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I. INTRODUCTION 

 In this project, the concept of structural electronics, or structronics, was investigated.  
Structronics seek to build wiring and electrical interconnects directly into component structures 
to diminish the need for structural fasteners.  A MakerBot Cupcake Computer Numerical Control 
(CNC) [1] was used to investigate the fabrication of plastic structures by printing, and a Fujifilm 
Dimatix Materials Printer (DMP) [2] was used to create flexible Printed Circuit Boards (PCBs).  
After developing processes to make these machines easier to use, others in the lab will be able to 
utilize them to develop structures with integrated electronics. 

II. MAKERBOT CUPCAKE CNC 

 The MakerBot Cupcake CNC (shown in Figure 1) is a Three-Dimensional (3-D) printer 
sized and priced for use by hobbyists.  It is used to print plastic models of objects drawn using a 
3-D Computer-Assisted Design (CAD) program.  This machine is of interest to the structronics 
project because it provides the ability to prototype a design very cheaply without leaving the lab.  
The processes developed for using the MakerBot are essential to the continuation of the lab’s 
work of developing in-house prototypes with integrated electronics. 

 

Figure 1.  The MakerBot Cupcake CNC Uses GCode Machine Code  

  The printer works by slicing each model into layers, working from the top of the object to 
be printed to the bottom of the object to be printed.  Then, it uses the layers to generate GCode, 
which is a machine code that tells the machine where it needs to deposit plastic on the build 
platform to print the object layer-by-layer.  After generating GCode, the build process can be 
executed directly from the computer used to slice the model, or by saving the file to a Secure 
Digital (SD) card, it can be executed with no computer connected to the machine.  During the 
build process, Acrylonitrile Butadiene Styrene (ABS) filament is pushed through a nozzle heated 
to 220 °C in much the same way as a hot glue gun is used to extrude glue.  The extruder travels 
along the path defined by the GCode, leaving behind plastic to build the desired model. 
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 All models from this investigation are found on the Thingiverse web site [3].  Thingiverse 
is a site created by MakerBot Industries, where MakerBot operators can publish their models and 
the files necessary to print copies of their models.  The design of models for printing was not an 
attainable goal for this investigation because the time required learning Blender (a 3-D modeling 
software) was too long to fit within the time limit of the Science and Engineering Apprenticeship 
Program (SEAP) experience.  The models used were chosen to investigate four areas of 
capability with the MakerBot as follows:  

 Maximum size of models 
 Minimum feature size of models   
 Hollow object printing 
 Precision 

 A. Maximum Size of Models 

  The first test performed sought to determine the maximum size of a model printed with 
the MakerBot.  The test used a standard 3-D printing test print called the Stanford bunny, as 
shown in Figure 2.  The bunny is a model from a repository of 3-D scans made by Stanford 
University and measures 89.42 millimeters tall by 75.95 millimeters wide with a depth of 49.66 
millimeters.  Height was a limiting factor when printing this model because any attempt to make 
the object taller than 95 millimeters would be unsuccessful because the extrusion tool would 
collide with the top of the machine.  The width of the object was also on the verge of being too 
wide for the machine to handle.  All of the 3-D models are printed on a surface called a raft, 
which makes objects easier to remove from the printer and serves to prevent failure of an entire 
print if Z-axis misaligns during printing.  Objects wider than 85 millimeters cannot be printed 
because the raft will not fit on the build platform.  While the object size is limited for each print, 
it is possible to divide objects into several smaller prints and put them together with adhesive or 
design the parts to snap together. 

 

Figure 2.  Stanford Bunny Model  
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 B. Minimum Feature Size of Models 

  The second test performed was to show the minimum feature size achievable on a 
plastic model made on the MakerBot.  The test used a small figure of a National Aeronautics and 
space Administration (NASA) space shuttle called a space orbiter, as shown in Figure 3.  It 
measures 52.45-by-54.48-by-16.11 millimeters.  The model shows the minimum feature size 
attainable on the MakerBot with its three thin wings.  The wings measured only 2.57 millimeters 
at their thickest point, and the smallest of them is only 5.85 millimeters tall.  

 

Figure 3.  Space Shuttle Model  

  While features as small as these wings are attainable on the MakerBot, they are not 
always successful on the first try.  Features that are small in one dimension must usually be 
larger in another dimension to compensate for the hot extruder on the device.  For example, a 
structure that has a small width must have a broader depth so that the extruder does not stay in 
the same area for too long and burn the plastic.  

