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CarbonNanotube (CNT) is a novel functional material with outstanding electrical and
mechanical properties, with excellent potential for various kinds of industrial applications.
Additive manufacturing or 3D printing of CNIbased materials or inks has been studied
extensively, and it is vital to have a thorough understanding of the fluid mechanics and colloidal
science of CNIbased inks for ensuring optimum printability and the desiredifumadity of such
CNT-based materials.

In this dissertation, a custedeveloped syringprintable CNFGO ink (GO: Graphene
Oxide) is introduced and the fluid mechanics and colloidal science of this ink as well as the
different devices (e.g., temperatur@ser, humidity sensor, and RF antenna) fabricated with this
ink are studied. The following topics are discussed in this dissertation: (1) the application and

printability (in terms of the appropriate fluid mechanics and colloidal science) ofllasidd inks

(2) development of temperature sensors with @ inks; (3) development of humidity sensors



with CNT-GO inks; (4) development of RF patch antenna with @\J inks; and (5) evaporatien
driven sizedependent nanmicroparticulate thredimensional deposit(CNTs serve as one type
of nanoparticle examined in this part of the study).

In Chapter 1 of this dissertation, a literature review is conducted on the application-of CNT
based inks and the fluid mechanics and colloidal science issues dictating thbilgyirand
performance of such CNbased inks. The problem statement and overall research plan are also
introduced in this chapter.

In Chapter 2, the development of our custom G@BID ink is introduced. Detailed material
selection and the mechanism of sixdppendent arrest of coffestain effect, which ensured that
the printable ink led to uniform deposition, are discussed in this chapter. Temperature sensor
prototypes printed with the CNGO inks are also presented in Chapter 2.

From Chapter 3 to Chapt&ythe performances of our CN3O based flexible temperature
sensor, humidity sensor, and patch antenna prototypes are discussed. The ink printability on
flexible thin PET fil ms i-andssttiucdki 6e da, p parnoda cah sttor «
trace (or patchbearing PET films on surfaces of widely varying wettabilities and curvatures as
different prototypes is introduced. Excellent temperature and humidity sensitivity of ouGCNT
based sensors are presented in Chapter 3 and Chapter 4, pote tiial of this CNTGO material
for fabrication of ultrawideband (UWB) patch antennas is discussed in Chapter 5. Furthermore,
the stability and reliability of these printed CNEO-based prototypes are also explored.

In previous Chaptershe printed CNT-GO patternswere cured by evaporatienediated
deposition on flat substrates (i.e., 2D deposition spanning in x and y directions). This motivated
the extension of the physics to the 3rd dimension and probing of particle deposition on a 3D

substrate and ptcle deposition in all x, y, and z directioriherefore, in Chapter 6, we perform



an experiment to demonstrate this kind of possibility using three kinds of-naaparticldaden
waterbased droplets (i.e. coffee particles, silver nanoparticlesCaliss). These droplets were
first deposited at the bottom of an-cared PDMS film; these droplets were lighter than the PDMS
and hence, they rose to the top of the PDMS where they could have either attained a Neuman like
state or simply remained as an uitdmed spherical drop with the top of the drop breaching the
air-liquid-PDMS interface. The calculations based onwater, watetPDMS, and alPDMS
surface tension values confirmed that the Neuman like state was not possible, and the droplets
were likely to retain their undeformed shapes as they breached #RDBS interface. The
timescale differences between the fast PDMS curing and the slower droplet evaporation, led to the
formation of spherical shape cavities inside the PDMS after completion @itihg, and allowed
evaporatiordriven deposition to occur in all X, y, and z directions inside the cavity, with the exact
nature of the deposition being dictated by the sizes of the particles (as confirmed by the
experiments conducted with coffee partglsilver nanoparticles, and CNTS).

Finally, in Chapter 7, the major contributions of this dissertation and proposed future

studies related to this dissertation work are listed.
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Figure2.2 (a) Viscosityvs-sheasrate variation of the GO:CNT ink asfanction of

the density of the ink for the GO:CNT (3:7) ink. (b) Viscositysheasrate variation

of the GO: CNT ink as a function of its composition (or relative weight percentage).

Figure2.3. (a) Printed traces with GONT=3:7 ink having a starting concentration of

5.5 mg/ml. The traces have been printed with a printing speed ahB0Minute. (b

d) SEM images of the top surface of the-GNT ink at different resolution. The GO
overlappedregion is highlighted in (c), while the safsembled CNT network is
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Figure2.4. Variation of the resistivity of the GO:CNT printed traces as a function of

the ink composition (for each case, the starting density ahkheas 5.5 mg/ml). (b

d) Variation of the resistance of the traces printed with (b) GO:CNT=9:1 ink (c)
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Figure 2.5, Experiments on drop evaporation and the formation of uniform deposits
(i.e., the arrest of the coffee stain effect) for (a) @A T-laden ink with a weight ratio

of GO:CNT=9:1, (b) G&CNT-laden ink with a weight ratio of GO:CNT=1:1, and (c)
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Figure2.6. (azd) Deposits obtained from the drop evaporation experiments with pure
SWCNTs demonstrating the coffee stain formation as evident from theiewp
microscopic images of the deposits [see) @ (d-i)] and the surface profilometry
measurements [seegd() to 6(d-ii)] [for the section identified in (i)] for concentrations

XiX



of (a) 2.5 mg/ml, (b) 3 mg/ml, (c) 3.5 mg/ml, and (d) 5 mg/ml. For the surface
profilometry measurements, we identify the peaks at the locations that correspond to

the edge of the dps confirming the formation of the coffee ring-hH} Deposits

obtained from the drop evaporation experiments with pure GO particles demonstrating

the arrest of the coffee stain formation as evident from theigpmicroscopic images

of the deposits [seé(e-i) to 6(hi)] and the surface profilometry measurements [see

6(e-ii) to 6(h-ii)] [for the section identified in (i)] for concentrations of of (e) 2.5 mg/ml,

(H 3 mg/ml, (g) 3.5 mg/ml, and (h) 5 mg/ml. Note that to better reveal the difference
betweerPure SWNT ink and pure GO ink at 5 mg/ml, the Figureg @hd (hi) were

taken under oveexposure mode in the MICrOSCOPE..........ccevvviiiiiiiiccceeeeeeees 57

Figure2.7. (a, left) Printed straighit i ne traces (printing speed

: CNT (3 : 7) ink on bare FR4 flat surfaces. (a, right) Printed strfiighttraces
(printing speed = 300 7nnkomaaurved,)3prmted, GO : CN
PDMS-coated PLA surface. (b) Printed straidine traces (printing speed = 150 mm
minil) of GO : CNT ink of different compos
=9 :1)on a curved (inner radius 135 mm)-@iinted, PDMScoated PLA surface.

(c) Printed straight i ne traces (printing speed = 300
ink on a 3Dprinted, PDMScoated PLA surface of different radii of curvature (the

curvature progressively increases as the radius progressively ésdreas 80 mm to

65 mm and to 50 mm). (d, left) Schematic of the embedded structures with multiple

printed layers of polymer with intervening layers of 3D printed networks of thie GO

CNT ink. (d, right) Actual syriembeddepr i nt ed
structures with three coated PDMS layers with two intervening layers of 3D printed
networks of the GOCNT ink on a curved surface with an inner radius of 80 mm. (e

iI,ii) Sensor patterns printed with-(eGO : CNT =3 : 7 ink and (@) GO : CNT=1:

1 ink. (eiii,iv) Spiral patterns printed with (&) GO : CNT = 3 : 7 ink and (&) GO

: CNT =1: 1ink. In (d,ii), the sensor patterns were printed using a speed of 150 mm
minil for the straight segme®t smmominhéda part
the curved segments of the patterns. Hiig), the spiral patterns were printed using

a speed of 150 mm minitl to 3ve-@mperaturemi ni 1.
variation, measured using a tpoobe system, for the sensor pattermigd with (f)
GO:CNT=1:1linkand (g) GO : CNT = 3: 7 ink. The corresponding average TCR

i sDiU7 T 101 HDARCTan®i1¥8/ AC for the patterns
=1:1and GO : CNT = 3: 7 inks, respectively. This average TCR for tternmat

printed with both types of inks is calculated as (where RT is the resistance at

LC1 001 o1=T 2= LU £ 1 OO PP PP PP P PP PP 60

FigureS2.1 (left) Sonication of the ink. (right) The screen capture that is showing the

G-code that was written and loaded in the Repetrel software for the printing of a straight

line of length 70 mm. In this screen capture, we hdeatified the printing speed and

tNE PUISE FALE......uuiiiiiiiiiiiiie e 66

FigureS2.2 (top) Printed straigHine traces with 3 combination of the GO/CNT ink

on bare FR4 surface. The left, center, and the right group of lines are printed with
GO:CNT=9:1, GO:CNT=1:1, and GO:CNT=3:7 inks, respectively. (bottom) Printed

patterns on PDM&oated FR4 substrate with GO:CNT=8K..............ccovvvrrrrnnes a7

FigureS2.3 Rheometer for ink viscosity measurements...............ccoeevvvumemnnnnnn. 67
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FigureS2.4 Setup for the width measurements using a microscope (left) and the length
(right) measurement using a ruler fbe printed straighline traces..................... 68
Figure S2.5 Profilometry measurement for the thickness of the coated PDMS layer
(left) and the thickness of the GCNT ink traces printed on the PDM®ated FR4

S0 1Sy =1 L= (e | 0 USSR 69
FigureS2.6 Surface profilometry masarements of the printed straigimte traces with
() GO: CNT=3:7, (b) GO:CNT=1:1, and (c) GO:CNT=9:1......cccccceeeeirrrrrrerinns 69

Figure S2.7. A typical Line Edge Roughness measurements screenshot from the
software Lacerm. (Shown straight line printed with 5mg/ml CNT:GO = 1:1.inkKpD
FigureS2.8 4-Probe measurements for straijjhe traces lines printed with GO: CNT

= 3:7 ink on a hotplate whose temperataan be controlled. (Left) Schematic. (Right)
Experimental Setup. The same fguobe measurement has been used to quantify the
resistance of the straighibe traces printed with GO: CNT =3:7, 1:1, 9:1 inks at a fixed

tEMPEratUre (2B ) ..t eeer e e e e e e e e e e e 72
FigureS2.9 V-I plot at surface temperature of 1). T =[28, R = 2138 Y; 2)
N, R = 203&NY:; R3F. 1P7ONY; R4A)E. 1D34AN&2 5) .
, R = L8920 Y e 1

FigureS2.10 SEM specimen preparation without additional coating. (a) Ink droplets
on aluminum foil. (b) Specimen for obtaining teew SEM. (c) Specimen for
obtaining croSSectionNal SEM...........cciiiiiiiiiiiiiiiee e 73
FigureS2.11 (a) Micropipette for droplet volume control; (b) set up for capturing the
optical image of theevaporating droplet, and (c) set up for the profilometery
measurement (using TencotlRong scan profilometer) for quantifying the thickness
variation of the deposits resulting from the evaporation of the-Gi¥laden or pure
(1@ 1= To [T o o [ £0] 0 1= PSSR 74
Figure S2.12 Pictures showing the evaporating drop (and the correspopadisty
evaporation deposits) for a drop of GO: CNT = 3:7 ink at (a) 0 min (i.e., immediately)
after the drop deposition; (b) 15 minutes after the drop deposition; (c) 30 minutes after
the drop deposition; (d) 45 minutes after the drop deposition (case idemnap is

TUIlY @VAPOTALEA).. ... ettt 75
Figure S2.13 Pictures showing the evaporating drop (and theesponding post
evaporation deposits) for a drop of GO: CNT = 9:1 ink at (a) O min (i.e., immediately)
after the drop deposition; (b) 15 minutes after the drop deposition; (c) 30 minutes after
the drop deposition; (d) 45 minutes after the drop depogitiase when the drop is

L] YA =AVZ= T o To ] =Y (=T | P SUUUUSU PPN 76
Figure S2.14 (a) Schematics for newly printed senpine patterns to validate the
printability and reproducibility; (b). &odes applied to print those patterns (Minor
differences among different patterns, with printing speed ranging from 100 mm/min to
FigureS2.15 Optical measurements (showing the width) and the surface profilometry
measurements (showing the thickness and the edgamess) of the different sections
(identified in the leftmost image) of the serpentine trace printed with GO:CNT=1:1 ink
having a concentration of 7.5 mg/ml..........cccooi e 77
FigureS2.16 Optical measurements (showing the width) and the surface profilometry
measurements (showing the thickness aedetdge roughness) of the different sections
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(identified in the leftmost image) of the serpentine trace printed with GO: CNT=3:7 ink
having a concentration of 7.5 Mg/Ml...........iiiiiiiiiii e 78
FigureS2.17 Optical measurements (showing the width) and the surface profilometry
measurements (showing the thickness and the edge roughness) of the different sections
(identified in the leftmost image) of the spiral pattern printed with GO:CNT=1:1 ink
having a concentration of 5.5 mg/ml. In the figures showing the thickness distributions,
the printed trace area was highlighted with rectangular boxes.......................79
FigureS2.18 Optical measurements (showing the width) and the surface profilometry
measurements (showing the thicknasd the edge roughness) of the different sections
(identified in the leftmost image) of the spiral pattern printed with GO: CNT=3:7 ink
having a concentration of 5.5 mg/ml. In the figures showing the thickness distributions,
the printed trace area was higjhited with rectangular boxes.................ccoeeee. 80
FigureS2.19 TCR measurements for printednsoilike patterns with GO: CNT = 1:1

ink. (aright) Printed sensor patterns. (b) Experimental setup. (c) IR thermom@ter.
Figure 4.1 (a) Sample of the CNGO ink with CNT: GO=1:1 weight ratio. (b)
Example of syringe printing with this CNGO ink using Hyrel Hydra 16A 3D printer.

(c) Schematic of syringe printing with this CNJO ink on a flexiltle and transparent

PET film. Here we provide an inset to show the dimensions of the printed traces and
the PET film, confirming the ultr¢hinness of the printed sensor. (d) Example of
printed CNFGO-tracebearing flexible PET tape. (e) Examples of CSD trace

bearing adhesive PET tape adhering to the palm of the hand and the outer surface of a
glass bottle. (f) Schematic showing the use of such flexible and adhesiv&sONT
tracebearing PET tape on a coffee cup (representing a mdildredtructure that

shows a progressive increase in the radius of curvature on its surface as one moves
from the bottom to the top of the cup) for providing the temperature sensing at surfaces
of varying diameters of curvature (d1 = 6 cm, d2 =7 cm, d3 = 8 cm). (g) Schematic
showing the use of such flexible and adhesive @\{Ftracebearing PET tape on a
hydrophobic surface [whose possible microscopic structure is highlighted in (h)] for
providing temperature sensing on surfaces of large hydrophobicity............... 95
Figure4.2 (a) (right) Average vertical height from the profilometry measurements for
the flat PET film along the bk line (see the figure to the left), i.e., along the line where
there are no printed CNGO traces. This measurement provides the roughness of the
PET film. (b) (right) Average vertical height from the profilometry measurements,
averaged over the measumms corresponding to the three traces, along the central
part (i.e., along the blue line, see the figure to the left) of the printed sthaigI@NT-

GO traces on the flat PET substrate. (c) (right) Average vertical height from the
profilometry measurenm¢s, averaged over the measurements corresponding to the
three traces, along the central part (i.e., along the blue line, see the figure to the left) of
the printed straighline CNT-GO traces on the PET film adhered to the curved surface.
The profilometrymeasurements were conducted with the @J-tracebearing PET

film remaining in this curved configuration. (d) (right) Average vertical height from
the profilometry measurements, averaged over the measurements corresponding to the
three traces, along tleentral part (i.e., along the blue line, see the figure to the left) of
the printed straighine CNT-GO traces on the PET film that was initially adhered to

the curved surface, then removed from this curved surface, and adhered back to the flat
FRA4 surfae. The profilometry measurements were conducted with the G&Hrace
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bearing PET film remaining in this flat configuration. Comparison of the average

vertical height of the printed traces for the different cases (described above) with [see

(e)] and withotl [see (f)] accounting for the roughness of the PET film. For all the

cases, the profilometry results include the height of the printed traces and the roughness

of the PET film: the orange box in each figure corresponds to the precise axial position

of whae the trace IS PreSenLk.........ooo i 102

Figure4.3. (a1) Optical microscopy images (the yellow line in the figure represents the

scale bar of 1 mm) of printed andied CNT-GO traces on a flat PET film before

bending and testing.{§ ESEM images (at a smaller magnification; the yellow line in

the figure represents the scal eGOdraces of 400
on a flat PET film before bending aridsting. (aiii) ESEM images (at a larger

magni ficati on; the yellow |Iine in the figu
printed and dried CNFIGO traces on a flat PET before bending and testing @ptical

microscopy images (the yellow line tihe figure represents the scale bar of 1 mm) of

printed and dried CNTGO traces on a flat PET film after bending and testing

(involving three temperature cycles; one heating and one cooling cycle together
constituted one complete cycle)-i(pESEM imagedqat a smaller magnification; the

yell ow |Iine in the figure represents the s
CNT-GO traces on a flat PET after bending and testingi)(ESEM images (at a

larger magnification; the yellow line in the figurgpre e sent s t he scal e bar
the printed and dried CNGO traces on a flat PET after bending and testing.104

Figure 4.4. Resistances-temperature measurements as functions of curvatures. (a)

Printed CNFGO-tracebearing flexible adhesive PET films adhering to the outer

surface of the coffee cup. (b) Experimentahgeindicating that the teperature of the

outer surface of the coffee cup is regulated by adding either hot or cold water inside the

coffee cup. (c) Experimental sep for measuring the curvature at a given vertical

height along the coffee cup.-{l Resistancers-temperature w@ations for the printed

traces corresponding to a diameter of curvature of (d) 6 cm, (e) 7 cm, and (f) 8 cm.

Results for both the heating and cooling cycles as well as the error bars for the measured
resistance values have been provided #).(éurthernore in (d) to (f), fittings with

two-term exponential model have been employed to indicate the overall trend ef the R

vs-T variation (considering the mean value of R) for both the cooling and heating

cycles. For better clarity, in the appendix we havetgtb{a) the raw data for the
resistancess-temperature variation corresponding to each trace and each heating and

cooling cycle for CNTGO traces printed on surfaces of different curvature and (b)

provided the corresponding-parameter exponential fit foeach of the data set
corresponding to the resistanegtemperature variation for a given trace, given
heating/cooling cycle, and given curvaturei)(§ariation of the ratio R/R0O [where RO

is the resistance at T=250C corresponding to a given (heatoapling) cycle] with

temperature for the printed traces corresponding to a diameter of curvature of (g) 6 cm,

(h) 7 cm, and (i) 8 cm. Results for both the cooling and heating cycles as well as the

error bars for the measured resistance values have beeideoran (gi). (j-I)
Sensitivity (of the printed traces) guanti
dR/dT (please see the insets) values with temperatures for the printed traces
corresponding to a diameter of curvature of (j) 6 cm, (k) 7 cm(laBdcm (with blue

and red lines indicating the cases of cooling and the heating cycles, respeciiv2ly).
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Figure4.5. (a) Contact angle measurements of G@BKD ink on hydrophobic substrate

materials (Fiber board). (b) Printing trials (also see the Supplementary movie S3)
showing the printability (or the lack of it) of the CM3O inks on the hardbier boards.

(c) Printed CNTGO-tracebearing adhesive PET film adhered to this hydrophobic
surface and the resistance measurementpsased to measure the& T variation of

these traces on the PET film adhered to the hydrophobic surface. (d) Average
resistancevs-temperature variation for the CNGO traces printed on the PET film

adhered to the hydrophobic surface. Error bars for the measurements are provided. The
figure also shows the fitting of the experimental data with theténm exponential
modelindicating the overall trend of-Rs-T variation. (e) Variation of the ratio R/RO

(where RO is the resistance at T=250C) as a function of temperature for tR6GNT

traces printed on the PET film adhered to the hydrophobic surface. Since here we
guantifythe Rvs-T variation by subjecting the CNGO traces to only heating cycles

(i.e., conducting the experiments with hotplate), R is never larger than RJ ® (®)

(f) Variation of U as a 40 tracdsprmtadoothe t e mper
PET film adhered to the hydrophobic and in the inset we provide the corresponding
variation of dR/dT as a function of the temperature.............cccvvvvviieeeiiiiennnn. 114

FigureS3.1 Equilibrium cont a@Xink dropetioe (a)(gdssq) of
slide (deq ~43A),(d))PaoAlcyodribconadteeq (~dbeboA) ~ 8
(deq ~59A), and (e) Har.d..f.i.ber..bhoa32d (deq
FigureS3.2 Water and CNAGO ink droplets on (a) Hydrophobic hard fiber board and

(b) PET film (c). Zoomed in views showing the contact angles of water and@NT

ink droplets (the angles are identical for the water and the-GNTink droplets on a

given substrate and hence shown only for the @B ink droplet) on hard fiber

(bottom) and PET film (T0P).....ccevieeeieiiiiiiii i 133

Figure S3.3 Setup showing the specimen orientation in profilometer chamber for
profilometry measurements of the height of the G@BID traces that are (a) printed on

a flat PET film and (b) printed on a PET film that is adhered to a curved surt33

FigureS3.4 ESEM observations for specimens under bending conditions. (a) Photos

of ESEM measurement setup, using bent specimen as an example. (b) Screen
monitoring of the specimen in the ESEM chamber. (c) and (d) ESEM images for
specimens under bending under different magnificatians.................ccccceceee... 134

Figure S3.5 Scatter plot showing the resistarwsetemperature variations for each

heating (red) and cooling (blue) cycles for the three sep@fdieGO traces printed

on surfaces of curvature of diameter, d = 6 cm. For each case, we provide the four

Figure S3.6 Scatter plot showing the resistarwsetemperature variations for each
heating (red) and cooling (blue) cycles for the three separate@DITraces printed
on surfaces of curvaturd diameter, d = 7 cm. For each case, we provide the four
parameter exponential fit with continuous lines..............cccooviicce 136
Figure S3.7. Scatter plot showing the resistarnetemperature variations for each
heating (red) and cooling (blue) cycles for the five separate-GRTraces printed on
surfaces of curvature of diameter, d = 8 cm. For eaelk,cae provide the four

parameter exponential fit with continUOUS lINES............civiiiiiiiicceiieee s 137
FigureS3.8 Averageresistivity estimation of the CNTGO traces printed on surfaces
of different curvatures under 3 different temperatures...............ccccvvieemrrrennns 154
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FigureS3.9 Plot showing the resistanes-temperature variations for a cooling cycle
(trace-2 and cooling cycle?) for the three separate CNJO trace printed on surfaces

of curvature of diameter a) d = 6, b) d = 7 cm, ¢)&cm obtained by various models.
....................................................................................................................... 158

Figure S3.10 Plot showing thelT CR-vs-temperature variations for a cooling cycle
(trace-2 and cooling cycle?) for the three separate CNJO trace printed on surfaces

of curvature of diameter, a) d =6, b) d =7 cm, ¢) d = 8 cm obtained by various models.
....................................................................................................................... 159
FigureS3.11 Scattering plot showing the resistatwsemperature variations for the

1st heating cycles for the four pmrate CNTGO traces printed and adhered to
hydrophobiC SUMaCE..........eiiiii e 161

Figure S3.12 (a) printed @®IT-GO traces orientation during temperature cycling
durability test in the environmental chamber; (b). detailed view, presenting the
monitoring wire connected to printed CNIO traces............ccoeeeiiciiicene e 162

Figure S3.13 Resistance changes of one printed trace over 150 heating and cooling
cycles betweerdON and 129 . Insets: Temperature and resistance profitefgrent

cycle numbers 30th to 35th cycles; 85th to 90th cycles for one selected.trade63

Figure S3.14 (a,b) R vs. T scatter plots at (a) 35th cycle, and (b) 90th cycle in the long
term degradation test (c) Change of resi st
( R/ RO ) for the first 100 tempermeure cyc
and R_0 is resistance at room temperature for that cycle................ccoooeeee. 166
FigureS3.15 Experimental Setup and Results for Curvature Test: (a) Traces under flat
condition. (b) The same trace adhering to different locations (representing locations of
different curvatures and hence locations that subject the printed traces to different

strainslon the cup under room temperature (6 1| o
pl ot, where R_0O is the resistance under f 1 ;
(compared to R_0) at each given curvature (Larger diameter of curvature means smaller
deformation and STraIN)........cooiiiiiiiiii e 168

FigureS3.16 Experimental Setup and Results for Bending Test: @)€& printed on

a flat surface. (b) Traces subjected to 90° bending (for each trace, resistances were
measured between points 1 and 2). (c) Bar «
&R i s t he resistance <change frosnthefl at t o
corresponding resistance of the trace on the flat surface [case shown.in.(a)1.69

Figure4.1 Experimental setup of CNGO based humidity sensing experiments: (a)

CNT-GO Ink Material; (b) Printing CNAGO ink with Hyrel 3D printer; (c) Adhering

printed CNFGO traces to both flat and curved substrated) dumidity Sensing

Setup showing (d) Bnironmental Chamber, (e) Orientation of Samples Inside the

Chamber, and (f) Data AcQUISItion SYStemL...........ccooiiiiiiiimerr e 194

Figure 4.2 Humidity sensing by the CNGO traces on flat surfaces. (a) Trace

orientation inside the humidity chamber. (b) Sensing during humidifying (Wetting)

process showing ¢B) the variation of the relative change in resistance with RH% and

(b-ii) the variation of the humidity sensing factor [see eq.(5)] with RH%. (c) Sensing

during dehumidifying (Drying) process showing -{r the variation of the relative

change in resistance with RH% anédiijahe variation of the humidity sensing factor

