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Carbon-Nanotube (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 CNT-based materials or inks has been studied 

extensively, and it is vital to have a thorough understanding of the fluid mechanics and colloidal 

science of CNT-based inks for ensuring optimum printability and the desired functionality of such 

CNT-based materials. 

In this dissertation, a custom-developed syringe-printable CNT-GO ink (GO: Graphene 

Oxide) is introduced and the fluid mechanics and colloidal science of this ink as well as the 

different devices (e.g., temperature sensor, 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) of CNT-based inks; 

(2) development of temperature sensors with CNT-GO inks; (3) development of humidity sensors 



  

with CNT-GO inks; (4) development of RF patch antenna with CNT-GO inks; and (5) evaporation-

driven size-dependent nano-microparticulate three-dimensional deposits (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 the printability and 

performance of such CNT-based inks. The problem statement and overall research plan are also 

introduced in this chapter. 

In Chapter 2, the development of our custom CNT-GO ink is introduced. Detailed material 

selection and the mechanism of shape-dependent arrest of coffee-stain effect, which ensured that 

the printable ink led to uniform deposition, are discussed in this chapter. Temperature sensor 

prototypes printed with the CNT-GO inks are also presented in Chapter 2.  

From Chapter 3 to Chapter 5, the performances of our CNT-GO based flexible temperature 

sensor, humidity sensor, and patch antenna prototypes are discussed. The ink printability on 

flexible thin PET films is studied, and a straightforward ópeel-and-stickô approach to use the CNT-

trace (or patch)-bearing PET films on surfaces of widely varying wettabilities and curvatures as 

different prototypes is introduced. Excellent temperature and humidity sensitivity of our CNT-GO 

based sensors are presented in Chapter 3 and Chapter 4, and the potential of this CNT-GO material 

for fabrication of ultra-wideband (UWB) patch antennas is discussed in Chapter 5. Furthermore, 

the stability and reliability of these printed CNT-GO-based prototypes are also explored. 

In previous Chapters, the printed CNT-GO patterns were cured by evaporation-mediated 

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 particle deposition in all x, y, and z directions. Therefore, in Chapter 6, we perform 



  

an experiment to demonstrate this kind of possibility using three kinds of micro-nanoparticle-laden 

water-based droplets (i.e. coffee particles, silver nanoparticles, and CNTs). These droplets were 

first deposited at the bottom of an un-cured 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 undeformed spherical drop with the top of the drop breaching the 

air-liquid-PDMS interface. The calculations based on air-water, water-PDMS, and air-PDMS 

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 the air-PDMS 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 of the curing, and allowed 

evaporation-driven 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 particles, silver 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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Chapter 1: Introduction0F

* 

1.1 Background 

Additive Manufacturing (AM), or 3D-printing (3DP), as it is popularly known, is a 

manufacturing process that builds an object in a ñbottom-upò layer-by-layer fashion as opposed to 

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 Writing (DIW), 

stereolithography (SLA), selective laser sintering (SLS), Two-photon polymerization (TPP), 

Electrohydrodynamic (EHD) 3D Printing, and many more. The various corresponding raw 

materials that are compatible with different 3D printing technologies have been widely 

investigated, including polymers and resins (mostly for FDM, and UV-3DP), metals powders 

(usually with SLS), ceramics (usually fabricated with DIW method), carbon-based materials 

(compatible with FDM, IJP, AJP, SP, etc.), and many others.1ï22 Among these materials, 3D-

printable carbon inks, which consist of volatile solutions with carbon-based materials in different 

forms as fillers, have emerged as extremely popular options, due to their multi-functional 

capabilities as well as outstanding chemical stability and electrical and mechanical properties. 

Commercial 3D-printable carbon inks that utilize graphene-based materials,14,18carbon-

fiber,12,16,17and carbon-nanotube based materials11,23ï25have been widely used for a multitude of 

3DP applications, such as robotics,10 soft and wearable electronics,11,22 energy-related devices 

 
* A significant part of the contents of this chapter has been published as the following journal article: B. Zhao, V. S. Sivasankar, 

S. K. Subudhi, S. Sinha, A. Dasgupta, S. Das, ñApplications, Fluid Mechanics, and Colloidal Science of Carbon-Nanotube-based 

3D Printable Inks.ò Nanoscale, 2022 (DOI: 10.1039/D1NR04912G) 
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(such as batteries, heaters, and those with lighting applications),13,19 surgical and biomedical 

applications,2,3,8 and many more.  

One such example of carbon-based inks is the ink based on dispersed carbon nanotubes 

(CNTs). Components and devices printed with such CNT-based inks exhibit outstanding electrical 

and mechanical performance. This has made CNT-based inks one of the most promising inks with 

wide range of potential applications. 3D printable CNT-based inks have been extensively used in 

fabrication of multi-purpose sensors (including helical liquid sensor, strain sensors, vapor or gas 

sensors, temperature sensors, etc.).26ï30 For example, Xiang et al. used FDM (Fused Deposition 

Modeling) to fabricate 3D-printed strain sensors with CNT-AgNP (AgNP: Silver Nanoparticle) 

ink,26 Alshammari et al. developed a gas sensor by inkjet printing polymer-MWCNT inks  

(MWCNT: Multi-walled CNT),27 Liu et al. fabricated hydrogen sensors using Platinum (Pt) 

decorated SWCNTs (SWCNT: Single-walled CNT) by employing Aerosol-Jet Printing,28 Qin et 

al. inkjet-printed pH sensors for electrochemical monitoring using functionalized SWCNTs,29 and 

Zhao et al. printed temperature sensors using CNT-GO ink (GO: Graphene Oxide) that operated 

by leveraging the negative temperature coefficient of resistance of the CNTs.30 CNT-based inks 

have also been employed to fabricate conductive patterns, capacitors, transistors, RF devices, 

circuit patterns, and parts of wearable electronics.31ï43 Furthermore, researchers have investigated 

the application of CNT-based ink in fabricating energy-related devices including heaters, batteries, 

and lighting devices13 as well as several biomedical devices (e.g., devices involving the handling 

of the human neuroblastoma cells44 and antioxidant assays in blood bags45). 

Optimizations of the functionalities and thermofluidic properties of the CNT-based 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. 
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Printability, homogeneity of the printed traces, and functionalities of the components 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., formation or prevention of ócoffee-stainô), and curing. Many researchers 

have studied the rheological behavior (e.g., shear-thinning effect) or pattern formation behavior 

(e.g. ócoffee-stainô formation) of CNT-based suspensions and inks.46ï57 Despite that, there are only 

a handful of studies that have comprehensively reviewed both the current research status of CNT-

based inks (in terms of their applications) and the associated issues of thermofluidics and colloid 

science. 

In this chapter, therefore, we provide a literature review on the formulation, dispersion, and 

the associated fluid mechanics and the colloidal science of 3D printable CNT-based inks. The 

review focuses first on the different examples where 3DP has been employed for printing CNT-

based inks for a multitude 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, 

the scope and structure of this dissertation is introduced. 

1.2 Applications of CNT-based inks 

Extensive research has been focused on formulations of 3D printable CNT-based 

nanocomposites, and several review papers on generic nanoparticulate inks as well as CNT-based 

inks have provided an overview of the CNT-based materials, their applications, properties, 

manufacturing methods, and suitability for additive manufacturing and printing environments.22ï

25 Figure 1.1 summarizes some of the most important applications/devices where CNT-based inks 

have been used. Nayak et al., for example, reviewed different CNT-based inks as well as other 

types of nanoparticulate inks for printing electronic devices (e.g., integrated circuits, transistors, 
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sensors, capacitors) using inkjet printing. Additionally, they studied the physical properties of the 

inkjet-generated droplets and the interactions of these droplets with the substrate that eventually 

controlled the printing process.22 In another review article, Miyashiro et al. focused on the 

cellulose/nanocellulose ï CNT mixed materials and discussed their possible applications in 

printing sensors, batteries, capacitors, and electromagnetic shielding devices.23 Ghoshal et al. 

extensively reviewed the additive manufacturing of polymer/CNT based nanocomposite inks: they 

summarized the use of different kinds of polymers, the existing printing methods for the CNT-

based nanocomposites, the limit of 3DP CNT-polymer matrix inks, and their different 

applications.24 Eshkalak et al. in their review article focused specifically on the inkjet-printing 

method and the different kinds of CNT-based inks that can be additively manufactured using this 

method.25 Wang et al. reviewed general material and method options for additively manufacturing 

polymer matrix, in which CNT-polymer matrix was also included.5  Agarwala et al. evaluated the 

3D printing of CNT/polymer matrix and emphasized the electrical performances of CNT/polymer 

matrix.58 Moreover, Goh et al. conducted an in-depth review on the mechanism, methods, and 

challenges for achieving on-demand CNT alignment during 3D printing. They also introduced the 

applications with aligned CNT network and explained how the alignment can eventually enhance 

the performances of the final printed product.11 
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These CNT-based inks are often characterized by low viscosities and reversible shear-

thinning properties, making them compatible with multiple 3D printing methods. The additive 

manufacturing techniques that have been employed to print such CNT-based inks include Direct 

Ink Writing [DIW, which normally includes Inkjet Printing (IJP), Aerosol jet Printing (AJP), and 

Syringe Printing (SP)],27,28,30,33ï41,43ï45,59ï64 Stereolithography (SLA),65 Fused Deposition 

Modeling (FDM),26,66ï68 Digital Light Processing (DLP),69 Liquid Deposition Modeling (LDM),47 

and many other non-traditional methods.  

Figure 1.1 Schematic summarizing the important applications/devices where CNT-based inks are 

used 
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From previous research, we can classify the CNT-based inks into two broad categories: i) 

CNT-based nanocomposites (NC) Ink, and ii). CNT-based non-nanocomposite Inks. For the first 

category, the ink, which is a combination of CNT and polymers or resins, such as CNT-PLA (PLA: 

Polylactic Acid), CNT-resin, and CNT-PVP (PVP: Polyvinylpyrrolidone), is employed to 

fabricate nanocomposite structures. Such inks are characterized as a multiphase material with one 

phase (solid phase) being of micro- or nano- scale dimensions.27,34,47,60,61,65ï70  

Meanwhile, the CNT-based non-nanocomposite ink does not manifest such multiphasic 

characteristics. 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 dispersants, and methods to ensure the 

printability and optimization of the functionality of ink become important. Accordingly, research 

endeavors have focused on the self-assembly mechanisms, CNT-weight-fraction dictate the 

hydrodynamic properties of this ink, and the effects of substrates, printing conditions, and ink 

concentrations.32,59 Examples of such non-nanocomposite CNT inks mainly include combinations 

of CNT and other carbon based materials, such as CNT/Graphene Oxide (GO) or reduced 

Graphene Oxide (rGO) inks,30,38 or CNTs and (functionalized) CNTs simply mixed with solvents 

and some surfactants, 29,32,33,35,36,39ï41,45,48,59,62 or CNTs decorated with metal nanoparticles (like 

Silver Nanoparticles37,63 and Platinum28), or combination of CNT and nano-fibers.44 

Given the extensive number of existing review articles discussing the 3D printing of CNT-

based and related materials, in the remainder of this section, we shall simply summarize through 

Tables 1.1 and 1.2 the materials, the printing techniques, and the targeted applications for 3D 

printing of CNT-based nanocomposite and non-nanocomposite inks.  
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References Ink Materials  

