Rapid Process Parameter Discovery with Design of Experiments for Direct Ink
Write Additive Manufacturing of Dense Pastes

Introduction:

“Printability” is a common metric of interest referred to in additive manufacturing (AM)
literature [1-10], especially when dealing with bespoke printers and formulations. “Printability”,
however, has no formal definition -- it varies by configuration and need. When working to make new
formulations for direct ink write (DIW) AM, it is especially difficult to formulate useful materials to
print with when the target is unknown. Additionally, when dealing with complex materials like dense
pastes, defined as suspensions with >50vol% solids [11], the problem is further complicated by
time-dependent and memory-effect properties of the material at hand.

In hobbyist additive manufacturing, like SLA or FFF, there are benchmark artifacts used to
calibrate a printer when using a known material like PLA or ABS. The much beloved Benchy [12]
comes to mind, which when printed is qualitatively evaluated as by the user according to their
experience and skill level. Other items, such as calibration cubes [13], can be printed and
quantitatively evaluated with a caliper to check printer quality. In industry, there are more
complicated and thoughtfully designed benchmark artifacts, such as for metal SLS processes [14],
that enable tuning of a printer’s settings or highlight a need for maintenance. These rely upon a
well-qualified material that is known to be printable using specific print process parameters.

For direct ink write (DIW) AM of dense pastes, also referred to as ‘inks’, there currently exists
no benchmark artifact, no definition of printability, and no way to isolate user and printer variation
from the material to quantify material printability. Without first establishing a procedure for
determining the print parameters used for the characterization of printability any measurement will
be reliant on the user’s experience and skill. By introducing a standardized method of rapidly
determining print process parameters, the ideal print parameters for a material can be determined
according to an adaptable value structure that meets an evolving definition of printability.

In this report, a process for determining a material’s ideal print parameters using Design of
Experiments (DOE) is described. By using DOE to vary print process parameters we can decouple
the user’s skill and experience from the measurement of a material’s printability, enabling a more
accurate assessment. Three print parameters factors were studied through line printing: print head
speed, volumetric flow rate, and layer height. Five responses, measured via profilometry, were used
to characterize the desirability of the resultant printed lines: area under the curve, variance in area
under the curve, height variance, actual to set height ratio, and height to width ratio. 20 lines were
printed with different combinations of settings and scanned to measure the response data. This
enables the determination of statistically significant relationships between the factors and
responses, resulting in the ability to predict response variables and overall line desirability from any
given set of factors.

Materials, methods, and assumptions
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Materials:

Paste:

All data reported here is using a formulation of bimodal melamine [15], at 78vol%, with a 3:1

coarse to fine ratio, that was mixed into a custom methacrylate binder system with a neat
Newtonian viscosity of 0.35 Pa-s. Filler particle size distribution is shown below in figure 1.
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Figure 1: Melamine Particle Size Distribution

Paste density was calculated at 1.44 g/mL. The paste has a linear storage modulus (G'\vg) of

2E+06 Pa [16] and a viscosity flow curve as shown below in figure 2 [17], with a consistency (K) of
3536 Pa-s"" and a Newtonian index (n) of 0.543

Mixer:
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Figure 2: Formulation Viscosity
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A FlackTek SpeedMixer 1200-300 VAC [18] was used to mix all of the inks in this paper.
Mixing was done in accordance with the following procedure. All material for this report was mixed
in one 100g batch, done in a 185mL container with a rounded bottom. After completing mixing the
material was allowed to cool to room temperature, which took about 1 hour. Once at room
temperature 15g of material was loaded into clear 10mL Nordson EFD syringes [19] which were
centrifuged using a Cole-Parmer 17250-10 Fixed-Speed Centrifuge [20] to remove entrained air.
These syringes were allowed to rest overnight before being used for printing.

Printer:

A Taz Lulzbot 6 [21] modified with a Viscotec Eco-Pen 330 [22] progressive cavity pump
(PCP) was used for all printing in this report. The PCP was controlled via an Eco-Controller EC200
[23], also from Viscotec, that was commanded via a Python script communicating over RS-232
interfaces. Nordson ESD 10mL syringes with beige wipers were used to pneumatically fill the PCP
with material. Air was supplied locally from a pressurized air cylinder. All materials were printed
using a 16-gauge Luer-Lock tip from Nordson EFD that was 25.4mm long and had an ID of 1.54mm
[24].

