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Abstract 

Metal 3-D printing has been relegated to high-cost proprietary high-resolution systems 

and low-resolution low-cost metal inert gas (MIG) systems. In order to provide a path to 

high-resolution, low-cost, metal 3-D printing, this manuscript proposes a new open 

source metal 3-D printer design based around a low-cost tungsten inert gas (TIG) welder 

coupled to a commercial open source self replicating rapid prototyper. Optimal printing 

parameters for the machine are acquired using a novel computational intelligence 

software. TIG has many advantages over MIG, such as having a low heat input, clean 

beads, and the potential for both high-resolution prints as well as insitu alloying of 

complex geometries. The design can be adapted to most RepRap-class systems and has a 

basic yet powerful free and open source software (FOSS) package for the characterization 

of the 3-D printer. This system can be used for fabricating custom metal scientific 

components and tools, near net-shape structural metal component rapid prototyping, 

adapting and depositing on existing metal structures, and is deployable for in-field 

prototyping for appropriate technology applications.
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1 Introduction 

The works presented in this dissertation embody key components to the development of 

the first TIG-Based Rep-Rap Metal 3D Printer. In the first chapter, a novel GUI 

implementation of the Partical Swarm Optimization computational intelligence algorithm 

is designed and characterized using a large scale printer and LDPE plastic. This algorithm 

will later be used to optimize the Metal 3D Printer’s parameters in Chapter 5. The second 

chapter details a custom and highly flexible and scalable data acquisition and automation 

system that can be used to characterize the quality of the welding process. And finally in 

chapter 4, the design and additional characterization of the machine is carried out. 
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2 Finding Ideal Parameters for 3-D Printing Using 
Particle Swarm Optimization 

2.1 Abstract 

As additive manufacturing rapidly expands the number of materials including waste 

plastics and composites, there is an urgent need to reduce the experimental time needed to 

identify optimized printing parameters for novel materials. Computational intelligence (CI) 

in general and particle swarm optimization (PSO) algorithms in particular has been shown 

to accelerate finding optimal printing parameters. Unfortunately, the implementation of CI 

has been prohibitively complex for non-computer scientists, or they are not open-source. 

To overcome these limitations this article develops, tests and validates PSO Experimenter, 

an easy-to-use open-source platform based around the PSO algorithm. PSO Experimenter 

is used to find optimal printing parameters for a relatively unexplored potential distributed 

recycling and additive manufacturing (DRAM) material that is widely available: low-

density polyethylene (LDPE). LDPE has been used to make filament, but this study for the 

first time it was used in the open source FPF/FGF system. PSO Experimenter successfully 

identified functional printing parameters for this challenging to print waste plastic. The 

results indicate that PSO Experimenter can provide 97% reduction in research time for 3-

D printing parameter optimization. It is concluded that PSO Experimenter is a user-friendly 

and effective free software for finding ideal parameters for the burgeoning challenge of 

DRAM as well as a wide range of other fields and processes. 

2.2 Introduction 

The field of 3-D printing is constantly expanding into new materials, such as biofilms [1], 

elastomer resins [2], dental materials [3], pre-ceramic polymers [4], ceramics [5], silicone 

[6] and even edible inks [7]. Additionally, there are many conventional recycled 

thermoplastics [8], which are just now being embraced by the 3-D printing community. 

These include not only the two most popular fused filament materials: polylactic acid 

(PLA) [9-12] and acrylonitrile butadiene styrene (ABS) [13-17], but also common 

thermoplastics like high-density polyethylene (HDPE) [18-21], polypropylene (PP) and 

polystyrene (PS) [20], thermoplastic polyurethane (TPU) [22], polyethylene terephthalate 

(PET) [23-24] and polycarbonate (PC) [25].  

The creation of recycled plastic filament extruders like the open source recyclebots 

[13,18,26], that upcycle post-consumer plastic waste into 3-D printing filament, also allow 

for the further democratization of distributed recycling and manufacturing (DRAM) 

[13,27,28]. Consumers have a direct economic incentive to recycle with DRAM [13,28] 

because they can use their waste to fabricate many consumer products for far less than they 

can be purchased for from conventional manufacturing [29-32]. DRAM thus has the 

potential to radically impact global value chains [33]. In addition to reducing 3-D printing 

costs by several orders of magnitude, DRAM decreases embodied energy of 3-D printing 

filament by 90% thus radically improving the environmental impact [34-36].  

 

https://www.mdpi.com/1996-1944/13/19/4273/htm#B28-materials-13-04273
https://www.mdpi.com/1996-1944/13/19/4273/htm#B31-materials-13-04273
https://www.mdpi.com/1996-1944/13/19/4273/htm#B37-materials-13-04273
https://www.mdpi.com/1996-1944/13/19/4273/htm#B38-materials-13-04273
https://www.mdpi.com/1996-1944/13/19/4273/htm#B40-materials-13-04273
https://www.mdpi.com/1996-1944/13/19/4273/htm#B18-materials-13-04273
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Unfortunately, each melt and extrude cycle of a recyclebot impairs the mechanical 

properties of PLA [10], HDPE [21], and even of PET [23]. This limits the recycling cycles 

to approximately five [10] before reinforcement or blending with virgin materials becomes 

necessary. Polymer composites using carbon-reinforced plastic [37], fiber-filled 

composites [38-39], and various types of waste wood [40-41] have been used in recyclebot 

systems, and more complex DRAM systems can use 3D-printed PC as molds for intrusion 

molding [25] for windshield wiper composites [42] as well as acrylonitrile styrene acrylate 

(ASA) and stamp sand waste composites [43]. Zander et al. [44] has studied PET, PP, and 

PS blends with styrene ethylene butylene styrene (SEBS) and maleic anhydride 

compatibilizers that were able to increase tensile strength.  

DRAM presents a significant challenge to 3-D printing operators. Post-consumer waste has 

a wide variety of contaminants, exact polymer specifications are unknown, the polymer 

history (e.g. number of cycles) may be unknown, etc. 

Many novel materials require unique end effectors [45], or entirely new machines for 3-D 

printing [46] and there has been a rise of direct extrusion fused particle fabrication fused 

granule fabrication (FPF/FGF) based systems [25,47-49]. A conventional method for 

finding idealized printing parameters is to print a consistent model using a matrix of 

parameters, effectively sweeping through every possible permutation [47,50]. This is time 

consuming and inefficient and does not scale well across the myriad numbers of potentially 

recyclable waste plastic streams. 

Computational intelligence (CI) can be leveraged to minimize the time it takes to optimize 

for process parameters experimentally [51]. CI methods such as hierarchical machine 

learning [6], symbiotic organism search algorithms and particle swarm optimization (PSO) 

[52], have been proven as effective methods to find optimal printing parameters. In this 

context – a particle refers to a “candidate solution” which must be tested and will evolve 

over each iteration. Typically, the implementation of the CI algorithm is prohibitively 

complex for non-computer scientists, or they are not open-source. In this paper, “PSO 

Experimenter” [53], an easy-to-use open-source platform based around the PSO algorithm, 

is introduced. Though PSO Experimenter is made for general implementations, the 

application of 3-D printing will be explored specifically.  

PSO Experimenter will first be evaluated by applying it to known test functions which have 

similar responses to 3-D printing parameter-sweeps. Then, PSO Experimenter will be used 

to find optimal printing parameters for a relatively unexplored potential DRAM material 

that is widely available: low-density polyethylene (LDPE). LDPE has been used to make 

filament [54], but in this study for the first time it will be used in the open source FPF/FGF 

system of the Gigabot X [55].  The GigabotX is used because it exemplifies a complex 3-

D printer by printing from pellets, shards, particles or granules (as opposed to filament), 

has multiple (3) heat zones in the extruder, and prints on a large scale (570 x 595 x 470 

mm) [55]. 

The optimization will be carried out in 3 steps. First the particles (tests) will be defined as 

200 mm long singular extrusion lines. Second, the particles will be defined as 100 x 100 

https://www.mdpi.com/1996-1944/13/19/4273/htm#B29-materials-13-04273
https://www.mdpi.com/1996-1944/13/19/4273/htm#B41-materials-13-04273
https://www.mdpi.com/1996-1944/13/19/4273/htm#B42-materials-13-04273
https://www.mdpi.com/1996-1944/13/19/4273/htm#B29-materials-13-04273
https://www.mdpi.com/1996-1944/13/19/4273/htm#B43-materials-13-04273
https://www.mdpi.com/1996-1944/13/19/4273/htm#B40-materials-13-04273
https://www.mdpi.com/1996-1944/13/19/4273/htm#B48-materials-13-04273
https://www.mdpi.com/1996-1944/13/19/4273/htm#B49-materials-13-04273
https://www.mdpi.com/1996-1944/13/19/4273/htm#B50-materials-13-04273
https://www.mdpi.com/1996-1944/13/19/4273/htm#B39-materials-13-04273
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mm single-layer planes. Third, the particles will be defined as 40 x 40 x 40 solid cubes. 

Each test will have pertinent parameters dictated by PSO experimenter for each particle. In 

order to optimize parameters, a fitness function and test set will also be proposed. This 

fitness method is generalizable to all other 3-D printing applications. 

2.3 Materials and Methods 

2.3.1 Materials and 3-D Printer 

LDPE pellets (Figure 2.1a) were obtained from McDonough Plastics and were 3-D printed 

in a 3-heat-zone Gigabot X (re:3D, Texas) (Figure 2.1b). The Gigabot X is a direct pellet 

material extrusion based 3-D printer with the nozzle arranged vertically in which a 

compression screw and three hot zones (demonstrated in Figure 2.1c) enable a relatively 

constant flow of recycled material through the print nozzle. 

   

a) b) c) 

Figure 2.1: a. Raw LDPE pellets. b. The Gigabot X. c. The 3 heating zones of the 

extruder 

2.3.2 Software 

PSO Experimenter is an easy-to-use, minimalist optimization platform which utilizes the 

particle swarm optimization and is licensed under GPL3.0. PSO consists of a list of 

particles which have a personal optimum configuration, current position, and a velocity. In 

the context of PSO, position refers to a certain set of parameters to be experimentally tested. 

Additionally, the group optimum (best of all the personal optimums across all iterations) 

is known by each particle. PSO is an iterative method, after each iteration the algorithm 

works to minimize the fitness of each particle. 

PSO Experimenter allows users to create an unlimited number of variables, allowing for 

exploration in n-dimensional space. Each variable must have a name, minimum value, 

maximum value, and an initial guess. Additionally, the variable can be constrained to 

integer values only (input 1 for integer only, 0 for floating point). PSO Experimenter does 

not allow for addition of new variables after the first iteration is generated, however 
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variables that may come in to play later in optimization can be constrained by entering a 

value to constrain at in the Constrain column. 

 

Figure 2.2. Screen shot of PSO Experimenter during variable entry. 

Before the first iteration, each particles position is initialized with a position being a 

uniformly distributed random vector. PSO Experimenter allows for the input of an initial 

guess for each variable, and a proximity to that guess. Specifically, the initial position for 

each particle is generated using Equation 2-1 [52]. 

𝑥𝑖 = [𝑈(max (𝑥𝑔𝑖 −
𝑟𝑝

2
, 𝑥𝑚𝑖𝑛𝑖) , min (𝑥𝑔𝑖 +

𝑟𝑝

2
, 𝑥𝑚𝑎𝑥𝑖)]   (2-1) 

Where 𝑥𝑖 is defined as the current position at variable 𝑖, 𝑈 is the random uniform 

distribution between two given values, 𝑥𝑔𝑖 is the guess value for variable 𝑖, 𝑥𝑚𝑖𝑛𝑖 is the 

minimum allowable value for variable 𝑖, 𝑥𝑚𝑎𝑥𝑖 is the maximum allowable value for 

variable 𝑖,  𝑟 is the range between 𝑥𝑚𝑖𝑛𝑖 and 𝑥𝑚𝑎𝑥𝑖, and 𝑝 defines the proximity to 𝑥𝑔𝑖. 

Additionally, the particle’s velocity is initialized according to equation 2-2 [52,56]. 

𝑣𝑖 = 𝑈(−|𝑥𝑚𝑎𝑥𝑖 − 𝑥𝑚𝑖𝑛𝑖|, |𝑥𝑚𝑎𝑥𝑖 − 𝑥𝑚𝑖𝑛𝑖|)      (2-2) 

Where 𝑣𝑖 is the velocity for variable 𝑖. 

For each iteration of the algorithm, the particle’s position must be tested and then assigned 

a resultant fitness. When a new iteration is generated, the particle’s velocity is updated by 

equation 2-3 [52,56] where 𝑥𝑝𝑏𝑖 is the position in variable 𝑖 for the particle’s current 

personal best, and 𝑥𝑝𝑏𝑖 is the position for the swarm’s current group best. The weight 

parameters are defined in Table 2.1. 

𝑣𝑖 ← 𝑘𝑣𝑣𝑖 +  𝑘𝑝𝑈(0,1)(𝑥𝑝𝑏𝑖 − 𝑥𝑖) +  𝑘𝑔𝑈(0,1)(𝑥𝑔𝑏𝑖 − 𝑥𝑖)  (2-3) 
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Table 2.1: Main parameters for tuning PSO behavior. 

Variable Description 

𝑘𝑣 The emphasis given to the velocity component 

𝑘𝑝 The emphasis given to a particle’s personal best position 

𝑘𝑔 The emphasis given to the swarm’s group best position 

 

Finally, the particles new position at variable 𝑖 is updated in Equation 2-4 [52, 56]. 

𝑥𝑖 ← 𝑥𝑖 + 𝑣𝑖          (2-4) 

The workflow in PSO experimenter starts with variable entry. The ranges and initial 

guesses for each variable can be acquired four different ways: 

1. Literature review – Reviewing works in academia exploring a process similar to 

the optimization objective can yield information on commonly used parameter 

values. 

2. Expert consultation – In cases when the process is completely novel, a subject-

matter expert may have intuition on what ranges to search for each given variable. 

3. Initial experimentation – Arbitrary, but guided, experimentation can show some 

parameters that work, and some which do not. These experiments can provide 

insight on what ranges to search in. 

4. Previous optimization experiments – The output of a previous PSO experiment 

can be used as a starting point for further optimizations. 

 

In this study, the first trial’s variable parameters are found via literature review and initial 

experimentation. The two following tests use the values from the previous optimization 

experiment. 

In addition to variable information, the optimization parameters must be entered. These 

weights can either be found in literature review, or via experimentation with a test function 

that has a similar response to the system being optimized. After all variables and parameters 

are entered, the first iteration can be generated. 

The first iteration will have a fixed number of particles, each with a unique set of variable 

values that must be used in the process or experiment. Either during or after (or both) the 

experiment, measurements must be taken to quantify the success of that particular 

combination. A fitness function must be established which is a function of the 

measurements, and trends downwards as measurements become more desirable. The 

simplest fitness function can be a normalized sum of accuracy measurements. The resulting 

fitness for each particle can be entered into PSO Experimenter, and the next iteration is 
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generated. The optimization process can either be ran for a fixed number of iterations, or 

until the fitness is below a desirable threshold. The general workflow for PSO 

Experimenter can be seen in Figure 2.3. 

 

Figure 2.3. PSO Experimenter general workflow. 

PSO Experimenter also allows for saving and loading particle and experiment data. The 

data is saved in clearly formatted CSVs so that historical data can be viewed for further 

analysis. Additionally, this open format allows the user to intervene and change parameters 

as needed (though this is not always recommended, since errors in alteration can render the 

file unusable, it can be useful for specialized corrections). 

2.3.3 Parameter Acquisition 

In this study, the process being optimized is printing recycled waste LDPE pellets using a 

Gigabot X 3-D printer. PSO typically uses thousands of particles in the swarm, but since 

this experiment requires physical processes and measurements [57], only 5 particles will 

be used. Since this number is low, the experimental parameters must be chosen such that 

the particles are more explorative (rather than exploitive) to prevent early convergence on 



8 

a local minimum. More explorative particles will spend more iterations exploring the 

sample space, and their velocity will slowly decay as they begin to converge [57]. 

In order to find the ideal experimental parameters, PSO Experimenter will be used to 

optimize test functions that have trends similar to the response of a 3-D printer. 3-D printing 

is assumed to be a hyper-valley – many minima that are very close in fitness to the global 

minima, stretched out across the sample space [58]. Functions like the Beale function 

(equation 5) and the Goldstein-Price function (equation 6) are valley-like and will be used 

as benchmarks to set expectations for the physical experiments [59]. 

𝑓(𝑥, 𝑦) = (1.5 − 𝑥 + 𝑥𝑦)2 +  (2.25 − 𝑥 + 𝑥𝑦2)2 +  (2.625 − 𝑥 + 𝑥𝑦3)2    (2-5) 

𝑓(𝑥, 𝑦) = [30 + (2𝑥 − 3𝑦)2(18 − 32𝑥 + 12𝑥2 + 48𝑦 − 36𝑥𝑦 + 27𝑦2)]  (2-6) 

The Beale function has a minimum of 0 at f(3, 0.5), and the Goldstein-Price has a minimum 

of 3 at (0,-1). Their respective plots can be seen in Figure 2.4. 

  

a) b) 

Figure 2.4. a. Plot of Beale function. b. Plot of Goldstein-Price function. 

Each function is built into a spreadsheet such that the fitness is defined by the X and Y 

input values. First PSO Experimenter will be configured with a 𝑘𝑣 of 0.1, 𝑘𝑝 of 1 and 𝑘𝑔 

of 2. Each function will be tested for 20 iterations to generate a baseline, and then the 

velocity weight (which alters how explorative the particles are) will be set to 0.5. The 

responses will be compared, and the parameter set that yields the highest accuracy will be 

used in the physical experiments. 

2.3.4 LDPE Optimization on Gigabot X Experiment Design 

For the first optimization experiment single 200mm lines are extruded (Figure 2.5a). For 

this trial, physical dimensions including length (l) accuracy, width (w) accuracy, width 

constancy, and mass (m) accuracy. Accuracy is defined in Equation 2-7. Consistency is 

defined in Equation 2-8, where the measurements are evenly distributed along the length 

of the extrusion. The initial variable parameters are listed in Table 2.2. 
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a) b) c) 

   

d) e) f) 

Figure 2.5: a. A rendering of the line test. b. A rendering of the plane test. c. A rendering 

of the cube test. d. An image of a resulting line test. e. An image of a resulting plane test. 

f. An image of a resulting cube test. It should be noted these test examples are before any 

optimization. 

𝐴(𝑋𝑚, 𝑋𝑑) =  
|𝑋𝑚−𝑋𝑑|

𝑋𝑑
      (2-7) 

Where 𝑋𝑚 is the measured value (or in some cases the averaged measured value), and 𝑋𝑑 

is the desired value. 

𝐶(𝑋𝑚1, 𝑋𝑚2 … 𝑋𝑚𝑛) =  𝑎𝑣𝑔𝑑𝑒𝑣(𝑋𝑚1, 𝑋𝑚2, … , 𝑋𝑚𝑛)   (2-8) 
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Table 2.2: Experimental parameters for line optimization 

Variable Min Max Guess Int? Description 

𝑇1 175°C 250°C 245°C True Temperature zone one on Gigabot X 

extruder 

𝑇2 175°C 250°C 245°C True Temperature zone two on Gigabot X 

extruder 

𝑇3 175°C 250°C 245°C True Temperature zone three on Gigabot X 

extruder 

𝐹 100% 300% 222% False Extrusion flow multiplier 

𝑇𝐵 80°C 120°C 100°C True Bed temperature 

𝑉𝑃 10 

mm/s 

60 

mm/s 

25 

mm/s 

False Print speed (end effector movement 

rate) 

  

The fitness function is defined by the weighted sum of the measurements (Equation 2-9). 

The weights are assigned according to expert knowledge. The experiment will use 

optimization parameters found from the test functions in the previous step, and will run for 

either 20 iterations, or until the fitness is less than 0.1. 

𝑓𝑙𝑖𝑛𝑒 = 0.2𝐶(𝑤𝑚1, … , 𝑤𝑚5) + 0.2𝐴(𝑤𝑎𝑣𝑔 , 2.2𝑚𝑚) + 0.1𝐴(𝑙𝑚, 200𝑚𝑚) + 0.5𝐴(𝑚𝑚, 0.4𝑔)  (2-9) 

The second trial will be optimizing the length accuracy, width accuracy, height 

consistency, height accuracy, and mass accuracy of 100 by 100 mm planes (Figure 2.5b). 

The optimization parameters will remain the same with the addition of 𝐸, the edge overlap 

of the infill percentage (with a range of 10 to 20%, and initial guess of 15%). The initial 

guess values will be selected as the optimum parameters from the previous trial (with a 

proximity value of 0.25). For this trial, additional factors including layer height (ℎ), and 

print time (𝑡) will also be considered. The fitness function is defined in Equation 2-10. 

𝑓𝑝𝑙𝑎𝑛𝑒 = 0.1𝐶(ℎ𝑚1, … , 𝑤𝑚5) + 0.1𝐴(ℎ𝑎𝑣𝑔, 1.01𝑚𝑚) + 0.1𝐴(𝑙𝑎𝑣𝑔 , 100𝑚𝑚) + 

   0.1𝐴(𝑤𝑎𝑣𝑔 , 100𝑚𝑚) + 0.1𝐴(𝑡𝑚, 6.5𝑚𝑖𝑛) + 0.5𝐴(𝑚𝑚, 9.4𝑔)   (2-10) 

The final trail optimizes the height, width, length and mass accuracy of a 40 by 40 by 

40mm cube (Figure 2.5c). The optimization parameters will once again remain the same 

with the inclusion of the layer height 𝐻𝐿 ranging from 0.6mm to 1.5mm, and infill 

density 𝐷𝐼 ranging from 100% to 250% . The initial guess will be selected as the 

optimum parameters from the plane trial (with a proximity of 0.25). The fitness function 

for this trial is shown in Equation 2-11. 
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𝑓𝑝𝑙𝑎𝑛𝑒 = 0.1𝐴(𝑤𝑎𝑣𝑔 , 40𝑚𝑚) + 0.1𝐴(𝑙𝑎𝑣𝑔 , 40𝑚𝑚) + 0.1𝐴(ℎ𝑎𝑣𝑔, 40𝑚𝑚) + 0.7𝐴(𝑚𝑚, 58.2𝑔)  (2-11) 

2.4 Results and Discussion 

2.4.1 Parameter Acquisition 

20 iterations of optimization on the Beale function were run on the waste LLDPE on the 

Gigabot X. The individual experiment fitnesses (particles) and group best fitness can be 

seen in Figure 2.6. 

  

a) b) 

Figure 2.6: Performance of PSO on Beale function a. Total best fitness b. Particle fitness 

over time 

 

Next, 20 iterations of optimization on the Golstein-Price function were run on the same 

material and process system. The individual particle fitnesses and group best fitness can be 

seen in Figure 2.7. Then optimization is run with a velocity weight of 0.5. The group 

finesses between both trials can be compared in Figure 2.8. The hypothesis that a higher 

velocity weight will cause more exploration has been confirmed, and in addition enabled 

particles to converge on a more desirable fitness value. This indicates that the parameters 

listed in Table 4 should be used for 3-D print optimization. 
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a) b) 

  

c) d) 

Figure 2.7: Performance of PSO on Goldstein-Price function a. Total best fitness with  
𝑘𝑣 = 0.1 b. Particle fitness over time 𝑘𝑣 = 0.1 c. Total best fitness with 𝑘𝑣 = 0.5 d. 

Particle fitness over time 𝑘𝑣 = 0.5. 

Table 2.4: Recommended parameters for PSO tuning of 3-D printing. 

Variable Value 

𝑘𝑣 0.5 

𝑘𝑝 1 

𝑘𝑔 2 

In addition, from Figure 2.6a, the physical experiment should expect to see a convergence 

around 6 iterations. This experiment set successfully demonstrated that PSO Experimenter 

should be attempted for 3-D printer optimization. 
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2.4.2 LDPE Optimization on Gigabot X Results 

The line trial was able to reach a fitness of less than 0.1 after 6 iterations. The optimization 

performance can be viewed in Figure 2.8. The ideal parameters for printing lines are listed 

in Table 2.5 column 3. 

  

a) b) 

Figure 2.8: Performance of PSO on line tests a. Total best fitness b. Particle fitness over 

time 

Table 2.5: Ideal printing parameters for FPF/FGF of waste LDPE on a three temperature 

zone extruder.  

