as reference, we set the minimum acceleration to 500 mm/secs

[2]. Then, the minimum force required for the linear actuators was determined
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to be 10 N considering efficiency loses. Finally, we decided upon a minimum

accuracy of 100 µm, considering that actuators with higher accuracies would

have higher cost. With these considerations, different linear actuators on the

market were analyzed. In the end, A C-Beam linear actuator from OpenBuilds

was chosen, shown in Figure 2.7. Constructed over a C shape T-slotted

aluminum profile, this actuator allowed us to combine it with other T-slotted

profiles to design the motion table. Such versatile elements assure us that

making later modifications would result in a relatively easy task. Featuring

a high torque lead screw, these actuators though not ideal, resulted in the

best characteristics in terms of price/performance relationship. Powered by a

NEMA 23 stepper motor, the linear actuator is capable of exerting a maximum

force of 294 N, and travelling at a maximum speed (under no load) of 5500

mm/min, all this with an accuracy of 119 µm and a repeatability of +/- 42

µm [24].

Figure 2.7: C-Beam linear actuator.

Considering the design constraints of a fixed deposition surface and a mov-

ing printing head, a gantry configuration was selected. Figure 2.8 shows a

schematic of this configuration. As it can be seen, the main characteristic of a
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gantry is a bridge-like overhead structure with supports on both ends. In this

case, this is useful for separating any component mounted on the top beam

from the dispensing surface.

Figure 2.8: Gantry configuration.

To reproduce such a configuration, three C-Beam actuators with travel

distances of 400 mm were combined with T-slotted linear rails working as the

supports. Two out of the three C-Beam actuators were combined in a parallel

configuration over the Y-axis, keeping a separation distance enough to match

the length of the linear actuator itself. The third actuator designated to power

the X-axis was combined with two vertical supports and secured on the top of

the moving carriages of Y-axis actuators to recreate the overhead structure.

The next element of the motion platform was the one that connects the

motion platform itself with the printing head and at the same time allows

the printing head to be lowered and raised during the printing process. For

this task, a lead screw linear actuator with an effective travel distance of 100

mm and powered by a NEMA 14 stepper motor was attached to the moving

carriage of the C-Beam actuator on the X-axis. With a screw pitch of 1 mm

and driving at full step by a 200 steps/rev NEMA 14 stepper motor, this

actuator can modify the height of the printing head with a resolution of 5 µm

under ideal conditions. Figure 2.9 shows the designed gantry configuration of
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the motion platform previously described.

Figure 2.9: Design drawing of the XYZ gantry.

As a last component of the motion platform, an appropriate surface for

depositing the magnetic-resin was needed. Using the Finite Element Analysis

(Finite Element Analysis (FEA)) to find the appropriate material and geomet-

rical characteristics for the deposition surface, a 1/8 inch thick acrylic plate of

30 cm x 30 cm was chosen. To extend the life of the plate this covered with

an anti-sticking film. This plate, called the printing bed, was mounted upon

a set of leveling supports. These spring based supports allows for fine leveling

compensations to assure that the distance between the dispensing tip and the

printing bed will remain within tolerance all around the printing area. Figure

2.10 shows a CAD model of the complete deposition system combining all the

previously described elements in a design that allows us to run different kinds

of experiments without being limited by a closed frame or a pre-established

workflow.
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Figure 2.10: Deposition System CAD model.

2.6 Control drivers

Several CNC controllers were initially analyzed to be used in our application.

For selecting one of the many options available, we required the controller

to have: first, the capability to control no less than 4 motion axes necessary

for our CNC application; second, the capability to control external devices

through standard communication protocols such as RS232; third, the ability

to receive and generate both digital and analog signals to read or control

simple digital sensors like limit switches as well as analog sensors. Finally, the

controller had to be able to generate Pulse Width Modulation (PWM) signals.

The PWM or Pulse Width Modulation is a technique used to generate an

analog voltage out of a digital signal. This is achieved by generating a square

signal and modifying the time of the cycle in which the signal stays on the

high position versus the time that it stays on the low position. Many drivers

use this as an input to set the speed of a motor, or in our case, to configure

the intensity of the LED.

Ultimately, a solution from National Instruments was preferred, mainly mo-

28



tivated by the initial decision of using LabView as a development environment.

From the options offered by National Instruments, a cRIO-9066 was selected.

Shown in Figure 2.11, this FPGA based controller with a 667 MHz dual-core

CPU, 256 MB of DRAM, and 512 MB of storage, features eight slots to

which different modules can be connected [15]. These modules include digital

I/O, voltage and current outputs, motion, removable storage, counter measure-

ments/pulse generation, timing and synchronization, wireless measurements,

serial communication, temperature, resistance, and others. The flexibility and

expansibility of this controller, along with its real-time processor running a NI

Linux real-time operating system, makes it more than adequate to control our

platform. A further description of the cRIO, in terms of its architecture and

software, is given in the next chapter.

Figure 2.11: CompactRIO controller [15].

Three modules for the cRIO were selected to fully control the devices

present in our platform. These modules included a motion control module,

a digital input/output module, and an analog input/output module.

2.6.1 Motion control module

A SISU-1004 motion control module was selected. This four-axis stepper mo-

tor interface allows synchronized control of all axes using its Softmotion control

plugin for Labview. Using RJ45 connectors, this module features all the nec-

essary inputs and outputs per axis to control the X-Y-Z coordinated axes from

the motion platform and the rotation of the magnetic alignment jig. Figure

29



2.12 shows the pinout diagram of one of the four ports of the SISU-1004. The

outputs include step, direction, and enable; and the inputs include forward

limit, reverse limit, and drive fault.

Figure 2.12: SISU-1004 pin-out [14].

These low voltage control signals cannot directly run a stepper motor. For

this, an intermediate device capable of receiving such signals and translating

them to power outputs that can be applied to terminals of the stepper motors

is necessary. First, three drivers with the necessary characteristics to drive

three Nema 23 stepper motors that run the X-Y axes were selected. The

EM705 from Leadshine, shown in Figure 2.13, is a two-phase digital stepper

drive capable of delivering 0.35 to 5 A of current in the range from 20 to 70

V, sufficient to control the 495 Oz-in and 5 A Nema 23 stepper motor used

in our application. Featuring the exact same inputs/outputs like the SISU-

1004, the EM705 drive can be configured to set a determined output current

depending on the specifications for the stepper motor to be controlled. The

EM705 has the capability of configuring the micro-stepping resolution for the

stepper motor. Ranging from 200 steps/rev up to 25,000 steps/rev, it has

the capability of configuring such resolution through dip switches physically

located on the driver.
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Figure 2.13: EM705 stepper motor drive [5].

The capability of generating micro-stepping can be reflected into reduced

vibrations and higher resolution in the system, combined with the 8 mm

metric Acme lead screws with a pitch of 2 mm belonging to the C-Beam

linear actuators. The stepper motor/EM705 drive combination could reach a

resolution that is calculated as:

Considering a screw pitch of 2 mm and a selected micro-stepping resolution

of 25000 steps/rev

1rev = 2mm (linear displacement)

1rev = 25000steps

1step =
2mm

25000steps

1step = 80µm (linear displacement)

Such resolution seems to be much higher than the minimum required for

our application, but it is important to understand that there is a disadvantage

when it comes to the use of micro-stepping. When the number of micro-steps

per revolution is increased, there is a loss of incremental torque per micro-step.

This means that depending on the load, a number of successive micro-steps

would have to be sent until the accumulated torque exceeds the load torque
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plus all the other forces related to the friction of the mechanism itself. Figure

2.14 shows the negative effect of micro-stepping on the incremental torque per

micro-step as a function of the increment on micro-steps per full step.

Figure 2.14: Incremental torque per Micro-step/Full-step [13].

Finally, a different driver with matching capabilities to control the 20 Oz-in

and 1 A Nema 14 stepper motors used in the Z axis of the motion platform

and in the magnetic alignment jig was selected. The A4988 Stepper Motor

Driver Carrier shown in Figure 2.15 is a breakout board sold by Pololu for the

Allegro’s A4988 bipolar stepper motor drive. This drive is capable of operating

with voltages from 8 to 35 V and delivering up to 2 A per coil if sufficient

cooling is provided. It features the same input signals as the SISU-1004 and

has the capability of micro-step resolutions down to 1/16 step.
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Figure 2.15: A4988 carrier minimum wiring diagram [20].

It is important to highlight that the initial configuration for the stepper

motors was set to full step.

2.6.2 Digital and Analog Input/output modules

A 32-channel digital input/output module (NI-9403) and a 32-channel analog

input/output module (NI-9201) were selected. Based on the need of generating

a PWM signal to control the light intensity of the LED, one of the ports from

the digital input/output module was configured using software to generate such

a signal at a frequency of 2.8 kHz. Then, the duty cycle was manipulated to

obtain the desired light intensity. The remaining inputs are then available to

include external devices or sensors in the future.

2.7 Power Supply

With all the actuators, drivers, and devices in place, a selection of the appro-

priate power supplies that satisfied the voltage and current requirements of

each of the components was conducted. Three different power supplies were

included in the platform. First, a PS-15 power supply from National Instru-

ments with an output voltage of 24 V and 5 A was used to power the real-time
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controller cRIO and the SISU-1004 motion controller, both with acceptable in-

put voltages from 18 to 30 V and relative low power consumption. Second,

an RPS4810 from Leadshine with a supply voltage of 48 V, a rated current of

10.4 A, and a peak current of 12.5 A was used to power the three Nema 23

stepper motors through the EM705 drives. With different voltage outputs and

current capabilities for each output, a 500 W ATX power supply was used to

provide a 12 V and 35 A input for the UV LED DK-136M series development

kit, which had to supply up to 30 A to the CBT-120 UV LED. Lastly, a 5

V output from the ATX power supply was used to power the logic stage of

the A4988 stepper motor driver carrier and another 12 V output was used to

power the Nema 14 stepper motors driven by the A4988 driver.

