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2  Abstract

The prime motivating factor for this paper is investigating the new fluid metal 3D printer/etcher.
First, given the relatively short entrant of the system into the market, there are little or no
resources in the literature detailing the working principle of the system. In this regard, this work
will provide an abridge overview of the system, required for interested party to get started. The
content off this work will be to compare fluid metal 3D printer to an electro bord printer and
see who of them are more sustainable in use. The concluding part of this work summarize key
finding of the system assessment with recommendations on how to address certain issues
observes during the operation of the system. Addressing some of these issues might accelerate
the adoption of this technology by potential end users.
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INTRODUCTION

3D printing is an additive manufacturing (AM) method where a part is constructed layer by
layer through deposition technique, melting of powder or chemical binding. This technique has
a few advantages over the traditional manufacturing ones. In AM, a digital model of the
desirable object (CAD) is developed first and converted to a universal file format (STL or
VRML) for 3D printing. The fabrication process is performed with a 3D printer. The 3D printer
often deposit layers of materials like polymer, plastic, metal etc in a cyclic manner until the
cross section of the object build on top of each other [1]. In addition to the ease of designing
the part, the ease of fabricating complex and personalised part at relatively low cost [2] is
desirable across the industries. Due to this reason there has been an uptake of this technology
across the prosthetics, [3], aerospace, [4], food, [5], and medical [6] industries. While the
central core of all AM technique rests on building and consolidating layers principles, the
process can be distinguished based on how these processes (building and consolidation) are
achieved. For instance some processes deploy thermal energy from laser or electron beams to
melt feeder materials, others uses non-thermal technique to spray binder onto powdered ceramic
or polymer [7]. As per ISO (ASTM), seven major AM processes has been classified. These
processes are material jetting, binder jetting, material extrusion, powder bed fusion, sheet
lamination, direct energy deposition and vat polymerization[8]. However, in this work, AM
processes are classified as selective layer sintering (SLS), Stereo lithography (SLA), Laser
engineered net shaping (LENS), Laminated Object Manufacturing (LOM), Fused deposition
modelling (FDM) and Electrochemical additive manufacture (EAM).

SLS offers the flexibility to rapid produce complex, personalized parts that provides better
durability and functionality over other AM processes. In SLS, a powder is sintered with the aid
of laser beam. In specifics, the laser beam binds the powdered particles together (pre-
determined by the sliced design). The advantage of this technique is that is suitable for a variety
of materials. In the literature, authors have reported this technique on plastics, metals,
composition of different metallic materials, hybrid of polymer and metal, ceramic and hybrid
of metal and ceramics [9, 10]. Another noteworthy trait of this technique is the relative fast
build time and the absence of post curing procedure. In addition, unused feedstock materials
can also be recycled thereby reducing material wastage. On the other hand, SLS operation can
be complex with poor surface finishing compared to other AM techniques. For instance, in
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order to prevent oxidation during the building process, the operation is performed in an gas
atmosphere and constant temperature at the melting point of the material. Also, the particle size

of the powered feed material can be a limiting factor in the SLS operation technique.

SLA employs photo polymerization of liquid resin (with the aid of UV laser) in building printed
parts. The laser beam traces out and hardens the pattern of the desired part on the resin’s surface.
This procedure is repeated for all sliced layers of the desired parts. The processes of building
described earlier is detailed in [11]. The benefit of this technique over other AM is the rapid
build time and good surface finishing. These traits make the technique more suitable technique
in the manufacturing industry. Some of the downside of this technique includes the need for
support structure while printing and post processing time and resources required to remove the
structure. In addition, the cost of processing, materials and machine are notable barriers of this

technique. Accessibility to the feed materials in SLA might be limited[12].

In the LENS technique, metallic powered materials are liquefied (using powerful laser) and
infused into a particular area. As in the SLS technique, the solidification process (the liquefied
material) needs to be performed in an inert environment to eliminate oxidation. Typical feed
material that can be deployed in this process incudes stainless steel, copper, titanium, alumina
etc. Due to the design nature of this technique, it is more suitable for repairing damage parts or
producing the whole part for replacement. The downside of this technique is that the process
of heating and cooling can lead to issues related to residual stress in the printed part. The
presence of residual stress in some machine parts can lead to premature failure of the machine.
Furthermore, LENS can lead to uneven surface finishing thus requiring post processing
procedure to smoothen the surface.

LOM is a unique AM technique because of the combination of both additive and subtractive
processed in the fabrication of parts. The additive part includes gluing materials thin layer of
material together with the aid of pressure, heat and adhesive coating. The subtractive part
includes using laser beam to cut out the desired shape. This process has the advantage of
eliminating the concerns of residual stress as expressed in LENS. Also, the need of support
structure is not required thereby reducing the need of post processing technique. It is also
feasible to design the printer for the fabrication of large parts. All these possibilities make the
procedure a low-cost one and thus one of the favourable for budget conscious users.in addition,
this technique can be deployed on a number of materials. Some of the demerits of this technique

has to do with the subtractive process. This is particularly pronounced with parts with intricate
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internal cavity. Also, the poor surface finishes and accuracy of the printing techniques limit the
deployment of the technology in industries with little or no need for precision.

The FDM is one of the most versatile AM techniques due to its relative simplicity. In this
technique, feeder wire-like material (thermos plastic filament) is inserted into a nozzle head.
The nozzle head with fitted heating filament liquefied the filament to a temperature a little bit
above the melting point and extruded though the nozzle head. The head is rasterized around the
printed area in conformity with the CAD file pattern. The extruded material from the head
solidifies almost instantly on touching the printer bed (first layer) or cold weld on existing layer.
Possible materials for this process includes polycarbonate, acrylonitrile butadiene styrene,
ceramics, metal and casting wax[13]. Also, the possible of using hybrid materials or additional
reinforcement can be implemented using multiple nozzles in the printer head. Depending on
the design choices, high printing resolution and accuracy can be obtained. Also, FDM design
can be compact, robust and offers low-cost 3D printing solutions. Possible downsides is the
low surface finishing, additional requirement to smoothen the surfaces and requirement of

removing the support structure after printing.

