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ABSTRACT: In this report, we describe the incorporation of single walled carbon nanotubes
(CNTs) into 3D printable siloxane elastomers for electrostatic dissipation. The composite was
characterized, focusing on how rheological and mechanical properties of the siloxane are affected
at various CNT loading levels. Electrical properties were also characterized to develop materials
with effective electrostatic dissipation. We demonstrate that low loadings (<1 wt. %) of CNT can
be sufficiently dispersed into silicone resins that can be 3D printed, and the resulting material
shows a significant improvement in electrostatic dissipation through the reduction in electrical

resistivity with minimal effect on its mechanical properties.

1. INTRODUCTION:

3D printing is a rapidly growing manufacturing method that has been utilized to develop

components for a variety of applications such as three-dimensional antennas,'! carbon capture
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reactors,” supercapacitors,> stimuli responsive materials,>® syntactic foams,’ shape memory
materials,® hydrogen capturing materials,” and carbon-fiber reinforced composites'’. 3D printing
also enables the production of cellular foams with customizable pore architecture to achieve
compressive mechanical properties that can be tailored to minimize permanent deformation by
evenly distributing stress throughout the printed architecture.!"!? In addition to precise control of
print architecture, 3D printing is amenable to custom resins that can be tuned to precisely control

the material’s intrinsic properties.'?

Within the breadth of 3D printing techniques, direct ink writing (DIW) is an extrusion
process wherein a paste with controlled rheological properties is deposited in a layer-by-layer
manner to build up 3-dimensional structures. This manufacturing process serves as a versatile
alternative to conventional manufacturing, offering the capability to customize material
formulations to address specific application requirements.'* DIW can be used to print many classes
of materials including silicone resins, which are of interest due to their low volatility, good
elasticity, and broad thermal stability among other properties. In these silicone resins, the addition
of additives such as hydrophobically-modified silica fillers along with silicone polyether
copolymers have been demonstrated to impart good print resolution of the deposited print strand,

which enables architectures with tailored porosity.'*!>!¢ Silicones that are processed using DIW

17-19 14,15

have been applied in areas like wearable technology''~”, soft robotics'™", and structural
components. '

Early reports demonstrated the DIW printing of silicone structures with tunable mechanical
properties using commercial resins.! 21?2 As research on 3D printable silicones has expanded, new

formulations have expanded the formulation space to control resin thixotropy and material

properties.!>!1%?3 Recent progress in this field has focused on developing new resin systems with
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bespoke functionality, such as for shape memory?®, dielectric elastomers®*, and stimuli responsive

materials.?

To develop new functional resins, additives that have useful intrinsic properties can be
added to impart functionality into the resulting composite materials. One such filler class of interest
is conductive fillers, which can be mixed into silicone resins to reduce. Previous reports have
demonstrated the use of DIW to create conductive silicone structures with reduced resistance by
incorporating conductive fillers into the resins.'®2¢3! As the conductive filler loading in the resin
system is increased, fillers form percolative networks at a volume fraction loading defined as the
percolation threshold, @, o« 1/n, where 7 is the particle aspect ratio for random distributions of
filler.>> Single walled carbon nanotubes (CNTs) are a good candidate for conductive additives
since they typically have large aspect ratios, resulting in statistical percolation thresholds usually
below 1 wt. %, whereas the percolation threshold of low aspect ratio fillers such as carbon black
ranges from 3 to 15 wt. % (Figure 1a).>>** CNT composites offer the added benefit of reduced
environmental contamination compared to conventional carbon black composites, which often
suffer from issues with sloughing, or the shedding of carbon black particles from the polymer

matrix.333¢

Typically, printable conductive silicones are loaded to the point where the volume fraction
of conductive particles was much greater than @c, resulting in highly conductive composites that
are suitable for use in soft circuitry and sensing.’” However, for certain applications such as
packaging for electrostatic discharge (ESD) protection, these conductive silicones may not be
suitable. While conductive materials have surface resistivities below 10° €/sq, ESD-safe materials

are generally defined to have surface resistivities between 10> ©/sq and 10° €/sq. In these ranges,
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the ESD-safe materials behave as a soft ground and neutralize charges at a slow, controlled rate to