Profilometer:

Keyence VR-3000 [25] series profilometer was used to perform all 3D scans discussed in
this report. The low magnification camera, at 12x, was used in all scans. Auto-focusing was used in
all scans. All scans used anti-glare scanning mode and scanned both sides of printed items to
achieve the highest accuracy of scan. When analyzing scan data, the print bed was used as the
reference plane to establish a zero-height.

Software:

Python 3.11.5[26] was used via the Spyder IDE Version 5[27] to process data, produce
summary statistics and visualizations in this report. The following Python packages used were:
PySerial [28], pandas [29], matplotlib [30], SciPy [31], and NumPy [32]. JMP Pro 16 [33] was used to
generate DoE designs and evaluate resultant data. Keyence software that is proprietary to the
profilometer was used to generate some visualizations and export data.

Bespoke Hardware:

Two FFF additively manufactured arms were used as an interface for mounting the print bed
onto the profilometer to enable the scanning of printed items without requiring removal from the
print bed.

Methods:
Experiment Design

A custom DOE was designed to vary three print process parameter factors and evaluate
how they impact the quality of a printed line as measured by five responses. The three input
parameters evaluated were layer height, volumetric flow rate, and print speed.

The layer height varied between 0.64 and 0.92mm. These values were selected using the
heuristic that layer height should be between 30-60% nozzle diameter and an integer multiple of
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the z-step height, which for the printer in use is 0.04mm as determined by the z-screw geometry.
Values below 0.5mm were regarded as too low and thus 0.64mm was arbitrarily selected as a lower
bound that should be able to produce solid printable lines.

The volumetric flow rate for the PCP in use may vary between 0.2 and 3 mL/min. However, in
using the PCP with dense paste materials it is not feasible to achieve these higher flow rates.
Additionally, it is not functionally desirable to print at the lowest flow rates either, as the print time
would be exceedingly long. Thus, bounds of 0.5-1.5 mL/min were selected as reasonable settings
for the printer.

Print speed can very widely for the printer in use. However, as with volumetric flow rate, the
materials in use constrain the feasible maximum print speeds. Additionally, there is a lower bound
where printing is too slow, and some applicability is compromised. Thus, print speed bounds were
set at 100-300 mm/min.

These factors are all related geometrically to each other via the width of the printed line, which
is not controlled. At the same print speed and layer height a higher volumetric flow rate will produce
a wider line. Similarly, at the same volumetric flow rate and layer height a faster print speed will
produce a narrower line. By purposefully varying these parameters via a DOE we can accurately
determine quantitative relationships between these factors, their interactions, and our responses
of interest.

The DOE described herein investigated 5 such responses of interest. Each of these responses
was given a target and a relative importance. The proximity to each of the target values, and the
relative importance of the responses, determined the desirability of a combination of settings used
in the DOE. Each response variable was measured using profilometry and the data post processed
with Python.

The first response was the average percentage area under the curve (A-AUC %) for each line
cross-section. The % area under the curve is defined as the ratio between the area of the line cross-
section, the yellow in figure 3 below, and the rectangle it is inscribed within, the yellow and green.
Thus, as this value approaches 1 the cross-section of the line becomes flatter on the top, less
rounded on the sides, and more rectangular. The area under the curve is found in this way at
multiple cross sections along the line and average to attain the A-AUC.

The target for this response was 1 - or 100% -- meaning that the ideal bead shape is rectangular
in cross-section and is this way across many cross-sections of the line. This is, of course, not
possible when using soft materials and a cylindrical nozzle. However, it serves to prioritize attaining
a flat top for each bead and the overall consistency of the line cross-sectional area. This response
was given the highest relative importance, 5.
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Figure 3: Definition of Area Under Curve %

The second response was the variance of the area under the curve (V-AUC %). This was found in
the same way as response 1, only look at variance rather than average. This response was given a
target of zero, no variance, or perfect consistency in bead cross section across the length of the
bed. This response was given a relative importance of 2.

The third response was the variance in the height of the line. The target for this response was
zero, corresponding with the goal of a consistent height across the length of the bed. This response
was given a relative importance of 2. The fourth response was the average of the ratio of actual to
set height. The target for this response is 1 —it is desired that the height assigned in the slicing
software and g-code can be attained by the ink in use. Thus, this response was given a relative
importance of 3. The fifth and final response was the average width to height ratio of the line. The
target for this response was 3 — an arbitrarily selected value. The relative importance for this
response was 1.