EAM is a relative new AM technique compared to earlier examined processes. In addition, this
technique is most suited for 3D printing of metallic parts. The process includes the deposition
of tiny and highly adherent of metal onto a the surface of conductive substrate through the
reduction of metal ions in an electrolytes [14]. There are variant form of this technique, and this
subject will be further explored in details in the subsequent section of this work. In specific this
work intends to examine the efficacy of a new variant of EAM in the fabrication of electronic
parts. For simplicity, the work will document the performance of the EAM in the rapid
fabrication of printed circuit board (PCB). The EAM fabricated board will be benchmarked
against one produced by a commercialized PCB making machine. Hence this thesis will be
structured as follows. First, given the relatively short entrant of the system into the market, there
are little or no resources in the literature detailing the working principle of the system. In this
regard, this work will provide an abridge overview of the system, required for interested party
to get started. Overview of the proposed EAM system will be examined. Methodology of the
designed experiment and assessment procedures, using the proposed EAM system will be
detailed. The concluding part of this work summarize key finding of the system assessment
with recommendations on how to address certain issues observes during the operation of the
system. Addressing some of these issues might accelerate the adoption of this technology by

potential end users.
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Literature Review

Addictive manufacturing in electronics

In recent times, AM is making inroad in the electronic space for fabricating various high-end
performance and flexible electronics[15-29]. In the literature, the phase printed electronics is
synonymous with components produce by AM technique. For consistency, this work refrain
from using the term and stick to the AM. AM in electronics will play a key role in future
electronics and has been referred to as the next frontiers in additive manufacturing and printed
electronics[8]. More often, this technology has been used in the printing of electronic traces
and interconnectors, resistors, inductors, capacitors, radio frequency identification (RFID) tags,
disposable electronic components, and energy storage devices to name a few. Also, AM holds
promises in the production of emerging products like embedded and stretchable electronics.
Reason for uptake of this technique in this field can primarily be linked to the high throughput
in production and flexibility of customization. In addition, this technique holds promise in the
fabrication of complex electronic components with multiple functionalities. Usually, the
deposition or embedment of electronic components 3D structure to form a multi-functionality
product is achievable by interrupting the 3D printing process. This is made viable by the layer-
by-layer working principle of AM. Hence, smart structure markets, application and
opportunities are looming as sensors and circuitry can easily be integrated in conventional 3D
products. A major challenge however is that, from the literature perused there is absence of

standardize method to achieve the lofty potentials of AM in electronics.

For instance, Yue etal. in [30] demonstrated the capability of 3D printing technology for power
electronic converters [31]. Also the authors claim the heat sinks produced with their technique
is relatively cheaper than the conventional system with high conductivity, [32]. Other devices
like power inverter, [33], air core inductors, [34], heat pipe, [35], and circuit bord, [30] show
similar superior properties. In their work, they compared certain components, like printed
circuit board (PCB), power inductor for a buck converter and a heat sink, produced from a 3D
printer with a commercial milling machine. Even though the authors acknowledge the potential
of 3D printing technology in the electronic industry, but they expressed limitations related to
materials. Flowers et al. in [36] examined the utilization of fused filament fabrication (FFF) for

3D printing electronic components with thermoplastic filaments. In the thermoplastic filaments
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used in the study, carbon-black, graphene and copper were used as conductive fillers. Although
the authors successfully demonstrated the potential of their technique for printing electronic

components, the machine setup can be relative expensive and requires complex machine setup.

In the literature, other authors have achieved advance functionality in 3D printed structures by
intermittently stopping printing processes and incorporating the electronic structure. For
instance, building on this ideology, a CubeSat Trailblazer (with embedded electronics) has
[37]been launched[38-41]. As hinted earlier, this setup was achieved through the assemblage
of complex manufacturing setup. Specifically, this setup included two FDM systems, computer
numerical control router (CNC) and precision dispenser for conductive ink. This elaborate setup
makes this system outside the reach of most consumers and hobbyists and more suitable for
well-funded research institution. Another technique was deployed in [42] to demonstrate the
viability of AM technique for electronic structure. In the work, the authors manufactured a shoe
insole embedded with sensors (pressure and temperature) and wireless communication chip.
The project was accomplished with a combination of multi-materials from ink jets, aerosol jets
and extrusion print heads. Similar technique was demonstrated in [43] to fabricate a “smart
cap”(SC). The SC was embedded with sensors and deployed to monitor the state of liquid food
wirelessly. While both projects successively demonstrated the capabilities of their proposed
techniques at the lab-scale, this technique might be not be feasible in the field. First material
requirement for both setups might be limited and exorbitant. Also, there might be health

concern regarding the incorporation of electronic structures in food consumables.

In [44, 45] authors combined stereolithography and direct print technique to produce embedded
electronic 3D structure. Stereolithography was used to fabricate the holding mechanical
structure while the interconnections between the electronic components can be made with direct
print conductive inks. These techniques have been used to fabricate functional 2D and 3D 555
timer circuits. However, the technique consisted of using customized designs rather than the
commercialized design. In order to circumvent the manufacturing complexity associated with
printed circuit board Jiang et al.in and Lopes et al. in [44, 45] demonstrated a hybrid process
using stereolithography and direct writing technique. While various authors have demonstrated
the possibility of using multiple material in 3D printing of electronic structure no study is done
to access the durability of these devices. For instance, there has been concerns about
contamination issues with deploying multiple viscous materials in a s single build. Also, the
materials deployed are limited, while conductive ink with low-temperature curing capabilities

is still an issue[7]. In addition, there are lean studies detailing the interfacial conditions between
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different materials. More specifically, phenomena like surface wettability, surface roughness,
material compatibility and force of adhesion play critical role in interfacial conditions, but these

conditions have not been factored in any of this demonstration.