prevent excessive charge decay and thermal damage to circuitry.*8

ESD is a significant concern in the chemical and electronics industries, leading to
substantial equipment and component failure, which can lead to increased costs and possible
workplace injury.***! In electronics, ESD often causes integrated circuit (IC) failures due to rapid
voltage and current discharges from charged objects like human fingers or tools. These discharges
typically occur during production and assembly due to inadequate ESD control but can also happen
during the IC's operational life. The miniaturization of ICs has made circuitry more susceptible to
ESD damage, with common ICs like complementary metal-oxide semiconductor (CMOS) chips
being damaged by voltages under 1 kV and newer microprocessors like very large-scale integration
(VLSI) chips being damaged by voltages under 500 V.****> Human body ESD can exceed several
kilovolts, posing a significant risk to these sensitive ICs if unprotected. The goal of ESD safety is
to equalize electrical potential. ESD shielding materials help control electrostatic charge
accumulation, essential during fabrication, transportation, and operational use to prevent IC
failures.*®*” Elastomeric ESD shielding materials also protect ICs from mechanical shock and
vibration, ensuring comprehensive device safety.

Previous reports have demonstrated the use of 3D printing to create ESD-safe polymer
composites utilizing techniques such as stereolithography (SLA) and fused deposition modeling
(FDM).* These reports generally focus on the use of commercial and custom thermoplastics
that have limited compliance or strain at break. Herein, we report on the printing of elastomeric
silicone foams that can be used as packaging for mechanical and electrical protection for
electronics by optimizing static dissipative properties. We describe a method for incorporating

CNTs, using a concentrate that contains CNTs and silicone polymer, into our resin systems.
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In the process of developing these formulations, we considered the effects of CNTs and
rheological additives on the rheological and mechanical properties (Figure 1b). The formulations
developed for ESD take advantage of the combination of hexamethyldisilazane (HMDZ)-treated
fumed silica, with a silicone polyether thixotropic modifier to improve the ink’s print structure.’'>
This approach differs from previous approaches, which typically use conductive fillers as
rheological modifiers in unreinforced resins to increase the storage modulus and yield stress of
their ink for printability.’®>* The need for a minimal loading of functional filler to create a suitable
resin for printing is eliminated by removing the dependence on the conductive filler as a
rheological additive. The addition of these rheological modifiers also allows for the printing of
gap-spanning structures with small nozzle sizes, which results in the ability to print tailored
porosity in three dimensions at high resolutions. The addition of HMDZ-treated silica filler also
serves as a mechanical reinforcing agent, which has been demonstrated to improve the tensile

strength of elastomeric materials.!*%%

The resulting mechanical and electrical properties manifest from the hierarchical structure
of the printed architecture and the CNT morphology (Figure 1¢). We characterized these resulting
formulations to demonstrate printability to create porous architectures, robust mechanical
behavior, and significant charge dissipation properties suitable for ESD protection, where
electrical discharge can be dissipated through the printed composite (Figure 1d, Video S1). We
then directly printed an ESD-safe protective foam onto a circuit board using structured light
scanning to generate a custom print toolpath (Figure 1e). This demonstration shows that this
technology can be used to print custom ESD-safe soft packaging directly onto complex substrate

surfaces for electrical and mechanical protection for sensitive circuitry and can be used with
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previously developed 3D printed electronic systems to produce robust, integrated printed circuitry

for applications in fields like robotics, aerospace, and healthcare.
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2. RESULTS & DISCUSSION:
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Figure 1. Overview of 3D-printable silicone composite for ESD. (a) Representation of random packing of high aspect-ratio
conductive fillers, which results in a lower loading to form resistive pathways compared to isotropic fillers. (b) A thixotropic resin
for electrostatic dissipative materials includes functional additives like silica for reinforcement, CNT to impart dissipative resistive
pathways for charge transfer, and thixotropic agent to control the rheological behavior for DIW printing. (c) Overview image of an
ESD-safe silicone structure showing a printed structure; a cross section of CNT loaded silicone where strands are oriented in a
helicoidal pattern offset by 60°; and a micrograph of an ESD silicone cross section, with CNT agglomerates denoted with arrows.
(d) Electrostatic discharge visibly observed on human skin and onto a 3D printed ESD foam. (¢) Example of an ESD silicone
directly printed onto a circuit board using DIW.