Var. Description Lines 

Value 

Planes 

Value 

Cube 

Value 

𝑇1 Temperature zone one on Gigabot X extruder 225°C 220°C 225°C 

𝑇2 Temperature zone two on Gigabot X extruder 200°C 200°C 205°C 

𝑇3 Temperature zone three on Gigabot X extruder 175°C 172°C 166°C 

𝐹 Extrusion flow multiplier 150% 165% 156% 

𝑇𝐵 Bed temperature 90°C 95°C 94°C 

𝑉𝑃 Print speed (end effector movement rate) 10 

mm/s 

38 

mm/s 

35 

mm/s 

𝐸 Edge Overlap of infill NA 18% 18% 

𝐻𝐿 Layer Height NA NA 0.6mm 

𝐷𝐼 Infill Density NA NA 165% 
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The plane trial was able to reach a fitness of less than 0.1 after 1 iteration. The optimization 

performance can be viewed in Figure 2.9. The ideal parameters for printing planes are listed 

in Table 2.5 column 4. 

  

a) b) 

Figure 2.9: Performance of PSO on plane tests a. Total best fitness b. Particle fitness over 

time 

The cube trial was able not able to reach a fitness of 0.1 after 6 iterations, but due to 

machine (inability to make perfectly square corners causes the volume estimate to be 

imprecise) limitations may not be achievable. The optimization performance can be viewed 

in Figure 2.10. The ideal parameters for printing lines are listed in Table 2.5 column 5, and 

these parameters are accepted as ideal parameters for general use in printing with LDPE. 

An additional result of this experimentation is the finding that the print surface should be 

covered in clear polypropylene packaging tape for optimum adhesion. 

  

a) b) 

Figure 2.10: Performance of PSO on cube tests a. Total best fitness and b. Particle fitness 

over time. 
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The optimization improved the print quality as shown in Figure 2.11, an optimized test 

cube, which can be compared directly to Figure 2.5f. The print is not a complete digital 

replication of the design as there still is some deformation at the base and not quite perfect 

final layer print. This is somewhat expected because LLDPE is a known challenging 3-D 

printing material with only a few vendors offering it [60]. 

 

Figure 2.11. Optimized print setting results of LDPE waste printed into a test cube. 

The printing quality, however, is high enough to be used for large (human)-scale functional 

objects as this stool as shown in Figure 2.12. The device has a mass of 0.56lb, which at a 

cost of $1/lb and 0.28lb of PETG used for the legs at $9.50 per pound [61] results in a cost 

for the stool of $3.22. This is an 87 percent savings from commercial devices that can cost 

over $24 [62], and could be further reduced using reclaimed materials for legs. These 

results agree with past work [63] that found substantial economic potential for DRAM [61] 

including specific investigations on the potential for large-scale 3-D printing of athletic 

equipment from plastic waste [49]. 

 

Figure 2.12. An LDPE 3-D Printed Stool base on PETG legs. 
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2.4.3 Impact and Applications 

The time for preparation, printing, and measurement of a line sample takes approximately 

10 minutes. With the first physical trial settling below a fitness of 0.1 after 6 iterations, the 

total time elapsed is 5 hours. If this same experiment were to be run as a conservative 

matrix test, where temperature zones are all kept at the same temperature and tested across 

10 increments, bed temp is kept at a constant, and federate and print speed’s range was cut 

into 10 increments it would require over 166 hours. This indicates that PSO Experiment 

can provide 97% reduction in research time for 3-D printing optimization. Because of this, 

PSO Experiment is recommended for all future material parameter acquisition, as it can 

explore the sample space with self-adjusting granularity and can substantially reduce time, 

money, and material usage. This is in line with past work that showed PSO utility for build 

orientation [64] support structures [65] and fused filament 3-D printing [66]. 

This accelerated testing for new materials is particularly useful in the DRAM context as 

the 3-D printing process parameter optimization may need to be completed for each new 

waste material source, even if the primary polymer is the same. This is because past results 

have shown that not only do additives and processing matter but so does color [30], number 

of cycles [9], water absorption and thus storage and thermal history as well as source [24] 

can impact 3-D printing parameter optimization and final properties of the manufactured 

part.  

PSO Experimenter could be used to optimize not only waste materials but also various 

other materials such as polypropylene or high density polyethylene, which are not yet 

commonly used in commercial fused filament-based 3-D printing because of their 

challenging thermal expansion coefficients. In addition, the software could be used to take 

the guess work out of tuning and calibrating machines like circuit mills [67], metal 3-D 

printers [68] and bio-printers [1]. 

2.4.4 PSO vs Random Selection 

Particle Swarm Optimization is not a random walk [52], it has a directed search which 

lowers optimization time. As a comparison, if the optimization process was defined such 

that there are 1000 combinations of variables, the probability of randomly selecting the 

optimum is 0.1%. Considering an equal number of trials to the PSO (30 per experiment) as 

Bernoulli trials with a success probability of 0.1%, the probability of successfully 

identifying a global optimum can be modeled as a Binomial Random Variable [69]. This 

model shows that arbitrary guessing of combinations yields a 2.91% chance of successfully 

arriving at the optimum. Clearly each optimization run performed in this manuscript has 

arrived at acceptable optimums, indicating that the PSO algorithm is aiding in the process 

and it is not pure randomness. 

2.4.5 Future Work 

PSO Experimenter can be further improved by being integrated directly into a printer 

control software, to directly control the machine for experiments. Additionally, PSO 
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experimenter can be applied to a myriad of diverse applications such as: custom filament 

extrusion, circuit board milling, recipes and farming. 

2.5 Conclusions 

PSO Experimenter was created to expedite the acquisition of ideal process parameters. As 

a case study, the free and open software was used to find ideal parameters for recycled 

waste LDPE direct extrusion 3D printing using an open source AM system. The algorithm 

was able to find ideal parameters in 6 iterations, taking a time of 5 hours. This time saving 

results in an 97% reduction from matrix-based process parameter testing. PSO 

Experimenter is a user-friendly and effective free software for finding ideal parameters for 

DRAM as well as a wide range of fields and processes. 
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3 Open Source Framework for a Broadly Expandable 
and Reconfigurable Data Acquisition and Automation 
Device (BREAD) 

 

3.1 Hardware in context 

The global library of open source electronic designs is constantly expanding and 

diversifying [1]. Example include systems to accurately measure gas pressures [2] and 

properties [3]. There are devices used to aid in electrical engineering endeavours such as 

power monitoring [4] and phasor measurement [5] as well as complex fields such as 

neuroscience [6, 7], electrophoresis [8], and nuclear physics [9]. Platforms promoting and 

enabling citizen participation on environmental science have been prototyped [10, 11]. 

These devices are all made to carry out a hand full of functions well, but are often not 

capable of scaling up or easily being integrated with other designs. Just as other open source 

projects have found success by having modular frameworks and clearly documented 

specifications [1, 12-14], a framework to unify and enable interoperation of these open 

source electronics systems would be greatly beneficial to the scientific community. 

Though open-source data acquisition (DAQ) systems have been published [15-17], 

National Instruments (closed source, proprietary) systems are used extensively in academia 

for diverse purposes ranging from analysis of agricultural tools [18] and snow analysis [19] 

to CNC systems [20] and battery research [21]. National Instruments cDAQ [22] systems 

are often chosen for their flexibility, modular design, and plug-and play operation. The cost 

of such systems and those from their commercial competitors can be prohibitively 

expensive, ranging around $1,000 USD for a chassis and anywhere between $138 USD to 

$2,846 USD per function card [22]. These costs limit access to high-quality DAQ in low 

resource settings [23], separating haves and have nots [24]. In many cases the functions 

executed by the cDAQ cards could be carried out by an open source alternative, however 

as desired function count increases, the simplicity of integrating the designs decreases 

substantially.  

To overcome these challenges and ensure greater accessibility to high-quality electronics 

sensing and DAQ systems, this manuscript proposes a framework where new open source 

electronics can be developed and have plug-and-play functionality with all other modules 

designed in this framework. The system, titled Broadly Reconfigurable and Expandable 

Automation Device (BREAD), consists of a basic set of guidelines and requirements to 

which others can contribute. 

3.2 Hardware description 

BREAD first and foremost is set of specifications with intent to unify open source 

electronic designs as an open source DAQ and automation platform, and as such the focus 

of this manuscript will be on the generalized guidelines. Several daughter cards (referred 

to as slices), and a backplane (referred to as a loaf) have been developed and will also be 
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described. Finally, an example system for metal 3-D printing will be proposed, designed, 

built, tested and validated. 

3.2.1 Schematic Design Procedures for Slices 

First, the schematic standards will be laid out. Though many of the standards in this section 

do not effect the final design, proper and consistent documentation is crucial to the success 

of open source hardware projects [25-26]. 

3.2.1.1 Starting Out the Design 

Every BREAD slice board design should be duplicated from the template slice, SLC-

TEMP. This ensures that the mechanical dimensions of the board are correct, as well as the 

interface pin assignment. The design files can be modified using the most recent version 

the open source KiCAD [27]. 

3.2.1.2 Design Standards & Conventions 

Standard Components & Connections 

The standard components in the template design (included in SLC-TEMP) are essential for 

communication, computation, and measurement, and therefore should not be modified or 

moved in any way. Additionally, they should not be directly connected to, instead each 

connection should be made using net labels. The “bus” wiring functionality should only be 

used if 5 or more highly-coupled signals are present. 

The standard components provided in the template include an Arduino Nano, interface 

connector, and power filtering capacitors. Together these components provide a robust 

system for commutation, measurement and control. 

Component Selection 

When possible, all discrete components should be of a 1206 (3.2mm x 1.6mm footprint) 

package or greater. Only commonly-available decade values should be used for discrete 

components such as resisters and capacitors. When selecting specialized components (i.e. 

Application Specific Integrated Circuits or ASICs), select the package that is easiest to be 

soldered (if possible, select through hole, socket-able chips). 

Sub-Circuits 

All designs should be split into sub-circuits. In most cases, each ASIC, filter, supply, 

conditioner, etc. should be their own sub-circuit. If a sub-circuit is repeated more than 

twice, it should be copied into a hierarchical sheet and replicated. All sub-circuits should 

interconnect using net labels. 
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Aesthetics, Labelling, and Comments 

All net routing should be made such that there is minimal visual cross-over, and nets should 

be spread apart when possible. Though it is not required – any and all nets can be labelled. 

All sub-circuits should be surrounded by a graphical box with a title at the top. If enough 

space is available, a short description of the sub-circuit should be included. Labelling and 

terminology should be non-specific so sub-circuits can seamlessly be copied to new 

designs. All jumpers must be clearly labelled, as well as their default state. A jumper 

configuration table is recommended as shown in Table 3.1. 

Table 3.1. An example jumper configuration table. 

 

Jumper ID Pin 0 & 1 Bridged Pin 1 & 2 Bridged 

J0 Utilize External Voltage Source Utilize Internal Voltage Source 

J1 AC Measurement Mode DC Measurement Mode 

 

Annotation & Net-List Generation 

When annotating the schematics (generating component numbers and names) select the 

“First free after sheet number x100” option. This will help especially in designs which use 

hierarchical sheets. The standard components may be renamed. Generated net-lists should 

have the same name as the .pro file. 

3.2.2 Board Design Procedures for Slices 

3.2.2.1 Starting out the Design 

The layout (kicad_pcb) file is included with the template design slice (included in SLC-

TEMP). It is highly recommended that this layout be adapted for all designs for the sake 

of a consistent library of slices. 

3.2.2.2 Considerations for Digital Manufacturing 

As BREAD is an open-source system geared toward DIY engineers, scientists, and makers, 

it is highly desirable that the boards are manufacturable on commonly available circuit 

milling machines [28-29]. Designs that meet these criteria should: 

    • Have routing all done on a single layer (on the bottom layer) 

    • All surface-mount components should be flipped to the bottom layer 

    • All through-hole components should remain on the top layer 

    • Minimum trace size: 0.5mm, minimum feature spacing: 0.2mm, pad copper 

width > 0.5mm 

    • When trace cross-over is unavoidable use the second layer, but also use vias 

such that a fine-gauge wire can be substituted as a bridge. 
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    • Do not use planes if possible – they can cause redundant milling for some 

CAM software packages. 

It is also recognized that some boards cannot conform to these standards due to required 

parts, complexity, etc. In these cases, it is allowed.  The goal of BREAD is to be an 

inclusive family of components, but the ability to digitally manufacture most boards is 

something that can be valuable to BREAD’s overall success [25]. 

3.2.2.3 Design Standards & Conventions 

Component placement 

When placing components, take into consideration that the boards may be assembled by 

in-experienced solderers. Parts should be placed with clearance between one another to 

make accidental solder-bridging less likely. Additionally, components should be grouped 

with other components from their sub-circuit.  All large components (likely through-hole) 

should stay on the top of the board. Devices that may generate heat should be given suitable 

clearance to dissipate the heat. 

Routing 

To reiterate a previously mention standard: If the board is a single layer - when trace cross-

over is unavoidable use the second layer, but also use vias such that a fine-gauge wire can 

be substituted. 

If the board is dual layer – the top layer’s traces should be predominately vertical, and the 

bottom layer’s traces should be predominately horizontal. If possible use large enough vias 

(1mm) with pads around them so that any users that can mill two-sided boards can use a 

thin wire to connect both sides of the via. If the board is more than 2 layers – it is outside 

of the range of the vast majority of DIYers, and thus the board will have to be manufactured 

professionally. In this case, considerations for PCB millers can be removed.  Traces should 

be appropriately sized for their expected currents. 

Planes 

In most cases, planes are used for power distribution. For two-layer boards, the ground 

should be on the top layer, and the dominant supply voltage should be the bottom layer. 

Designers should sure to include proper thermal reliefs for any connections to the plane. 

Labeling 

All device designators should be in the same orientation and not covered by any devices. 

Jumpers should have indicators on what each one controls. All test points should have their 

corresponding net names labelling them. Each pin on the outgoing connector should have 

a clear label, as well as any indicator LEDs. The interface connector does not need labelled. 

The design should have a board designator with the following information: 

• Card Name 

• Part # 
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• Rev # and year 

Finally, the OSH logo should be visible somewhere on the board (preferably near the board 

designator). An example of a board designator is shown below in Figure 3.1. 

 
Figure 3.1: An example board designator and OSH logo 

Gerber Generation 

When generating gerbers, be sure that the grid origin and the drill and place offset are both 

at the bottom left corner of the board. Be sure to select “use auxiliary axis as origin” and 

generate the F.Cu, B.Cu, F.Paste, B.Paste, F.SilkS, B.SilkS, F.Mask, B.Mask, and 

Edge.Cuts layers. Additionally, generate all drill files and be sure to use the auxiliary axis 

as the drill origin. Having a properly placed auxiliary axis is helpful to those assembling 

with pick-and-place machines. 

3.2.3 Documentation Procedures for Slices 

3.2.3.1 Standard Datasheet 

BREAD_SLC_TEMP_R0.odt is provided with the SLC_TEMP repository, and should be 

filled out according to the instructions embedded in the document. With each revision of 

the circuit, the document should be revisited (and the revision section should have notes 

on what was changed). 

3.2.3.2 Repository 

Though it is not required, it is highly recommended that the slice documentation and design 

files are hosted in an Open Science Framework (OSF) repository [30]. The repository 

should be organized by dividing it into 5 folders: 

    • Documentation 

    • Electrical Designator 

    • Firmware 

    • Gerbers 

    • Mechanical 

3.2.4 Mechanical Definitions for Slices 

3.2.4.1 PCB Dimensions 

Slices are constructed on an 100mm by 70mm board with 4 mounting holes for am M3 bolt 

inset 5mm into the board at each corner (See Figure 3.2). 
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Figure 3.2: The Mechanical specifications of a slice PCB 

3.2.4.2 Positioning & Sizing Constraints 

For a standard slice, the Arduino Nano [13], interface connector, mounting holes, and board 

dimensions should remain consistent with SLC_TEMP. Doing so will ensure compatibility 

with the default enclosure. 

  

Figure 3.3: A rendering of the default enclosure for a slice. 

3.2.5 Electrical Definitions for Slices 

The electrical specifications for a slice assume the use of an Arduino Nano per 

SLC_TEMP. If resources permit, a Nano is recommended, however other controllers can 

be adapted to follow the BREAD protocols. The Arduino Nano is used as the default 

microcontroller platform due to low cost, high availability, and the use of an open source 

framework [13]. 
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3.2.5.1 Loaf Interface Connector 

Each slice should have a standard 10-pin female header centered on the left side (opposite 

to the external connector) of the PCB. The pin breakout is shown in Table 3.2 and a 

schematic is shown in Figure 3.4. 

Table 3.2. Pin breakout names and descriptions. 

Pin # Name Description 

1 GND System ground and reference 

2 +12V Voltage from loaf supply 

3 I2C_CLK Clock signal for communication between the slice and loaf 

4 I2C_DAT Data signal for communication between the slice and loaf 

5 GND System ground and reference 

6 E_STOP Signal (driven by loaf) which goes through physical interlocks 

acting as an E-Stop 

7 INT Interrupt pin (driven by slice) used to indicate to loaf that special 

attention is needed 

8 SYNC Digital signal (driven by loaf) used to synchronize actions across 

multiple slices 

9 +12V Voltage from loaf supply 

10 GND System ground and reference 
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Figure 3.4: A schematic of the loaf interface connector. 

 

3.2.5.2 External Connector 

The most commonly used external connector (to devices and sensors) is the 2.54mm (0.1”) 

pitch screw terminal. In some cases, however, specialized connectors may be needed. If 

possible, the connector should be a plug for a cable-end jack for ease of wiring. 

3.2.5.3 Default Circuitry & Connections 

Though substitutions are allowed, SLC_TEMP utilizes an Arduino Nano for processing, 

measurement, computation and communication. Additionally, the Arduino should have 

10uF capacitors on both the 5V and 12V line. Every slice must have the loaf interface 

connector. The default components used on every standard slice are shown in Figure 3.5. 

  
 

Figure 3.5: The default components used on every standard slice 
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3.2.6 Software Definitions for Slices 

In order for BREAD to be a cohesive system, documentation, including code must also 

follow a set of guidelines. 

3.2.6.1 Programming Standards 

All firmware for the Arduino-based slices and loafs should be programmed in the IDE and 

follow the style guide as laid out by Arduino [31]. All pin names should be consistent with 

their names as represented on schematics. Every slice’s firmware should instantiate 

“SLC_Functions.h” for all default functions such as initialization and loaf communication. 

3.2.6.2 SLC_Functions.h 

SLC_Functions.h is an Arduino library file which should be included with every slice 

firmware it contains the following functions: 

• initialize: Responsible for attaining the I2C address (if slice is part of a loaf) as 

well as setting up communication 

• bufferWrite: Allows for the writing of a variable sized buffer, which may be 

requested by the slice 

• receiveDataSerial: Receives data from connected computer via USB into buffer 

• receiveDataI2C: Receives data from connected loaf via I2C into buffer 

• sendDataSerial: Transmits the send buffer via Serial 

• sendDataI2C: Transmits the send buffer via I2C 

• pollEStop: Internal function which check if ESTOP is high. If not – all functions 

will cease 

• pollSync: Internal function that waits for the sync line to be brought high before 

executing the received command 

3.2.6.3 SLC_TEMP.h 

SLC_TEMP.h is an Arduino library, which must be made unique to each slice that 

compartmentalizes all of the functions that the loaf can call for the given slice. Since slices 

can be very diverse, there are no specific guidelines or required functions for this library. 

3.2.7 Building Loafs 

BREAD can be used in three different configurations: 1) in single slice mode,2) single loaf 

mode, or 3) multi-loaf mode. 
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3.2.7.1 Single Slice Usage 

In single slice mode, the slice is used as its own master, receiving and sending data to the 

connected computer as shown in Figure 3.6. In some (depending on the requirements of 

the card), an external power supply may be required. 

 

Figure 3.6. Schematic of single slice mode operation. 

3.2.7.2 Single Loaf Usage 

In single loaf mode the loaf acts as master to multiple slices as shown in Figure 3.7. Power 

to each slice is distributed via the loaf, as well as critical signals such as e-stop and sync.  

In this mode slices may still be controlled via serial or I2C, which is useful for diagnostics. 

On start-up each slice receives it’s address from the loaf. 

 

Figure 3.7. Schematic of single loaf mode operation. 

3.2.7.3 Multi-Loaf Usage 

Loafs are designed with an amplified up-stream and downstream connection point by way 

of an Ethernet connector. Using these connectors, multiple loafs (up to 8 loafs, totalling 64 

possible slices) can be daisy-chained as shown in Figure 3.8. Each loaf will assign 
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addresses to its daughter slices. The loaf with address 0x00 will establish itself as the 

master. Depending on power requirements each loaf may need a separate power supply. 

 

Figure 3.8. Schematic of multi-loaf mode operation. 

3.2.8 Existing Slices 

At the time of publishing there are 8 available slices. Their titles are: 

1. SLC_LVAI: Amplified Analog Input Slice [32] 

2. SLC_IDIO: Isolated Digital Input/Outputs [33] 

3. SLC_AAFT: Audio Analysis / Fourier Transform [34] 

4. SLC_CR10: +/- 10A Current Sensor [35] 

5. SLC_RLAY: 4 Channel Relay Controller [36] 

6. SLC_STEP: 4 Channel Stepper Motor Controller [37] 

7. SLC_THRM: 4 Channel Type-K Thermocouple Reader [38] 

8. SLC_USBP: 2 Channel USB Port [39] 

The slice functions and characterization procedures are listed in the following sections, 

with additional information available in each slice’s respective repository. 

3.2.8.1 SLC_LVAI Amplified Analog Input Slice 

SLC_LVAI has 6 adjustable analog measurement channels based around the MCP6004 

[40] 4-channel operational amplifier. Two potentiometers are available to adjust offset and 

gain, theoretically allowing for a signal offset of 5V and a gain of 11. Additionally, a first-

order low pass filter is implemented with a corner frequency of 160Hz (component can be 

replaced to alter cut off frequency). 

SLC_LVAI can be used to interface with a multitude of small-signal voltage sensors such 

as light sensors [41], sound sensors [42], and pressure sensors [43]. This slice could be 
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used for applications such as solar tracking [44], automated chemical processing [45], and 

power measurement [4]. 

Figure 3.9: The offset, amplify, and filter circuit for channel 0 (typical for all channels) 

 

 

 

Figure 3.10: The routed circuit board for SLC_LVAI 
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The following functionality must be validated for the SLC_LVAI: 

• Accurate reading of input analog signals. 

• Ability to read in external commands and adjust accordingly. 

• Ability to quickly and accurately export data. 

• Ability to operate indefinitely and predictably. 

 

Accurate Analog Readings 

1. Input a known, measured signal into a channel of SLC_LVAI. 

2. View this signal on both an oscilloscope and the serial monitor of the Arduino IDE. 

3. Tweak Potentiometers until signal appears to be correct shape 

4. Repeat process for every channel of SLC_LVAI. 

 

Reading Commands 

For slice-only use: 

1. Connect Slice to personal computer and open the Arduino IDE. 

2. Open the Serial Monitor and attempt to transmit a command in proper form. 

3. Verify the system responds properly to any and all commands that are sent to it. 

(Peripheral 

devices may need to be connected to see effects). 

 

For system use: 

1. Insert Slice into back plane. 

2. Command the back plane to send a command to the slice. 

3. Verify the system responds properly to any and all commands that are sent to it. 

(Peripheral devices may need to be connected to see effects). 
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3.2.8.2 SLC_IDIO Isolated Digital Input/Outputs 

SLC_IDIO consists of 8 optically isolated digital channels with selectable modes (input or 

output). The ILD207T opto-isolater provides 4000V of isolation and an output current of 

30mA. This card can be used for interfacing with limit switches [46], buttons [47], and 

other binary input devices, as well as lighting indictors [48] and controlling external solid-

state relays [49]. This functionality can be used for on-off control of devices, as well as 

measuring properties of digital waves such as frequency, modulation, and pulse lengths. 

 
Figure 3.11: Jumpers for mode selection, and optical-isolation circuits for 2 channels in 

SLC_IDIO (typical for all 8 channels) 

 

 

Figure 3.12: The routed circuit board for SLC_IDIO 

 

The following functionality must be validated for the SLC_IDIO: 

• Ability to operate each channel individually as either an input or an output. 
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• Ability to read in external commands and adjust accordingly. 

• Ability to quickly and accurately export data. 

• Ability to operate indefinitely and predictably. 

 

I/O Operation 

1. Connect the probes of an oscilloscope between a channel’s output terminal and ground. 

2. Set each channel to be an output and be set to high. 

3. Ensure every channel reads as a logic high. 

4. Apply a voltage across a channel’s terminal and ground. 

5. Set each channel to be an input. 

6. Read every channel in the Serial Monitor, and ensure every channel can read a logic 

high and a logic low correctly. 

 

Reading Commands 

For slice-only use: 

1. Connect Slice to personal computer and open the Arduino IDE. 

2. Open the Serial Monitor and attempt to transmit a command in proper form. 

3. Verify the system responds properly to any and all commands that are sent to it. 

(Peripheral 

devices may need to be connected to see effects). 