[see €q.(5)] WIth RHY0. ... emmr e 199
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Figure 4.3. Humidity sensing by the CNGO traces on curved surfaces (a) Trace
orientation inside the humidity chamber: the four different traces at four different
vertical heights along thpaper cup represent traces at four different curvatures. (b)
Results for curvature 1 (06 1 0 & & @ G showing the variation of the relative
change in resistance with RH% duringiYhumidification process and {ib) de-
humidification pre@ess; results for curvature 1 showing the variation of the humidity
sensing factos [see eq.(5)] with RH% during {i) humidification process and {iv)
de-humidification process. (c) Results for curvaturé {6 i U & & ®i9 ‘Showing

the varation of the relative change in resistance with RH% durinayiamidification
process and (i) de-humidification process; results for curvature 2 showing the
variation of the humidity sensing fact@ [see eq.(5)] with RH% during 9
humidification process and {w) de-humidification process. (d) Results for curvature
31 woi U O WP showing the variation of the relative change in resistance
with RH% during (di) humidification process and {d) de-humidification process;
resuts for curvature 2 showing the variation of the humidity sensing fé&{see
ed.(5)] with RH% during (di) humidification process and {&) de-humidification
process. (e) Results for curvatured 4 6 i U & d & showing the variationfo

the relative change in resistance with RH% during feimidification process and-(e

iii) de-humidification process; results for curvature 2 showing the variation of the
humidity sensing factag[see eq.(5)] with RH% during i@ humidification procss

and (eiv) de-humidification PrOCESS.........uuuiiiiiiiiiiiiei et 202
Figure4.4. Longterm stability test and humiditgasing after ~1000 hours of stability
test. (a). Time variation of the R/Ratio during the stability test conductedtaiv
(similar results from the stability tests conductedoatV anduv W have been
presented in Fig. S2 in the SI)-¢p Humidity sensing test (quantified by the variation

of the ratioY' YF'Yrtwith RH% for the CNTGO traces) after the stability test for the
traces on (b) Flat traces, (c) on curved surface with Curvatui@o®( 0 G0 61 Q
& @ 9, (d) on curved surface with Curvatured2@ 6 i 0 & & ®i9,Qe) on curved
surface with Curvature 3 (001 U ¢ 60§ WX, and () on curved surface with
Curvature 1{ © 61 0 @ W& WE). (g) Averaged resistances scattering plot for
printed CNFGO traces on PET films during 4 months temperature cycling test. (g, left
inset). Temperature profile and resistance plot in thednth of 2 selected CNGO
traces. (g, right inset) Temperature profiled resistance plot in thd"4nonth of 2
selected CNIGO traces (Tracé failed and Trac® survived)..............oooeeenenee 206
FigureS4.1 Stability Test under 3U (>150 hours) and 50 (>200 hours); plots also
show the periodic stopping in the chamber during the test..................ovveeeee. 220
FigureS4.2 Resistance jumps possibly induced by local water condensation inside the
humidity chamber (Circled inred).............oooiirriiie e 221
Figure S4.3 Trace observations before and after humidity sensing experiments: (a).
Sample picture; (b). Optical microscopnsage for the region of interest (ROI); (c,d).
SEM image of the ROI before humidity sensing experiments; (e,f). SEM image of the
ROI after humidity sensing eXperimentS..........couuuiieeeiiiiimmmreiiieee e e e 222
FigureS4.4 Plot showing the resistance chavgaelative humidity (RH%) for traces
printed and adhered to a surface with radius of curvature of 4 cm at temperature of (a)
35N, (D) 40N, @and (C) 4Bl ... 227



FigureS5.1 (a) Printing of CNTGO based patch antennas using syringe printing. (b).
Patch antenna patterns and straighe traces printed on PET films. (c) Printed GNT

GO patch antenna bearing PET films after being assembled on flat FR4 substrates. (d)
CAD design for curved and bendable substrates. (e) Printed@DIpatch antenna
bearing PET films adhered on curved anddadrte PLA substrates................... 294

Figure S5.2. Characterizations of the antennae patch and the prirdedstr (a)
Photographs of the patch antenna with arrows showing the directions (horizontal and
vertical) of the profilometry measurements:iifaProfilometry measurement results
showing the variation of the thickness of the material deposit along ttieal@nd
horizontal directions on the surface of the antenna patghP(iotographs of the patch
printed straightine traces showing the direction of the profilometry measurements. (b

i) Profilometry measurement results showing the variation of tlekrtess of the
material deposit along the measurement direction [s€gdh the surface of straight

LTSN 1= Vo = RS 296
Figure5.3. Experimental setup for the VNA measurements fei) @NT-GO patch
antenna printed on PET films that are adhered to flat FR4 substratesigrabgper

patch antenna. (b). Variation of the reflectamefficient @ p)pvith frequency for the

two separate CN-GO patch antenna specimens (both printed on PET films that are
adhered to flat FR4 substrates) and the copper patch antenna. The dashed in the figure
identify the working frequency band of the CNBD patch antennas................. 298
Figure5.4. (ari) Experimental setup for the VNA measurements for @BID pdch
antenna printed on PET films that are adhered to curved and printed PLA surfaces (the
picture considers the curved surface to be of radius of curvature of 5 min). (a
Variation of the reflection coefficien3(p)pwith frequency for theCNT-GO patch
antenna specimens (printed on PET films) adhered to curvilinear PLA surfaces of
different radii of curvatures. {bi b-iv) Experimental setup for the VNA measurements

for CNT-GO patch antenna printed on PET films that are adhered to flexible and
bendable grfaces with multiple bending angles)( such that (B) 1t O(b-ii). |

o 1T Jb-ii) | ¢ 1T aAnd(b-iv) | w Tt Jb-v) Variation of the reflection coefficient

(3 p)pvith frequency for th€NT-GO patch antenna specimens (printed on PET films)
adhered to bendable surfaces at different values of the bent configurations (of these
RS0 7= Lo =1 PSSP 300
Figure5.5. (a) Test setup for measuring the effect of temperature cycle on the reflection
coefficients of the CNAGO patch antennas (printed on the PET films) adhered to the
flat FR4 substrates. (a: Inset) The temperature profile applied for thesrzome
cycling test. (b) Variation of the reflection coefficie® )pwvith frequency for the
CNT-GO patch antenna performances before (solid lines) and after one week (dashed
lines) of temperature cycling test. Results are shown for two separate s&hpled
S3[SEE PAIM ()] eeeeeeeieeiii i eerer et e e e e 301

Figure 61. 2D-vs-3D particle depositsSchematic of (a) particladen drop resting on

a 2D surface leading to evaporatidrnven 2D deposits in the form of either (b) uniform
deposits or (c) coffee rings. Schematic of (e) partetken drop resting in a 3D
geomety leading to evaporation driven (e) 2D deposits of coffee particles and 3D
deposits of (f) silver nanoparticles and (g) CNTS.......cccoeeevviiiiiiiicecie e, 315

Figure 62. Drop Dynamics Inside the PDMS Film. (a) Schematic and experiment for
droplet deposition within an uncured PDMS film. (b) Schematic and experiment
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showing the droplet rising inside the uncured PDMS film. (c) Betie demonstrating

the possible drop location inside the cured PDMS film: (top) drop encapsulated within
the depth of the film for the case whdreb 6 i "Q& 1Q"@hdXbottom) drop in a
configuration that has breached theRIDMS-film for the aset @6 1 Q& QI
happens for our case). (d) Schematic demonstrating the drop evaporation with drop in
a configuration that has breached theRIMMSHfilm: this represents a condition that is

T1 QiTA6 1 "QFE M ON'@ &. ¢ur calculations (see section S3 in the
Supplementary) confirms that the drop at theuacuredPDMS interface cannot
remain in a Neumann state [see the inset in (d) and Fig. 81(a)]; rather it will remain as
an undeformed drop [as shown in (d) afAd. S81(b)]. (e) Schematic and actual
experimental result showing the formation of cavity caused by the presence of the drop
(and its subsequent evaporation) inside an already cured PDMS.film.......... 319

Figure 63. 2D Deposits of Coffee Particles. (a,b) Experimental results confirming the
presence of the 2D ridigke deposits of the coffee particles at the thpbase contact

line (TPCL). (c) Schematic showing this 2D rilke deposits at the TPCL. (d)
Confocal meroscopy measurements yielding the thicknesszlerght) of the ringike
deposits of the coffee PartiCles............c..uuuiiiiiiiiieeeiiiii e 320

Figure 64. 3D Deposits of Silver Nanoparticles. (a) SEM imaging and (b) EDS
imaging confirming the deposit of the silver NPs as a 3D shell (sparningndz
directions) at the bottom of the cavity within the PDMS film. (c) Picturthefentire
PDMS film showing such 3D shdike deposit at the bottom of the cavity within the
film. (d) Schematic of the 3D shdike deposit at the bottom of the cavity within the
PDMS iMoot nnnr e e e 322

Figure 65. 3D Deposits of CNTs. (a,b) Microscopy images showing the 3D CNT
deposit (spanning, y, andz) as a combination of shdlke structure at the bottom of

the PDMS cavity and rinfike deposit near the hole on the PDMS surface. Part (b)

provides a magnifée vi ew of 't he deposliketdspositatdhé denot e

bottom of the cavity, ABO0O denotes the part
ACO denot-leiskd hede pasigt near the TPCL, and

cavity. (c)Picture ofthe entire PDMS film showing such 3D deposit (a combination of
the sheHlike and ringlike deposits) within the cavity present inside the PDMS film.
(d) Schematic of this 3D deposit consisting of the diledland ringlike deposits323
Figure6.6. (ad) CFD Results for Velocity Fields. CFéimulationgenerated velocity
contours within the evapating drop for (a) t=1 minutéb) t=100 minutes, (c) t=160
minutes, and (d) t=240 minutes. The color bars id)(provide the velocity values in
mm/s. (e) Schematic explaining the formation of the-hikg deposit by the coffee
particles. (f) Schematiexplaining the formation of the deposit in the form of 3D shell
like structures (spanning y, andz directions) by the silver NPs...................... 325
FigureS6.1.ESEM Size Quantification of Silver Nanopatrticle Sizes: (a). ~3000 times
of magnification, with a scale bar of i ; (b). ~40000 times of magnification, with

a scale bar of {1 , in which the agglomeration can be clearly observed, but not
individual silve NaNOPArtiCIES. .........cccciviiiiii e eeeee e 331
Figure S6.2 SEM Size Quantification of SingWalled Carbon Nanotubes
(SWONTS): (a). ~20000 times of magnification, with a scale bar{df ; (b). ~50000
times of magnification, with a scale bar@fi , in which SWCNT network can be
Clearly ODSEIVE;......... i e —— 331
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Figure S6.3 SEM Size Quantification of Coffee Particles: (a). ~200 times of
magnification, with a scale bar of rtii ; (b). ~1700 times of magnification, with a
scale baofu 111 , in which a typical coffee particle is presented.................. 332
FigureS6.4 Examples o$teps in sample preparation. (a) Measurement of CNT particle
weight using an analytical balance; (b) Sample sonication; (c) Sample storage in the

= Lo -SSR 333
FigureS6.5 Setup for recording and tepew microscopic capture during the droplet
rising process inside the PDMS film.........oooooiiiiii e 334

FigureS6.6 Microscopic top view of the CNT droplet during droplet rising and PDMS
curing at four separate times instants: (ajd&posited CNT droplet in the PDM%)(

CNT droplet reaching the top of uncured PDMS (about 10 minutes after deposition);
(c) 10 minutes after CNT droplet has reached the top of PDMS film; (d) 1 day after
deposition (i.e., when the PDMS film has been cured and the cavity has formed, but
the evaporation was not entirely completed)............ccccciiiiiimemniniii 335
FigureS6.7 Microscopic top view ofoffee-particleladen droplet during droplet rising

and PDMS curing at four separate time instants: (ajémsited coffee droplet in the
uncured PDMS; (b) coffee droplet reaching the top of uncured PDMS (about 10
minutes after deposition); (c) 10 minutdter coffee droplet reached the top of PDMS;

(d) 1 day after deposition (i.e., when the PDMS film has been cured and the cavity has
formed, but the evaporation was not entirely completed).............cccevvvieeennes 336
FigureS6.8 Microscopic top view of silver nanopatrticle (AgNP) laden droplet during
droplet rising and PDMS curing at four separate time instantdsfdeposited AQNP
droplet inside the PDMS; (b) 30 minutes after AGNP droplet reached the top of PDMS;

FigureS6.9 Side view of three types of droplets after they have reached the top surface
of PDMS (i.e., the uncureBDMS-air interface): (a) Ag NP laden droplet; (b) CNT
laden droplet; (c). Coffee particle laden droplet...............ooovviiiiriieiiiieiiiiinns 337
FigureS6.10 Snapshots during droplets rising with highlighted region showing: (a) the
reflection of thedroplets at the uncurddDMS-air interface; (b) Overlap between the
reflection and the droplets.... ... 337
FigureS6.11 Schematic showing that (a) the drop is in a Neumann state at the uncured
PDMSair interface; and (b) the drop has penetrated as a whole through the uncured
PDMS-air interface. Here (as well as in the calculatiohs{y is the airwate surface
tension/ @i the airPDMS surface tension, andv ip the watetPDMS surface

L= 151 (o] o TR 338
Figure S6.12 Configuration of the drop (undeformed) at the uncitr&iMS-air
interface. The circle representing the dRIPMS interface has a radius af As the
PDMS film is cured and the drop evaporates, we are left withity egithin the PDMS

film. This cavity has a hole of radiasat the top surface of the cured PDMS fil339

Figure S6.13 Fluorescent imaging showing thrpbkasecontactline (TPCL,
highlighted with yellow arrows in the figures) of the drop localized at the PAWMS
interface remaining pinned during droplet evaporation, i.e., (a) 9 hours after PDMS

] 1 () TSP 341
Figure S6.14 Half evaporated droplet showing the TPCL remained pinned during
droplet evaporation (see highlighted region in the figure)............cccccooeiveeenn. 342
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FigureS6.15 Microscopic characterization of coffee particle deposition: (a) Photo of
coffee deposits in cured PDMS; (b). Optical microscopic image of one slice from (a)
(shown by red dashed lines); (Bnvironmental Scanning Electron Microscopic
(ESEM) image of the top of the cavity, cofeag deposition observed; (d). ESEM
image of the bottom of the cavity, nearly no deposition was found; (e) Insets [in part
(c)] quantifying the approximate thicknesd coffeering deposition: ~20 to 30
L0103 0] 0 PRSP PPPPPPPRRR 343
Figure S6.16 EvaporatioAnduced deposition pi@rn for (a) drop containing
aluminum patrticles inside the cavity (that has been sliced open) within the cured PDMS
film and (b, c) drop containing B®4 particles inside the cavity (that has been sliced
open) within the cured PDMS film.........coooooiiiiiiiieee e 344
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Chaptlenrt rloduct i on

1.1 Background

Additive Manufacturing (AM), or 3Bprinting (3DP), as it is popularly known, is a
manufacturing process t-hpbd -bydayekfdshionasoppodedte ct i |
a subtractive process where the final complex net form of a product is achieved by removal of
material from a larger raw precursor of simpler shape. Numerous 3DP technologies have been
developed, including fused deposition modeling (FDM), direct Ink Writiigw),
stereolithography (SLA), selective laser sintering (SLS), -plvoton polymerization (TPP),
Electrohydrodynamic (EHD) 3D Printing, and many more. The various corresponding raw
materials that are compatible with different 3D printing technologies lmen widely
investigated, including polymers and resins (mostly for FDM, and3D¥), metals powders
(usually with SLS), ceramics (usually fabricated with DIW method), cablased materials
(compatible with FDM, 1JP, AJP, SP, etc.), and many othé&Among these materials, 3D
printable carbon inks, which consist of volatile solutions with catiesed materials in different
forms as fillers, have emergeak extremely popularoptions, due to their multfunctional
capabilities as well as outstandingeenical stability and electrical and mechanical properties.
Commercial 3Dprintable carbon inks that utilize graphemesed materials,&arbon
fiber}21614nd carbomanotube based materité® 2°have been widely used for a multitude of

3DP aplications, such as roboti¢$soft and wearable electronjt's®® energyrelated devices

" A significant part of theontens of this chapter habeen published as the following journal article: B. ZhaoS\Sivasankar,
S. K. Subudhi, SSinha, A Dasgupta, SDa s , AApplications, Fl ui d Me c-Naaatubebased and Col
3D Printabl e 2022D8I: 10.10R%D1MRANL12G e ,
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(such as batteries, heaters, and those with lighting applicatifigjurgical and biomedical
applications>*>®and many more.

One such example of carbbased inks is the ink based on dispersed carbon nanotubes
(CNTs). Components and devices printed with such -®&ged inkexhibitoutstanding electrical
and mechanical performance. This has made-Gaed inks one of the most prising inks with
wide range of potential applications. 3D printable Gib&Eed inks have been extensively used in
fabrication of multipurpose sensors (including helical liquid sensor, strain sensors, vapor or gas
sensors, temperature sensors, étcy.For example, Xiangt al. used FDM (Fused Deposition
Modeling) tofabricate 3D-printed strain sensors with CNAgNP (AgNP: Silver Nanopatrticle)
ink,2® Alshammariet al. developed a gas sensor by inkjet printing poly®/CNT inks
(MWCNT: Multi-walled QNT),?” Liu et al. fabricated hydrogen sensors using Platinum (Pt)
decorated SWCNTs (SWCNT: Singhalled CNT) by employing Aerosdlet Printing?® Qin et
al. inkjet-printed pH sensors for electrochemical monitoring using functionalized SWe&siid,
Zhaoet al. printed temperature sensors using GEO ink (GO: Graphene Oxide) that operated
by leveraging the negative temperature coefficient of resistance of the € RNI-based inks
have also been employed to fabricate conductive patterns, capatiamsistors, RF devices,
circuit patterns, and parts of wearable electrotfiéd Furthermore, researchers have investigated
the application of CNIbased ink in fabricating energglated devices including heaters, batteries,
and lightingdeviced® as well aseveral biomedical devices (e.g., devices involving the handling
of the human neuroblastoma c#land antioxidant assays in blood BK&)s

Optimizations of the functionalities and thermofluidic properties of the-B&ked inks, which
in turn dictate the performances of the components printed with these inks, necessitate a thorough

understanding of the fluid mechanics and the colloidal science aspects of CNT based inks.



Printability, homogeneity of the printed traces, and functionalifilseocomponents printed with
the CNT-based inks can be significantly improved by understanding and tailoring the viscous and
viscoelastic behaviors of the ink, nature and mechanism of colloidal deposition and the resulting
pattern formation (e.g., formatin or pr evesttiaomoéof, a@aodf fcae i ng.
have studied the rheological behavior (e.g., sti@aning effect) or pattern formation behavior
(e.g.-sb@omfde ¢ or rhasedisuspepsionsfnd B Despite that, therare only
a handful of studies that have comprehensively reviewed both the current research status of CNT
based inks (in termaf their applicationsand the associated issues of thermofluidics and colloid
science.

In this chapterthereforewe provide diterature reviewon the formulation, dispersion, and
the associated fluid mechanics and the colloidal science of 3D printableb@¢@ inksThe
review focuses firston the different examples where 3DP has been employed for printing CNT
based inks for anultitude of applications. Following that, we highlight the various key fluid
mechanics and colloidal science issues that are central and vital to printing with such inks. Finally,

thescopeand structuref this dissertatiofis introduced

1.2 Applications ® CNT-basednks

Extensive research has been focusedfamnulations of 3D printable CNDbased
nanocomposites, and several review papers on generic nanoparticulate inks as welbas€NT
inks have provided an overview of the Cld&sedmaterials, their applications, properties,
manufacturing methods, and suitability for additive manufacturing and printing envirorfifients.
25 Figure 11 summarizes some of the most important applications/devices wherd &t inks
have been usedayaket al, for examplereviewed different CNibased inks as well as other

types of nanoparticulate inks for printing electronic devices (e.g., integrated circuits, transistors,



sensors, capacitors) using inkjet printing. Additionally, they studied the phpsaperties of the
inkjet-generated droplets and the interactions of these droplets with the substrate that eventually
controlled the printing proce$s.In another review article, Miyashiret al. focused on the
cellulose/nanocellulos& CNT mixed matrials and discussed their possible applications in
printing sensors, batteries, capacitors, and electromagnetic shielding d&\@desshalet al.
extensively reviewed the additive manufacturing of polymer/CNT based nanocomposite inks: they
summarizedhe use of different kinds of polymers, the existing printing methods for the CNT
based nanocomposites, the limit of 3DP Cpdlymer matrix inks, and their different
applicationg* Eshkalaket al. in their review articlefocused specifically on the irdgprinting
method and the different kinds of CNbRsed inks that can be additively manufactured using this
method?® Wangetal. reviewed general material and method options for additively manufacturing
polymer matrix, in which CN¥olymer matrix was ab includec. Agarwalaet al.evaluated the

3D printing of CNT/polymer matrix and emphasized the electrical performances of CNT/polymer
matrix>® Moreover, G et al. conducted an kulepth review on the mechanism, methods, and
challenges for achieving esremand CNT alignment durir@P printing. They also introduced the
applications with aligned CNT network and explained how the alignment can eventually enhance

the performances of the final printed prodtict.
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Figurel.1 Schematic summarizing the important applications/deviceseMbNT-based inks are
used

These CNTbased inks are oftecharacterized by lowiscosities and reversible shear
thinning properties, making them compatible with multiple 3D printing methods. The additive
manufacturing techniques that have beeployed to print such CNbased inks include Direct
Ink Writing [DIW, which normally includes Inkjet Printing (1JP), Aerosol jet Printing (AJP), and
Syringe Printing (SP)]7:28:30.3841,43455964 - Srereolithography (SLAY Fused Deposition
Modeling (FDM),26:56 8 Djgjital Light Processing (DLP3 Liquid Deposition Modeling (LDMY,/

and many other netraditional methods.



From previous research, we can classify the @id3ed inks into two broad categories: i)
CNT-based nanocomposites (NC) land ii). CNT-based nomanocomposite Inks. For the first
category, the ink, which is a combination of CNT and polymers or resins, such aBIGNPLA:
Polylactic Acid), CNTFresin, and CNIPVP (PVP: Polyvinylpyrrolidone), is employed to
fabricate nanocongsite structures. Such inks are characterized as a multiphase material with one
phase (solid phase) being of micow nane scale dimension&;3#47:60.61.650

Meanwhile, the CNIbased nomanocomposite ink does not manifest such multiphasic
charactestics. In this case, the ink consists of functionalized CNTs or CNTs in combination with
other carbon materials in a solvent with appropriate dispersion agents. For such inks, a detailed
understanding of the solvent properties, mechanism of the disfgeraad methods to ensure the
printability and optimization of the functionality of ink become important. Accordingly, research
endeavors have focused on the -ssdembly mechanisms, CNieightfraction dictate the
hydrodynamic properties of this ink, atlie effects of substrates, printing conditions, and ink
concentration§?>° Examples of such nenanocomposite CNT inks mainly include combinations
of CNT and other carbon based materials, such as CNT/Graphene Oxide (GO) or reduced
Graphene Oxide (rGOhks 3 or CNTs and (functionalized) CNTs simply mixed with solvents
and some surfactants;32:3335363%1.454859625r CNTs decorated with metal nanoparticles (like
Silver Nanoparticle¥-%3and Platinurff), or combination of CNT andanofibers**

Given the extensive number of existing review articles discussing the 3D printing ef CNT
based and related materials, in the remainder of this section, we shall simpharize through
Tables1.1 and 1.2 the materials, the printintechngues, and the targeted applications for 3D

printing of CNT-based nanocomposite and reemocomposite inks.



Application and

References Ink Materials Printing Technique
additional features
Fused Deposition
[26] CNT-PolymerAgNPs Strain Sensor
Modeling
(PEDOT: PSS)
[27] Gas Sensor Inkjet Printing
wrapped CNT
[31] PLA-MWCNT Helical Liquid Sensor | SolventCast 3D Printing
Polyacrylamide (PA)
[34] Amperometric Sensorg Inkjet-Printing
CNT
Polymer Wrapped
[43] Field-Effect Transistors Inkjet-Printing
SWCNT
Liquid Deposition
[47] PLA-MWCNTs Conductive Structures
Modeling
Polyvinylpyrrolidone
[60] (PVP)}wrapped Conductive Structures| Meniscusguided Printing
MWNT
(Functionalized) Transparent and
[61] Inkjet Printing
SWCNT-PMAS Conductive Gas Sensqd
Structures with Radar Sterolithography
[65] CNT-Photopolymer

Absorbing Features

(SLA)




Fused Deposition
[66] CNT-PBT Conductive Structures
Modeling
i). Fused Deposition
Modeling for 3D printing;
[67] CNT-PLA Conductive Structures, ii). Local-induced RF
(LIRF) for welding to
enhance strength
Fused Deposition
[68] PLA/MWCNT/GNP Conductive Structures
Modeling
PEDGA/PEGMEMA
[69] Conductive Structures| Digital Light Processing
MWCNTs
SWCNT-Dispersed Two-Photon
High Resolution
[70] Photo Resin/ SWCMT Polymerization (TPP)
Conductive Structures
Polymer Composites Lithography
Fused Deposition
[71] CNT-TPU Elastic Strain Sensors
Modeling
Multiaxial Force and FusedDeposition
[72] CNT-TPU
Strain Sensors Modeling
MWNTT PVP
[73] Strain Sensors MeniscusGuided Printing
composites

Table 1.1 Examples of CNibased nanocomposites (NC) 3D printable inks used in var

applications




Application and additional

References Ink Materials Printing Technique
features
Platinum (Pt)
[28] Decorated Hydrogen Sensors Aerosol Jet Printing
SWCNTs
Functionalized pH Sensor Inkjet-Printing
[29]
SWCNT inks
Temperature Sensors Syringe Printing
[30] GO-CNT
MWCNTSs in an
[32] Electrode Patterns Inkjet Printing
aqueous
suspension
RF devices Inkjet Printing
[33] MWCNT
Field-Effect
Functionalized Inkjet Printing
[35] Transistors
SWCNTs
[36] Thin-Film Transistors Inkjet Printing




Purified
SWCNTSs using

DMF as solvent)

CNT+AgNP

(Solvent: Sodium

[37] dodecylbenzene Supercapacitors Direct Ink Writing
sulfonate (SDBS)
Solution)
Wearable Thermoresponsiv{ Direct Ink Writing
[38] CNT/rGO
Supercapacitors
[39] SWCMT-DMF Thin-Film Transistors Inkjet Printing
[40] MWCNT Conductive Patterns Inkjet Printing
[41] Functionalized Conductive
Inkjet Printing
MWCNT Patterns

aqueous solution
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[45] Functionalized Amperometric Sensors Inkjet-Printing

CNT

CNT, Dispersion
agent (TNADIS),

Isopropyl (IPA),

[58] Micro-Capacitors Syringe printing
andEthylene
Glycol (EG)
AerosolJet Printing
[62] AgNP-CNTs Conductive patterns
(AJP)
[74] SWCNT inks | Transparent Conductive Film Inkjet Printing
Syringe Printing (a
[75] CNT-DMF inks Micro-supercapacitors

Self-Built Extrusion

System)

Table1.2 Examples of CNIbased nomanocomposite (NNC) 3D printable inks used in varic
applications

1.3 Printability of CNTbasednks

While there are several review articles on 3D printing of CNT4K<’ most ofthem
have primarily focused on the aspects of materials or printing techniques with much less attention
on the fluid mechanics and the related colloidal science issues dictating the 3D printing of CNT
inks. Like any other micrmanoparticulate ink, the fid propertiesand the colloidal science

aspects of the CNT ink significantly influence its printability, the quality of the printed structures,
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printing-speed limit, effectiveness in achieving desired shape and geometries, and the
functionalities (e.g., ektrical conductivity, sensitivity, and mechanical strength) of the printed
component$?4®’8The colloidal science and fluid mechanics issues that dictate the printability of
CNT-based inkare first discussed in this sectioWesubsequently discuss the shear thinning
behavior, the surface tension and wetting properties, the sintering behaveamidital stability,

and thecolloidal properties (and the associated coffag formation) of the CNladen inks.
Understanding these properties of the Gden inks is critical in dictating the printability of the

ink as well as the properties of thenped componentdn Figurel.2, we provide a schematic

representation of all the factors that affect the macroscopic properties of the nanepastde

ink.
Hardness Solvent(s)
2(’";“"? ) non-NanoComposite Ink
Moleculal‘ wt. urrace GI'IlSIQI'I
Concentration
Chemical INK Properties
Modification
_— . Process Factors Environmental Viscosity
i External P
Concentration ‘ OR Temperature Factors Shear-Thinning

Nanoparticle + gAdditives +

| surfactants

Printing process
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I | Biopolymers. (g AR (B LA i Coffee Ring Effect
Size . ! ! etc. specific factors Humi 'ty -
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Polymer Matrix | Printability
—a-dictributi Chain Length rintabii
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Shape
Sphericity

Structure
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Surface Tension | |
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Figurel.2 Schematic representation of the properties of the materials used as wellrasd¢kse
and environmental factors that affect the resultant ink properties

Similarly, we provide a schematic representation of all the factors that affect the

macroscopic properties of the CNvased ink in Figuré.3.
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Figure 1.1. Schematic representation of the properties of materials used and the proce
environmental factors that affect the resultant @K properties.