  The tests during this investigation were performed using a 3-millimeter ABS filament.  
MakerBot Industries also supplies a 1.75-millimeter ABS filament, which would make the 
achievement of a smaller minimum feature size possible.  The material has been acquired, but it 
was too late to investigate in this time frame. 

 C. Hollow Object Printing 

  The third capability developed with the Makerbot is the ability to print objects with 
open spaces in their center.  Hollow objects are difficult with 3-D printers because of the nature 
of an additive building process.  It is impossible to deposit melted plastic into the air and have it 
stay in place, but objects can be made that are hollow given proper planning.  One model that 
shows this is the hollow pyramid model, as shown in Figure 4.  It measures 36.78-by-36.74-by-
32.65 millimeters.  By making the sides less than a 45-degree angle, the overhangs made by the 
printer assures that the upper parts of the model do not fall, which makes it possible to print 
models with open spaces. 
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Figure 4.  Hollow Pyramid Model  

 D. Precision of Mechanical Parts 

  The fourth capability of the MakerBot to be tested is precision printing.  The goal of 
making printed parts that fit together is elusive. With the MakerBot, a product can be created that 
is broken down into several smaller parts for easier printing or to allow for moving parts, such as 
hinged arms.  Two designs of very similar models were created to test this capability.  The iris 
box model (shown in Figure 5) is a cylindrical box designed to open by twisting the top of the 
box, which should allow the shutters that seal the box to rotate outwards and reveal the contents 
of the box.  The measurements for the model parts included the iris box lid (69.84-by-7.22 
millimeters), shutters (29.7-by-34.53-by-4.57 millimeters), and pegs (5.15-by-27.54 millimeters).  

 

Figure 5.  Iris Box Lid, Shutters, and Pegs  
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  The top ring is printed first and set aside.  Next, the five shutters that will compose the 
lid of the box are printed either individually or in an array, depending on how large the box is 
going to be.  An array of pegs and a hollow cylindrical base are then printed and assembly 
should be possible.  In these tests, however, the pegs printed by the MakerBot did not fit the rest 
of the parts.  The problem with printing the pegs is that the hot extruder head stays in one area 
too long and causes plastic to melt post-extrusion.  This causes the pegs to be irregularly shaped 
and not fit into the holes printed into the other parts of the model. 

  While the MakerBot is unable to print small objects like pegs that fit exactly where they 
are supposed to fit, it is capable of printing parts that fit together.  A candy dispenser was 
produced that utilized dovetail joints to fit pieces together.  The dispenser was divided into four 
prints—the base, the inside slider, the hopper, and the lid.  The slider sits inside of the base with 
its handle protruding to the outside of the base.  When the handle is pulled, the hole in the slider 
lines up with a hole in the bottom of the hopper, and a candy falls into the space.  A spring 
pushes the slider back to its original position, sending the candy through the middle of the base 
and out of a hole in the bottom. 

  A new extruder and the next generation of MakerBot electronics have been ordered and 
partially assembled, but testing the new equipment did not fit within the time constraints of the 
project.  The new extruder features a 0.4-millimeter nozzle and the ability to use the  
1.75-millimeter filament.  It also features a stepper motor to drive the extrusion.  The new 
hardware is expected to give the MakerBot the ability to print with greater precision. 

  Appendix A provides a more detailed user instruction set for use of the Makerbot 
Cupcake CNC printer, Appendix B details the estimated time required to print each of the 
objects, and Appendix C provides an estimate of material and cost to extrude the previous plastic 
samples. 

III. THE DMP 

 The DMP-2831 (shown in Figure 6) deposits fluidic materials on flexible substrates by 
using a piezoelectric inkjet cartridge.  It can print patterns in a 200-by-300 millimeter area on 
substrates up to 25 millimeters thick.  The platen features a vacuum to keep substrates stationary 
during printing.  The temperature of the substrate is also controlled by the platen, which can be 
adjusted up to 60 ˚C.  The printhead is a Micro-ElectroMechanical Systems (MEMS)-based 
cartridge that must be filled with the desired ink manually.  The cartridges have a capacity of 1.5 
milliliters, and each cartridge has 16 nozzles with drop sizes of 1 to 10 picoliters. 
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Figure 6.  DMP-2831 Materials Printer 

  In this investigation, cartridges were filled with Dimatix model ink fluid, Intrinsiq copper, 
and Sigma-Aldrich silver inks.  The Dimatix model ink fluid was used to develop a method for 
running the printer that would result in the most accurate prints.  