Application and 

additional features 

Printing Technique 

[26] CNT-Polymer-AgNPs Strain Sensor 

Fused Deposition 

Modeling 

 

[27] 

 

(PEDOT: PSS) 

wrapped CNT 

 

Gas Sensor 

 

Inkjet Printing 

 

[31] 

 

PLA-MWCNT 

 

Helical Liquid Sensor 

 

Solvent-Cast 3D Printing 

[34] 

Polyacrylamide (PA) - 

CNT 

Amperometric Sensors Inkjet-Printing 

[43] 

Polymer Wrapped 

SWCNT 

Field-Effect Transistors Inkjet-Printing 

[47] PLA-MWCNTs Conductive Structures 

Liquid Deposition 

Modeling 

[60] 

Polyvinylpyrrolidone 

(PVP)-wrapped 

MWNT 

Conductive Structures Meniscus-guided Printing 

[61] 

(Functionalized) 

SWCNT-PMAS 

Transparent and 

Conductive Gas Sensor 

Inkjet Printing 

[65] CNT-Photopolymer 

Structures with Radar 

Absorbing Features 

Sterolithography 

(SLA) 
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[66] CNT-PBT Conductive Structures 

Fused Deposition 

Modeling 

[67] CNT-PLA Conductive Structures 

i). Fused Deposition 

Modeling for 3D printing; 

ii). Local-induced RF 

(LIRF) for welding to 

enhance strength 

[68] PLA/MWCNT/GNP Conductive Structures 

Fused Deposition 

Modeling 

[69] 

PEDGA/PEGMEMA-

MWCNTs 

Conductive Structures Digital Light Processing 

[70] 

SWCNT-Dispersed 

Photo Resin/ SWCMT- 

Polymer Composites 

High Resolution 

Conductive Structures 

Two-Photon 

Polymerization (TPP) 

Lithography 

[71] CNT-TPU Elastic Strain Sensors 

Fused Deposition 

Modeling 

[72] CNT- TPU 

Multiaxial Force and 

Strain Sensors 

Fused Deposition 

Modeling 

[73] 

MWNTīPVP 

composites 

Strain Sensors Meniscus-Guided Printing 

 

  

Table 1.1. Examples of CNT-based nanocomposites (NC) 3D printable inks used in various 

applications 
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References Ink Materials  

Application and additional 

features 

Printing Technique 

[28] 

Platinum (Pt) 

Decorated 

SWCNTs 

Hydrogen Sensors Aerosol Jet Printing 

 

[29] 

 

Functionalized 

SWCNT inks 

pH Sensor Inkjet-Printing 

 

[30] 

 

GO-CNT 

Temperature Sensors Syringe Printing 

[32] 

 

MWCNTs in an 

aqueous 

suspension 

Electrode Patterns Inkjet Printing 

 

[33] 

 

MWCNT 

RF devices Inkjet Printing 

 

[35] 

 

Functionalized 

SWCNTs 

Field-Effect 

Transistors 

Inkjet Printing 

[36]  Thin-Film Transistors Inkjet Printing 
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Purified 

SWCNTs using 

DMF as solvent) 

 

[37] 

 

CNT+AgNP 

(Solvent: Sodium 

dodecylbenzene 

sulfonate (SDBS) 

Solution) 

 

Supercapacitors 

 

Direct Ink Writing 

 

[38] 

 

CNT/rGO 

 

Wearable Thermoresponsive 

Supercapacitors 

Direct Ink Writing 

 

[39] 

 

SWCMT-DMF 

 

Thin-Film Transistors 

 

Inkjet Printing 

 

[40] 

 

MWCNT 

 

Conductive Patterns 

 

Inkjet Printing 

[41] 

 

 

Functionalized 

MWCNT 

aqueous solution 

 

Conductive 

Patterns 

 

Inkjet Printing 
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[45] 

 

Functionalized 

CNT 

Amperometric Sensors Inkjet-Printing 

 

[58] 

CNT, Dispersion 

agent (TNADIS), 

Isopropyl (IPA), 

and Ethylene 

Glycol (EG) 

 

Micro-Capacitors 

 

Syringe printing 

[62] AgNP-CNTs Conductive patterns 

Aerosol-Jet Printing 

(AJP) 

[74] SWCNT inks Transparent Conductive Films Inkjet Printing 

[75] CNT-DMF inks 

 

Micro-supercapacitors 

 

 

Syringe Printing (a 

Self-Built Extrusion 

System) 

 

1.3 Printability of CNT-based inks 

While there are several review articles on 3D printing of CNT inks24,76,77, most of them 

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 micro-nanoparticulate ink, the fluid properties and the colloidal science 

aspects of the CNT ink significantly influence its printability, the quality of the printed structures, 

Table 1.2. Examples of CNT-based non-nanocomposite (nNC) 3D printable inks used in various 

applications 
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printing-speed limit, effectiveness in achieving desired shape and geometries, and the 

functionalities (e.g., electrical conductivity, sensitivity, and mechanical strength) of the printed 

components.22,46,78 The colloidal science and fluid mechanics issues that dictate the printability of 

CNT-based ink are first discussed in this section. Wesubsequently discuss the shear thinning 

behavior, the surface tension and wetting properties, the sintering behavior, the colloidal stability, 

and the colloidal properties (and the associated coffee-ring formation) of the CNT-laden inks. 

Understanding these properties of the CNT-laden inks is critical in dictating the printability of the 

ink as well as the properties of the printed components. In Figure 1.2, we provide a schematic 

representation of all the factors that affect the macroscopic properties of the nanoparticle-based 

ink. 

 

 

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

macroscopic properties of the CNT-based ink in Figure 1.3. 

Figure 1.2. Schematic representation of the properties of the materials used as well as the process 

and environmental factors that affect the resultant ink properties 
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Nanoparticle (NP) based inks and suspensions, which constitute the most important class 

of particle-laden inks and suspensions, are mostly non-Newtonian liquids. One of the most 

important factors that will dictate if such NP-laden inks will be printable or not will be the ñshear-

thinningò properties of these inks. Shear-thinning liquids are a class of non-Newtonian liquids, 

which are characterized by their reversible decrease in viscosity with an increase in the shear rate. 

The shear-thinning characteristic makes a liquid 3D-printable as this characteristic ensures that the 

viscosity of the liquid is smaller when it passes through the print head, thereby avoiding any 

clogging of the printing nozzle.46 At the same time, as the liquid detaches from the nozzle and is 

no longer under an applied shear, its viscosity increases, which in turn allows the deposited liquid 

to remain in place on the printing substrate without flowing (and thereby hold its shape). 

óShear-thinningô behavior has been commonly observed in CNT suspensions and has been 

widely reported in the literature. Hu et al. reviewed the appropriate fluidic properties that dictated 

the fabrication of CNT thin-films using CNT suspensions.117 They pointed out the range of 

viscosities of CNT suspensions, methods to adjust the viscosities, and the effect of these viscosity 

values on thin film fabrication. Hobbie and Fry measured the rheological properties of non-

Figure 1.1. Schematic representation of the properties of materials used and the process and 

environmental factors that affect the resultant CNT-ink properties. 
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Brownian CNT suspensions with different CNT loadings from 0 to 10% weight ratio. They noticed 

that under identical shear rates, the viscosity increased by several orders of magnitude for the case 

when the suspension became more concentrated.52 Ma et al. studied the relationship between the 

rheological behavior and the CNT agglomerates.51 They compared the effects of CNT treatment 

on the viscoelastic properties of CNT dispersions suspended in a Newtonian liquid matrix. They 

noticed a higher level of viscoelasticity in non-treated CNT dispersions, while the treated-CNT 

dispersions showed a smaller shear-thinning behavior. They explained their results by in-situ 

monitoring of CNT microstructure. Yokozeki et al. quantified the microstructure of 

MWCNT/epoxy suspensions with different MWCNT mass fractions under different temperature 

and shear rates.83 They studied the agglomerate formation for the 0.1wt% suspension of MWCNT 

at 250C and 600C and found that the agglomerates are sparser at 600C Shear-thinning behavior has 

also been widely observed in CNT-based NC inks. A variety of different models have been 

introduced for determining the printability window and for analyzing the corresponding 

rheological properties of CNT-based 3D printable NC inks.47,60 For example, studies have related 

shear-rate to shear-stress using a capillary flow model and have identified a mechanism to estimate 

the allowable shear stress for 3D-printing process. As already discussed above, the shear-thinning 

properties of a printing ink ensure the appropriate flowability of the ink during printing at high 

shear stresses (or high shear rates) and acquiring of a stable, non-flowing structure (by the ink) 

after extrusion.80 This óshear-thinningô fluidic property has been widely tested and measured in the 

context of the application of 3D printable CNT-based NC inks. Similar shear-thinning behavior 

has been observed in CNT-based nNC inks such as CNT-solvent-only inks,59,75,118  CNT-Graphene 

inks, CNT-GO inks, CNT-rGO (rGO: reduced GO) inks30,38,119, and CNT-nanocellulose ink.120 

The viscosity of the CNT-based 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/deposited.81-

84 Smaller ink surface tension means a reduced internal cohesive force between the ink molecules, 

which in turn will result in a higher wettability and smaller contact angle on a given substrate, and 

therefore, a larger propensity for the ink to remain stable on the substrate after being 

printed/deposited. Moreover, in nozzle-based 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 nozzle.140 Inappropriate surface tension values, combined with 

oscillatory kinetic energy, tend to generate unstable flow with discontinued droplets (i.e., in the 

form of satellite drops) during the printing.85  

Surface tension of a nanoparticle-based ink depends on a 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 absence of surfactants/filler) on the inkôs surface tension 

can be significant. At dilute NP concentrations, the surface tension seems to be relatively 

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 interactions, would 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 essentially lead to a change in the surface tension of 

the liquid.87,88 However, for some combinations of nanoparticle and solvent, the surface tension 
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has been found to decrease with the increase in the NP concentration as shown by Khaleduzzman 

et al.89  

The effect of particle size on the surface tension of the NP-based ink has been studied by a 

number of researchers. These studies show a clear increase in the surface tension with the particle 

size, which could be attributed to increased van der Waals force with particle radius.87,88,90 

However, it was observed that the surface tension of nanofluids decreased with an increase in 

temperature, and also, with the increase in surfactant concentration.89,91  

The wettability of the CNT-based nNC inks has been drawing attention in the context of 

understanding their printability and the resulting post-printing behavior on different surfaces. For 

example, Dinh et al. inkjet-printed patterns of MWCNTs dispersed in water in the presence of 

some surfactants and characterized the evaporation driven self-assembly behavior of the 

MWCNTs.48 Wang et al. studied the interactions between MWCNT droplets and glass substrates 

(cleaned with ethanol) and found a drop equilibrium contact angle of ρπρЈ and a drop 

advancing contact angle of ρυρЈ.40 To study the hydrodynamic properties and interaction 

between the droplet (droplet of this nNC CNT ink) and the substrate, Yu et al. tested the ink droplet 

contact angle with different CNT weight content to indicate the printability: they reported that the 

contact angle increased from τχȢτЈ to 52.3Ј on gas-treated basal plane when the CNT content 

increased from 6 wt%  to 8 wt%.59 Kwon et al. inkjet-printed electrode patterns on paper using 

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 surface. Also, there are instances where a mixture of solvents has been 

used to meet the surface tension and viscosity requirements of the CNT-based inks. 121 Berrada et 

al. compared the surface tension of CNT-based nanofluids in DI water with the surface tension of 
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CNT-based nanofluids dispersed in 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 between DI water and Tyfocor. 