Nanoparticle (NP) based inks and suspensions, which constitute the most imgassnt
of particleladen inks and suspensions, are mostly-Newtonian liquids. One of the most
important factors that will dictate if suchNPaden i nks wi | | be pr-intabl
thinningo pr op Shebashiensg liquics areraelase of naldwonian liquids,
which are characterized Ibigeir reversible decrease in viscosity with an increase in the shear rate.
The sheathinning characteristic makes a liquid @Bintable as this characteristic ensures that the
viscosity ofthe liquid is smaller when it passes through the print head, thereby avoiding any
clogging of the printing nozz®.At the same time, as the liquid detaches from the nozzle and is
no longer under an applied shear, its viscosity increases, which ialltmus the deposited liquid
to remain in place on the printing substrate without flowing (and thereby hold its shape).
60SheArnningd behavior has buspensionand hasitmeenl v o b
widely reported in the literaturélu et al.reviewed the appropriate fluidic properties that dictated
the fabrication of CNT thitffilms using CNT suspension8’ They pointed at the range of
viscosities of CNT suspensions, methodadpst the viscosities, and the effect of these viscosity
values on thin film fabrication. Hobbie and Fry measured the rheological properties-of non
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Brownian CNT suspensions with different CNT loadings from 0 to 10% weight ratio. They noticed
that under iéntical shear rates, the viscosity increased by several orders of magnitude for the case
when the suspension became more concentratdd.et al. studied the relationship between the
rheological behavior and the CNT agglomerateBhey compared theffects of CNT treatment

on the viscoelastic properties of CNT dispersions suspended in a Newtonian liquid matrix. They
noticed a higher level of viscoelasticity in aseated CNT dispersions, while the trea@dT
dispersions showed a smaller shmnning behavior. They explained their results ibysitu
monitoring of CNT microstructure. Yokozekiet al. quantified the microstructure of
MWCNT/epoxy suspensions with different MWCNT mdisctionsunder different temperature

and shear raté$ They studied the agglomerate formation for the 0.1wt% suspension of MWCNT
at 28C and 66C and found that the agglomerates are sparsef@tJteasthinning behaviohas

also beerwidely observed in CN-based NC inksA variety of different models haveebn
introduced for determining the printability window and for analyzing teresponding
rheological properties of CNBbased 3D printable NC ink&°For example, studies have related
sheatrate to sheastress using a capillary flow model and halenitified a mechanism to estimate

the allowable shear stress for-pliinting process. As already discussed abthesheathinning
properties of a printing ink ensure the appropriate flowability of the ink during printing at high
shear stresses (or highear ratesand acquiring ofa stable, noiflowing structure (by the ink)
afterextrusion®®T hi s -tlsihemirngd fl ui dic pr omeaswreginthes bee
context of the applicationf 3D printableCNT-based NC inksSimilar sheathinning behavior

has been observed@NT-based nNC inks such as CN®lventonly inks®® 7518 CNT-Graphene

inks, CNT-GO inks, CNFrGO (rGO: reduced GO) ink&*#'1% and CNTnanocellulose ink?°

Theviscosity of the CNIbased inks can be modified by altering the following aspects of the NP
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system: NP concentration, polymer concentration (CNT based NC inks), type of solvent, NP aspect
ratio, temperature, stabilization methods, fabrication methods.

Ink wettability, or the degree to which an ink wets a particular substrate, is another critical
property for the ink to remain stable (on that particular substrate) after being printed/déposited.
84 Smaller ink surface tension means a reduced internasis@hi@rcebetween the ink molecules,
which in turn will result in a higher wettabilignd smaller contact angle on a given substrate, and
therefore, a larger propensity for the ink to remain stable on the substrate after being
printed/depositedMoreover in nozzlebased printing processes, especially where a very small
volume of liquid is used, it is essential for the ink material to have lower surface tension to be able
to eject the droplets from the nozzf€.Inappropriate surfacéension valuesgcombined with
oscillatory kinetic energytendto generate unstable flow with discontinued droplets (i.e., in the
form of satellite drops) during ¢hprinting®®

Surface tension of a nanopartiddased ink dependsnca number of factors including
particle concentration, surfactant, type of the binder and filler material, etc. The effect of the
concentration of the uncharged NP (in the abse
can be significant. Adilute NP concentrations, the surface tension seemetrelatively
unaffected. This can be attributed to the fact that at low NP concentrations, i.e., dilute solutions,
the interaction forces between the particle, namely the van der Waals interactoics, not
significantly impact the surface energy of the liquid. On the other hand, at higher NP
concentrations, where the particles are much closer to each other, there could be significant van
der Waals attractive interactions which could essentiallytieadchange in the surface tension of

the liquid®"® However, for some combinations of nanoparticle and solvent, the surface tension

15



has been found to decrease with the increase in the NP concentration as shown by Khaleduzzman
et al®®

The effect b particle size on the surface tension of thetBed ink has been studied by a
number of researchers. These studies showaa increase in the surface tension with the particle
size, which could be attributed to increased van der Waals force witlelgamius’ 880
However, it was observed that the surface tension of nanofluids decreased with an increase in
temperaturgand also, with the increase in surfactant concentr&tioh.

The wettability of the CNIbased nNC inks has been drawing attention in the context of
understanding their printability and the resulting goatting behavior on different surfaces. For
example, Dinhet al. inkjet-printed patterns of MWCNTSs dispersedviater in the presence of
some surfactants and characterized the evaporation driverasselnbly behavior of the
MWCNTs*8 Wanget al. studied the interactions between MWCNT droplets and glass substrates
(cleaned with ethanol) and found a drop equilibricontact angle op 1 p Jand a drop
advancing contact angle pfu p J° To study the hydrodynamic properties and interaction
between the droplet (droplet of this NNC CNT ink) and the substat, al.tested the ink droplet
contact angle with differearfCNT weight content to indicate the printability: they reported that the
contact angle increased from@ Jdo 52.3)Jon gastreated basal plane when the CNT content
increased from 6 wt% to 8 wt% Kwon et al. inkjet-printed electrode patterns on papeing
MWCNT aqueous suspension and continuously monitored the droplet contact angle as a function
of time. The wettability of the ink on a specific surface depends on the energy of interaction
between the ink and the surfaédso, there arenstances where a mixture of solvents has been
used to meet the surface tension and viscosity requirements of theaNd inks'?! Berradaet

al. compared the surface tension of GNased nanofluids in DI water with the surface tension of

16



CNT-based naofluids dispersedn Tyfocor without any surfactant and identified an opposite
relationship between the mass concentration and surface tension in these two cases, which could
be attributed to the differences in affinity of functionalized CNTs betweenadrvand Tyfocor.
122 They foundsurface tension decreases with an increasing wt% of the functionalized MWCNTSs
in DI solution as functionalized MWCNTs bear hydrophobic zones due to which affinity with
air/water interface is expected to increase, leattirgduction of surface tension wihincrease
in the concentration of the MWCNT$?? In case of Tyfocor solution, however, the covering of
hydrophobic surfaces of MWCNTs by the polymer chains of propylene glycol incridases
affinity between MWCNTs and Tyfocor leading &m increase in surface tension withe
concentration of NPs.

Environmental temperature and particle sizes are among several factors that contribute to
the surface tension of CNfased fluids. For charged nanaoticulate fluids, larger nanopatrticle
size normally leads to a higher surface tension due to smaller surface charge' fFsitgNT-
based inks, the particle size or the length and diameters of CNTs can be modified through the
methods mentioned irfhé previous section. Meanwhile, it is widely noticed that increasing the
temperature can result in decreasing the fluid surface tettét3hMei et al, for example, showed
that the surface tension of CNsLispended narfbiels always decreased with amcrease in
temperature for different values of CNT particle size and mass concentt&tion

An effect that is intricately related to the drying of any micemoparticulate suspension
is the formation of t he ficof fpecess sausaed by dhe o r A
evaporation of the solvent from the deposited drop of the suspension triggers an advective transport
within the drop directed towards the thygease contact line (TPCL). This flow drives the particles

inside the drop to get depogitat the TPCL. As a result, once the drop is evaporated, most of the
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particles are localized at the TPCL and hence gives the impression ofliagidgposit. Exactly
same type of deposits (of the coffee particles) occurs from an evaporating coffeaditanee
the formation of thisringg i ke deposit is also known as the i
There have been numerous studies that have ex
multitude of applications ranging from sa$sembj-driven fabrication of biological devices and
fabrication of conductive metal nanoparticle based patterns aneb@d&d structure®:*8792 On
the other hand, several studies have pointed
s t ain thé quality of the 3D printed traces, devices, and components and have developed
strategies to arrest the coffee stain formation and ensure a uniform evapioicuiosd deposition
of the particle$*®*The presence of i c adcdsaevicestardicomponénts 3 D
is known to cause reduced performance in crystallization and inferior field emission prdperties,
lower adhesion strength in printed MBsed trace¥, and voids in printed structures. The
suppression of the coffestain effect can enhance the quality of printed silver NP traces and
mi ni mize defects such as the o6trench formati or
particles are deposieon the edges of the traces than the center of the traces, ensuring that the
edges of the traces contain more materials and hence are more raised than the center of the
traces)Click or tap here to enter text.

The coffeestain phenomena could be affed by multiple parameters including (a)
printing process control such as substrate surface rougHi®psrosity and hydrophobicit§?;°%
introducing humidity cycling conditions, vibration or acoustic wak’é® and controlling the
Marangoniflow or the interactions on the itk interfacest®!1%%b) the property of inks including
particle concentratiort®,types of solvent§®®and the microstructure of ink particles such as their

size and shap®:104106
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Meanwhile, another resezn study claims that the use of a hydrophobic surface can reduce
contactline pinning and result in a deposition without a coftan® The effect of the
environmental conditions on the coffaag effect, such as humidity or temperatures have also
been studied. For example, Marangoni flow generated by the surface tension gradient on a surface
with temperature perturbation can affect the formation of ceffem’ Ta et al. used a laser
beam to create a local hot spot, and the Marangoni flowrgieaeby this local temperature
gradient ensured a flow directed towards the center of the deposited droplet, which effectively
suppressed the coffemg effect'®? Postprocessing (e.g. sintering) of printed nanoparticulate inks
can also induce the foration of such coffee stain effect and has been observed in numerous studies
employing different printing techniques and ink materials (e.g., ceramic?linksstal
nanoparticledased ink$8 carbonbased inks such as CNiksed ink$®"“etc.). Zharet al. have
conducted a detailed review of inkjetinted optoelectronics: they discussed the formation of
coffeering structures by metdlased and CN‘based inks®’

On the other hand, sevembperties of the ink, including its concentration, sugatand
solvent type, and the miciructure of the particulate matter (such as shape and size) present
within the ink material, also have a certain impact on the formation of esiti@®e Sheret al.
studied the evaporation dynamics of droplets witth &ithout surfactants and proposed a method
to suppress coffegng formation by controlling the droplet siZ€.Yunkeret al.found the impact
of particle shiapg@d oo mat @anmmrinfdepesitioniwasiachieved s e |
with ellipsoidal particles (aspect ratio = 3.5), in which the sttgendent capillary interaction
became significant, thereby enforcing thllipsoidal particles to localize at the-aiater interface
of the evaporating drop and in the process overcome the téfimeeffect>®Oh et al.found that

adding DMF to water facilitated more uniform patterns in inkjétnted AbOs droplets as
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compared to the patterns obtained using only water as séWémfigurel .4, we have provided

a schematic identifying the different factors that affect the cefaie formation in NFbased inks.

Mixing high & low- Using high aspect ratio
boiling point solvent I's! \ s | ink particles/ assemblies

- [30,158]
Adding polymer with \ , Iane:;:tr:sle
lower curing rate "5 \ :
h 4{ Using larger particles 1
Low particle g
concentration !
s Suppression of Selecting hydrophobic
Ink preparation » Coffee-Ring Effect in ~ orporous substrate '
/ 3DP / =
/ d
Small droplet sizes " |/ /
/ AN [— Controlling Marangoni
Red . / h Control flow 052
educe surface /
roughness ['s" / \\
N Vibration or accoustic
Repeat heating 7! / E waves ', Humidity
Cycling 's?!

Figurel.4. Schematic identifying the various factdhat affect the coffeeng formation in generic
particulate inks during 3D Printing.

0Cofrfienggd f ormati on after sintering and/ or
experiments with carbebased suspensions as well as with printable SWCNT/MWGASEd
inks 28304048 547anget al. inkjet-printed MWCNT networks for fabricating conductive films and
found that the coffestain formation was an important factor that affected the film quality. They
studied the manner in which the droplet spacing affects the morphology of printedtiraxssy
designinganoptmurea paci ng for uniform O6ri nd®®inteetlae f or n
noticed the coffeeing structure of MWCNT patterns and utilized this structure to form the
conductive twin lineg8 Liu et al found coffeestain brmation in dried SWCNT patterns on silicon
substrates®

In order to improve the product quality and achieve the desired deposited CNT pattern,
three methods have been tested to ensure the arrest of suphosy coffeestain effect. Wang
et al. studied coffeestain formation on substrates maintained at different temperatures and found
that the coffee staining formed in MWCNT droplets could be suppressed by increasing substrate

temperaturé® They considered substrates maintained at room temperats0s , and at 73 h
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and found that the most uniform deposition profile was obtained for the céa¥e of

X T8 . This is not consistent with some other experimental results using polymer solution and it

is probably due to theariation in the droplet surface tension caused by a local variation in
temperature and droplet compositidfit®® Results similar to Wangt al. were observed in the

study by Dinhet al*® that considered the morphology of MWCNb&tterns. This studfurther
optimized those printing parameters (e.g., drop spacing and substrate temperatures) and achieved
accurate fabrication of conductive twini ne by | ev e +sd qii mdVajteitleiee@ ¢ of f €
al. reported coffeestain formation in dried dropletsf SWCNT suspension (witlsDBS as
solvents). They noticed that a rapid heating
r i R’gidetal.found that for same materials and substrate, the patterns deposited-bgstiog

formed coffeering dructure, while the one deposited through AJP showed less obvious
agglomerations. This indicated to the possibility of eliminating cafifeg formation through

different fabrication method§.Dou and Derby hypothesized that substrate porosity might als
impact the formation of the coffestain and they tested their hypothesis with several types of
metaknanoparticle based ink8.

Researchers have also investigated the effect of nanoparticle shape on the evaporation
induced pattern formation and itdeon 3D printing. For example, Zhaa al. found that an ink
formulation containing only CNT and DI water would certainly result in a ceftaim formatior??

However, mixing it with other materials, like flaki&ke Grapheneédxide (GO) nanosheets, could
ensure a suppression of the coffee stain effect, which was explained by theebapeent arrest
of theribepd feref ect P Though descepy ane surface peofilometry
measurements, this study clearly demonstrated that the ink with only CNT nanopatrticles presented

the most obvious coffeeng formation, while the GO solution had no formation of cof&sen
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Therefore, an optimized inkofmulation, with an appropriate GO: CNT weight percentage
combination, simultaneously ensured an improved printability (by the likd&k& O induced arrest

of the coffee ring effect) as wedls the capability to print temperature sensors that utilized the
negative temperature coefficient of resistance property of the EN3%.

Sever al ot her studies probed meitrhgpd si f 0€CNT
polymer or CNTFresin system?:134 Denneulinet al. compared the inkjet printing results of
functional SWCNT aqueous ink and SWCIREDOT: PSS ink and noticed a much more uniform
distribution of the CNT particles across the printed traces for the SWRBDOT: PSS ink3*

They suspected that this effect might be due to the Marangoni flow apietence of the polymer
chain affecting the particle migration. Mioret al. studied a CNTSU8 epoxy composite ink and
found that no coffeging structure was formeld® They hypothesized that the coffetin was
eliminated dueo the fact that the SU8 epoxy resin cured slower than other solvents and maintained
a liquid state for a longer duration of timin Table1.3, we summarize the different studies that

have considered the suppression or utilization of the coffee staat fefr CNT-based inks.
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Reference Ink Composites Methods to Suppressor Utilize Coffee-Stain
Formation
[28] Platinum (Pt) Implied the AJP method to avoid«axpected
Decorated SWCNT¢ agglomeration
[30] CNT/GO Suppressed the coffestain formation by interplay
with particle shape
[40] MWCNT Suppressed coffeeng formation by increasing
substrate temperature
[48] MWCNT (with Utilized the coffeering structure to fornmigh-
TirtonX-100 as resolution of conductive twin lines
surfactant)
[74] SWCNT Utilized coffeering structures to connect each
droplet and form conductive patterns on transpar
PET forms
[57] SWCNT Rapid heating reducsda
[108 CNT-SUS8 ink Thepresence of S8 could reduce coffestain effect
because it remained as a liquid form after solver
being evaporated.
[134 PEDOT-PSS/ Reduction in coffee stain effect by:

Functionalized

SWCNT

1). Recirculation flow introduced by ethylene glyc
2). Impeding of migration of CNT by polymer chair

3). Viscosity adjustments

Tablel.3 Examples of suppressions and utilizations of ceffiaén structure in CN-based inks.
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Sintering is a pogprocessingechnique(employed after the printing/deposition of the
particlebased inks) that can be leveraged to achl@gber quality print with desired trace
properties.For example, sintering can be used for accelerating the evaporation of solvents,
removing voids, bridimg nanoparticles, removing unwanted bindensd additive$® etc.
Insufficient sintering will leave gaps between the nanoparticles, and hence hamper the electrical
performance of the printed parts.

Thermal sintering, which is one of the most commorslgdusintering methods in additive
manufacturing for metdbasednanopatrticle inks, involves applying a highe mper at ur e ( 1!
6 5 0 to)heat the printed samples and degrade (and evaporate) the binder or surfactants. The
sintering process is also importamensure that the metal nanoparticles lose the stabilizing ligands
that are grafted on the NP surface and in the process these NPs come in close enough proximity in
the dried sample enabling the attainment of a desirable electrical conductivity of ted fyanes.
However, due to the high temperatures associated with the thermal sintering process, the choices
of the substrates (where the conducting traces can be printed) have been limited, and extensive
research has been condutte develop Nbased coductive ink with reduced binder or surfactant
content that enables thermal sintering at a reduced tempeYatt@ne sintering method capable
of avoiding the overheating of the material system is photonic sintering, which uses laser or lamps
to selectiely deliver the energ}f® and this method has been employed for sintering traces printed
with gold nanoparticle ink&® and silver NFinks'* The morphology differences in metahsed
nanoparticle inks may require different sintering processes, which in turn may also affect the
performances of the printed products. It was noticed that the silver nanoparticles with a higher
surface to volume ratitend to have smaller melting temperatufésThe electrical performance

of the silvernanoparticle inks also varies as a function of the NP shapes; for examplest¥éhng
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found that the pattern printed with an ink containing a mixture of silveppiates, and
nanoparticles have higher conductivity as compared to the pattern printed with an ink containing
only spherical silver nanoparticlé$. Other alternative sintering approaches that can be used to
remove bindersr surfactantsfter printinginclude microwave sinterirtdf, plasma sintering®,
electrical sintering/®, etc.

For CNT inks, the thermalssisted sintering process is sometimes evitable, but it has been
noted in several studies that the electrical performances of theb@dédprinted products will
change after several rounds of thermal cycliigilso there are a few studies probing the behavior
of CNT-alloy or CNT-wood plastic composites during selective laser sintering (SLS) 3D printing.
Zhanget al. 3D printed CNFwood powder/polyether sulfone (PES) composite using selective
laser sintering ntbod, followed by microwave irradiation based ppshting treatment?® The
authors found that the interfacial bonding between PES and CNT could be enhanced through
microwave treatment, and the overall bending strength of the printed component wasednpr
Qi et al. printed CNT coated PA11/BaTiO3 powders using SLS and found thosecGitéd
powders have wider sintering window as well as better radiation absorption capabilities, as
compared to conventional powdéf8. Duanet al. studied the effectesf CNT content during
microwave sintering on Cu/CNT composite and found that the product with 0.5 wt% of CNTs
exhibited optimal properties. They also noticed agglomerations of CNTs (and hence a lesser
control on their micrestructures during sintering) w&h its weight percentage was over 1%.
Zhanget al. sintered CNTAI>Os composites under different volume ratio of MWCNTSs, and
identified that by using pressuless sintering method it was possible to avoid degradation of
CNTs during sintering® Yuan et al. employed SLS based 3D printing to print Glddated

polyamide powders and noticed that the presence of the CNT improved both thermal and
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mechanical properties of fabricated compositésor many of the cases in 3D printing CNT
based inksespeially for those applying inkjebr syringe printing methods, evaporation process

would be sufficient to provide functional products with acceptable qualities.

1.4Research gaps and objectives

Throughout this section, we have reviewed different applications ofled$&d inks and tried
to establish the relation between the nanoscale properties of the ink materials and the ink
printability or functionality. These relations have been discussecttiail dby identifying the
various mechanisms dictating the colloidal sciences and fluid mechanics aspects of Hael€&NT
ink.

One of the major challenges associated with the printing of-G&Ed inks is obtaining a
uniform dispersion of the CNTSs in tls®lvent. Agglomeration is highly undesirable as it could
result in poorguality prints by clogging the printing nozzles and causing nonuniform deposition.
Various techniques have been employed by researchers to overcome this difficulty, including the
use @ surfactants and biopolymers in the solvent in which CNTs are dispersed, functionalizing the
CNT surfaces, etc. (please see section 1.3ntwe discussions). Another critical barrier in GNT
based inkjet printing is the control of the surface tension. The previous section has also provided
extensive discussions on the modification of the surface tension of thd&3¢d inks by altering
the sdvent (in which the CNTs are dispersed), functionalization of the CNT surface, CNT sizes,
environmental temperature, etc. Moreover, viscosity control of the ink (and the corresponding
shearsthinning nature of the ink) has to be maintained withinacertannge known as fipr
wi ndowo, as mentioned earlier. The range is s

and blockage of the printer head (lack of fluidity) on the other end. In addition, the effect of various
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CNT propertiesonthesuf ace tensi on doesndét foll ow a gene
combined effect of all the factors at play.

A big drawback or research gap of the existing fabrication approaches feb&d inks as
well as other general nanoparticulate isksms from the fact that often these approaches rely on
an ad-hog iterative, trialanderror approaches with regards to the material selection. The vast
number of examples discussed in section 1.3 identify the different fluid mechanics properties
(jettahlity, printability, rheology), colloidal properties (formation of coffee stain, morphology
specific properties), and sintering properties of the @id3ed inks. However, virtually all the
studies achieve these specific properties through aatnérrormethod without any mechanistic
designbased approach. Under these circumstances, a useful approach will be to employ
sophisticated materigdropertiesbased initial predictions of the role of different dispersants and
to ensure the best quality prints WIENT-based inks. Besides that, most of research studies only
discussed the case that material deposition on flat 2D surfaces, and the scenario with 3D spaces,
such as the deposition inside 3D cavietiores t hat
was barely touched. Identification of such relationship between particle properties and deposited
patterns in 3D spaces can be useful for the development of conformal electronics where the
printing and material deposition on curvilinear or wavyfates became necessary.