 

For system use: 

1. Insert Slice into back plane. 

2. Command the back plane to send a command to the slice. 

3. Verify the system responds properly to any and all commands that are sent to it. 

Peripheral devices may need to be connected to see effects). 
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Exporting Data 

1. Command SLC_IDIO to retrieve and send the signal status on every channel. 

2. Observe this same dataset on the Serial Monitor. 

3. Cross compare. Ensure no discrepancies. 

 

Indefinite / Predictability Test 

1. Command SLC_IDIO to read a simple, predictable digital signal such as a square 

wave. 

2. Allow this process to continue for an arbitrarily large amount of time. 

3. After such time has passed, ensure the system is still reliably and accurately reading 

said test 

signal. 

3.2.8.3 SLC_AAFT Audio Analysis / Fourier Transform 

SLC_AAFT consists of two separate audio channels – a quarter inch jack input and a 

standard aux input. The input analog signal is broken down into low, low-mid, mid, high-

mid, and high ranges, bounded between ~0-5000 Hz. The signal can be offset and amplified 

using a circuit based around the based around the MCP6004 [MCP6004] 4-channel 

operational amplifier. Potential applications include: analysis of system acoustics [50], 

musical audio analysis [51], and peak finder [52]. This slice is designed specifically to be 

connected with microphones (either for scientific measurement [53] or entertainment [54]) 

and musical instruments [55]. 
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Figure 3.13: 4 Stage Amplifier for Each Channel 

 

 

 

Figure 3.14: Frequency Breakdown Filters 
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Figure 3.15: Channel Inputs and Signal Bridge 

 

 

 
Figure 3.16: The routed circuit board for SLC_AAFT 
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The following functionality must be validated for the SLC_AAFT: 

• Accuracy of board’s Fast Fourier Transform (FFT). 

• Ability to send FFT data quickly and accurately to separate module. 

• Ability to take in external signal data and run an FFT on it. 

• Ability to operate indefinitely and predictably. 

 

FFT Accuracy 

1. Feed a signal of known frequency composition into SLC_AAFT via one of the two 

channels. 

2. View this signal on an oscilloscope concurrently. 

3. Set the oscilloscope to output a real-time FFT of the input signal. 

4. View SLC_AAFT’s generated FFT in the serial plotter window of the Arduino IDE. 

5. Cross compare. Ensure no major discrepancies. 

6. Repeat for the additional channel. 

 

FFT Data Transfer 

1. Have SLC_AAFT run an FFT on a signal of known frequency composition. 

2. Observe FFT results in Serial Monitor. Record. 

3. Command separate device to read in entirety of FFT data. Observe and record. 

4. Ensure no discrepancies. 

External Signal FFT 

1. Use another module (such as SLC_LVAI) to read and send a known signal to 

SLC_AAFT via I2C. 

2. View the signal being read by said separate module on an oscilloscope. 

3. Configure the oscilloscope to output a real-time FFT of this test signal. 
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4. Command SLC_AAFT to run an FFT on this data. 

5. Cross compare the two FFTs and ensure no discrepancies. 

Indefinite / Predictability Test 

1. Input a known signal into SLC_AAFT via either input channel. 

2. Have SLC_AAFT continuously run an FFT on the data. 

3. Allow to run for an arbitrarily long amount of time. 

4. Ensure that the system is still producing results as expected at the end of said time 

period. 

3.2.8.4 SLC_CR10 +/- 10A Current Sensor 

SLC_CR10 consists of four individual current sensing channels based around the ACS723 

Hall effect current sensor [56]. Current is routed through a hall effect current sensing chip, 

which then generates an analog signal to the Arduino to. Potential applications include: 

power analysis of known system [4] signal detector [57], and automatic surge [58] alert 

system. 

 

Figure 3.17: Typical sensor chip implementation for all channels 
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Figure 3.18: The routed circuit board for SLC_CR10 

 

The following functionality must be validated for the SLC_CR10: 

• Ability to read in external commands and adjust accordingly. 

• Accuracy of input current signal on all channels. 

• Ability to quickly and accurately export data. 

• Ability to operate indefinitely and predictably. 

 

Procedure 

Current Signal Read 

1. Set up a simple DC circuit with a known current, and hook SLC_CR(10/20/40) in 

series with it. 

2. Verify the current read by the Slice is accurate. 

3. Repeat with a different known current. Be sure to test range extremities. 

4. Set up an AC circuit where the current signal is known / easily calculable.  
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5. Take current readings with SLC_CR(10/20/40). Plot the output data and ensure 

that the signal is being correctly read. 

6. Repeat with a different known current signal. Be sure to test range extremities. 

7. Repeat the above experiments on each channel. 

 

Reading Commands 

For slice-only use:  

1. Connect Slice to personal computer and open the Arduino IDE. 

2. Open the Serial Monitor and attempt to transmit a command in proper form. 

3. Verify the system responds properly to any and all commands that are sent to it. 

(Peripheral devices may need to be connected to see effects). 

For system use: 

1. Insert Slice into back plane. 

2. Command the back plane to send a command to the slice. 

3. Verify the system responds properly to any and all commands that are sent to it. 

(Peripheral devices may need to be connected to see effects). 

Signal Data Transfer 

1. Issue a command to SLC_CR(10/20/40) to send current data for any given 

channel or mix of channels. 

2. Record the sent data from the Slice. 

3. Cross-compare with the received data. Ensure no discrepancies.  

Indefinite / Predictability Test 

1. Command the Slice to read current on one (or many) channel(s).  

2. Read the current signals on the Serial Monitor.  

3. Allow the readings to persist for an arbitrarily long amount of time. 

4. Ensure, after the proper amount of time has passed, the system is still operating as 

expected.  
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3.2.8.5 SLC_RLAY 4 Channel Relay Controller 

SLC_RLAY consists of 4 different relay control channels. Each channel is digitally 

controlled and opto-electrically isolated to allow for backwards voltage protection. Four 

analog input channels are provided as a potential feedback/sensing path. The potentiometer 

on each of these paths serves as a way to manually scale the input to a desired amplitude. 

Potential applications include: automatic signal switching and timing of power supplies. 

 
Figure 3.19: Common implementation of relay control channels 

 

 
Figure 3.20: Analog feedback path 

 

 
Figure 3.21: Feedback inputs 
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Figure 3.22: The routed circuit board for SLC_RLAY 

 

The following functionality must be validated for the SLC_RLAY: 

• Accuracy  

• Ability to read in external commands and adjust accordingly. 

• Ability to quickly and accurately export data. 

• Ability to operate indefinitely and predictably. 

Procedure 

Reading Commands 

For slice-only use:  

1. Connect Slice to personal computer and open the Arduino IDE. 

2. Open the Serial Monitor and attempt to transmit a command in proper form. 

3. Verify the system responds properly to any and all commands that are sent to it. 

(Peripheral devices may need to be connected to see effects). 

For system use: 

1. Insert Slice into back plane. 

2. Command the back plane to send a command to the slice. 

3. Verify the system responds properly to any and all commands that are sent to it. 

(Peripheral devices may need to be connected to see effects). 

Exporting Data 
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Indefinite / Predictability Test 

3.2.8.6 SLC_STEP 4 Channel Stepper Motor Controller 

SLC_STEP consists of four separately controllable stepper motor control channels driven 

by Pololu A4988 drivers [59], common in 3-D printing applications and easily replaceable. 

There is a port for custom power input. The step size, direction, speed, acceleration, and 

much more can be electronically controlled. Analog feedback paths are included. Potential 

applications include: 3-D printer control (and other CNC machines) [28, 60] and electro-

mechanical system control [61]. 

 

Figure 3.23: Stepper driver configuration for each channel 

 

 
Figure 3.24: Motor output paths 

 
Figure 3.25: Analog feedback path for each channel 
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Figure 3.26: Analog input terminal 

 

 
Figure 3.27: Custom Power Supply Input + Select 
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Figure 3.28: The routed circuit board for SLC_STEP 

 

The following functionality must be validated for the SLC_STEP: 

• Accuracy  

• Ability to read in external commands and adjust accordingly. 

• Ability to quickly and accurately export data. 

• Ability to operate indefinitely and predictably. 

Procedure 

Reading Commands 

For slice-only use:  

1. Connect Slice to personal computer and open the Arduino IDE. 

2. Open the Serial Monitor and attempt to transmit a command in proper form. 
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3. Verify the system responds properly to any and all commands that are sent to it. 

(Peripheral devices may need to be connected to see effects). 

For system use: 

1. Insert Slice into back plane. 

2. Command the back plane to send a command to the slice. 

3. Verify the system responds properly to any and all commands that are sent to it. 

(Peripheral devices may need to be connected to see effects). 

Exporting Data 

Indefinite / Predictability Test 

3.2.8.7 SLC_THRM 4 Channel Type-K Thermocouple Reader 

SLC_THRM consists of four MAX31855 [62] type-K thermocouple reading chips 

connected to a thermocouple port, with filtering circuitry in between for smooth reading. 

These chips are read by the Arduino via SPI. Potential applications include: closed loop 

heater control [63] and automatic heat-based alarm system [64]. 

 

Figure 3.29: Common thermocouple channel circuitry 

 
Figure 3.30: Common SPI Clock Pull-Up 
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Figure 3.31: The routed circuit board for SLC_THRM 

 

The following functionality must be validated for the SLC_THRM: 

• Accuracy  

• Ability to read in external commands and adjust accordingly. 

• Ability to quickly and accurately export data. 

• Ability to operate indefinitely and predictably. 

 

Procedure 

Reading Commands 

For slice-only use:  

1. Connect Slice to personal computer and open the Arduino IDE. 
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2. Open the Serial Monitor and attempt to transmit a command in proper form. 

3. Verify the system responds properly to any and all commands that are sent to it. 

(Peripheral devices may need to be connected to see effects). 

For system use: 

1. Insert Slice into back plane. 

2. Command the back plane to send a command to the slice. 

3. Verify the system responds properly to any and all commands that are sent to it. 

(Peripheral devices may need to be connected to see effects). 

Exporting Data 

Indefinite / Predictability Test 

 

3.2.8.8 SLC_USBP 2 Channel USB Port 

SLC_USBP Consists of 2 generic USB A input slots connected to an electrically controlled 

switch designed for USB port signal switching. This then connects to an FT232 [65] chip 

to convert the USB signals to Arduino-readable SPI format. Potential applications include: 

External device communication and data collection. 

 
Figure 3.32: USB ports connected to multiplexer. 
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Figure 3.33: FT232 USB Signal Reader 

 

 
Figure 3.34: The routed circuit board for SLC_USBP 
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The following functionality must be validated for the SLC_USBP: 

Reading Commands 

For slice-only use:  

4. Connect Slice to personal computer and open the Arduino IDE. 

5. Open the Serial Monitor and attempt to transmit a command in proper form. 

6. Verify the system responds properly to any and all commands that are sent to it. 

(Peripheral devices may need to be connected to see effects). 

For system use: 

4. Insert Slice into back plane. 

5. Command the back plane to send a command to the slice. 

Verify the system responds properly to any and all commands that are sent to it. 

(Peripheral devices may need to be connected to see effects). 

 

3.2.9 Example System: TIG-Based Metal 3D Printer Monitor 

As with many processes, data acquisition can be an important component of characterizing 

novel rapid prototyping equipment [Pringle]. In this manuscript, a DAQ system utilizing 

BREAD componentry will be proposed and constructed for a novel, low-cost TIG-based 

metal 3-D printer. Metal 3-D printing has not become as ubiquitous as polymer 3-D 

printing, partially because there are no low-cost commercial options available [66]. 

Lowering the barrier to entry for digital metal manufacturing may allow engineers and 

hobbyists alike to create and share metal components in their designs. 
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Figure 3.35: An open source TAZ 3-D printer converted to a TIG-based open source 

metal 3-D printer 

3.2.9.1 Required Functions & Slices 

Taking inspiration from traditional welding, the most important feedback to consider is 

light (intensity and modulation) and sound [67]. These signals generated by the arc can be 

used to indicate variables like improper currents, gas flow, feed rate, and stand-off 

distances [16]. Light can be measured using a photoresistor paired with the SLC_LVAI 

slice. Sound can additionally be measured via the SLC_LVAI slice. 

In addition, the BREAD system will be used to take power measurements using a non-

invasive current transformer placed on the return line. The sensor can also be measured 

using the SLC_LVAI slice. Finally, a SLC_THRM can be used to measure the temperature 

of 4 corners of the print substrate. 

3.2.9.2 Configuration 

The system is built using a LOAF_X08 8 slice backplane. The connection diagram is 

shown in Figure 3.36. The microphone and photoresistor are placed on the end-effector 

carriage to keep a consistent reference frame for measurement. The current sensor is placed 

around the ground wire of the welder. A type K thermocouple is mounted at each corner 

of the printing substrate. 
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Figure 3.36: An example BREAD configuration for monitoring the quality of a welding 

process 

3.2.9.3 Firmware 

The firmware for this example system consists of a sample-record-repeat structure. The 

routine is set to sample at a frequency of 5Hz, with each sample being timestamped by the 

Arduino’s system clock. The SLC_LVAI slice is set to capture an FFT on each sensor. 

 

Figure 3.37: The weld monitoring sample loop 

3.3 Design files summary 

Each slice and loaf has the following primary design files: 
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Design file name File type 

Open 

source 

license 

Location of the file  

Firmware/firmware.ino .ino Arduino Code GPL 3.0 https://osf.io/742ez/ 

Gerbers Gerber board files GPL 3.0 https://osf.io/742ez/ 

Hardware/Bread_Slice.pr

o 

KiCAD Project 
GPL 3.0 https://osf.io/742ez/ 

Hardware/Bread_Slice.sc

h 

KiCAD 

Schematic 
GPL 3.0 https://osf.io/742ez/ 

Hardware/Bread_Slice.ki

cad_pcb 

KiCAD PCB 
GPL 3.0 https://osf.io/742ez/ 

Mecahnical/top.stl & 

top.scad 

STL 
GPL 3.0 https://osf.io/742ez/ 

Mecahnical/bottom.stl & 

bottom.scad 

STL 
GPL 3.0 https://osf.io/742ez/ 

  

• Firmware/firmware.ino: the default firmware to be programmed onto the slice / loaf 

• Gerbers: a folder which contains all gerber files necessary for construction of the 

circuit board 

• Hardware/Bread_Slice.pro: The main project file for the electrical design 

• Hardware/Bread_Slice.sch: The schematic of the electrical design 

• Hardware/Bread_Slice.kicad_pcb: The board routing for the slice 

• Mecahnical/top.stl & top.scad: The Lid of the enclosure 

• Mecahnical/bottom.stl & bottom.scad: The base of the enclosure 

 

3.4 Bill of materials summary 

SLC_LVAI: Amplified Analog Input Slice [SLC_LVAI] 



58 

Designator Component  Numbe
r 

Cost per 
unit -
currency 

Total 
cost - 
currenc
y 

Source of 
materials 

A1  Arduino Nano 1 4.30 4.30 

https://www.a
mazon.com/dp
/B08Z7HQ2B6/ 

C1 – C2 
CAP TANT 10UF 
10% 25V 2312 

2 0.72 1.44 
https://www.digike
y.com/short/7vz34
3n9  

C3 – C14 
CAP TANT 1UF 10% 
25V 1206 

12 0.51 6.12 
https://www.digike
y.com/short/fzn5w
b0d  

J1 
01x10 Female 
Header Pins 

1 0.79 0.79 

https://www.dig
ikey.com/short/
23bfwwjh 

J2 – J5 
TERM BLK 2POS 
SIDE ENTRY 5MM 
PCB 

4 0.47 1.88 
https://www.digike
y.com/short/3nv7
nt34  

R1 – R42 
RES 1K OHM 1% 
1/4W 1206 

42 0.07 2.94 
https://www.digike
y.com/short/mbw4
qq78  

RV1 – 
RV12 

TRIMMER 10K OHM 
0.5W PC PIN TOP 

12 1.79 21.48 
https://www.digike
y.com/short/w8rr4
qdm  

U1 – U6 
IC OPAMP GP 4 
CIRCUIT 14DIP 

6 0.063 0.378 
https://www.digike
y.com/short/5mzc
8t8t  

PCB Circuit Board 1 1.29 1.29 
https://pcbshop
per.com/ 

 

SLC_IDIO: Isolated Digital Input/Outputs [SLC_IDIO] 

Designator Component  Numbe
r 

Cost per 
unit -
currency 

Total 
cost - 
currenc
y 

Source of 
materials 

A1 Arduino Nano 1 4.30 4.30 

https://www.am
azon.com/dp/B
08Z7HQ2B6/ 

C1 – C2 
CAP TANT 10UF 
10% 25V 2312 

2 0.72 1.44 
https://www.digike
y.com/short/7vz34
3n9  

J1 
01x10 Female 
Header Pins 

1 0.79 0.79 

https://www.digi
key.com/short/
23bfwwjh 

J3 – J6 
TERM BLK 2POS 
SIDE ENTRY 5MM 
PCB 

6 0.47 2.82 
https://www.digike
y.com/short/3nv7n
t34  

JP1 – JP10 3 Pin Header 10 0.04 0.4 
https://www.amaz
on.com/dp/B07PK
KY8BX/  

https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.digikey.com/short/7vz343n9
https://www.digikey.com/short/7vz343n9
https://www.digikey.com/short/7vz343n9
https://www.digikey.com/short/fzn5wb0d
https://www.digikey.com/short/fzn5wb0d
https://www.digikey.com/short/fzn5wb0d
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/3nv7nt34
https://www.digikey.com/short/3nv7nt34
https://www.digikey.com/short/3nv7nt34
https://www.digikey.com/short/mbw4qq78
https://www.digikey.com/short/mbw4qq78
https://www.digikey.com/short/mbw4qq78
https://www.digikey.com/short/w8rr4qdm
https://www.digikey.com/short/w8rr4qdm
https://www.digikey.com/short/w8rr4qdm
https://www.digikey.com/short/5mzc8t8t
https://www.digikey.com/short/5mzc8t8t
https://www.digikey.com/short/5mzc8t8t
https://pcbshopper.com/
https://pcbshopper.com/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.digikey.com/short/7vz343n9
https://www.digikey.com/short/7vz343n9
https://www.digikey.com/short/7vz343n9
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/3nv7nt34
https://www.digikey.com/short/3nv7nt34
https://www.digikey.com/short/3nv7nt34
https://www.amazon.com/dp/B07PKKY8BX/
https://www.amazon.com/dp/B07PKKY8BX/
https://www.amazon.com/dp/B07PKKY8BX/
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R1 – R24 
RES 1K OHM 1% 
1/4W 1206 

16 0.07 1.12 
https://www.digike
y.com/short/mbw4
qq78  

R9 – R32 
RES 4.7K OHM 1% 
1/4W 1206 

16 0.1 1.6 
https://www.digike
y.com/short/93rfw
21v  

U1 – U8 
OPTOISO 4KV 2CH 
TRANS 8SOIC 

8 1.18 9.44 
https://www.digike
y.com/short/b80mf
zb1 

PCB Circuit Board 1 1.29 1.29 
https://pcbshop
per.com/ 

 

SLC_AAFT: Audio Analysis / Fourier Transform [SLC_AAFT] 

Designator Component  Numbe
r 

Cost per 
unit -
currency 

Total 
cost - 
currenc
y 

Source of 
materials 

U1-2 
4 Stage Amplifier 
Chip 

2 0.44 0.88 

https://www.digi
key.com/en/pro
ducts/detail/mic
rochip-
technology/MC
P6004T-I-
ST/523078 

J2 Aux Cord Jack 1 1.18 1.18 

https://www.digi
key.com/en/pro
ducts/detail/cui-
devices/SJ1-
3533NG/73870
1  

RV1-4 10k 12 Turn Trim Pot 4 4.16 16.64 

https://www.digi
key.com/en/pro
ducts/detail/bou
rns-inc/3266W-
1-
103LF/1087907  

R26 
1206 Packaging 
360Ω Resistor 

1 0.10 0.10 

https://www.digi
key.com/en/pro
ducts/detail/yag
eo/AC1206FR-
07360RL/5897
483 

R24-25 
1206 Packaging 
450Ω Resistor 

2 0.10 0.20 

https://www.digi
key.com/en/pro
ducts/detail/yag
eo/RC1206FR-

https://www.digikey.com/short/mbw4qq78
https://www.digikey.com/short/mbw4qq78
https://www.digikey.com/short/mbw4qq78
https://www.digikey.com/short/93rfw21v
https://www.digikey.com/short/93rfw21v
https://www.digikey.com/short/93rfw21v
https://www.digikey.com/short/b80mfzb1
https://www.digikey.com/short/b80mfzb1
https://www.digikey.com/short/b80mfzb1
https://pcbshopper.com/
https://pcbshopper.com/
https://www.digikey.com/en/products/detail/microchip-technology/MCP6004T-I-ST/523078
https://www.digikey.com/en/products/detail/microchip-technology/MCP6004T-I-ST/523078
https://www.digikey.com/en/products/detail/microchip-technology/MCP6004T-I-ST/523078
https://www.digikey.com/en/products/detail/microchip-technology/MCP6004T-I-ST/523078
https://www.digikey.com/en/products/detail/microchip-technology/MCP6004T-I-ST/523078
https://www.digikey.com/en/products/detail/microchip-technology/MCP6004T-I-ST/523078
https://www.digikey.com/en/products/detail/microchip-technology/MCP6004T-I-ST/523078
https://www.digikey.com/en/products/detail/cui-devices/SJ1-3533NG/738701
https://www.digikey.com/en/products/detail/cui-devices/SJ1-3533NG/738701
https://www.digikey.com/en/products/detail/cui-devices/SJ1-3533NG/738701
https://www.digikey.com/en/products/detail/cui-devices/SJ1-3533NG/738701
https://www.digikey.com/en/products/detail/cui-devices/SJ1-3533NG/738701
https://www.digikey.com/en/products/detail/cui-devices/SJ1-3533NG/738701
https://www.digikey.com/en/products/detail/bourns-inc/3266W-1-103LF/1087907
https://www.digikey.com/en/products/detail/bourns-inc/3266W-1-103LF/1087907
https://www.digikey.com/en/products/detail/bourns-inc/3266W-1-103LF/1087907
https://www.digikey.com/en/products/detail/bourns-inc/3266W-1-103LF/1087907
https://www.digikey.com/en/products/detail/bourns-inc/3266W-1-103LF/1087907
https://www.digikey.com/en/products/detail/bourns-inc/3266W-1-103LF/1087907
https://www.digikey.com/en/products/detail/yageo/AC1206FR-07360RL/5897483
https://www.digikey.com/en/products/detail/yageo/AC1206FR-07360RL/5897483
https://www.digikey.com/en/products/detail/yageo/AC1206FR-07360RL/5897483
https://www.digikey.com/en/products/detail/yageo/AC1206FR-07360RL/5897483
https://www.digikey.com/en/products/detail/yageo/AC1206FR-07360RL/5897483
https://www.digikey.com/en/products/detail/yageo/AC1206FR-07360RL/5897483
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07453RL/728924
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07453RL/728924
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07453RL/728924
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07453RL/728924
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07453RL/7289
24 