122 They found surface tension decreases with an increasing wt% of the functionalized MWCNTs 

in DI solution as functionalized MWCNTs bear hydrophobic zones due to which affinity with 

air/water interface is expected to increase, leading to reduction of surface tension with an increase 

in the concentration of the MWCNTs. 122 In case of Tyfocor solution, however, the covering of 

hydrophobic surfaces of MWCNTs by the polymer chains of propylene glycol increases the 

affinity between MWCNTs and Tyfocor leading to an increase in surface tension with the 

concentration of NPs. 

Environmental temperature and particle sizes are among several factors that contribute to 

the surface tension of CNT-based fluids. For charged nanoparticulate fluids, larger nanoparticle 

size normally leads to a higher surface tension due to smaller surface charge density.123 For CNT-

based inks, the particle size or the length and diameters of CNTs can be modified through the 

methods mentioned in the previous section. Meanwhile, it is widely noticed that increasing the 

temperature can result in decreasing the fluid surface tension.124-126 Mei et al., for example, showed 

that the surface tension of CNT-suspended nano-fuels always decreased with an increase in 

temperature for different values of CNT particle size and mass concentration. 127  

An effect that is intricately related to the drying of any micro-nanoparticulate suspension 

is the formation of the ñcoffee stainò or ñcoffee ringò. The drying process caused by the 

evaporation of the solvent from the deposited drop of the suspension triggers an advective transport 

within the drop directed towards the three-phase contact line (TPCL). This flow drives the particles 

inside the drop to get deposited at 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 of a ring-like deposit. Exactly 

same type of deposits (of the coffee particles) occurs from an evaporating coffee drop and hence 

the formation of this ring-like deposit is also known as the ñcoffee stainò or ñcoffee ringò effect. 

There have been numerous studies that have exploited the formation of such ñcoffee ringò for a 

multitude of applications ranging from self-assembly-driven fabrication of biological devices and 

fabrication of conductive metal nanoparticle based patterns and CNT-based structures.30,48,74,92 On 

the other hand, several studies have pointed out the detrimental effects of the formation of ñcoffee 

stainò in the quality of the 3D printed traces, devices, and components and have developed 

strategies to arrest the coffee stain formation and ensure a uniform evaporation-induced deposition 

of the particles.93-96 The presence of ñcoffee stainò in 3D printed traces, devices, and components 

is known to cause reduced performance in crystallization and inferior field emission properties,93 

lower adhesion strength in printed NP-based traces,94 and voids in printed structures. The 

suppression of the coffee-stain effect can enhance the quality of printed silver NP traces and 

minimize defects such as the ótrench formationô by the printed traces (i.e., the scenario where more 

particles are deposited on 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 coffee-stain phenomena could be affected by multiple parameters including (a) 

printing process control such as substrate surface roughness,97,98 porosity and hydrophobicity,89,91, 

introducing humidity cycling conditions, vibration or acoustic waves,99,100 and controlling the 

Marangoni flow or the interactions on the air-ink interfaces;101,102 (b) the property of inks including 

particle concentrations,22 types of solvents,103 and the microstructure of ink particles such as their 

size and shape.30,104-106  
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Meanwhile, another research study claims that the use of a hydrophobic surface can reduce 

contact-line pinning and result in a deposition without a coffee-stain.91 The effect of the 

environmental conditions on the coffee-ring 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 coffee-stain.100 Ta et al. used a laser 

beam to create a local hot spot, and the Marangoni flow generated by this local temperature 

gradient ensured a flow directed towards the center of the deposited droplet, which effectively 

suppressed the coffee-ring effect.102 Post-processing (e.g. sintering) of printed nanoparticulate inks 

can also induce the formation of such coffee stain effect and has been observed in numerous studies 

employing different printing techniques and ink materials (e.g., ceramic inks,21 metal 

nanoparticles-based inks,28 carbon-based inks such as CNT-based inks,48,74 etc.). Zhan et al. have 

conducted a detailed review of inkjet-printed optoelectronics: they discussed the formation of 

coffee-ring structures by metal-based and CNT-based inks.107 

On the other hand, several properties of the ink, including its concentration, surfactant and 

solvent type, and the micro-structure of the particulate matter (such as shape and size) present 

within the ink material, also have a certain impact on the formation of coffee-stain. Shen et al. 

studied the evaporation dynamics of droplets with and without surfactants and proposed a method 

to suppress coffee-ring formation by controlling the droplet size .106 Yunker et al. found the impact 

of particle shape on the ócoffee-ringô formation. In their case, a uniform deposition was achieved 

with ellipsoidal particles (aspect ratio = 3.5), in which the shape-dependent capillary interaction 

became significant, thereby enforcing the ellipsoidal particles to localize at the air-water interface 

of the evaporating drop and in the process overcome the coffee-stain effect.158 Oh et al. found that 

adding DMF to water facilitated more uniform patterns in inkjet-printed Al2O3 droplets as 
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compared to the patterns obtained using only water as solvent.103 In Figure 1.4, we have provided 

a schematic identifying the different factors that affect the coffee-stain formation in NP-based inks. 

 

óCoffee-ringô formation after sintering and/or evaporation process can be widely seen in 

experiments with carbon-based suspensions as well as with printable SWCNT/MWCNT-based 

inks.28,30,40,48,57 Wang et al. inkjet-printed MWCNT networks for fabricating conductive films and 

found that the coffee-stain formation was an important factor that affected the film quality. They 

studied the manner in which the droplet spacing affects the morphology of printed traces, thereby 

designing an optimum spacing for uniform óringô edge formation after evaporation.40 Dinh et al. 

noticed the coffee-ring structure of MWCNT patterns and utilized this structure to form the 

conductive twin lines.48 Liu et al. found coffee-stain formation in dried SWCNT patterns on silicon 

substrate.28  

In order to improve the product quality and achieve the desired deposited CNT pattern, 

three methods have been tested to ensure the arrest of such post-printing coffee-stain effect. Wang 

et al. studied coffee-stain formation on substrates maintained at different temperatures and found 

that the coffee staining formed in MWCNT droplets could be suppressed by increasing substrate 

temperature.40 They considered substrates maintained at room temperature, at 60 ᴈ, and at 70 ᴈȟ 

Figure1.4. Schematic identifying the various factors that affect the coffee-ring formation in generic 

particulate inks during 3D Printing. 
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and found that the most uniform deposition profile was obtained for the case of Ὕ

 χπ ᴈ. This is not consistent with some other experimental results using polymer solution and it 

is probably due to the variation in the droplet surface tension caused by a local variation in 

temperature and droplet composition.134-138 Results similar to Wang et al. were observed in the 

study by Dinh et al.48 that considered the morphology of MWCNT patterns. This study further 

optimized those printing parameters (e.g., drop spacing and substrate temperatures) and achieved 

accurate fabrication of conductive twin-line by leveraging the ócoffee-stainô effect.Majumder et 

al. reported coffee-stain formation in dried droplets of SWCNT suspension (with SDBS as 

solvents). They noticed that a rapid heating method could suppress the formation of the ócoffee-

ringô.57 Liu et al. found that for same materials and substrate, the patterns deposited by drop-casting 

formed coffee-ring structure, while the one deposited through AJP showed less obvious 

agglomerations. This indicated to the possibility of eliminating coffee-ring formation through 

different fabrication methods.28 Dou and Derby hypothesized that substrate porosity might also 

impact the formation of the coffee-stain and they tested their hypothesis with several types of 

metal-nanoparticle based inks.98 

Researchers have also investigated the effect of nanoparticle shape on the evaporation-

induced pattern formation and its role in 3D printing. For example, Zhao et al. found that an ink 

formulation containing only CNT and DI water would certainly result in a coffee-stain formation.30 

However, mixing it with other materials, like flake-like Graphene-Oxide (GO) nanosheets, could 

ensure a suppression of the coffee stain effect, which was explained by the shape-dependent arrest 

of the ócoffee-ringô effect introduced earlier.158 Through microscopy and surface profilometry 

measurements, this study clearly demonstrated that the ink with only CNT nanoparticles presented 

the most obvious coffee-ring formation, while the GO solution had no formation of coffee-stain. 
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Therefore, an optimized ink formulation, with an appropriate GO: CNT weight percentage 

combination, simultaneously ensured an improved printability (by the flake-like GO induced arrest 

of the coffee ring effect) as well as the capability to print temperature sensors that utilized the 

negative temperature coefficient of resistance property of the CNTs.30, 128 

Several other studies probed methods for the suppression of the ócoffee-ringô in CNT-

polymer or CNT-resin system.108,134 Denneulin et al. compared the inkjet printing results of 

functional SWCNT aqueous ink and SWCNT-PEDOT: PSS ink and noticed a much more uniform 

distribution of the CNT particles across the printed traces for the SWCNT-PEDOT: PSS ink.134 

They suspected that this effect might be due to the Marangoni flow and the presence of the polymer 

chain affecting the particle migration. Mionic et al. studied a CNT-SU8 epoxy composite ink and 

found that no coffee-ring structure was formed.108 They hypothesized that the coffee-stain was 

eliminated due to the fact that the SU8 epoxy resin cured slower than other solvents and maintained 

a liquid state for a longer duration of time.  In Table 1.3, we summarize the different studies that 

have considered the suppression or utilization of the coffee stain effect for CNT-based inks.  
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Reference Ink Composites Methods to Suppress or Utilize Coffee-Stain 

Formation 

[28] Platinum (Pt) 

Decorated SWCNTs 

Implied the AJP method to avoid un-expected 

agglomeration 

[30] CNT/GO Suppressed the coffee-stain formation by interplay 

with particle shape  

[40] MWCNT Suppressed coffee-ring formation by increasing 

substrate temperature 

[48] MWCNT (with 

TirtonX-100 as 

surfactant) 

Utilized the coffee-ring structure to form high-

resolution of conductive twin lines 

[74] SWCNT Utilized coffee-ring structures to connect each 

droplet and form conductive patterns on transparent 

PET forms 

[57] SWCNT Rapid heating reduced the formation of ócoffee-stainô 

[108] CNT-SU8 ink The presence of Su-8 could reduce coffee-stain effect 

because it remained as a liquid form after solvents 

being evaporated. 

[134] PEDOT-PSS/ 

Functionalized 

SWCNT 

Reduction in coffee stain effect by: 

1). Recirculation flow introduced by ethylene glycol 

2). Impeding of migration of CNT by polymer chains 

3). Viscosity adjustments 

Table 1.3. Examples of suppressions and utilizations of coffee-stain structure in CNT-based inks. 
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Sintering is a post-processing technique (employed after the printing/deposition of the 

particle-based inks) that can be leveraged to achieve higher quality print with desired trace 

properties. For example, sintering can be used for accelerating the evaporation of solvents, 

removing voids, bridging nanoparticles, removing unwanted binders and additives,90 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 commonly used sintering methods in additive 

manufacturing for metal-based nanoparticle inks, involves applying a high temperature (150-

650 ) to heat the printed samples and degrade (and evaporate) the binder or surfactants. The 

sintering process is also important to ensure 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 the printed traces. 