Electrochemical 3D printer

As perused in the literature, most of the application of AM in the electronic industry relies on
polymer filaments, with conductive filaments .Due to this, the most common 3D printer is the
FDM [46]. Recent advances in technology have made it viable to use metal material for
printing. With the metal 3D printers, FDM technique is still one of the most predominant
techniques. The FDM, using a metal filled polymer filament, where metal powder in a polymer
is fused together when the polymer (including the powder) sublimate, [46]. Other common
processes are direct metal laser sintering (DMLS), where a powder in a container is melted by
laser, [47], electron beam melting (EBM), similar to metal laser sintering but uses a beam of
electron instead of laser, [48], directed energy deposition (DED), the powder is sent into an
energy beam where it melts and form the part, [49]. While DMLS, EBM and DED are versatile
the downside is the heat and energy requirement to melt or partly melt the metal powder needed
to construct the part. Also, the FDM need heat to sublimate the polymer holding the powder.
To address the issue of heat and energy requirement, most people have explored the option of
electrochemical metal 3D (E3D) printing technology. This is due to the fact that E3D printer
can deposit metal at room temperature [50]. Also, this technology offers a simple and relatively
inexpensive way to develop metal parts (especially in the microscale) compared to other 3D
techniques mentioned earlier. E3D is AM technique that uses principle of electrodeposition
(ED) or electro-etching (EE) to generated 3D structures with the aid of an electrolytes.
Electrodepositions refer to the process where ion in an electrolyte builds up on a conductive
surface due to the process of reduction. Electro etching will refer to the process where a certain
part of a conductive surface oxidizes at the impact of an electrolytes. In 1996 by J. D. Madden
and I. W. Hunter where demonstrated the principle of electrochemical 3D (E3D) by having a
sharp anode close to the build plate (cathode) to localise the deposition, [51]. Subsequent
authors have demonstrated the capability of this process by using it for making sub-micron
electronics interconnection, [52], and a dip-pen method for printing [53]. The technology has
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also been demonstrated with platinum as printing material [54]. The Metal 3D market is
expected to swell to $21 billion and E3D is expected to form a major market share. in 2020
according to a work the paper from 2019 “Metal 3D printing in construction: A review of
methods, research, applications, opportunities and challenges”[55]. While there are several
techniques discuss in the literature to achieve this process, in this work emphasis will be on the
variant form introduced by Fluid Metal 3D (FM3D) [56]. The FM3D [57] is a novel

electrochemical 3D printing system recently introduced into the market [58].

In the proposed system by FM3D, a ‘fast ‘emitting jet of electrolytic solution impacts an
electrically conductive target substrate for ED process. Emphasis needs to be placed on the
ejection speed of the emitting jet as this is crucial for circumventing the barrier associated with
E3D. it has been reported that the deposition rate and the size of the printed features are
limitation of E3D. The deposition rate is ties to the development of diffusion layer forming in
the proximity of the cathode[59]. The fast electrolyte moving jet disrupt the diffusion layer thus
increasing the rate of metal deposition. In addition, the rate of deposition can also be controlled
by the modulation of applied voltage between the electrodes. However, increase the voltage
beyond certain limit might lead to the formation of dendrites and thus affect the morphology of
the printed objects. In this respite finding the optimal voltage setting is crucial for precise metal
deposition. Inverting the voltage of the setup will oxidize the substrate (etch) as hinted earlier.
Therefore, with the modulation of the applied voltage between the electrodes the possibility to
continuously switch between from local deposition to localize removal is presented. These traits
make the FM3D ideal for performing complex 3D metallic structures and electronic

components as well.

A particular noteworthy design of the FM3D The system capitalizes on producing Kits that can
be used to reconfigure conventional FDM commercial 3D (polymer) printer into metal 3D
fabrication. In one of the version of the product, the firm demonstrated the modification
Geeetech i3 pro B 3D printer [60] for metal printing purposes. A big plus to the electrochemical
3D printing technique is the ability to carry out subtractive manufacturing (SM) without the
need of changing setup or disrupting the operation of the system. FM3D system also has the
capability to perform both addictive and subtractive operations. The removal of material is
achieved by reversing the polarity of the voltage [61] as explained earlier. Building on this

capability FM3D was also designed to give a real-time, closed loop feedback functionality. This
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ensures that build quality can be control in situ. In addition, the relative simplicity of the
technology means that ‘cheap’ convention 3D printers can be retrofitted with FM3D part

component easily and operated with little or no training required.

Printed Circuit Board (PCH)

PCB was invented 1903 by Albert Hanson as a concept of a lamented foil onto an insulated
board in multiple layer [62]. Ancient PCBs were manufactured by use of drilling holes and
inserting wiring called through hold construction, [63].After 1949 a method called auto-
Assembly process where components are soldered into the plate was invented by Moe
Abramson and Stanislaus F. Danko, [64].During the late 1970 and early 1980 the complexity
of the PCB increased to the point where the need to test the board became important in quality
testing [65]. Recently the use of 3D printers have been used to make PCB, [62]. Today the
amount of PCB sold each year has a value of $1 trillion, [66].Some machine at the market are
Voltera v-one, [67], Kayo-5088XL, [68], and PCB board baking machine [69].

Gap Addressed in This Work

While the capability of 3D electronic printing has been demonstrated and established in the
literature, there are certain issues observed in some the perused work. First, most setup used to
achieve this purpose consist of hybrid combination of various printing technology. The hybrid
combination often results into to complex, costly and elaborate setup with “steep” learning
curve. Thus, most of the demonstration are suitable for lab-scale deployment and impractical
to deploy in the field. Also, the material required for this purpose could be toxic, costly, non-

environmentally friendly and restricted to certain manufacturer.