R22-23 
1206 Packaging 
600Ω Resistor 

2 0.10 0.20 

https://www.digi
key.com/en/pro
ducts/detail/yag
eo/RC1206FR-
07604RL/7290
38 

R20-21 
1206 Packaging 
900Ω Resistor 

2 0.10 0.20 

https://www.digi
key.com/en/pro
ducts/detail/yag
eo/RC1206FR-
07909RL/7291
66 

R18-19 
1206 Packaging 1.8 
kΩ Resistor 

2 0.10 0.20 

https://www.digi
key.com/en/pro
ducts/detail/yag
eo/RC1206JR-
071K8L/72920
4  

R17 
1206 Packaging 
400Ω Resistor 

1 0.10 0.10 

https://www.digi
key.com/en/pro
ducts/detail/yag
eo/RT1206BR
D07400RL/593
6956 

R13-16 
1206 Packaging 
500Ω Resistor 

4 0.10 0.40 

https://www.digi
key.com/en/pro
ducts/detail/yag
eo/RC1206FR-
07499RL/7289
44 

R1-12 
1206 Packaging 1 kΩ 
Resistor 

12 0.10 1.20 

https://www.digi
key.com/en/pro
ducts/detail/yag
eo/RC1206FR-
071KL/728387  

J3 Quarter Inch Jack 1 1.58 1.58 

https://www.mo
user.com/Prod
uctDetail/Neutri
k/NMJ6HCD2?
qs=ZNZTMDot
SRlKYl2qFVJb
QA%3D%3D 

https://www.digikey.com/en/products/detail/yageo/RC1206FR-07453RL/728924
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07453RL/728924
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07604RL/729038
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07604RL/729038
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07604RL/729038
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07604RL/729038
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07604RL/729038
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07604RL/729038
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07909RL/729166
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07909RL/729166
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07909RL/729166
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07909RL/729166
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07909RL/729166
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07909RL/729166
https://www.digikey.com/en/products/detail/yageo/RC1206JR-071K8L/729204
https://www.digikey.com/en/products/detail/yageo/RC1206JR-071K8L/729204
https://www.digikey.com/en/products/detail/yageo/RC1206JR-071K8L/729204
https://www.digikey.com/en/products/detail/yageo/RC1206JR-071K8L/729204
https://www.digikey.com/en/products/detail/yageo/RC1206JR-071K8L/729204
https://www.digikey.com/en/products/detail/yageo/RC1206JR-071K8L/729204
https://www.digikey.com/en/products/detail/yageo/RT1206BRD07400RL/5936956
https://www.digikey.com/en/products/detail/yageo/RT1206BRD07400RL/5936956
https://www.digikey.com/en/products/detail/yageo/RT1206BRD07400RL/5936956
https://www.digikey.com/en/products/detail/yageo/RT1206BRD07400RL/5936956
https://www.digikey.com/en/products/detail/yageo/RT1206BRD07400RL/5936956
https://www.digikey.com/en/products/detail/yageo/RT1206BRD07400RL/5936956
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07499RL/728944
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07499RL/728944
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07499RL/728944
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07499RL/728944
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07499RL/728944
https://www.digikey.com/en/products/detail/yageo/RC1206FR-07499RL/728944
https://www.digikey.com/en/products/detail/yageo/RC1206FR-071KL/728387
https://www.digikey.com/en/products/detail/yageo/RC1206FR-071KL/728387
https://www.digikey.com/en/products/detail/yageo/RC1206FR-071KL/728387
https://www.digikey.com/en/products/detail/yageo/RC1206FR-071KL/728387
https://www.digikey.com/en/products/detail/yageo/RC1206FR-071KL/728387
https://www.mouser.com/ProductDetail/Neutrik/NMJ6HCD2?qs=ZNZTMDotSRlKYl2qFVJbQA%3D%3D
https://www.mouser.com/ProductDetail/Neutrik/NMJ6HCD2?qs=ZNZTMDotSRlKYl2qFVJbQA%3D%3D
https://www.mouser.com/ProductDetail/Neutrik/NMJ6HCD2?qs=ZNZTMDotSRlKYl2qFVJbQA%3D%3D
https://www.mouser.com/ProductDetail/Neutrik/NMJ6HCD2?qs=ZNZTMDotSRlKYl2qFVJbQA%3D%3D
https://www.mouser.com/ProductDetail/Neutrik/NMJ6HCD2?qs=ZNZTMDotSRlKYl2qFVJbQA%3D%3D
https://www.mouser.com/ProductDetail/Neutrik/NMJ6HCD2?qs=ZNZTMDotSRlKYl2qFVJbQA%3D%3D
https://www.mouser.com/ProductDetail/Neutrik/NMJ6HCD2?qs=ZNZTMDotSRlKYl2qFVJbQA%3D%3D
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C4-12 
1206 Packaging 0.1 
µF Capacitor 

9 0.16 1.44 

https://www.digi
key.com/en/pro
ducts/detail/yag
eo/CC1206KR
X7R8BB104/58
84627 

C3 
1206 Packaging 10 
µF Capacitor 

1 0.66 0.66 

https://www.digi
key.com/en/pro
ducts/detail/yag
eo/CC1206KK
X5R6BB106/51
95344 

C1-2 
1206 Packaging 10 
µF Capacitor 

2 0.64 1.28 

https://www.digi
key.com/short/
qfrbqfhd 

A1 Arduino Nano 1 4.30 4.30 

https://www.am
azon.com/dp/B
08Z7HQ2B6/ 

J1 
01x10 Female 
Header Pins 

1 0.79 0.79 

https://www.digi
key.com/short/
23bfwwjh 

PCB Circuit Board 1 1.29 1.29 
https://pcbshop
per.com/ 

 

SLC_CR10: +/- 10A Current Sensor [SLC_CR10] 

Designator Component  Numbe
r 

Cost per 
unit -
currency 

Total 
cost - 
currenc
y 

Source of 
materials 

U1-4 
10A Current Sensor 
Chip 

4 5.68 22.72 

https://www.digi
key.com/en/pro
ducts/detail/alle
gro-
microsystems/
ACS723KMAT
R-10AB-
T/5225374 

J2-J5 
1/10” Pitch 01x02 
Screw Terminals 

4 1.27 5.08 

https://www.digi
key.com/en/pro
ducts/detail/te-
connectivity-
amp-
connectors/282
834-2/1150135 

https://www.digikey.com/en/products/detail/yageo/CC1206KRX7R8BB104/5884627
https://www.digikey.com/en/products/detail/yageo/CC1206KRX7R8BB104/5884627
https://www.digikey.com/en/products/detail/yageo/CC1206KRX7R8BB104/5884627
https://www.digikey.com/en/products/detail/yageo/CC1206KRX7R8BB104/5884627
https://www.digikey.com/en/products/detail/yageo/CC1206KRX7R8BB104/5884627
https://www.digikey.com/en/products/detail/yageo/CC1206KRX7R8BB104/5884627
https://www.digikey.com/en/products/detail/yageo/CC1206KKX5R6BB106/5195344
https://www.digikey.com/en/products/detail/yageo/CC1206KKX5R6BB106/5195344
https://www.digikey.com/en/products/detail/yageo/CC1206KKX5R6BB106/5195344
https://www.digikey.com/en/products/detail/yageo/CC1206KKX5R6BB106/5195344
https://www.digikey.com/en/products/detail/yageo/CC1206KKX5R6BB106/5195344
https://www.digikey.com/en/products/detail/yageo/CC1206KKX5R6BB106/5195344
https://www.digikey.com/short/qfrbqfhd
https://www.digikey.com/short/qfrbqfhd
https://www.digikey.com/short/qfrbqfhd
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
https://pcbshopper.com/
https://pcbshopper.com/
https://www.digikey.com/en/products/detail/allegro-microsystems/ACS723KMATR-10AB-T/5225374
https://www.digikey.com/en/products/detail/allegro-microsystems/ACS723KMATR-10AB-T/5225374
https://www.digikey.com/en/products/detail/allegro-microsystems/ACS723KMATR-10AB-T/5225374
https://www.digikey.com/en/products/detail/allegro-microsystems/ACS723KMATR-10AB-T/5225374
https://www.digikey.com/en/products/detail/allegro-microsystems/ACS723KMATR-10AB-T/5225374
https://www.digikey.com/en/products/detail/allegro-microsystems/ACS723KMATR-10AB-T/5225374
https://www.digikey.com/en/products/detail/allegro-microsystems/ACS723KMATR-10AB-T/5225374
https://www.digikey.com/en/products/detail/allegro-microsystems/ACS723KMATR-10AB-T/5225374
https://www.digikey.com/en/products/detail/te-connectivity-amp-connectors/282834-2/1150135
https://www.digikey.com/en/products/detail/te-connectivity-amp-connectors/282834-2/1150135
https://www.digikey.com/en/products/detail/te-connectivity-amp-connectors/282834-2/1150135
https://www.digikey.com/en/products/detail/te-connectivity-amp-connectors/282834-2/1150135
https://www.digikey.com/en/products/detail/te-connectivity-amp-connectors/282834-2/1150135
https://www.digikey.com/en/products/detail/te-connectivity-amp-connectors/282834-2/1150135
https://www.digikey.com/en/products/detail/te-connectivity-amp-connectors/282834-2/1150135
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C1-2 
1206 Packaging 10 
µF Capacitor 

2 0.64 1.28 

https://www.digi
key.com/short/
qfrbqfhd 

A1 Arduino Nano 1 4.30 4.30 

https://www.am
azon.com/dp/B
08Z7HQ2B6/ 

J1 
01x10 Female 
Header Pins 

1 0.79 0.79 

https://www.digi
key.com/short/
23bfwwjh 

PCB Circuit Board 1 1.29 1.29 
https://pcbshop
per.com/ 

 

SLC_RLAY: 4 Channel Relay Controller [SLC_RLAY] 

Designator Component  Numbe
r 

Cost per 
unit -
currency 

Total 
cost - 
currenc
y 

Source of 
materials 

U1-4 Optocouplers 4 0.51 2.04 

https://www.digi
key.com/short/
5fmc702d 

RV1-4 
10k Trimmer 
Potentiometer 

4 4.16 16.64 

https://www.digi
key.com/short/f
tm98v7t 

R1-4 
1k 1206 Packaging 
Resistor 

4 0.10 0.40 

https://www.digi
key.com/short/
d1dmzmbb 

K1-4 G5Q1 SPDT Relay 4 1.52 6.08 

https://www.digi
key.com/short/v
j4jr0vq  

J6 
01x04 1/10” Pitch 
Terminal Block 

1 2.75 2.75 

https://www.digi
key.com/short/r
nm0hhhn 

J2-5 
01x03 1/10” Pitch 
Terminal Block 

4 2.06 8.24 

https://www.digi
key.com/short/
71d77cj2 

D5-8 5.1V Zener Diode 4 0.22 0.88 

https://www.digi
key.com/short/t
vbtwpmt 

D1-4 Standard THT Diode 4 0.21 0.84 

https://www.digi
key.com/short/t
p4mrn5q 

C1-2 
10 µF 1206 
Packaging Ceramic 
Capacitor 

4 0.64 2.56 

https://www.digi
key.com/short/
2ffb0248 

https://www.digikey.com/short/qfrbqfhd
https://www.digikey.com/short/qfrbqfhd
https://www.digikey.com/short/qfrbqfhd
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
https://pcbshopper.com/
https://pcbshopper.com/
https://www.digikey.com/short/5fmc702d
https://www.digikey.com/short/5fmc702d
https://www.digikey.com/short/5fmc702d
https://www.digikey.com/short/ftm98v7t
https://www.digikey.com/short/ftm98v7t
https://www.digikey.com/short/ftm98v7t
https://www.digikey.com/short/d1dmzmbb
https://www.digikey.com/short/d1dmzmbb
https://www.digikey.com/short/d1dmzmbb
https://www.digikey.com/short/vj4jr0vq
https://www.digikey.com/short/vj4jr0vq
https://www.digikey.com/short/vj4jr0vq
https://www.digikey.com/short/rnm0hhhn
https://www.digikey.com/short/rnm0hhhn
https://www.digikey.com/short/rnm0hhhn
https://www.digikey.com/short/71d77cj2
https://www.digikey.com/short/71d77cj2
https://www.digikey.com/short/71d77cj2
https://www.digikey.com/short/tvbtwpmt
https://www.digikey.com/short/tvbtwpmt
https://www.digikey.com/short/tvbtwpmt
https://www.digikey.com/short/tp4mrn5q
https://www.digikey.com/short/tp4mrn5q
https://www.digikey.com/short/tp4mrn5q
https://www.digikey.com/short/2ffb0248
https://www.digikey.com/short/2ffb0248
https://www.digikey.com/short/2ffb0248
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A1 Arduino Nano 1 4.30 4.30 

https://www.am
azon.com/dp/B
08Z7HQ2B6/ 

J1 
01x10 Female 
Header Pins 

1 0.79 0.79 

https://www.digi
key.com/short/
23bfwwjh 

PCB Circuit Board 1 1.29 1.29 
https://pcbshop
per.com/ 

 

SLC_STEP: 4 Channel Stepper Motor Controller [SLC_STEP] 

Designator Component  Numbe
r 

Cost per 
unit -
currency 

Total 
cost - 
currenc
y 

Source of 
materials 

J5 
01x03 1/10” Pitch 
Male Connector Pins 

1 0.27 0.27 

https://www.digi
key.com/short/j
v0b95z0 

C1-3 
1206 Packaging 10 
µF Capacitor 

3 0.64 1.92 

https://www.digi
key.com/short/
qfrbqfhd 

J6 
01x02 1/10” Pitch 
Terminal Block 

1 1.27 1.27 

https://www.digi
key.com/short/
0v8hf4h8 

R1-4 
1k 1206 Packaging 
Resistor 

4 0.10 0.40 

https://www.digi
key.com/short/
wp8502p7 

J3-4 
01x08 1/10” Pitch 
Terminal Block 

2 6.45 12.90 

https://www.digi
key.com/short/
mqn9fd88 

J2 
01x04 1/10” Pitch 
Terminal Block 

1 2.75 2.75 

https://www.digi
key.com/short/t
v7tzq1r 

D1-4 5.1V Zener Diode 4 0.22 0.88 

https://www.digi
key.com/short/z
0f0ztp2 

A1-4 
Pololu A4988 Stepper 
Driver 

4 5.95 23.8 

https://www.pol
olu.com/catego
ry/156/a4988-
stepper-motor-
driver-carriers  

G1 Arduino Nano 1 4.30 4.30 

https://www.am
azon.com/dp/B
08Z7HQ2B6/ 

J1 
01x10 Female 
Header Pins 

1 0.79 0.79 

https://www.digi
key.com/short/
23bfwwjh 

https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
https://pcbshopper.com/
https://pcbshopper.com/
https://www.digikey.com/short/jv0b95z0
https://www.digikey.com/short/jv0b95z0
https://www.digikey.com/short/jv0b95z0
https://www.digikey.com/short/qfrbqfhd
https://www.digikey.com/short/qfrbqfhd
https://www.digikey.com/short/qfrbqfhd
https://www.digikey.com/short/0v8hf4h8
https://www.digikey.com/short/0v8hf4h8
https://www.digikey.com/short/0v8hf4h8
https://www.digikey.com/short/wp8502p7
https://www.digikey.com/short/wp8502p7
https://www.digikey.com/short/wp8502p7
https://www.digikey.com/short/mqn9fd88
https://www.digikey.com/short/mqn9fd88
https://www.digikey.com/short/mqn9fd88
https://www.digikey.com/short/tv7tzq1r
https://www.digikey.com/short/tv7tzq1r
https://www.digikey.com/short/tv7tzq1r
https://www.digikey.com/short/z0f0ztp2
https://www.digikey.com/short/z0f0ztp2
https://www.digikey.com/short/z0f0ztp2
https://www.pololu.com/category/156/a4988-stepper-motor-driver-carriers
https://www.pololu.com/category/156/a4988-stepper-motor-driver-carriers
https://www.pololu.com/category/156/a4988-stepper-motor-driver-carriers
https://www.pololu.com/category/156/a4988-stepper-motor-driver-carriers
https://www.pololu.com/category/156/a4988-stepper-motor-driver-carriers
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
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SLC_THRM: 4 Channel Type-K Thermocouple Reader [SLC_THRM] 

Designator Component  Numbe
r 

Cost per 
unit -
currency 

Total 
cost - 
currenc
y 

Source of 
materials 

R1-R5 
RES 10K OHM 1% 
1/2W 1206 

4 0.10 0.40 
https://www.digike
y.com/short/p82bn
b9p  

U1-U4 MAX31855KASA+T 4 7.04 28.16 
https://www.digike
y.com/short/rbbt74
n5  

J2-J5 
TERM BLK 2POS 
SIDE ENTRY 5MM 
PCB 

4 0.47 1.88 
https://www.digike
y.com/short/3nv7n
t34  

FB1-FB8 
FERRITE BEAD 
1206 1LN 

8 0.17 1.36 
https://www.digike
y.com/short/709wp
zrb 

C3-C6 
CAP CER 10000PF 
50V X7R 1206 

4 0.29 1.16 
https://www.digike
y.com/short/9d02z
twz  

C1-C2 
CAP TANT 10UF 
10% 25V 2312 

2 0.72 1.44 
https://www.digike
y.com/short/7vz34
3n9  

A1 Arduino Nano 1 4.30 4.30 

https://www.am
azon.com/dp/B
08Z7HQ2B6/ 

J1 
01x10 Female 
Header Pins 

1 0.79 0.79 

https://www.digi
key.com/short/
23bfwwjh 

PCB Circuit Board 1 1.29 1.29 
https://pcbshop
per.com/ 

 

SLC_USBP: 2 Channel USB Port [SLC_USBP] 

Designator Component  Numbe
r 

Cost per 
unit -
currency 

Total 
cost - 
currenc
y 

Source of 
materials 

J2 -J3 
CONN RCPT TYPEA 
4POS R/A 

2 1.81 3.62 
https://www.digike
y.com/short/wvqm
7zfm  

C1 – C2 
CAP TANT 10UF 
10% 25V 2312 

2 0.72 1.44 
https://www.digike
y.com/short/7vz34
3n9  

A1 Arduino Nano 1 4.30 4.30 

https://www.am
azon.com/dp/B
08Z7HQ2B6/ 

J1 
01x10 Female 
Header Pins 

1 0.79 0.79 

https://www.digi
key.com/short/
23bfwwjh 

https://www.digikey.com/short/p82bnb9p
https://www.digikey.com/short/p82bnb9p
https://www.digikey.com/short/p82bnb9p
https://www.digikey.com/short/rbbt74n5
https://www.digikey.com/short/rbbt74n5
https://www.digikey.com/short/rbbt74n5
https://www.digikey.com/short/3nv7nt34
https://www.digikey.com/short/3nv7nt34
https://www.digikey.com/short/3nv7nt34
https://www.digikey.com/short/709wpzrb
https://www.digikey.com/short/709wpzrb
https://www.digikey.com/short/709wpzrb
https://www.digikey.com/short/9d02ztwz
https://www.digikey.com/short/9d02ztwz
https://www.digikey.com/short/9d02ztwz
https://www.digikey.com/short/7vz343n9
https://www.digikey.com/short/7vz343n9
https://www.digikey.com/short/7vz343n9
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
https://pcbshopper.com/
https://pcbshopper.com/
https://www.digikey.com/short/wvqm7zfm
https://www.digikey.com/short/wvqm7zfm
https://www.digikey.com/short/wvqm7zfm
https://www.digikey.com/short/7vz343n9
https://www.digikey.com/short/7vz343n9
https://www.digikey.com/short/7vz343n9
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
https://www.digikey.com/short/23bfwwjh
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U1 
IC USB SWITCH 
DPDT 10MSOP 

1 0.79 0.79 
https://www.digike
y.com/short/zhv31
z2b 

U2 
IC USB FS SERIAL 
UART 28-SSOP 

1 4.70 4.70 
https://www.digike
y.com/short/r9nm9
f5r  

PCB Circuit Board 1 1.29 1.29 
https://pcbshop
per.com/ 

 

LOAF_X08: 8 Channel Loaf Backplane [LOAF_X08] 

Designator Component  Numbe
r 

Cost per 
unit -
currency 

Total 
cost - 
currenc
y 

Source of 
materials 

A1  Arduino Nano 1 4.30 4.30 

https://www.am
azon.com/dp/B
08Z7HQ2B6/ 

BAT1  
BATT HLDR COIN 
20MM 1 CEL PC PIN  

1 1.72 1.72 

https://www.digike
y.com/en/products
/detail/mpd-
memory-
protection-
devices/BH32T-C-
G/2079906  

C1 C2  
CAP TANT 10UF 
10% 25V 2312 

2 0.72 1.44 
https://www.digike
y.com/short/7vz34
3n9  

C3 C4 C5  
CAP CER 10000PF 
50V X7R 1206 

3 0.29 0.87 
https://www.digike
y.com/short/9d02z
twz  

D1 D2 D3 
D4 D5 D6 
D7 D8  

LED RED CLEAR 
5MM OVAL T/H  

8 0.13 1.04 

https://www.digike
y.com/en/products
/detail/creeled-
inc/C5SMF-RJF-
CT0W0BB2/61385
70  

J2 J1  
TERM BLK 2POS 
SIDE ENTRY 5MM 
PCB 

2 0.47 0.94 
https://www.digike
y.com/short/3nv7n
t34  

J3  
CONN MICRO SD 
CARD PUSH-PUSH 
R/A  

1 3.48 3.48 

https://www.digike
y.com/en/products
/detail/3m/2908-
05WB-
MG/1242497  

J4 J5  
MODULAR JACK 
RJ45 8P8C 

2 0.62 1.24 

https://www.digike
y.com/en/products
/detail/adam-
tech/MTJ-
883X1/9832289  

JP2 JP3 
JP1 JP4 
JP5  

2 Pin Header 5 0.04 0.2 
https://www.amaz
on.com/dp/B07PK
KY8BX/  

https://www.digikey.com/short/zhv31z2b
https://www.digikey.com/short/zhv31z2b
https://www.digikey.com/short/zhv31z2b
https://www.digikey.com/short/r9nm9f5r
https://www.digikey.com/short/r9nm9f5r
https://www.digikey.com/short/r9nm9f5r
https://pcbshopper.com/
https://pcbshopper.com/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.amazon.com/dp/B08Z7HQ2B6/
https://www.digikey.com/en/products/detail/mpd-memory-protection-devices/BH32T-C-G/2079906
https://www.digikey.com/en/products/detail/mpd-memory-protection-devices/BH32T-C-G/2079906
https://www.digikey.com/en/products/detail/mpd-memory-protection-devices/BH32T-C-G/2079906
https://www.digikey.com/en/products/detail/mpd-memory-protection-devices/BH32T-C-G/2079906
https://www.digikey.com/en/products/detail/mpd-memory-protection-devices/BH32T-C-G/2079906
https://www.digikey.com/en/products/detail/mpd-memory-protection-devices/BH32T-C-G/2079906
https://www.digikey.com/en/products/detail/mpd-memory-protection-devices/BH32T-C-G/2079906
https://www.digikey.com/short/7vz343n9
https://www.digikey.com/short/7vz343n9
https://www.digikey.com/short/7vz343n9
https://www.digikey.com/short/9d02ztwz
https://www.digikey.com/short/9d02ztwz
https://www.digikey.com/short/9d02ztwz
https://www.digikey.com/en/products/detail/creeled-inc/C5SMF-RJF-CT0W0BB2/6138570
https://www.digikey.com/en/products/detail/creeled-inc/C5SMF-RJF-CT0W0BB2/6138570
https://www.digikey.com/en/products/detail/creeled-inc/C5SMF-RJF-CT0W0BB2/6138570
https://www.digikey.com/en/products/detail/creeled-inc/C5SMF-RJF-CT0W0BB2/6138570
https://www.digikey.com/en/products/detail/creeled-inc/C5SMF-RJF-CT0W0BB2/6138570
https://www.digikey.com/en/products/detail/creeled-inc/C5SMF-RJF-CT0W0BB2/6138570
https://www.digikey.com/short/3nv7nt34
https://www.digikey.com/short/3nv7nt34
https://www.digikey.com/short/3nv7nt34
https://www.digikey.com/en/products/detail/3m/2908-05WB-MG/1242497
https://www.digikey.com/en/products/detail/3m/2908-05WB-MG/1242497
https://www.digikey.com/en/products/detail/3m/2908-05WB-MG/1242497
https://www.digikey.com/en/products/detail/3m/2908-05WB-MG/1242497
https://www.digikey.com/en/products/detail/3m/2908-05WB-MG/1242497
https://www.digikey.com/en/products/detail/adam-tech/MTJ-883X1/9832289
https://www.digikey.com/en/products/detail/adam-tech/MTJ-883X1/9832289
https://www.digikey.com/en/products/detail/adam-tech/MTJ-883X1/9832289
https://www.digikey.com/en/products/detail/adam-tech/MTJ-883X1/9832289
https://www.digikey.com/en/products/detail/adam-tech/MTJ-883X1/9832289
https://www.amazon.com/dp/B07PKKY8BX/
https://www.amazon.com/dp/B07PKKY8BX/
https://www.amazon.com/dp/B07PKKY8BX/
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P1 P2 P3 
P4 P5 P6 
P7 P8  

CONN HEADER 
VERT 10POS 
2.54MM 

8 1.64 13.12 

https://www.digike
y.com/en/products
/detail/samtec-
inc/TSW-110-09-
G-S/7871365  

R1  
RES 10K OHM 1% 
1/2W 1206 

1 0.10 0.10 
https://www.digike
y.com/short/p82bn
b9p  

R3 R2 R5 
R4  

RES 4.7K OHM 1% 
1/4W 1206 

4 0.10 0.40 
https://www.digike
y.com/short/93rfw
21v  

U1  
IC TRNSLTR 
BIDIRECTIONAL 
14TSSOP  

1 1.44 1.44 

https://www.digike
y.com/en/products
/detail/onsemi/NLS
X5014DTR2G/251
2573  

U2  
IC RTC 
CLK/CALENDAR I2C 
8-DIP  

1 4.07 4.07 

https://www.digike
y.com/en/products
/detail/maxim-
integrated/DS1307
/956883  

U3  
IC BUFFER 5.5V 
20DIP 

1 1.60 1.60 

https://www.digike
y.com/en/products
/detail/texas-
instruments/SN74
AHC8541N/13502
430  

U4  
IC REDRIVER I2C 
2CH 400KHZ 8SO 

1 3.62 3.62 

https://www.digike
y.com/en/products
/detail/nxp-usa-
inc/P82B96TD-
112/739478  

Y1  
CRYSTAL 
32.7680KHZ 12.5PF 
TH  

1 0.32 0.32 

https://www.digike
y.com/en/products
/detail/abracon-
llc/AB38T-32-
768KHZ/675229  

PCB Circuit Board 1 2.20 2.20 
https://pcbshop
per.com/ 

 

 

3.5 Build instructions 

3.5.1 General Component Construction and Programming 

When building a component from the BREAD system, first download the entire folder 

structure from the relevant repository. Order all of the components listed in the BOM.csv 

file. In cases where the routing is performed on a single layer, the board can either be milled 

[28] or etched [68]. For more advanced boards (2 layers, or fine-pitched components), the 

board can be ordered from a commercial manufacturer. Either of the two aforementioned 

steps require reference to the files stored in the gerbers directory.  