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 conducted to develop NP-based conductive ink with reduced binder or surfactant 

content that enables thermal sintering at a reduced temperature.94,95 One sintering method capable 

of avoiding the overheating of the material system is photonic sintering, which uses laser or lamps 

to selectively deliver the energy,109 and this method has been employed for sintering traces printed 

with gold nanoparticle inks110 and silver NP inks.111 The morphology differences in metal-based 

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 ratio tend to have smaller melting temperatures 112. The electrical performance 

of the silver-nanoparticle inks also varies as a function of the NP shapes; for example, Yang et al. 
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found that the pattern printed with an ink containing a mixture of silver nanoplates, and 

nanoparticles have higher conductivity as compared to the pattern printed with an ink containing 

only spherical silver nanoparticles.113 Other alternative sintering approaches that can be used to 

remove binders or surfactants after printing include microwave sintering114, plasma sintering115, 

electrical sintering116, etc.  

For CNT inks, the thermal assisted sintering process is sometimes evitable, but it has been 

noted in several studies that the electrical performances of the CNT-based printed products will 

change after several rounds of thermal cycling.128  Also there are a few studies probing the behavior 

of CNT-alloy or CNT-wood plastic composites during selective laser sintering (SLS) 3D printing. 

Zhang et al. 3D printed CNT-wood powder/polyether sulfone (PES) composite using selective 

laser sintering method, followed by microwave irradiation based post-printing treatment.129 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 was improved.  

Qi et al. printed CNT coated PA11/BaTiO3 powders using SLS and found those CNT-coated 

powders have wider sintering window as well as better radiation absorption capabilities, as 

compared to conventional powders.130. Duan et al. studied the effects of 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 micro-structures during sintering) when its weight percentage was over 1%.131 

Zhang et al. sintered CNT-Al 2O3 composites under different volume ratio of MWCNTs, and 

identified that by using pressure-less sintering method it was possible to avoid degradation of 

CNTs during sintering.132 Yuan et al. employed SLS based 3D printing to print CNT-coated 

polyamide powders and noticed that the presence of the CNT improved both thermal and 



 

26 

 

mechanical properties of fabricated composites.133 For many of the cases in 3D printing CNT-

based inks, especially for those applying inkjet or syringe printing methods, evaporation process 

would be sufficient to provide functional products with acceptable qualities. 

1.4 Research gaps and objectives 

Throughout this section, we have reviewed different applications of CNT-based 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 discussed in detail by identifying the 

various mechanisms dictating the colloidal sciences and fluid mechanics aspects of the CNT-laden 

ink.  

One of the major challenges associated with the printing of CNT-based inks is obtaining a 

uniform dispersion of the CNTs in the solvent. Agglomeration is highly undesirable as it could 

result in poor-quality prints by clogging the printing nozzles and causing nonuniform deposition. 

Various techniques have been employed by researchers to overcome this difficulty, including the 

use of surfactants and biopolymers in the solvent in which CNTs are dispersed, functionalizing the 

CNT surfaces, etc. (please see section 1.3. for more discussions). Another critical barrier in CNT-

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 the CNT-based inks by altering 

the solvent (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 

shear-thinning nature of the ink) has to be maintained within a certain range known as ñprintability 

windowò, as mentioned earlier. The range is so selected as to prevent excess fluidity on one side 

and blockage of the printer head (lack of fluidity) on the other end. In addition, the effect of various 
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CNT properties on the surface tension doesnôt follow a general trend and is utterly specific to the 

combined effect of all the factors at play.   

A big drawback or research gap of the existing fabrication approaches for CNT-based inks as 

well as other general nanoparticulate inks stems from the fact that often these approaches rely on 

an ad-hoc, iterative, trial-and-error approaches with regards to the material selection. The vast 

number of examples discussed in section 1.3 identify the different fluid mechanics properties 

(jettability, printability, rheology), colloidal properties (formation of coffee stain, morphology 

specific properties), and sintering properties of the CNT-based inks. However, virtually all the 

studies achieve these specific properties through a trial-and-error method without any mechanistic 

design-based approach. Under these circumstances, a useful approach will be to employ 

sophisticated material-properties-based initial predictions of the role of different dispersants and 

to ensure the best quality prints with CNT-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 cavities that particles can be deposited along the ózô axis direction, 

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 wavy surfaces became necessary.  

Most of the existing approaches on the development of CNT-based functional prototypes or 

devices, such as sensors or antennas, require complicated and time-consuming fabrication 

methodologies as well as critical process control. Binders, 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 of fit analysis) 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 CNT-based temperature sensors have been extensively 

discussed in existing research articles, but the temperature-dependent humidity sensitivity of CNTs 

was usually simplified with linear approximations. The temperature cycling reliability of CNT-

based temperature sensors was also not discussed in most of the literature. This is also the case for 

existing research on CNT-based humidity sensors, where the humidity sensitivities are commonly 

simplified with linear approximations, and reliability analysis of such developed humidity sensors 

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 metrics of flexible CNT-based antennas 

for conformal electronics or wearable applications.  Furthermore, there are limited existing studies 

on the performance degradation of deformed CNT-based 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 CNT-based 3D printing ink formular based on the understanding of the 

role of nanoscale particle properties of the ink material and simultaneously ensure 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 using the developed ink material and conduct detailed analysis of 

their performances and long-term 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. 
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1.5 Scope and structure of this dissertation 

In this dissertation work, a printable in-lab developed CNT-GO ink along with its capabilities 

in different applications are studied. The mechanism and design approach for this printable ink, 

such as the shear-thinning feature and the arrest of coffee-stain, are explained. Furthermore, the 

mechanism of evaporation 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 directions, is also 

discussed. 

The structure of this dissertation is organized as follows: in Chapter 2, the detailed 

development of the printable CNT-GO 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 CNT-GO ink, including temperature sensor, 

humidity sensor, and RF patch antenna, are demonstrated in Chapters 3, 4, and 5, respectively. 

Based on the 2D deposition discussed in Chapters 2 to 5, the relationship between the deposited 

pattern in 3D spaces and the size of micro- and nano- particles, with CNT being one kind of the 

selected materials, are further studied in Chapter 6. In Chapter 7, we provide the overall summary 

and conclusions, the contributions of this dissertation work, and recommendations for future 

studies on the topics addressed in this dissertation work. 
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Chapter 2: Shape-driven Arrest of Coffee Stain Effect Drives the 

Fabrication of Carbon-Nanotube-Graphene-Oxide Inks for Printing 

Embedded Structures and Temperature Sensors1F

* 

Abstract 

Carbon nanotube (CNT) based binder-free, syringe-printable 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 attributed to the uniform deposition of the GO-CNT agglomerates, 

as opposed to the ócoffee-stainingô despite these aggregates being micron-sized.  We explain that 

the ellipsoidal nature of the micron-scale GO-CNT agglomerates/particles enables these particles 

to severely perturb the air-water interface, triggering a large long-range capillary interaction that 

causes the uniform deposition by overcoming the ñcoffee-stainò-forming forces from the 

evaporation-mediated flows. We measure the properties of this ink and identify a temperature-

dependent resistance with a negative temperature coefficient of resistance (TCR) Ŭ ranging from 

~ ī10ī2 to ī10ī3/0C depending on ink compositions. Finally, the printing is conducted on flat and 

curved surfaces, for developing polymer-ink embedded structures that might serve as precursors 

to syringe-printable CNT-based nanocomposites, and for fabricating sensors-like patterns that for 

certain ink composition demonstrate Ŭ ~ ī10ī3/0C with large averaged resistance drop (per unit 

temperature) of ī4 ɋ/0C. 

 

 

 
* The content 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, and S. Das, ñShape-driven Arrest of Coffee Stain Effect Drives the Fabrication of Carbon-Nanotube-Graphene-

Oxide Inks for Printing Embedded Structures and Temperature Sensors.ò Nanoscale, 2019, 11, 23402ï23415 
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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 performances.1-4 For example, printed electronics 

rely on developing metallic nanoparticle based inks that show a conductivity that is close to that 

of the bulk metals.5,6 This is true for a variety of other types of inks ï e.g., magnetic inks,7 concrete 

inks,8 polymer inks,9 biological inks,10,11 shape and color changing smart inks,12 edible inks,13 

carbon inks for printed electronics14 and energy applications,15 nanocellulose inks,16 conductive 

nanomaterial based inks17 and thermoplastic inks18 for printed electronics, conductive filament 

based inks for electronic sesnors,19 graphene-oxide-based inks for printed batteries,20 ceramic 

inks,21 etc. ï 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 efforts in developing carbon-nanotube (CNT) 

based inks in order to print devices and structures that show the same functionalities as non-printed 

CNT-reinforced structures.22-27 Some of these applications include printing micro-

supercapacitors,22 conductive micro-architectures,23 scaffolds for nerve generation,24 polymer 

nanocomposites,25,26 filaments with desired tensile modulus and strength,27 welded 3D-printed 

thermoplastic parts,28 and many more. Given the vast myriad of applications of CNT-reinforced 

or CNT-based structures, development of such printable CNT-based 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 CNT-reinforced structures.  

In this chapter, we describe the development of syringe-printable, single-walled CNT 

(SWCNT) based ink where graphene oxide (GO) flakes are used as dispersants. The selection of 
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graphene-oxide material as the ink composite is based on the following considerations: i). the 

existence of carboxyl groups in GO makes it hydrophilic at edges, and it is found to be a good 

dispersant for CNTs;30,33 ii). the GO material is less expansive and easier to synthesize comparing 

to graphene flakes, and it also can be thermally and chemically reduced to electrically conductive 

rGO for electronic device applications;34 iii). adding GO materials to the ink can reduce its surface 

tension and increase the viscosity of the ink (these factors enable adjusting the ink printability). 

Such GO-CNT ink has been developed previously and has a wide range of applications such as 

developing films for fabricating electrodes for supercapacitors,29-33 developing transparent 

conductive all-carbon transparent films34 that demonstrate excellent thermoelectric properties,35 

etc. Also, there have been a few studies that have attempted to develop a 3D-printable version of 

such GO-CNT inks,36,37 although the fundamental micro-nanoscale thermo-fluidic and colloidal 

science principle that makes this ink printable has remained unexplored. This colloid science 

principle, namely the shape-driven arrest of the coffee-stain effect of microscopic GO-CNT 

aggregates, makes such CNT-GO ink syringe-printable, which we leverage to print (a) traces on 

surfaces of different 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 the coffee-stain effect has not been 

fully addressed in 3D printing of nanoparticle-based inks. Therefore, it is commonplace to witness 

certain coffee-stain-formation-induced printing defects (e.g., presence of raised ridges,38 

development of a trench like configuration where the edges of the printed segment is more elevated 

than the central part,39 enhanced particle deposition at the edges with the effect becoming more 

severe for larger concentration of NPs,40 etc.) in several studies of 3D printing with NP inks.38-43 

Of course, the NPs are less prone44 than the micron-sized particles45,46 to form the coffee ring 
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effect, albeit there are plenty of examples where even the NPs have formed coffee rings47-50 and 

several studies of 3D printing using such NP-based inks are testament to that.38-43 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 advective force resulting from the evaporation-driven flow, and accordingly 

ensure that these NPs get localized at the air-water interface of a drop on a highly ñphilicò substrate 

instead being driven towards the three-phase contact line (TPCL).44 Such a localization at the air-

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

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

there is no longer any air-water interface. 