2.1 Incorporation of CNTs

In practice, filler mix quality and degree of agglomeration can greatly affect electrical

performance of the final composite, so an optimized mixing process is required to develop a
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composite with good electrical properties.®>** A mixing study was performed to determine
efficient mixing parameters for incorporating 5.5 wt. % of a CNT concentrate into the silicone
base. These resins were mixed by planetary mixing (Figure 2a) and cast onto glass slides using a
10 um drawdown bar to inspect the quality of incorporation of the CNTSs. After the first mix, large
agglomerates of unincorporated CNT concentrate can be visually seen in the film and in 100x
micrographs, and smaller scale aggregates of CNT can be seen in 1000x micrographs (Figure 1b).
Large clumps of CNT concentrate are observed throughout the sample until after the third mix
cycle, and in subsequent mixes agglomerates appear to become smaller. After the fourth mix, no
noticeable agglomerates can be observed. By the fifth mix, the CNT concentrate appears to be well
incorporated, with no observable agglomerates in the drawdown, and only a few small features are
observed in micrographs at 100x and 1000x (Figure 1c). These features are smaller than the nozzle
diameter of the printer and thus are expected to have minimal effect on the printing. For 3D printing
ESD materials, this extent of mix is sufficient to prevent issues with print nozzle clogging.

Along with visual inspection, the extent of dispersion was also checked by measuring the
resistance of the resin after each mix cycle. Evenly distributed conductive networks are formed as
the filler is dispersed, resulting in a decrease in the material’s overall resistance as measured by an
ohmmeter. The resistance of the resin decreased significantly from >2 MQ after the first mix to 1
kQ to 2 kQ by the third mix. The resistance remained stable after the fourth mix, obtaining a value

that does not change by more than 7% after subsequent mixing (Figure 2d).
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Figure 2. Dispersion of CNT mixture into silicone polymer via sequential planetary mixing. (a) Schematic of mixing process. (b)
Images of 10 pm drawdowns at 1%, 100%, and 1000x magnification with inset image of mixed ink after one mix; results in poor
dispersion. (¢) Images of 10 um drawdowns at 1x, 100%, and 1000x magnification with inset image of mixed ink after five mixes;
results in good dispersion. (d) Ohmmeter resistance measurements of first mix > 2 x 10°Q, second mix = 4.6 x 10*Q, third mix =
1.8 x 10* Q, fourth mix = 1.4 x 10* Q, fifth mix = 1.5 x 10* Q show a decrease in resistance up to three mixes due to improving
incorporation of conductive CNT filler into polymer matrix after each mix.

2.2 Resin rheological properties and cured mechanical properties

Next, we examined the effect of CNT concentration on the rheological and mechanical
properties since increased concentrations of CNTs may stiffen soft materials.’”*® The rheological

properties of uncured formulations were measured (Figure 3a,b) to evaluate the yield stress and
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plateau storage modulus, which are important properties that dictate filament sagging and
extrusion. The plateau storage modulus is represented by the storage modulus at 20 Pa, and the
yield stress was determined as the interpolated oscillation stress when the loss modulus exceeded
the storage modulus as the formulation yielded. While typical custom formulations that we
produce contain high loadings of silica (>25 wt. %), we first focus on formulations that contain 15
wt. % silica to demonstrate the need to consider the balance between silica content and CNT
content in formulating for printing (Figure 3a). At 15 wt. % silica and 0 wt. % CNT, the
formulation reaches a yield stress of 127 Pa and a plateau storage modulus of 0.0065 MPa. These
values are well below those that were previously demonstrated as suitable for printing gap-
spanning structures.'® As the CNT concentration is increased to 0.25 wt. %, the yield stress and
plateau modulus increase modestly to 282 Pa and 0.018 Pa, respectively. At 2.5 wt. % CNT, the
yield stress and plateau modulus reach 6394 Pa and 0.13 MPa, which is appropriate for printing
structures that span gaps; however, the conductivity of this composite is increased to beyond what

1s suitable for ESD.