Most of the existing approaches on the development of-B&$Ed functional prototypes or
devices, such as sensors or antennas, require complicated ancbnsnening fabrication
methodologies as well as critical process contrahdBis, surfactants, and other additives have
been widely used for different fabrication process, which can further hamper the performance of
those fabricated devices. Moreover, comprehensive data analysis (i.e., selection of fitting method

or goodness ofitfanalysis) for performance quantification were missing in many existing studies
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in the literature, and durability or reliability of those fabricated devices were often not discussed
or only briefly mentioned. For example, the Gllased temperature sensbave been extensively
discussed in existing research articles, but the tempe@pendent humidity sensitivity of CNTs

was usually simplified with linear approximations. The temperature cycling reliability of CNT
based temperature sensors was alsaisotissed in most of the literature. This is also the case for
existing research on CNased humidity sensors, where the humidity sensitivities are commonly
simplified with linear approximations, and reliability analysis of such developed humidity sensor
is lacking. Recently, studies have also talked about the potential of CNT materials in radio
frequency (RF) applications, such as antennas, yet only a few studies have systematically
developed and demonstrated the quantitative performance metricstdefleki T-based antennas

for conformal electronics or wearable applications. Furthermore, there are limited existing studies
on the performance degradation of deformed &€id$ed antennas (such as on curvilinear surfaces
or subject to bending stresses).

Therefore, the major objectives of this dissertation research include the following: (i).
develop an appropriate CNdased 3D printing ink formular based on the understanding of the
role of nanoscale particle properties of the ink material and simultageensure effective
dispersion of CNTs in solvents, easy printability of the resulting uniform material depositions, and
desirable functionalities based specific material combinations; (ii). design and print different
prototypes of sensors/anetennas udiegdeveloped ink material and conduct detailed analysis of
their performances and losigrm durability; and (iii). identify the role of nanoparticle properties
in material deposition across 3D space, using both parametric experimental approaches and CFD
(computational fluid dynamics) simulations. The scope of this dissertation research work, along

with the structure of this dissertation, are presented in Section 1.5.

28



1.5 Scopeand structureof this dissertation

In this dissertation worla printablein-lab devéoped CNTFGOink along with its capabilities
in different applicationsre studied. Thenechanism and design approachtfos printableink,
such as the she#rninning feature and the arrest of coff&ain,areexplained Furthermore, the
mechanism of eaporation mediated deposition under 3D conditions, in which the droplets were
encapsulated in a cured PDMS case and deposition occurred on all x, y, and z diieciisns,
discussed

The structure of this dissertation is organized as followms:Chapter2, the detailed
development of the printable CN3O ink is presented. The material selection and
characterization, process control, and the temperature sensitivity of the printed traces are studied.
Different devices fabricated based on the developed-GNTink, including temperature sensor,
humidity sensor, and RF patch antenna, are demonstrated in Gl&pteand 5respectively
Based on the 2D deposition discussed in Chapters 2the Eglationship between the deposited
pattern in 3D spaces and the size of mienod nane particles with CNT being one kind of the
selected materialare further studieth Chapter 6. In Chapter 7, we provithe overallsummay
and conclusiors, the contibutions of this dissertation worland recommendations fofuture

studies orthetopicsaddresseth this dissertation work

29



Bibliography

1. Z. Chen, Z. Li, J. Li, C. Liu, C. Lao, Y. Fu, C. Liu, Y. Li, P. Warnd Y. He,d Eur Ceram
So¢ 2019,39, 6611 687.

2. H.-H. Lin, D. Lonic and L=J. Lo, Journal of the Formosan Medical Associafi@018,117,
547 558.

3. T. Distler and A. R. Boccaccinicta Biomaterialia2020,101, 1i 13.

4. T. D. Ngo, A. Kashani, G. Imbalzano, K. T. Q. Nguyen and D. @amposies Part B:
Engineering2018,143 172 196.

5. X. Wang, M. Jiang, Z. Zhou, J. Gou and D. HDgmposites Part B: Engineering017,110
442 458.

6. C. Buchanan and L. Gardn&mgineering Structure2019,180, 332 348.

7. S. Patra and V. Young;ell Biochemistry and Biophysic2016,74, 93 98.

8. V. Bagaria, R. Bhansali and P. Pawdwyurnal of Clinical Orthopaedics and Trayr2818,9,
207 212.

9. T. DebRoy, H. L. Wei, J. S. Zuback, T. Mukherjee, J. W. Elmer, J. O. Milewski, A. M. Beese,
A. Wilson-Heid, A. De and W. Zhandprogress in Materials Scien@9018,92, 112 224.

10. J. Z. Gul, M. Sajid, M. M. Rehman, G. U. Siddiqui, I. ShahHKKim, J-W. Lee and K. H.
Choi, Science and Technology of Advanced Materia18,19, 243 262.

11 G. L. Goh, S. Agarwala and W. Y. Yeorfgdvanced Materials Interface2019,6, 1801318.
12. P. Parandoush, C. Zhou and D. LAglvanced Engineering Material2019 21, 1800622.
13 K. Fu, Y. Yao, J. Dai and L. HAdvanced Materials2017,29, 1603486.

14. Q. Zhang, F. Zhang, S. P. Medarametla, H. Li, C. Zhou and D Somal| 2016,12, 1702

1708.

30



15. B. Elder, R. Neupane, E. Tokita, U. Ghosh, S. Hales and Y.ohgKAdvanced Materials
2020,32, 1907142.

16. L. Yin, X. Tian, Z. Shang, X. Wang and Z. HApplied Physics A2019,125 266.

17. Q. Hu, Y. Duan, H. Zhang, D. Liu, B. Yan and F. Pelmyrnal of Materials Scienc018,
53, 18871 1898.

18. A. E. Jakus ad Ramille. N. ShahJournal of Biomedical Materials Research Parfl17,
105 274 283.

19. Z. Hao, X. Xu, H. Wang, J. Liu and H. Ydonics (Kiel), 2018,24, 951 965.

20. Y. Li, X. Huang, L. Zeng, R. Li, H. Tian, X. Fu, Y. Wang and-W. Zhong,Journal of
Materials Science2019,54, 1036 1076.

21 B. Derby,Engineering2015,1, 113 123.

22. L. Nayak, S. Mohanty, S. K. Nayak and A. Ramadadsarnal of Materials Chemist(y, 2019,
7,87718795.

23. D. Miyashiro, R. Hamano and K. UmemuNanomaterials2020,10, 186.

24. S. GhoshalFibers 2017, 5, 40.

25. S. Kholghi Eshkalak, A. Chinnappan, W. A. D. M. Jayathilaka, M. Khatibzadeh, E. Kowsari
and S. RamakrishnApplied Maerials Today2017,9, 372 386.

26. D. Xiang, X. Zhang, E. Harkidones, W. Zhu, Z. Zhou, Y. Shen, Y. Li, C. Zhao and P. Wang,
Composites Part A: Applied Science and Manufactyr2®0,129, 105730.

27. A. S. Alshammari, M. R. Alenezi, K. T. Lai and S. R Silva,Materials Letters2017,189,
299 302.

28. R. Liu, H. Ding, J. Lin, F. Shen, Z. Cui and T. ZhaNgnotechnology2012,23, 505301.

31



29. Y. Qin, H-J. Kwon, A. Subrahmanyam, M. M. R. Howlader, P. R. Selvaganapathy, A.
Adronov and M. J. DeeMaterials Letters2016,176, 68 70.

30.B. Zhao, Y. Wang, S. Sinha, C. Chen, D. Liu, A. Dasgupta, L. Hu and S\NBiagscalg2019,

11, 23402 23415.

31 S. Z. Guo, X. Yang, M. C. Heuzey and D. TherriaNinoscalg2015,7, 6451 6456.

32. 0.-S. Kwon, H. Km, H. Ko, J. Lee, B. Lee, €. Jung, JH. Choi and K. ShinCarbon 2013,
58,116 127.

33. M. Dragoman, E. Flahaut, D. Dragoman, M. al Ahmad and R. PiNaragtechnology2009,

20, 375203.

34. A. Lesch, F. CortéSalazar, V. Amstutz, P. Tacchini and H.Girault, Analytical Chemistry
2015,87, 1026 1033.

35. E. GraciaEspino, G. Sala, F. Pino, N. Halonen, J. Luomahaara, J. Maklin, G. Toth, K. Kordas,
H. Jantunen, M. Terrones, P. Helisto, H. Seppa, P. M. Ajayan and R. YAgj@&iNang 20104,
3318 3324.

36. H. Okimoto, T. Takenobu, K. Yanagi, Y. Miyata, H. Shimotani, H. Kataura and Y. lwasa,
Advanced Materials2010,22, 3981 3986.

37. X. Guan, L. Cao, Q. Huang, D. Kong, P. Zhang, H. Lin, W. Li, Z. Lin and H. YRalymers
(Basel) 2019,11, 973.

38. Y. Jiang, M. Cheng, R. Shahbaz#assar and Y. Pamddvanced Materials Technologies
2019,4, 1900691.

39. H. Okimoto, T. Takenobu, K. Yeagi, Y. Miyata, H. Kataura, T. Asano and Y. lwakanese

Journal of Applied Physi¢c2009,48, 06FF03.

32



40. T. Wang, M. A. Roberts, I. A. Kinloch and B. Derldgurnal of Physics D: Applied Physijcs
2012,45, 315304.

41 K. Kordas, T. Mustonen, G. TothR,. Jantunen, M. Lajunen, C. Soldano, S. Talapatra, S. Kar,
R. Vajtai and P. M. AjayarEmall 2006,2, 1021 1025.

42. S. R. Shin, R. Farzad, A. Tamayol, V. Manoharan, P. Mostafalu, Y. S. Zhang, M. Akbari, S.
M. Jung, D. Kim, M. Comotto, N. Annabi, F. E.I-Mazmi, M. R. Dokmeci and A.
KhademhosseinAdvanced Materials2016,28, 3280 3289.

43. S. G. Bucella, J. M. Salaz&ios, V. Derenskyi, M. Fritsch, U. Scherf, M. A. Loi and M.
Caironi,Advanced Electronic Materigl2016,2, 1600094.

44. M. Bordoni, E.Karabulut, V. Kuzmenko, V. Fantini, O. Pansarasa, C. Cereda and P.
Gatenholmgells 2020,9, 682.

45. A. Lesch, F. CortéSalazar, M. Prudent, J. Delobel, S. Rastgar, N. Liol. Jissot, P.
Tacchini and H. H. GiraultJournal of Electroanalytical Chestry, 2014,717 718 611 68.

46.C. OO Mahony, E. Ul Hagqg, Mi@omachines (Baselg01940(2) S.
99.

47. G. Postiglione, G. Natale, G. Griffini, M. Levi and S. Tu@ipmposites Part A: Applied
Science and Manufacturing015,76, 110 114.

48.N. T. Dinh, E. Sowade, T. Blaudeck, S. Hermann, R. D. Rodriguez, D. R. T. Zahn, S. E. Schulz,
R. R. Baumann and O. Kanouarbon 2016,96, 382 393.

49. G. C. Pidcock and M. in het Panhulglvanced Functional Material2012,22, 4790 48(0.

50. Y. Ding, H. Alias, D. Wen and R. A. Williamdnternational Journal of Heat and Mass

Transfer 2006,49, 24Q 250.

33



51. A. W. K. Ma, M. R. Mackley and F. Chinestaternational Journal of Material Formiy@008,

1, 75 81.

52 E. K. Hobbie and D. J. Frypurnal of Chemical Physic2007,126, 124907.

53 R. Ivanova and R. Kotsilkov#pplied Rheology2018,28, 201854014.

54. A. W. K. Ma, F. Chinesta, M. R. Mackley, A. Co, G. L. Leal, R. H. Colby and A. J. Giacomin,
in AIP Conference ProceedingAIP, 2008, pp. 752754.

55. A. Shahsavar and M. Bahira®owder Technology2017,318 441 450.

56. T. Gao, Z. Zhou, J. Yu, J. Zhao, G. Wang, D. Cao, B. Ding and YAdvanced Energy
Materials 2019,9, 1802578.

57. M. Majumder, C. Rndall, M. Li, N. Behabtu, J. A. Eukel, R. H. Hauge, H. K. Schmidt and M.
PasqualiChemical Engineering Scienc2010,65, 2000 2008.

58. S. Agarwala, G. L. Goh, G. D. Goh, V. Dikshit and W. Y. Yeondglnand 4D Printing of
Polymer Nanocomposite MatelsaElsevier, 2020, pp. 29324.

59. W. Yu, H. Zhou, B. Q. Liand S. Dind\CS Applied Materials and Interface2017,9, 45971
4604.

60. J. H. Kim, S. Lee, M. Wajahat, H. Jeong, W. S. Chang, H. J. Jeong, J. R. Yang, J. T. Kim and
S. K. SeolACS Nang 2016 10, 8879 8887.

61 W. R. Small and M. in het Panhumall 2007, 3, 15001503.

62 L. Yang, R. Zhang, D. Staiculescu, C. P. Wong and M. M. Tenta&&E Antennas and
Wireless Propagation Letter2009,8, 653 656.

63.D. Zhao, T. Liu, J. G. Park, Mhang, JM. Chen and B. Wand\licroelectronic Engineering

2012,96, 711 75.

34



64. N . S. Shabanov, A. S . Akhmedov, A. B. | saev

KaviyarasuMaterials Today: Proceeding2021,36, 263 267.

65. Y. Zhang, H. Li, X. Yang, T. Zhang, K. Zhu, W. Si, Z. Liu and H. Seolymer Composites
2018,39, E67/1 E676.

66. K. Gnanasekaran, T. Heijmans, S. van Bennekom, H. Woldhuis, S. Wijnia, G. de With and H.
Friedrich,Applied Materials Today2017,9, 21i 28.

67. C. B. Sweeney, B. A. Lackey, M. J. Pospisil, T. C. Achee, V. K. Hicks, A. G. Moran, B. R.
Teipel, M. A. Saed and M. J. GreSgience Advance2017,3, e1700262.

68. G. Spinelli, R. Kotsilkova, E. Ivanov, |. Petrelmycheva, D. Menseidov, V. Georgiev, R. di
Maio and C. Silvestrd\lanomaterials2019,10, 35.

69. G. Gonzalez, A. Chiappone, I. Roppolo, E. Fantino, V. Bertana, F. Perrucci, L. Scaltrito, F.
Pirri and M. &ingermanoPolymer (Guildf) 2017,109, 246 253.

70. S. Ushiba, S. Shoji, K. Masui, P. Kuray, J. Kono and S. KawZatehon 2013,59, 283 288.

71 D. Xiang, X. Zhang, Y. Li, E. Harkidones, Y. Zheng, L. Wang, C. Zhao and P. Wang,
Composites Part B: Engrering 2019,176, 107250.

72. K. Kim, J. Park, J. Suh, M. Kim, Y. Jeong and |I. P&&nsors and Actuators A: Physical
2017,263 493 500.

73. M. Wajahat, S. Lee, J. H. Kim, W. S. Chang, J. Pyo, S. H. Cho and S. KA&®pplied
Materials & Interfacg, 2018,10, 19999 20005.

74. A. Shimoni, S. Azoubel and S. Magdas¢anoscale2014,6, 11084 11089.

75.W. Yu, B. Q. Li, S. Ding and H. LiuJournal of Micromechanics and Microengineeyi2g18,

28, 105014.

76. A. Kamyshny and S. Magdas§ihemical So@ty Reviews2019,48, 1714 1740.

35



77. P. Blyweert, V. Nicolas, V. Fierro and A. Celza@hrbon 2021,183 449 485.

78. S. Bakrani Balani, F. Chabert, V. Nassiet and A. Cantadsljtive Manufacturing2019,25,
1124 121.

80. Y. Guo, H. S. Patanwala, B.oBnet and A. W. K. MaRapid Prototyping Journa2017,23,
562 576.

81. H. Abdolmaleki, P. Kidmose and S. Agarwafalvanced Materials2021, 332006792

82. L. DybowskaSarapuk, K. Kielbasinski, A. Arazna, K. Futera, A. Skalski, D. Janczak, M.
Sloma andM. JakubowskalNanomaterials2018,8, 602.

83. T. Yokozeki, S. C. Schulz, S. T. Buschhorn and K. SchEliegpean Polymer Journ&012,
48, 1042 1049.

84. R. Karyappa and M. Hashimot8cientific Reports2019,9, 14178.

85. J. Moon, J. E. Grau, V. Knezevic, M. J. Cima and E. M. Saihsnal of the American
Ceramic Society2002,85, 755 762.

86. R. P. Tortorich and J. W. Chdlanomaterials2013, 3, 45B8468.

87. M. H. U. Bhuiyan, R. Saidur, M. A. Amalina, R. M. Mostafizamd A. K. M. S. Islam, in
Procedia Engineerindelsevier Ltd, 2015, vol. 105, pp. 43137.

88. S. Tanvir and L. Qiadyanoscale Research Lette?912,7, 226.

89. S. S. Khaleduzzaman, I. M. Mahbubul, I. M. Shahrul and R. Saichternational
Communicatios in Heat and Mass Transf@013,49, 110 114.

90. S. Vafaei, A. Purkayastha, A. Jain, G. Ramanath and T. B@sauc Nanotechnology2009,
20, 185702.

91 L. Jiang, S. Li, W. Yu, J. Wang, Q. Sun and Z.Cglloids and Surfaces A: Physicochemical

andEngineering Aspect016,488 20 27.

36



92. W. Sempels, R. de Dier, H. Mizuno, J. Hofkens and J. VerniNattjre Communications
2013,4, 1757.

93 L. Sun, K. Yang, Z. Lin, X. Zhou, Y. Zhang and T. G@gramics InternationaR018,44,
10735 10743.

94.J. Yan, G. Zou, A. Wu, J. Ren, A. Hu and Y. N. Zhaoyrnal of Electronic Materigl2012,

41, 1924 1930.

95. Z. Huang, Y. Tang, H. Guo, X. Feng, T. Zhang, P. Li, B. Qian and Y. Geamics
International 2020,46, 10096 10104.

96. J. Vaithilingam, E. Saleh, L. Kérner, R. D. Wildman, R. J. M. Hague, R. K. Leach and C. J.
Tuck, Materials and Desigr2018,139, 81i 88.

97.Y. Zhang, X. Chen, F. Liu, L. Li, J. Dai and T. Liaidvances in Condensed Matter Physics
2018,2018 1i 9.

98. R. Dou and B. Derbyl.angmuir, 2012,28, 5331 5338.

99. D. Mampallil and H. B. EralAdvances in Colloid and Interface Scien2618,252, 38 54.

100 L. Cui, J. Zhang, X. Zhang, Y. Li, Z. Wang, H. Gao, T. Wang, S. Zhu, H. Yu and B. Yang,
Soft Matter 2012,8, 10448.

101 D. Mampallil, J. Reboud, R. Wilson, D. Wylie, D. R. Klug and J. M. Coofeft Matter
2015,11, 72074 7213.

102. V. D. Ta, R. M. Carter, E. Esenturk, C. Connaughton, T. J. Wasley, J. Li, R. W. Kay, J.
Stringer, P. J. Smith and J. D. Sheph&uaft Matter 2016,12, 4530 4536.

103. Y. Oh, J. Kim, Y. J. Yoon, H. Kim, H. G. Yoon, S. N. Lee and J. K@uyrent Applied
Physics 2011,11, S359 S363.

104. P. J. Yunker, T. Still, M. A. Lohr and A. G. YodNature 2011,476, 308 311.

37



105. J. Li, M. C. Lemme and M. OstlingzhemPhysChen2014,15, 3427 3434.

106. X. Shen, C. M. Ho and T. S. Wonipurnal of Physical Chemistry, B010,114, 5269 5274.
107. Z. Zhan, J. An, Y. Wei, V. T. Tran and H. DNanoscale2017, 9, 966993.

108 M. Mi o ni ky, R. ®aal, AP Magraz, J. Brugger and L. Fordéurnal of Materials
Chemistry 2012,22, 14030 14034.

109 M. Zenou, O. Ermak, A. Saar and Z. Kotl@ournal of Physics D: Applied Physj@&014,
47, 025501.

110. J. Chung, N. R. Bieri, S. Ko, C. P. Grigoropoulos and D. Poulikakdsptied Physics A:
Materials Science and ProcessiSgringer Verlag, 2004, vol. 79, pp. 1253261.

111. S. Hong, J. Yeo, G. Kim, D. Kim, H. Lee, J. Kwon, H. Lee, P. Lee and S. FAGS8,Nang
2013,7, 5024 5031.

112 O. A. Yeshchenko, I. M. Dmitruk, A. A. Alexeenko and A. v. Kotkianotechnology2010,
21, 045203.

113 X. Yang, W. He, S. Wang, G. Zhou, Y. Tang and J. Yalgynal of Materials Science:
Materials in Electronics2012,23, 1980 1986.

114 K. J. Rao, B. Vaidhyanathan, M. Ganguli and P. A. Ramakrish®laamistry of Materials
1999,11, 882 895.

115 F. M. Wolf, J. Perelaer, S. Stumpf, D. Bollen, F. Kriebel and U. S. Schulmentnal of
Materials Researct2013,28, 1254 1261.

116 M. L. Allen, M. Aronniemi, T. Mattila, A. Alastalo, K. Ojanpera, M. Suhonen and H. Seppa4,
Nanotechnology2008,19, 175201.

117. L. Hu, D. S. Hecht and G. Grin&hemical Reviews2010,110 5790 5844.

38



118 B. Chen, Y. Jiang, X. Tang, Y. PandaS. HUACS Applied Materials and Interfage2017,
9, 28433 28440.

119 Y. Li, T. Gao, Z. Yang, C. Chen, W. Luo, J. Song, E. Hitz, C. Jia, Y. Zhou, B. Liu, B. Yang
and L. Hu,Advanced Materials2017,29, 1700981.

120 V. Kuzmenko, E. Karabulut, E. Pawvik, P. Enoksson and P. GatenholGarbohydrate
Polymers 2018,189, 22 30.

121 Z. Lin, T. Le, X. Song, Y. Yao, Z. Li, K. Moon, M. M. Tentzeris and C. Wakgyrnal of
Electronic Packaging2013,135 011001.

122 N. Berrada, S. Hamze, A. Desforges, J. Ghanbaja, J. Gleize, T. Maré, B. Vigolo and P. Estellé,
Journal of Molecular Liquids2019,293 111473.

123 Z. Abbas, C. Labbez, S. Nordholm and E. Ahlb&dayrnal of Physical Chemistry, @008,
112 57155723.

124 M. Das, M. Sarkar, A. Datta and A. K. Santrael 2018,220, 769 779.

125 N. Sinha and J. K. Singlipurnal of Molecular Liquid2017,246, 244 250.

126. B. Hajra, M. Kumar, A. K. Pathak and C. Guirael 2016,166, 130 142.

127. D. Mei, Y. Fang, ZZhang, D. Guo, Z. Chen and C. Siamwder Technology2021,388
526/ 536.

128 B. Zhao, V. S. Sivasankar, A. Dasgupta and S. B&S Applied Materials and Interfaces
2021,13, 10257 10270.

129 Y. Zhang, Y. Cui, S. Wang, X. Zhao, F. Wang and G. Waferials Letters 2020,267,
127547.

130 F. Qi, N. Chen and Q. WanNlaterials and Desigr2018,143 72 80.

39



131 B. Duan, Y. Zhou, D. Wang and Y. Zhamurnal of Alloys and Compound2019,771, 498
504.

132 S. C. Zhang, W. G. Fahrenholtz, G. E. Hilmad &. J. Yadlowsky] Eur Ceram Sq2010,
30, 1373 1380.

133 S. Yuan, J. Bai, C. K. Chua, J. Wei and K. Zh®alymers (Base|)2016,8, 370.

134. A. Denneulin, J. Bras, F. Carcone, C. Neuman and A. Blagdyon 2011,49, 2603 2614.
135 D. Soltman and V. Subramanidrgngmuir, 2008,24, 2224 2231.

136. H. Hu and R. G. Larsoi,angmuir, 2005,21, 3963 3971.

137. H. Hu and R. G. Larsoi,angmuir, 2005, 21, 3972 3980.

138 H. Hu and R. G. Larsodpurnal of Physical Chemistry, B006,110, 7090 7094.

40



Chapt &h aq@rei ven Arrest o f Coffee S
Fabricati o4Na mdiGu Gapritheonna e | nks for
Embedded SdrTempereast amne Sensor s

Abstract

Carbon nanotube (CNT) based bindlee, syringeprintable inks, with graphene oxide
(GO) being used as the dispersants, have been designed and developed. We discover that such a
printability of the ink is directly attribted to theiniformdeposition of the GE&NT agglomerates,
as opposed-sttaitnh en gibc adfefsepe t e t Fsicesl.eWeaexppinthag at e s
the ellipsoidal nature of the micreatale GGCNT agglomerates/particles enables themeicles
to severely perturb the awvater interface, triggering a large lergnge capillary interaction that
causes the wuniform deposi-gti afonmiod forceo froerticeo mi n g
evaporatiormediated flows. We measure the propertieshaf ink and identify a temperature
dependent resistance with a negatventper at ur e coef ficient of resi
~ 721 @ '#/°C Gepending on ink compositiar@inally, the printing is conducted on flat and
curved surfaces, for dewmding polymefink embedded structures that might serve as precursors
to syringeprintable CNFbased nanocomposites, and for fabricating seds@ patterns that for
certain ink composition demonstrdie ~ "3PCIwith large averaged resistance drop (peit

temperature) of 4 /9.

" Thecontent of this chapter has been published as the following journal article: B. Zhao, Y. Wang, S. Sinha, C. Chen, D. Liu, A.