The first step of the procedure was to fill a Dimatix cartridge with filtered ink.  The 
cartridge was filled by using a syringe to extract 2 milliliters of ink from its storage bottle.  The 
needle of the syringe was removed, and a 0.45-micron syringe filter was installed between the 
reservoir and the needle.  The needle was then replaced, and the ink was filtered as it was 
injected into the cartridge.  Finally, the cartridge was inserted into the machine and left stationary 
for 30 minutes to allow time for any air bubbles to be reabsorbed into the solution.  

 After the waiting period, the nozzles on the printhead were calibrated.  Each nozzle on the 
DMP is an individually controlled piezoelectric device, and adjusting the voltage received by 
each of the 16 nozzles is key to uniform drop development.  The voltages were adjusted using 
the Dimatix Drop Watcher program.  The nozzles default to 16 volts each.  This level was 
increased 1 volt at a time until drops began to form and fall from the nozzles.  Then, each nozzle 
was adjusted individually with the goal being for all drops to move at the same speed.  As the 
voltage applied to the nozzle was increased, the drops moved more quickly.  As the voltage 
applied to the nozzle was decreased, the drops moved more slowly.  All nozzles were calibrated 
using the eighth nozzle as the guide.  After the nozzles were calibrated, Hewlett Packard (HP) 
photo paper was placed on the platen, and the patterns could be printed. 
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 A. Dimatix Model Fluid  

  The Dimatix model fluid was the first ink tested.  Black, non-conductive ink was used 
to learn how to use the DMP.  The first test was done with all nozzles at 19 volts.  This resulted 
in a blurred pattern with large, irregular ink drops due to an excess of ink being deposited.  The 
second test was done after calibrating the nozzles so that each fired at the same time and at the 
same speed.  Voltages sent to the nozzles after calibration ranged from 18.2 to 20 volts, as shown 
in Figure 7.  Accuracy increased immediately in response to calibrating the nozzles.  The pattern 
was clearer, and the drops deposited were more evenly dispersed; however, after calibrating the 
nozzles, they took longer to begin firing at the start of each line of printing.  To correct this, a 
line was added to the left of all future patterns.  In subsequent tests, this helped to prime the 
nozzles before printing the actual pattern. 

 

Figure 7. Cartridge Settings for Dimatix Model Fluid 

 B. Intrinsiq Copper Ink 

  The second ink tested was the Intrinsiq copper ink [4].  This was a conductive ink 
composed of nano copper, ethane, and butanol.  In the first test with this ink, the cartridge could 
not be filled following the standard procedure because the ink would not pass through the  
.45-micron syringe filter and into the ink cartridge.  The filter was removed in order to fill the 
cartridge.  After being loaded into the printer, the cartridge remained stationary for 30 minutes to 
allow time for any air bubbles to be reabsorbed into the solution.   
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  After the waiting period, drop formation was attempted using the Dimatix Drop 
Watcher software.  No drops formed in response to 16 volts, so the voltage was increased in 
increments of 1 volt.  While voltages were between 18 and 26 volts, drops formed but would not 
fall from the nozzle, as shown in Figure 8.  Increasing the voltages further caused ink to gather 
around the opening of each nozzle.  

 

Figure 8. Dimatix Drop Watcher Image of Intrinsiq Copper Ink 

  One of the possibilities for the failure of drop formation with the Intrinsiq ink is that it 
was an unfiltered fluid.  A second attempt at filtering the ink with a syringe and syringe filter 
was unsuccessful.  After this attempt, the fluid was sent to another lab to be filtered.  The ink 
passed through a .2-micron filter and was used in a second test.  Another cartridge was filled 
with the ink and left to wait for 30 minutes.  After that time, the Dimatix Drop Watcher software 
was used to produce ink drops before attempting to deposit it on the substrate.  As with the first 
test, no drops formed in response to varying voltages sent to the nozzles.  