With these factors and responses, the DOE was additionally set up to include interactions
between the factors, 4 center points and 4 replicate runs. No blocking or aliasing was used. This
design required 20 runs, which was able to fit onto the print bed and in the scanning window of the
profilometer. For this design the prediction power for each factor and interaction was 0.958
indicating a very good design that will enable strong conclusions upon its completion [34].

Design Execution:

After completing the design, a table was generated with 20 runs, each with a set value for
layer height, print speed, and volumetric flow rate, as shown below in table 1.
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Volumetric Print

Layer

Run Height Flow Rate Speed
[mL/min] [mm/min]

1 0.64 1.5 300
2 0.64 0.5 100
3 0.64 1.5 300
4 0.92 1.5 100
5 0.92 1.5 300
6 0.92 0.5 100
7 0.92 0.5 100
8 0.78 1 200
| ch | 0.92 1.5 100
0.78 1 200

0.92 1.5 300

0.78 1 200

0.64 1.5 100

0.78 1 200

0.64 0.5 300

0.64 1.5 100

0.64 0.5 300

0.92 0.5 300

0.64 0.5 100

0.92 0.5 300

Table 1: DOE Run Definition

Before starting printing the printer was homed, the bed levelled, and the PCP purged. The
printing of each line started at the bottom of the print plate (X=50, Y = 50) and proceeded to the top
(Y=250), in the y-direction. After each line was completed, extrusion was stopped, the print head
moved a short distance in the x-axis, back to the starting point on the y-axis, and then the process
was repeated. In this way each line was completed, from 1-20.

Profilometry:

After the lines were printed, they were allowed to rest for 30min before being analyzed on
the profilometer. The entire tempered glass print bed was removed from the printer and mounted
onto the profilometer. This enabled the scanning of printed items without disturbing them from
their as-printed state. After the scan was complete the user selected horizontal profiles to obtain
cross-sectional area data on all the printed lines.

Data Processing:

The output from the profilometer contains unit ID and height data, corresponding to the
heights measured on the bed across the horizontal profile scanned. The unit ID refers to the
horizontal position at which the height data point was taken. This unit ID can be converted to width
by using the XY Calibration distance, 23.576 micron. Thus, each horizontal profile, taken at different
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y positions, can be resolved into x and z data. At this point, each profile contains data for all the
printed lines. It is required to break this larger dataset down into subsets for each line.

To do this, the data for each profile is imported into Python and refactored into datasets
containing only x and z data for each DOE run. This can be done with many different profiles along
the print bed and enables the measurement of x and z data for all lines across the entire print bed.
With this data all responses can be measured and output from the Python script.

Assumptions:

The most critical assumption in this methodology is that the tempered glass print bed is
flat. Additionally, it is assumed that any minor variations in the print bed are accounted for by the
auto-levelling function performed before printing. It is also assumed that the positioning on the x-
axis of the printed beads in the DOE does not determine their quality. Lastly, it is assumed that
although the materials do exhibit time-dependent and memory-effect behaviors these
characteristics are not operating on the timescale of the palette printing.

Results and Discussion

During the execution of the DOE to determine ideal print process parameters it was found
that 4 of the runs were not able to produce lines. These were runs 15, 17, 18, and 20. Each of which
operated at low volumetric flow rate (0.5 mL/min) and high print speed (300 mm/min). Thus, only 16
successful lines were written onto the print bed and scanned via profilometry. Additionally, the first
line, shown on the leftmost side of the scan 3D model shown below in figure 4, had difficult
adhering to the bed but was eventually able to establish a consistent line as it neared the
middle/top of the scan window. Thus, all horizontal scan sections of the lines were taken in this
region at the upper region section of the print bed.
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Figure 4: Scanned Lines 3D Image

As shown in the top left, red indicates taller structures while blue is the print bed that serves
as the reference plane. From this scan it is shown that some settings produce narrow lines, others
produce very wide lines, and yet others produce very jagged lines. There is no clear indication that
the line behavior varies from left to right or top to bottom.

The scanned data was then broken down into 10 profiles to obtain horizontal cross-section
data as shown below in figure 5.