Dasgupta, L. Hu-drivenrAdest8f.CoffbeaStain Effe@ Brivgs the Fabrication of CafdanotubeGraphene
Oxide Inks for Printing Embedded SR019x1lt28403M15and Temperatur e
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2.1 Introduction

Developing printable inks having a variety of functionalities is the central tenet of printing
research critical to ensure that additive manufacturing can deliver products of desired shapes and
conformations without compromising on their performartceBor example, printed electronics
rely on developing metallic nanoparticle based inks that show a conductivity that is close to that
of the bulk metal§® This is true for a variety of other typef inksi e.g., magnetic inkéconcrete
inks® polymer inks’ biological inks!®!! shape and color changing smart ifkgdible inks!®
carbon inks for printed electroniésand energy applicatiort8,nanocellulose ink& conductive
nanomaterial baseinks'’ and thermoplastic ink& for printed electronics, conductive filament
based inks for electronic sesnétgyrapheneoxide-based inks for printed batteri&sceramic
inks 2L etc.i that try to ensure that the structures printed with these inks have properties that closely
resemble the properties of the devices/objects fabricated by conventional technologies or produced
by nature itself. There have also been significant effortdeveloping carbenanotube (CNT)
based inks in order to print devices and structures that show the same functionalitiegragedn
CNT-reinforced structure€?’ Some of these applications include printing micro
supercapacitor&, conductive mian-architectures® scaffolds for nerve generatiéh,polymer
nanocomposite®;?® filaments with desiredensile modulus and strengthwelded 3DBprinted
thermoplastic part€ and many more. Given the vast myriad of applications of -@iforced
or CNT-based structures, development of such printable-6&8ed inks is critical for designing
CNT-reinforced structures that can be tuned to have desired shapes and conformations thereby

vastly expanding the scope of applications of the @&liiforced structuie

In this chapter we describe the development of syrisggentable, singlevalled CNT

(SWCNT) based ink where graphene oxide (GO) flakes are used as dispdisastdection of
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grapheneoxide materialas the ink composites based orthe following comsiderations: i). the
existence otarboxyl groug in GOmakesit hydrophilic at edges, and it is found to be a good
dispersant for CNTZ33ii). the GO material is less expansive and easier to symtesinparing

to graphene flakes, and it also canliermally and chemically reduced to electrically conductive
rGO for electronic device applicatiofiji). adding GO materials ttheink can reduce its surface
tension and increagfe viscosity of the ink(these factors enabbedjusing the ink printabiity).

Such GOCNT ink has been developed previously and has a wide range of applications such as
developing films for fabricating electrodes for supercapacifors,developing transparent
conductive alcarbon transparent filfsthat demonstrate excetiethermoelectric properti€’s,

etc. Also, there have been a few studies that have attempted to develgpiat&Ble version of

such GGCNT inks2%3" although the fundamental micr@mnoscale thermfiuidic and colloidal
science principle that makes thisk printable has remained unexplored. This colloid science
principle, namely the shagriven arrest of the coffestain effect of microscopic GONT
aggregates, makes such G&D ink syringeprintable, which we leverage to print (a) traces on
surfaces bdifferent curvatures, (b) embedded structures, and (c) temperature sensors showing
negative temperature coefficient of resistances with large resistance drop per unit temperature. It
is worthwhile to mention here that the issue of the arrest of theeesitien effect has not been

fully addressed in 3D printing of nanopartitdased inks. Therefore, it is commonplace to withess
certain coffeestainformationinduced printing defects (e.g., presence of raised ritfges,
development of a trench like configilon where the edges of the printed segment is more elevated
than the central paft,enhanced particle deposition at the edges with the effect becoming more
severe for larger concentration of Ngtc.) in several studies of 3D printing with NP ifR&

Of course, the NPs are less prrthan the microssized particle®#¢ to form the coffee ring
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effect, albeit there are plenty of examples where even the NPs have formed coffé&rargs

several studies of 3D printing using such-bid&ed inksire testament to th3t* Such a reduced

tendency of the NPs to form the coffee ring effect stems from a possibility that the large random
forces that the NPs experience (due to their reduced sizes) might enforce them to overcome the
influence of the adective force resulting from the evaporatidriven flow, and accordingly

ensure that these NPs get localized attheart er 1 nt er face of a drop on
instead being driven towards the thyglease contact line (TPCE}.Such a lockization at the air

water interface will invariably lead to the formation of a uniform deposit (i.e., the estfiae

effect is arrested) once the evaporation has ensured that all the liquid has been driven away and

there is no longer any aivater interce.

Here we first develop G@NT ink with three different compositions with progressively
decreasing weight percentage of the CNTs. Our developed ink is entirely-fsiemlein other
words, the ink has no epoxy or acrylic inside it that can burn, charagacteristics, and change
properties at elevated temperatures. The central contribution of this paper is the identification of a
key micrenanoscale thermfiuidics-induced colloidal phenomenon that ensures the swyinge
printability of these inksThis plenomenon is the formation of an evaporatioediated uniform
deposit of the ellipsoidal GAGNT patrticles, despite the particles being of miesare.Invariably
for micronsized particles and sometimes for the nanoscale particles, evaponatideted self
assembly is expected to develop cof¢gn like deposits, owing to the dominant role of the
advective transport driving the particles towards the tptesecontactline (TPCL)#546
However, for the present case, we explain, following the study okeéfuat al>! that the
anisotropy introduced by such ellipsoidal @DIT particle severely perturbs the -aiater

interface, triggering a large lofrgnged capillary interaction that enables the particles to remain
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localized and form loose structures at #irewater interface without being driven by the flow to

get deposited at the TPCL. Accordingly, when the water has fully evaporated andlitnaichir
interface no longer exists, the particles get deposited in the entire wetted region, thereby forming
a wiform deposit and not a coffee stain localized at the TPCL. We carry out detailed drop
evaporation experiments and employ the surface profilometry analysis for quantifying the nature
of the evaporatioftriggered deposits (uniform or coffemg-like) to establish this hypothesis.
Furthermore, we measure the viscosity and the conductivity of the different types@NG Mk

and also measure the temperatependent resistance of the traces printed with this ink
demonstrating a negative temperature coieffic of resistance. Finally, we carry out actual
printing with this ink on flat and curved surfaces. Printed straight line traces demonstrate an
averageamperature coefficient of resistance (TQGR) r an gi n g & for GHE Gependiig0

on ink composdions,which is similar in order to the previously reported values for singléed
CNTs>2%3 More importantly, we next print embedded structures with repeating coated polymer
layers having intervening syringeinted layers of the G@NT ink networks. Fally, we print
sensorlike patternsthat demonstrate) ~ ' #Cla@dd a large average resistance drop (per unit

t emper at u’Cncertaird inkicotpagitionVe anticipate that this ability to syringe print
such CNT based inks, coupled with theique properties of this ink (e.g., demonstrating
temperaturalependent resistance with a large negative TCR) as well asb@déd inks in
general, will be important in developing conformal CNdsed temperature and strain sensors,

CNT-based nanocompositesd CNFbased supercapacitors.

45



2.2 Results

2.2.1Ink Chemistry and Syringe Printability

GO flakes are used as the dispersants in the CNT solution that arrest the coagulation of the
CNTs?***CNTs get assembled on the s-urfateasofi o hs
schematically identified in Fig.1(a-c). While this mechanism of forming a stable @QT ink
has been well knowf?,* the central facet of the present study is toett|y a combination of the
appropriate GO:CNT weight ratio and the added solvent that will ensure that the ink (a) is binder
free, (b)issyringwr i nt abl e and doestrmotnoexhifeictt ,affy )i
electrical conductivity, and Jaexhibits good TCR. The details of the ink fabrication process have
been provided in the Experimental Section. Bid(d) shows the different ink samples. Figh(e)
shows the schematic of the syringe printing process. Finally 2Hiff) demonstrateshe traces

that have been syringe printed with this ink.
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sonication

y n-stacking
Graphene Oxide Carbon Nanotubes

(a) (b)

(d) (e) (f)

Figure2.1 Schematic of (a) the graphene oxide (GO) flakes, (b) CNTs and «}NEOcomplex
f or med vii mt €3 Rochetterovisisalization, the carbon of GO and CNTs have t
colored diferently in (ac). (d) Inks with different GO: CNT weight percentage. (e) Schemati
the syringe printing with this ink. (f) Syringe printed traces and letters with this ink (GO: CI
3:7 weight ratio)

2.2.2Properties of the G@NT Ink

Figs. 2.2(a,b) show the variation of the apparent viscesgghear rate variation of the
GO-CNT ink behaving as a shetininning liquid. Increase in the shear rate leads to a progressive
decrease in the viscosity, which is a characteristic of any-siieaing iquid. The measurements
are carried out using a rheometendwe show that a progressive decrease in the density of the
GO-CNT solute, as expected, leads to a progressive lowering of the viscosity for a given shear
rate. The results are shown for a give@:CNT (3:7 by weight) composition. In Fig.2b), we
show the effect of the variation of GO:CNT weight ratio on the overall viscosity of the printable

ink. From Figs.2.2(a,b), it is evident that for some shear rate values (betwddn11s), one
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observe s ome mi nor @b umpiscosgyssheariate pldt forenksavighdaage e n t
CNT weight percentage (i.e., GO: CNT=3:7 and 1:
by a local increase and quick decrease in the apparent viscosityitk thigh an increase in the

shear rate. We are uncertain about the physic
shear rate range; howev er ;vsskearcatiation of CNbpasede s s 0 |

inks in a shear rate range ofLQ) 1/shas been demonstrated by other stutfies.

Next, we shall like to quantify the resistance/resistivity of the strdiigittraces printed
with the GOCNT ink. Prior to that, we quantify in Fig.3the possible micrmanostructures of
the printed ink (posévaporation) through a detailed SEM imaging [see Riggb-d)]. The GO
CNT ink is characterized by two disparate length scales: the CNTs are-wadtgd CNTs
(SWCNTSs) of average diameter of tens of nanometers and length wiidrons>* while the two
dimensional GO flakes have characteristic planar dimensions of tens of nitrommssible
overlap of the GO fl akes, t herefore, occur s a
crumpled, overlapped regio@n the other hand, the CNTs saffsenble across sulnicron length

scale to form a CNT network [see F&33(d)].

The resistivity of the traces printed with the @NT ink for different relative weight
fraction of the two components is plotted in FAgi(a). We first obtain the resistandetloe printed
traces by employing a foyorobe measurement/e subsequently obtain the lengkh Width ),
and the thickness)(of the printed traces From thekew, andt values, we finally obtain the
resistivity from the resistance value [see eq).(81he Supporting Information for the necessary
relationship]. The resistivity is found to decrease progressively with an increase in the CNT weight
fraction. This is expected, given the fact that CNTs are electrically more conductive than GO.

Finally, in Fig. 2.4(b-d), we report the variation of the resistatvsdemperature of the straight
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line traces (of identical dimensions) with the GO:CNT (9:1,1:1,3:7) inks. We observe a TCRU

~ 18!'#8d,1012%0] 1@and TP, ifor GO:CNT =9:1, GO:GIT=1:1, and
GO:CNT=3:7 inks.Negative TCR of similar order of magnitude has been reported for several
CNT-based ink$2°3 It is interesting to note that the magnitude of the TCR decreases with an
increase in the CNT weight fraction in the ink. In any composite system, where one component is
CNT and the other is neconducting material (e.g., GO in the present case or somgmeo
material in other studies), an increase in the relative weight percentage of CNT decreases the
magnitude of the TCR:®" This explains this decrease in the TCR with an increasing CNT weight
fraction. A key focus in the present study is demonstrdtiegyringeprintability of such CNF

based inks with negative TCR.
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Figure2.2 (a) Viscosityvs-sheasrate variation of the GO:CNT ink as a function of the density
the ink for the GO:CNT (3:7) ink. (Byiscosity-vs-shearsrate variation of the GO: CNT ink as
function of its composition (or relative weight percentage).

100 pm

Overlapped self:
assembled GO région

(d)

Self-assembled
CNT network
(Top View)

10 pm

Figure2.3. (a) Printed traces with GONT=3:7 ink having a starting concentration of 5.5 mg/
The traces have been printed with anping speed of 300 mm/minute. -@ SEM images of the
top surface of the G@NT ink at different resolution. The GO overlapgedion is highlighted
in (c), while the selassembled CNT network is highlighted in (d).
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Figure2.4. Variation of the resistity of the GO:CNT printed traces as a function of the i
composition (for each case, the starting density of the ink was 5.5 mg/d)) Vid@riation of the
resistance of the traces printed with (b) GO:CNT=9:1 ink (c) GO:CNT=1:1 ink, anc
GO:CNT=3:7 irk. For these cases we obtain an average temperature coefficient of resistanc
U of U ~ 178.6110713/0C, 12.0110713/0C, anc
and GO: CNT=3:7 1inks [ f or & d @R raf R FR_ef/(T-i
T ref))~1/R_(T=28"0C) ((R_(T=80"0 /R _(T=28"0C)))/(52"0 C), where RT is the resistar
at temperature T].
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2.2.3Shapedriven arrest of the coffegtain effect in the GO:CNT ink

One of the central challenges of syringe printing isrisure that the traces printed with
the particul at e isnkatikendepositgld®t3°8¥ adter printingl/dedoditinge
the traces of the particulate ink by a particular printing mechanism (e.g., syringe printing or
aerosoljet printing), the traces are dried (i.e., the solvent in the traces is evaporated) by exposing
the traces to atmospheric condition and/or by sintering the traces. During the evaporation, the
threephasecontactline (TPCL) between the ink, substrate and air gets ditmée substrate and
the evaporation drives a flow directed towards the TPCL. Accordingly, the particles in the ink are
subjected to primarily two types of forces: (a) advective forces due to the evapdratemflow
and (b) the random forces due teetmal effects. Invariably for the micreized particles, the
advective forces become dominant, ensuring that the particles, following the direction of the
evaporatiormediated flow, are driven towards the TCP#°As a consequence, the micrsized
paticles selfassemble in the vicinity of the TPCL leading to the formation of the csffee
effect. On the other hand, for the NPs, the random forces are larger and can compete with the
advective forces, stemming from the fact that the random forces isvalrsely as the radius of
the particle. Under certain conditions (e.g., drop evaporation on a highly hydrophilic substrate with
a very small equilibrium contact angle), such large random forces will ensure that the particles will
prefer to localize atie airliquid interface instead of being driven towards the tiplegse contact
line** As a consequence, these particles will get deposited at any wetted location of the substrate
once the evaporation is completed and thdigilid interface has disappeal** Accordingly, for
an ink drop evaporating on a hi g kstaiyefféciprightl i c o

disappear and there is the formation of a film where the nanoparticles are uniformly disffibuted.
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Of course, it should be pded out here that in several cases, even the NPs form the coffee stain

effect47°0

Typically, conducting inks are composed of metallic nanoparticles and the printing is
carried out on substrates that artkefoinattomndfi c o
the coffee stain effect is significantly reduced, although not completely eliminated, as evidenced
by several recent studié&*>°6°70n the other hand, our ink is composed of miesoale GO
flakes and nanoscopic CNTs. Therefore, thmihant particulate length scale is the micron scale
and therefore, following the classical understanding associated with the-si@fifeeleposits as
discussed above, one would anticipate a cedtaetrlike deposit of the printed ink following the
evapoation. Contrary to this anticipation, we observe a uniform deposit of the GO:CNT particles
after we deposit drops of GO:CNT inks of several compositions (GO:CNT=9:1, 1:1, 3:7) and allow
the drops to evaporate [see Fig€(a, b, c)]. The presence of sughiform deposits, where the
coffeestain effect has been nullified, becomes evident from the surface profilometry
measurements [see FigsYaii, b-ii, c-ii)] that confirm a maximum value that remains nearly
constant for a significant stretch near thetee of the drop. This uniformity in the particle
deposition is the crucial feature that makes this ink printable, which is further highlighted in Fig.
2.5(d) where we superpose the surface profilometry plots from the three different inks (three
separate G-CNT-laden inks of different weight combinationSuch uniform particle deposition
(i.e., the arrest of the coffee stain effect) for the ink with microscakC@D aggregates, making
the ink syringe printable and capable of producing printed tracesuthatot hampered by the
formation of coffee stain effect, is the central scientific message of this prajfeet, such CNT
GO-based inks have been extensively used for other applications that do not involve 3D printing.

All of those applications (and amalingly, the use of GO as dispersants in CNT solutions) become

53



possible since the ink shows such an evaporatitven uniform particulate deposition despite the

dominant length scale being micron scale.

Our key hypothesis is that the GO of the-G@T ink is responsible for this arrest of the
coffee stain effectln order to confirm this hypothesis, we conduct separate drop evaporation
experiments with (a) only SWCNTSs [see Fg6(a-d)] and (b) only GO [see Fi@.6(e-h)]. For
each case, we considewufadifferent concentrations (5 mg/ml; 3.5 mg/ml; 3 mg/ml; 2.5 mg/ml).
The deposits obtained from the drop experiments with pure SWCNTs clearly demonstrate the
formation of distinct coffee rings. Such coffee rings become evident from simple microscopic
images [see Fig2.6(a-i) to Fig. 2.6(d-i)] as well as detailed surface profilometry measurements
[see Fig2.6(ai) to Fig. 2.6(d-ii)]. On the other such microscopic images [see Eige-i) to Fig.
2.6(h-i)] as well as the surface profilometry measurements [see2Fa(g-ii) to Fig. 2.6(h-ii)]
clearly establish the arrest of coffee ring in the deposits obtained from the drop experiments with
pure GO [see Fi@.6(b-i) to Fig.2.6(b-vi)]. These resultsonfirm our hypothesis: the flakehaped
(extreme ellipsoidal shaped) GO particles (discussed later), and not the cylindrical/longitudinal
shaped CNTs are responsible for the arrest of the coffee ring effect. In fact, there have been several
previous studis that have reported the formation of such coffee ring in drop evaporation

experiments with pure CNT8:5?

For explaining this coffestain arresting effect of the GO of the @DT ink, we invoke
the study of Yunker et at’,who showed that the coffetm effect gets suppressed in the presence
of microscopic particles that are ellipsoidal rather than spherical. When the evapdraton
flow drives these particles towards thelaquid interface (it is this same evaporationven flow
that causeshe accumulation of the spherical microscopic particles at the TPCL, leading to the

coffeestain effect), the anisotropic shape of the particle strongly disturbs theuadrinterface
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inducing a large longanged inteiparticle capillary attraction. Thigapillary interaction
overcomes the effect of the forces from the TRiected evaporatiemduced bulk advective

flows and accordingly, there is the formation of loogedgked structures at the -Higuid
interface. Such structures at the-laguid are analogous to those that are witnessed for
nanoparticles, where the random forces dominate over the forces from the evajpogaterad
advective transpoithere it is the capillary forces induced by shape anisotropy of the particles that
dominate ovethe forces from the advective transport, causing the formation of such structures at
the airliquid interface. These structures eventually ensure that one finds a uniform deposit of the
particles on the wetted substrate once all the liquid has evaparatede ailiquid interface has

disappeared.

For the present case, the @DT particle can be approximated as an ellipsoidal micron
scale particle with large aspect ratio e (e >> 1) between the major andaxwsaof the ellipsoid.
This parametee gives a measure of the sphericity of particle wathl representing a spherical
particle. This ellipsoidal geometry results fromthe GED -~ i nt er acti ons medi a
of nanoscale CNTs from the surfaces of the-tiaensional microrscale GO flakesYunker et
al. showed that for an ellipsoidal particle wigs3.5, the shape anisotropy effect becomes
significant ensuring a uniform deposit of the ellipsoidal particles overcoming the -stdfae
effect®! For our case, this shape anisotropy is muchelafige.,e>>3.5) due to the 2D nature of
the GO flakes. Accordingly, one observes a uniform deposit of the @M particles ensuring the

3D-printability of such CNTGO inks.
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Figure2.5. Experiments on drop evaporation and the formation of uniform defos., the arrest
of the coffee stain effect) for (a) GONT-laden ink with a weight ratio of GO:CNT=9:1, (b) 6C
CNT-laden ink with a weight ratio of GO:CNT=1:1, and (c) ®DT-laden ink with a weight
ratio of GO:CNT=3:7. For each of the cases)awe provide (i) the toqview of the deposits
formed after evaporation, and (ii) the surface profilometry measurements (for the section ide
in i) quantifying the extent of uniformity of the deposits. For all the cases, we consii
concentration of Bng/ml.
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In Fig. 2.6that will follow, please provide the comparison for a concentration of 5 mg/ml as well.
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Figure2.6. (ard) Deposits obtained from the drop evaporation experiments with pure SW(
demonstrating the coffee stain formatioreaglent from the tofview microscopic images of the
deposits [see (B to (d-)] and the surface profilometry measurements [se&i{@ 6(d-ii)] [for
the section identified in (i)] for concentrations of (a) 2.5 mg/ml, (b) 3 mg/ml, (c) 3.5 mg/ml.
(d) 5 mg/ml. For the surface profilometry measurements, we identify the peaks at the loc
that correspond to the edge of the drops confirming the formation of the coffee-tindpéposits
obtained from the drop evaporation experiments with pure Gtixlea demonstrating the arre:
of the coffee stain formation as evident from the g microscopic images of the deposits [s
6(ei) to 6(hi)] and the surface profilometry measurements [segiB{@ 6(hii)] [for the section
identified in (i)] forconcentrations of of (e) 2.5 mg/ml, (f) 3 mg/ml, (g) 3.5 mg/ml, and (h) 5 mg
Note that to better reveal the difference between Pure SWNT ink and pure GO ink at 5 mg/
Figures (dii) and (hi) were taken under ov@&xposure mode in the microscope
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2.2.4 Syringe Printing with the GONT Ink

Fig. 2.7 demonstrates the different types of printed components that we achieve with our
fabricated, syringg@rintable GOGCNT ink. In Fig.2.7(a), we demonstrate the printing of straight
lines on flat and unceed FR4 substrate as well as on-Biinted, curved, PDM&8oated PLA
(Polylactic Acid surface. In Fig2.7(b), we show parallel printed lines on a curved (inner radius
of curvature of approximately 135 mm), PDM8ated, 3D printed surface of the PLA faifelient
ink compositions [i.e., GO:CNT=3:7 and GO:CNT=9:1]. In Rgz(c), we show such printed
traces on PDM&oated, 3D printed PLA surfaces with progressively increasing curvatures (with

radii of 50 mm, 65 mm, ant0 mm).

With this GOCNT ink, we als syringe print embedded structures, which will serve as the
first-step to develop 3fprinted CNFbased nanocomposites. FAy7(d, left) shows the schematic
of such a possible embedded structure, whose architecture will consist of lsgreesabf polyme

with intervening layers of printed traces (or printed networks) of@NT ink. Fig.11(d, right)

shows such actual syringe printed embedded structure. These embedded structures are coated three

layers of PDMS with intervening layers of networks printethwsO-CNT ink. This entire
procedure is carried out on a curved surface with inner radius of 80 mm. Such syringe printed
embedded structures on curved surfaces indicate the possibititgitd printing of conformable

CNT-based nanocomposites.

Fig. 2.7(e) shows the different patterns printed with GINT = 1:1 and GOCNT=3: 7

inks. Spiral and serpentine shape patterns are printed because of the importance of these geometries

in printed electronics. The change in resistance with temperature ferpemsne (or sensdike)
pattern is measured using a tpmbe system [see Fig.7(f, g)]. The experiment is conducted on

a hotplate, and Infrared Thermometer and thermocouple are used to calibrate surface temperature
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This resistances-temperature ploof the sensor pattern quantifies the temperature sensing action
of the printed sensor patterns. The figures have error bars to quantify the reproducibility of the
data. While the resistance at a given temperature is least for GO:CNT=3:7 ink, thedargasel

in resistance with an increase in temperature (i.e., a better potential for the employability as a
temperature sensor) is witnessed for the pattern printed with the GO:CNT=1:1 ink. This is exactly
commensurate with the effect of the CNT weight patage on the TCR for printed straigiinte

traces For all the measurements of the resistance of the sensor patterns, the responsedime is 1
secondsln this experimenmegative TCR f U ~ 1" #°C andl xx»0are obtained for the sensor
patterns printedith GO:CNT=3:7 and GO:CNT=1:1 ink\long with that, we obtain a resistance
drop (per unit temperature) of 1 8C/ andi 4 8C/ (between the temperature of’@6to 75C),
strengthening the possibility of using such inks for fabricating highly sensitiméoratal, 3D
printed temperature sensors (there are examples ofl@Ndd sensdisthat have worked with

much lower resistance drop per unit temperature,ie.g.,, %)y Ih fact, the significant drop in
resistance within the temperature window of@80°C (particularly for the sensor printed with

the GO:CNT=1:1 ink) makes this ink an excellent candidate fop@flied wearable body
temperature sensot$® Here we refrain from providing the resistarusstemperature variation

for the sensor pattern prad with the GO:CNT=9:1 ink since for that ink (which has the lowest

conductivity due to the lowest weight percentage of CNT) the resistance is too high, and therefore,

for a Il ong sensor pattern the overalfituttoesi st a

make a precise quantification.
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Figure2.7. (a, left) Printed straight i ne traces (printing spee
7) ink on bare FR4 flat surfaces. (a, right) Printed strdigbttraces (printing speed = 300 mi
minil) of GO : CNT (-@inted, PDMScaatedPLAsurfaca. (bxrRuinted
straightlt i ne traces (printing speed = 150 mm

(GO:CNT=3:7and GO :CNT =9:1)on acurved (inner radius 135 mnpriBiadd, PDMS

coated PLA surface. (c) Printedstrajne t r aces (printing spee
=9:1ink on a 3Bprinted, PDMScoated PLA surface of different radii of curvature (the curvat
progressively increases as the radius progressively decreases from 80 mm to 65 mm al
mm). (d, lét) Schematic of the embedded structures with multiple printed layers of polymer
intervening layers of 3D printed networks of the I&MNT ink. (d, right) Actual syringe printec
(printing speed = 150 mm mini1l) elayérevwthtea
intervening layers of 3D printed networks of thei@DIT ink on a curved surface with an inne
radius of 80 mm. (&ii) Sensor patterns printed with-(eGO : CNT = 3 : 7 ink and (8) GO :

CNT =1: 1 ink. (eii,iv) Spiral patterns prited with (eiii) GO : CNT =3 : 7 ink and (&) GO :

CNT=1:1ink.In(e , 11 ), the sensor patterns wer ¢
the straight segments of the patterns an
of the péterns.In(e i i , i v), the spiral patterns wer
mm mini 1. ( f am-tempgratureRrarigtiorns easuredeusing a-prabe system,

for the sensor pattern printed with (f) GO : CNT =1 : 1 ink and @):&NT = 3 : 7 ink. The
corresponding Davierlagled T AUIRSCi lsamdd 7@/ AC f or
with the GO : CNT =1 :1 and GO : CNT = 3 : 7 inks, respectively. This average TCR fc
patterns printed with both types of inks isatéted as (where RT is the resistance at tempere
T).
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2.3 Conclusions

In this study, we report the development of a syrpgsetable, wellcharacterized CNT
based ink with GO serving as a dispersant. The printing becomes possible due to the unique
ellipsoidalparticleshapemediated arrest of the coffetain effect despite the GONT particles
being of the micron scal&@herefore, we anticipate that this study will open up new directions for
ink manufacturers to consider adding specific shapedcfemtio the ink (without significantly
compromising the functionality of the ink) for preventing coffee stain induced detrimental effects
on the printed component#/ith this GOCNT ink, we have printed lines on flat and curved (with
different degrees ofwrvature) polymercoated surfaces. These printed lines show acceptable
mechanical adhesion to the polymer layer and demonstrate tempelgperedent resistance with
significantly large negative temperature coefficient of resistance. Such findings &stablis
possibility of developing highly sensitive CNJ¥ased, printable, conformable temperature sensors.
Furthermore, we achieve highly stable midifer embedded polym& O-CNT-ink-network
system by printing polymer layers in a laymrlayer fashion andhtroducing printed GECNT
network in the intervening layers between the polymer layers. We achieve such pGIraN T
embedded laminates on a curved surface. Such structures establish the great potential of our
developed ink and processes to ensure 3Btget CNTbased nanocomposites on curved and

conformal surfaces.