  The failure of the Intrinsiq ink to form drops that would allow for deposition on a 
substrate means that the liquid is too thick to pass through the nozzles.  The surface tension of 
the fluid could also be a reason for the lack of success with this ink.  High surface tension would 
account for the fact that droplets formed at the head of the nozzle but never actually fell.  More 
tests should be performed after the ink has been successfully thinned. 
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 C. Sigma Aldrich Silver Ink 

  The third ink tested was a conductive silver ink from Sigma Aldrich [5].  The silver ink 
was injected into a cartridge following the standard procedure and underwent the waiting period 
of 30 minutes before drop formation was attempted.  Drop formation was partially successful.  
On 12 of the 16 nozzles, drop formation was a success.  Nozzles 1, 5, 11, and 16 would not fire 
accurately at any voltage.  For all printed tests, Nozzles 6 through 10 were the only nozzles used, 
as shown in Figure 9. 

 

Figure 9.  Cartridge Settings for Sigma Aldrich Silver Ink 

  Following successful drop formation, lines of varying sizes were printed.  The goal was 
to measure the resistance of each line and determine how line width affects resistance with 
circuits printed with silver inks using the Dimatix printer.  No data could be collected to show 
this, however, because the lines printed with the silver ink would not conduct electricity.  

  When examining the lines under a microscope, the reason silver ink does not conduct 
electricity becomes apparent—the Dimatix printer deposited the ink in bands. Thin bands of the 
ink are separated by spaces where there is no ink, resulting in the inability to allow a current to 
flow along the lines, as shown in Figure 10.  This could have been caused by nozzles beginning 
to misfire after exiting the Dimatix Drop Watcher software.  Altering the settings so that a 
cleaning cycle purges the nozzles during a print may help reduce the banding effect shown in this 
test. 
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  Figure 10.  Photo of Bands of Silver Ink Separated by Empty Space 

  Although the lines printed for this test were not able to conduct electricity, other 
patterns printed with the Sigma Aldrich silver ink were able to conduct electricity.  Lines, such 
as a spiral antenna, worked as they were supposed to and did not have the same problems with 
banding as the prints developed for the line-width resistance test, as shown in Figure 11.  These 
patterns were printed prior to printing the pattern for the line-width test, suggesting that a nozzle 
had begun to malfunction over time.  

 

Figure 11. A Spiral Antenna Printed with Sigma Aldrich Silver Ink 

  Appendix D provides additional photographs of ink prints with the previous model 
fluid and silver inks.  Appendixes E through G provide the Material Safety Data Sheets (MSDS) 
for model fluid and copper and silver inks used. 
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IV. CONCLUSION 

 With more testing, the integration of electronics into structural components is achievable 
with the lab’s current equipment.  The MakerBot Cupcake CNC can print prototypes, as long as 
they are designed such that no single print is larger than the area the extruder can travel.  
Metallic traces deposited on substrates by the Dimatix printer are viable for use as flexible PCBs 
and could be used to make a circuit board that goes around or inside of a prototype printed on the 
MakerBot. 
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I. ACQUIRE A 3-D MODEL TO PRINT 

 A. Make it yourself 

  Using software such as Blender, Google Sketchup, or OpenScad, make your own 
Three-Dimensionsal (3-D) model, and export it as an .stl file. 

 B. Get it from Thingiverse 

  Go to www.thingiverse.com and find hundreds of models made by other MakerBot 
operators.  These are excellent for testing your machine and fine-tuning your printing process. 

II. MAKE YOUR MODEL PRINTABLE 

 Open your .stl file in ReplicatorG. Most likely, the model will not be centered on the 
platform or laying flat on the platform. The position and size of the model can be changed using 
the menus on the right of the program screen. Large models can also be rotated to fit on the 
platform should they need to be printed diagonally. 

III. WARM UP THE MACHINE 

 Using the control panel in ReplicatorG, set the target temperature of the toolhead to 220 °C 
and the temperature of the heated build platform to 110 °C. After the toolhead has held a 
temperature of 220 °C for 10 minutes, run the extruder motor forward at 255 Pulse-Width 
Modulation (PWM) for 15 seconds to do a test extrusion. 

 Note: In ReplicatorG, the icon for the control panel is a pair of perpendicular lines 
terminating in arrows.  

IV. GENERATE GCODE 

 At the right side of the ReplicatorG program screen is the Generate GCode button. After 
pressing this button, choose the mk4 with heated build platform user profile.  

 Note: This profile does not work as is. To use it, go to your newly generated GCode and 
replace the start.txt at the beginning with the text from hbp_settings.txt on the desktop. 