Here we first develop GO-CNT ink with three different compositions with progressively 

decreasing weight percentage of the CNTs. Our developed ink is entirely binder-free. In other 

words, the ink has no epoxy or acrylic inside it that can burn, change characteristics, and change 

properties at elevated temperatures. The central contribution of this paper is the identification of a 

key micro-nanoscale thermo-fluidics-induced colloidal phenomenon that ensures the syringe-

printability of these inks. This phenomenon is the formation of an evaporation-mediated uniform 

deposit of the ellipsoidal GO-CNT particles, despite the particles being of micron-size. Invariably 

for micron-sized particles and sometimes for the nanoscale particles, evaporation-mediated self-

assembly is expected to develop coffee-stain like deposits, owing to the dominant role of the 

advective transport driving the particles towards the three-phase-contact-line (TPCL).45,46 

However, for the present case, we explain, following the study of Yunker et al.,51 that the 

anisotropy introduced by such ellipsoidal GO-CNT particle severely perturbs the air-water 

interface, triggering a large long-ranged capillary interaction that enables the particles to remain 
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localized and form loose structures at the air-water interface without being driven by the flow to 

get deposited at the TPCL. Accordingly, when the water has fully evaporated and the air-liquid 

interface no longer exists, the particles get deposited in the entire wetted region, thereby forming 

a uniform 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 evaporation-triggered deposits (uniform or coffee-ring-like) to establish this hypothesis. 

Furthermore, we measure the viscosity and the conductivity of the different types of GO-CNT ink 

and also measure the temperature-dependent resistance of the traces printed with this ink 

demonstrating a negative temperature coefficient of resistance. Finally, we carry out actual 

printing with this ink on flat and curved surfaces. Printed straight line traces demonstrate an 

average temperature coefficient of resistance (TCR) Ŭ ranging from ~ ī10ī2 to ī10ī3/0C depending 

on ink compositions, which is similar in order to the previously reported values for single-walled 

CNTs.52,53 More importantly, we next print embedded structures with repeating coated polymer 

layers having intervening syringe-printed layers of the GO-CNT ink networks. Finally, we print 

sensor-like patterns that demonstrate Ŭ ~ ī10ī3/0C and a large average resistance drop (per unit 

temperature) of ī4 ɋ/0C for certain ink composition. We anticipate that this ability to syringe print 

such CNT based inks, coupled with the unique properties of this ink (e.g., demonstrating 

temperature-dependent resistance with a large negative TCR) as well as CNT-based inks in 

general, will be important in developing conformal CNT-based temperature and strain sensors, 

CNT-based nanocomposites, and CNT-based supercapacitors. 
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2.2 Results 

2.2.1 Ink Chemistry and Syringe Printability 

GO flakes are used as the dispersants in the CNT solution that arrest the coagulation of the 

CNTs.29-34 CNTs get assembled on the surfaces of the GO flakes due to the ˊ-ˊ interactions,34 as 

schematically identified in Fig. 2.1(a-c). While this mechanism of forming a stable GO-CNT ink 

has been well known,29-34 the central facet of the present study is to develop a combination of the 

appropriate GO:CNT weight ratio and the added solvent that will ensure that the ink (a) is binder-

free, (b) is syringe-printable and does not exhibit any ñcoffee-stainò effect, (c) shows significant 

electrical conductivity, and (d) exhibits good TCR. The details of the ink fabrication process have 

been provided in the Experimental Section. Fig. 2.1(d) shows the different ink samples. Fig. 1.5(e) 

shows the schematic of the syringe printing process. Finally, Fig. 2.1(f) demonstrates the traces 

that have been syringe printed with this ink.  
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2.2.2 Properties of the GO-CNT Ink 

Figs. 2.2(a,b) show the variation of the apparent viscosity-vs-shear rate variation of the 

GO-CNT ink behaving as a shear-thinning liquid. Increase in the shear rate leads to a progressive 

decrease in the viscosity, which is a characteristic of any shear-thinning liquid. The measurements 

are carried out using a rheometer, and we 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 given GO:CNT (3:7 by weight) composition. In Fig. 2.2(b), 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 (between 1-10 1/s), one 

Figure 2.1. Schematic of (a) the graphene oxide (GO) flakes, (b) CNTs and (c) GO-CNT complex 

formed via ˊ-ˊ interactions.34 For better visualization, the carbon of GO and CNTs have been 

colored differently in (a-c). (d) Inks with different GO: CNT weight percentage. (e) Schematic of 

the syringe printing with this ink. (f) Syringe printed traces and letters with this ink (GO: CNT = 

3:7 weight ratio) 
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observes some minor ñbumpinessò in the apparent-viscosity-vs-shear-rate plot for inks with large 

CNT weight percentage (i.e., GO:CNT=3:7 and 1:1 by weight). This ñbumpinessò is characterized 

by a local increase and quick decrease in the apparent viscosity of the ink with an increase in the 

shear rate. We are uncertain about the physics responsible for such weird ñbumpinessò in a small 

shear rate range; however, such ñbumpinessò in the viscosity-vs-shear-variation of CNT-based 

inks in a shear rate range of 1-10 1/s has been demonstrated by other studies.23 

Next, we shall like to quantify the resistance/resistivity of the straight-line traces printed 

with the GO-CNT ink. Prior to that, we quantify in Fig. 2.3 the possible micro-nanostructures of 

the printed ink (post evaporation) through a detailed SEM imaging [see Figs. 2.3(b-d)]. The GO-

CNT ink is characterized by two disparate length scales: the CNTs are single-walled CNTs 

(SWCNTs) of average diameter of tens of nanometers and length of 1-2 microns,54 while the two-

dimensional GO flakes have characteristic planar dimensions of tens of microns.55 A possible 

overlap of the GO flakes, therefore, occurs at a larger length scale (~10 ɛm) and are imaged as 

crumpled, overlapped region. On the other hand, the CNTs self-assemble across sub-micron length 

scale to form a CNT network [see Fig. 2.3(d)].  

The resistivity of the traces printed with the GO-CNT ink for different relative weight 

fraction of the two components is plotted in Fig. 2.4(a). We first obtain the resistance of the printed 

traces by employing a four-probe measurement. We subsequently obtain the length (l), width (w), 

and the thickness (t) of the printed traces From these l, w, and t values, we finally obtain the 

resistivity from the resistance value [see eq.(S1) in the 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 resistance-vs-temperature 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 TCR of Ŭ 

~ ī8.6Ĭ10ī3/0C, ī2.0Ĭ10ī3/0C, and  ī1.7Ĭ10ī3/0C, for GO:CNT =9:1, GO:CNT=1:1, and 

GO:CNT=3:7 inks. Negative TCR of similar order of magnitude has been reported for several 

CNT-based inks.52,53  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 non-conducting material (e.g., GO in the present case or some polymer 

material in other studies), an increase in the relative weight percentage of CNT decreases the 

magnitude of the TCR.56,57 This explains this decrease in the TCR with an increasing CNT weight 

fraction. A key focus in the present study is demonstrating the syringe-printability of such CNT-

based inks with negative TCR.  
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Figure2.2. (a) Viscosity-vs-shear-rate variation of the GO:CNT ink as a function of the density of 

the ink for the GO:CNT (3:7) ink. (b) Viscosity-vs-shear-rate variation of the GO: CNT ink as a 

function of its composition (or relative weight percentage). 

Figure2.3. (a) Printed traces with GO-CNT=3:7 ink having a starting concentration of 5.5 mg/ml. 

The traces have been printed with a printing speed of 300 mm/minute.  (b-d) SEM images of the 

top surface of the GO-CNT ink at different resolution. The GO overlapped region is highlighted 

in (c), while the self-assembled CNT network is highlighted in (d). 
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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 of the ink was 5.5 mg/ml). (b-d) Variation of the 

resistance of the traces printed with (b) GO:CNT=9:1 ink (c) GO:CNT=1:1 ink, and (d) 

GO:CNT=3:7 ink. For these cases we obtain an average temperature coefficient of resistance (TCR) 

Ŭ of Ŭ ~ ī8.6Ĭ10ī3/0C, ī2.0Ĭ10ī3/0C, and  ī1.7Ĭ10ī3/0C, for GO:CNT =9:1, GO:CNT=1:1, 

and GO:CNT=3:7 inks  [for each type of ink, Ŭ  is calculated as àŪ(1/R_ref )((R_T-R_ref)/(T-

T_ref ))~1/R_(T=28^0 C)   ((R_(T=80^0 C)-R_(T=28^0 C) ))/(52^0 C), where RT is the resistance 

at temperature T]. 
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2.2.3 Shape-driven arrest of the coffee-stain effect in the GO:CNT ink 

One of the central challenges of syringe printing is to ensure that the traces printed with 

the particulate inks do not form ñcoffee-stainò-like deposits.21,38-43,58,59 After printing/depositing 

the traces of the particulate ink by a particular printing mechanism (e.g., syringe printing or 

aerosol-jet 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 

three-phase-contact-line (TPCL) between the ink, substrate and air gets pinned to the 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 evaporation-driven flow 

and (b) the random forces due to thermal effects. Invariably for the micron-sized particles, the 

advective forces become dominant, ensuring that the particles, following the direction of the 

evaporation-mediated flow, are driven towards the TCPL.45,46 As a consequence, the micron-sized 

particles self-assemble in the vicinity of the TPCL leading to the formation of the coffee-stain 

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 scale inversely 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 at the air-liquid interface instead of being driven towards the three-phase contact 

line.44 As a consequence, these particles will get deposited at any wetted location of the substrate 

once the evaporation is completed and the air-liquid interface has disappeared.44 Accordingly, for 

an ink drop evaporating on a highly ñphilicò surface, it is possible that the coffee-stain effect might 

disappear and there is the formation of a film where the nanoparticles are uniformly distributed.44 
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Of course, it should be pointed out here that in several cases, even the NPs form the coffee stain 

effect.47-50 

Typically, conducting inks are composed of metallic nanoparticles and the printing is 

carried out on substrates that are ñphilicò to the ink. Therefore, the probability of the formation of 

the coffee stain effect is significantly reduced, although not completely eliminated, as evidenced 

by several recent studies.38-43,56,57 On the other hand, our ink is composed of micron-scale GO 

flakes and nanoscopic CNTs. Therefore, the dominant particulate length scale is the micron scale 

and therefore, following the classical understanding associated with the coffee-stain deposits as 

discussed above, one would anticipate a coffee-stain-like deposit of the printed ink following the 

evaporation. 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 Figs. 2.5(a, b, c)]. The presence of such uniform deposits, where the 

coffee-stain effect has been nullified, becomes evident from the surface profilometry 

measurements [see Figs. 2.5(a-ii, b-ii, c-ii)] that confirm a maximum value that remains nearly 

constant for a significant stretch near the center 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 GO-CNT-laden inks of different weight combinations). Such uniform particle deposition 

(i.e., the arrest of the coffee stain effect) for the ink with microscale GO-CNT aggregates, making 

the ink syringe printable and capable of producing printed traces that are not hampered by the 

formation of coffee stain effect, is the central scientific message of this paper. In fact, such CNT-

GO-based inks have been extensively used for other applications that do not involve 3D printing. 