2.8 System Integration

Once the components were received, manufacturing drawings were created

and sent along with either raw material or off-the-shelf components to be

fabricated. With all the manufacturing completed, the motion platform was

assembled. The 3-axis CNC system was wired and interfaced with the drivers

and controllers. Then, the remaining components like the dispensing system,

the LED, and the printing head were integrated one by one, developing the ap-

propriate control software and optimization for the best configurations. In the

next chapter, a detailed explanation of this interface and the software devel-

oped is presented. Figure 2.16 an interaction diagram of all the components

described in this chapter.
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Figure 2.16: Integration diagram.

Finally, Figure 2.17 shows a picture of the final assembly as described in

this chapter. More images of the system can be found in section A.4 in the

Appendix.

Figure 2.17: Final assembly.
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Chapter 3

Control Software

AM processes regularly start with the generation of a CAD model of the

geometry to be printed. From the CAD model, an Stereolithography (STL)

file is generated. This file format is a triangulated version of the geometry

found in the CAD file. Changing the CAD model to this format allows the

geometry to be interpreted by other software. The next step is the slicing

process where the 3D geometry from the STL file is divided normal to the

Z-axis into a series of 2D layers coplanar to the XY plane. Then, the slicer

generates a set of instructions to control the toolpath along the XYZ planes

and to deposit material where it is required. This path that the extrusion

head must follow to construct a desired part, along with the additional set of

instructions, is called G-Code.

The concept of G-Code itself was inherited into additive manufacturing

from the computer-aided subtractive manufacturing industry. In that indus-

try G-Code has been used as a language to give instructions to the automated

machines of ”how” to create something. It is important to understand that

G-Code itself has a strong hardware dependency as a programming language

which is used in a large variety of machines with very different capabilities

and constructions. This means that at some point most of the companies ded-

icated to build automated machines had to create their own G-Code version

to match their hardware. Then it is clear that G-Code is a proprietary lan-

guage that is not under any standard and that it was inherited in to additive

manufacturing following the same philosophy, allowing to each developer to
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include the necessary instructions to control their own system.

As part of the slicing process, the user is also able to modify different

settings for the print, e.g., the layer height, filament width, printing speed,

infill pattern, number of extruders, and a number of other options to deal

with many aspects of the print itself. Such settings are reflected in the G-

Code and later interpreted by the control software. Once that the G-Code is

generated, it can be loaded into the software tasked with controlling the 3D

printer. There are many ways in which a 3D printer can be operated. The

most common are: first, an embedded driver with an external memory reader,

such as an SD card reader or a USB port where a storage device containing

the G-code can be plugged in; second, a host computer running a control

software GUI through which the user can explore the local file tree and find

the generated G-Code. Usually this interface allows the user to operate the

3D printer and modify the printing parameters. Some systems even possess

both interfaces. With the G-Code loaded, it is just a matter of initiating

the 3D printing process. At that point, the task of the control software is to

sequentially execute the G-Code and send the necessary instruction to the 3D

printer controller to perform the operations required.

As a part of the standard process described, we can identify two points

in which our magnetic material deposition process is not compatible with the

available software solutions. The first point of incompatibility is the 3D Slicer

software. Even with the great flexibility offered by some open-source and

proprietary slicing software, it results too complicated to deal directly with

additional degrees of freedom. This is the case with our application, where

the orientation of magnetic particles has to be included as a part of the G-Code

itself. The second point is the control software. Due to the different additional

drivers and devices included in our system, a generic software controller for

a 3D printer doesn’t have the capability, nor flexibility, to be expanded or

extensively modified to work as a research platform.

In this chapter, two different software programs developed to address our

need for custom solutions that suit our process are presented. The first pro-

gram is a post-processing software called ”ADaM Lab - Particles Control Cen-
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ter”. This software was created to enable the user to configure the desired

orientation of the particles as part of our AM process and at the same time

to provide a tool for generating an “extended” version of a standard G-Code

quickly and easily. The second is a full printer control software called “ADaM

Lab - Motion Control Center”, featuring a complete control GUI and a cus-

tom G-Code interpreter design to operate our magnetic material deposition

printer.

3.1 ADaM Lab - Particles Control Center

Figure 3.1a shows the diagram of the previously described process followed

by most of the 3D printers available on the market, and Figure 3.1b gives a

visualization of where the post-processing software described next is included

in this process.

Figure 3.1: a) 3D printing typical workflow b) Extended 3D printing workflow.

As mentioned before, the first step is the generation of a CAD model of

the part to be printed, then this model is exported to an STL file. The

STL format and other similar standards offer the advantage of being a raw

geometrical representation of the CAD model which usually has a proprietary

format. The STL files can be interpreted by most of the slicing software. In
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the slicing process, the orientation of the part and other printing settings can

be configured, affecting the resulting G-Code.

Slic3r [3] was the slicing software selected to generate the basic G-Code

instructions. The core of these instructions is a series of linear interpola-

tions between points across the XY plane that describe the material extrusion

routine and the tool-path that the printing head must follow. These linear

interpolations are the fundamental operations required to construct the three-

dimensional object, layer by layer, moving in the Z direction to step from one

layer to the next one. An example of a typical G-Code line is shown in Figure

3.2.

Figure 3.2: Example of a G-Code line.

The open-source nature of the software, the flexibility of the infill options

that it offers, and the capability of triggering post-processing scripts were the

main reasons that this software was incorporated in this additive manufactur-

ing process.

The material deposition process for which the post-processing software was

designed requires a particular kind of infill. Here is where the versatility of

the slicing software is useful, allowing the selection of the required concentric

shape infill pattern. Now, to exploit another feature of the slicer software, our

post-processing software is configured to be executed once the basic G-Code

is generated. With this last option selected and the parameters specific to the

dispensing configured, the G-Code can be generated. Once that Slic3r finishes

the creation of the basic G-Code file, the main panel of the post-processing
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software will be displayed to the user, so the extra configurations to manipulate

the magnetic particles’ orientation can be modified.

Figure 3.3 shows the graphical user interface (Graphical User Interface

(GUI)) which was based on the popular programming language, Python. This

GUI was developed to allow the user to manipulate a number of parameters

related to the multi-functional AM process. To code the GUI, the TkInter

Python package [10] was used and then combined with a class-based algorithm

that allowed us to iterate through the G-Code file, and identify and perform

different operations according to the selected options. The first control in

this software is a directory browser at the top of the window that allows the

opening of any existing G-Code. This feature avoids having to go through the

entire slicing process every time a change on the configuration has to be made

or every time that a different particle orientation has to be selected using the

same G-Code.

Figure 3.3: Particles Control Center - GUI.

A Combo box with the tag “materials” on the GUI gives the possibility

of working with up to three different resin variations and to set individual
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configurations for each of them. The configuration values are saved or updated

to an extensible markup language (XML) library so they can be easily retrieved

for subsequent iterations. This multi-material approach was conceived to give

the flexibility to scale up the number of dispensing actuators that the printer

itself can handle. Then, depending upon the type of suspension, the user

can optimize the best parameters for each of the suspensions individually.

Incorporating the style of other multi-material 3D printers, an ID letter is

assigned to each of these suspensions. This ID is used later as part of the

printing process itself, to generate the proper signals to trigger the different

actuators.

The available settings on the main panel are: pressure, measured in psi with

valid input values from 0 to 100, related to the maximum physical capabilities

of the dispensing device (100 psi) [11]; intensity of the light source, controlled

by a percentage from 0 to 100; angular velocity for the magnetic jig axis,

measured in deg/sec, and the desired particles’ orientation. The first three

parameters are embedded in a G-Code command line with this structure:

G1 L50 P5 F10.0

In this command, the value next to the identifier “L” indicates the light in-

tensity, the value next to the identifier “P” represents the dispensing pressure,

and the value next to the identifier “F” defines the velocity for the C-axis.

Three possible orientations for the magnetic particles are presented as part

of the first version of the software. These are Inline, Fixed Angle, and Normal

alignment. As mentioned, the deposition process is determined by a series of

2D linear interpolations that the slicer software creates based on the imported

STL file. The reason why the concentric infill pattern was selected for the

slicing process is for its ablility to use the same approach for the magnetic

orientation on a given contour across the whole test part, by just iterating

through the whole geometry. Figure 3.4a shows the solid body and the repre-

sentation of the toolpath for a cylindrical test part. In the Figures 3.4b and

3.4c, the infill percentage was configured to 30% to make the visualization of

the toolpath more clear. The red contours are the concentric loops where the

stream of resin is dispensed and on which the particles are oriented.
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Figures 3.4d, 3.4e, and 3.4f, give a graphical representation of the align-

ment options over a single loop of the printing head. The red line shows a

coarse representation of the linear interpolations created by the slicer which

represent the geometry of the part to be printed. The green dots symbolize

the 2D points present in the standard G-Code, and the yellow arrows indicate

the direction that the printing head follows to move between points. The core

of this post-processing software is the manipulation of the orientation of the

blue double arrow, which represents the angle of the dipolar magnetic field

and therefore, the intended orientation of the magnetic particles inside of the

resin stream.

Figure 3.4: Toolpath example and alignment options.

Figure 3.5 shows the algorithm followed to iterate through the source

G-Code. The process consists of identifying the lines where the material is

extruded. It is during this deposition process that the angle of the magnetic jig

must be calculated. The rest of the linear interpolations where no material is

being extruded are directly included in the G-Code, having the next structure:

G1 X98.364 Y97.933 F10.0

For the extrusion cases, the XY coordinates of a pair of subsequent points

are extracted and the angle between them is calculated. This calculation is
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done by considering a right triangle and using the arctangent function and

computing the quotient of the opposite sides as shown in the Equation (3.1).