Figure 5: Profile Y-Position Definition
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Each of the colored horizontal lines shown corresponds to a profile dataset that was
created, containing x (width) and z (height) data for all beads, as shown in figure 6. Figure 6 is not to
scale.

mm
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Figure 6: Full Profile Cross-Section Example

There were 10 total horizontal profiles taken at different y positions. Each of these were broken
down to the subsets corresponding to each of the 16 lines, an example of which is shown in figure 7
below.
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Figure 7: Profile Subset Example

The subsets were then recombined to produce complete datasets for each of the lines,
each containing 10 sections of x-z at different y-positions along the bed. Table 1 below details the
values obtained for the response variables.
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Layer

Factors
Volumetric

Area Under

Area Under

Responses
Height

Actual/Set

Height  Flow Rate P[r:;f;?:]d Curve[%],  Curve[%],  [mm], Height, Wic;l\tx:;ifht’

[mm] [mL/min] Average Variance Variance Average

0.64 1.5 300 T 0.002 0.001 1.01 3.18
0.64 0.5 100 el - 0.002 1.00 3.42
0.64 1.5 300 88% - 0.002 0.95 3.34
0.92 15 oy 81% 0.001 0.001 0.91 6.62
0.92 1.5 300 88% - 0.001 0.90 2.29
0.92 0.5 100 88% - 0.001 0.89 2.15
0.92 0.5 100 86% . ; 0.90 2.07
0.78 1 = 86% 0.001 0.001 0.92 2.58
0.92 15 100 82% . ; 0.90 7.45
0.78 1 200 88% . ; 0.92 2.83
0.92 15 300 88% ) _ 68 590
0.78 1 200 89% ) : 0.94 2.80
0.64 15 100 63% 0.011 0.188 2.36 4.48
0.78 1 200 87% - 0.001 0.95 2.63
0.64 0.5 300 0% ) ) ) )

0.64 15 100 48% 0.036 0.749 3.16 3.13
0.64 0.5 300 0% ) ) ) )

0.92 0.5 300 0% ) ) ) )

0.64 0.5 100 87% ) 0.001 . 02
0.92 0.5 300 0% ) ) ) )

Table 2: DOE Results

For both V-AUC and height variance most of the readings were zero, or effectively zero. For
the number of data points available, 10, and the differences detected variance is likely not the best
measure of line consistency across the print bed. However, for the DOE runs where line print quality
was very bad, namely runs 13 and 16, variance did quantify the lack of quality and penalize the

10
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desirability of those settings. The low A-AUC numbers for these runs likely compensate enough for
this low desirability and thus, in future DOE design, variance should be excluded.

From this data the DOE a least squares fit analysis can be done, which provides insight into
how each response varied against the input factors. There is a detailed report for each response
provided in the appendix. From the model effect summary, as shown below in table 3, it can be
determined that each factor and each second order interaction is statistically significant in the
prediction of the material’s printability as defined by the responses detailed.

Effect Summary

Source LogWorth FValue
volumetric flow rate™print speed 5.390 | 0.00000
volumetric flow rate(0.5,1.5) 4 B85 | 0.00001
print speed(100,300) 4 870 | 0.00001
layer height(0.64,0.92) 2629 | 0.00235
layer height*print speed 2.376 | 0.00421
layer height*volumetric flow rate 2.205 | 0.00624

Table 3: DOE Effects Summary

Based on this effect summary, we can say that the most important factor is the interaction
between print speed and volumetric flow rate. This makes physical sense: as we increase our print
speed, we must increase our volumetric flow rate to maintain a solid line. Otherwise, we may over
or under-extrude. As we read down this list we can see the priority order of each factor.

The goal of this work was to determine the ideal print process parameters as measured by
the responses defined in this DOE. For this purpose, the prediction profiler is the best tool to
observe the desirability of different combinations of print parameters. The overall prediction profiler
is shown below in figure 8.

11
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Figure 8: DOE Prediction Profiler

On the right-hand side, we can see the definitions of desirability for each response:
maximizing A-AUC, minimizing V-AUC, minimizing height variance, and targeting specific values for
set/actual height and width/height ratio — 1 and 3 respectively. Based off these definitions, the ideal
print parameters can be found. These ideal print parameters are shown at the bottom, namely:
layer height of 0.8mm, volumetric flow rate of 0.6 mL/min, and a print speed of 100 mm/min. This
should result in a A-AUC of 91%, a V-AUC and height variance of effectively zero, an actual/set
height ratio of 1, and a width/height ratio of 2.97. From these values the expected width can also be
calculated, as 2.38mm.