All of those applications (and accordingly, the use of GO as dispersants in CNT solutions) become 
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possible since the ink shows such an evaporation-driven uniform particulate deposition despite the 

dominant length scale being micron scale.    

Our key hypothesis is that the GO of the GO-CNT ink is responsible for this arrest of the 

coffee stain effect. In order to confirm this hypothesis, we conduct separate drop evaporation 

experiments with (a) only SWCNTs [see Fig. 2.6(a-d)] and (b) only GO [see Fig. 2.6(e-h)]. For 

each case, we consider four different 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 Fig. 2.6(a-i) to Fig. 2.6(d-i)] as well as detailed surface profilometry measurements 

[see Fig. 2.6(a-ii) to Fig. 2.6(d-ii)]. On the other such microscopic images [see Fig. 2.6(e-i) to Fig. 

2.6(h-i)] as well as the surface profilometry measurements [see Fig. 2.6(e-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 Fig. 2.6(b-i) to Fig. 2.6(b-vi)]. These results confirm our hypothesis: the flake-shaped 

(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 studies that have reported the formation of such coffee ring in drop evaporation 

experiments with pure CNTs.60,61 

For explaining this coffee-stain arresting effect of the GO of the GO-CNT ink, we invoke 

the study of Yunker et al.,51 who showed that the coffee stain effect gets suppressed in the presence 

of microscopic particles that are ellipsoidal rather than spherical. When the evaporation-driven 

flow drives these particles towards the air-liquid interface (it is this same evaporation-driven flow 

that causes the accumulation of the spherical microscopic particles at the TPCL, leading to the 

coffee-stain effect), the anisotropic shape of the particle strongly disturbs the air-liquid interface 
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inducing a large long-ranged inter-particle capillary attraction. This capillary interaction 

overcomes the effect of the forces from the TPCL-directed evaporation-induced bulk advective 

flows and accordingly, there is the formation of loosely-packed structures at the air-liquid 

interface. Such structures at the air-liquid are analogous to those that are witnessed for 

nanoparticles, where the random forces dominate over the forces from the evaporation-triggered 

advective transport ï here it is the capillary forces induced by shape anisotropy of the particles that 

dominate over the forces from the advective transport, causing the formation of such structures at 

the air-liquid interface. These structures eventually ensure that one finds a uniform deposit of the 

particles on the wetted substrate once all the liquid has evaporated and the air-liquid interface has 

disappeared.  

For the present case, the GO-CNT particle can be approximated as an ellipsoidal micron 

scale particle with large aspect ratio e (e >> 1) between the major and minor axes of the ellipsoid. 

This parameter e gives a measure of the sphericity of particle with e =1 representing a spherical 

particle. This ellipsoidal geometry results from the CNT-GO ˊ-ˊ interactions mediated outgrowth 

of nanoscale CNTs from the surfaces of the two-dimensional micron-scale GO flakes. Yunker et 

al. showed that for an ellipsoidal particle with e=3.5, the shape anisotropy effect becomes 

significant ensuring a uniform deposit of the ellipsoidal particles overcoming the coffee-stain 

effect.51 For our case, this shape anisotropy is much larger (i.e., e>>3.5) due to the 2D nature of 

the GO flakes. Accordingly, one observes a uniform deposit of the CNT-GO particles ensuring the 

3D-printability of such CNT-GO inks.  
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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) GO-CNT-laden ink with a weight ratio of GO:CNT=9:1, (b) GO-

CNT-laden ink with a weight ratio of GO:CNT=1:1, and (c) GO-CNT-laden ink with a weight 

ratio of GO:CNT=3:7. For each of the cases (a-c), we provide (i) the top-view of the deposits 

formed after evaporation, and (ii) the surface profilometry measurements (for the section identified 

in i) quantifying the extent of uniformity of the deposits. For all the cases, we consider a 

concentration of 5 mg/ml.   
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In Fig. 2.6 that will follow, please provide the comparison for a concentration of 5 mg/ml as well.   

 

 

Figure 2.6. (a-d) Deposits obtained from the drop evaporation experiments with pure SWCNTs 

demonstrating the coffee stain formation as evident from the top-view microscopic images of the 

deposits [see (a-i) to (d-i)] and the surface profilometry measurements [see 6(a-ii) to 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, and 

(d) 5 mg/ml. For the surface profilometry measurements, we identify the peaks at the locations 

that correspond to the edge of the drops confirming the formation of the coffee ring. (e-h) Deposits 

obtained from the drop evaporation experiments with pure GO particles demonstrating the arrest 

of the coffee stain formation as evident from the top-view microscopic images of the deposits [see 

6(e-i) to 6(h-i)] 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, (f) 3 mg/ml, (g) 3.5 mg/ml, and (h) 5 mg/ml. 

Note that to better reveal the difference between Pure SWNT ink and pure GO ink at 5 mg/ml, the 

Figures (d-ii) and (h-i) were taken under over-exposure mode in the microscope. 
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2.2.4 Syringe Printing with the GO-CNT Ink 

Fig. 2.7 demonstrates the different types of printed components that we achieve with our 

fabricated, syringe-printable GO-CNT ink. In Fig. 2.7(a), we demonstrate the printing of straight 

lines on flat and uncoated FR4 substrate as well as on 3D-printed, curved, PDMS-coated PLA 

(Polylactic Acid) surface. In Fig. 2.7(b), we show parallel printed lines on a curved (inner radius 

of curvature of approximately 135 mm), PDMS-coated, 3D printed surface of the PLA for different 

ink compositions [i.e., GO:CNT=3:7 and GO:CNT=9:1]. In Fig. 2.7(c), we show such printed 

traces on PDMS-coated, 3D printed PLA surfaces with progressively increasing curvatures (with 

radii of 50 mm, 65 mm, and 120 mm).  

With this GO-CNT ink, we also syringe print embedded structures, which will serve as the 

first-step to develop 3D-printed CNT-based nanocomposites. Fig. 2.7(d, left) shows the schematic 

of such a possible embedded structure, whose architecture will consist of several layers of polymer 

with intervening layers of printed traces (or printed networks) of GO-CNT 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 printed with GO-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 possibility of in-situ printing of conformable 

CNT-based nanocomposites. 

Fig. 2.7(e) shows the different patterns printed with GO: CNT = 1:1 and GO: CNT=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 for the serpentine (or sensor-like) 

pattern is measured using a two-probe system [see Fig. 2.7(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 resistance-vs-temperature plot of 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, the larger decrease 

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 percentage on the TCR for printed straight-line 

traces. For all the measurements of the resistance of the sensor patterns, the response time is 1-3 

seconds. In this experiment, negative TCR of Ŭ~ī1.7Ĭ10ī3/0C and xxx are obtained for the sensor 

patterns printed with GO:CNT=3:7 and GO:CNT=1:1 inks . Along with that, we obtain a resistance 

drop (per unit temperature) of ī1ɋ/0C and ī4ɋ/0C (between the temperature of 260C to 750C), 

strengthening the possibility of using such inks for fabricating highly sensitive, conformal, 3D 

printed temperature sensors (there are examples of CNT-based sensors62 that have worked with 

much lower resistance drop per unit temperature, e.g., ī0.3ɋ/0C). In fact, the significant drop in 

resistance within the temperature window of 250C-400C (particularly for the sensor printed with 

the GO:CNT=1:1 ink) makes this ink an excellent candidate for 3D-printed wearable body 

temperature sensors.63,64 Here we refrain from providing the resistance-vs-temperature variation 

for the sensor pattern printed 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 long sensor pattern the overall resistance reached Mɋs, thereby making it very difficult to 

make a precise quantification.  
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Figure 2.7. (a, left) Printed straight-line traces (printing speed = 300 mm minī1) of GO : CNT (3 : 

7) ink on bare FR4 flat surfaces. (a, right) Printed straight-line traces (printing speed = 300 mm 

minī1) of GO : CNT (3 : 7) ink on a curved, 3D-printed, PDMS-coated PLA surface. (b) Printed 

straight-line traces (printing speed = 150 mm minī1) of GO : CNT ink of different compositions 

(GO : CNT = 3 : 7 and GO : CNT = 9 : 1) on a curved (inner radius 135 mm), 3D-printed, PDMS-

coated PLA surface. (c) Printed straight-line traces (printing speed = 300 mm minī1) of GO : CNT 

= 9 : 1 ink on a 3D-printed, PDMS-coated PLA surface of different radii of curvature (the curvature 

progressively increases as the radius progressively decreases from 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 the GOïCNT ink. (d, right) Actual syringe printed 

(printing speed = 150 mm minī1) embedded structures with three coated PDMS layers with two 

intervening layers of 3D printed networks of the GOïCNT ink on a curved surface with an inner 

radius of 80 mm. (e-i,ii) Sensor patterns printed with (e-i) GO : CNT = 3 : 7 ink and (e-ii) GO : 

CNT = 1 : 1 ink. (e-iii,iv) Spiral patterns printed with (e-iii) GO : CNT = 3 : 7 ink and (e-iv) GO : 

CNT = 1 : 1 ink. In (e-i,ii), the sensor patterns were printed using a speed of 150 mm minī1 for 

the straight segments of the patterns and using a speed of 200 mm minī1 for the curved segments 

of the patterns. In (e-iii,iv), the spiral patterns were printed using a speed of 150 mm minī1 to 300 

mm minī1. (f and g) Resistance-vs.-temperature variation, measured using a two-probe system, 

for the sensor pattern printed with (f) GO : CNT = 1 : 1 ink and (g) GO : CNT = 3 : 7 ink. The 

corresponding average TCR is Ŭ Ḑ ī7 Ĭ 10ī4/ÁC and Ŭ Ḑ ī3 Ĭ 10ī4/ÁC for the patterns printed 

with the GO : CNT = 1 : 1 and GO : CNT = 3 : 7 inks, respectively. This average TCR for the 

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

T).  
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2.3 Conclusions 

In this study, we report the development of a syringe-printable, well-characterized CNT-

based ink with GO serving as a dispersant. The printing becomes possible due to the unique 

ellipsoidal-particle-shape-mediated arrest of the coffee-stain effect despite the GO-CNT particles 

being of the micron scale. Therefore, we anticipate that this study will open up new directions for 

ink manufacturers to consider adding specific shaped particles to the ink (without significantly 

compromising the functionality of the ink) for preventing coffee stain induced detrimental effects 

on the printed components. With this GO-CNT ink, we have printed lines on flat and curved (with 

different degrees of curvature) polymer-coated surfaces. These printed lines show acceptable 

mechanical adhesion to the polymer layer and demonstrate temperature-dependent resistance with 

significantly large negative temperature coefficient of resistance. Such findings establish the 

possibility of developing highly sensitive CNT-based, printable, conformable temperature sensors. 