Then, depending on which option was selected, the software will manipulate

this angle and construct a G-Code line with additional information containing

the value of the angle.

tan θ =
opposite

adjacent
,

θ = arctan
opposite

adjacent
.

(3.1)

For the case of the “normal” alignment, the calculated angle from the G-

Code is then rotated 90 degrees clockwise. In doing this, the magnetic dipole

moves perpendicular to the concentric loops assuming that the deposition di-

rection is counterclockwise. The “Inline” alignment means that the magnetic

dipole follows the calculated angle between the neighboring points, subse-

quently the angle is added to the extended G-Code as a command. Finally,

the “Fix” alignment reads the input angle value and constructs the G-Code

command using the same value to construct all the G-Code lines where the

deposition is to be made.

Once the algorithm iterates through the original file, the extended G-Code

file is completed and the user receives a prompt that the process is finished

successfully. The new file contains the needed additional instructions to mod-

ify the angle of the magnetic dipole at the same time that it performs the

point-to-point linear interpolations. A comparison of a line of code before and

after the post-processing is presented. The main difference can be seen after

the identifier “E” in relation to the selected dispensing nozzle (“U” and “V”

identifiers are available for adding additional dispensing nozzles in the future).

A binary value of 1 after the identifier “E” means that the dispensing mech-

anism is being triggered. The identifier “A” next to it is related to the angle

followed by the numeric value of the angle itself.

Original: G1 X98.364 Y97.933 E2.00840

Extended: G1 X98.364 Y97.933 E1 A49
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3.2 ADaM Lab - Motion Control Center

Along with the design of the magnetic material deposition platform, a control

interface that is equally flexible and customizable was developed to operate it.

This software called “ADaM Lab - Motion Control Center” was designed to

give complete control of all the components of the magnetic printer. Developed

in LabView, this software takes advantage of the high-performance FPGA

hardware control and features a graphical user interface running in the real-

time processor of the cRIO. Taking advantage of the FPGA’s features, the

Motion Control Center is capable of controlling coordination of all the axes

of the magnetic printer, retriggering the dispensing mechanism, repositioning

of the magnetic alignment, activation and changing of the intensity of the

LED, as well as other capabilities. In this section, a detailed description of the

hardware which was used and the development environment is given. Along

with it, a detailed description of the construction blocks of our software is

presented and the software structure is explained.

3.2.1 CompactRIO and LabView

The compactRIO or cRIO is a platform composed of a series of embedded con-

trollers that features two processing targets [15]. First, a real-time processor is

used to perform signal processing and communications tasks. The second is a

programmable FPGA designed to perform high-speed control, precise timing,

and trigger programmable hardware. FPGA stands for field-programmable

gate array; in simple terms, an FPGA is a reprogrammable silicon chip [18].

This kind of system offers the performance and reliability of dedicated hard-

ware with the flexibility of a software programmable system.

LabView is a development environment for a visual programming language

called “G”. To roughly understand this language, we can start with one of

its fundamental elements, the virtual instruments (VIs) [17]. A VI is the

equivalent of a sub-routine in other languages, and it is composed of three

elements; a connector pane, a front panel, and a block diagram. A connector

pane is a graphical way to represent a VI in the block diagram of other VIs.
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The front panel is the equivalent of a GUI. Built upon controls and indicators,

the front panel is the one in charge of capturing the inputs and displaying

the outputs of a VI. LabView offers pallets full of buttons, switches, knobs,

graph indicators, plot indicators, and various input boxes for different types

of variables. The block diagram, also known as the back panel, is where the

visual programming language is located. Here, all the elements created in the

front panel appear as terminals. Furthermore, structures and functions are

available in the functions pallets. All the elements in the block diagram are

also referred to as nodes. Nodes are connected through wires, so two controls

and an indicator can be wired to a division function to show the result of the

operation between those numbers. Finally, a VI can be dropped as a node in

another’s VI block diagram and the front panel of the dropped VI will define

the inputs and the outputs for that node through the connector pane. Figure

3.6 shows an example of a VI.

Figure 3.6: VI front panel, connector pane and back panel.

The LabView coding paradigm is based on data availability; a node can be

executed when it has all the necessary inputs. When this node is executed, it

generates output data which are passed to the next node. This flow of inputs

and outputs through the nodes determines the execution order [17]. Figure 3.7

shows an example of the LabView execution flow. In this example, number 1

and number 2 are first added, then 50 is subtracted from the result and finally,

the result is passed to the result node. It is important to understand that this

code is not executed like this just because the nodes were placed in this order.
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The reason is that the subtract function cannot be executed until the result

from adding number 1 and number 2 is ready.

Figure 3.7: LabView data flow example.

The last aspect of the LabView’s programming paradigm to be presented

is the design pattern used for our application. A design pattern is a standard

architecture that can be re-used to solve certain kinds of problems. In this

case, we followed a combined event-driven user interface and a state machine.

3.2.2 Software workflow

In this section, a general description of the Motion Control Center is given.

Figure 3.8 shows a block diagram of the main VIs that integrates our LabView

project and more importantly, in which hardware location each of them is

being executed. This has very important results as explained in section 3.2.1

(CompactRIO and Labview). As it can be seen, there are three different

instances where the VIs can run. These are: the host computer, the LabView

real-time system, and the LabView FPGA. In the left side of Figure 3.8, we

find the first component of the Motion Control Center. The FTP loader is a

VI running in the host computer. The only purpose of this VI is to serve as a

bridge between the host computer and the cRIO, allowing the user to transfer

the previously generated G-Code file to the real-time system. In the central

block, we have the main VI, running in the real-time system. This VI contains

the main GUI through which our magnetic material deposition system can be

controlled. Also, in the back panel of this VI, we can find the main algorithm

that handles the user’s inputs, interprets the G-Code, and sends instructions

to the FPGA. Finally, in the last block, we have the motion control VI or

FPGA VI. Here, we can find the function blocks for the most basic motion and
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control operations. These are the control loops to generate the step/direction

signals to control the stepper motors, and the timing loop to generate the

PWM signal to control the LED. The reasons why this application runs in the

FPGA are because of the higher performance and the precise timing that can

be achieved. These characteristics are required for controlling the coordinate

axes of the motion platform and for accurately positioning the printing head

in place.

Figure 3.8: VI’s block diagram.

3.2.3 Project Explorer files tree

Based on the previous discussion, it is necessary to identify all of the VIs

inside of the LabView environment. Figure 3.9 shows the file structure of

the LabView project itself. At the very top of the tree, we can identify the

name of our project. Due to the available hardware, there are two platforms

where VIs and many other programming elements can be created. These

two platforms are the host computer marked with the label, “My computer,”

and the compactRIO, identified with the label, “NI-cRIO9066.” Inside of the

compactRIO, we will find our chassis. Any module physically plugged into
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the cRIO’s chassis will appear in this sub-menu beside other items like VIs,

dependencies, build specifications, and the FPGA target.

Figure 3.9: Project explorer files tree.

With the structure explained, it is easy to understand that any VI located

under “My Computer” will be running on the local host; a VI located one

level under the label “NI-cRIO9066,” will be running in the real-time system;

and finally, a VI running under the FPGA target will be compiled and run

in the FPGA. Results beyond the scope of this work explain in detail all the

different implications of creating VIs in the different levels of the platform. It

is also beyond this work to explain what kind of operations can or cannot be

performed in the different levels of the platform. In order to understand this,

we recommend following a tutorial on how to develop real-time applications

and FPGA applications in a LabView compactRIO.
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3.3 VIs internal description

In this section, a detailed description of the algorithms implemented in the

different VIs and their functionalities are presented. Along with it, all the

configurations done to match the properties and settings of the different ex-

ternal components are explained as well.

3.3.1 Motion control

As stated in Section 2.6.1, the stepper motor interface SISU-1004 was in-

tegrated with the cRIO to handle the control of the four motion axes in our

platform. To do this, the SISU-1004 requires a LabView software module called

Softmotion. In this module, different sub-VIs and configuration elements are

available to specify the characteristics of the physical mechanism.

Axis configuration

The first task to configure the motion system is to create Softmotion axis

objects inside of the LabView Project Explorer, more specifically, under the

cRIO’s chassis. Once that one axis object is created for each of the four outputs

available in the SISU-1004, it can proceed to do the configuration. Inside

of the properties of each of the axes, a number of parameters are available.

Such parameters include the type of motor to be controlled, the loop mode,

initial status, units to be used, type of interpolation to be used, the timing

characteristics of the step/direction signals, and the desired polarity of the

output signals, just to mention some of them. As expected, the configuration

of each axis has to reflect the desired behavior and mechanical characteristics

of the physical axis.

In our design, there are five stepper motors running on four different axes

with three different kinds of actuators. Next, we present the configuration

done for each of those axes. We started with the XY axes. As described in

Section 2.5, three C-Beam linear actuators were combined to create the XY

axes of the gantry configuration. Two of the actuators are used to run the

Y-axis, but for the software, such actuators have to be controlled as a single
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one. This was achieved by wiring the same output for the Y-axis from the

SISU-1004 module to both of the stepper motor drivers. The third actuator

was used to run the X-axis by itself. Due to their shared characteristics, both

axes were configured as described in Table 3.1.

Axis tab Setting Configured value

General Settings Axis
Type: Stepper Driver / Inter-
face: Open Loop

Trajectory Forward Software Limit
Position: 250 mm / Stop
Mode: Immediate

Reverse Software Limit
Position: -250 mm / Stop
Mode: Immediate

Limits and
Home

Reverse Limit
Enable / Stop mode: Immedi-
ate / Reverse Limit Input: Ac-
tive State High

Stepper Units
Units: mm / Steps per mm:
100

Table 3.1: XY common configurations.

A standard three-dimensional Cartesian coordinate system was implemented

to determine the positive direction of the motion axis. Figure 3.10a shows a

representation of the coordinate system adopted and Figure 3.10b shows our

platform with matching orientation coordinates for better understanding.