 

https://www.digikey.com/en/products/detail/samtec-inc/TSW-110-09-G-S/7871365
https://www.digikey.com/en/products/detail/samtec-inc/TSW-110-09-G-S/7871365
https://www.digikey.com/en/products/detail/samtec-inc/TSW-110-09-G-S/7871365
https://www.digikey.com/en/products/detail/samtec-inc/TSW-110-09-G-S/7871365
https://www.digikey.com/en/products/detail/samtec-inc/TSW-110-09-G-S/7871365
https://www.digikey.com/short/p82bnb9p
https://www.digikey.com/short/p82bnb9p
https://www.digikey.com/short/p82bnb9p
https://www.digikey.com/short/93rfw21v
https://www.digikey.com/short/93rfw21v
https://www.digikey.com/short/93rfw21v
https://www.digikey.com/en/products/detail/onsemi/NLSX5014DTR2G/2512573
https://www.digikey.com/en/products/detail/onsemi/NLSX5014DTR2G/2512573
https://www.digikey.com/en/products/detail/onsemi/NLSX5014DTR2G/2512573
https://www.digikey.com/en/products/detail/onsemi/NLSX5014DTR2G/2512573
https://www.digikey.com/en/products/detail/onsemi/NLSX5014DTR2G/2512573
https://www.digikey.com/en/products/detail/maxim-integrated/DS1307/956883
https://www.digikey.com/en/products/detail/maxim-integrated/DS1307/956883
https://www.digikey.com/en/products/detail/maxim-integrated/DS1307/956883
https://www.digikey.com/en/products/detail/maxim-integrated/DS1307/956883
https://www.digikey.com/en/products/detail/maxim-integrated/DS1307/956883
https://www.digikey.com/en/products/detail/texas-instruments/SN74AHC8541N/13502430
https://www.digikey.com/en/products/detail/texas-instruments/SN74AHC8541N/13502430
https://www.digikey.com/en/products/detail/texas-instruments/SN74AHC8541N/13502430
https://www.digikey.com/en/products/detail/texas-instruments/SN74AHC8541N/13502430
https://www.digikey.com/en/products/detail/texas-instruments/SN74AHC8541N/13502430
https://www.digikey.com/en/products/detail/texas-instruments/SN74AHC8541N/13502430
https://www.digikey.com/en/products/detail/nxp-usa-inc/P82B96TD-112/739478
https://www.digikey.com/en/products/detail/nxp-usa-inc/P82B96TD-112/739478
https://www.digikey.com/en/products/detail/nxp-usa-inc/P82B96TD-112/739478
https://www.digikey.com/en/products/detail/nxp-usa-inc/P82B96TD-112/739478
https://www.digikey.com/en/products/detail/nxp-usa-inc/P82B96TD-112/739478
https://www.digikey.com/en/products/detail/abracon-llc/AB38T-32-768KHZ/675229
https://www.digikey.com/en/products/detail/abracon-llc/AB38T-32-768KHZ/675229
https://www.digikey.com/en/products/detail/abracon-llc/AB38T-32-768KHZ/675229
https://www.digikey.com/en/products/detail/abracon-llc/AB38T-32-768KHZ/675229
https://www.digikey.com/en/products/detail/abracon-llc/AB38T-32-768KHZ/675229
https://pcbshopper.com/
https://pcbshopper.com/
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Most of the components are through hole and thus can easily be soldered using a standard 

fine-tipped soldering iron. 

 

 

Figure 3.38: An example assembled slice, the SLC_STEP 

The slice or loaf casing can be 3-D printed out of any available rigid material, with solid 

infill, and a layer height under 0.5mm. 
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Figure 3.39: 3-D Printing the Case 

The enclosures are designed to facilitate embedded brass threads which are used for board 

mounting and attaching the opposite end of the enclosure. Use a fine-tipped soldering iron 

to head up the threaded insert to 300oC and firmly press the it into the appropriate cavity 

(Figure 3.40). 

 

Figure 3.40: Heating up and installing the threaded inserts 

 

If necessary, adjust jumpers to the desired position on the board, then install the board and 

the top cover, using the appropriate (usually M3) bolts (Figure 3.41). 
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Figure 3.41: A fully assembled slice 

In the case where slices are being placed in a loaf, it can be advantageous to wire all 

peripherals before placing the slice into the loaf as shown with the stepper motor in 

Figure 3.42. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.42: A slice with its relevant peripheral (stepper motor) installed. 
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After the slice has been assembled, the Arduino Nano can be programmed with the default 

firmware in the firmware folder. Open the firmware .ino file in the Arduino IDE [13] and 

connect the device to the programming computer via a USB cable. Customization of the 

firmware is supported and encouraged, but it is recommended that the command parsing 

and communication functions remain unaltered. 

3.5.2 Emergency Stop Wiring 

Each loaf has a set of contacts broken out for an emergency stop interlock chain. 

Specifically, on the LOAF_X08, the contacts are broken out on J1. The interlock chain can 

contain any contact-based device such as push buttons, limit switches, proximity switches, 

and relay contacts. The devices must be wired such that the “open state” indicates the 

device should be in an E-Stop State. If the E-Stop feature is not being used, these contacts 

should be shorted together. 

  
Figure 3.43: An example safety interlock chain consisting of a push button, limit 

switch, proximity switch, and a relay contact. 

 

3.5.3 Example System: TIG-based Metal 3D Printer Monitor 

The example configuration for monitoring the welding process for a TIG-based metal 3-D 

printer utilizes 1 loaf (LOAF_X08), an analog measurement slice (SLC_LVAI), and a 

thermocouple measurement slice (SLC_THRM). The slices should be programmed with 

the default firmware, and the loaf should be configured with the custom firmware available 

on [TIG Repo]. SLC_LVAI should be placed in the Slice 1 slot, and SLC_THRM should 

be placed in the Slice 2 slot. 
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Figure 3.44: A skeletonized breakout of the metal 3-D printing monitor BREAD 

configuration. 

The piezoelectric microphone and photoresistor should be linked to suitably long twisted 

shielded pair wires to shield the signals from any potential interference due to the welding 

process [68]. The sensors are placed in a 3-D printed carrier (Figure 3.45) and mounted to 

the end effector of the 3-D printer. The sensors are then linked into input channels on the 

SLC_LVAI. Additionally, a custom current transformer (Figure 3.46), which can be 

manufactured using an open source winder is placed around the ground wire of the welder 

(note that any current transformer can be substituted for this sensor). The transformer is 

also wired to SLC_LVAI. Finally, 4 type-k thermocouple probes are attached underneath 

the build substrate, electrically insulated by a thin piece of Kapton tape. 

 

Figure 3.45: The Light and Sound measurement fixture 
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Figure 3.46: A custom current transformer placed around the ground wire of the 

welder 

A worse-case scenario weld should be initalized (Turn off the gas and raise the tungsten 

electrode to ~3mm), and then the offset and gain of each analog channel should be 

adjusted to fully utilize the resolution of the ADC. 

The loaf output can be monitored via the Arduino Serial Monitor (or equivalent) at 

250000 baud. 

3.6 Operation instructions 

3.6.1 Commands 

Commands can be executed 3 separate ways: Via USB to loaf which houses the slice, via 

a  call of “executeCommand” in the slice firmware, or by direct USB connection to the 

slice. 

When commanding a slice via USB that is housed on a loaf, a command can be sent through 

the terminal that follows the syntax given below: 

Address, Command #, !R/W, Parameter1, Parameter2 

 

Where address is the 7-bit address of the slice, command is an 8-bit unsigned integer, R/W 

is a Boolean which indicates a read command when 0, and a write command when 1. 

Parameters 1 and 2 can either be of the float data type or 32-bit binary sequences (must be 

entered as their decimal equivalent). 

When commanding a slice via a call of the “executeCommand” function, the command 

syntax is as follows: 

executeCommand(Address, Command#, !R/W, Parameter1, Parameter2) 
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Where all of the parameters are the same as previously defined, but Parameter1 and 2 must 

be of the float data type. 

Finally, when directly commanding a slice via USB, the syntax is: 

Address, Command #, !R/W, Parameter1, Parameter2 

Each of the 8 slices explored in this paper have a unique set of commands summarized 

below in Tables 3.3 – 3.10. 

Table 3.3: SLC_LVAI: Amplified Analog Input Slice Commands 

Setup (no significant returns) 

Command: 

0x01 

!R/W Bit: 1 Parameter 1: 

Channels to Read 

Parameter 2: Channels 

to FFT 

Read Channel (Returns instantaneous value on given channel) 

Command: 

0x02 

!R/W Bit: 0 Parameter 1: 

Channel 

Parameter 2: X 

Mass Read Channel (returns instantaneous value of multiple channels) 

Command: 

0x03 

!R/W Bit: 0 Parameter 1: 

Channels to Read 

Parameter 2: X 

FFT Channel (returns FFT array of given channel) 

Command: 

0x04 

!R/W Bit: 0 Parameter 1: 

Channel 

Parameter 2: X 

 

 

 

 

 

Table 3.4: SLC_IDIO: Isolated Digital Input/Outputs Commands 

Setup (no significant returns) 

Command: 

0x01 

!R/W Bit: 1 Parameter 1: 

Channels to Read 

Parameter 2: Channel 

Direction 

Read Channel (Returns instantaneous value on given channel) 

Command: 

0x02 

!R/W Bit: 0 Parameter 1: 

Channel 

Parameter 2: X 

Mass Read Channel (returns instantaneous value of multiple channels) 

Command: 

0x03 

!R/W Bit: 0 Parameter 1: 

Channels to Read 

Parameter 2: X 
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Write Channel (Returns instantaneous value on given channel) 

Command: 

0x04 

!R/W Bit: 1 Parameter 1: 

Channel 

Parameter 2: Value 

Mass Write Channel (returns instantaneous value of multiple channels) 

Command: 

0x05 

!R/W Bit: 1 Parameter 1: 

Channels to Write 

Parameter 2: Values to 

Write 

PulseIn Channel (returns the pulse length on a channel) 

Command: 

0x06 

!R/W Bit: 0 Parameter 1: 

Channel 

Parameter 2: High or 

Low Select 

PulseOut Channel (returns the pulse length on a channel) 

Command: 

0x07 

!R/W Bit: 0 Parameter 1: 

Channel 

Parameter 2: Freq 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.5: SLC_AAFT: Audio Analysis / Fourier Transform Commands 

Setup (no significant returns) 

Command: 

0x01 

!R/W Bit: 1 Parameter 1: 

Channels to Read 

Parameter 2: Channels 

to FFT 

Read Channel (Returns instantaneous value on given channel) 

Command: 

0x02 

!R/W Bit: 0 Parameter 1: 

Channel 

Parameter 2: X 

Mass Read Channel (returns instantaneous value of multiple channels) 

Command: 

0x03 

!R/W Bit: 0 Parameter 1: 

Channels to Read 

Parameter 2: X 
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FFT Channel (returns FFT array of given channel) 

Command: 

0x04 

!R/W Bit: 0 Parameter 1: 

Channel 

Parameter 2: X 

 

Table 3.6: SLC_CR10: +/- 10A Current Sensor Commands 

Setup (no significant returns) 

Command: 

0x01 

!R/W Bit: 1 Parameter 1: 

Channels to Read 

Parameter 2: Channels 

to FFT 

Write Channel (Returns instantaneous value on given channel) 

Command: 

0x02 

!R/W Bit: 0 Parameter 1: 

Channel 

Parameter 2: X 

Mass Write Channel (returns instantaneous value of multiple channels) 

Command: 

0x03 

!R/W Bit: 0 Parameter 1: 

Channels to Read 

Parameter 2: X 

 

Table 3.7: SLC_RLAY: 4 Channel Relay Controller Commands 

Setup (no significant returns) 

Command: 

0x01 

!R/W Bit: 1 Parameter 1: 

Channels to Enable 

Parameter 2: X 

Write Channel (Returns instantaneous value on given channel) 

Command: 

0x04 

!R/W Bit: 1 Parameter 1: 

Channel 

Parameter 2: X 

Mass Write Channel (returns instantaneous value of multiple channels) 

Command: 

0x05 

!R/W Bit: 1 Parameter 1: 

Channels to Write 

Parameter 2: Values to 

write 

 

Table 3.8: SLC_STEP: 4 Channel Stepper Motor Controller Commands 

Set Mode (no significant returns) 

Command: 

0x01 

!R/W Bit: 1 Parameter 1: 

Channels to Effect 

Parameter 2: Mode of 

Channels 

Set Value (no significant returns) 

Command: 

0x04 

!R/W Bit: 1 Parameter 1: 

Channels 

Parameter 2: Values 

Read Value (returns position of channel) 
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Command: 

0x05 

!R/W Bit: 0 Parameter 1: 

Channels to Write 

Parameter 2: Values to 

write 

 

Table 3.9: SLC_THRM: 4 Channel Type-K Thermocouple Reader Commands 

Setup (no significant returns) 

Command: 

0x01 

!R/W Bit: 1 Parameter 1: 

Channels to Read 

Parameter 2: X 

Write Channel (Returns instantaneous value on given channel) 

Command: 

0x02 

!R/W Bit: 0 Parameter 1: 

Channel 

Parameter 2: X 

Mass Write Channel (returns instantaneous value of multiple channels) 

Command: 

0x03 

!R/W Bit: 0 Parameter 1: 

Channels to Read 

Parameter 2: X 

 

Table 3.10: SLC_USBP: 2 Channel USB Port Commands 

Setup (no significant returns) 

Command: 

0x01 

!R/W Bit: 1 Parameter 1: 

Channels to Enable 

Parameter 2: X 

Read Channel (Returns instantaneous value on given channel) 

Command: 

0x02 

!R/W Bit: 0 Parameter 1: 

Channel 

Parameter 2: X 

Write Channel (Writes value to specified channel) 

Command: 

0x03 

!R/W Bit: 1 Parameter 1: 

Channel 

Parameter 2: Values 

 

3.6.2 Example System: TIG-based Metal 3D Printer Monitor 

Once the system is installed, operation is straight-forward. Connect the loaf to a computer 

via USB, open a serial monitor, and copy the data as needed. The firmware is configured 

to continually sample. Record timestamps during the start and finish of experiments to 

better correlate samples with their relevant moments during the experiment. 

3.7 Validation and characterization 

3.7.1 Slice Characterization 

Each of the eight slices has undergone a basic characterization, and the results are listed 

below in their respective sections. All slices have had basic communication functionality 

validated (both via the Backplane and via USB). 
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3.7.1.1 SLC_LVAI: Amplified Analog Input Slice Characterization 

The SLC_LVAI is a flexible analog input card, bolstered by it’s hardware gain and offset. 

When linked to USB, the slice can act as an effective method for low frequency signal 

visualization (Figure 3.47). The channels act linearly (Figure 3.48), and exhibit a low 

deviation from channel to channel (Figure 3.49). 

Table 3.11: A Table summarizing the key features of the Analog Slice 

Parameter Value (or Range) 

Allowable Voltage Range 0V – 5V 

Maximum Frequency 120Hz 

Maximum Gain 20.82 dB 

Maximum Offset 5V 

 

 

Figure 3.47: An example Analog reading generated from a signal supply linked to 

Channel 1 rendered in the Arduino IDE from serial data 
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Figure 3.48: The average response of the channel per input voltage 

 
Figure 3.49: The standard deviation across all channels per voltage input 

3.7.1.2 SLC_IDIO: Isolated Digital Input/Outputs Characterization 

The slice is able to effectively act as a source for digital inputs and outputs. It can output 

pulses at a frequency of 2.5 kHz before significant distortion begins to occur (Figure 3.50). 

Table 3.12: A Table summarizing the key features of the Digital Slice 
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Parameter Value (or Range) 

Input Voltage Range 1.2V – 70V 

Max Input Current 30 mA 

Max Input Frequency 10 kHz 

Max Output Voltage  70V 

Max Output Current 30 mA 

Max Output Frequency 2.5 kHz 

 

 

Figure 3.50: A channel of SLC_IDIO outputting a frequency of 2.5kHz 
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3.7.1.3 SLC_AAFT: Audio Analysis / Fourier Transform Characterization 

When connected directly to USB, the SLC_AAFT acts an effective tool for visualizing 

signal spectra (Figure X). When exposed to a frequency, the uncalibrated SLC_AAFT 

shows linearity up until roughly 3.8 kHz, at which case the measurement becomes aliased 

(Figure X). This experimentally determines the usable range of the ADC to be 0 to 3.5 kHz. 

Table 3.13: A Table summarizing the key features of the Audio Slice 

Parameter Value (or Range) 

Allowable Voltage Range 0V – 5V 

Maximum Frequency 3.5 kHz 

Maximum Gain 20.82 dB 

Maximum Offset 5V 

 

 

Figure 3.51: An example FFT reading generated from an electric guitar linked to 

Channel 1. The chord being played is Middle Cmaj. Red is the FFT Output, and blue 

is tracking the relevant frequency bin rendered in the Arduino IDE from serial data 
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Figure 3.52: A varying frequency is input into a channel of the AAFT and the peak 

frequency is detected. 

3.7.1.4 SLC_CR10: +/- 10A Current Sensor Characterization 

When connected directly to USB, the SLC_CR10 is able to visually display up to four 

current measurements simultaneously (Figure 3.53). All four channels respond linearly 

(Figure X) with a standard deviation across all channels of 0.02A. 

Table 3.14: A Table summarizing the key features of the Current Slice 

Parameter Value (or Range) 

Maximum Measurable Current -10A to 10A 

Minimum Measurable 20mA 

Maximum Frequency 100Hz 
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Figure 3.53: A DC current of 4A is passed through CH1, while the others are left at 0A. 

Rendered in the Arduino IDE from serial data. 

 
Figure 3.54: The current across all channels given 4 test loads. 
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3.7.1.5 SLC_RLAY: 4 Channel Relay Controller Characterization 

SLC_RLAY can be used for switching high current devices. 

 

Table 3.15: A Table summarizing the key features of the Relay Slice. 

Parameter Value (or Range) 

Max Current 10A AC / 5A DC 

Max Voltage 125V AC / 30VDC 

Switch Time 5 ms 

 

3.7.1.6 SLC_STEP: 4 Channel Stepper Motor Controller Characterization 

SLC_STEP provides a flexible platform which can control a wide range of bi-polar stepper 

motors. As long as the stepper can operate under 2A per coil, and at speeds less than 10,000 

steps per second, the SLC_STEP can drive them. This has been validated by running 

commercial NEMA 17 motors with no errors. 

Table 3.16: A Table summarizing the key features of the Stepper Slice 

Parameter Value (or Range) 

Max Motor Current 2A per coil 

Max Output Rate (Used to determine speed) 10,000 Pulses / second 

 

3.7.1.7 SLC_THRM: 4 Channel Type-K Thermocouple Reader Characterization 

SLC_THRM is able to read from Type-K thermocouples with little noise (Figure 3.55). 

Table 3.17: A Table summarizing the key features of the Thermocouple Slice 

Parameter Value (or Range) 

Temperature Range -200C to 1260oC 

Minimum Measurable 0.25oC 
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Figure 3.55: The standard deviation across all channels given a stable room temperature 

3.7.1.8 SLC_USBP: 2 Channel USB Port Characterization 

SLC_USBP is capable of connecting and communicating with up to two USB devices at 

a speed compatible with USB 2.0 (or slower). 

Table 3.18: A Table summarizing the key features of the USB Slice 

Parameter Value (or Range) 

Max Speed USB 2.0 

 

3.7.2 Example System: TIG-based Metal 3D Printer Monitor 

The TIG-bot, an open source TIG-base metal 3-D printer [hardware paper], was set to run 

2 tests, where a 16mm long line is extruded, with only the stand-off distance varying (which 

will directly impact weld quality). As the welding process is DC, there is no significant 

signal aside from the start up. This binary signal, however, can be used to determine if a 

start up was successful. This basic experiment has shown that the target signals are affected 

by the experimental variable and can now be correlated. This information can be used for 

a multitude of purposes such as close looped control to maintain an ideal weld, or 

instantaneous weld characterization. 
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Figure 3.56: The light frequency spectrum of an ideal weld (blue solid) compared to the 

frequency spectrum of a flawed weld (red dotted) 

 
Figure 3.57: The sound frequency spectrum of an ideal weld (blue solid) compared to the 

frequency spectrum of a flawed weld (red dotted) 

3.7.3 Economic Analysis 

The closest commercial alternative to the BREAD system is National Instruments CRIO 

system. Like BREAD, it offers a backplane with several interchangeable cards. The focus 

of the CRIO system is to work with other industrial automation devices, where the aim of 

BREAD is to be completely inclusive. As an example, the CRIO system would need a 

digital output card AND an external motor driver, whereas BREAD features an all-in-one 

solution. 
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Six of the slices explored in this paper have near-equivalent counterparts (in base 

functionality) in the CRIO system, and have been compared in the tables below: 

Table 3.19: A comparison of key features for analog measurement devices 

Description # Channels Max 

voltage 

Resolution Sample 

Rate 

Gain 

Range 

Offset 

Range 

Cost 

(USD) 

SLC_LVAI 6 Single Ended 5V 10 Bit 10 kS/S 11 5V 40.61 

NI-9281 [70] 2 Differential 12V 24 Bit 513 S/S 1 0V 1369.00 

 

 

 

 

Table 3.20: A comparison of key features for digital input / output devices 

Description 

Number 

of 

Channels 

Max 

voltage 

Switching 

frequency 
Bidirectional Isolation 

Drive 

Current 

Cost 

(USD) 

SLC_IDIO 8 100V 2.5 kHz Yes 4000VDC 30 mA 23.20 

NI-9401 [71] 8 5V 10 MHz Yes 60VDC 2 mA 604.00 

 

Table 3.21: A comparison of key features for audio measurement 

Description # Channels 
Max 

voltage 
Resolution Max Freq 

Gain 

Range 

Offset 

Range 

Cost 

(USD) 

SLC_AAFT 2 5V 10 Bit 3.5 kHz 11 5V 32.64 

NI-9230 [72] 3 30V 24 Bit 6.4 kHz 1 0V 755.00 
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Table 3.22: A comparison of key features for current measurement 

Description # Channels 
Current 

Range 
Resolution 

Sample 

Rate 

Cost 

(USD) 

SLC_CR10 4 +-10A 10 bit 10 kS/S 35.46 

NI-9227 [73] 4 +-10A 24 Bit 1 kS/S 1599.00 

 

Table 3.23: A comparison of key features for mechanical relay switching 

Description # Channels 
Max 

Voltage 
Max Current 

Switch 

Time 
Type 

Cost 

(USD) 

SLC_RLAY 4 
125VAC 

/ 30VDC 
10 AAC / 5 ADC 5 mS Electromechanical 46.81 

NI-9482 [74] 4 
250VAC 

/ 60VDC 

1.5 AAC / 1.5 

ADC 
15 mS Electromechanical 249.00 

 

Table 3.24: A comparison of key features for temperature measurement 

Description # Channels Type Compatibility Resolution Cost (USD) 

SLC_THRM 4 All Standard Types 0.25oC 40.87 

NI-9210 [75] 4 All Standard Types 0.8oC 465.00 

 

The average cost savings of a BREAD slice compared to an equivalent national instruments 

CRIO card is 93%. The highest advantage NI systems can provide is high measurement 

resolution due to their 24-bit ADCs. However, BREAD’s open design philosophy allows 

designs such as the SLC_LVAI to have on-board tuneable gain, effectively increasing 

resolution for lower voltage ranges. Additionally, if high resolution is required, a new slice 

can be easily evolved from SLC_LVAI using external ADCs (at an added cost). 