Thus, our formulating approach must balance CNT concentration with silica loading to
achieve printability while reaching the conductivity needed for ESD. For a silicone formulation
with 30 wt. % silica that does not contain CNT, the plateau storage modulus is 0.19 MPa, and the
yield stress is 1549 Pa. As the CNT concentration increased from 0.1 wt. % to 0.5 wt. %, the
plateau storage modulus and yield stress increased monotonically, reaching a plateau storage
modulus of 0.25 MPa and a yield stress of 1811 Pa at 0.5 wt. % CNT (Figure 3c¢). These properties
are moderately increased but remain within the range of printability with our DIW setup. The

effects of the HMDZ-treated silica, which is loaded to 30 wt. % in the formulation, along with the

10
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associative thickening effects of the silicone polyether thixotropic additive dominate the

rheological properties.!>!:16

We then measured the hardness, compression set, and tensile mechanical properties of
molded composites to evaluate mechanical properties that may be of interest for porous printed
structures. An increase in the CNT concentration resulted in an increase in Shore hardness. The
hardness of the silicone that does not contain CNT is Shore 55 A, and the hardness increased to
Shore 57, 61, and 63 A for 0.1, 0.25, and 0.5 wt. % CNT respectively (Figure 3d). An increase in
hardness is expected due to the inclusion of the rigid CNTs; however, the increases are moderate
and within the range of values that are typical for common silicone materials. For all formulations,
the compression set remained low (below 5%), which indicates promise for maintaining load
retention over time. The tensile mechanical properties were also measured and were consistent
with trends observed for the hardness measurements. Represented by the secant modulus at 50%
strain, the incorporation of CNTs resulted in stiffening (Figure 3e). For silicone that does not
contain CNT, the secant modulus at 50% strain is 2500 kPa, increasing to 5000 kPa at 0.5 wt. %
CNTs. Overall, these mechanical properties remain suitable for applications that require the
mechanical properties of silicones without CNTs despite slight increases in hardness and secant

modulus.

11



LLNL-JRNL-865276

a) b) 108 — - c)
5 wi % siica 30 wt. % silica CNT concevr?ér%}lon: 0.26 2000
. /0 — o —
10°) — 01w % | & 024l _o-me(1980
© 0.25 wt. %)| = P 1900
_ oS OSWER s 0220 ga2MPamts .--- =
g 510 5 x10° g ’ : ) B 1850 z
= | & o020} T ~|1800 =
3 < 4 ® Lot PRt @
§ L % 3 2 018 ) - 1750 ﬁ
2103 T go]oA 2 g 0.16 - ) 1reo ’m'E
1725wt % CNT 5104 g --=" 530 Paiwt.% 1650 .
= 0.25wt, % CNT \ @ Z ol o a
0wt % CNT = -5 1600
102 Storage modulus 1 S 012r-7 1550
Loss modulus 100 15 20 25 30 3540 7] 0.10 1500
10 10 100 100 100 10 10° 104 o 01 02 03 04 05
Oscillation Stress (Pa) Oscillation Stress (Pa) CNT Concentration (wt. %)
d) 70 10 e)
65 |- e ~ 5000} )
20.5 Shore Alt.% .-~ 8 & .-
< < g =
o 60 P 3 @ P
o T 6T =] e
5 e ¢ 34000}
TE5 e @, =} -
@ g = .
4] 4 3 =
s . I %) &
PoH0F . - - - @ 31 B
5 Ceeemi . = ¢ 3000} K3
. 3 o s
45 L 1.9% compression set/wt. % 2 E -
40 ‘ ‘ . \ o 2000
0 01 0.2 0.3 0.4 0.5 0 0.1 0.2 03 04 05

CNT Concentration (wt. %)

CNT concentration (wt. %)

Figure 3. The effect of adding incremental loading of CNT concentrate to silicone dispersions on rheological and mechanical
behavior. (a) Oscillatory rheology tests of storage and loss modulus as a function of CNT loading when incorporating 15 wt. %
silica. Note that at 2.5% CNT, the formulation achieves high yield stress but is not suitable for ESD due to high conductivity. (b)
Oscillatory rheology test of storage modulus with concentrate loading. (c) Rheology testing shows increase of storage modulus at
20 Pa oscillatory stress and an increase in yield stress (d) Testing of cured specimens demonstrating a stable compression set and
slight increase in hardness with loading. (e) 50% secant tensile modulus increases with the addition of CNT concentrate. Dashed
lines show linear trends with CNT concentration, along with their corresponding slope values.