Figure 3.10: Machine coordinate system.

To account for the specific direction of the physical X-axis, the configura-
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tion was set as shown in Figure 3.11.

Figure 3.11: X-axis direction configuration.

To account for the different direction of the physical Y-axis the configura-

tion was set as shown in Figure 3.12.
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Figure 3.12: Y-axis direction configuration.

The Z-axis is driven by a much smaller linear actuator with different me-

chanical characteristics, which is a 6 mm diameter lead screw with a pitch of 1

mm. Considering the different mechanical properties and the vertical orienta-

tion within the motion platform, the configuration of this axis was performed

as shown in Table 3.2.

Axis tab Setting Configured value

General Settings Axis
Type: Stepper Driver / Inter-
face: Open Loop

Trajectory Forward Software Limit
Position: 100 mm / Stop
Mode: Immediate

Reverse Software Limit
Position: -100 mm / Stop
Mode: Immediate

Limits and
Home

Reverse Limit
Enable / Stop mode: Immedi-
ate / Reverse Limit Input: Ac-
tive State High

Stepper Units
Units: mm / Steps per mm:
200.0

Table 3.2: Z axis configurations.
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Finally, the C-axis, which is the one that manages the rotation of the

magnetic jig was configured as described in Table 3.3.

Axis tab Setting Configured value

General Settings Axis
Type: Stepper Driver / Inter-
face: Open Loop

Trajectory Forward Software Limit
Position: 360 degree / Stop
Mode: Decelerate

Reverse Software Limit
Position: -360 degree / Stop
Mode: Decelerate

Limits and
Home

Reverse Limit
Enable / Stop mode: Immedi-
ate / Reverse Limit Input: Ac-
tive State High

Stepper Units
Units: degree / Steps per de-
gree: 0.2

Table 3.3: C axis configurations.

3.3.2 Essential function blocks

In this section, a brief description of the most important VIs used in our

application is presented.

Softmotion functions pallet

The Softmotion module offers a series of express VIs that can be used to

perform different kinds of movements and operations. Figure 3.13a shows

the available VIs. Based on the fact that the input G-Code file is a series of

linear movements, the main function used from this pallet is the Straight-Line

Move VI. As its name describes, this VI performs a straight line over an axis

or over a coordinate system. Taking a single axis coordinate or an array with

XY coordinates as an input, this VI defines the acceleration and deceleration

time series for the movement and selects if the input coordinates belong to

an absolute or a relative coordinate system. Along with this function, other

functions like Read, Write, Stop and Reset Positions were used across the

main VI. Figure 3.13b shows the properties window for the Straight-Line

Move function used during the homing procedure.
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Figure 3.13: Softmotion VI’s pallet.

Dispensing system VI

As mentioned in Section 2.1 (dispensing system), one of the reasons that

the Ultimus V system was selected, was that the platform offered by Nordson

has a high degree of compatibility with LabView. Furthermore, the supplier

provides prebuilt LabView demos, which show how to control the Ultimus V

from a LabView front panel. Using these demos allowed us to easily integrate

this dispensing system with our platform. Among all the different VIs offered

to interact with this system, two kinds are the fundamental ones to complete

a dispensing cycle. The configuration VIs are the first of them. Shown in

Figure 3.14a, these VIs allows us to set all the parameters related to the

dispensing process; this includes the dispense mode, pressure, vacuum setting,

pressure units, vacuum units, and others used to configure the system when

it is running in different modes. The action-status VIs are the second kind,

shown in Figure 3.14b. The action-status VIs allow the dispensing system

to operate. The Initiate Dispense VI is the most important. Depending the

selected mode, this VI will have different behaviors. For the selected, “steady”

mode, the VI triggers the dispensing cycle and when the VI is activated again

and stops it.
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Figure 3.14: Ultimus V VI pallets.

PWM generation for UV LED driver

There are many ways to implement a PWM in a platform such as the cRIO. For

our application, the PWM signal used to control the light intensity of the LED

was implemented using a simple state machine running in the FPGA. Figure

3.15 shows the block diagram with the code used. A case structure is evident

which becomes true when the input “UV Source On” is set to true. Inside

the case structure, a while loop with a state shift register (characteristic of a

state machine) switches back and forth between the true and false states. In

each of the states, the digital output is activated and deactivated for different

amounts of time, depending on the set values for the Low Period and the High

Period variables.
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Figure 3.15: PWM block diagram.

3.4 VI description

3.4.1 FTP Loader VI

As described in Section 3.2.2 the FTP loader is a VI that helps the user to

send the previously generated extended G-Code to the real-time system in the

cRIO. This is achieved by using a communication protocol called File Transfer

Protocol or FTP. This is a standard network protocol designed to send files

between a server and a client. We implemented this protocol because it is sup-

ported in both; the real-time system that is basically a Linux-based operating

system, and the host computer that runs a Windows operating system.

Figure 3.16 shows the front panel of this VI. A sub-VI invokes an open

file argument. Using the open file window, the user can navigate through the

Windows file system and find the G-Code file that needs to be uploaded to

the cRIO. Once the file is selected, an upload button sends the file to the

designated folder with the file name “currentGcode.gcode”.

57



Figure 3.16: FTP VI front panel.

In the block diagram of this VI shown in Figure 3.17, we can see that

once the user has selected a valid G-Code file, a function called ftp-put file is

activated. Using the IP address for the cRIO, the host computer can generate

a communication channel and copy the selected G-Code file to the desired

location in the real-time system of the cRIO. This file will be retrieved later

in the main VI from the specific folder.

Figure 3.17: FTP VI back panel.
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3.4.2 Main VI

This VI represents the main interaction center between the user and our plat-

form. Through this GUI, the user is capable of activating all the different ex-

ternal devices and positioning the motion platform at any given point. Under

the hood of this application, we can find the case-based algorithm to perform

the magnetic-deposition material and alignment process. Furthermore, user

event-driven function blocks to trigger axis specific linear movements, activate

the dispensing system, and start the PWM signal generation are found here.

In Figure 3.18, there is a screenshot of the Motion Control Center main VI.

This GUI is divided into four different sections with specific functionalities

used in the workflow.

Figure 3.18: Main VI front panel.
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Manual Control Interface

Figure 3.19 shows the manual control interface. This section of the panel

allows the user to manually operate each of the axes separately. Tagged with

a label, every axis is identified and followed by two numeric inputs. Such

numeric inputs are position and velocity for the XYZ axes; and angle and

velocity for the C-axis. As specified in the footnote from the main screen in

the software, the units used are millimeters for the position and mm/sec for

velocity. In the case of the angle orientation, the units are degrees for position

and degrees/sec for velocity. Next to the position/velocity inputs, the user

can find different colored arrows. These arrows indicate the direction of the

movement to be performed.

A home button can be found inside this interface. This button controls

the running of a user triggered homing procedure. Homing, in this kind of

application, refers to the action of bringing the motion axes to an initial con-

dition. This initial position has the coordinates [0,0,0] for the X, Y, and Z

axes, respectively. It is important to understand that the initial condition is

defined as the position of the axes on which all the limit switches have been

activated.

Figure 3.19: Manual control interface.

Based on the coordinate system shown in Figure 3.10, the arrows are

configured as follows. Four blue arrows are used to control the XY positioning.
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From this set of arrows, the one pointing to the right actuates the X-axis in the

positive direction, and the one pointing to the left actuates the X-axis in the

negative direction. The up and down arrows actuate the Y-axis in the positive

and negative direction, respectively. A separate set of green arrows operates

the Z-axis. Again, the up arrow activates the motion of the axis in the positive

direction, and the down arrow activates it in the negative direction. To control

the angle of the C-axis, two yellow arrows are used. The up arrow rotates the

magnetic-jig in the counterclockwise direction or positive angle displacement,

and the down arrow generates a clockwise rotation.

The final consideration for these controls is that the axes are configured

for relative movement. This means that for a given position, the axis will

move the distance in the selected direction, despite the initial position. As an

example, if a value of 10 is introduced for the Position X, and then, the right

blue arrow is pressed once, the X-axis will move 10 mm to the right. If the

same right blue arrow is pressed again, the X-axis will move another 10 mm

to the right from the current position.

Figure 3.20 shows the section of the main block diagram behind this man-

ual control panel. The main aspect to understand in this code is that the

four axes are represented as elements inside an array. This is how referring

to an element of this array is equivalent to selecting that specific axis. The

axes are enumerated from 0 to 3 and correspond to the X, Y, Z, and C axes,

respectively. The inputs related to the different direction arrows and the po-

sition/velocity values from the front panel are represented as nodes in this

diagram. When the user activates one of the control arrows, these inputs are

sent to a Straight-Line Move sub-VI (described in Section 3.3.2). Doing this,

the VI sends the needed instructions and information to the FPGA to generate

the step/direction signals for the stepper motor driver.

As the last component of this block, the homing code is shown in Figure

3.21. As stated before, the home position requires that all the limit switches

are activated by the moving carriages of the different axes. To guarantee this,

the axes are moved into the negative direction, a magnitude of distance greater

than the maximum travel distance of the different actuators. Doing this, it can
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be guaranteed that all the limit switches are activated. Once all the reverse

limit signals from the Straight-Line Move VIs are received, the current position

is reseated.

Printing Interface

The block located in the upper left corner of the main GUI shown in Fig-

ure 3.22 is the one controlling the triggering the printing process. This GUI

features four different controls. These controls are used to set the deposition

speed (mm/s), enable the material dispensing, initiate the print, and abort the

print. Setting the deposition speed to a value different than zero overrides the

printing speed set in the G-Code. The “Enable Dispensing” control is used

to allow the user to do a dry run of the uploaded G-Code with the purpose

of corroborating the set parameters without wasting magnetic resin. When

pressed, the “Run” control opens a prompt window to confirm if the print

should be started. Finally, the “Abort” control halts the system if is required

once the print has already been initiated.