Also, another traditional way of fabricating PCB for prototyping is through the mechanical
milling of PCB sheet. This technique shows clear benefit over the commercial PCB chemical
manufacturing technique. These benefits include, affordability, smaller footprint size, lack of

chemical during etching, quicker time from conceptualization to fabrication, supports in house
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production and relatively easier to operate. However, from the literature perused and it remains
to be tested against the FM3D.

This work intends to deploy the FM3D in fabricating a PCB for electronic device

manufacturing. Precisely, the following area will be addressed in the work.

o 0k~ w0 N

The conversion of conventional FDM machine into metal 3D printer machine with the
FM3D Kkits.

The optimization of the working parameters suitable for the artic climatic condition.
Production of PCB from the setup

Benchmarking the produced PCB with product from commercial PCB milling machine.
Result and discussion of the benchmarking

Recommendation for future iteration of the system

The motivation for selecting FM3D in this study can be listed as follows:

o o T @

€.

f.

Simplicity of the machine architecture and set up.

Relative low cost

Requires no special training to operate

Non-toxic electrolytic material. For this water a salt and water electrolyte will be
deployed for the PCB production

Easy maintenance as the part can be access by the user and troubleshoot

Most of the kit can be replace by 3D printing as far as the digital model is available.

Although, while the machine can be used for both EP (addictive) and EE (subtractive) purposes,

for the work, only the EE process will be carried out. The main reason for this is due to the need

to benchmark the product of this machine with the commercial milling PCB machine. This is

essential to match the nature of the operation (etching vs milling). Also, depositing copper on

a non-conductive insulated board requires specialized setup (will be addressed in subsequent

session) which defeats the one of the purposes of this work. i.e. materials used should be easily

accessible.
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FM3D printer Set-Up and Operation procedure

The major kits (hardware add on) required for this conversion are shown in Appendix 1. The
key components in the kits are the nozzles with filter, electronic box, the pump, pipes, tray and
supports. The process of retrofitting the Geeetech i3 pro B 3D printer is illustrated from Figure
2 to Figure 9. The images are also annotated detailing the add on fittings and installation steps.

The operation procedure of the machine is detailed in Appendix 2.

Figure 1: Geeetech i3 pro B 3D printer. Source: https://www.fluidmetal3d.com/product/
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Front view Full add on setup Back view
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assembly
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Figure 2. Full add-on fitted on the Geeetech i3 pro B 3D printer. Source (FM3D Installation manual )
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Figure 3. Main electro-hydraulic circuit. Source (FM3D Installation manual )

Page 15 of 58



Bottom holder cap
where the silicone
stopper with the
nozzle is hosted.
Push the
stopper+nozzle inside
before assembling
the rest.

Filter-Nozzle assembly

Wire to be connected
with the black plug of the
electronics box

Piping to peristaltic pump.
Be sure to place a tight zip
tie....

Extruder support bracket
(from standard printer kit)
Mounted on the X-carriage

Holder for filter-nozzle assembly.
It fits in the “standard” extruder
support bracket and is fized with
two M4(?) screws.

Filter Nozzle Assembly.
Fits inside the support (if
properly positioned) with
the bottom holder cap
flush with the bottom of

Glass nozzle should emerge the holder

from the holder

Figure 4. Filter-Nozzle Assembly. Source (FM3D Installation manual )

Workplace support

Figure 5. Workplace support. Source (FM3D Installation manual )
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Peristaltic pump

Support structure to
mount the pump on the

Mounting the pump hose inside printer body

the pump.

The stepper motor fits inside
the support.

Figure 6. Peristaltic pump Setup. Source (FM3D Installation manual )
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Range extenders

X-range extender

Z-range extender with
top extender screw

Y-range extender (on
back of printer bed)

Figure 7. Range extender. Source (FM3D Installation manual )
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Figure 8. Electronic box and power /signal controller. Source (FM3D Installation manual )
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Electronics

Figure 9. Electronic Controller for stepper motors and pump. Source (FM3D Installation manual)

LPKF milling machine and Operation procedure

The LPKF ProtMat S62 (LPKF) is a PCB milling machine also known as isolation milling.
This process is referred to as isolation milling because the system is designed to create electrical
isolation on the original PCB sheet. In essence, the machine works by mechanically removing
area of copper materials from a sheet of PCB. The material removal follows a predefine pattern
(from the digital layout) to recreates pads, traces, and structure[70] require to achieve a design
functionality. While the process of material removal is different from the FM3D printer, they
can be both grouped as subtractive process. Another similarity between the LPKF and the
FM3D is portability of the system and can be operated in a confine environment without
elaborate setup. The accuracy of the machine is dependent on the milling bits and their
respective cutting/rotational speed as well as the milling accuracy and control. The technical
specification of the machine is presented in the table below. The setup of the system and
operating detail is contained in [71]. Unlike the FM3D, training is required to get acquainted

with the system and operation is more tasking than the LPKF.

Page 19 of 58



Table 1: Comparison of technical data between the FM3D and LPKF.

FM3D LPKF
Power Consumption 120 W 200 W
Weight 10 kg 55 kg
Dimension (W x H x D) 550 mm x 600 mm x 600 mm | 670 mm x 540 mm x 760 mm
Operating Temperature 15°C - 25°C 15°C - 25°C
Allowed Humidity Not Specify 60 % Max.
Tool Change Manual Automatic
X/Y-drive Step Motor 3-Phase Motor
Z-drive Step Motor Step Motor
Smallest Drilling Diameter | 50 um 200 um
Noise 54 dB 71dB
Cost Less than $1,000 $ 10,000 +
Multilayer Single Layer Double Layer Circuit
Etching Method Electrochemical Mechanical
Post Processing Required Not Necessary
Operating Software Proprietary Proprietary
Working tool Salt/Water Electrolyte Jet Drill bits

While the LPKF might have clear advantage over the conventional PCB chemical
manufacturing technique, it remains to be tested against the FM3D. However, one clear
advantage of this system with the FM3D is the presence of automatic drill for hole making.
FM3D requires the setup of high precision drilling system.
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Figure 10: LPKF protomat s62: Link: http://www.lpkfusa.com/datasheets/prototyping/s62.pdf
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Methodology

According to the manufacturer, the LPKF is marketed as a compact high-speed plotter with
high precision and performances for fast and easy milling and drilling circuit board prototypes.
The system is expected to deliver in-house PCB prototyping promising users faster design to
marker when compared to the conventional route. The faster delivering time is hinge on the
prospect of circumventing the delay associated with outsourcing PCB prototyping with outside

vendor.