3.7.4 Continued Development and Application 

There are countless open-source circuits that are well executed, yet only serve one set of 

purposes. On HardwareX alone, there are systems for irrigation management [76], 

colorimetry [77], spectral acquisition [78, 79], and specialized environmental sensing 

circuits [80, 81]. The aforementioned electronics are a very small fraction of existing and 

documented designs that could be highly compatible with BREAD. The BREAD system 

can sustain rapid growth by adapting these existing and open designs into new slices. 
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Since the BREAD system currently has a significant overlap with the National Instruments 

CRIO system, there are several applications that could easily be adapted for cost 

reductions. Specifically, BREAD could be employed as a general-purpose data acquisition 

system for experiments and measurements [82, 83]. BREAD can be employed for 

measuring and recording power usage & analysis [84, 85, 86]. BREAD can also be used 

for industrial automation, including robotics [87] and process control [88]. As BREAD’s 

slice library grows, the capabilities and permutations create an endlessly flexible and 

capable choice for an electronics platform. 

3.7.5 Future Work 

There are countless open-source circuits that are well executed, yet only serve one set of 

purposes. On HardwareX alone, there are systems for irrigation management [76], 

colorimetry [77], spectral acquisition [78, 79], and specialized environmental sensing 

circuits [80, 81]. The aforementioned electronics are a very small fraction of existing and 

documented designs that could be highly compatible with BREAD. The BREAD system 

can sustain rapid growth by adapting these existing and open designs into new slices. 

Since the BREAD system currently has a significant overlap with the National Instruments 

CRIO system, there are several applications that could easily be adapted for cost 

reductions. Specifically, BREAD could be employed as a general-purpose data acquisition 

system for experiments and measurements [82, 83]. BREAD can be employed for 

measuring and recording power usage & analysis [84, 85, 86]. BREAD can also be used 

for industrial automation, including robotics [87] and process control [88]. As BREAD’s 

slice library grows, the capabilities and permutations create an endlessly flexible and 

capable choice for an electronics platform. 
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4 Low-Cost Open Source TIG-Based Metal 3-D Printer 

4.1 Hardware in context 

The proliferation of open-source plastic 3-D printing has had substantial impacts on the 

scientific and engineering community [2-7] The technology has democratized 

manufacturing, allowing for individuals with no manufacturing experience to recreate 

componentry that would otherwise be prohibitively expensive to prototype [8]. Open 

source 3-D printing has fostered a substantial movement in the development of open 

source scientific hardware [9] ranging from instruments like automated four-point probes 

[10], centrifuges [11], and nutating mixers [12] to prototyping equipment including 

milling machines [13] and bio-printers [14]. Though 3-D printing is widely used to 

reduce costs [15-17] and increase accessibility [18-20], it is predominately limited to 

plastic components, which have limited suitability for applications at high temperatures, 

vacuum systems [21], clean rooms [22] or compatibility with many laboratory chemicals 

[23]. The aforementioned compatibility issues with use 3-D printing for a wide range of 

scientific tools could be remedied with the introduction of a low-cost open source metal 

3-D printer, while still enjoying all of the benefits of plastic printing and the open source 

sharing of digital designs. 

Most metal 3-D printing is relegated to high-end industry applications due to its 

prohibitive price point [24]. No low-cost commercial metal 3-D printers exist, and the 

open source selection available (i.e. [25]) have not seen the success of the self-replicating 

rapid prototyper (RepRap) 3-D printers [26-28]. In particular, the technical challenges 

associated with using welding for 3-D printing robots, cost, and limited resolution have 

not yet enabled the widespread hacking of metal 3-D printers observed with plastic 

systems [29]. 

The most common approach is the application of wire arc additive manufacturing 

(WAAM) [30-33 is the use of gas metal arc welding (GMAW)-based 3-D printing [25, 

34-37]. In these cases, the end effector is the welding head of a metal inert gas (MIG) 

welder that functions similarly to a typical fused filament fabrication-based 3-D printer 

extruder. WAAM with a MIG has a lot of splatter, and a high heat input [38]. The 

scientific community has started building stepping stones towards a robust OS metal 3-D 

printing based on GMAW such as the development of slicer improvements [39], double 

wire systems [40], substrate removal techniques [41-42], alloys specifically for AM [43] 

and process [44] and weld characterizations [24,25]. Despite these efforts, however, the 

designs are still not widely replicated. 

This manuscript proposes a new open source 3-D printer design based around a low-cost 

tungsten inert gas (TIG) welder coupled to a commercial open source RepRap. TIG has 

many advantages over MIG, such as having a low heat input, clean beads, and capable of 

high-resolution prints [38]. In order to make the printer more replicable, it is designed 

around a common and commercially available open source 3-D printer and the design 

could be adapted to most RepRap-class systems. TIG welding can create electromagnetic 

frequency (EMF) radiation, so the proper precautions are detailed. In addition, a basic yet 
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powerful free and open source software (FOSS) package will be introduced and used for 

the characterization of the 3-D printer. 

4.2 Hardware description 

The open source metal 3-D printer (TIG-Bot) is built based around the Lulzbot Taz 4 

[45]. This is because Taz’s are true commercial open source RepRaps that fabricate many 

of their own components and feature a standardized and flexible carriage socket, such 

that multiple different end effectors can be used. This ensures that the design can be used 

in future revisions, such as the new modular Sidekick design [46]. Additionally, choosing 

a commercial printer can lower the barriers to replicate the design, and potentially build 

up some momentum behind metal 3-D printing. 

The Taz is made for plastic FFF, not metal. As such, it was adapted. The bed was 

replaced with a metal bed. The metal bed allows for heat dissipation, fixturing, and 

resilience to weld-splatter. The original FFF extruder assembly is removed, as it is not 

used. All unused cables can also be removed. Finally, all plastic components are coated 

in a reflective paint, otherwise they will lose structural integrity due to the UV exposure. 

The end effector consists of a TIG torch (which came with the system), and a custom 

dabber assembly linked to a plastic frame. The dabber assembly is comprised of an 

aluminum extrusion device (normally used by Rep-RAP 3-D printers), with a stainless 

tube bent and threaded at both ends. The dabber is made to have an extrusion nozzle 

placed at the end that comes in all different sizes, allowing for accurate feed positioning. 

The TIG torch is mounted to a plate that allows for angle adjustment. Additionally, two 

constrainer pieces are used to carefully place the dabber at the right position relative to 

the torch electrode. 

In addition, the printer must be placed in a metal box, which serves three functions. First, 

it acts as a Faraday cage and nullifies the EMF present in high frequency start of the arc. 

Secondly, it can be used to contain the high intensity light to protect user’s eyes. Finally, 

it can contain and extract the hazardous fumes associated with welding. The box needs to 

be sealed in order to be effective. This makes it possible to use the device in a room not 

otherwise acceptable for welding. Finally, a shielded USB cable should be used to again 

mitigate the impact of EMF from the welder. 

The system explored in this manuscript can be used for many bespoke metal scientific 

hardware or component fabrication as well as prototyping applications [24]. Some 

example use cases are: 

• Near net-shape structural metal component rapid prototyping 

• Adapting / depositing on existing metal structures 

• A deployable system for in-field prototyping for appropriate technology 

applications 
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4.3 Design files summary 

Design file name File type Image 

Open 

source 

license 

Location of the file 

Mechanical / Extruder / 

body.stl & body.scad 

STL/SC

AD 
 

OHL 2.0 https://osf.io/rd2a4/ 

Mechanical / Extruder / 

brace.stl & brace.scad 

STL/SC

AD 
 

OHL 2.0 https://osf.io/rd2a4/ 

Mechanical / Enclosure / 

Plate_isolator.stl & 

Plate_isolator.scad 

STL/SC

AD 
 

OHL 2.0 https://osf.io/rd2a4/ 

Mechanical / Enclosure / 

Plate_isolator_washer.stl 

& 

Plate_isolator_washer.sc

ad 

STL/SC

AD  

OHL 2.0 https://osf.io/rd2a4/ 

Mechanical / Enclosure / 

Fan_shroud.stl & 

Fan_shroud.scad 

STL/SC

AD 
 

OHL 2.0 https://osf.io/rd2a4/ 

Mechanical / Enclosure / 

Lens_holder.stl & 

Lens_holder.scad 

STL/SC

AD 
 

OHL 2.0 https://osf.io/rd2a4/ 

Mechanical / Enclosure / 

Lens_holder_top.stl & 

Lens_holder_top.scad 

STL/SC

AD 
 

OHL 2.0 https://osf.io/rd2a4/ 

Mechanical / Enclosure / 

Cable_shroud.stl & 

Cable_shroud.scad 

STL/SC

AD 
 

OHL 2.0 https://osf.io/rd2a4/ 

Mechanical / Extruder / 

Torch_plate.stl & 

Torch_plate.scad 

STL/SC

AD 
 

OHL 2.0 https://osf.io/rd2a4/ 
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Software / Lightning.pro PRO NA OHL 2.0 https://osf.io/rd2a4/ 

Software / Pi.iso ISO NA OHL 2.0 https://osf.io/rd2a4/ 

  

• Body.stl – The structural component of the carriage assembly used for connecting 

and positioning the extruder and torch. 

• Brace.stl – A simple component used to constrain the torch and extruder nozzle 

such that they are fixed in space together. 

• Plate_isolator.stl and Plate_isolator_washer.stl – These pieces are used to 

connect the build plate to the rest of the printer while providing electrical 

isolation. 

• Fan_shroud.stl – A connecting piece used to fasten the ventilation hose to the 

enclosure. 

• Lens_holder.stl and Lens_holder_top.stl – A bezel which holds the viewing 

lens and holds it in place on the enclosure door. 

• Cable_shroud.stl – A chamfered bezel used for both the ground and torch cable / 

hose pass through. 

• Torch_plate.stl – A semi-flexible plate used as an interface to connect and 

manipulate the pitch of the torch with regard to the carriage body. 

• Lightning.pro – The project file for Lightning, the custom test interface for 

running the 3D printer 

• Pi.iso – An image of the fully configured operating system for the Raspberry Pi 
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4.4 Bill of materials summary 

 

# Component Qty Cost 

per unit 

-

currenc

y 

Total 

cost - 

curren

cy 

Source of 

materials 

Material 

type 

1 C25 Gas Cylinder 1 299.00 299.00 

https://w

ww.amaz

on.com/d

p/B00I4Z

6QCY/ 

Gas 

2 

2% Ceriated Tungsten 

Electrode 1 1.95 1.95 

https://w

ww.amaz

on.com/d

p/B013K

XKI2S  

Metal 

3 

Mild Steel 0.03" MIG 

Wire 1 35.39 35.39 

https://w

ww.amaz

on.com/d

p/B000C

FL7MI/  

Metal 

 

4 

4x4" Low-Carbon 

Steel Substrate 1 1.79 1.79 

https://w

ww.mcm

aster.com

/catalog/6

544k15 

Metal 

5 Raspberry Pi Kit 1 129.99 129.99 

https://w

ww.amaz

on.com/d

p/B08956

GVXN/  

Electronics 

6 

LulzBot TAZ 4 3D 

Printer 1 2195.00 

2195.0

0 

https://w

ww.amaz

on.com/d

p/B00JX

QZ8CC  

Mechatronic

s 

https://www.amazon.com/dp/B00I4Z6QCY/
https://www.amazon.com/dp/B00I4Z6QCY/
https://www.amazon.com/dp/B00I4Z6QCY/
https://www.amazon.com/dp/B00I4Z6QCY/
https://www.amazon.com/dp/B00I4Z6QCY/
https://www.amazon.com/dp/B013KXKI2S
https://www.amazon.com/dp/B013KXKI2S
https://www.amazon.com/dp/B013KXKI2S
https://www.amazon.com/dp/B013KXKI2S
https://www.amazon.com/dp/B013KXKI2S
https://www.amazon.com/dp/B000CFL7MI/
https://www.amazon.com/dp/B000CFL7MI/
https://www.amazon.com/dp/B000CFL7MI/
https://www.amazon.com/dp/B000CFL7MI/
https://www.amazon.com/dp/B000CFL7MI/
https://www.mcmaster.com/catalog/6544k15
https://www.mcmaster.com/catalog/6544k15
https://www.mcmaster.com/catalog/6544k15
https://www.mcmaster.com/catalog/6544k15
https://www.mcmaster.com/catalog/6544k15
https://www.amazon.com/dp/B08956GVXN/
https://www.amazon.com/dp/B08956GVXN/
https://www.amazon.com/dp/B08956GVXN/
https://www.amazon.com/dp/B08956GVXN/
https://www.amazon.com/dp/B08956GVXN/
https://www.amazon.com/dp/B00JXQZ8CC
https://www.amazon.com/dp/B00JXQZ8CC
https://www.amazon.com/dp/B00JXQZ8CC
https://www.amazon.com/dp/B00JXQZ8CC
https://www.amazon.com/dp/B00JXQZ8CC
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7 

200A Tig Welding 

Machine 1 197.00 197.00 

https://w

ww.amaz

on.com/d

p/B083H

ZGYCP/  

Electronics 

8 

Flow Meter Gas 

Regulator & House 1 35.99 35.99 

https://w

ww.amaz

on.com/d

p/B08P5

BNHBX/  

Pneumatics 

9 

0.25" 12" x 12" 6061 

Aluminum sheet 1 54.48 54.48 

https://w

ww.mcm

aster.com

/89155K1

1/ 

Metal 

10 

200 Piece Spring 

Assortment 4 0.055 0.22 

https://w

ww.amaz

on.com/d

p/B08QJ5

1F1J/ 

Hardware 

11 

660 Pc Nut and Bolt 

Assortment 120 0.038 4.54  

https://w

ww.amaz

on.com/d

p/B098N

D1GW8/  

Hardware 

12 

4x4" Low-Carbon 

Steel Substrate 6 28.45 170.70 

https://w

ww.mcm

aster.com

/catalog/6

544k15 

Metal 

13 

L-Shaped Framing 

Stock 4 18.29 73.16 

https://w

ww.mcm

aster.com

/8968K24

-

8968K26/ 

Metal 

https://www.amazon.com/dp/B083HZGYCP/
https://www.amazon.com/dp/B083HZGYCP/
https://www.amazon.com/dp/B083HZGYCP/
https://www.amazon.com/dp/B083HZGYCP/
https://www.amazon.com/dp/B083HZGYCP/
https://www.amazon.com/dp/B08P5BNHBX/
https://www.amazon.com/dp/B08P5BNHBX/
https://www.amazon.com/dp/B08P5BNHBX/
https://www.amazon.com/dp/B08P5BNHBX/
https://www.amazon.com/dp/B08P5BNHBX/
https://www.mcmaster.com/89155K11/
https://www.mcmaster.com/89155K11/
https://www.mcmaster.com/89155K11/
https://www.mcmaster.com/89155K11/
https://www.mcmaster.com/89155K11/
https://www.amazon.com/dp/B08QJ51F1J/
https://www.amazon.com/dp/B08QJ51F1J/
https://www.amazon.com/dp/B08QJ51F1J/
https://www.amazon.com/dp/B08QJ51F1J/
https://www.amazon.com/dp/B08QJ51F1J/
https://www.amazon.com/dp/B098ND1GW8/
https://www.amazon.com/dp/B098ND1GW8/
https://www.amazon.com/dp/B098ND1GW8/
https://www.amazon.com/dp/B098ND1GW8/
https://www.amazon.com/dp/B098ND1GW8/
https://www.mcmaster.com/catalog/6544k15
https://www.mcmaster.com/catalog/6544k15
https://www.mcmaster.com/catalog/6544k15
https://www.mcmaster.com/catalog/6544k15
https://www.mcmaster.com/catalog/6544k15
https://www.mcmaster.com/8968K24-8968K26/
https://www.mcmaster.com/8968K24-8968K26/
https://www.mcmaster.com/8968K24-8968K26/
https://www.mcmaster.com/8968K24-8968K26/
https://www.mcmaster.com/8968K24-8968K26/
https://www.mcmaster.com/8968K24-8968K26/
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14 Strap Hinge 2 2.10 4.20 

https://w

ww.mcm

aster.com

/1526A43

/ 

Hardware 

15 0310 Steel Wool 6 

0.28062

5 

1.6837

5 

https://w

ww.amaz

on.com/B

001SBJF

VA/ 

Hardware 

16 24AWG Cable 100' 10 0.1219 1.219 

https://w

ww.amaz

on.com/d

p/B00B88

7D80/ 

Cabling 

17 Grounded Plug 1 2.98 2.98 

https://w

ww.amaz

on.com/d

p/B007Q

VPQ96/ 

Cabling 

18 4" Dryer Vent Hose 1 11.07 11.07 

https://w

ww.amaz

on.com/d

p/B08FX

2GFQC/  

Hardware 

19 

Shade 11 Welding 

Hood Lens 1 5.75 5.75 

https://w

ww.amaz

on.com/d

p/B07J22

4WJ6/ 

Glass 

20 120mm Computer Fan 1 13.90 13.90 

https://w

ww.amaz

on.com/d

p/B07CG

2PGY6/ 

Electronics 

https://www.mcmaster.com/1526A43/
https://www.mcmaster.com/1526A43/
https://www.mcmaster.com/1526A43/
https://www.mcmaster.com/1526A43/
https://www.mcmaster.com/1526A43/
https://www.amazon.com/B001SBJFVA/
https://www.amazon.com/B001SBJFVA/
https://www.amazon.com/B001SBJFVA/
https://www.amazon.com/B001SBJFVA/
https://www.amazon.com/B001SBJFVA/
https://www.amazon.com/dp/B00B887D80/
https://www.amazon.com/dp/B00B887D80/
https://www.amazon.com/dp/B00B887D80/
https://www.amazon.com/dp/B00B887D80/
https://www.amazon.com/dp/B00B887D80/
https://www.amazon.com/dp/B007QVPQ96/
https://www.amazon.com/dp/B007QVPQ96/
https://www.amazon.com/dp/B007QVPQ96/
https://www.amazon.com/dp/B007QVPQ96/
https://www.amazon.com/dp/B007QVPQ96/
https://www.amazon.com/dp/B08FX2GFQC/
https://www.amazon.com/dp/B08FX2GFQC/
https://www.amazon.com/dp/B08FX2GFQC/
https://www.amazon.com/dp/B08FX2GFQC/
https://www.amazon.com/dp/B08FX2GFQC/
https://www.amazon.com/dp/B07J224WJ6/
https://www.amazon.com/dp/B07J224WJ6/
https://www.amazon.com/dp/B07J224WJ6/
https://www.amazon.com/dp/B07J224WJ6/
https://www.amazon.com/dp/B07J224WJ6/
https://www.amazon.com/dp/B07CG2PGY6/
https://www.amazon.com/dp/B07CG2PGY6/
https://www.amazon.com/dp/B07CG2PGY6/
https://www.amazon.com/dp/B07CG2PGY6/
https://www.amazon.com/dp/B07CG2PGY6/
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21 

2" Conductive Copper 

Tape 1 12.49 12.49 

https://w

ww.amaz

on.com/d

p/B07C6

YLNYL/  

Hardware 

22 25A Solid State Relay 1 9.90 9.90 

https://w

ww.amaz

on.com/d

p/B08GN

SPCND/ 

Electronics 

23 Spade Connector 2 0.07 0.14 

https://w

ww.amaz

on.com/d

p/B07FQ

B6WXP/  

Cabling 

24 5x5 Mild Steel Plate 1 19.96 19.96 

https://w

ww.mcm

aster.com

/8910K59

1/ 

Metal 

25 3D Printer Nozzle Kit 1 0.35 0.35 

https://w

ww.amaz

on.com/d

p/B07L5

KJB59/  

Hardware 

26 1/4" Copper Tube 0.2 2.29 0.46 

https://w

ww.amaz

on.com/d

p/B0991

D3WTX/  

Metal 

27 

Aluminum Extruder 

Assembly 1 16.98 16.98 

https://w

ww.amaz

on.com/d

p/B07SY

745CF/ 

Mechatronic

s 

https://www.amazon.com/dp/B07C6YLNYL/
https://www.amazon.com/dp/B07C6YLNYL/
https://www.amazon.com/dp/B07C6YLNYL/
https://www.amazon.com/dp/B07C6YLNYL/
https://www.amazon.com/dp/B07C6YLNYL/
https://www.amazon.com/dp/B08GNSPCND/
https://www.amazon.com/dp/B08GNSPCND/
https://www.amazon.com/dp/B08GNSPCND/
https://www.amazon.com/dp/B08GNSPCND/
https://www.amazon.com/dp/B08GNSPCND/
https://www.amazon.com/dp/B07FQB6WXP/
https://www.amazon.com/dp/B07FQB6WXP/
https://www.amazon.com/dp/B07FQB6WXP/
https://www.amazon.com/dp/B07FQB6WXP/
https://www.amazon.com/dp/B07FQB6WXP/
https://www.mcmaster.com/8910K591/
https://www.mcmaster.com/8910K591/
https://www.mcmaster.com/8910K591/
https://www.mcmaster.com/8910K591/
https://www.mcmaster.com/8910K591/
https://www.amazon.com/dp/B07L5KJB59/
https://www.amazon.com/dp/B07L5KJB59/
https://www.amazon.com/dp/B07L5KJB59/
https://www.amazon.com/dp/B07L5KJB59/
https://www.amazon.com/dp/B07L5KJB59/
https://www.amazon.com/dp/B0991D3WTX/
https://www.amazon.com/dp/B0991D3WTX/
https://www.amazon.com/dp/B0991D3WTX/
https://www.amazon.com/dp/B0991D3WTX/
https://www.amazon.com/dp/B0991D3WTX/
https://www.amazon.com/dp/B07SY745CF/
https://www.amazon.com/dp/B07SY745CF/
https://www.amazon.com/dp/B07SY745CF/
https://www.amazon.com/dp/B07SY745CF/
https://www.amazon.com/dp/B07SY745CF/
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28 1/2" PVC Pipe 0.5 1.25 0.62 

https://w

ww.mcm

aster.com

/48925K1

1/ 

Hardware 

29 

Table Stand Off 

Component Kit 4 0.10 0.40 

https://osf

.io/rd2a4/  

Polymer - 

ABS 

30 Fan Shroud 1 0.50 0.50 

https://osf

.io/rd2a4/  

Polymer - 

ABS 

31 Cable Entry Bezel 2 0.50 1.00 

https://osf

.io/rd2a4/  

Polymer - 

ABS 

32 Lense Bezel 1 0.50 0.50 

https://osf

.io/rd2a4/  

Polymer - 

ABS 

33 Printer Carriage 1 1.00 1.00 

https://osf

.io/rd2a4/  

Polymer - 

ABS 

34 Feeder Constrainer 1 0.1- 0.10 

https://osf

.io/rd2a4/  

Polymer - 

ABS 

35 

1/8" TIG Mild Steel 

Filler 0.01 14.19 0.14 

https://w

ww.mcm

aster.com

/7972A44

4/ 

Metal 

36 White Latex Paint 1 11.98 11.98 

https://w

ww.amaz

on.com/d

p/B004H

ZGJ72/ 

Paint 

 

Line items 1 – 4 are consumables, and line 5 is an optional attachment. Because they are 

not part of the machine, the aforementioned line items are not included in the final cost 

calculation of the machine. 

 

https://www.mcmaster.com/48925K11/
https://www.mcmaster.com/48925K11/
https://www.mcmaster.com/48925K11/
https://www.mcmaster.com/48925K11/
https://www.mcmaster.com/48925K11/
https://osf.io/rd2a4/
https://osf.io/rd2a4/
https://osf.io/rd2a4/
https://osf.io/rd2a4/
https://osf.io/rd2a4/
https://osf.io/rd2a4/
https://osf.io/rd2a4/
https://osf.io/rd2a4/
https://osf.io/rd2a4/
https://osf.io/rd2a4/
https://osf.io/rd2a4/
https://osf.io/rd2a4/
https://www.mcmaster.com/7972A444/
https://www.mcmaster.com/7972A444/
https://www.mcmaster.com/7972A444/
https://www.mcmaster.com/7972A444/
https://www.mcmaster.com/7972A444/
https://www.amazon.com/dp/B004HZGJ72/
https://www.amazon.com/dp/B004HZGJ72/
https://www.amazon.com/dp/B004HZGJ72/
https://www.amazon.com/dp/B004HZGJ72/
https://www.amazon.com/dp/B004HZGJ72/
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4.5 Build instructions 

4.5.1 Printer Modifications 

1. First the Taz’s bed must be removed. Disconnect the four nuts bolting it to the Y-

carriage at each corner. Along with the bed, the cable (including the bed power 

and thermistor) can be completely removed from the system. 

2. Procure the 300 by 300mm by 5 mm aluminium sheet. Using the template found 

on the repository [47], mark all of the hole locations using a scribe. Then drill 

each hole using an 4mm sized drill bit. Finally tap each hole in the fixture grid (all 

of the holes except for the 4 corner mounting holes) using an M4 tap (Figure 4.1). 