The indicators in this section give real-time feedback about the current

print, as well as the status of the system. Starting with the “Ready” light

at the top of the block, this indicator shows if the system has successfully

initiated the FPGA and if the axes faults were cleared successfully. A current

pressure indicator shows the pressure value set up in the dispensing system.

In the case that a waiting instruction (G4) is executed, an indicator shows

the countdown value so the user will know that the system is not “hanging”.

On the right side of the block, an array indicator shows the individual parsed

string from the G-Code has been executed at a given time, and under it, a

light indicator shows if the dispensing system is triggered or not.
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Figure 3.22: Printing control interface.

Once that the print has been started, the deposition, alignment, and curing

processes take place. The first step is to retrieve the G-Code file uploaded by

the user into the real-time system. A read file operation fetches the latest

G-Code file with the pre-defined name currentGcode.gcode in the designated

local folder /media/ as shown in the Figure 3.23. The output of this reading

operation is an array of strings, and each element of the array contains a line

of text from the G-Code.

Figure 3.23: Read file block diagram.

This array of strings is then connected to the main For -loop of the printing

algorithm. There are two main blocks inside of this loop; a parsing block and a
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case based block where depending on the command identified, different actions

are taken. The For -loop iterates through all the G-Code text lines and stops

when an end of file is found, concluding the print.

The parsing block shown in the Figure 3.24 takes a single text line from

the array of strings and uses a Scan String for Tokens function. This function

takes as inputs the G-Code string to be analyzed and an array of strings called

operators. If any of the operators appeared inside of the input string, the

function identifies them as tokens. Once the string is analyzed, the function

returns a token string. This token string is an array of all the matched tokens.

Figure 3.24: String parsing block diagram.

To define the set of operators for this function, it is necessary to understand

all the cases that can be found in the G-Code. Listed in Table 3.4 we can

find all the possible cases present in our custom extended G-Codes.

Based on these scenarios, a set of nested case-structures was created. The

diagram shown in Figure 3.25 gives a clear picture of these cases and how

they were structured to perform the printing process.
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Case # G-Code Description

1 G1 X1.0 Y1.0 F10.0
This case represents a simple XY co-
ordinate movement (X1.0 Y1.0) with a
determined velocity (F10.0).

2 G1 Z0.10 F10.0
This case represents a Z linear move-
ment (Z0.10) with a determined veloc-
ity (F10.0).

3 G1 X1.0 Y1.0 E1 A90

This case represents an XY coordinate
movement, with the dispensing system
”On” (E1), and a rotational movement
of the magnetic jig (A90).

4 G1 L50 P5 F10.0

This case represents a configuration
command with settings for light inten-
sity percentage (L50), pressure value in
psi (P5), and velocity (F10.0).

5 G28
This case represents a homing com-
mand.

6 G4 P10

This case represents a dwell instruction
with a value in seconds (P10). This
command was included to allow the
user to idle the system in a given state
as required. This routine is useful in
the case that a sample wants to be ex-
posed to the magnetic field or to the
light for a determined period of time.

Table 3.4: G-Codes cases.

Figure 3.25: Cases diagram.
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All cases in this structure are described below. Starting at the top of the

diagram, to consider a G-Code command to be valid, the string itself must start

with a letter G. This characteristic of G-codes is important because this first

requirement helps to segregate any comment text or unsupported commands

right away. Then, three general commands are identified. These are, G1 -

linear motion, G28 - return to home, and G4 - dwell.

For the G1 command, four different variations were created. It is also im-

portant to understand that all the movements done hereafter use an absolute

coordinate system. The first variation corresponds to Case 1 (F). As described

before, this command represents a coordinate movement without any dispens-

ing. The block diagram of this case is shown in Figure 3.26. At the beginning

of the sub-routine, the status of the dispensing system is checked. If the dis-

pensing was activated in a previous loop, then it is deactivated before starting

the coordinate movement. The aspect to pay attention to in this sub-routine

is the coordinate movement done. Instead of sending position/velocity values

to each of the axes separately as done before, the XY axes were combined into

a coordinate axis object and then actuated as a single object. With this, the

system can make a linear interpolation between the start and end point using

both axes simultaneously.

Figure 3.26: Case F block diagram.

The second variation of the G1 command corresponds to Case 3 (E). In
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this case, a dispensing instruction E1 is combined with a coordinate linear

movement. As shown in Figure 3.27, the first step in this sub-routine is to

rotate the magnetic jig to the angle indicated next to the operator A (A90).

Modifying the angle of the magnetic jig induces a new orientation of the par-

ticles within the deposited resin, as was explained in the previous chapters.

Once the magnetic jig reaches the indicated angle, the dispensing system is

triggered, and the coordinated linear movement is finally executed. This pro-

cess results in a line of magnetic resin deposited over the printing bed. Due

to the presence of the magnetic dipole, internal particle alignment should be

simultaneously achieved. Another item found here is an array of all the exe-

cuted positions. This array is then fed to an XY graph described next in the

printing visualization interface Section 3.4.2.

Case 2 (Z) is the third variation of the G1 command. This case represents a

simple linear movement over the Z-axis. The primary consideration, as shown

in Figure 3.28, is to stop the dispensing cycle if it was triggered in a previous

loop.

Figure 3.28: Case Z block diagram.

Finally, the fourth variation is represented by Case 4 (L). Figure 3.29

shows the block diagram for this case where no movements are performed.

On the other hand, the configuration settings for the Ultimus V and the light

intensity value are set.
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The commands G28 and G4 are examples of the Cases 5 and 6. Identical to

the homing procedure found in the manual control interface, the G28 command

moves the machine to the initial condition [0,0,0] for the axes X, Y and Z. G4,

on the other hand, generates a time delay defined by the argument of the token

P (P10). This value is measured in seconds.

Printing Visualization Interface

As its name indicates, this part of the user interface gives a graphical repre-

sentation of the dispensing linear movements performed during the printing

process itself. With this indicator, the user can monitor and identify the ge-

ometry being printed. Figure 3.30 shows an example of the graphical output

for a given print.

Figure 3.30: Main VI graph indicator.
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Additional Controls Interface

This last block of the main VI shown in Figure 3.31 was created with two

purposes. First, to allow the user to access the configuration settings for the

different devices, like the dispensing system, the LED, and the movement

profile for the printing algorithm. Second, to leave some room inside of the

application to create new custom features necessary to perform specific re-

search tasks. An example of this is the tab, “UV LED,” where the user can

activate the light for a determined amount of time. It is recommended to use

this section to include any new feature that is not related to the main printing

process.

Figure 3.31: Main VI additional controls.

3.4.3 FPGA VI

The last VI to be analyzed is the SISU FPGA VI. This is the VI running

directly inside of the FPGA. The front panel of this VI includes controls and

indicators that allow the Softmotion functions to describe the status of the

four different motion axes. These indicators include lights for: enable status,
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direction, faults, and limit switches triggered. Besides that, the inputs and

controls to drive the PWM signal generation for the LED can be also found

in the front panel. These are Low Period and High Period, a UV source on

control, and a UV source on/off indicator. Figure 3.32 shows the described

front panel.

Figure 3.32: FPGA front panel.

All the functions used to generate the different signals for the stepper motor

and to manage all the inputs from the stepper drives themselves are located in

the back panel of this VI. It is important to mention that these functions were

directly taken from the SISU-1004 examples database and it is not necessary

to modify them at this level. Figure 3.33 shows the block diagram code for the

PWM signal generation as described in Section 3.3.2, the SISU-1004 functions

from this VI can be found in Section A.5 of the Appendix.
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Chapter 4

Experimental validation

There are two critical capabilities that this system required. First, it had to

be able to dispense magnetic resin in a controllable way following an input

G-Code. Second, considering that such magnetic resin is loaded with particles

magnetically responsive, the system had to be capable of manipulating the

angle of a magnetic jig in a programmable way. By modifying the angle of

the magnetic jig, the orientation of the magnetic particles inside of the resin

should change accordingly. To prove these two capabilities, two different tests

were conducted.

4.1 Printing test

The first test was related to the capability of the system to perform a ba-

sic print. For this, the CAD model shown in Figure 4.1 was generated and

processed in Slic3r to create an initial G-Code. Then, this G-Code was cus-

tomized through our software ADaM - Lab Particles Control Center to obtain

an extended G-Code compatible with our control software.
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Figure 4.1: UofA CAD model.

Due to the early development stage of our magnetic resin, the deposition

parameters were roughly estimated through simple deposition tests. For these

tests, lines of the magnetic resin were dispensed at different deposition speeds

and different pressures. Once they were cured, they were visually analyzed to

evaluate the amount of resin dispensed and the quality of the line. Figure 4.2

shows a picture taken during the deposition test. A table with the results of

these initial tests is included in the Section A.6 of the dix. It is important

to understand that these results are reference values, due to several factors

discussed in the conclusion section.

77



Figure 4.2: Deposition test.

With initial settings selected, the dispensing systems barrel was loaded

with the magnetic resin. More details about this filling process can be found

in Section A.1 of the Appendix. With the dispensing system ready, the

extended G-Code was loaded to the printer and the process initiated. The

requirement for this test was that the system had to have the ability to replicate

the geometry created in the CAD model. For doing this, the system had to

deposit the magnetic resin only when needed and to correctly execute all the

commands in the G-Code. A single layer of the model was deposited. Figure

4.3 shows the result of this test. It is possible to see that the printer successfully

performed the needed operations to deposit the resin as expected.
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Figure 4.3: UofA logo printing test.

As part of further tests, other variations of the magnetic resin were tested

using the same G-Code. These tests showed that the results are highly depen-

dent on the physical properties of the resin being used. Figure 4.4 shows a

test using a variation of the resin with a high concentration of the magnetic

particles.