2.4. Experimental Sections

2.4.1 Ink Preparation
The Graphene Oxide used in this experiment is single layered graphene oxidédGO)

exhibits good solubility in water, as well as in organic solvents, without requiring any surfactant.
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The GO sample that we use is in form of a solution of density 5 mg/ml. The CNT used here consists
of singlewalled CNTs available in powdered formrndCarbon Solutions, Inc. CNT powder was
dissolved in the GO aqueous dispersion with the aid of additional distilled water and ultrasonic
vibration (ColeParmer 8890, which provides a 42 kHz output frequency and a timer to control the
sonication time, is gpied for the purpose)Without additional DI water, the solid material
concentrations for the three combinations of-GRT ink were:16.67 mg/ml (GO:CNT = 3:7);

10 mg/ml (GO:CNT = 1:1); 5.56 mg/ml (GO:CNT = 9:1). The exact amount of the GO solution
and the weight of the CNT powder to be mixed can be easily obtained by noting that the desired
GO:CNT weight ratio and the fact that the G@ution has a density of 5 mg/ml. For cases where

we wanted identical densities (5.5 mg/ml) for all the different ink compositions, we dilute the 3:7
and 1:1 ink by adding appropriate amount of solvemntly distilled water, SWCNTs and the GO
agueous digersion was used at the initial stages of ink preparation; however, later, small amount

of ethanol was added in order to adjust the viscosity so as to make the ink syringe printable.

2.4.2 Viscosity Measurement

The rheological properties of these printings were measured and plotted as a function
of the shear rate using a commercial rheom@téthe inks were sonicated for 30 minutes using
an ultrasonic bath before conducting the viscosity measurei@eme the GOCNT=3:7 ink
showed the best condigty as compared to the CNGO ink of other compositions, the viscosity
measurements of th8O: CNT=3:7 inkunder different solid material concentrations(&g/ml,

10mg/ml, and 16mg/ml) were conducted.

2.4.3 Printing

The printing of the GECNT ink was conducted using the Hyrel Hydra 16A 3D printer.

The printing procedure was customized based on the printing substrate and the ink properties. G
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codes were directly modified and edited to control the printer movemdrith in turn controlled

the 3dimersional nozzle trajectory coordinates and the printing speed. Printing with three
different GOCNT ink was carried out on different substrates such as bare and flat FR4 surface
and polymercoated 3Bprinted curved PLA surfaces of different radi-codes fo complicated
patterns were written and loaded for printing different kinds of patterns, including,leters
spirals and sensor patterige also print the curved PLA surfaces using the Prusa MK2, which is
standard commercial FDM (Fused Deposition Modgl 3D printer. Finally, the PDMS used to

coat these 3D printed curved PLA surfaces is the combination of Sylgard 184 silicone elastomer

and corresponding curing agent.

Appropriate printing parameters, including the distance between nozzle tip anmatsubst
and the feed rate or travel speed, were determined through parametric studies. The distance
between nozzle tip and the selected substrate was adjusted through the control panel: we started
with the tip touching the substrate, then the printing headliftad step by step (with each step
being 0.1 mm) until the ink material can be smoothly extruded. Similar approaches have been
appliedfor determination théeed rateand thetravel speedfor these printing parameters (feed
rate and travel speed) seies of values werattemptedintil straight linesvith desirable properties

couldbe stably printed.

2.4.4Drop Evaporation Test and Surface Profilometry Measurements of the Evaporation

triggered Deposits

Drop evaporation tests were conducteddiaps of GOGCNT inks with GO:CNT weight
ratios of 9:1, 1:1, 3:7. Drop evaporation tests were also conducted for inks containing only GO and
no CNT. For all the cases, the drop experiments were conducted on the flat bare FR4 substrate.
Also, for the GOCNT ink of any composition, we consider a solid concentration of 5.5 mg/ml
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was considered, while for the pure GO ink a concentration of 5 mg/ml was considered. All the four
inks were freshly prepared within one week before the experiment and have beeredubject
sonication for 15 minutes before conducting the evaporation drop tests at ambient room conditions.
A micropipette was employed to deposit droplets with constamff volume and a Nikon Coolpix

L830 on a tripod was applied to control the distancethadocus for capturing the image. The
evaporation dynamics of the GCNT and pure GO drops were continuously monitored using an
Optical Microscope (Zeiss AxioCam MRc5). The optical microscope images (using the dark field
mode of the microscope) were caeid every 5 minutes during the entire time duration in which

a freshly deposited drop completely evaporates leaving behind the deposits. The profilometry
measurements, characterizing the deposits from the evaporation of both-BETG@f all the

three conpositions) as well as the pure &&alen drops, were conducted using the Tenetr P

Long Scan Profiler. Profilometry analyses were conducted on four samples, corresponding to each
type of the drop (three types of @INT drop and one pure GO drop). The parheter was set

to measure a length 7 mm, and around 900 points were captured along the trace. The data was then

exported and replotted using the softwargin.

2.4.5 Resistance Measurements

4-probe measurements were condudieabtain the resistanced the printed straight
traces of the GECNT ink. 4-probe resistance measurements were conducted on several straight
lines of GO:CNT printed traces. Silver paste was applied to provide a better contact between
probes and specimen. Printed traces of al ttree ink compositions showed a reasonable
resistivity, although the different traces printed with the same ink composition sometimes

demonstrate some variation in the resistivity, which is possibly due to the differences in the
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adhesive behavior or vation in the micromorphology of these different traces printed with the

same ink.

2.4.6 Resistanees-Temperature Measurements

4-probe and zrobe (using a simple multimeter) systems were used to measure the
resistances as a function of the temperaturgfmted straight lines traces and printed sensor
patternsrespectivelyFor both the cases, a hotplate was placed under the substrate to ensure and
maintain a uniformly enhanced temperature. An IR thermometer (Omega OS730K)tgnel K
thermocouples (wit Omega HH74K meter) were applied to obtain the actual surface temperature
and calibrations. Silver paste (SPI supplies Z05001) was applied to produce a better contact

between the probe and the printed traces.

2.4.7 Sample Preparation for SEM Analysis
We have employed SEM analysis on the printed traces from two directions, namely SEM
analysis of the surface features as well as the SEM analysis of the cross section of the printed

traces. The model of the Scanning Electron Microscope was Tescan XEIA FEG SEM.

To achieve a higlguality SEM observation, the printed line was peeled off from non
conductive FR4 substrate. The separated printed traces were then placed on conductive carbon
tape that was adhered to the aluminum SEM stage. For the suidac8EM ana}sis, the printed
trace was placed flatly on the carbon tape, while for the m®s$onal SEM analysis, the printed
trace was cut in the middle with a piece of thin blade and was adhered to the carbon tape on the
side of the aluminum stage. The edgehaf printed trace was aligned with the SEMge edge,

and no coatings were added to the specimen.
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Supplementary Information

Figure S2.1(left) shows the sonication of the ink. This sonication process is conducted
prior to the printing. FigS2.1(right) shows a sample-Gode that was written and loaded in the

Repetrekoftwarefor printing a 70 mm straight line.

TESTLINE

Z 0.0
15 T
X175 Y30 Z0.

8890 hi

Cole-parmer
=S

FigureS2.1 (left) Sonication of the ink. (right) The screen capture that is showing-trel&that
was written and loaded in the Repetrel software for the printing of a straight line of length 7
In this screen capture, we have identified the printing speed and Heerptd.

FigureS2.2provides the images for more printing results.
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L

FigureS2.2 (top) Printed straighline traces with 3 combination of the GO/CNT ink on bare F
surface. The left, center, and the right group of lines are printed@tENT=9:1, GO:CNT=1:1,
and GO:CNT=3:7 inks, respectively. (bottom) Printed patterns on REdA&d FR4 substrat

with GO:CNT=3:7 ink.

In Fig. S2.3we provide the picture of theneometer that wasmployedto measure the

apparent viscosity of thek unde different combinations and conditions

FigureS2.3 Rheometer for ink viscosity measurements.
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To determine the resistivity of the printed straigHine traces from the measured

resistancegR, the following formula was utilized:

m Y - ——h(S1)

wheredh) , andastand for the thickness, width, and the length of the measured printed
traces, respectively. Figui®2.4 presents experimental setup for measuring the length and the
width of the printed straigHine traces.

In FigureS2.5 we show our profilometry measurements of the thickness of the traces
printed on the PDM&oated FR4 surface. Profilometry was also used to determine the typical

coating thickness of the PDMS layer.

FigureS2.5 Setup for the width measurements using a microscope (left) and the length (
measurement using a ruler for the printed straliglettraces.
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FigureS2.5 Profilometry measurement for the thickness of the coated PDMS(lefi¢rand the
thickness of the GE&NT ink traces printed on the PDM®ated FR4 substrate (right).

Surface profilometry measurements were also employed for measuring the thickness of the
printed trace¢See Figures2.9. It was revealed that increasingetiveight fraction of CNT in the
ink results in a thicker printed traces with a greater degree of uncertainty. The uncertainty was

analyzed using uncertainty propagation and neglecting the possible correlation.

(a) (b) (c)

Thickness distribution
M 100! SWNT W T {ieaght iney,
2 ] .

Approximate
|~ zone cross
the line

GO: SWNT
= 3:7

L) 2
Scanning distance
Aman)
Thickness distribution

Approximate
|~ zone cross
| theline

GO: SWNT
=1:1

') 2 ] 3
Scanbing distance |
(mm)

Thickness distribution |
(GO: SWNT = 3:1 straight line) ‘

GO: SWNT
=9:1

Figures2.6 Surface profilometry measurentemf the printed straigHine traces with (a) GO:
CNT=3:7, (b) GO:CNT=1:1, and (c) GO:CNT=9:1.
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Additionally, Fig.

S2.7provides a screenshot of a typical Line Edge Roughness (LER)

measurement for straight lines printed by 3 different kinds of ink catibirs. This measurement

were done by a Matlab based software Line and Contact Edge Roughness Meter (Lacerm).

nm/pixel: 5870.708
Lines/Spaces

@®© General (default)
O Special

Calculate

[] Remove Double Edges

Lines/Spaces Results

LER (3*s): 90632.13n
Mean LER: 90364 .61n
Mean LER*: 56442 61n
Odd LER: 83149.96nm
Even LER: 97579.26n
Mean CD: 2240512.02
Pitch: —

Power Spectral Density
@ Avg PSD (LER, CER)
O Left PSD (LER)

O Right PSD (LER)

O Both PSD (LER)

Loaded image: ...\11\Line 2.jpg

Select ROI

Holes or Particles

@ Contact Holes
O Particles

Calculate

Holes/Particles Results

CER (3%s): —
Mean CER: -
CER Dev.: —
Diameter: —
Dia. Dev.: -
10°
TE Correlation Length:
& .
£
=
Q Roughness Exponent (H):
2
10° =
10° 10! 102

Qnacial Eraniiancy {um

FigureS2.7 A typical Line Edge Roughness measurements screenshot from the software L
(Shown straight line printed with 5mg/8NT:GO = 1:1 ink)

Subsequently, the resistance of the printed strdiighittraces was obtained using the 4

probe measurement [see Fi@.&b)]. Thestandard deviation of resistivily at temperaturéY

can be calculated using the equation S2 and S3.

(S2)

(S3)
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Table2.1summarizes the resistance, the dimensions needed to calculate the resistance, as

well as the line edge roughness of the strdiiglettraces printed with the three different inks.

Averaged Averaged Averaged Averaged Averaged
Width Thickness LER Length Resistance
(Unit: mm) (Unit: 1) (Unit: 1) | (Unit: mm) (Uni t:
GO:CNT X @& @
LY T 0 | 0B W TE VX T8 @ | YK T T
=37 THT
GO:CNT X & X
GBUu T T | 0P C TG v T P | T TR p @ X
=11 o@mn
GO:CNT X @ X p®O
¢q8 @ ™3r0 | 0810 TAI W VP W T @
=91 P® W C@p pm

Table2.1 Average values of the resistance of the straliglettraces printed with three differer
types of inks. The resistances were measured @t@~ The average values of the differe
dimensions of the straight lines used to calculate the resistances are also provided. The tl
of each line was obtained from the surface profilometry measurements.
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To measure the temperature coefficient of resistance (TCR) of the printed direght
traces, we built a flexible probe system for exploring the relationship between resistance of the
printed traces and the substrate temperature. In Fj8reve preseha 4probe system with a
hotplate to measure the TCR of a printed trace (printed using GO: CNT = 3: 7 ink). Zigure
provides the experimental schematic and experimental setup, while E@pnevides the M plot

under different surface temperaturésgained using the-probe measurement system

4 Probes System

Printed Line
Substrate

Hot Plate

Thermometer

FigureS2.8 4-Probe measurements for straifjhe traces lines printed with GO: CNT = 3:7 in
on a hotplate whose temperature can be controlled. (Left) Schematic. (Right) Experimental
The same fouprobe measurement has been used to quantify the resistatiee sifaighiine
traces printed with GO: CNT = 3:7, 1:1, 9:1 inks at a fixed temperaturd §22
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FigureS2.9 V-I plot at surface temperature of 1). T=I8, R = 21 3 8N YR=2@9

Y; 3).NT R #71970NY; R4)=. 1 B34 N6&Y2 R5)=. 1B 9=2
Employment of a coating is sometimes necessary to create a conductive trace for the SEM.
However, the coating material (either gold or carbon coating) halstavely larger particle size
compared to the CNTs, which made the CNTs-wisible under SEM observation. On the other
hand, our printed lines show a reasonable conductivity, which is sufficient for the SEM observation.
Therefore, for the specimen prepd for the SEM analysiao conductive coating layer was added

(see FigS2.10Q.

FigureS52.10 SEM specimen preparation without additional coating. (a) Ink droplets on
aluminum foil. (b) Specimen for obtaining tepew SEM. (c) Specimen fabtaining cross
sectional SEM.
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Micropipettes were employed for droplet experiments. A DragonLab Micropipette was set
atq 11, to ensure the volume of each deposited droplet was almost identigahl Damera
Nikon Coolpix L830 was applied for obtainirige images of the equilibrated liquid droplet. A
tripod was used to fix the position of the camera, and a mark was made on the location of the
substrate placement. In Figut2 we show (a) the micropipette applied for droplet deposition, (b)
set up for cpturing the optical image of the evaporating droplet, and (c) set up for the profilometry

measurements using the Tencel ng scan profilometer.

FigureS2.11 (a) Micropipette for droplet volume control; (b) set up for capturing the optical in
of the evaporating droplet, and (c) set up for the profilometery measurement (using Fé&nc
long scan profilometer) for quantifying the thickness variation of the deposits resulting fro
evaporation of the CN-GO-laden or pure G&aden drops.
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The drop evaporation experiments for GO: CNT inks were conducted under ambient
temperature. Microscope images were captured every 5 minutes until the drop had fully evaporated.
FiguresS2.12andS2.13present the detailed experimental recordings for thplelr evaporation

experiments.

(©) (d)

FigureS2.12 Pictures showing the evaporating drop (and the correspondingeyagsbration
deposits) for a drop of GO: CNT = 3:7 ink at (a) 0 min (i.e., immediately) after the drop depo:
(b) 15 minutes after the drafeposition; (c) 30 minutes after the drop deposition; (d) 45 mini
after the drop deposition (case when the drop is fully evaporated).
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(a) (b)
.,&E‘ . putEji
(©) (d)

Figure S2.13 Pictures showing the evaporating drop (and the correspondingeyaysdration
deposits) for a dropf GO: CNT =9:1 ink at (a) 0 min (i.e., immediately) after the drop deposit
(b) 15 minutes after the drop deposition; (c) 30 minutes after the drop deposition; (d) 45 n
after the drop deposition (case when the drop is fully evaporated).

Fig. S2.14provides a schematic for the description of the dimension of printed serpentine
(sensoilike) patterns. FigsS2.15andS2.16provide the surface profilometry measurements (for
the thickness and the edge roughness) and the optical imaging (fordith¢ efi the different
sections of the senstike patterns printed with the G@NT=1:1 and GO:CNT=3:7 inks. From
the optical images shown in Figd&2.15and FigsS2.16 we can find that the width of the patterns

printed with the GO:CNT = 1:1 is more fmim.
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FigureS2.14 (a) Schematics for newly printed serpentine patterns to validate the printabilit
reproducibility; (b). Gcodes applied to print those patterns (Minor differences among diffe
patterns, with printing speed ranging from 100 mim/to 300 mm/min)
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Figure S2.15 Optical measurements (showing the width) and the surface profilon
measurements (showing the thickness and the edge roughness) of the different sections (i
in the leftmost image) of the serpentine trace pdntith GO:CNT=1:1 ink having a concentratic
of 7.5 mg/ml.
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Figure S2.16 Optical measurements (showing the width) and the surface profilon
measurements (showing the thickness and the edge roughness) of the different sections (i
in the lefimost image) of the serpentine trace printed with &DNT=3:7 ink having a
concentration of 7.5 mg/ml.
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Figs.S2.17and S2.18provide the surface profilometry measurements (for the thickness
and the edge roughness) and the optical imaging (for the width) of the different sections of the
spiral patterns printed with the GE@NT=1:1 and GOCNT=3:7 inks. From the microscopic
images shown in Fige8and Figs29, it can be observed that here those patterngrinted with

GO: CNT = 1:1 ink is more uniform than the patterns printed with GOF = 3:7 ink.
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Figure S2.17 Optical measurements (showing the width) and #uface profilometry
measurements (showing the thickness and the edge roughness) of the different sections (i
in the leftmost image) of the spiral pattern printed with GO:CNT=1:1 ink having a concent
of 5.5 mg/ml. In the figures showing thbickness distributions, the printed trace area v
highlighted with rectangular boxes.
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Figure S2.18 Optical measurements (showing the width) and the surface profilon
measurements (showing the thickness and the edge roughnesgjifiéteat sections (identified
in the leftmost image) of the spiral pattern printed with GRT=3:7 ink having a concentratiol
of 5.5 mg/ml. In the figures showing the thickness distributions, the printed trace are
highlighted with rectangular boxes.

Finally, based on the fact that resistance of the printed patterns is significantly larger than
contact resistance, the TCR measurement for printed, siesquattern [see the right of Fig.
S2.19a)] employed a -probe multimeter. IR thermometer antldrmocouples were applied to
determine the substrate surface temperature. The experimental setup and the IR thermometer are

shown in the Figur&2.19b) andS2.19c), respectively

80



FigureS2.19 TCR measurements for printed senkke patterns with GO: NT = 1:1 ink. (a
right) Printed sensor patterns. (b) Experimental setup. (c) IR thermometer.
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ChaptUdrttrBa: n asedndi tirae N@ainmwtbeads eClar |
Temperatu€Cep&kheseoot Repeated Uses
Varying Curvatutres and Wettabilit:i

Abstract

In this chaptey we demonstrate the ability to fabricate temperature sensors, by using our
newly developeatarbonnanotubegrapheneoxide (CNTFGO) ink to print temperaturgensitive
traces on highly flexible, thin, and adhesive PET (polyethylene terephthalate) tapes, which in turn
are integrated on surfaces of different curvatures and wettabilities. Thetleéos&ategy provides
a facile, lowcost, and environmentally friendly strategy to deploy printed temperature sensors on
surfaces of widely varying curvatures and wettabilities. The temperature sensing occurs through a
thermallyinduced decrease in the istance of the printed traces and we quantify the
corresponding negative temperature <coefficiel
curvatures and wettabilities. In addition, we identify that at low temperatures (beld®),t6e
printedtraces how an U value that c¢an 3% whichisseaerage (i r
ti mes higher than the typical U values report
other materials. Furthermore, we achieve the printing of traces thathateio® e m t h4d ck on
em thick PET film: therefore, our design repr
sensor that can be easily integrated for wearable electronic applications. Finally, we show that
despite being subjected to repeattperature cycling there is little degradation of the &0

microarchitectures making these printed traces capable of repeated uses as potential temperature

Sensors.

" Contents of this chapter have been published as the following journal article: B. Zhao, V.S. Sivasankar, A. Dasgup@s,and S.

i U | -thin @&d Ultrasensitive Printed Carbelanotubebased Temperature Sensors Capable of Repeated Uses on Surfaces of
Wi dely Varying Cur v &aCuAppied Materials &Weetfacg®021, 13i(8), 1085516270,
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3.1. Introduction

The ability to integrate sensors, capable of sensing temperatane, Bumidity, pressure,
perspiration, body movement, and hgautse monitoring, on surfaces of widely varying
curvatures, topology, stretchability, and wettability is critical to the endeavor of developing
wearable electroni¢$? and electronics integble on surfaces of highly curved and complex
geometries (e.g., surfaces ofibn batteries, turbine blades, flight surface wings of military jets,
etc.). There has been significant recent progress in developing printed temperature sensors on
flexible sufaces>”2*2?° Carbonbased or metabased materials (such as carbon nanotubes or
CNTs?4 graphite flakes, metal NP% etc.) blended with polymers [such as PDMS
(polydimethylsiloxane) or UMurable resin] have been widely explored to fabricate widely
deployable temperature sensors with good temperature sensitRit\areover, researchers have
also been choosing to print these sensors on flexible substrates such as Polyimide (PI), Polyester
(PET) or Poly Ethylene Naphtalate (PEN) thin fifis?°to ensure that the printed sensors are
more easily integrable in different systems. Special design configurations have been employed in
some cases to achieve stréterant sensors printed with nanopartickesed or nanomaterial
based inks. For example, Yan al. fabricated grapheneased temperature sensors on PDMS
substrate, and the temperature sensors remained functional up to 50% AtsainLi et al.
developed a printable silver nanowire (AgN¥gsed composite sensor that is sensitive to both
tempeature and strain, and the response to each parameter can be decoupled for accurad® sensing.
In another study, Xiet al.printed temperatursensing networks using SWCNT/MWCNT/AgNW
ink in combination with PDMS, which made the temperature sensitivityeadénsor independent

of the strain, up to a large strain rarf§e.

92



In this paper, we report the printing of ulttan and ultrasensitive CNT based temperature
sensors that are integrable on surfaces of widely varying curvaturesediatbilities and are
capable of repeated use. The sensors are in the form of stiagginaces printed from our recently
discovered’ binderfree CarborNanotubeGrapheneOdxide (CNTGO) ink [see Figs3.1(a,b)]
that has shown good temperatgensing apabilities as well as excellent uniformity in the
distribution of the particles within the printed and dried tré@se presence of the flakike GO
particles ensures that the CNGO aggregates form uniform deposits by arresting the coeftar
effea (following the principle of ellipsoidal particle shape mediated arrest of the coffee stain
effect?), while the presence of the CNT in right proportion provides the necessary temperature
dependent conductivity (with a negative temperature coefficienésitance, as witnessed for
standard CNIbased syster§ to the printed traces. These traces are printed on flexible and
adhesive PET tapes [see Figd(c-e)] that ardater adhered to surfaces of different curvatures
and wettabilities [see Fig8.1(f-h)] ensuring that we develop one of the most facile of means to

deploy printed temperature sensors on surfaces of widely varying curvatures and wettabilities.

The detailed guantification of the properties and the temperature responsiveness of the
printed CNT-GO temperature sensors show three critical facets. First, theGINfraces show
an extremely high negative temperature coefficient of resistance (TGE)xE0® /°C) at low
temperatures (<P&). We demonstrate, by providing a detailed comparis@inagthe TCR
values obtained for other types of temperature sensors reported in the literature, that the TCR value
obtained in our case is many times higher than the typical TCR values for most of the existing
temperature sensors. Second, the printed -Gdltraces, serving as temperature sensors, can be
extremely thin (with thicknessassmall=3 e m) [ pl eas e 3klE)fConddering ns et

the 50 em thickness of the PET film on which
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3.1(c)], we are able to design an ulttan temperature sensor that can be favorably integrated for
applications stringently demanding the use of-l@eight, flexible and smakize components

(e.g., application of wearable electronics). Third, we find tlespde several (8 5) cycles of
temperature sensing, there is very little degradation in the ssiroture of the CNAGO traces

(and hence, unlike in other CNJased temperature sensing studi¢bese traces show very little
progressive increase inghesistance with repetitive temperature cycles) enabling the repeated use

of the printed CNTGO-tracebearing PET films as durable temperature sensors. These three
salient features, coupled with the ease of fabricating (using a Hhegenontoxic CNT-GO ink)

and integrating these sensors, ensure that this study develops one of the most facile, inexpensive,
simple, and environmentally friendly strategies for fabricating-tiftraand ultrasensitive printed
temperature sensors that are capable of tegese on surfaces of widely varying curvatures and
wettabilities.We shall like to point out here that our proposed method is similar to these examples

of Apeel and sticko thin film sensors that h
rangirg from building energy managemeéhtpio-sensors to detect organophosphétesnd

sensors used in interpet-things (loT) applicationd* The present study adopts such widely used
Apemrdsti cko concept t o -thndaf onlyiavew Imicrons thibky, ultcaat e u |
sensitive temperature sensors (showing extremely high TCR values for low temperature ranges),
which by the vitue of t s fAsticko capabilities could be e

curvatures and wettabilities
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syringe printing of homemade
GO-CNT ink on PET
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Figure2. (a) Sample of the CNGO ink with CNT: GO=1:1 weight ratio. (b) Example of syrin(
printing with this CNFGO ink using Hyrel Hydra 16A 3D printer. (c) Schematic of syrin
printing with this CNTGO ink on a flexible and transparent PET film. Here we pewad inset
to show the dimensions of the printed traces and the PET film, confirming théhuitmass of the
printed sensor. (d) Example of printed Gi&D-tracebearing flexible PET tapé&l Examples of
CNT-GO tracebearing adhesive PET tape adheringhtopalm of the hand and the outer surfe
of a glass bottle. (f) Schematic showing the use of such flexible and adhesiv&Ghiace

bearing PET tape on a coffee cup (representing a maildraitructure that shows a progressi
increase in the radius otirvature on its surface as one moves from the bottom to the top ¢
cup) for providing the temperature sensing at surfaces of varying diameters of curvature |
cm, d2 =7 cm, d3 = 8 cm). (g) Schematic showing the use of such flexible and ad@é§ive
GO-tracebearing PET tape on a hydrophobic surface [whose possible microscopic struc
highlighted in (h)] for providing temperature sensing on surfaces of large hydrophobicity.
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3.2. Experimental Approach

Here we discuss in detail thidferent experimental steps.