Given these attributes, the work aims to benchmark the FM3D against the LPKF machine. This
is pertinent because the FM3D (etching process) can perform similar capability. However, as
shown in Table 1, the FM3D shows superior advantages in area of cost, lower noise, drilling
resolution, weight, and power consumption. However, it will be challenging to benchmark the
two machines based on the production speed. This is due to different in capabilities of both
systems. While the LPKF can work on multilayer PCB, the FM3D is limited to single layer
PCB.

Also, the optimal setting of both systems. For instance, during this work, for a particular design,
the time range of the LPKF ranged from 1 hour to 72 hours based on the Garber file (Circuit
CAD design) while the estimated time of the FM3D ranged from 6-12 hours. To avoid the
complication and technicality of benchmarking both systems with time, the emphasis of the
work is to compare the performance of both systems will be a qualitative assessment of both

systems. Specifically, the systems will be adjudged based on the following parameters.

Effective Isolation: The essence of etching is isolating the copper metal from the non-
conducting layer pad insolation. Therefore, for a complete operation, it is necessary that area
marked for isolation are completely removed. Inability to carry out complete isolation might
lead unwarranted short-circuiting and consequently undesired performance of the electronic

device. Hence, the capability for system to perform this duty is a top priority for both systems.
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Quality of trace/lsolation: This parameter intends to quantify the accuracy of the etch path.
This is crucial with traces in proximity. One factor that affects this trait is the vibration
introduced in the system during the etching process. Systems with high vibration might require
special setup or operating environment. This might lead to secondary cost or additional cost to
the machine. Also, the evaluation of this property might determine the ability of the systems to
function properly in domestically.

Quality of surface finishing: The surface finishing evaluates surface modification of the PCB
after the etching process. It is critical to quantify this property especially for the FM3D due to
the nature of the reaction. This property might affect additional secondary process like soldering
on the PCB.

Post processing: it will be essential to evaluate the post processing of both systems to be able

to quantify the cost and resources required.

Ease of drilling holes: The LPKF comes install with automatic drilling systems and tool. On
the on the other hand, getting a through hole with electrochemically is not feasible for PCB due
to the insulating pad in of the board. In this sense, this work will evaluate the requirement and

setup for manually drilling holes in the PCBs fabricated from the FM3D.

Ease of soldering: Soldering is crucial for joining the electronic components with the
fabricated PCB. Improper soldering might lead to issue of short-circuit and undesirable
performance of the designed electronic devices. Factors that will determine the process are
potential modification of the PCB surface. Also, the size of the padding along the traces is
essential. While wider pad around the trace will be preferable and easier for manual soldering,
this will likely increase the operational time of the system. Also, this increases the footprint
size of the PCB. Narrow padding around the trace on the other hand will lead to compact PCB

size but will complicate the soldering process.
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Experiment Design

Prior to working with the PCB, the board is placed in a container filled with vinegar for 30
minutes and metal sponge is used to scrub the surface. Alternatively, the copper surface can be
covered with salt or lime juice and scrub as well with iron sponge to get rid of potential oxide

layer on the copper surface

For the study, this work intends to etch out a PCB layout based on the digital model of the
“magic wand" by Andre Lamothe [72] in Figure 13. The ‘magic wand’ works by turning on
several Led light sequentially. The timing and switching function is controlled by a micro
controller chip. The ‘wand’ should be powered by AAA battery and equipped with
potentiometers to adjust the current in the circuit. The complete part list of the ‘Magic wand’ ,
specification and manufacture type can be found in appendix 3. The motivation for selecting
this model, is to test the efficacy of the system against the need of a potential user. Andre
Lamothe is a hardware engineer and well known among the DIY communities. As hinted
earlier, based on the build bed size of both systems and for optimal printer setup, the model has
been modified within this constraint. The adjusted model for the LPKF has two sides top and

bottom layer shown in Figure 14 and Figure 15.

Similarly, the digital design was modified to fit within the limitation of the FM3D’s printer bed
at 15 by 15 cm as shown from Figure 17 to Figure 19. As hinted earlier, due to the limitation to
just a single layer etching the digital model of the wand had to be redesigned (same component

list) using easyeda software (see appendix 4).

For the experiment, the LPKF was operated as directed as instructed by the operation manual
using the default setting. However, the FM3D needs to be turned or calibrated after the
assembly. Specifically, the reason for the calibration is to find the right combination of variables

that we lead to optimal etching. The variables that can be controlled are

e Concentration of the electrolytes

o Efficacy of the electrolytes over time

e Scan Velocity (mm/min) — Etching Speed

e Travel Velocity (mm/min)- Speed between etching zones
e Etch Current (mA) — Electric charge on impact zone

e Pump Speed (cc/min) — The pressure and liquid volume coming out of the nozzle
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e Numbers of Etching Passages — How many times the pattern should be repeated

Concentration of the Electrolytes

The experiment is designed to find the correlation between the concentration of the electrolytes
and the etch rate. The electrolytes is made from a solution of table salt and distil water (tap
water can also be deployed). The percentage of salt, in a fixed volume of water, was increase
while the rate of copper removal was observed. The copper substrate used for this experiment
is 0.5mm thick. For each iteration of the experiment, the time, the number of etch passages
required to through the substrate is recorded. With these parameters, the average cut per etch
passage (etching rate) can easily be calculated. Other parameters (that can be tuned from the

interface of the FM3D software) used for this setup are as follows.

e Scan velocity :10 mm/min

e Travel Velocity: 300 mm/min
e Etch Current: 20 mS

e Pump speed: 1000 cc/min

Note these values were chosen arbitrarily and kept fixed for all the different concentration of

electrolytes used in the experiment. Also Figure 11 shows the path intended to be etch out.