Figure 4.4: Grid used for directionality test
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4.2 Particles alignment test

The second test involved the creation of a custom G-Code to dispense resin

inside of a grid and then to align the suspended particles to a given orientation.

The G-Code used for this test can be found in Section A.7 of the Appendix.

For the test, a 3x3 grid was cut out of a 1/8 inch thick acrylic sheet. Figure

4.5 shows an image of the grid used. The procedure consisted of positioning the

printing head into each of the nine locations on the grid and then depositing

a single drop of the magnetic resin. With the magnetic resin deposited, the

magnetic jig was rotated to a different angle depending on the position in the

grid. The test began at 0 degrees, then the magnetic jig was rotated 45 degrees

every time in the next sample until it reached 360 degrees. The magnetic jig

was kept in the different angles exposing the sample to the uniaxial magnetic

field for 1 minute to align the particles.

Using previous optical microscopy studies it was observed that the mag-

netic orientation is a two steps process. In the first step the magnetic particles,

in this case the strontium ferrite, behave like individual magnetic dipoles that

become magnetize under the presence of the unixial magnetic field. In the

second step these polarized individual particles start to aggregate to form the

chain-like micro-structures align with the magnetic flux lines from the magnetic

field.Further analysis also showed that once the particles are magnetized a rel-

ative small magnetic field is sufficient to rotate the chain-like micros-structures

to any desired orientation angle.

Once that the alignment process was completed the LED was activated to

cure the magnetic resin for 2 minutes. The aligning/curing process was then

repeated for every sample in the grid. Once that all the samples were printed,

the grid was removed from the printing bed and the particles’ orientation of

each sample was characterized via image processing as explained in the next

subsection.
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Figure 4.5: Grid used for directionality test

4.2.1 Alignment characterization

The degree of particle alignment within the magnetic resin was evaluated using

optical microscopy. A PR48 suspension was loaded with 0.5 wt% strontium

ferrite. The low percentage of particles was a key factor while using optical

microscopy to analyze the samples. The reason is that when the particles’

weight percentage is increased, the resin turns into a dark liquid where the

alignment cannot be characterized using standard visual methods.

With the samples cured inside the grid, the whole grid was removed and

placed under an optical microscope. Then using interface software for the mi-

croscope at a magnification of 4.5X, images of the samples were captured. The

acquired images were converted to gray scale and then digitally enhance. Fig-

ure 4.6 shows some of the images taken from the optical microscopy analysis.

In these images, it is possible to observe the chain-like micro-structures formed

by the ferrite powder. This is possible to prove if they are compared with the

image presented by Martin et al. [12] of their field structured composite. Us-

ing the magnetic field generated by the Halbach array and controlled by the

magnetic jig mechanism the particles’ alignment was modified with respect to
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the programmed angle. For the directionality analysis the platform was pro-

grammed to generate samples with a particle angular orientation of -30, 30,

-45 and 45 degrees. Other images taken can be found in Section A.8 of the

Appendix.

Figure 4.6: Optical microscopy images of aligned particles in cured resin. (a)
-30 degrees; (b) 30 degrees; (c) -45 degrees; (d) 45 degrees.

A software called Fiji ImageJ [21] was used to measure the angles of the

particles in the images taken. This analysis was performed Using the “direc-

tionality” feature of the software. This tool uses an algorithm that counts

the number of structures oriented in certain direction, using the local gradient

orientation method. Figure 4.7 shows the result of the analysis. The data

obtained describe a Gaussian curve with a sharp peak at the set orientation

angle. This sharp peak represents that there is a high number of oriented struc-

tures at that particle angular orientation, in comparison an isotropic sample

produce results in the shape of a flat curve, where the structures don’t present

a particular orientation. From these directionality curves, it is also evident

that the standard deviation results are the same for all orientation angles.
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Figure 4.7: Magnetic particles directionality data for -45,-30,0,30,45 degrees.

4.3 Conclusion

In the present work, an additive manufacturing process aimed to create cus-

tom permanent magnets was presented. The AM process was selected over

other traditional manufacturing method, due to its unique capability to create

complex geometries and its flexibility to allow localized properties to be tai-

lored. As studied by Martin et al. [12] the presence of anisotropic chainlike

structures within a magnetic composite increases the magnitude of remanent

magnetization. This is how generating localized anisotropic particle arrange-

ment became a goal for this project.

As presented in this document a material jetting based platform was built

to experiment with a magnetically loaded light sensitive resin. This platform

integrates a custom designed rotating magnetic jig, a precision dispensing

system, a light based curing system, and a 3-axis Cartesian motion platform.

The machine was designed to be capable of dispensing a magnetic resin and

aligning the magnetic particles suspended inside of it. A pre-programmed set

of instructions called G-Code was followed.
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The selected dispensing system proved to be a flexible tool, allowing to

customize a series of parameters like pressure and vacuum. The disadvantage

of this platform resulted to be the very limited reservoir with a maximum

capability of 30 cc of resin at a time. This limitation will create a bottle neck

in the printing process, making it a primary feature to be modify in the next

design iteration.

With the selected positioning of the dispensing system across the Halbach

array, new challenges arose. Fluctuations in the amount of the deposited resin

were observed. Different printing settings like pressure and printing speed

were varied in an attempt to correct the fluctuations. It was concluded that

in the magnetic resins with particles concentration higher than 0.5 wt%, the

magnetic field was attracting too many particles at a given time and clogging

the dispensing tip.

In the current design, the dispensing tip used to deposit the magnetic

resin is located in the center of the magnetic jig causing a direct interaction

between the magnetic particles and the magnetic field from the permanent

magnets. Reaching this conclusion allow us to understand that in order to have

a constant flow, the area around the dispensing tip must be shielded from the

present magnetic field. Possible solutions include shielding the dispensing tip

with a high permeability material.The dimensions and the necessary amount

of shielding will have to be defined. Nevertheless, with this modification,

other changes would have to take place, including the position of the LED and

possible machining of the aluminum support angle to hold the shielding.

Once that a constant flow is achieved, the true capabilities of the XYZ

gantry configuration can be exploited. Setting like micro-stepping and different

motion feed rates can be tested in order to optimize the printing quality and

minimize the operation time accordingly. This design resulted to be sensitive

to the perfect alignment of the parallel slides in charge of actuating the Y-axis.

Failing to precisely align the carriages of both linear actuators caused uneven

displacement and immediate jamming. Although not ideal, this scenario does

not diminish the overall positive performance of the design.

Based on the first set of experiments, it was concluded that further under-
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standing of the curing process has to be developed for the different variations

of the magnetic resin. Furthermore, in this experiment, the same G-Code and

same parameters were run using magnetic resins with higher particle concen-

tration. It was observed that increasing the particles’ weight percentage in the

resin had a direct effect on the curing time, showing less curing in magnetic

resin with higher concentrations.

Another important factor to consider is the location and orientation of the

curing light, in te current design the light is meant to flood the area around

the dispensing tip. This way of exposing the resin to the curing light resulted

to be not the most effective. Due to the fact that depending the direction of

movement the resin was not exposed to the same amount of light.

It is important to understand that this analysis was qualitative. Adequate

equipment should be used in the future to obtain quantitative measurements

of the curing degree for the different levels of particle concentration and light

intensities.

From the second set of experiments, results are clear that two factors have

to be accounted for during the optimization process. These are the curing

time and the alignment time. Therefore, a full optimization study must be

performed, including the curing time, the alignment time, the printing param-

eters, and the printing quality. This last task is related to achieving a constant

and repeatable stream of magnetic resin being deposited. The ultimate test

would be related to determining the anisotropy achieved through the man-

ufacturing process. Lastly, the results of this study indicate the industrial

applications of the technology developed.

Along with the mechatronic system, two different software programs were

created; the first one to post-process a standard G-code, and the second one

to control the actuation of the mechanism itself. Once the system was manu-

factured and programmed, initial tests were performed to evaluate its printing

and alignment capabilities.

In summary, in this work, a novel mechatronic system comprising software,

hardware and a control system capable of creating 3D printed composites

with internal, local, and programmable magnetic particles orientation has been
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developed. Then, the major contributions of this research are:

A system level design of a 4 dimensional ferromagnetic printing platform.

Addition of an extra rotation axis (4D) enabling the orientation of magnetic

particles within an (X-Y) printing plane. Development of an extended G-

Code to enable 4D printing. Development of an extensible, scalable, and open

firmware for 4D printing of magnetic composites.
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A NORDSON COMPANY
PRECISION DISPENSING TIPS

PRECISION STAINLESS STEEL TIPS

6.35 mm 12.7 mm 25.4 mm 38.1 mm 45°/12.7 mm 90°/12.7 mm 45°/38.1 mm 
Gauge (0.25") (0.50") (1.0") (1.5") (0.5") (0.5") (1.5") Color

14 7018029 7018043 7018032 7018035 7018044 7018045 7016906 Olive
15 7018056 7018068 7018059 7018062 7018069 7018070 n/a Amber
18 7018107 7018122 7018110 7018113 7018123 7018124 7016908 Green
20 7018163 7018178 7018166 7018169 7018179 7018180 n/a Pink
21 7005005 7018233 7018222 7018225 7018234 7018235 7016910 Purple
22 7018260 7018272 7018263 7018266 7018273 7018274 n/a Blue
23 7018302 7018314 7018305 7018308 7018315 7018316 n/a Orange
25 7018333 7018345 7018336 7018339 7018346 7018347 n/a Red
27 7018395 7005008 n/a n/a 7018404 7018405 n/a Clear
30 7018424 7018433 n/a n/a 7018434 7018435 n/a Lavender
2 7018462 n/a n/a n/a n/a n/a n/a Yellow3

. 

Dispensing Tips
EFD produces the highest quality dispensing tips in the industry. All tips are pro-
duced in our own silicone-free facilities, and subjected to stringent quality con-
trol inspections throughout the entire manufacturing process.