V. POSITION THE BUILD PLATFORM 

 Before building and to avoid getting burned, move the build platform so that the extruder 
head is directly in the center of the platform by carefully holding the bottom of the build 
platform and moving it along the X- and Y-axes. Move the Z-axis to its starting position by 
grabbing the Z-axis belt at the rear of the machine’s top and pulling it to the left. For fine 
adjustment, use the Z-axis adjustment wheel at the front of the machine. The extruder head 
should sit about 1 millimeter above the build platform.  
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VI. BEGIN THE BUILD 

 Press the Build button in the top left corner of the program screen. The extruder will move 
up and perform a test extrusion. When plastic is no longer coming out of the extruder, remove it 
with a razor blade or pair of tweezers and continue. The extruder will move down and begin 
printing the raft that your finished model will sit on. Then, it will print your model on top. 

Note: The Z-axis usually does not move down far enough for the raft to be able to stick to the 
build platform. If the first line of the raft is not sticking, quickly but carefully use the fine 
adjustment knob to move the extruder down until plastic sticks to the platform. 

VII. BE PATIENT 

 Printing with the MakerBot CupCake Computer Numerical Control (CNC) machine must 
be monitored at all times so that the print can be aborted if anything begins to go wrong. This 
machine is far from perfect. It was designed to be a hobby for people who like to fix things and 
problems should be expected.  Common problems include the following: 

 The machine is running out of filament. If the machine begins to run out of filament, 
cut a new piece of plastic and gently feed it into the machine directly after the filament 
being replaced. Do not allow any space between pieces of filament. Spacing will cause 
gaps in the printing that will cause other layers to sink into empty spaces and yield an 
unsuccessful print. 

 The extruder is dragging in the surface of the print. Adjust the Z-axis by slowly 
turning the fine adjustment knob clockwise. Be careful not to move it up too far as this 
will cause flaws in the print. Do not turn the knob the wrong direction! Doing this will 
cause the extruder to catch on the plastic and slip out of alignment. 

 The filament begins to tie itself in knots. If the knots can be removed, do so. If that is 
not possible, cut the filament before the beginning of the knotted section, get the 
filament back in order, and feed the end into the machine as if replacing the filament. If 
necessary, cut out the knotted section and feed the unknotted filament into the machine.  

 The Z-axis is not moving fast enough for smooth printing. Apply oil to the threaded 
rods of the Z-axis, and be sure that the extruder platform is level. If the extruder 
platform is not level, lift the platform off the bolts it sits on, and move them up or down 
the threaded rods as needed.  



 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX B 
TIME REQUIRED TO PRINT (ESTIMATED) 
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Model: Time Required: 

Stanford Bunny 2 hours, 5 minutes, 9 seconds 

Shuttle 26 minutes, 14 seconds 

Hollow Pyramid 22 minutes, 53 seconds 

Iris Box Peg Array 6 minutes, 46 seconds 

Iris Box Lid 46 minutes, 36 seconds 

Iris Box Shutter Array 40 minutes, 43 seconds 

Candy Dispenser Lid 39 minutes, 4 seconds 

Candy Dispenser Hopper 1 hour, 19 minutes, 5 seconds 

Candy Dispenser Slide 13 minutes, 50 seconds 

Candy Dispenser Base 55 minutes, 49 seconds 



 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX C 
AMOUNT OF MATERIAL USED AND COST 
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Model: Material Used: 
Cost: 

 (Based on price of  
1 kilogram roll) 

Stanford Bunny 44.1g $2.12 
Shuttle 5.8g $0.28 
Hollow Pyramid 4.0g $0.19 
Iris Box Peg Array 1.8g $0.09 
Iris Box Lid 7.1g $0.34 
Iris Box Shutter Array 7.1g $0.39 
Candy Dispenser Lid 5.9g $0.32 
Candy Dispenser Hopper 22.4g $1.08 
Candy Dispenser Slide 3.4g $0.19 
Candy Dispenser Base 14.2g $0.68 



 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX D 
PRINTS FROM THE DMP-2831 
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Figure D-1. Dimatix Model Fluid Prints 
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 Figure D-1. Dimatix Model Fluid Prints (Concluded) 
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Figure D-2.  Sigma Aldrich Silver Ink Prints 



 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX E 
MSDS FOR DIMATIX MODEL FLUID 



 

E-1 

 



 

E-2 

 



 

E-3 

 



 

E-4 

 



 

E-5 

 



 

E-6 

 



 

E-7 

 



 

E-8 

 



 

E-9 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX F 
MSDS FOR INTRINSIQ COPPER INK 
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APPENDIX G 
MSDS FOR SIGMA ALDRICH SILVER INK
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