Figure 11: Image of shape. Left original and right, path and etch from Repetier host.
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Efficacy of the Electrolytes

Based on the determined optimal concentration of the electrolytes, it is also pertinent to test the
efficacy of the electrolytes after multiple etching operation. Particularly, the aim is to observe
the effect of the copper ions accumulation (from the dissolved PCB) in the salt -water solution’s
efficacy in etching. For this test, the system was run multiple time while recording the rate of

material removal for each etch passage.

Scan Velocity and Numbers of Etch Passages

The scan velocity determines the etch rate and the number of etching passages. Increasing the
scan velocity reduces the etching rate, thus the number of etching passages we need to be
increased to compensate for the material removal. The number of etch passages on the other
hand determines the number of repetitions for a particular trace before moving to the next trace
for a given work. For instance, given the traces (A and B) in the hypothetical layout in Figure
12 for a given scan velocity, assuming the number of etch passages required to completely cut
through is P, then the system will move through trace A P number of times before moving to
trace B. Alternatively, another system could be operated by setting the number of etch passages
= 1 and run consecutively in P number of times. In the alternate scenario, the system will run
through the traces A once before moving to trace B with the sequence repeating until the P
times. Choosing the number of etch passages is also vital and might determine the quality of

print for PCB etching.

Page 26 of 58



Figure 12: Hypothetical Layout

Etch Current (mA)

The Etch current is the number of electric charges impacting a zone. With other things being
fixed, increasing the etch current should increase the etch rate until an optima value is reached.

Using optimal settings from the experimental setup, the layout of the “Magic Wand” was etched
out from the PCB. The PCB used in this work is 0.7mm thick with 17.5um of copper.

Figure 13: magic wand top. Link: https://365.altium.com/files/C61E0E42-C92D-11EB-A2F6-

OAOABF5AFC1B?0openedFrom=CMWebsite&variant=%5BNo%20Variations%5D
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Figure 15: magic wand modified top
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Figure 16: circuit for the EC3D printer. Shown from repetier host. Made by Tuza

Figure 17: FM3D power section
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Figure 18: FM3D chip section

Figure 19: FM3D light section

The setting used are scan velocity is at 50mm/min, travel velocity at 300mm/min, etch current
at 20mA, pump speed at 1200cc/min and 10 cuts/run. The esteemed run time for the program
over the power section is 2h:5m:0s, for the circuit chips its 5h:20m:50s and for the light its
10h:41m:27s.
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Result and Discussion

Concentration of the Electrolytes

The optimal concentration of the electrolytes discussed in experimental section is presented in
Table 1 below. As hinted earlier the mass of salt was varied (20g, 40g, 80g, 160g, 200g, and
2409) in a fixed volume (800ml) water .

Table 2: Optimal Concentration of Electrolytes

Salt (g) in 0,8L H20 Time (sec) Material/cut Cuts Round
(um/cut) S
(Rounds X
10)

20 9325,00 2 250 25
40 4476,00 4.2 120 12
80 2611,00 7 70 7
120 1492,00 13 40 4
160 1492,00 13 40 4
200 1119,00 17 30 3
240 1119,00 17 30 3

In the Table, 3 column, the “Material /cut” represents the depth of line or copper material
removed per concentration per etch passage. The “Cuts” is the total number of etch passages to
cut through the 0.5mm thick copper plate. The “Rounds” is the number of repetitions the
program was restarted. This is due to the restriction in the software settings. The maximum
value of “number of etch passages” is 10 in the tool. It is also important to emphasize that the

same nozzle size was used for this operation.
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Figure 20 shows the line plot of the experiment. From the result, it is obvious that the optimal
concentration of the electrolytes is 200g/800ml solution. This value agrees with the
manufacturer’s recommendation. Hence, onward, the concentration of the electrolytes used in

this work is 200g9/800mI mixture.

ROUNDS PER CONSENTRATION

30

25

25

20

15

Round

10

20 40 80 120 160 200 240

gsaltin

Figure 20: Rounds of program to penetrate 0,5mm copper at a given salt concentration.
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Efficacy of the Electrolytes

For repeatability and consistency, the experiment was run repeated as hinted in the experimental

section without changing the solution.

Table 3: Efficacy of the electrolyte after multiple use.

Repetition Material Cut (um) per etch passage
(Rounds = Repetition x 10)
1 17
2 17
3 17
4 17
5 17

From this we can see that the solution doesn’t lose the etching ability from reuse over time.
This result implies that the electrolytes will retain its efficacy when etching the PCB and the

need of replacing the electrolyte during operation is unnecessary.

I ran the plate I will use for the circuit bord through some experiments to optimise the cuts and

the setting are in the digital design.

Scan Velocity and Numbers of Etch Passages

The Scan velocity and Etch passages play a prominent role in the surface finish /quality of
etching. For instance, Figure 21 shows the etching result on the PCB using untuned value of
scan velocity and number of etch passages. After multiple trial and errors, it was found that the
appropriate scan velocity for having better quality etch on the PCB is above 50 mm/min. This
value represents the maximal possible value from the software.
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Figure 21:Initial Etch result using default Scan Velocity and low number etch passage.