3.2.1 CNFGO Ink Fabrication

The printable CNTGO ink (with CNT:GO weight ratio of 1:1) was fabricated by directly
mixing and sonicating commercial GO dispersion and CNT powders. The CNTs used in this study
were singlewalled CNTs that were procured in powdered form from Carbon Solutions, Inc. The
GO dispersion (5mg/ml Singleayer Graphene Oxide Aqueous Dispersion), on the other hand,
was purchased online from Goographene online serticksconsists of GO flakes whose
dimersions range from several hundred nanometers to several microns in the XY plane and 0.7
1.2 nm in thickness. The CNT is the-B®/CNT (SWCNT: Single Walled Carbon Nanotube)
obtained from Carbon Solution. The CNTs have bundle lengths in the range of-2@mmand
a bundle diameter of-Bnm. To fabricate printable GONT ink, the GO dispersion was
thoroughly mixed with the SWCNT powder. Desired ink concentrations were maintained by
adding additional DI (deionized) water. In the present study, we consider&@NRGO ink that
has a concentration of 5 mg/ml. The ink was subjected to 30 hours of sonication during the
preparation process, and before each printing, it was sonicated for an additional half an hour to
ensure that it remained walispersed. The falwated ink showed a shetinning behavior,
characterized by its viscosity decreasing from approximateiyPa.s tgp m Pa.s as the shear
rate increased from foto 1¢ s'.3° Such sheathinning behavior is necessary to make the ink

syringe printable®®:37
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3.2.2. Printing on PET

Hyrel Hydra 16A 3D printer was applied for syringe printing this fabricated ink [see Fig.
3.1(b)]. Reservoibased printing head designed for syringe printing (DBwith 10 ml capacity
was applied in this study.-Godes were directly written to program the printing parameters [tool
path, motion speed, feeding rate (pulses per second), etuiytha tablet controller connected to
the 3D printer to print the desired patterns (see Ref.30 for more details). In this study-stight
patterns of different lengths were printed for testing purposes. Printing was conducted on various
substrates, s as flexible polyester plastic (PET) film (thickness: ~5@ with an adhesive back
and hydrophobic fiber boards (both substrates were purchased from Me@astesupply
company). The printed traces were subjected to ftmmperature evaporation aftprinting,
without any additional heating source being employed. Recording of the sample printing (or the

failure of printing) on a hydrophobic surface has been provided in supplementary movie S3.

3.2.3. Profilometry Measurements

Profilometry (Tencor FL long scan profilometer) measurements (See Big) were
performed to characterize the uniformity of the traces printed on PET. These measurements were
conducted on (i) the center part of the printed traces on a flat PET film, (ii) the center part of the
printed traces on the PET film adhered to curved surface, and (iii) the center part of printed traces

on the PET film removed from the curved surface.

3.2.3. Profilometry Measurements

Profilometry (Tencor P long scan profilometer) measurements (See BB were
performed to characterize the uniformity of the traces printed on PET. These measurements were

conducted on (i) the center part of the printed traces on a flat PET film, (ii) the center part of the
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printed traces on the PET film adhered to edrgurface, and (iii) the center part of printed traces

on the PET film removed from the curved surface.

3.2.4. Microscopic Imaging

Microscopic imaging (Optical microscopy and SEM or Scanning Electron Microscopy)
was conducted to quantify the microscoglicicture of the printed traces. The optical microscope
employed here is Zeiss AxioCam MRc5, while the scanning electron microscope employed is FEI
200. Microscopic imaging was conducted on (i) the GBI traces printed on flat PET film and
(ii) the CNT-GO traces printed on the PET film that was adhered to a curvedesatidgected to
several temperature cyclesd then removed from the curved surface and reattached to a flat
surfaceTo ensure the consistency of the printed traces, ESEM (Environmental SEM) was chosen
instead of higkvoltage SEM, and no conductive coatings were added during the specimen
preparation. This made the specimens less conductive and therefore the CNTs dearlgss

visible in the images.

3.2.5.Measurement of the temperatwersusresistance variation for the traces on curved

surfaces

For this measurement, we adhere the @B0-tracebearing PET film to the surface of a
16 ounce coffee cup (bouglitom Amazon), which has the shape of a variabius mandrel
where the radius of curvature increases as one goes fr@rbattom to the top of the cup.
Therefore, the different traces on the PET film at different vertical locations on the cup surface
represent the traces at locations corresponding to different radii of curvatures. In this experimental
study, 2probe measurements with a multimeter (Fluke 23 Series II) were performed for electrical
characterization. Silver paste was used to coat the entle girinted traces to ensure better
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contacts and copper leadres were used to connect the printed traces to a multimeter. A handheld
dual channel thermometer (Omega HH12C) was used to measure the surface temperature, and
thermoacouples were adhered ndae printed traces of the coffeep. The change of surface
temperature was controlled by adding hot/cold water and ice inside the coffee crgsistashce

changesvere simultaneously recorded

For each selected location on the surface of the coffee(rempesenting a distinct
curvature), resistaness.-temperature measurements were conducted for at least three different
traces with the same length. For each trace, measurements were carried out for at least three cycles
(one heating ramp and one cooliragnp are together considered as one complete cyidie)
resistivity of the printed traces for the different curvatures have beetifgrthim Section Sé6n

theappendix of this chapter

3.2.6. Measurement of the drop contact angle

Quantification of thehydrophobic/hydrophilic nature of five different surfaces (with
respect to the ink, whose primary solvent is water) was achieved by measuring the ink drop contact
angle on these surfaces (see section S1 iaghendiy. A drop was deposited on the hydnopic
surface very gently (i.e., at a very small deposition speed so that the hydrophobic nature of the
substrate does not make the drop run away) and the contact angles were estimated by photo
recordings and contact angle measurements. A direct compaesaren the droplet contact

angle on the hydrophobic hard fiber substrate an®HEiefilm is provided in the appendix

3.2.7. Measurement of the temperatueesusresistance variation for hydrophobic surfaces
PET films, containing printe@NT-GO-traces, were adhered to hydrophobic surfaces such

as fiber boards (direct syringe printing on such surfaces is not possible). The tempensiuse
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resistance measurements were conducted usifgy@?2 measurement setup. A hotplate was used
to change the surface temperature and the temperature is monitored using the same thermometer

HH12C.

3.3. Results

3.3.1Characteristics of the Printed Traces

We first characterized the printed traces by conducting profilometry (surface roughness)
and ESEM measaments. The uniformity (or the lack of it) of the deposited particles within the
printed traces is quantified by the profilometry measurements, while the ESEMs provide the
microarchitecture of the printed traces. The profilometry nressent results (shawin Fig.3.2)
confirm that the uniformity in the particle distribution is maintained under different conditions that
the printed and dried traces are subjected to. Profilometry measurements are provided for four
different cases: (i) for flat PET substrate at locatiwhsre therare no CNTGO traces [see Fig.
3.2(a)] for obtaining the reference roughness of the PET substrate/film, (ii) for theBTNfaces
printed on flat PET filmprior to subjecting the PET film to bdimg and deformation [see Fig.
3.2(b)], (iii) for the CNFGO traces printed on a PET film adhered to a curved surface with the
PET film remaining in that configuration during the plafnetry measurements [see F3g(c)],
and (iv) for the CNTGO traces printed on a PET film that was adhered to thvedwurface and
was subjected to multiple heating and cooling cycles, subsequently removed from the curved
substrate, and adhered to a flat substrate (and remained in this flat configuration during the
profilometry measurements) [see FR®j2(d)]. The aveage thickness of the printed traces is
approximately between 1 to'3¢& and no obvious differences in surface roughraesd height
distribution across the traeeere noticed from the profilometry data for the printed and dried-CNT

GO traces subjected thfferent conditions. This is evident frofigs. 3.2(e) and3.2(f), which
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respectively provide the thickness of the traces for all the cases with and without considering the
roughness of the bare (trafree) PET film.In our previous papéef, we conducted thorough
experiments confirming that a drop with only CNT (and no GO) demonstrated the formation of
clear coffee rings, while the addition of GO (in an amount that ensured a weight ratio of
CNT:GO=1:1, i.e., the composition used in the prestry) as dispersants led to the arrest of the
coffee stain effeciThis stemmed from the fact that the flaky nature (an extreme form of ellipsoidal
structures) of the G@NT aggregates/particles ensured that the particles were able to severely
disturb the airwater interface, which in turn triggered lorange capillary interactions that
overwhelmed the influence of the evaporatine d i a t e dstafin fooning adeective forces
leading to this uniform particléeposition. Findings from Fi@.2(a-f) confirm that such uniform
deposition is not hindered even when the printed and dried traces are subjected to different bending
and deformation loads. From this deposition profile, we are also able to infer about the
presence/absence of any surface crackh®printed and dried tracad/e wanted to confirm that

the printed and dried traces do not undergo any surface cracking when subjected to these different
bending and deformation loads. The presence of any surface cracks would have got revealed in
this demsition profile. The fact that there is no change in the uniform deposition profile after the
printed and dried traces have been subjected to bending and deformation loading confirms that
these printed and dried traces do not crack under different beaihgeformation loads. This
confirmation is critical to ensure that our method of printing temperature sensors usable on

surfaces of different curvatures will work.

Besides, when compared to other Cb&sed sensors fabricated with CVD or doasting

methals, the thickness of the features of this direct printed -G patterns was found to be
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significantly smalleywhich would enable these patterns (serving as sensors) to be integrated more

easily into thin flexible and wearable electronic systems.
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Figure3. (a) (right) Average vertical height from the profilometry measurements for the flat PET
film along the blue line (see the figure to the left), i.e., along the line where there are no printed
CNT-GO traces. This measurement pdms the roughness of the PET film. (b) (right) Average
vertical height from the profilometry measurements, averaged over the measurements
corresponding to the three traces, along the central part (i.e., along the blue line, see the figure to
the left) ofthe printed straighline CNT-GO traces on the flat PET substrate. (c) (right) Average
vertical height from the profilometry measurements, averaged over the measurements
corresponding to the three traces, along the central part (i.e., along the blseditie figure to

the left) of the printed straigiine CNT-GO traces on the PET film adhered to the curved surface.
The profilometry measurements were conducted with the -GRiracebearing PET film
remaining in this curved configuration. (d) (right) é&age vertical height from the profilometry
measurements, averaged over the measurements corresponding to the three traces, along the
central part (i.e., along the blue line, see the figure to the left) of the printed slreegbNT-GO

traces on the PEfilm that was initially adhered to the curved surface, then removed from this
curved surface, and adhered back to the flat FR4 surface. The profilometry measurements were
conducted with the CNGO-tracebearing PET film remaining in this flat configuratio
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Comparison of the average vertical height of the printed traces for the different cases (described
above) with [see (e)] and without [see (f)] accounting for the roughness of the PET film. For all
the cases, the profilometry results include the heiftiteoprinted traces and the roughness of the
PET film: the orange box in each figure corresponds to the precise axial position of where the trace
is present.

Optical microscopy and ESEM images for the printed and dried-GNTtraces under
different condiions have been provided in Figuse. The setups for the ESEM measurements
are presented in tlappendixThe GO agglomeration regions could be observed in both situations
(before and after treatments such as bending, folding and cycles of tempessitence testing)
[see Figs.3.3(aiii) and 3.3(b-iii)], and no obvious damage (such as cracks) or changes in
microarchitecture were observed on the traces printed on PET. Of course, unlike our previous
paperd® the CNT networks are not distinctly visihlstemming from the fact that we employed
ESEM here and avoided the use of conductive coatings during the specimen preparation making

the specimens less conductive.
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Figure4. (a-i) Optical microscopy images (the yellow linetire figure represents the scale bar
1 mm) of printed and dried CNGO traces on a flat PET film before bending and testing) (i
ESEM images (at a smaller magnification; the yellow line in the figure represents the scale
400 €& m) o fandtdhed CNIGO trace® ah a flat PET film before bending and testi
(axiii) ESEM images (at a larger magnification; the yellow line in the figure represents the
bar of 20 em) of t-G@trages onm flaeRET laefore bedding weuding.C
(b-i) Optical microscopy images (the yellow line in the figure represents the scale bar of 1 n
printed and dried CN-GO traces on a flat PET film after bending and testing (involving tt
temperature cycles; one heating and one cooling t¢gglether constituted one complete cycle
(b-ii) ESEM images (at a smaller magnification; the yellow line in the figure represents the
bar of 400 em) of tGOdracesron anflatd®HT aften lwendohg ainceteisti
(b-iif) ESEM imageg(at a larger magnification; the yellow line in the figure represents the ¢
bar of 20 em) of t-GCtrages on a ftateP&T adtar bendihg ane tdstinG.

3.3.2Temperature Sensing on Curved Substrate

To demonstrate that the printed CIBD traces can serve as temperature sensors under
various conditions, the CNGO-tracebearing adhesive and flexible PET films were adhered to
substrates of different curvatures or wettabilities and the resistancesaofrtegponding CNT

GO traces on these PET films were measured as functions of temperature. The sensitivity of these
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printed CNFGO traces as possible temperature sensors is characterized by measuring the extent

of the change of their resistanc&T)] asa function of temperaturd).

Figure3.4 describes the experimental-sgt, the resistanees-temperature variations, and
the sensitivity quantification of the CNGO traces (serving as potential temperature sensors) on
surfaces of different curvaturdsg. 3.4(a) shows the CNFIGO traces printed on the PET substrate
and adhered to a curved surface (a coffee cup). IrBRBidp), the seup for continuous monitoring
of temperature and resistance change is shown (the details have been discussed iiotise prev
section on Experimental Approach). The curvature of the outer surface of this coffee cup varies

with the height. This curvature is measured using a wire, as shown B4a.

Fig. 3.4(d-f) provides the variation of the resistance (R) as a fumaifademperature (T)
for the printed CNTGO traces for different curvatures. The PET film bearing the printed-CNT
GO-trace is adhered to the outer surface of a conical coffee cup at different heights, thus varying
the radius of curvature. Therefore, theistancevs-temperature variation of this particular printed
trace will represent the resistancetemperature variation at this particular curvature. We show
this resistances-temperature variation corresponding to separate heating and cooling cycles fo
three different curvature values [see Fi§)d(d-f)]. For all the three curvature values, throughout
the studied temperature range, the printed traces are less conductive (i.e., show a larger resistance
at a given temperature) during the heating cydecampared to the cooling cycl8imilar
behaviors have been observed in the éid$ed thin films manufactured by Karimetval 3 This
difference in resistaneeersustemperature variation between the heating and cooling cycles can
be attributed to thdifference in how the CNT conduction network modifies as a response to the

temperature changes in heating and cooling cy&#ore interestingly, we find that for all the
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curvature values, the resistance change for a given range of temperature sa®apeh at low

temperatures (T<PxC).

In Figs.3.4(g-i), we provide the variation of the resistance raio (see the caption of
Fig. 3.4 for the definition ofRy) with temperature, for different curvatures. Although we obtained
large noise level in Rs-T variation at each curvature [please see Rggd-)], the variation of

R/Ro for each trace in the same temperature range shows a much smaller error bar.

In Figs. 3.4(j-I), we quantify the sensitivity performance of these printed traces as a

function of the curvatures by studying the corresponding variation of the temperature coefficient

of resistance o+ asfu®iongdlemparaturavieabrdeo asal cul at e
is expressed ag 4 — — |[where2 4 is the mean value of the resistance at the

temperature T] as well as— , we first fit the experimental data for the resistamgeéemperature

variation [see Fig.3.4(d-f)] through atwo-term exponential function (using fit function in

u,

MATLAB) of the form: R(T) =aé"+cé",whi ch is similar to the mod

with CNT bé's 8lahwegbtedsnordinear least square formulation is used for the
fitting proces. The a, b, ¢, and d values (describing theréh exponential fit of the Resistance
vstemperature experimental data) att computed statistical parameters (describedhm
appendix of this Chapteguantifying the quality of thetfare tabulated inhe appendix of this
chapter In these tables, we provide the data corresponding to threeGtNiraces printed on
surfaces of different curvatures and subjected to heating and cooling cycles. The parameters
guantifying the quality of the fit indicate thaur 2term exponential function provides a

satisfactory fit to the experimental daBae s |, td determine if there is an overfitting of the data,

PRESS (or Predicted Residual Error of Summed Squared) based statistics and cross validation

106



techniques werapplied(please see sectior8S in the Sl for more details confirming the quality
ofthefit).Once t heala!l awed oche meam resi sthamocee boechean ¢

obtained using the fit, welettsemit hesuerkpowent E
anabt-=aifn he v a+withilforeeach af the three curvature values has been provided

in the insets of Figs3.4(j-1)] al Md3The temperatures can then be measured using the
relationshipR(T) = aé" + ce!™, where thes, b, c, al ard determined from the fitting to mean
resistance values, and R(T) is the measured resistance value under an unknown temperature T. In
the meantime,the variation ofR/Ry for each traces much smaller comparing to the R(T)

variations, and for CNTGO traces with knowRp at 253 , the unknown temperature (T) can be
more accurately determined by—— AA A'Q  where thad o hoPA T '@ are new

parameters determined from the fitting of mean resistance change Vwabuwescer, in this case,

we have obtained different set of fitting constants between heating and cooling cycles. The
existence of hysteresis has brought challenges in actpitatpns and made it difficult to
measure temperature without knowing if it is heating or cooling. This hysteresis has been discussed
later in this chapter, and methodologies to overcome this challenge have been listed as one of the

future works in Chajgtr 7.

For all the different cases reported, we observe a negav&This result is consistent
with many other CNIbased temperature senstr$:384345 Such a negative for the CNTFbased
systems can be related to the scattering efféethich leadto a decrease in the carrier mobility
of individual CNTs at higher temperatures. Another possible reason for this negatase
explained by Dintet al,* could be the thermal expansion of individual CNTs, which results in

the formation of more contacts between the individual CNTs at higher temperatures leading to an
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enhanced conductance. Such thermal expansion might also enable highly twisted CNThto stret
out into straight lines creating a more effective and conductive pathway. On the contrary; the self
assembled CNT network will have less effective conducting pathways and a much larger resistance
at smaller temperaturédThis explains this negative i of{. The most important finding of

Figs. 3.4(j-) is the fact that the sensitivity of the printed GI&D traces serving as potential
temperature sensors is very high at low temperatures 4),18s compared to that at higher
temperature values. Foxample, for some of the specimens, the resistance decreases at low
temperatureqi.e., when the temperature changed from31to 253 ) is 5 times larger in
comparison to the resistance change at higher temperatures (i.e., when temperature further changed

from 253 to 503 ). In our previous stud$f we noticed an averaged linear TCR [
— —— Jof|x 1™ pmn 3 tojx ¢ p 1 I3 for CNT-GO traces (with GO:

CNT weight ratio of 1:1) printed straighibe traces and sensor patterns in the temperature range

of 263 to 803 . We also measured the average resistance drop, which was approximately
o® mf3 for the sensor patterns printedth this ink. All those measurements were conducted

on flat substrate¥. Here, on the contrary, for printedcBlong traces on a PET film adhering to

curved surfaces with 3 different curvatures, we obtained a maximum average resistance drop ~ 75

nf3 atthe temperature range approximately froms1€o 503 . Especially, it could be noticed

that in the temperatw@ependent plot, much highet values were observed at lower

temperatures. The highestwas obtained at the lowest tested temperaturealfdhe printed

samples, and its mean valoeaty reached60 p 1 #3 for 5-cm long printed traces adhering

to a curved surface with a radius of curvature of 4 cm (i.e., diameter of agreéficm). Finally,

in Table 7in the Discussions section, wengpare thg values obtained from the present study

(for low temperature ranges) againswvalues obtained for other temperature sensors. This
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comparison confirms that the present case, in addition to providing a route for fabricating
temperature sensorsrfourved surfaces with most facile of means, also provides an example of

printed temperature sensors with a remarkably high sensitivity at low temperatures.

We shall like to point out here that in order to verify if there are enough sample points for
thefit using the 4parameter exponential fit, we vary the fitting function (and accordingly, vary
the number of parameters governing the fitting function) and study the various geofifiess
measures (these measures have been extensively describedim SBdti the Sl) for these new
fitting functions Also, in section S5 in the Sl, we provide the measures that confirm that the 4
parameter exponenti al f it t i Wegconkidenfigetmor fitthg d o n o
functions: (1) tweparameter xponential model (denoted as eXp (2) threeparameter
exponential model (denoted as eXp (3) 3parameter quadratic equation model (denoted as poly
3), (4) 4parameter cubic equation model (denoted as-pplyand (5) Sparamter ¥-order
polynomial guation model (denoted as pddy. All the details have been provided in section S7
and Tables 146 in the appendixWe study how various goodnesffit measures for these
models, when they are used to fit the resistarssiemperature variation for awgin case for three
different curvature values, vary on increasing the number of predictor variables. We show the
value of these parameters (quantifying the goodness of fit) foR egpp3, and expd (our case
of 4-parameter exponential model is denote@ep4 model) fittingfunctions (please see Tables
1517 in the append)x We clearly see that the different goodness of fit parameters are almost
equal for exg3 and exp4 models. Also, we find that the resistance and TCR for the given
temperature predicted by the e¥@mnd exp4 are very close. On the other hand, when coetpar

with the poly3, poly-4, and poly5 models, we find that goodnesEfit measures are significantly
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better for the exy8 and exp4 modelqsee appendix)rhis also justifies our choice of using the 4

parameter exponential model.
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Figure5. Resistancess-temperature measurements as functions of curvatures. (a) Printed
GO-tracebearing flexible adhesive PET films adhering to the outer surface of the coffee cL
Experimental setip indicating that the temperature of theevusurface of the coffee cup i
regulated by adding either hot or cold water inside the coffee cup. (c) Experimentpl feet
measuring the curvature at a given vertical height along the coffee ci)p.Re@sistance/s-
temperature variations for the pted traces corresponding to a diameter of curvature of (d) 6
(e) 7 cm, and (f) 8 cm. Results for both the heating and cooling cycles as well as the error |
the measured resistance values have been provided)irFdthermore in (d) to (f),ttings with
two-term exponential model have been employed to indicate the overall trend ofvihé& F
variation (considering the mean value of R) for both the cooling and heating cycles. For
clarity, inthe appendixve have plotted (a) the raw d&ba the resistances-temperature variation
corresponding to each trace and each heating and cooling cycle fefGONTaces printed or
surfaces of different curvature and (b) provided the corresponeagadneter exponential fit fol
each of the data sebrresponding to the resistancgtemperature variation for a given trac
given heating/cooling cycle, and given curvaturei) (dariation of the ratio R/RO [where RO i
the resistance at T=25corresponding to a given (heating or cooling) cycle] wethperature for
the printed traces corresponding to a diameter of curvature of (g) 6 cm, (h) 7 cm, and (i)
Results for both the cooling and heating cycles as well as the error bars for the measured re
values have been provided in-ifg (j-I) Sensitivity (of the printed traces) quantification t
reporting the variation of U and dR/ dT
printed traces corresponding to a diameter of curvature of (j) 6 cm, (k) 7 cm, and (I) 8 cr
blueand red lines indicating the cases of cooling and the heating cycles, respectively).

3.3.3Temperature Sensing on Hydrophobic Substrate

Direct 3D printing on hydrophobic surfaces has always been a massive challenge,
stemming from the inability to deposibntinuous traces on such surfaces. We use ourtCide
bearing flexible and adhesive PET film as a way out to use printed temperature sensors on such
hydrophobic surfaces (namely hard fiber board) by simply adhering thesb&abeg PET films

on theséhydrophobic surfaces.

Fig. 3.5(@) shows the equilibrium CNGO ink-drop equilibrium contact angle
measurement on the selected hard fiber board. The contact anglerigcanfirming the low
wettability (or the phobicity) of the substrate with respect to the -GOT ink drop. After

idenifying its wettability, test printings were conducted with the CED ink directly onthis
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surface. As shown in Fi@.5(b), we fail to print continuous traces of the ink on this hydrophobic

substrate confirming that it is not possible to directly prinths surface.