Features and Benefits
• Free of flash, burrs and contaminants

• Package labels include lot numbers for process control and traceability

• Consistent from style to style and lot to lot

• 360° SafetyLok™ thread ensures safe, positive attachment to syringe barrel

• Engineered hub flats for easy twist on, twist off

Precision Stainless Steel Passivated stainless steel tips handle a wide
range of fluids and applications. 

Tapered Smooth flow for application of medium- to high-viscosity fluids –
especially thick or particle-filled materials like epoxies, RTVs and braze pastes.

Flexible Polypropylene shafts reach into hard-to-access areas and will not
scratch delicate surfaces. Easily cut to size or angled as needed.

Angled Stainless steel tips are available with 45º and 90º bends.

Brush For spreading glues and greases. Available with soft or stiff bristles.

Specialty For specific applications: chamfered, ESD-safe, PTFE-coated and
PTFE-lined, microdot tips and oval tips.

www.efd-inc.com   info@efd-inc.com   USA & Canada 800-556-3484   Europe +44 (0) 1582 666334    Asia +86 (21) 3866 9006

PRECISION STAINLESS STEEL TIPS

6.35 mm 12.7 mm 25.4 mm 38.1 mm 45° Bend/12.7 mm 90° Bend/12.7 mm 45° Bend/38.1 mm 
Gauge (0.25") (0.50") (1.0") (1.5") (0.5") (0.5") (1.5") Color

14 7018029 7018043 7018032 7018035 7018044 7018045 7016906 Olive
15 7018056 7018068 7018059 7018062 7018069 7018070 n/a Amber
18 7018107 7018122 7018110 7018113 7018123 7018124 7016908 Green
20 7018163 7018178 7018166 7018169 7018179 7018180 n/a Pink
21 7005005 7018233 7018222 7018225 7018234 7018235 7016910 Purple
22 7018260 7018272 7018263 7018266 7018273 7018274 n/a Blue
23 7018302 7018314 7018305 7018308 7018315 7018316 n/a Orange
25 7018333 7018345 7018336 7018339 7018346 7018347 n/a Red
27 7018395 7005008 n/a n/a 7018404 7018405 n/a Clear
30 7018424 7018433 n/a n/a 7018434 7018435 n/a Lavender
32 7018462 n/a n/a n/a n/a n/a n/a Yellow

Burr-free, polished, passivated stainless steel dispensing tips with polypropylene SafetyLokhubs for a secure fit to barrel reservoirs. Packaged 50 tips per box.
• 6.35 mm (0.25") tips: Fast point-to-point dispensing. • 12.7 mm (0.50") tips: Standard all-around precision dispensing tips. • 45° and 90° bent tips:  
Easy access into hard-to-reach areas. 
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14 7018052 7018049 Olive
16 7018100 7018097 Grey
18 7018158 7018147 Green
20 7005009 7005006 Pink
22 7018298 7005007 Blue 
25 7018391 7018370 Red
27 7018417 n/a Clear

CHAMFERED TIPS

PTFE-COATED TIPS

PTFE-LINED TIPS 

Style Standard High Flow

soft bristle 7018490 7018491
stiff bristle 7018494 7018495

Spread glues and greases.  Nylon bristles,
50.8 mm (2") length. Sold individually.

SMOOTHFLOW TAPERED TIPS

FLEXIBLE TIPS

Gauge Standard Opaque Rigid Color

14 7018052 7018049 Olive
16 7018100 7018097 Grey
18 7018158 7018147 Green
20 7005009 7005006 Pink
22 7018298 7005007 Blue 
25 7018391 7018370 Red
27 7018417 n/a Clear

Use with gel cyanoacrylates, UV-cure adhesives, sealants, and particle-
filled materials or any medium- to high-viscosity fluid. Molded of
polyethylene with UV-light block additive. Packaged 50 tips per box.

Gauge 12.7 mm (0.50") 38.1 mm (1.5") Color

15 7018085 7018080 Amber
18 7018143 7018138 Green
20 7018205 7018201 Pink
25 7018366 7018362 Red

Flexible polypropylene tubing for application into difficult-to-access
areas.  Easily drags along edges and around corners and prevents
scratching.  Tubing can be cut to length. Packaged 50 tips per box.

OVAL TIPS

Gauge 12.7 mm (0.50") Color 

15 7018078 Amber

Flat ribbon deposits of thick pastes, sealants & epoxies. Outlet size is
1.98 x 0.41 mm (.078" x .016"). Packaged 50 tips per box.

TIP SHIELDS

Size Part # Color

3cc 7017715 Red
5cc to 55cc 7017717 Black

Reusable tip shields for light-sensitive and UV-cure adhesives. Fits over
dispensing tip hub. Packaged 10 tip shields per box.

BRUSH TIPS

PTFE-COATED TIPS

Gauge ID OD 12.7 mm (0.50") Color 

21 0.020 0.033 7018243 Purple
23 0.013 0.026 7018326 Orange

Controls wicking to stop drips in optical media applications. Pack-
aged 20 tips per box.

PTFE-LINED TIPS 

ID 12.7 mm (0.50") 25.4 mm (1.0") Color 

0.020" 7018256 7005003 Grey
0.006" 7018388 7005004 Pink

Resists clogging of cyanoacrylates.  Use for microdot application of
low viscosity fluids. Packaged 50 tips per box.

POLYETHYLENE NOZZLES

Size Part #

6.35 x .318 cm (2.5 x .125") 7018555
6.35 x .157 cm (2.5 x .062") 7018557
10.6 x .157 cm (4.0 x .062") 7018559
10.6 x .08 cm (4.0 x .031") 7018561

Polyethylene nozzles thread into all cartridge sizes and 725 Series
and 736HPA-NV valves. 1/4 NPT (6.35 mm) thread. Packaged 10
nozzles per bag.

METAL NOZZLES 

Gauge Part # ID mm ID inch

7 7017630 3.8 .150
8 7017633 3.4 .135
10 7017638 2.7 .106
12 7017643 2.2 .085
14 7017651 1.6 .063
16 7017660 1.2 .047

38.1 mm (1 1/2") long metal nozzles with 1/4 NPT to fit 725 Series
and 736HPA-NV valves. 

CHAMFERED TIPS

Gauge 12.7 mm (0.50") Color 

18 7018129 Green
23 7018321 Orange
25 7018352 Red
33 7018482** Clear

Use for microdot application of low viscosity fluids. Packaged 50 tips
per box.
**7018482 is 6.35 mm (0.25") long and packaged 25 tips per box.

PRECISION DISPENSING TIPS Optimum
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X ● ● ●

● ● ▲ X

X ● ▲ ●

● X ● ●

▲ ● ● ▲

● ▲ ● ▲

● ▲ ● ●

● ● ● ▲

● ▲ ● ●

● ● ● ●

● ▲ ● ▲

● ▲ ▲ X

● ▲ ● ●

● ▲ ● ▲

● ● ● X

● ● ● X

X ▲* ▲* X

▲ ● ● ▲

▲ ● ● X

● ▲ ▲ X

X ▲
+ X X

● ● ▲ X

● ● ▲ X

X ● ● ●

● ▲* ▲* -

Inner Diameter Outer Diameter
Color Gauge mm inch mm inch
Olive 14 1.54 .060 1.83 .072
Amber 15 1.36 .053 1.65 .065
Grey 16 1.19 .047 n/a n/a
Green 18 0.84 .033 1.27 .050
Pink 20 0.61 .024 0.91 .036
Purple 21 0.51 .020 0.82 .032
Blue 22 0.41 .016 0.72 .028
Orange 23 0.33 .013 0.65 .025
Red 25 0.25 .010 0.52 .020
Clear 27 0.20 .008 0.42 .016
Lavender 30 0.15 .006 0.31 .012
Yellow 32 0.10 .004 0.24 .009

Note: OD dimensions are for stainless tips only. 
Whatever tip style, all sizes are color-coded to ensure the specified size is used.

COLOR CODING FOR TIP SIZES

*OK if used with tip shield, part #7017715 or 7017717. 
+

Chamfered tips are recommended for best results.

DISPENSING TIPS

APPLICATIONS Tapered Stainless Steel PTFE-Lined Flexible

Very Low Viscosity Fluids

Particle-Filled Pastes

Microdot Deposits

Fluid is Reactive to Metal

Depositing in Recesses

Spreading/Smearing

Fast-Curing Glues

Beading, Striping

Easily Scratched Substrates

FLUIDS

Adhesives

Anaerobics

Conformal Coatings

Cyanoacrylates

Gel Cyanoacrylates

Epoxies

Greases

Light-Cure Adhesives

Oils

Paints

Sealants

Silver Epoxy

Solder Paste/Braze Pastes

Solder Masks

Solvents

UV-Cure Adhesives

Key
● Recommended

▲ Satisfactory

X Do not use

TIP RECOMMENDATIONS

Free Syringe & Tip Poster for Adhesive Dispensing

Quickly identify the right dispensing components for your fluid 
application process.

Call 800-556-3484 to request a free copy.
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Specifications

Cabinet Dimensions: 111 mm (4.36") H x 225 mm (10.04") W x 214 mm (8.43") D

Weight: 3.36 kg (7 lb, 6.5 oz) with feet

Input AC: 100–240 VAC ± 10%, 0.5 Amp, 50/60Hz

Output DC (from power supply): 24 VDC, 1.66 Amp maximum

Internal Voltage: 24 VDC

Footswitch: 24 VDC

Cycle Initiate: Foot Pedal, Finger Switch, I/O

Air Input Requirements: 1.4 bar (15 psi) minimum to 6.9 bar (100 psi) maximum

Air Output: 0–6.9 bar (0–100 psi)

Approvals: RoHS, WEEE & China RoHS Compliant, CE

Ambient Operating Conditions

Temperature: 5° C to 50° C (41° F to 122° F)

Humidity: 85% RH at 30° C non-condensing

Height above sea level: 2000 m max (6562 ft)

This unit is intended for indoor use only

Product Classification

Installation: Category II

Pollution: Degree 2

RoHS  (China RoHS Hazardous Material Declaration)

Part Name Toxic or Hazardous Substances and Elements

Lead 
 
(Pb)

Mercury 
 
(Hg)

Cadmium 
 
(Cd)

Hexavalent 
Chromium 
(Cr6)

Polybrominated 
Biphenyls 
(PBB)

Polybrominated 
Diphenyl Ethers 
(PBDE)

External Electrical 
Connectors

X 0 0 0 0 0

O:

Indicates that this toxic or hazardous substance contained in all the homogeneous materials for this part, according to EIP-A, EIP-B, EIP-C is below 
the limit requirement in SJ/T11363-2006.