Furthermore, we achieve highly stable multi-layer embedded polymer-GO-CNT-ink-network 

system by printing polymer layers in a layer-by-layer fashion and introducing printed GO-CNT 

network in the intervening layers between the polymer layers. We achieve such polymer-GO-CNT 

embedded laminates on a curved surface. Such structures establish the great potential of our 

developed ink and processes to ensure 3D printed CNT-based 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 oxide (GO) that 

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 single-walled CNTs available in powdered form from Carbon Solutions, Inc. CNT powder was 

dissolved in the GO aqueous dispersion with the aid of additional distilled water and ultrasonic 

vibration (Cole-Parmer 8890, which provides a 42 kHz output frequency and a timer to control the 

sonication time, is applied for the purpose). Without additional DI water, the solid material 

concentrations for the three combinations of GO-CNT 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 GO solution 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 solvent. Only distilled water, SWCNTs and the GO 

aqueous dispersion 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 printing inks were measured and plotted as a function 

of the shear rate using a commercial rheometer. All the inks were sonicated for 30 minutes using 

an ultrasonic bath before conducting the viscosity measurement. Since the GO: CNT=3:7 ink 

showed the best conductivity as compared to the CNT-GO ink of other compositions, the viscosity 

measurements of this GO: CNT=3:7 ink under different solid material concentrations (5.6 mg/ml, 

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

2.4.3 Printing 

 The printing of the GO-CNT 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 movements, which in turn controlled 

the 3-dimensional nozzle trajectory coordinates and the printing speed. Printing with three 

different GO-CNT ink was carried out on different substrates such as bare and flat FR4 surface 

and polymer-coated 3D-printed curved PLA surfaces of different radii. G-codes for complicated 

patterns were written and loaded for printing different kinds of patterns, including letters, and 

spirals and sensor patterns. We also print the curved PLA surfaces using the Prusa MK2, which is 

standard commercial FDM (Fused Deposition Modeling) 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 and substrate 

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 head was lifted step by step (with each step 

being 0.1 mm) until the ink material can be smoothly extruded. Similar approaches have been 

applied for determination the feed rate and the travel speed: for these printing parameters (feed 

rate and travel speed), a series of values were attempted until straight lines with desirable properties 

could be stably printed. 

2.4.4 Drop Evaporation Test and Surface Profilometry Measurements of the Evaporation-

triggered Deposits 

Drop evaporation tests were conducted for drops of GO-CNT 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 GO-CNT 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 been subjected to 

sonication for 15 minutes before conducting the evaporation drop tests at ambient room conditions. 

A micropipette was employed to deposit droplets with constant ςπʈ, volume and a Nikon Coolpix 

L830 on a tripod was applied to control the distance and the focus for capturing the image. The 

evaporation dynamics of the GO-CNT 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 captured 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 the GO-CNT (of all the 

three compositions) as well as the pure GO-laden drops, were conducted using the Tencor P-1 

Long Scan Profiler. Profilometry analyses were conducted on four samples, corresponding to each 

type of the drop (three types of GO-CNT drop and one pure GO drop). The profilometer 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 software Origin. 

2.4.5 Resistance Measurements 

4-probe measurements were conducted to obtain the resistances of the printed straight 

traces of the GO-CNT 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 all the three 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 variation in the micromorphology of these different traces printed with the 

same ink. 

2.4.6 Resistance-vs-Temperature Measurements 

 4-probe and 2-probe (using a simple multimeter) systems were used to measure the 

resistances as a function of the temperature for printed straight lines traces and printed sensor 

patterns, respectively. For both the cases, a hotplate was placed under the substrate to ensure and 

maintain a uniformly enhanced temperature. An IR thermometer (Omega OS730K) and K-type 

thermocouples (with 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 high-quality 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 surface-view SEM analysis, the printed 

trace was placed flatly on the carbon tape, while for the cross-sectional 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 edge of the printed trace was aligned with the SEM-stage 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. Fig. S2.1(right) shows a sample G-code that was written and loaded in the 

Repetrel software for printing a 70 mm straight line. 

 

Figure S2.1. (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 have identified the printing speed and the pulse rate.  

Figure S2.2 provides the images for more printing results. 
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In Fig. S2.3 we provide the picture of the rheometer that was employed to measure the 

apparent viscosity of the ink under different combinations and conditions. 

Figure S2.2. (top) Printed straight-line 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 PDMS-coated FR4 substrate 

with GO:CNT=3:7 ink. 

 

Figure S2.3. Rheometer for ink viscosity measurements. 
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To determine the resistivity ɟ of the printed straight-line traces from the measured 

resistances R, the following formula was utilized:  

ʍ Ὑ ȟ   (S1) 

where ὸȟύ, and ὰ stand for the thickness, width, and the length of the measured printed 

traces, respectively. Figure S2.4 presents experimental setup for measuring the length and the 

width of the printed straight-line traces.  

In Figure S2.5, we show our profilometry measurements of the thickness of the traces 

printed on the PDMS-coated FR4 surface. Profilometry was also used to determine the typical 

coating thickness of the PDMS layer. 

 

 

 

Figure S2.5. Set-up for the width measurements using a microscope (left) and the length (right) 

measurement using a ruler for the printed straight-line traces. 
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Surface profilometry measurements were also employed for measuring the thickness of the 

printed traces (See Figure S2.6). It was revealed that increasing the weight 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.  

 

FigureS2.6. Surface profilometry measurements of the printed straight-line traces with (a) GO: 

CNT=3:7, (b) GO:CNT=1:1, and (c) GO:CNT=9:1. 

 

Figure S2.5. Profilometry measurement for the thickness of the coated PDMS layer (left) and the 

thickness of the GO-CNT ink traces printed on the PDMS-coated FR4 substrate (right). 
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Additionally, Fig. S2.7 provides a screenshot of a typical Line Edge Roughness (LER) 

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

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

 

Subsequently, the resistance of the printed straight-line traces was obtained using the 4-

probe measurement [see Fig. S2.8(b)]. The standard deviation of resistivity „  at temperature Ὕ 

can be calculated using the equation S2 and S3. 

„ „  „ „ „    (S2) 

„ „  „ „ „   (S3) 

  

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 ink) 
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Table 2.1 summarizes the resistance, the dimensions needed to calculate the resistance, as 

well as the line edge roughness of the straight-line traces printed with the three different inks.   

 

Averaged 

Width  

(Unit: mm)  

Averaged 

Thickness 

(Unit: ἵ) 

Averaged 

LER 

(Unit: ἵ) 

Averaged 

Length 

(Unit: mm)  

Averaged 

Resistance 

(Unit: Ý) 

GO:CNT 

= 3:7 

ςȢπφπȢρσ σȢωωπȢτψ 
χωȢσφ

τςȢψτ 
υȢφχ πȢφφ ψρȢχπ ωȢφπ 

GO:CNT 

= 1:1 

ςȢτυπȢςπ σȢρςπȢσς 
χυȢτχ

φφȢσπ 
υȢψ πȢχρ τπωȢυπ ρψȢσχ 

GO:CNT 

= 9:1 

ςȢτφπȢπσ σȢπσπȢπω 
χρȢρχ

ρτȢςω 
υȢρω πȢτφ 

ρπȢρσ

ςȢσρ ρπ 

  

Table2.1. Average values of the resistance of the straight-line traces printed with three different 

types of inks. The resistances were measured at T~ςς ᴈ.  The average values of the different 

dimensions of the straight lines used to calculate the resistances are also provided. The thickness 

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 straight-line 

traces, we built a flexible probe system for exploring the relationship between resistance of the 

printed traces and the substrate temperature. In Figure 2.8, we present a 4-probe system with a 

hotplate to measure the TCR of a printed trace (printed using GO: CNT = 3: 7 ink). Figure 2.8 

provides the experimental schematic and experimental setup, while Figure 20 provides the V-I plot 

under different surface temperatures obtained using the 4-probe measurement system 

 

Figure S2.8. 4-Probe measurements for straight-line traces lines printed with GO: CNT = 3:7 ink 

on a hotplate whose temperature can be controlled. (Left) Schematic. (Right) Experimental Setup. 

The same four-probe measurement has been used to quantify the resistance of the straight-line 

traces printed with GO: CNT = 3:7, 1:1, 9:1 inks at a fixed temperature (22 Ņ)  
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Employment of a coating is sometimes necessary to create a conductive trace for the SEM. 

However, the coating material (either gold or carbon coating) has a relatively larger particle size 

compared to the CNTs, which made the CNTs non-visible 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 prepared for the SEM analysis, no conductive coating layer was added 

(see Fig. S2.10). 

 
FigureS2.10. SEM specimen preparation without additional coating. (a) Ink droplets on 

aluminum foil. (b) Specimen for obtaining top-view SEM. (c) Specimen for obtaining cross-

sectional SEM. 

Figure S2.9. V-I plot at surface temperature of 1). T = 28 Ņ , R = 2138 Ý; 2) T = 36 Ņ , R = 2038 

Ý; 3). T = 47 Ņ , R = 1970 Ý; 4). T = 62 Ņ , R = 1934 Ý; 5). T = 80 Ņ , R = 1892 Ý. 
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Micropipettes were employed for droplet experiments. A DragonLab Micropipette was set 

at ςπ ʈ, to ensure the volume of each deposited droplet was almost identical. Digital camera 

Nikon Coolpix L830 was applied for obtaining the 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 Figure 22, we show (a) the micropipette applied for droplet deposition, (b) 

set up for capturing the optical image of the evaporating droplet, and (c) set up for the profilometry 

measurements using the Tencor P-1 long scan profilometer. 

 

 

  

Figure S2.11. (a) Micropipette for droplet volume control; (b) set up for capturing the optical image 

of the evaporating droplet,  and (c) set up for the  profilometery measurement (using Tencor P-1 

long scan profilometer) for quantifying the thickness variation of the deposits resulting from the 

evaporation of the CNT-GO-laden or pure GO-laden 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. 

Figures S2.12 and S2.13 present the detailed experimental recordings for the droplet evaporation 

experiments. 

 

 

FigureS2.12. Pictures showing the evaporating drop (and the corresponding post-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 when the drop is fully evaporated). 



 

76 

 

 

Fig. S2.14 provides a schematic for the description of the dimension of printed serpentine 

(sensor-like) patterns. Figs. S2.15 and S2.16 provide the surface profilometry measurements (for 

the thickness and the edge roughness) and the optical imaging (for the width) of the different 

sections of the sensor-like patterns printed with the GO: CNT=1:1 and GO:CNT=3:7 inks.  From 

the optical images shown in Figs. S2.15 and Figs. S2.16, we can find that the width of the patterns 

printed with the GO:CNT = 1:1 is more uniform. 

 

Figure S2.13. Pictures showing the evaporating drop (and the corresponding post-evaporation 

deposits) for a drop of GO: CNT = 9:1 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 when the drop is fully evaporated). 
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Figure S2.14. (a) Schematics for newly printed serpentine patterns to validate the printability and 

reproducibility; (b). G-codes applied to print those patterns (Minor differences among different 

patterns, with printing speed ranging from 100 mm/min to 300 mm/min) 

Figure S2.15. 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 serpentine trace printed with GO:CNT=1:1 ink having a concentration 

of 7.5 mg/ml. 
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Figure S2.16. 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 serpentine trace printed with GO: CNT=3:7 ink having a 

concentration of 7.5 mg/ml. 
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Figs. S2.17 and S2.18 provide 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 GO: CNT=1:1 and GO: CNT=3:7 inks.  From the microscopic 

images shown in Figs. 28 and Figs. 29, it can be observed that here too those patterns printed with 

GO: CNT = 1:1 ink is more uniform than the patterns printed with GO: CNT = 3:7 ink. 

 

 

Figure S2.17. 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. 
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Finally, based on the fact that resistance of the printed patterns is significantly larger than 

contact resistance, the TCR measurement for printed, sensor-like pattern [see the right of Fig. 