On the other hand, increasing the scan velocity to this value implies that the number of etch
passages must increase as well for effective isolation of the etch lines. It would have been
desirable to have the option of increasing the number of etch passages above value ‘10’ in the
software. As discussed earlier, the sequence of etching plays a significant role in the quality of
etching. For further discussion, tow sequence of etching a trace is established. The first is
“Complete” while the other is “Partial”. Complete etch can be defined as isolating a particular
trace before moving to the next for a given job. For instance, suing the example in Figure 12,
Complete etch would be isolating the trace A before proceeding to B. Increasing the number of
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etch passages would increase the likelihood of a complete etch. On the other hand, partial etch
can be defined as moving interrupting the complete isolation of a particular trace during etching
operation. Using the same example (A&B traces), this would imply moving intermittently
between both traces during the operation. Realistically, this is achieved by setting too low value
for the number of etch passages. This happens as the operator needs to re-run the sequence of
operation again due to insufficient isolation of the traces.

Figure 22:Possible Effect of low Scan velocity and Partial Etching.

Figure 22 (black circle) shows the effect of partial etching of the PCB. There could be several
reasons for this anomaly in etching. This could be due to the undesired vibration in the FM3D
during operation. Also, another reason could be the remodification of the PCB surface. Also,
this might be attributed inherit with the PCB. To test the last hypothesis an AFM study was
conducted on the PCB.
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e ForceGraphl:AmpVolts vs 2Sensor;...

Figure 24: AFM image used in quantifing the Surface rougenes and Chemical heterogeneity.
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Table 4: Force curves for Figure 24.

Data category FAD Standard Deviation
Point 0 7.21156E-10 9.99676E-11
Point 1 5.30995E-10 1.33046E-10
Point 9 1.62376E-09 1.53494E-10
Point 2 4.24754E-09 4.46181E-10

The AFM setup was carried out on a PCB. The PCB was prepared as described in the
experimental setup earlier.The AFM experiment was conducted to determine the force of
adhesion (FAD) on the surface of the PCB. Basically, the FAD is the force between the tip of

a probe and point of interest in the study[73, 74]. The value can be defined as

FAD = 4nRy Equation 1

Where R is the radius of the tip and y is the surface energy. In this equation, keeping the
tip radius constant, it is possible to determine the chemical homogeneity of the PCB surface.
As evidence from Table 4, it is obvious that the PCB surface shows different chemical property
or surface energy. The surface energy on the other hand can influence the rate of the wettability
of the electrolyte of the PCB surface [75]. The role of wettability and electrochemical reaction
has been established in some work [76]. Without going in-depth, it is understandable that for a
given experimental setup, the rate of etching on the PCB surface might be unequal. Figure 23
is AFM image for the PCB at (20 um x 20 um). The size of the image is at similar scale to the
nozzle tip. As it is evident in the image, chemical heterogeneity can be observed on the image.

The implication of this result is that the PCB surface has chemical heterogeneity. Consequently,
requiring high number of etch passages. Also, the low scan velocity leads to poorer surface
finishing. Hence, this prompted the need to using high scan velocity and high number of etch
passage.The result of the PCB etching are presented.
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FM3D Result

Figure 25: Battery Power Circuit. Digital copy (Left) FM3D traces (Right)

Figure 27: Lighting Circuit. Digital copy (Left). FM3D traces (Right)
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LPKF Results

Figure 28: Top of LPKF protomat s62 magic wand.

Figure 29: Bottom of LPKF protomat s62 magic wand

Evaluation

In the LPKF proses took about 1 hour and the FM3D took a total of 18 hours (redesigned

circuit). However

Effective Isolation: With the appropriate settings both systems (LPKF and FM3D)
successfully isolated the traces of the PCB. In this respect the FM3D can be used as an
alternative of the LPKF.
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Quality of trace/lsolation: The quality of isolation is also satisfactory for both systems. The
caveat though for is that appropriate Scan velocity and number of etch passages affects the

quality of trace

Quality of surface finishing: Similarly, the quality of surface finishing from both system is

also satisfactory from inspection.

Post processing: The PCB from the FM3D requires post processing to get rid of the oxidize or
corroded layer. Using simple household cleaning agent, this layer can be eradicated. While
there is a cost associated with sourcing the cleaning agent, it shouldn’t be a deterrent in utilizing

the machine in PCB processing.

Ease of drilling holes: The LPKF comes install with automatic drilling systems and tool. In
this respect, PCB from the LPKF comes out with the required drilled hole. PCB from the FM3D
doesn’t come with the drilled hole. Also, it is challenging drilling holes manually. This will
require sourcing an elaborate drilling system to support this function. This system comes at a
cost that need to be factored when procuring this system.

Ease of soldering: It was challenging soldering electronic components on PCBs from both
systems. For successfully soldering, the need for elaborate and high-precision soldering station

is mandatory for both systems.

Figure 30: Assempby of components on PCB.
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Conclusion

The performances of the PCBs from an electrochemical 3D printer and a commercial PCB
milling machine were evaluated. The electrochemical 3D printer used is assembled using the
addon kits from Fluid Metal 3D (FM3D) and a desktop Geeetech 3D printer. The commercial
PCB milling system is the LPKF ProtoMat S6 (LPKF). The basis for comparison are on ease
of effective isolation, quality of traces/isolation, quality of surface finishing, post processing,
ease of drilling the holes and ease of soldering. In all parameters, both systems performed at
par except for few. The difference in both PCBs are, the PCB from the FM3D requires post
processing in removing the oxidize layers. Also, there is the additional requirement for an
elaborate drilling system for the FM3D’s PCB.

However, the result of the FM3D is heavily influenced by the concentration of the electrolytes,
the scan velocity, and the number of etch passages. The optimal concentration for the
electrolytes is 200g of salt and 800ml of water. Also ( using the process of trial and error) it
was concluded that the optimal scan velocity for the FM3D should be greater than 50 mm/min
for effective etching of the PCB used in this work. Effective PCB etching implies consistent
isolation of the traces on the PCB. It should be noted that this setting (scan velocity) could be
job-related. The reason why the scan velocity could be job related is due to the chemical
heterogeneity observed during the AFM experiment. Hence, it is recommended that the
appropriate scan velocity that ensures consistent etch line should be investigated before etching.
Also, sequences of running the etch passages is important. It is recommended that the chosen
value should be high enough that a particular trace should be completed before moving to the

next trace line.