X:

Indicates that this toxic or hazardous substance contained in all the homogeneous materials for this part, according to EIP-A, EIP-B, EIP-C is above 
the limit requirement in SJ/T11363-2006.

WEEE Directive

This equipment is regulated by the European Union under WEEE Directive (2012/19/EU). Refer to www.

nordsonefd.com/WEEE for information about how to properly dispose of this equipment.

Ultimus V High Precision Fluid Dispenser

9www.nordsonefd.com   info@nordsonefd.com   800-556-3484    Sales and service of Nordson EFD dispensing systems are available worldwide.
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Ultimus V Features

• Electronically change / adjust dispensing Time, Pressure, and Vacuum

• Simultaneously display dispensing Time, Pressure, and Vacuum

• Auto Increment mode to adjust dispensing parameters after a certain number of 

shots or a specific lapsed time

• Auto Sequence mode that allows deposit patterns to be repeated automatically

• 400 individual memory storage cells

• Scroll or select cells via front panel keypad or external PC / PLC control

• Switching between Steady, Timed, and Teach modes

• Front panel Manual Cycle key

• Teach function

• Multi-level operator lockout

• Alarm indicators

• End of Cycle Feedback loop

• Soft button data input 0–9 keypad

• Operator control of LCD display brightness

• Easy UP / DOWN arrow key navigation

• External PC interface for data input

• Display cycle counter

• RS-232 interface compatible with standard RS-232 protocol

• ESD-safe via connection with external ESD grounding plug 

• 0–6.9 bar (0–100 psi) air regulation range; 0–18 H2O vacuum regulation range

• Internal universal power supply

• D-sub I/O (15-pin) and communication (9-pin) connections

• Alarm input / output I/O signals

Ultimus V High Precision Fluid Dispenser

10 www.nordsonefd.com   info@nordsonefd.com   800-556-3484    Sales and service of Nordson EFD dispensing systems are available worldwide.
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Filling the Syringe Barrel

Caution: Do not completely fill syringe barrels. The optimum fill is a maximum 2/3 of the barrel capacity 

and 1/2 of the barrel capacity when using the EFD blue LV Barrier™ piston. 

For best results, we strongly recommend that you use a piston as part of your dispensing system. The 

white EFD SmoothFlow piston is appropriate for most fluids and has several advantages. 

• First, vacuum adjustment is less sensitive. 

• Second, the piston prevents fumes from the fluid being exhausted into the work environment. 

• Third, the piston prevents fluid backflow into the dispenser if the syringe barrel is inadvertently turned 

upside down. 

• Fourth, the piston makes it easy and safe to change tips without dripping. 

For watery solvents and cyanoacrylates, request the blue EFD LV Barrier piston, available in 3cc, 10cc, 

and 30 / 55cc sizes. If you are dispensing an RTV silicone and find that the piston bounces and causes 

stringing, request EFD’s assistance in selecting a suitable piston.

Remember

For best results, EFD strongly recommends the 

use of a piston as part of your dispensing system. 

Do not tip the barrel 

upside down or lay 

flat. This will cause the 

liquid to run into the 

dispenser.

If you choose to not use a piston when 

dispensing thin fluids, remember these 

important points. 

Fumes cannot escape.

No air gap 

when using the 

SmoothFlow 

piston.

SmoothFlow piston 

prevents fluid 

backflow.

Correct method
✔

When changing tips 

or attaching a tip 

cap, snap the safety 

clip completely 

closed to prevent 

any dripping or 

bubbling.

Open

Closed

Ultimus V High Precision Fluid Dispenser

17www.nordsonefd.com   info@nordsonefd.com   800-556-3484    Sales and service of Nordson EFD dispensing systems are available worldwide.
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A.2 UV LED Driver
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Figure 8: Driver board pin layout.

4. Use Instructions

4.1  Mounting the LED to the heat sink

  

    

 

Figure 9: Thermal pad and device
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Figure 10: Pre-drilled holes

Figure 11: Thermal pad on heat sink Figure 12: Device aligned on heat sink Figure 13: Device mounted on heat sink and is 
now ready for electrical connections

4.2  Additional Lab Equipment Needed By User

        

          Table 1: Additional lab equipment

4.3  Driver Board Operation

Lab Equipment Luminus Recommendation

187

Figure 14: Equipment set up for Big Chip LED evaluation (example).
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Figure 15: Input and output pulse (example). Figure 15: Rise time (example).

Figure 17: Fall time (example).
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A.3 Permanent Magnets Setup
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Figure A.1: Permanent magnets setup side view

Figure A.2: Permanent magnets setup top view
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A.4 Final Assembly Images
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Figure A.4: Assembly view 2
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Figure A.5: Assembly view 3
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Figure A.6: Assembly view 4
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A.5 SISU-1004 FPGA VI code
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Figure A.7: FPGA VI - section 1.
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Figure A.9: FPGA VI - section 3.
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Figure A.11: FPGA VI - section 5.
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A.6 Deposition Test
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Particles 
wt% 

Initial Z-
offset 

Pressure 
(psi) 

Feed rate 
(mm/sec) 

Positive Results (Steady defined resin line) 

5% 

0.7 mm P15 F9 no 

        

0.3 mm P15  F6 no 

        

0.5 mm P14  F6 no 

        

0.7 mm P14  F6   no (resin inside the stream is not cure and accumulation presented) 

        

0.5 mm P13  F5 no (inconsistent line) 

        

0.5 mm P13  F9 no (inconsistent line) 

        

20% 

0.5 mm P13  F9 no (initial flow) 

        

0.5 mm P13  F9 no (resin not flowing due to magnetic field) 

        

1.0 mm P25  F9 no (initial flow) 

        

1.0 mm P30  F9 positive results (filament width visually too thin) 

        

1.0 mm P30  F5 positive results  (filament width 1.4 mm with overflow around it) 
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A.7 Particles orientation test G-Code
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G28 %Homing G1 X0.000 Y6.700 E1 A0 F10.0 %Curing G1 X127.200

Y6.700 F20.0 %Move to First Position G4 P60.0 %Alignment G1 X127.200

Y6.700 E1 A0 F10.0 %Curing G4 P120.0

G1 X75.000 Y150.000 F20.0 %Move Away G4 P10.0 G1 X75.000 Y150.000

E1 A45 F10.0 %New Angle

G1 X135.2 Y6.700 F20.0 %Move to Second Position G4 P60.0 %Alignment

G1 X135.2 Y6.700 E1 A45 F10.0 %Curing G4 P120.0

G1 X75.000 Y150.000 F20.0 %Move Away G4 P10.0 G1 X75.000 Y150.000

E1 A90 F10.0 %New Angle

G1 X143.2 Y6.700 F20.0 %Move to Third Position G4 P60.0 %Alignment

G1 X143.2 Y6.700 E1 A90 F10.0 %Curing G4 P120.0

G1 X75.000 Y150.000 F20.0 %Move Away G4 P10.0 G1 X75.000 Y150.000

E1 A135 F10.0 %New Angle

G1 X143.2 Y13.400 F20.0 %Move to Fourth Position G4 P60.0 %Alignment

G1 X143.2 Y13.400 E1 A135 F10.0 %Curing G4 P120.0

G1 X75.000 Y150.000 F20.0 %Move Away G4 P10.0 G1 X75.000 Y150.000

E1 A180 F10.0 %New Angle

G1 X135.2 Y13.400 F20.0 %Move to Fifth Position G4 P60.0 %Alignment

G1 X135.2 Y13.400 E1 A180 F10.0 %Curing G4 P120.0

G1 X75.000 Y150.000 F20.0 %Move Away G4 P10.0 G1 X75.000 Y150.000

E1 A225 F10.0 %New Angle

G1 X127.200 Y13.400 F20.0 %Move to Sixth Position G4 P60.0 %Align-

ment G1 X127.200 Y13.400 E1 A225 F10.0 %Curing G4 P120.0

G1 X75.000 Y150.000 F20.0 %Move Away G4 P10.0 G1 X75.000 Y150.000

E1 A270 F10.0 %New Angle

G1 X127.200 Y20.100 F20.0 %Move to Seventh Position G4 P60.0 %Align-

ment G1 X127.200 Y20.100 E1 A270 F10.0 %Curing G4 P120.0

G1 X75.000 Y150.000 F20.0 %Move Away G4 P10.0 G1 X75.000 Y150.000

E1 A315 F10.0 %New Angle

G1 X135.2 Y20.100 F20.0 %Move to Eighth Position G4 P60.0 %Alignment

G1 X135.2 Y20.100 E1 A315 F10.0 %Curing G4 P120.0

G1 X75.000 Y150.000 F20.0 %Move Away G4 P10.0 G1 X75.000 Y150.000
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E1 A360 F10.0 %New Angle

G1 X143.2 Y20.100 F20.0 %Move to Ninth Position G4 P60.0 %Alignment

G1 X143.2 Y20.100 E1 A360 F10.0 %Curing G4 P120.0

G1 X75.000 Y150.000 F20.0 %Move Away G4 P10.0
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A.8 Alignment characterization images

Figure A.12: Zero degree alignment.
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