2.3 Printed materials characterization

Once the base material was characterized, samples with lattice architectures were printed
in a helicoidal pattern where each layer was offset by 60° from the previous and then cured. Cross
section imaging of the resulting printed lattice structure shows a regular periodic spacing of strands
(Figure 4a, Video S2). The printed foam can be elastically deformed under a compressive stress
and returns to its original shape after compression (Figures 4b-d). The periodic spacing between
strands allows for good compressibility. The load deflection stress-strain response of printed
lattices with varying loading of CNT were compared (Figure 4e). At lower strains, up to around
0.2 mm/mm, samples had similar strain responses. At higher strains, materials with a higher filler

loading demonstrate a slightly stiffer response compared to the silicone without CNTs, as expected

12



LLNL-JRNL-865276

from the mechanical data. Overall, the printed structure permits compressibility while the inclusion

of CNTs has a minimal impact on the mechanical properties of printed structures.

Strand diameters for bottom, middle, and top strands of printed specimens were measured
and compared as a function of CNT loading (Figure 4f,g). Generally, middle strands appear to
have a slightly larger diameter than the bottom and top strands, although the differences are on the
order of microns. Across formulations with varying CNT loadings, strand diameters appear
relatively similar up to 0.25 wt. % CNT loading, but appear to decrease slightly at 0.5 wt. %

loading. Overall, these metrological characterizations highlight the fidelity of the printing process

across the different CNT concentrations.
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Figure 4. Characterization of printed composites. (a-d) A cross section of the printed ESD silicone was compressed between two
parallel plates (lighter color in photographs. a-c) and then allowed to return to 0% strain. (¢) The compressive properties were
measured; the equivalent cross section images are indicated in the graph. The loading and unloading of compression is indicated
on the graph. (f,g) Printed structures were characterized by measuring the strand size. (h) The strand size remained fairly consistent
across the range of measured compositions. The inset shows a zoomed view of the bar graph for one composition.

2.4 ESD properties

We then investigated the electrical properties of cured materials filled with CNT

concentrate using an electrical test cell connected to a megohmmeter to develop an understanding

13
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of the material’s ability to dissipate charge. The addition of small amounts of CNT, up to 0.1 wt.
%, reduces the volumetric and surface resistivity of cast sheets by a factor of 10°-107 (Figure 5a,b).
Note that the megohmmeter range is limited to measurements as low as 1 kQ, and electrostatic
dissipation transitions to conduction as the volume or surface resistivity reach 10® Q cm or Q/sq.
Values below 10° Q cm or Q/sq may be considered irrelevant for our application. As the CNT
concentration reaches 0.25 wt. %, the volume and resistivity begin to decrease below 10° Q cm
and €Q/sq. These values do not change as the CNT concentration increased to 0.5 wt. %; however,
this trend appears to be related to the experimental setup (e.g., due to effects of contact resistance)
as measurements with a handheld ohmmeter showed larger differences between 0.25 and 0.5 wt.

% CNT when compared to the megohmmeter.

As opposed to the bulk sheets, the surface resistivity of printed foams remains high at 0.1
wt. % CNT, around 10'* Q/sq on both the top and bottom of the printed part. With the addition of
0.25 wt. % CNT, the surface resistivity drops by a factor of 10° down to 10® Q/sq. Loading up to
0.5 wt. % CNT decreases the surface resistivity slightly, around another ~10% to 100x depending
on the side tested (Figure 5¢). For all CNT concentrations, the surface resistivity is lower when
measured on the bottom of the printed sample when compared to the top. This difference may be
due to the increased surface contact between the electrodes with the bottom of the print, which is

partially flattened from the surface of the print bed during deposition and cure (Figure Sc, inset).

To illustrate the dissipative properties, 0 and 0.25 wt. % CNT silicones were brought in
contact with a latex surface to introduce charges through triboelectrification onto the specimen
surfaces. An electrostatic meter was then used to measure the surface charges remaining on the
surface. In the sample without CNTs, the residual surface charge was 8.2 kV, whereas the residual

surface charge of the CNT sample was -0.06 kV (Figure 5d, Video S3). These results indicate that