Fig. 3.5(c) shows the resistansersustemperature testing measurementigetfor the
case where the CNGO-tracebearing adhesive PET films have been adhered to this hydrophobic
hard fiber board. This strategy enables using the temperagponsiveness of the CN3O
traces coupled with the ability of robust printing of the CED traces on the PET film and the
adhesion of the PET film on the hydrophobic surface, for ensuring the use of printed temperature
sensors for measuring temperatan hydrophobic surfaces. Fig.5(d) provides the variation of
the resistance of the printed traces with temperature and the fitting is obtained usingtdérentwo
exponential model [similar to the one provided in Fig<l(d-f)]. The detailed parameters

describing the fit as well as the goodness of the fit have been provided in ihablesappendix
From this fit, we are able to quant#y andy 4 —— — [whereY "Y is the mean value of

the resistance at the temperatliteFig. 3.5(e) stows the change of resistance rafiRy with
temperature. While there is a large noise level for the resistance Rétushows a much smaller
variation (or a much smaller error bar). Variation| afith the emperature is provided in Fig.
3.5(f). Giventhat we are only using a hotplate to control the temperature, we are able to test the
effect of temperatures ranging from approximately 3sto 703 , i.e., we are unable to go
significantly below the room temperature. Under such circumstances, whii# shows a
negative value, its magnitude varies froom p 11 73 to ¢ p 1 73 . This is in the similar

range as our previous stutiMost importantly these experiments confirm the capability of our

technique to provide temperature sensing across surfaces with wide range of wettabilities.
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Figure 6. (a) Contact angle measurements of G&O ink on hydrophobic substrate matésie
(Fiber board). (b) Printing trials (also see the Supplementary movie S3) showing the print
(or the lack of it) of the CNIGO inks on the hard fiber boards. (c) Printed GBl@-tracebearing

adhesive PET film adhered to this hydrophobic surfacetla@desistance measurementget
used to measure the\R-T variation of these traces on the PET film adhered to the hydropt
surface. (d) Average resistapegtemperature variation for the CN3O traces printed on the
PET film adhered to the hydropbic surface. Error bars for the measurements are provided.
figure also shows the fitting of the experimental data with theténm exponential mode
indicating the overall trend of-Rs-T variation. (e) Variation of the ratio R/RO (where RO is t
resistance at T=250C) as a function of temperature for thee GRTraces printed on the PET filr
adhered to the hydrophobic surface. Since here we quantifyved Rariation by sbjecting the

CNT-GO traces to only heating cycles (i.e., conducting therarpats with hotplate), R is neve
larger than R_0 (B R_0) (f) Variation ofa as a function of temperature for the GISD traces
printed on the PET film adhered to the hydrophainid in the inset we provide the correspondi
variation of dR/dT as a furion of the temperature.
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3.4 Discussions

3.41 Uniform particulate distribution within the CNGO ink traces printed on the PET film

Printing of raceswith particulate inks raises the concern of possible-um@formity in
particle distribution in the printed and dried traces. The science governing suahifaymity is
the wellkk n own fid mfgfoe eo-s t alicrod f eer mat i on. D(either ng t h
through evaporation or sintering), as the solvent is removed, the ink particles are subjected to a
large advection force that drives these particles towards theghese contact line (TPCL),
enforcing a noruniform accumulation of the particles the TPCL forming a rindgike structure
t hat resembl es t-hien § euniforsha@lapasition bat be@ndinkdd toeesulting
in a poorer quality of the 3fprinted structures printed with different materials (such as metal
oxide, ceramics,ral carborbased materials, et¢§4 In our previous study? we showed that
while pure CNFbased inks indeed formed such cofgain, in CNFGO inks the presence of the
CNT-GO aggregates ensured that the formation of such estifé® could be arrestew/e argued
that the flaky nature of the CNGO aggregates (primarily resulting from the fldike structures
of the GO particles) ensured that these particles experiencedadogeg capillary interactions,
which became mor e d-stanionamtdutch amrg taldesr eftd a fvfee d or
particle deposition. Our hypothesis was based on a study by Yahkés! who showed that
ellipsoidal particles did not form coffee stain on account of such ditgmendent generation of
the longrange cajtlary interactions: the flaky shape of the CNXBIO aggregates represented an
extreme form of the ellipsoid leading us to make such a hypothesis. We see such suppression of
the coffeestain (or the formation of uniform deposits) for ak tbases studied ree We believe
that in addition to such shaplependent arrest of the coffstin effect, the substrate used here

(PET film) also contributes to the arrest of the coffee stain. Almeigll. compared the thickness
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distribution between diregrrinted iotacarrageenan (IC) MWCNT (multivalled CNT) composite

patterns on glass and PET substrates. They showed that the patterns on PET substrates have a much
more uniform height across the trace, while the ones printed with the same material on glass
substrates showed thicker regions near the edges of the*frades.makes us believe that in
addition to the fact that there is the partistepemediated arrest of the coffastain caused by the
presence of flaky CNFIGO aggregates, the use of the HHiNs as the printing substrate also has

some role in the prevention of the coffee stain. For the case where the coffee stain has not been
prevented in the printed trade, order to ensure that there is enough material across the entire
width of the prinéd trace (which is mandatory for ensuring appropriate current conduction), we
would need to print multiple passes. This, in turn, will significantly increase the thickness of the
printed sensor. Therefore, the prevention of the coffee stain in the pdNE@O traces by the

use of GO flakes as dispersant in the @\iEed ink as well as the use of PET as the printing
substrate is intricately connected to the idea of printing-thiratemperature sensof course,

given our strategy of printing the tiegon a separate substrate (PET film in this case) and adhering
them to surfaces, such arrest of the coffee stain can be ensured by choosing appropriate substrate
(e.g., using PET substrate) or by choosing appropriate modifications (e.qg.,
superhydrophiligduperhydrophobic  patterniig, coating by hydrophobic seissembled

monolayers! micro-texturing®? etc.) to the surface on which such traces are printed.

3.4.2Reversible use of the CNGO-ink traces bearing PET tapes

Stability over several tempeuwse cycles is an important parameter for Cbhased
temperature sensof$Wu et al observed an increase in resistance after each heating and cooling
cycle (from 4@ to 18 and back for the CNFPDMS based printed temperature senbrs.

They noticed an obvious decrease in the relative resistance from the first testing cycle to the third
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cycle, and a degradation in temperature sensitivity in later testing cycles. They hypothesized that
such a scenario resulted from the CNT network in PDM&recovering fully to the original
condition due to the irreversible change in the CNT ragtracture after several temperature
cycles?® It is worthwhile to note that most remarkably in our printed sensor patterns with
homemade CNIGO inks, no obvioudegradation was noticed even after three temperature cycles.
ESEM characterizations after three cycles of tempera@sistance measurements showed no
visible change in the size and distributionG®-CNT agglomeration [See Fi§.3(b)]. We can
associatéwo possible reasons for such a behavior. First, it is the relatively small maximum value
of the temperature selected for our case (e.g., 40 so fad the case of temperature segson

curved surfaces, see Fig4), while Ref. 23 considered a muchdar value of the maximum
temperature (803 ). Of course, given that we are interested in the application of the @DIT
traces as potential temperature sensors (by leveraging their ability to reversibly change their
resistances with a change in the tempegjtand the fact that beyond-8(° C, there is very little
temperaturaependent resistance variation in these traces, we could justify limiting the maximum
value of this temperature (to which the traces are subjected to) to this relatively smalleFvalue
second possible reason associated with the-GTtraces demonstrating no thermal degradation
even after several temperature cycles can be the choice of the materials and theipliysioad
properties. For example, Wi al. considered the CNifietwork to be embedded inside the PDMS
matrix. The coefficient of linear thermal expansion for PDMS (~300 pp?d is much larger

than that of the PET (~70 ppsn/ as indicated by the product datasheet) and Graphene Oxide (that
might even demonstrate neiyatcoefficient of linear thermal expansion in some cisésat we

have employed in our study. This large coefficient of the thermal expansion of the PDMS leads to

a much larger deformation for a given temperature increase eventually causing a laegkatiey
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of the CNT network (embedded in the PDMS ma&#ixwhich is not observed in our cases where
the CNT networks are supported by the GO flakes and printed on the PET film. It is also
worthwhile to point out here that there is, however, a progreskcecase in the adhesion
capability of the PET tape with repeated use, thereby limiting the reversible use of the printed

CNT-GO-tracebearing PET films.

It is critical to note here that for the resistaiwsgdemperature variation measured for all
the dfferent traces, an intrinsic hysteresis loop is formed while we measure the resistance during
heating and cooling cycles. This hysteresis loop is still maintained after multiple cycles (see the
appendix where we separately show the resistargetemperatee curve for each trace and each
cycle for a substrate of given curvature). Further, we do not observe any consistent variation of
resistance with number of temperature cycles. At least, we do not observe any obvious maturing
of the sensor within-5 tempeature cycles. Furthermore, we conducted an extended temperature
cycling (for 150 hoursthis is equivalent to 150 cycles as one cycle takes approximately one hour
to completd. We did not see any large relative resistance cha¥2¥2) over cycles (see
appendi®y, which indicates good durability of our printed temperature senorasbre details,

please see the following section as well secti®® $ the Sl).

3.4.3Thermal Cycling Durability of the Printed CNGO Sensors

We have tested the thermal cycling durability of the printed @O sensors by
conducting new experiments, where @ T-GO printed traces were placed inside a programmed
environmental chamber and were continuously monitored. The chamber was programmed to
provide desired temperature cycles ranging f T m Db ¢ ®, with a ramping rate of 8
3 Iminute. In this added experiment, our printed-GNT traces survived over 150 hours of

temperature cycling (this is equivalent to 150 cycles as one cycle takesiaggtebx one hour to
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complete), maintaining good electrical conductivity and temperature sensitivity after the test. We
did not see large relative resistance cha¥2¥2) over cycles, which indicates good durability of
our printed temperature sensors aggiemperature/thermal cycling. For more details, kindly refer

to section S the appendix

We shall like to point out here that the proposed sensors are likely to experience different
types of longterm degradation throughout their Hégcle due to dierent types of environmental
and operational stress exposures. Some of the common environmental exposures typically occur
when the sensors undergo chemical interactions with ambient gases at different ambient
temperatures. Therefore, the letregm degradbility of the sensors will be dictated by the
interactions between the ambient gases and the constituents of the sensors (CNTs and GOs for the
present case) at the temperatures of operation of the sensors. The temperature cycling tests that we
have perfamed here do not quantify such leteym degradation that occurs when the sensors are
exposed to ambient gases. It is worthwhile to mention in this context that a recent study has pointed
out that the electrical conductivity of the CNTSs is hardly affectetthé presence of different gases
of inert or oxidizing character across a large temperature ran§@ (@s306C) and only the
presence of hydrogen as ambient gas has some effect in altering the electrical conductivity of the
CNTs across this temperaturange>® On the other hand, GOs otGOs (reduced Graphene
Oxides) are known for their interactions with various gases and accordingly, they are often used
for sensing of these gas®s’ Therefore, it is highly possible that the GO of the GBI sensors
will interact with the ambient gases, which in turn might lead to a-lerg degradation of these
CNT-GO sensors. Quantifying such leteym degradation of the CNGO sensors will hence

necessitate testing these sensors by exposing them to differemnamgdses under controlled
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constant temperature values (for different temperatures) for several days and weeks. Such an effort

is beyond the scope of the present study.

On the other hand, some of the common operational thereahanical stress exposures
occur due to temperature/power cycling of the host structure where the sensor is mounted. Such
cyclic stresses, generated by thermal expansion mismatches between the different metallic (or
carbonbased, for our case) and dielectric layers, can causesiiluthe printed structures and at
various interfaces. This study includes preliminary temperature cycling as a qualitative exploration
of any gross vulnerability to such cycling thermechanical stresses. Results show that the
printed CNFGO sensors arreasonably robust and can withstand such cyclic stress exposures.
Long-term cyclic fatigue durability studies under cyclic thermechanical stresses will require

many weeks of temperature cycling and are deferred to a future paper.

3.4.4Ultra-thinness of Printed Temperature Sensors

Our simple directvriting method is successful in printing conductive CED traces that
are extremely thin (i.e., has an extremely smdleight) ranging fronp 0 &° a(see Fig.3.2),
supported on a 50 dathick adhesive PET film. Such overall thinness of the system makes it highly
compatible to wearable electronics applications that require parts to be flexible, conformable to
curved surfaces, lighter in weight, and smaller and thinner in dimensibiisn Table5 below,
we compare the average thicknesses of some of the sensors (fabricated either by additive
manufacturing or by traditional fabrication methods) reported in the literature with that of our
study. From this comparison, we can infer that fabricated printed sensors are indeed ultrathin,

which makes it a potential candidate for easy integrability for wearable electronics applications.
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Reference Materials

Type of Sensor

Total Manufacturing

Thickness Methods
Trace: (Il 3
Current P Syringe
work CNT-GO Temperature P%ntig
PET substrate 9
~50° &
SWCNT thin
film (each
3 SWCNT-PDMS Strain layer): 6° @ CvD
PDMS: 1 mm
. PDMS (55i
WS2 film on - . Sputter
° PDMS substrate Humidity 20(.) .®+WSZ deposited
film: 1 nm
PPy layer: 40
‘ G+PU :
11 PPy/PU Strain substrate In situ
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Leadzirconate-

Silicon

Subs‘tra}te: ~2C sokgel process

13 . Pressure and spin
titanate i
PZT structure: coating
~0.4" a
PEDOT: . . .
14 PSS/PUD Pressure ~0.25' a Spincoating
CNT/TPE: ~
2" 4
21 CNT/TPE Strain Spray coating
PDMS: ~ 1
mm
CNT film: ~30
40" & Pressure
assisted direct
38 MWCNT Temperature Paper deposition with
Substrate: ~  CNT powder
100° &
0.427 1.46
59 Tin-oxide Temperature RF Sputtering
‘a
60 .
0.2871 0.36 DC magnetron
Nickel Temperature
‘a sputtering
MWCNT- Temperature anc
61 90 p1t & Drop casting
Graphene humidity
Printed Lines:
62 PEDOT: PSS Temperature Inkjet Printing

~0.14" &
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(substrate

thickness not

indicated)
Conductive Embedded 3D
63 Strain ~1mm
Silicon Rubber Printing
ITO
electrodes:
~100 nm

EBID (electron
CNT deposited or
64 Temperature Glass beaminduced
ITO electrodes
Substrate: deposition)

~150° «

Table3.1 Comparison of the thickness of the sensors between our case and several exar
sensors reported in the literature.

3.4.5Ultra-sensitive CNTbased Temperatugensing

Numerous techniques have been employed to fabricate temperature sensors using CNT
based material2>38435 The ink proposed here is more environmi@ndly, compared to
various other types of CNbased materials, as it uses simple DI wakesolvent without any
additional surfactants and binders (unlike several other-B&Ed materials). Besidehe
maximum TCR value that we obtained at low temperatures is over 30 times larger than the average

TCR value we obtained in our previous stydihere we considered the TCR only for larger
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temperatures (>28)]. The TCR value for the lodemperature range that we obtained here is also
much higher than the TCR values for most of the &id$ed temperature sensorsraditionalor
commerciatesistace temperature detectors (RTDs) (the TCR values in these devices are typically
less tharp Tt p 11 73 3843455961) for example, the TCR is abou® p 1 73 for copper

based RTDsgpg p 1 73 for nickel based RTDs, anado p 11 #3 for platinum based

RTDs (pleasesee Table&.2).

It is also worthwhile to note that the large TCR values shown by the printed traces at low
temperatures (normally below 15) could be specially useful in various le@emperature
applications (e.g., in some research labgitmt plants)?*42 Also, the easy integrability of the
printed traces (supported on the adhesive PET film) on different surface will enable them to be
easily integrated on the outer surface ofdn batteries, which operate in an optimal temperature
range of 13 to 33 and show degradation in low temperature r&htjeSince our printed CNT
GO traces show a large resistance jump belosv,libcan be used to provide warnings of when
the temperature of the didon batteries dips below the lower limit of tlogtimal operating
temperature§>%’ Other possible scenarios where our printed @ sensors can be applied
include in-situ temperature monitoring in medical and clinical applicafidas well as in food
industry and refrigeration applications (whehe temperatures need to be maintained between

¢3 0 9 1 to maintain a good quality of food®)It is worthwhile reemphasize here that such
larger TCR values observed for our sensors is primarily attributable to probing the sensor behavior
at a sigriicantly low temperature. For example, in Ref. #h2 authors have observed similar
extremely large increase in resistance with a decrease in temperature (and hence very large
negative magnitude of the TCR, i.€,1 to-0.3 /K, which is more than theawimum TCR value

that we report) at low temperature (namely between 0 to 50K, i.e., at temperature values much

124



smaller than what we work with) for singlealled CNT based material. For instance, in that study
(Ref. 42), the resistance of the CNT based@ensreased from an initial value at 7. (to 623

"mwhen approaching OK.

Finally, in comparison to the strategies involving manufacturing methods such as chemical
vapor deposition (CVD) and drop casting technf§um materials such as CNJased inks
fabricated using toxic solvent&pur strategy of syringprinting temperature sensors with CNT
GO inks on flexible and adhesive PET film provides an attractive, reproducible, simpler, less
expensive, and environmeralfriendly option for fabricating highhsensitive, ultrahin,
repetitively usable temperature sensors deployable for surfaces of widely varying curvatures and

wettabilities.
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Measured

Reference Materials ITCR Temperature Manufacturing Applications
3 Methods
Range 6 )
571 50 (On
curved
surface);
Highest Svringe
TCR in this CNT-GO ~60 2571 70 yring
Printing
paper
(On
hydrophobic
surface)
PEDOT: PSS Human skin
22 ~6 20-50 Screen printing
CNT temperature
CNT/PDMS:
1.57 2.8;
CNT/ PDMS;
CNT/FG/PDMS
CNT/FG/PDMS;
(with FG: CNT
23 407 80 Screen printing
FG/PDMS; =4:1): ~28
(Maximum ~
200, with only
FG and PDMS)
Pressure
38 MWCNT 2.41 2.7 o0j 75 ~assisted direct
deposition with
CNT powder
Specialized gas
42 SWCNT Maximum ~300 '271:;'3:}51;0 distribution Cryogenic

system
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temperature
sensor

Wearable

devices used

CNT yarn Modified
for
43 (without ~0.75 2571 80 spinning
temperature
solvent) process
and airflow
sensing
MWCNT Electrophoretic
44 17 2 2571 80
bundles technique
SWNT-CMC
(sodium Spray
45 ~3 07 100
carboxymethyl deposition
cellulose)
59 Tin-oxide 1.364i 2.151 60071 900 RF Sputtering
60 DC magnetron
Nickel ~3 ~ 2571 200
sputtering
MWCNT-
61 4.6 371 84 Drop casting
Graphene
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CNT deposited EBID (electron  Small site
64 onITO ~0.4 257 90 beaminduced temperature

electrodes deposition) sensing

DC magnetron

71 AIN/Pt 0.74-1.89 307 900 .
sputtering
CVvD Small scale
(Chemical temperature
72 SWCNT 6.01 3071 100
Vapor and flow
Decomposition) measurement:
Airbrush
assisted
deposition Stretchable
73 AgNW/PI film 3.32 2571 60 (spray coating) temperature
for AgNW; sensors
Spin coating for
Pl
Wireless
74 AgNW 2.83.3 -207 20 Molding temperature
sensing

Tabl8.2Compari son of the magnitude (without sign
types of temperature sensors fabricated with different methods and materials.
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3.4.6 Challenges associated with ghimted CNFGO traceserving as simultaneous temperature

and strain sensors

It is highly likely that the printed CNFGO traces can act as both a temperature and a strain
sensor, i.e., the resistance should change as functions of both temperature and strain. Under such
circumstnces, disaggregating the temperature signal (or the change of resistance solely due to the
change in temperature) will be challenging in case the system is actively flexing. For example, it
is possible that when we are placing the printed @O traces om substrate of given curvature,
the substrate and the sensor is actively flexing (i.e., experiencing a finite strain) as these traces are
subjected to heating and cooling cycles. Such a scenario will stem from the fact that the substrate
and the sensor rexial undergo a change in dimensions on being subjected to this input
temperature change. Under such circumstances, the output resistance will reflect a contribution of
a change in temperature as well as a change in strain; therefore, for such casgdingebe
temperaturénduced resistance change from the stmagtuced resistance change will be necessary
to pinpoint the temperature sensing capabilities of the-G®Tlsensors. Such decoupling will be
extremely challenging. In this context, we shadelto understand the possibility of such strain
induced resistance change for our case. The coefficient of thermal expangong@re /3 for
CNT,> @& p m7A3 for GO sheet} andx p m /3 for PET (from Mcmastecarr),
respectively. Under such circumstances, the total strain (due to active flexing or the change in
dimensions of the substrate and the sensor during the temperature change) for one complete
temperature cycle will be less tha#l1Furthermore, examples from existing literature indicate
that resistance change due to a change in strain for28dd materials is rather small. For
example, Ref. 3, points to a gauge factor, which is the ratio of relative resistance change over strain

(Y272 ¥ ¥, ¥, , of less than 1 (which implies that a 1% of strain causes less than 1% change in
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resistance) for singlealledCNT-based strain sensors. Also, for other kinds of deformation
testing (e.g.o Titwisting), only small relative resistance char{@e%) was observed for such
singlewalledCNT-based strain sensor. Such relatively weak variation in resistance with a change
in strain has also been reported for other types of -B&8kd strain sensos?® Under such
circumstances, and given the fwt for our case a change in temperature leads to a significantly
large change in resistance (in particular for small temperature values), we can safely assume that
for our study, strakinduced resistance change will not be significant as compared to the
corresponding temperatuneduced resistance change; therefore, there is little need for decoupling

the temperaturenduced resistance change from the stmaguced resistance change.

In order to establish this idea of relatively less influence of taasin the possible change
in resistance, we measured the change in resistance (in comparison to the case when the traces are
placed on flat surfaces) of the same traces at a constant temperature (room temperature) with (1)
the traces being subjected @ ®ending and (2) the traces being placed on substrates of different
curvatures (please see section 8ithe appendix We find a resistance change between 1% to
5% at 96 bending. Also, the results for the case of the traces placed on the surfaiffsasitd

curvatures confirm an equally small percentage change in resistance for different curvature values.

3.5 Conclusions

In this paper we have proposed a strategy for printing tempesstoseng (through
temperaturalependent resistance variation) GISD traces on flexible and adhesive PET films
that can be easily adhered to surfaces of widely varying curvatures and tiegalbhis ensures
that our method enables a most facile means of deploying printed temperature sensors on curved

and hydrophobic surfaces. We conduct profilometry experiments to establish a uniform particle
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distribution and ESEM measurements to identifg stable microstructure and GO aggregates in
the printed and dried CNGO traces. These findings do not change even after the traces have been
subjected to several rounds of temperature cycling. This observation is responsible for the
resistance of thigaces at a given temperature not changing with the number of temperature cycling
events, thereby promoting the repeated use of the-G®&Tracebearing adhesive PET films.
More importantly, the printed traces show a remarkably highly sensitivity (qeantifi as large

a TCR as @ 1t p 1 /°C) at low temperatures (<46). We discuss how this large TCR value
compares against the TCR values for other types of printed ggmied temperature sensors and
also point out the different applications (ranging fromridn batteries to food preservation and
refrigeration) where such high letemperature TCR properties can be harnessed. Finally, we also
establish that the printed CNJO sensors on thin PET films provide a remarkable example of
ultrarthin temperature seor that can be easily integrated for possible wearable electronics

applications.

Supplementary Information

S.3.1 Substrate Wettability and Printability

Contact angle measurements of droplets on multiple stibstwere conducted (see Fig.
S3.1). The equilibrium contact angle values of the drops on each onerofitAve been provided
in Fig. S3.1. We conducted direct syringe printing of CIEO traces on each of these surfaces
and only on the hard fiber (demorating a drop equilibrium contact angle of Ip#e printed

traces were not continuous.
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(c)

Figure S3.1 Equilibrium conta@® iamlgl er dpllegt) ®
~43A), (b) Acrylic (deq ~6REAT) ,fi(lcm (Pdoe ay c~
fiber board (deq ~107A).

FigureS3.2 presents another direct comparison between the ink and water droplets on (a)
Hydrophobic hard fiber board and (b) PET film. The contact angles for the two drops on a given
surface arevery similar given that the main solvent in the GBD ink is water. Also, the PET
film was found to be significantly more hydrophilic than the hard fiber board: accordingly, it is

much more feasible to print the CM3O traces on the PET film rather th&we thard fiber board.

132



FigureS3.2 Water and CNIGO ink droplets on (a) Hydrophobic hard fiber board and (b) F
film (c). Zoomed in views showing the contact angles of water and-GQTink droplets (the
angles are identical for the water and the GBID ink droplets on a given substrate and her
shown only for the CNIGO ink droplet) on hard fiber (bottom) and PET film (top).

S.3.2 Profilometry Measurements Setup

FigureS3.3 shows the profilometry measurements setup.

Figure S3.3 Setup showing the specimen orientation in profilometer chamber for profilon
measurements of the height of the GSD traces that are (a) printed on a flat PET film and
printed on a PET fih that is adhered to a curved surface.

S.3.3 ESEM observations on cgb traces on pet under bending deformation

In-situ observations of printed traces under bending deformations arelqutan the
following FigureS3.4. Copper tapes were applied to ground and hold the specimen, and the images
were captured with the specimen remaining bent in the ESEM chamber. As compared to the ESEM

133



images for the other two conditions (i.e., before bending and after beaddhdesting no
significant difference was noticed in the mistucture of the printed traces. However, since the
specimen remained bent in the ESEM chamber during the measurements, unlike the ESEM

measurements for the other two conditions, it was difficult tod@tinigher magnifications.

Figure S3.4 ESEM observations for specimens under bending conditions. (a) Photos of E
measurement setup, using bent specimen as an example. (b) Screen monitoring of the spe
the ESEM chamber. (c) and (d) ESEM gpea for specimens under bending under differ
magnifications.
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S.3.4 Scatter plot and fittings for each temperature cycle for each trace

Scatter plots for the resistanestemperature variation for each tested trace as well as the
corresponding fouparameter exponential fit are provided in the following Fig@@$S3.7 A

variation in the resistance value between each trace can be founfbr the same trace, no

significant difference in the resistance values for each cycle can be recognized.

Trace 1

Trace 2

Trace 3

FigureS3.5 Scatter plot showing the resistancetemperature variations for each heating (re
and cooling (blue) cycles for the three sep@iCNFGO traces printed on surfaces of curvatt
of diameter, d =6 cm. For each case, we provide thega@meter exponential fit with continuot

lines
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FigureS3.6 Scatter plot showing the resistancetemperature variations for eableating (red)
and cooling (blue) cycles for the three separate @0 traces printed on surfaces of curvatt
of diameter, d = 7 cm. For each case, we provide thegaameter exponential fit with continuot

lines
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FigureS3.7 Scatter plot showing #hresistances-temperature variations for each heating (re
and cooling (blue) cycles for the five separate GBID traces printed on surfaces of curvature
diameter, d = 8 cm. For each case, we provide thegatameter exponential fit with continuot

lines
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