 

 
Figure 4.1: The aluminium bed with test substrate and ground attached 

3. Print out the top and bottom isolation brackets for the mounting assembly in ABS, 

using full infill (and any layer height). At each corner of the Y carriage, place an 

25mm spring, then the bottom isolation bracket, followed by the aluminium plate, 

the top isolation bracket, and finally two M3 Nuts (Figure 4.2). 
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Figure 4.2: The assembled isolation bracket 

4. Remove the extruder assembly from the Taz. Additionally, remove all of it’s 

cabling from the system with the exception of the stepper motor cable and 

thermistor cable. This thermistor cable must be rerouted to the external side of the 

printer’s frame, and terminated with a 470 ohm resistor in order to provide a 

temperature feedback and prevent the firmware from seeing a cold extrusion 

(since the firmware is being left at the default, if the temperature is too low, it will 

not extrude). 

5. Every plastic component on the printer should be painted with a reflective white 

outdoor paint. Critical movement parts such as belts, linear rods, and Z axis 

screws should be masked off using painter’s tape. This paint protects the ABS 

part from premature wear caused by intense UV-light exposure. An example 

painted component can be seen in Figure 4.3. 
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Figure 4.3: An example painted part of the Taz 

 

6. Remove the LCD display and all associated cabling. 

4.5.2 Extruder Build 

1. Print off the extruder body in ABS using no less the 30% infill, and any layer 

height. Then, paint it with reflective paint. 

2. Fasten the aluminum extruder assembly to the body. The idler bearing should be 

coated in 2 layers of Kapton tape to ensure consistent wire grip. 

3. Cut a piece of 85 mm long stainless-steel tube, and using a small tube bender, 

apply a 75-degree bend at the end of the tube. Then, use an M5 tap along with 

tapping oil to thread both ends of the tube. A threaded tube insert can be placed in 

the unbent end of the tube, and an appropriately sized extruder nozzle can be 

connected to the bent end. Screw this assembly to the output end of the aluminum 

extruder assembly as seen in Figure 4.4. 
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Figure 4.4: The stainless steel feeder tube 

 

4. Print out the torch mounting plate in ABS using solid infill, any layer height. 

Paint it with reflective paint. Remove the back cap of the TIG torch, and place the 

body on the bottom side (the side with 2 constraining nubs) of the mounting plate. 

Then place the back cap on the opposite side of the plate tightly. If the cap is not 

able to tightly seat – a piece of gasket material can be cut and placed between the 

plate and back cap for a more secure connection. The mounting plate can then be 

mounted to the extruder body using M3 bolts. 

5. Place the top constrainer in place, then using pliers, roughly bend the 1/8” mild 

steel tig filler to shape show in Figure 4.5 using two pairs of pliers. The piece 

should fit snuggly around the torch nozzle and be wedged firmly between the 

feeder and the carriage face. Adjust the leverage of the cantilever to the point 

where the feeder tube’s rotation is hard to adjust by hand. 
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Figure 4.5: The custom cantilever 

6. Mount the extruder in the X-carriage, and connect the stepper cable to the 

extruder motor cable from the Taz controller. The completed extruder can be 

viewed in Figure 4.6. 

 
Figure 4.6: The completed and installed extruder assembly 
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4.5.3 Enclosure Build 

1. Using a hacksaw and vice, cut a quantity of nine 610mm long pieces of steel 

angle extrusion. Use a file or grinder to de-burr any sharp edges. 

2. Assemble the structure shown below with M5 bolts and nuts as shown in Figures 

7 and 8. 

 
Figure 4.7: The top end of the frame bolted together 

 
Figure 4.8: A detail shot of the corner connection scheme 

 



110 

3. Invert the frame and place one of the 610mm by 610 mm steel sheets in the top 

face. Hit each corner firmly with a hammer to impress the mounting bolt’s 

location onto the sheet. An example impression is shown in Figure 4.9. 

 

 
Figure 4.9: An example of the bolt impression 

 

Drill out the holes and mount the sheet in place (on the interior of the box). Using 

similar steps, construct mount the 3 wall plates as shown in Figure 4.10. 

 

 
Figure 4.10: The enclosure with 3 sides and the top plate mounted 
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4. Place an additional bar across the bottom of the last remaining side of the frame 

as shown in Figure 4.11. 

 

 
Figure 4.11: The completed frame 

5. Using an angle grinder with a cut-off wheel, cut 1” (25.4mm) squares out of each 

corner of one of the remaining plates to create the door plate. Cut an 35mm by 

35mm opening centered near the top of the door. Print out the view port bracket 

using solid infill and insert it into the hole with the viewing lens in place. Mount 

the hinges to the top part of the frame, and then attach the hinges to the door plate 

using M4 bolts and nuts. 
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Figure 4.12: The door mounted in place 

6. Using an angle grinder, remove a 2” by 6” (50.8 mm 152.4 mm) by area from the 

bottom center of the left wall (referenced by facing the door from the exterior). 

This slot will be used as a cable pass through (Figure 4.13). On this same wall, 

place the fan on the top corner of the frame, at the corner furthest from the door. 

Mark out the hole positions of the fan, and then cut out an opening using the 

grinder. Drill the mounting holes. The mounted fan can be viewed in Figure 4.14. 
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Figure 4.13: The cable pass through slot 

 
 

Figure 4.14: The fan mounted in place 

7. Finally, place the printer on top the remaining plate. Then place the enclosure on 

top of the plate and printer. Pack the cable entry slot with steel wool. Seal all 

interior of edges of the enclosure using copper tape with conductive adhesive. 
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Figure 4.15: The completed enclosure with printer installed 
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4.5.4 Wiring 

1. The fan should be wired into Jack 3 on the Taz control board 

2. The coil to a solid-state relay should be wired to Jack 1 on the Taz control board. 

The contacts should be broken out as cables with butt splices crimped on their 

ends. Each butt splice can be connected to the engage switch of the welder. This 

connection scheme is represented schematically in Figure 4.16, and the physical 

connection is demonstrated in Figure 4.17. 

 

 

 

Figure 4.16: Schematic of welder engage circuit 

 

 
Figure 4.17: The butt splice ends connected to the welder 
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4.5.5 Initial setup 

Launch Lightning [48] and connect to the Taz using the standard settings. Fixture a 

substrate to the plate and connect the welder ground terminal. Then jog the end effector 

such that the Tungsten electrode is approximately 1.3 mm above the substrate. Set the 

welder current to 20 amps. Open the gas valve for the welder. Close the enclosure door, 

enable the exhaust fan, and then click the “end effect” control. This will cause the welder 

to begin arcing. Take careful note of where the “hot spot” of the arc is, which can be 

identified as a white spot among the discharge. The feeder nozzle will need to be tuned to 

deposit wire directly into the hot spot. If necessary the angle of the torch can be increased 

by packing washers under one side of the torch mounting bracket. 

4.5.6 Using a Raspberry Pi as the Printer Host 

It is recommended that the Raspberry Pi is used as the main interface between the 

operator and the printer. To utilize the Pi, provide all of the standard connections for 

operation (IE, keyboard, power, mouse, monitor, etc). Connect the Pi to the printer via 

the Taz’s standard USB cable. 

Using a Linux Mint [49] or a comparable operating system, download the Pi.iso image 

from project repository [47]. Insert the SD card into the computer, and identify the name 

of the SD card within your system. Then write the image to the SD card using the 

following command: 

sudo dd if=[Absolute Path of Pi.iso] of=[Name of SD card] 

status=progress bs=4M 

The SD card can be inserted into the Pi, and the system powered on. 

4.6 Operation instructions 

4.6.1 Safety Concerns 

Welding systems can be dangerous if the proper safety precautions are not taken [38]. 

There are five major risks with this system: 

1. Electrical Shock Hazards – The welder can deliver potentially fatal shocks if the 

user is touching the electrode when engaged. To mitigate this risk, ensure the 

welder is always turned off while the enclosure door is open. 

2. Extreme Light intensity – When engaged, the TIG welding arc acts as a high 

intensity light source which can cause eye damage with as little as a passing 

glance. Ensure that the enclosure door is always closed when the welder is 

engaged. 

3. Extreme Heat – The deposition process can cause large amounts of heat to build 

up in the substrate and print. Be sure to wear welding gloves when handling 

recently deposited prints. 
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4. Hazardous Gas – The welding process generates hazardous gas that should not be 

inhaled. Always have the exhaust fan enabled and vented appropriately. 

5. High Frequency Electromagnetic Fields – The TIG welder employs a high-

frequency start mechanism to initialize the arc. This high frequency pulse can 

effect electronics and cause malfunctions. Keeping the enclosure door shut while 

in operation will protect any electronic equipment. It is highly recommended, 

however, that all electronics are kept a minimum of 3 m away from the system. 

Users should NOT operate this machine if they are relying on a pace maker 

or any other necessary electronic-based medical devices. 

4.6.2 Lightning Operation 

Lightning is a lightweight GUI-based software developed in QtCreator [50] that employs 

a simple yet flexible library for reading and writing G-Code to a Marlin [51] based 

system. Lightning consists of a basic interface (seen in Figure 4.18), which allows for 

running of a G-Code script or commands, jogging axes in variable increments, enabling 

the end effector and fan, and homing the system. There are several other functions 

pictured in Figure 4.18 that are considered to be “custom functions” as they are made to 

be specific to the test that is being executed. 

 

 

Figure 4.18: An image of Lightning’s Interface 
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4.6.3 Jogging Axes 

The end effector can be moved in varying increments by inputting a value into the move 

increment GUI element and then clicking the button corresponding to the direction of 

desired movement. Having precise control over the movement increment is ideal for 

iteratively positioning test prints. In the Taz system used here the limits on step size are 

0.02mm. 

4.6.4 Running Commands 

The command line allows for the input and transmission of a single Marlin [Marlin] G-

Code command. Any command in Marlin’s instruction set [51] can be executed. 

4.6.5 Running Scripts 

A script (a sequence of multiple G-Code commands) can be executed by loading it and 

then clicking “Run Script”. 

4.6.6 Emergency Stop 

The emergency stop button issues the following actions: 

• Cease all motion 

• Turn off welder 

• Engage the fan 

4.6.7 Lightning Modification 

Lightning was intentionally made to be lightweight and employ essential functions such 

that it can easily be modified within QT Creator, allowing for the creation of custom GUI 

elements which are tailored to the current test being executed. Specifically in Figure 4.18, 

Lightning is configured for printing planes. 

4.6.8 Adding GUI Elements 

Adding custom GUI elements such as text boxes or buttons can allow for altering and 

executing custom functions without the need to re-compile Lightning. An element can be 

added by opening mainwindow.ui within QT Creator, and dragging and element from the 

element panel to the interface. In order to tie the element to a function, right click it and 

select “View Slot”. Buttons will likely be the only elements tied directly to functions, as 

text entry boxes will be parsed within the code. 
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4.6.9 Parametric G-Code 

As the TIG-Bot is an experimental machine and Lightning is made to assist in the 

acquisition of ideal printing parameters. The tests involved in optimization involve 

running the same test script with varied parameters such as feed rate and extrusion 

multipliers, but unfortunately Marlin G-Code does not support parametric codes. 

Fortunately, Lightning allows for pseudo-parametric G-Code by implementing the script 

within the C++ framework. 

The function “QueueGCode” allows for a qString to be added to the buffer and sent out 

once the machine has indicated it is ready for another command. Through use of standard 

string concatenation methods, loops, and reading variables from GUI elements, and other 

C++ functions alongside the QueueGCode command, parametric tests can be created. 

Below is an example function made to create a dithering pattern which can be effective in 

infill operations for TIG-based AM. 

void zipperMovePosX(float x, float y, float feedrate, float extrusion, int increments) 

{ 

    float arcLinger = 0.2; 

 

    GCode.QueueCommand("G91",0);  // Set relative movement 

    GCode.QueueCommand("G1 F" + QString::number(feedrate/2) + " X4",0);  // Start move 

 

    GCode.QueueCommand("M106 P0",0);                        // Turn on welder 

    GCode.QueueCommand("G4 P" + QString::number(arcLinger),0);  // Sleep for a bit 

 

    for (int i=0; i<increments; i++) { 

        GCode.QueueCommand("G1 Y" + QString::number(y),0);  // Move in +Y 

        GCode.QueueCommand("G1 F" + QString::number(feedrate) + " E" + 

QString::number((extrusion*x)/increments) + " Y-" + QString::number(y) + " X" + 

QString::number(x/increments),0);  // Move in -Y,+X, and extrude 

    } 

 

    GCode.QueueCommand("M107 P0",0);                        // Turn off welder 

 

    GCode.QueueCommand("G1 F" + QString::number(feedrate/2) + " X4",0); // Finish off 

rest of the move 

} 
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4.6.10 Initial Tuning 

Before operation the torch angle and the filler tube rotation must be adjusted for ideal 

depositions. To do this, extrude the filler wire such that it is directly beneath the tungsten 

electrode. Then, the welder is engaged at a current of 15 amps. On observation of the arc 

pattern, a large light blue area is visible, with a concentrated white area (referred to as the 

“hot spot”). The torch mounting plate’s connecting bolts can be packed with stacked 

washers in order to increase the angle of the torch, which will result in an altered hot spot 

location on the X axis of the machine. Once the torch angle is set, the feeder rotation can 

then be adjusted by increasing the bend in the metal cantilever to ensure the position is 

rigidly kept. 

4.6.11 Constraints for Operation 

TIG welding to produce metal extrusion creates some unique constrains not common to 

plastic FFF. Specifically, there are two main factors of the welding response that must be 

considered: directional preference and arc response. 

The directional preference of deposition is the result of the end effector design as well as 

standard welding constraints. The feeder tube is placed on the right size (positive X 

direction relative to torch) and therefore can only add material from the right side. 

Attempting to exclusively print from right to left would require the feeder to force wire 

over already deposited weld, causing the filler to deflect, and negatively impact weld 

quality [38]. Therefore, when making depositions, the end effector must always be 

moving in a right-to-left motion. This demands G-code commands ensuring this limited 

travel. In this study G-code was generated that did this for all test prints.  The 

concomitant alterations to any of the standard open source FFF-based slicing engines 

(e.g. Cura [52], Slic3r [53], IceSL [54]) are left for future work. Alternatively, a future 

generation of TigBots could have a rotating member move the weld wire to add material 

from any direction to compliment the standard movement of slicers. 

4.7 Validation and characterization 

4.7.1 Base Parameter Acquisition 

There are seven main parameters that affect the quality of the prints produced by the 

TIG-Bot. They are: 

• Torch Angle – The angle which the TIG torch is held relative to the substrate. 

This is adjusted only in the initial tuning phase and then left constant. 

• Filler Angle – The angle which the filler material is fed relative to the substrate. 

This is fixed in the extruder assembly at 15° and cannot be changed without 

reconstructing. 

• Pulse Rate – The pulse rate effects the distribution of the arc. Initial 

experimentation indicates that this setting should be at ~10% for optimal 
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depositions with 0.024” (0.6mm) mild steel wire. This setting may need to be 

changed with varying filler diameters. 

• Gas Flow Rate – The gas flow rate is set to 20 CFH [38]. 

• Feed Rate – The feed rate describes how quickly the end effector moves. The 

ideal value for this parameter is acquired experimentally. 

• Welding Current – The welding current adjusts how much energy is delivered to 

the weld in the form of heat. The ideal value for this parameter is acquired 

experimentally. 

• Extrusion Multiplier – The extrusion multiplier affects how much filler is 

extruded per unit of end effector movement. This will affect the consistency and 

width of the weld. The ideal value for this parameter is acquired experimentally. 

4.7.2 Optimization  

Ideal printing parameters are found through the usage of a custom open source 

computational intelligence utility called PSO Experimenter [55]. PSO Experimenter 

utilizes the particle swarm optimization (PSO) algorithm [56], which has been found to 

effectively optimize for printing parameters within 6 iterations of tests [57]. PSO 

Experimenter takes an input of parameters and their respective ranges, and proposes 

experiments (referred to as particles) which must be carried out and then have the results 

characterized. The characterized values (fitnesses) are input into the system and the 

algorithm with iteratively optimize towards ideal parameters. 

Three test batches are executed; printing lines, planes, and rectangular prisms. The 

variables, ranges, and initial guesses are listed in Table 4.1. 
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Table 4.1: Ideal parameters acquired via PSO Experimenter 

Variable Min Max Guess Int? Description 

𝐼 10 22 19 True Welder current 

𝑉𝑃 250 mm/s 350 mm/s 245°C True End effector movement rate 

𝐹 100% 160% 130% False Extrusion flow multiplier 

𝐻 0.5mm 2mm 1.1mm False Z-height 

𝑆𝑌 1mm 2mm 1.7mm False Y-line spacing 

𝑆𝑍 0.5mm 1mm 0.6mm False Z-line spacing 

 

4.7.3 Characterization 

During the line tests, plane tests, and rectangular solid tests, the welds are characterized 

through a series of physical measurements for each test. Specifically, the final test for a 

rectangular solid is comprised of 3 stacked layers that are all 3 lines wide. The print is 

characterized by length, width, height, and surface roughness (the top surface). The best 

results are shown in Table 4.2. 

Table 4.2. Recommended Printing Parameters 

Variable Description Value 

𝐼 Welder current 20 A 

𝑉𝑃 End effector movement rate 295 mm/s 

𝐹 Extrusion flow multiplier 1.28 mm / mm 

𝐻 Z-height 1.5 mm 

𝑆𝑌 Y-line spacing 0.5 mm 

𝑆𝑍 Z-line spacing 0.36 mm 
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4.7.4 Microstructure Characterization 

A typical printed line and loaf are analyzed for the interior microstructure. The samples 

are polished using the methods detailed in [58] 

1. Bisect each sample to reveal its cross sectional microsctructure 

2. Polish at increasing grit sizes using silicon paper: 240, 360, 420, 600, 800 

a. Wash the sample with soapy water between each step 

3. Polish with 6 um silicon paper 

a. Rinse with soapy water 

b. Rinse with ethanol 

c. Ultrasonic bath for 5 minutes 

4. Polish with 1 um diamond paste 

a. Rinse with soapy water 

b. Rinse with ethanol 

c. Ultrasonic bath for 5 minutes 

Then images will be digitally acquired using a microscope at 50x zoom. Interior, and 

exterior structure is observed and compared to the substrate as a reference for ideal 

structure. 

4.8 Discussion 

4.8.1 Capabilities 

 

During the optimization process, the ranges of key parameters were acquired and are 

listed in Table 4.3. 
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Table 4.3. Deposition and Movement Parameters of the TIG-based Metal 3D Printer 

Parameter Min Max Standard 

Bead Width 1.8 mm 3.5 mm 2 mm 

Bead Height 0.2 mm 0.6 mm 0.3 mm 

X Dimension - 298 mm 100 mm 

Y Dimension - 275 mm 100 mm 

Z Dimension - 250 mm 100 mm 

Print Speed 30 mm/s 350 mm/s 295 mm/s 

  

An interesting effect of the TIG welding process is that when increasing weld current 

while maintaining all other parameters, the metal tends towards a wider yet shallow 

deposition. This can allow for resolutions in the z direction as fine as 0.2 mm. The width 

associated with a 0.2 mm deposition is 3.2 mm. In addition, increasing current creates a 

smoother deposition. This suggests that high-current passes can be made as a final layer 

to create a more desirable surface finish, similar to the ironing feature in FFF. This 

resolution is mostly bound by the availability of fine filler material (for example the 

usage of 0.035” MIG wire can only yield a bead width of 0.889 mm or greater). Utilizing 

finer (~0.8mm) wire (such as that available for micro-MIG systems [59]) will yield a 

finer resolution with minimum machine reconfiguration. 

The standard print speed of 100 mm/s paired with 1.5 mm bead width is similar to 

aluminum printing standard FFF metal 3D printers [41-43]. This is to be expected given 

the movement platform is already a fully capable FFF printer. 

An unexplored advantage of TIG welding in metal 3D printing is its flexibility to deposit 

the following materials: steel, stainless steel, chromoly, aluminium, nickel alloys, 

magnesium, copper, brass, and gold [38]. This creates a uniquely flexible environment 

for multi-material constructions and even (with the addition of a secondary feeder) in-situ 

alloying. In situ alloying with such a machine is an obvious invention for all known 

metals [60] and should be considered for future work. 

The first image (Figure 4.19) from the microstructure observation was generated from a 

25 mm line deposition using the parameters detailed in Table 4.2. 
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Figure 4.19. A cross sectional image of a single bead deposition directly on a steel 

substrate 

 

An image of the interior layer of a 3 x 3 loaf is shown in Figure 4.20, with the substrate 

visible near the bottom of the photo for comparison 

 

Figure 4.20. A cross sectional image of the interface of a 3x3 loaf deposition directly on a 

steel substrate 
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The single bead deposition embodies a mostly favourable weld. There is clear and 

uniform penetration (dark brown band with small grain size), and no cold lapping (the 

two edges of the weld bead are firmly adhered to the substrate). There is slight porosity 

present (black dots near top of bead) which likely increases an overabundance of cover 

gas flow. Final, the grain size of the deposition is substantially larger than the grain size 

of the substrate, which will yield more ductile features. 

Interior deposition, which has several opportunities to cool and reheat, has a grain 

structure that is slightly smaller than the substrate, indicating a hard and strong structure. 

This relationship ideal, as normally internal structures need to be strong, where thin 

external features will need increased ductility to avoid snapping under load. 

4.8.2 Deposition Repeatability 

To validate the repeatability of the system, five 20 mm lines were deposited using the 

ideal parameters listed in Table 4.3. For each sample, 3 heights and 3 widths were 

measured using calipers at equidistant points distributed across the line. The standard 

deviation of deposition widths is 11%, and the standard deviation of deposition heights is 

18%. The distributions of each measurement are visualized in Figures 4.21 and 4.22 

 

Figure 4.21. A box plot displaying the width distribution present across five 20mm line 

depositions 

 

Figure 4.22. A box plot displaying the height distribution present across five 20mm line 

depositions 

 

4.8.3 Constraints 

The 3D printer is made to weld in the X+ direction only due to the fixed position of the 

filler relative to the torch. Though this constraint is simple, it is not commonly seen in 

other 3D printers, and therefore not supported by traditional slicers. Because of this, all 

G-Code has been procedurally generated, which greatly reduces the ability of the system 

to be used widely. 
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The fixed position of the filler relative to the torch creates a unique problem when 

printing objects. Ideal conditions occur when the filler is deposited right into the center 

(hot spot) of the arc. When the torch approaches an existing deposition, however, the arc 

will slightly deflect toward it, moving the hot spot. Since the filler is held rigidly, this 

causes a less-than-ideal deposition. This effect could also be countered by improving on 

slicer tool path generation to account for the existence of metal structures during 3D 

printing. 

4.8.4 Cost Analyses 

The majority of commercial metal 3D printers are based on laser sintering or binder 

jetting technologies (Table 4.4, 4.5). WAAM systems are often integrated into the 

manufacturing process of the production chain, where the produced parts must undergo 

additional post-processing. For example, high WAAM deposition rates and CNC 

precision are usually combined to reduce lead times and provide high flexibility in 

manufacturing processes. The printer explored in this paper offers a highly flexible 

environment at an average cost savings of 98% over commercial alternatives. 

 

Table 4.4. Commercial metal 3D printers 

Model Technology Volume, 

mm 

Print 

System 

Part 

Weight

, kg 

Resolution

, μm 

Material Software Price, 

USD 

Desktop 

Metal 

Studio 

System+ 

[61] 

Bound metal 

deposition 

300x200x20

0 

Dual 

extrusion 
– 1 

metal, 1 

ceramic 
interface 

media 

6.5 50/100-220 

17-4 PH, 

AISI 4140, 

H13, 316 
L, Copper, 

Inconel 

625 

Fabricate 
$60,000-

$160,000 

Markforge

d Metal X 

[61] 

Atomic 
diffusion 

additive 

manufacturin

g (ADAM) 

300x220x18

0 

2 

Nozzles 
– Metal 

Material 

and 
Support 

Release 

10 50-200 

17-4 PH 
Stainless 

Steel, Tool 

Steel 
(H13, A2, 

D2) 

Titanium 
Ti6Al4V, 

Inconel 

(IN) 625, 
Copper, 

Aluminum 

(6061, 

7075) 

Eiger $99,500 

Arcam 

Spectra H 

[61] 

Electron 

beam melting 

(EBM) 

⌀250x430 
Electron 

Beam 
— 50 

Ti6Al4V, 

TiAl, 
Nickel 

alloy 718 

— 
$100,000-

$250,000 
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Trumpf 

TruPrint 

1000 [61] 

Selective 
laser melting 

(SLM) 

⌀100x100 
Fiber 

laser 
— 10-50 

Stainless 
steels, tool 

steels, and 

aluminum, 
nickel 

basis, 

cobalt-
chrome, 

copper, 

titanium or 
precious 

metal 

alloys, 
amorphous 

metals. 

TruTops 

Print 

$170,000-

$300,000 

EOS M 100 

[61] 

Direct metal 

laser sintering 

(DMLS) 

⌀100 x 95 
Yb-fiber 

laser 
— 40 

Aluminum

, cobalt 

chrome, 

nickel-

based, 
refractive 

metal, 

stainless 
steels, tool 

steels and 
titanium 

alloys. 