14
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charges were trapped on the highly dielectric surface of the silicone without CNTs print, whereas
the CNT loaded sample dissipated charges introduced to the material surface, facilitated by the

added carbon filler network.
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Figure 5. Electrical testing of CNT-loaded silicones. (a) The log of the volumetric resistivity (ohm cm) of a cast 2 mm sheet as a
function of CNT loading. (b) The log of the surface resistivity (ohm/sq) of a cast 2 mm sheet as a function of CNT loading. (c) The
log of the surface resistivity (ohm/sq) of 60° helicoidal printed sheets as a function of CNT loading measured on top and bottom
of printed sheets. The inset shows a cross-section of a printed sheet with top and bottom surfaces labeled. The bottom surface of
the print is flat due to curing on the print bed, which may result in an increased surface area contact with the test electrodes. The
scale bar is 500 pm. (d) Surface charge measurements of CNT-free and 0.25 wt. % CNT loaded silicone after bringing the print
surfaces in contact with a latex surface. The unloaded sample has a measured charge of 8.2 kV, whereas the filled 0.25 wt. % CNT
print had a measured charge of -0.06 kV.
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Table 1. Rheological, mechanical, and electrical Properties of CNT-Loaded Silicones. Measured Ry values are Q cm and Rs values

are Q/sq.
Plateau Storage | Durometer Secant Compression
0,
CNT wt Modulus (MPa) | (Shore A) | Modulus (kPa) Set (%) Log(Rv) Log(Rs)
0 0.19 55 2539 + 14 3.3 15.08+0.25 | 13.98+0.16
0.1 0.19 57 3016 + 65 2.6 8.39+£0.10 7.37+0.34
0.25 0.22 61 3732+ 7 3.1 6.33 £ 0.09 552 +0.22
0.5 0.25 63 5038 + 170 4 6.33+0.06 5.39+0.04

We further characterized the electrostatic charge transfer of printed silicones with and

without CNT using a Faraday cup®®®

after triboelectric charging with aluminum, cotton, and
nylon. Silicone rubber is low on the triboelectric series, so it is highly susceptible to receiving
negative charges from materials higher on the series.®* Testing using a Faraday cup indicates an

average charge of 200-300 nC for CNT-free prints and 40—150 nC for CNT-filled prints, indicating

a 2-3x higher charge transfer in the CNT-free system for all tested materials (Figure 6a).

With the Faraday Cup assembly capacitance (C) measured at 170.55 pF, electrostatic
voltage potentials (V) were calculated given V = Q/C, where Q is the measured charge. CNT-free
prints showed voltage potentials of 1-2 kV, while CNT-filled prints ranged from 0.2-0.8 kV,
depending on the triboelectric material used for charging (Figure 6b). Between triboelectric
materials, cotton and nylon imparted similar charges, while aluminum resulted in slightly lower
charge accumulation. These results indicate that CNT-filled prints generate smaller electrostatic

potentials compared to CNT-free prints after triboelectric charging with common materials, thus

16
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being better for use with sensitive circuitry.
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Figure 6. Electrostatic charge transfer testing Faraday Cup (a) Insertion charge values for printed foams with 0.25 wt % CNT and
with no CNT after being charged with various triboelectric materials: aluminum, cotton, and nylon. (b) The resulting potential
from each measured electrostatic charge given Ctaraday cup = 170.55 pF.

After demonstrating that the incorporation of the CNT concentrate enables dissipative
properties without modifying the printability and material properties beyond application
requirements (Table 1), we sought to demonstrate potential utility of this composite. This
demonstration takes advantage of a key benefit of DIW, which is the ability to print custom
conforming structures directly atop components of interest. A circuit board was scanned using a
structured light scanner to generate a set of data points that represent the 3-dimensional object, i.e.,
a point cloud. This point cloud (Figure 7a) will support adjustments to the toolpath by enabling a
precise calibration of the print surface. The part model is then processed into a toolpath using a

general slicer as if it was on a flat substrate.

The cushion was then printed over a portion of the circuit board and sequentially mapped
as a point cloud to visualize the printed structure (Figure 7b). Defects in the printed structure were
apparent (Figure 7c, Figure 1e); for example, many of the upper strands did not deposit along an

intended straight path. This issue was due in part to the fact that printing height increased slightly
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upon each layer affecting final placement of the upper strands. The challenge is the vertical features
of the circuit board; printing atop components of interest is more feasible with finer gradient
changes in the vertical dimension. Improvements will be made in future iterations; however, the
printed structure still functions as intended. In addition to the electrostatic dissipative properties of
the composite, the printed structure can also act as a cushion, which is illustrated by striking the

circuit board with a hammer (Figure 7c, Video S4).
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Figure 7. (a) Point cloud of circuit board generated from surface scan before printing. (b) Point cloud of circuit board with printed
structure on top. The blue dashed outline highlights the printed portion. (¢) Photograph of printed structure atop a circuit board.
The inset shows a hammer striking the printed structure. The scale bar in the inset is 25 mm.