Here the versatility of this process is highlighted. By printing 20 lines, a process that takes
less than an afternoon once the inks are ready, the experimenter can elucidate the trade space of
their print parameters. From there, they can change how they define value within each of these
responses or take a single response of interest and predict its value based off the analysis
available. The responses can be varied as required. However, for distributed analysis the
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community must agree upon a quantitative definition of a what enables 2D and 3D construction
most successfully and codify this into a DOE procedure like the one described here.

Conclusions

“Printability” is a widely desired, but difficult to measure or define parameter for any
material. This challenge is further amplified when working with dense pastes. To properly define
“printability” for dense pastes in DIW the experimenter must contend with three major sources of
variation: the user, printer, and material. When seeking to characterize the usefulness of a material
in printing it is critical to eliminate the sources of variation from the user and printer as much as
possible. The methodology proposed in this report leverages a DOE framework, consisting of a
limited number of simple test prints, scanned via profilometry, that can identify the ideal print
process parameters for a new formulation, thus eliminating user variation caused by arbitrary print
process parameter selection. This methodology was demonstrated through the printing of 20
straight lines and the production of a statistically significant least square model fit. This model was
used to predict the most desirable print parameters as defined by five responses: average area
under the curve, variance in area under the curve, height variance, the actual to set height ratio, and
the height to width ratio. For 78vol% formulation of melamine, with a 3:1 coarse to fine ratio, in a
thin binder system, printed with a PCP, these ideal print process parameters were a volumetric flow
rate of 0.6 mL/min, layer height of 0.8mm, and print speed of 100mm/min.

Using this DOE process these parameters can be statistically determined in a rapid, yet flexible,
manner. This allows for the quick determination of parameters that can be used to print a
benchmark artifact that will further eliminate the printer’s variation and focus in solely on the
material’s printability. Further, once determined, the definition of desirability used to select the
parameters can be adjusted to meet developing needs for an ink as use cases change. This work in
determining the ideal print process parameters via DOE paves the way towards the development of
a benchmark artifact for DIW AM of dense pastes that will be the tool for defining and quantifying
material printability in a standard way; and, thus enabling the rapid, distributed evaluation of
formulations for DIW AM.

Path ahead:

This work demonstrates only a small portion of a larger set of ideas that can be pursued in
this space. Follow on work to this may go in many directions, but there are a few that the author can
anticipate currently. The incorporation of bed meshing techniques, using a BL-touch, or the like,
would greatly eliminate many of the assumptions in this report. Further, including the x-position,
and run #, in the DOE would help eliminate any concerns about bed positioning and/or behavioral
changes of the material throughout the DOE.

There are additional methods that could be conducted before or after this process to
enhance the overall process of evaluating a materials “printability”. Before moving to print a DIW
DOE, the experimenter could verify their gantry performance and bed-level by printing a benchmark
artifact via FFF on the same printer. This would help eliminate any concerns that the perceived
characterization of the material may be a characterization of the printer. Additionally, a DIW
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benchmarking process could be done with a simpler material, such as DOWSIL SE17000, before
moving into this process with a dense paste. This would help isolate any variations seen to the
material and ensure that the printer in use works as desired.

The next report in this series will cover the development of a benchmark artifact for DIW AM
of dense pastes. That report will take the print parameters determined here and apply them to the
construction of basic shapes and structures. These will be scanned, again with profilometry, and
their overall dimensional fidelity interpreted as their printability. After determining the print
parameters as discussed here the width is calculated, and this will be assumed to be the ideal
center to center distance between the lines in a printed item. However, this will introduce voids [35]
into the material and for this reason there is value in expanding this DOE directly, or doing another
one subsequently, to observe how varying the center-to-center distance between the lines impacts
their ability to coalescence into one layer.

After statistically determining the ideal print process parameters, by maximizing response
desirability, a benchmark artifact can be developed that will enable the measurement of printability
using those parameters. The development of a benchmark artifact to define and quantify
printability will be covered in a subsequent report.
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