EOSPRINT

, EOS RP 

Tools 

$350,000 

3D Systems 

ProX DMP 

300 [61] 

Direct metal 
laser sintering 

(DMLS) 

250x250x33

0 

1,070-
nm fiber 

laser 
— 20/100 

Cobalt-

Chrome 
(CoCr), 

Stainless 

Steel 17-4 
PH, 

Maraging 

Steel, 
Aluminum 

Alloy 

AlSi12 

3DXpert $680,000 

Desktop 

Metal 

Production 

[61] 

Binder jetting 
337x337x33

0 

SPJ, 2 

powder 

spreader
s and 1 

print 

head 

— 50 

17-4 PH, 

AISI 4140, 

H13, 316 
L, Copper, 

Inconel 

625 

Fabricate $750,000 
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Table 4.4. Open-Source Metal 3D Printers 

Model Technology Volume, 

mm 

Print 

System 

Part 

Weight, 

kg 

Resolution, 

μm 

Material Software Price, 

USD 

Freemelt ONE 

[62] 

Electron 
beam 

melting 

(EBM) 

⌀100x100 
6kW 

CO2 

Laser 

— — — 
Freemelt 

ONE 
— 

Open-source 

metal 3-D 

printer v2 [25] 

Gas-Metal 
Arc 

Welding 

(GMAW) 

— 

Low-cost 

MIG 

Welder 

— 

~2000 

500 

Aluminum 

alloys. 

 Steel, 
Stainless 

steel 

Cura/MOST 

Metal 

Cura/Franklin 

<$2000 

FabMX (under 

development) 

[63] 

Metal 
injection 

molded 

(MIM) 
pellet Fused 

Deposition 

— — — — — — — 

Low-Cost TIG-

based Open 

Source Metal 

3-D Printer 

(this paper) 

Gas-

Tungsten 

Arc 
Welding 

(GTAW) 

298 x 275 

x 250 

Low-cost 

TIG 

Welder 

5 kg 100 - 400 

Mild Steel, 

Aluminum, 
Bronze, 

Brass, 

Stainless 

Steel 

Lightning $2848.41 

 

4.8.5 Future Work 

The machine explored in this paper represents a minimum viable product ready to evolve 

into a flexible and ubiquitous platform for metal 3D printing. The following steps are 

recommended to further the capabilities of this machine: 

• Increase the resolution by attempting depositions using finer input materials. 

• Characterize the machine using additional material types, such as aluminium and 

bronze. 

• Implement multiple extruders to allow for in-situ alloying. 

• Implement a rotating extruder to allow for any direction of printing/traveling 

combination. 

• Implement further measures to reduce probability of EMI effecting the system. 

This could be done by creating a new control board with better filtering 

capabilities. Additionally, modifying the stock firmware of the printer to use 

Parity bits during communication can increase the robustness of the channel. 
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• Create or modify a slicer to work with the unique constraints of the machine 

• Create a 2 degree-of-freedom mechanism that can control the position of the 

filler. Linking this to sensory feedback such as light and sound can create a 

closed-loop control system which can actively adjust the filler position in-situ. 

4.9 Conclusions 

The novel TIG-based metal 3D printer offers a unique platform for prototyping metal 

objects. At a cost savings of 98%, the technology offers an affordable solution for 

researchers and makers alike to generate custom metal prototypes without knowledge of 

machining. With a Z resolution of 0.2mm and X resolution of 1.8mm, the machine is 

capable of prototyping high-resolution and strong objects. 
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5 Particle Swarm Optimization of Printing Parameters 
for Open Source TIG-Based Metal 3-D Printing 

5.1 Introduction 

Rapid prototyping of metal objects is normally contracted to a manufacturing service 

[1,2] due to the prohibitively high cost of owning a metal 3-D printer of the 

commercialized varieties, which include: bound metal deposition (BMD),  , atomic 

diffusion additive manufacturing (ADAM), laser metal fusion (LMF), electron beam 

melting (EBM), direct metal laser sintering (DMLS), binder jetting, single pass jetting, 

selective laser sintering (SLS)  or selective laser melting (SLM) machines [3]. Costs 

range from >$60,000 USD for bound metal deposition to $750,000 USD for single pass 

jetting [3]. High component costs such as a 1000W laser source [4], hazardous materials 

and the concomitant safety equipment [5] render SLS and the other high-resolution 

powder metal-based 3-D printing methods unsuitable to be implemented as low-cost open 

source solution for distributed metal additive manufacturing (AM). The scientific 

community has pursued alternative metal-based additive methods. These methods include 

a version of BMD using fused filament fabrication (FFF)-based 3-D printing polymer 

filament with a high metal powder density, which behaves more like plastic [6]. Then this 

polymer-metal composite is treated at high temperatures and sintered [7- 9]. This process 

makes metal products, but suffers from challenges related to porosity, dimensional 

accuracy and strength of the final parts [7,8]. Thus, most of the efforts in low-cost metal 

AM have centered around the utilization of metal inert gas (MIG) or gas metal arc 

welding (GMAW)-based wire arc additive manufacturing (WAAM). MIG-based 3-D 

printing [10] was developed on open source self-replicating rapid prototyper (RepRap)-

class 3-D printers [11-13] and has been predominately used since the deposition 

mechanism for WAAM because it is analogous to plastic filament extruders and can be 

made compatible with existing open source FFF slicers [10,14,15]. After considerable 

progress related to WAAM-specific alloy development [16], monitoring [18-20], 

substrate release mechanisms [21,22], and process improvements and slicing [14] 

GMAW-based 3-D printers are capable of near-net-shape depositions [14, 23-28], but 

print at resolutions much worse than SLS [23-28]. Although GMAW-based 3-D printing 

can make high quality metal parts, there is a fundamental limitation of the technique 

because the current is passing through the metal filament. As the filament diameter 

decreases first the weld bead and horizontal resolution improve, but as it continues to 

decrease the filament becomes mechanically unstable and ‘wags’ during welding actually 

increasing the size of 3-D printed line. 

Another promising approach to obtain high-resolution high-quality metal components is 

based around tungsten inert gas (TIG) welding, as it is theoretically capable of low-

splatter, low energy, and high resolution [29,30]. Though despite the advantages of TIG 

welding, print performance of existing systems have resolutions from 6.8 mm [31] to 7.7 

mm [32], which is not nearly high enough for most desired applications such as printing 

structural fixturing [33-36], for replacing other high temperature AM materials [37-41], 

and robotics systems [42-45]. The open source TIG-based 3-D printing system (TIG-Bot) 

used in this study is made to be low-cost by adapting an existing commercial open-source 
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Rep-Rap 3-D printer by adding an end effector made for varying filler diameters allowing 

for increasingly finer resolutions with a standard TIG welder.  

One reason for the slow approach towards better resolution for WAAM in general is the 

vast number of parameters involved in the manufacturing process. For TIG AM this 

includes: type of material and diameter of feedstock, feed rate, extrusion rate, gas flow 

rate, type of cover gas, standoff distance, tungsten distance, tungsten tip geometry, torch 

angle, feed angle, welding current, and arc frequency [46-48]. 

Even when isolating a single feedstock (material and diameter), the permutations 

involved in TIG-based 3-D printing create a vast and complex processing space, which 

has historically required substantial time investments to identify optimal 3-D printing 

parameters [49-51]. Fortunately, optimization problems like this can be simplified by 

leveraging computational intelligence methods, which have matured substantially in the 

last several years and will result in a substantial savings in time and material [49]. 

In this article, free and open source software called PSO Experimenter is utilized to find 

optimal printing parameters for the open source TIG-Bot [49]. The software is a GUI 

implementation of the particle swarm optimization (PSO) method [52], designed 

specifically for hardware-in-loop testing (typically PSOs are used in numerical analysis 

problems, but this software is designed to optimize physical systems). PSO Experimenter 

allows for the input of experimental variables and their respective ranges, and then will 

propose iterations of experiments. A custom fitness function is defined to characterize the 

experimental result and provide feedback to the algorithm. Three separate trials are 

carried out to find optimal parameters. First, an experiment is designed to deposit and 

optimize parameters for a single line. Second, an experiment is carried out to optimize 

parameters for a single layer plane. Then, an experiment will be performed to find 

optimal printing parameters for a cube. Finally, to demonstrate the robustness of this 

open hardware and software, the identified optimized printing parameters are used to 

fabricate a useful product. The results are presented and discussed in the context of 

expanding WAAM to more systems and material class for distributed digital 

manufacturing. 

5.2 Materials and Methods 

5.2.1 Open Source TIG-Bot 

The TIG-Bot is an open source Lulzbot Taz 4 [53] outfitted with a custom TIG welding 

end effector. In addition, a specialized bed is added to allow ease of fixturing, as well as 

to electrically isolate the welding system and dissipate excess heat. Since the TIG welder 

employs a high-frequency start mechanism, which generates large amounts of 

electromagnetic frequencies (EMFs) [54], the TIG-Bot must be housed in a full-metal 

Faraday cage [55]. Detailed specifications can be found from [56]. 
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Figure 5.1: The open source TIG-Bot inside of a Faraday cage. 

The TIG-Bot can work with any open source Marlin [57] compatible control software, 

but for this study a lightweight C++ based software called Lightning v1.0 is used to 

control the tests. Lightning is free and open source software available at the Open 

Science Framework [58]. The tool employs a basic library for sending and receiving G-

Code commands, and can be quickly modified to execute parametric G-Code. This allows 

for rapid testing and substantial flexibility in machine control. 
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Figure 5.2: A screenshot of the Lightning control interface. 

The welder being used is an TIG-165S [59], chosen for its low cost (<$200USD), low 

power settings, and high-frequency start mechanism. Though the high-frequency start 

causes problematic noise, it prolongs the lifespan of the tungsten electrode since it does 

not have to scratch start [60].  

2% Ceriated (with Cerium) 1/16” (1.6mm) Tungsten electrodes [61] are used, along with 

0.024” (0.6mm) mild steel MIG wire [62] as filler material. The tests will be carried out 

on 0.25” (0.64mm) mild steel substrates. 

5.2.2 PSO Experimenter 

PSO Experimenter [63] is a free and open source GUI interface software developed in 

QtCreator [64] that allows for the generic application of the PSO algorithm. The software 

has three main pages: 

1) Particles – Particles allows for the viewing of different iterations of particles. Each 

particle represents a set of test parameters to be executed, and iterations occur as the 

particles “move” during their optimization process. Additionally, the fitness value (a 

measurement of success for the test) for each particle is entered in this screen. In this case 

the test parameters are related to the process parameters of the OS TIG-Bot 

2) Experimental Variables – This screen is used in the initial configuration of the 

experiment.  It allows for new variables to be created with names and minimum and 

maximum value. These variables can be integer only or constrained to a single value. 

Additionally, an initial guess can be input to help narrow down the initialization pattern 
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to cut down on optimization time. The minimum, maximum, and constraint value can be 

changed at any time during the testing process, allowing the user to alter conditions as 

needed. 

3) PSO Variables – This screen contains all of the pertinent parameters for PSO 

operation, as detailed in Table 5.1. 

Table 5.1: Main parameters for tuning PSO behavior. 

Variable Description 

𝑁𝑃 Number of particles to optimize with 

𝑃𝐼 Proximity particle positions are initialized from the initial 

guess 

𝑘𝑣 The emphasis given to the velocity of the particle 

𝑘𝑝 The emphasis given to a particle’s personal best position 

𝑘𝑔 The emphasis given to the swarm’s group best position 

 

 

Figure 5.3: A screenshot of the variable entry screen of PSO Experimenter. 

5.2.3 Process Variables 

There are two types of variables that will be discussed in this section: fully constrained 

values and experiment parameters. The fully constrained values are variables that are 

known to effect weld quality, but for this set of experiments will be held constant. Their 

values are either found from the literature or initial experimentation and are summarized 

in Table 5.2. 
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Table 5.2: List of fully constrained values. 

Variable Description Value 

Torch Angle The angle which the TIG torch is held relative to the 

substrate 

93° 

Filler Angle The angle which the filler material is fed relative to 

the substrate 

15° 

Pulse Rate The pulse rate effects the distribution of the arc ~10% 

Gas Flow Rate The cover gas flow rate 40 CFH 

 

The experimental parameters are found from a combination of literature review and 

initial experimentation and are shown in Table 5.3.  

Table 5.3: List of experiment parameters values and ranges. 

Variabl

e 

Min Max Guess Int? Description 

𝐼 10 22 19 True Welder current 

𝑉𝑃 250 mm/s 350 mm/s 245°C True End effector movement rate 

𝐹 100% 160% 130% False Extrusion flow multiplier 

𝐻 0.5mm 2mm 1.1mm False Z-height 

𝑆𝑌 1mm 2mm 1.7mm False Y-line spacing 

𝑆𝑍 0.5mm 1mm 0.6mm False Z-line spacing 

 

5.2.4 Test structures 

The three test structures are a line, plane and cube and are shown in a G-code rendering 

and image of a non-optimized metal 3-D print in Figure 5.4. 
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a. b. c. 

 
d. 

 

e. 

 
f. 

 

Figure 5.4. G-code rendering of a) a line, b) plane and c) rectangular prism and image of 

an optimized metal 3-D print for the d) line, e) plane and f) rectangular prism. 

5.2.5 Line Optimization Test 

The line optimization test entails attempting to deposit a singular 16 mm bead of weld 

along the X-axis. Given this test consists of a sole line, the parameters 𝐼, 𝑉𝑃, 𝐹, 𝐻 will be 

optimized. The quality of the weld is characterized by the physical dimensions of length 

(𝑙) accuracy, width (𝑤) accuracy, width consistency and height (ℎ) accuracy. where 

accuracy is defined in equation 1, and consistency is defined in equation 2. Additionally, 

a failed weld will be penalized with a non-zero 𝐼 (incomplete) score (assigned an integer 

value of 1 for 80 completion, 2 for 60% completion, and so on) The fitness of the 

extrusion is characterized by a weighted sum of the physical measurements in equation 3. 

The weight values are set according to expert opinion, and the comparison values are set 

from initial testing to understand reasonable expectations. 

𝐴(𝑋𝑚, 𝑋𝑑) =  
|𝑋𝑚−𝑋𝑑|

𝑋𝑑
  …  (1) 

Where 𝑋𝑚 is the measured value (or in some cases the averaged measured value), and 𝑋𝑑 

is the desired value. 

𝐶(𝑋𝑚1, 𝑋𝑚2 … 𝑋𝑚𝑛) =  𝑎𝑣𝑔𝑑𝑒𝑣(𝑋𝑚1, 𝑋𝑚2, … , 𝑋𝑚𝑛)  … (2) 
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𝑓𝑙𝑖𝑛𝑒 = 0.4𝐶(𝑤𝑚1, … , 𝑤𝑚5) + 0.3𝐴(𝑤𝑎𝑣𝑔, 1.5𝑚𝑚) + 0.15𝐴(𝑙𝑚, 16𝑚𝑚) +

 0.15𝐴(ℎ𝑚, 0.5𝑚𝑚) + 𝐼 … (3) 

5.2.6 Plane Optimization Test 

The plane optimization test entails attempting to deposit three 8 mm parallel lines with 

varying spacing. For this test, the initial guess for values will be the best fitness value 

from the line optimization test. All the parameters from the line test can still be altered / 

optimized, with the addition of 𝑆𝑌. The quality of the weld is characterized by the 

physical dimensions of length (𝑙) accuracy, width (𝑤) accuracy, height consistency and 

height (ℎ) accuracy. The fitness of the extrusion is characterized by a weighted sum of 

the physical measurements in equation 4. 

𝑓𝑝𝑙𝑎𝑛𝑒 = 0.4𝐶(ℎ𝑚1, … , ℎ𝑚5) + 0.3𝐴(𝑤𝑎𝑣𝑔, 4𝑚𝑚) + 0.15𝐴(𝑙𝑚, 8𝑚𝑚) +

 0.15𝐴(ℎ𝑚, 0.25𝑚𝑚) + 𝐼 … (4) 

5.2.7 Rectangular Prism Optimization Test 

The final test involves depositing three consecutive 3-line wide layers stacked along the 

Z-axis. This test optimizes all parameters in Table 5.3. The optimization function for the 

prism test will be defined as the same function for the plane optimization, equation 4. 

5.3 Theory/Calculation 

5.3.1 Particle Swarm Optimization Summary 

Banks, Vincent & Anyakoha [52] summarize how PSOs operate by accepting a 

description of the sample space, variables and their ranges, and iteratively proposing 

candidate solutions (particle positions) for the optimum position in the space. First, each 

particle in the swarm is initialized according to a uniform distribution in the sample 

space. The variables in the space represent experimental configurations that must be 

tested and characterized. Characterization depends (within the context of hardware-in-

loop testing) on the desired outcome of the experiment, and user’s expert on their 

priority. Each feature of the outcome must be quantified and plugged into a defined 

fitness function to generate a score for the fitness of the particle. After each particle has 

been tested, the particle will adjust its position based on 4 factors -it’s velocity (it will 

tend towards the direction it was previously heading), personal best fitness, group best 

fitness, and random variables multiplying each previously stated component. The 

algorithm can be run until a desired fitness threshold is met, or for a fixed number of 

iterations. The PSO operation summarized in Figure 5.5. 
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Figure 5.5. The general workflow for PSO. 

5.3.2 TIG Welding Theory and Variables 

The TIG-165S is used as the welder for the TIG-Bot and employs a high frequency start 

[59]. Such welders with a high frequency start will first ionize the air by charging the 

tungsten with a high frequency pulse, causing the air-path between the tungsten and 

substrate to ionize, reducing resistance and allowing for the high current arc to start [60]. 

Additionally, during the arc process a solenoid valve is opened, allowing for cover gas to 

flow. 

The arc generated by the torch holds a conic pattern defined by the tungsten geometry, 

cover gas flow rate, and Z-height. Within the arc distribution is a higher intensity zone 

referred to as “the hot spot”, where filler should be applied. The location of this hot spot 

can be altered on the TIG-Bot by adjusting the torch angle. Additionally, the feeder tube 

can be rotated about the Z axis to better position the filler into the hot spot. Adjusting the 

Z-height upwards causes the arc to become more sporadic and the heat input to increase, 

which decreases weld quality. Decreasing the Z-height, however, increases the 

probability of touching the tungsten to the weld pool, leaving it contaminated. The Z-

height used is 1mm. 



145 

 

Since the optimization is being performed on mild steel, C-25 (75% argon, 25% carbon 

dioxide) is used as the cover gas. The cover gas is an inert gas that prevents the freshly 

deposited metal from corroding, creating a more difficult surface to weld to [65]. The 

flow rate should be set at a value that yields low corrosion and then kept constant. The 

flow rate used was 130%. 

Finally, movement rates and extrusion rates are closely coupled in that they work 

together to effect weld consistency, height, and width. 

 

Figure 5.6. A schematic labeled representation of the extrusion mechanism of the TIG-

Bot 
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5.4 Results 

5.4.1 Line Optimization 

The line trial was able to optimize from a fitness of 0.43 to 0.22 after 6 iterations. The 

optimization performance can be viewed in Figure 5.7. The ideal parameters for printing 

lines are listed in Table 5.4 column 3. 

a. 

 

b. 

 

Figure 5.7: Performance of PSO on line tests a. Total best fitness b. Particle fitness over 

time 

Table 5.4: List of experiment parameters values and ranges. 

Variable Description Line Value Plane 

Value 

Cube Value 

𝐼 Welder current 15 A 20 A 20A 

𝑉𝑃 End effector movement 

rate 

259 mm/s 311 mm/s 295 mm/s 

𝐹 Extrusion flow multiplier 159% 100% 128% 

𝐻 Z-height 1.21 mm 1.2 mm 1.5mm 

𝑆𝑌 Y-line spacing NA 1.68 mm 0.5mm 

𝑆𝑍 Z-line spacing NA NA 0.36mm 
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5.4.2 Plane Optimization 

The plane trial was able to optimize from a fitness of 0.26 to 0.18 after 6 iterations. The 

optimization performance can be viewed in Figure 5.8. The ideal parameters for printing 

lines are listed in Table 5.4 column 4. 

a. 

 

b. 

 

Figure 5.8: Performance of PSO on plane tests a. Total best fitness b. Particle fitness over 

time 

 

5.4.3 Prism Optimization 

The plane trial was able to optimize from a fitness of 0.32 to 0.16 after 5 iterations. The 

optimization performance can be viewed in Figure 5.9. The ideal parameters for printing 

lines are listed in Table 5.4 column 5. 

a. 

 

b. 

 

Figure 5.9: Performance of PSO on prism tests a. Total best fitness b. Particle fitness over 

time 
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5.5 Discussion 

5.5.1 Particle Swarm Optimization Effectiveness 

The particle swarm optimization was able to produce parameters that yielded a minimum 

Z resolution of 0.3mm and line resolution of 1.7mm in 6 iterations of 5 particles. A total 

of 30 tests at ~5 minutes per test yields a total optimization time of 2.5 hours. This rate is 

substantially faster than guided-guessing or matrix tests. For instance, if the line test were 

carried out as a matrix parameter sweep, with 4 variables divided into 5 increments, 

would create 625 tests and take 52 hours. Even if the proposed matrix test was ran, the 

granularity of the search may prohibit from finding true optimums. 

5.5.2 Limitations and Future Work 

The largest constraint of the TIG-Bot machine that it is bound to depositing in one 

direction only (along the positive X axis). There is potential that optimizations could be 

ran along the Y axis to find ideal parameters for each direction. However different per-

direction parameters will greatly increase the difficulty of implementing a custom slicer. 

An additional constraint is that the filler of the machine is not capable of moving relative 

to arc deflections. Creating a system which monitors arc quality and actively adjusts the 

filler angle cold be use to increase surface uniformity [66]. 

The only material explored in this manuscript is mild steel, however TIG is capable of 

depositing with a wide range of materials including aluminum and bronze [66]. 

Additional experiments can be devised using the method detailed in this manuscript to 

optimize and expand the capabilities of the TIG-Bot. 

Additionally, new experiments can be devised using increased particle counts, iterations, 

and variables to potentially optimize further. A key variable that may prove impactful is 

allowing for minor adjustments on the gas flow, which will affect porosity [66] 

5.5.3 Implications for Distributed Metal Additive Manufacturing 

Distributed AM is already maturing in plastic 3-D printing [67-68] and a high resolution 

low-cost metal 3-D printing has a wide range of applications from repairing complex 

products [69], making high-value scientific equipment [15, 70-71], high temperature, 

chemically resistant, high strength, dishwasher safe, sterilizable medical equipment, etc.  

5.6 Conclusions 

PSO Experimenter was used to identify sets of ideal printing parameters for a TIG-Based 

Metal 3D Printer. After 3 test sets, parameters were acquired that can be used to print at 

resolutions of 0.36mm (in the Z axis). Though the resolution of the printer theoretically 

high-detailed depositions, the machine is severely hindered by a lack of slicing software 

which can accommodate the unique constraints of the machine. 
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6 Conclusions 

6.1 General Conclusions 

Many of the component parts of this dissertation can act as useful tools for researchers to 

optimize, automate, and understand a wide range of processes. The TIG-based metal 3D-

printer has demonstrated potential to create solid and ductile depositions, however it is 

severely hindered by a lack of a compatible model slicer. 

6.2 Conclusions on Finding Ideal Parameters for 3-D 
Printing Using Particle Swarm Optimization 

Despite the GigaBotX’s complexity and inconsistency paired with the difficult thermal 

properties of LDPE, PSO Experimenter was definitively able to optimize the process 

settings. PSO Experimenter can be used for substantial time savings in optimizing any 

process (compared to parameter sweeps) 

6.3 Conclusions on Open Source Framework for a 
Broadly Expandable and Reconfigurable Data 
Acquisition and Automation Device (BREAD) 

BREAD as a framework and system have been proven as a flexible system for data 

acquisition and process automation. When compared to commercial systems, BREAD is 

substantially less expensive, and for many cases available in literature, just as well suited. 

6.4 Conclusions on Low-Cost Open Source TIG-Based 
Metal 3-D Printer 

The TIG-Based Metal 3D printer is an easy-to-adapt and low-cost system to commercial 

componentry. Utilizing TIG welding as the deposition methods provides capabilities of 

depositing a wide range of materials. Though Lightning supplied a flexible and efficient 

tool for characterization, the system requires a customized slicer for creating complex 

models. 

6.5 Conclusions Particle Swarm Optimization of Printing 
Parameters for Open Source TIG-Based Metal 3-D 
Printing 

PSO Experimenter was used to identify sets of ideal printing parameters for a TIG-Based 

Metal 3D Printer. The printer can practically deposit at resolutions of 0.36mm (in the Z 

axis).  
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