3. CONCLUSION:

The incorporation of CNTs into a silicone elastomer can enable electrostatic dissipative
properties along with printability for DIW. The hierarchy of the structure, including the print

architecture and the CNT morphology, influences the overall properties. Importantly, the CNT
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content must be optimized to minimize negative externalities related to the properties of the
printable, uncured precursor as well as the final cured composite. Overall, we found that the
amount of CNT needed to induce electrostatic dissipation overlaps with the amount of CNT that
does not drastically change printability as well as mechanical properties of the final material. Thus,
the material can be printed into composite structures with electrostatic dissipative properties. As a
demonstration, we printed a structure atop a circuit board. This structure provides unique
packaging capabilities, as it can exhibit cushioning as well as electrostatic dissipation as long as it
is connected to an appropriate ground. Such packaging capabilities may be important and useful

for specialized equipment like those used in medical, robotic, and other applications.

4. EXPERIMENTAL METHODS:

The silicone formulations that are used are based upon previous studies.®* Briefly, vinyl-
terminated silicone macromers (Gelest, Nusil) were mixed with a divinyltetramethyldisiloxane-Pt
complex catalyst along with Evonik Aerosil R8200, which is a hexamethyldisilazane (HMDZ)-
treated fumed silica, and a polyether siloxane copolymer thixotropic agent (BLUESIL THIXO
ADD 22646) to form a part A precursor. The part B precursor contained vinyl-terminated silicone
macromers along with a silane-functionalized silicone macromer used for crosslinking (HMS-
H271, Gelest) and a Pt inhibitor (1-Ethynyl-1-cyclohexanol, ETCH). The compositions of the Part
A precursor and Part B precursor are listed in Table 2 and Table 3, respectively. The total molar
ratio of silane to vinyl in a final resin that is mixed from parts A and B was about 2:1. The CNT
concentrate consisted of Tuball Matrix 602 (TM 602, OCSiAl), which is a commercial pre-
dispersed concentrate consisting of 10 wt. % single walled CNT incorporated into a vinyl-
terminated polydimethylsiloxane resin (0.36 mmol vinyl equivalent per gram of polymer). CNT-

loaded formulations were made by mixing silicone base resins with varying loading of TM 602 up
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to 5 wt. % and then subsequently adding in the part B precursor which contains the HMS H271
crosslinker. To prepare resins for printing, inks were filtered through a 140 um mesh filter into 30
mL Nordson syringe barrels and centrifuged under vacuum to remove any entrapped air. A
Nordson flat-ended piston was inserted to seal the rear of the syringe. Photographs and videos
were taken with a Nikon D750 and processed (color and lighting corrections) globally using Adobe

Lightroom.

Table 2. Composition of Part A Precursor

Component Composition | Units
Nusil PLY3-7560 66.99 wt. %
Pt-PL (Catalyst Blend)* | 13.19 ppm Pt
Evonik Aerosil R8200 32.16 wt. %
Bluesil Thixo Add 22646 | 0.27 wt. %

*Mixture of nine parts Nusil PLY?2-7560 by weight with one part of divinyltetramethyldisiloxane-

Pt complex catalyst (by weight)

Table 3. Composition of Part B Precursor

Component Composition Units

Gelest HMS-H271 45 wt. %

Gelest DMS-V05 27 wt. %

ETCH-PL (Inhibitor Blend)* | 6000 ppm ETCH

Nusil PLY3-7560 22 wt. %
*Mixture of nine parts Nusil PLY2-7560 by weight with one part 1-ethynyl-1-cyclohexanol (by
weight)
Mixing Studies

Resins were mixed using a Thinky ARV-310 planetary mixer with vacuum capability. Each
mixing step was at 2,000 rpm for 1 minute. Between centrifugal mixing, resins were hand mixed
using a stainless steel spatula to assist with incorporation. A 10 um Mayer drawdown rod was used

to form a thin film on glass slides, and a Keyence VHX-7000 series microscope was used to take
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transmitted light images of drawdown samples to check extent of CNT dispersion. A digital
ohmmeter was also used to measure resistance of the mix to determine extent of CNT
incorporation.
Rheological Testing

Yield stress and storage modulus was obtained with a HR-3 rheometer (TA Instruments)
equipped with a 20 mm crosshatched stainless steel plate. Samples were stressed under an
oscillatory stress sweep at a frequency of 1 Hz. Resulting profile was processed in Trios software

v4.5.0.42498 (TA Instruments).