Finally, with the appropriate settings, the performance of the PCB from processes (both

chemical and mechanical) are similar.
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Appendix 1

Conversion Kit List

FLUID METAL 3D ETCHER

CHECK LIST FOR UNASSEMBLED UNITS

Item group Description Quantity | Notes

Check

Etcher structure Geeetech 3D printer Packed separately

Electronics box Acrylic front panel

Acrylic back panel

Acrylic left side panel

Acrylic right side panel

Acrylic top panel

Acrylic bottom panel

Nylon screws M2 x 10

Nylon nuts M2

Box bracket

Screw M3x16

Nut M3

DB9 cable — male

DB9 connector — female

M3 X 6 screws

M3 nuts

Display

Display cable

PCB board

Broad bracket left

Broad bracket right

Nylon screws M3x12

Nylon nuts M3

Flick switch

Banana connector female - red Plugged onto contactor bar

Banana connector female - black Plugged onto filter

Tray and supports Tray supports - front Shorter piece

Tray supports - back Taller piece

Screws M3x16 Included with Geeetech

Nuts M3 Included with Geeetech

Tray

Barb straight - half
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Nylon nut
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Rubber washer

Plate

C-clamps 3.5mm

C-clamps 4.5mm

Contactor arm

Contactor arm

Screw nylon M4x16

Nut nylon M4

Washer M4

Nozzle

Nozzle

Mock nozzle

Filter

Filter bottle with filter

Filter bottle top cap

Filter top cap rubber ring

Filter bottle bottom cap

Filter bottom cap rubber ring

Assembled

Filter support

Air cannon

Fan

Included with Geeetech

Fan extension cable

Included with Geeetech

Screws M4x16

Nuts M4

Piping

Water tank

Barb L shape

Barb straight

Nylon nut M8

Rubber washer M8

Silicone tube 32cm

Valve to pump

Silicone tube 5cm

Water tank to valve

Valve

Silicone tube 26cm

Pump to filter bottle

Silicone tube 47cm

A e I I N I N I I A L I R S I S RN I SN PR N P PN P PR E) BN P [N

Tray to water tank

Zip ties

Y
(%]

Pump

Motor

Pump

Pump bracket part A

Pump bracket part B

Screws M4x20

Nuts M4

Screws M3 x 8 flat head

End stops

X trigger

Screw M4x16

Y trigger

Screw M4x16

Y end stop

Screws M2.5x18

NP RIR(PRRIBRININ(R R
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Nuts M2.5

Z adjustment

Z trigger

Screw M3x35

Included with Geeetech

Safety box

H joint

Nylon screws M3x12

Nylon nuts M3

Corner H joint

Hinge part A

Hinge part B

Nylon screws M3x20

Nylon nuts M3

Nylon screws M2.5x12

Nylon nuts M2.5x12

Safety Switch

Nuts M10

Acrylic front part - side panel left

Acrylic front part - side panel right

Acrylic front part - front panel

Acrylic front part - lid panel A

Acrylic front part - lid panel B

Acrylic back part - side panel left

Acrylic back part - side panel right

Acrylic back part - top panel

Acrylic back part - back panel

Locking clips

[N I IS T PR PN A T IS S SRS S} FNY [N P ) [N F Y [ SR N NN Y PN Y P T N

Included with Geeetech

Nylon screws M3x12

=
N

Nylon nut M3

=
N

Nylon washer M3

Y
N

Etcher supports

Etcher supports

N
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APPENDIX 2

O fluid metal 30

6.0peration Instructions

Before following the operation instructions, make sure you follow the Installation instructions

thoroughly.

1. Add the electrolyte

g
|

Mix 200grams of table salt with 800ml of water.
Fill the water tank with the solution.

2. Place your PCB board or metal piece
(For further assistance, please check video 8.Placing_metal_sheet_PCB.mp4)

O

ad

Manually lift the Z axis by rotating the shafts. Make sure that the X axis remains
parallel to the frame of the Etcher.

Before placing your PCB board or metal piece onto the plate, plan were the
contactor arm should be positioned based on your design. This is so the nozzle or
air cannon do no crash into it or move it while etching.

Place your PCB board or metal piece on the plate and align it to the front left
corner (This is position x0,y0).

Secure it with the C-clamps. Use the 3.5mm clamps for parts up to 1mm thick or
the 4.5 mm clamps for parts up to 2mm thick.

For odd shaped or thicker than 2mm pieces you may use cellotape. If you do so,
make sure it is not placed anywhere the nozzle will pass through or where the
contactor arm will be touching your piece.

Slide the contactor arm above your piece. Make sure the pin makes good contact
with the metal surface.

3. Check the filter bottle
[J Make sure both caps are tightly secured to the filter bottle to avoid any leakage.

4. Install the nozzle (If not already installed or to replace broken nozzle)
(For further assistance, please check video 9.Inserting_the_nozzle.mp4)

Remove the filter bottle from the filter support by unscrewing.

Remove the bottom cap of the filter bottle and take out the rubber ring.
Carefully place in the cap the cone with the nozzle.

Place the rubber ring on top.

Press the rubber ring all around to make sure it makes good contact.
Screw the bottom cap back onto the filter bottle.

Make sure it is tight enough to avoid leakage during etching

FLUID METAL 3D — USER MANUAL 12
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Appendix 3: Part List for Magic Wand

Components Rating Quantity (no)
AAA Battery Holder 15A 3
Capacitor 0.1uF 1
Capacitor 1000pF 5
LED green 8
Ohm resistor 8
Switch 8
CMOS Timer 1
Counter/Divider 1
Decoder/Demultiplexer 1
Electrolytic Capacitor 47uf 1
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Appendix 4: Modified Schematic for FM3D

Battery Power~4.5V DC
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