Compression Set and Durometer

Relative compression values were obtained on cured pucks following ASTM 395, Test
Method B. Resins were transferred into a steel mold and cured at 150 °C for 16 hours to form
pucks with a nominal thickness of 12.5 mm and diameter of 29 mm. Sample durometers were
measured on cured compression set pucks using a Shore A durometer hardness meter. The
thicknesses of the original specimens are measured using an MTG digital thickness gauge. The
specimens were then placed between spacers in the compression device and compressed to 25%
of their original height. The compressed samples were transferred into a nitrogen purged oven held
at 70 °C for 70 hours. After removing specimens from oven, they were allowed to cool for 30
minutes, and then the final thickness was measured.

Tensile Testing

Tensile tests were run following ASTM D638 using Type IV dogbones cut from 2 mm
sheets cast in an ASTM D3182 mold and cured at 150 °C for 16 hours. Tests were run using an
Instron 5967 equipped with a 100 N load cell and pneumatic grips set to a pressure of 50 psi.

Tensile specimens were stretched at 500 mm/min until failure.
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Printing

Syringes loaded with silicone-based inks were affixed to the z-axis of an Aerotech xy
movement stage controlled via an Npaq controller through an Aerotech CNC operator interface.
A positive-displacement dispenser (Aerotech BM200-D25-E1000H-15 motor driving a Parker
ETHO032MO05A1PANFMNO150A linear actuator) supplied displacement to extrude ink through a
250 um nozzle to yield a nominal 250 pm strand size. G-code was implemented into the Aerotech
software to generate the printed structures (e.g., a 5 layered 8-inch square with a strand spacing of
585 um, z-height of 225 um, and a 60° helicoidal print shown in Figure 4). The printed flats were

cured using a 1-hour ramp to 150 °C then a 16 hour hold at 150 °C in an oven.

For printing atop a circuit board, the board was first adapted for scanning and printing by
desoldering larger components on the underside. The removal of these components helps to level
the board to form a more suitable printing surface as part of our demonstration. A contour bracket
of the circuit board was designed and 3D printed, allowing for repeated zeroing on a substrate. We
apply corrections derived from our point cloud to the coordinate commands of a flat toolpath.
These adjustments form discretized coordinates that can cause fast erratic movements in varying
height areas, affecting the ink to be deposited as well as accelerations. Implementation of sloped

ramps for higher positions with finer resolution in toolpath resolved part of this issue.

FElectrical characterization

Resistivity measurements were performed on casted 2 mm sheets and printed sheets using an
IET Labs 1865+ Megohmmeter with a 1865-11 test cell. Tests were run using a 5 V applied
voltage. Measurement times were set to 60 s and sampling number to average was set to 50. The

test cell was calibrated beforehand to subtract out any current leakage from cables and the test cell.
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Both surface and volume resistivity were measured on the samples in triplicate. To demonstrate
electric dissipation, a piezoelectric device was used to induce a charge into the material. A Simco-
Ion FMX-004 electrostatic field meter was used to measure the surface charges remaining on
sample surfaces after triboelectrification from a latex sample. Samples were handled using nitrile

gloves.

Charge transfer measurements were taken using a 20-gallon medium sized Faraday cup.
Electrostatic charges from the samples transferred to the Faraday Cup were measured using an
ETS Model 230 nanocoloumb meter. The capacitance for the Faraday Cup setup was measured
using a GLK Instruments Model 3000 digital capacitance meter. Printed samples were charged
through triboelectrification by rubbing and compressing on aluminum, cotton, and nylon surfaces
multiple times before each test. The test was run in a temperature and humidity controlled

atmosphere targeted to a relative percent humidity of less than 15 % at 20 °C.
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Tailored soft structures that serve as both electrostatic dissipative and mechanical shielding are
developed using low loadings of single-walled carbon nanotubes (<1 wt. %) to optimize the
composite for direct ink write 3D printing.
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