S2.19(a)] employed a 2-probe multi-meter. IR thermometer and thermocouples were applied to 

determine the substrate surface temperature. The experimental setup and the IR thermometer are 

shown in the Figure S2.19(b) and S2.19(c), respectively 

Figure S2.18. 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=3:7 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. 
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Figure S2.19. TCR measurements for printed sensor-like patterns with GO: CNT = 1:1 ink. (a-

right) Printed sensor patterns. (b) Experimental setup. (c) IR thermometer. 
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R. A.; Ke, C. Hierarchical Cǒ Assembly Enhanced Direct Ink Writing. Angewand. Chem. 2018, 

57, 5105-5109. 

13Feng, C.; Zhang, M.; Bhandari, B. Materials Properties of Printable Edible Inks and Printing 

Parameters Optimization during 3D Printing: A Review. Crit. Rev. Food. Sci. Nutrition 2018 doi: 

10.1080/10408398.2018.1481823. 

14Secor, E. B.; Hersam, M. C. Emerging Carbon and Post-Carbon Nanomaterial Inks for Printed 

Electronics. J. Phys. Chem. Lett. 2015, 6, 620-626. 

15Fu, K.; Yao, Y.; Dai, J.; Hu, L. Progress in 3D Printing of Carbon Materials for Energy̌Related 

Applications. Adv. Mater. 2017, 29, 1603486. 

16Hoeng, F.; Denneulin, A.; Bras, J. Use of Nanocellulose in Printed Electronics: A Review. 

Nanoscale 2016 8, 13131-13154. 

17Kamyshny, A.; Magdassi, S. Conductive Nanomaterials for Printed Electronics. Small 2014 10, 

3515-3535. 

https://doi.org/10.1080/10408398.2018.1481823


 

84 

 

18Flowers, P. F.; Reyes, C.; Ye, S.; Kim, M. J.; Wiley, B. J. 3D Printing Electronic Components 

and Circuits with Conductive Thermoplastic Filament. Additive Manuf. 2017, 18, 156-163. 

19Leigh, S. J.; Bradley, R. J.; Purssell, C. P.; Billson, D. R.; Hutchins, D. A. A Simple, Low-Cost 

Conductive Composite Material for 3D Printing of Electronic Sensors. Plos One 2012, 7, e49365. 

20Fu, K.; Wang, Y.; Yan, C.; Yao, Y.; Chen, Y.; Dai, J.; Lacey. S.; Wang, Y.; Wan, J.; Li, T.; 
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Chapter 3: Ultra-thin and Ultra-sensitive Printed Carbon-Nanotube-based 

Temperature Sensors Capable of Repeated Uses on Surfaces of Widely 

Varying Curvatures and Wettabilities2F

*
 

Abstract 

In this chapter, we demonstrate the ability to fabricate temperature sensors, by using our 

newly developed carbon-nanotube-graphene-oxide (CNT-GO) ink to print temperature-sensitive 

traces on highly flexible, thin, and adhesive PET (polyethylene terephthalate) tapes, which in turn 

are integrated on surfaces of different curvatures and wettabilities. Therefore, the strategy provides 

a facile, low-cost, and environmentally friendly strategy to deploy printed temperature sensors on 

surfaces of widely varying curvatures and wettabilities. The temperature sensing occurs through a 

thermally-induced decrease in the resistance of the printed traces and we quantify the 

corresponding negative temperature coefficient of resistance (Ŭ) for different conditions of 

curvatures and wettabilities. In addition, we identify that at low temperatures (below 150 C), the 

printed traces show an Ŭ value that can be as large (in magnitude) as 60Ĭ10-3 /0C, which is several 

times higher than the typical Ŭ values reported for temperature sensors fabricated with CNT or 

other materials. Furthermore, we achieve the printing of traces that are only 1 ï 3 ɛm thick on 50-

ɛm thick PET film: therefore, our design represents an ultrathin additively fabricated temperature 

sensor that can be easily integrated for wearable electronic applications. Finally, we show that 

despite being subjected to repeated temperature cycling there is little degradation of the CNT-GO 

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. Dasgupta, and S. Das, 

ñUltra-thin and Ultra-sensitive Printed Carbon-Nanotube-based Temperature Sensors Capable of Repeated Uses on Surfaces of 

Widely Varying Curvatures and Wettabilitiesò, ACS Applied Materials & Interfaces, 2021, 13 (8), 10257-10270, 
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3.1. Introduction 

The ability to integrate sensors, capable of sensing temperature, strain, humidity, pressure, 

perspiration, body movement, and heart-pulse monitoring, on surfaces of widely varying 

curvatures, topology, stretchability, and wettability is critical to the endeavor of developing 

wearable electronics1-22 and electronics integrable on surfaces of highly curved and complex 

geometries (e.g., surfaces of Li-ion batteries, turbine blades, flight surface wings of military jets, 

etc.). There has been significant recent progress in developing printed temperature sensors on 

flexible surfaces.5-7,23-29 Carbon-based or metal-based materials (such as carbon nanotubes or 

CNTs5,24, graphite flakes23, metal NPs6, etc.) blended with polymers [such as PDMS 

(polydimethylsiloxane) or UV-curable resin] have been widely explored to fabricate widely 

deployable temperature sensors with good temperature sensitivity.5,23 Moreover, researchers have 

also been choosing to print these sensors on flexible substrates such as Polyimide (PI), Polyester 

(PET) or Poly Ethylene Naphtalate (PEN) thin films6,27,29 to ensure that the printed sensors are 

more easily integrable in different systems. Special design configurations have been employed in 

some cases to achieve strain-tolerant sensors printed with nanoparticle-based or nanomaterial-

based inks. For example, Yan et al. fabricated graphene-based temperature sensors on PDMS 

substrate, and the temperature sensors remained functional up to 50% strain.7 Also, Li et al. 

developed a printable silver nanowire (AgNW)-based composite sensor that is sensitive to both 

temperature and strain, and the response to each parameter can be decoupled for accurate sensing.28 

In another study, Xin et al. printed temperature-sensing networks using SWCNT/MWCNT/AgNW 

ink in combination with PDMS, which made the temperature sensitivity of the sensor independent 

of the strain, up to a large strain range.26 
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In this paper, we report the printing of ultra-thin and ultra-sensitive CNT based temperature 

sensors that are integrable on surfaces of widely varying curvatures and wettabilities and are 

capable of repeated use. The sensors are in the form of straight-line traces printed from our recently 

discovered30 binder-free Carbon-Nanotube-Graphene-Oxide (CNT-GO) ink [see Figs. 3.1(a,b)] 

that has shown good temperature-sensing capabilities as well as excellent uniformity in the 

distribution of the particles within the printed and dried traces.30 The presence of the flake-like GO 

particles ensures that the CNT-GO aggregates form uniform deposits by arresting the coffee-stain 

effect (following the principle of ellipsoidal particle shape mediated arrest of the coffee stain 

effect31), while the presence of the CNT in right proportion provides the necessary temperature-

dependent conductivity (with a negative temperature coefficient of resistance, as witnessed for 

standard CNT-based systems24) to the printed traces. These traces are printed on flexible and 

adhesive PET tapes [see Figs. 3.1(c-e)] that are later adhered to surfaces of different curvatures 

and wettabilities [see Figs. 3.1(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 quantification of the properties and the temperature responsiveness of the 

printed CNT-GO temperature sensors show three critical facets. First, the CNT-GO traces show 

an extremely high negative temperature coefficient of resistance (TCR) (~-60×10-3 /0C) at low 

temperatures (<150C). We demonstrate, by providing a detailed comparison against the 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 CNT-GO traces, serving as temperature sensors, can be 

extremely thin (with thickness as small ~1 ï 3 ɛm) [please see the inset of Fig. 3.1(c)]. Considering 

the 50 ɛm thickness of the PET film on which these traces are printed [please see the inset of Fig. 
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3.1(c)], we are able to design an ultra-thin temperature sensor that can be favorably integrated for 

applications stringently demanding the use of low-weight, flexible and small-size components 

(e.g., application of wearable electronics). Third, we find that despite several (3 ï 5) cycles of 

temperature sensing, there is very little degradation in the micro-structure of the CNT-GO traces 

(and hence, unlike in other CNT-based temperature sensing studies,23 these traces show very little 

progressive increase in the resistance with repetitive temperature cycles) enabling the repeated use 

of the printed CNT-GO-trace-bearing PET films as durable temperature sensors. These three 

salient features, coupled with the ease of fabricating (using a binder-free, non-toxic 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 ultra-thin and ultra-sensitive printed 

temperature sensors that are capable of repeated use 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 ñpeel and stickò thin film sensors that have been extensively used in different applications 

ranging from building energy management,32 bio-sensors to detect organophosphates,33 and 

sensors used in internet-of-things (IoT) applications.34 The present study adopts such widely used 

ñpeel-and-stickò concept to additively fabricate ultra-thin (of only a few microns thick), ultra-

sensitive temperature sensors (showing extremely high TCR values for low temperature ranges), 

which by the virtue of its ñstickò capabilities could be easily integrated on surface of various 

curvatures and wettabilities 

  



 

95 

 

 

  

Figure 2. (a) Sample of the CNT-GO ink with CNT: GO=1:1 weight ratio. (b) Example of syringe 

printing with this CNT-GO ink using Hyrel Hydra 16A 3D printer. (c) Schematic of syringe 

printing with this CNT-GO ink on a flexible and transparent PET film. Here we provide an inset 

to show the dimensions of the printed traces and the PET film, confirming the ultra-thinness of the 

printed sensor. (d) Example of printed CNT-GO-trace-bearing flexible PET tape. ú Examples of 

CNT-GO 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 adhesive CNT-GO-trace-

bearing PET tape on a coffee cup (representing a mandrel-like structure 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 CNT-

GO-trace-bearing PET tape on a hydrophobic surface [whose possible microscopic structure is 

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 the different experimental steps. 

3.2.1 CNT-GO Ink Fabrication 

The printable CNT-GO 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 single-walled CNTs that were procured in powdered form from Carbon Solutions, Inc. The 

GO dispersion (5mg/ml Single-Layer Graphene Oxide Aqueous Dispersion), on the other hand, 

was purchased online from Goographene online services.35 It consists of GO flakes whose 

dimensions range from several hundred nanometers to several microns in the XY plane and 0.7-

1.2 nm in thickness. The CNT is the P3-SWCNT (SWCNT: Single Walled Carbon Nanotube) 

obtained from Carbon Solution. The CNTs have bundle lengths in the range of 500nm-1.5µm and 

a bundle diameter of 4-5nm. To fabricate printable GO-CNT 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 considered the CNT-GO 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 well-dispersed. The fabricated ink showed a shear-thinning behavior, 

characterized by its viscosity decreasing from approximately ρπ Pa.s to ρπ Pa.s as the shear 

rate increased from 10-3 to 102 s-1.30 Such shear-thinning behavior is necessary to make the ink 

syringe printable. 36,37 
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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)]. Reservoir-based printing head designed for syringe printing (SDS-10) with 10 ml capacity 

was applied in this study. G-codes were directly written to program the printing parameters [tool 

path, motion speed, feeding rate (pulses per second), etc.] through a tablet controller connected to 

the 3D printer to print the desired patterns (see Ref.30 for more details). In this study, straight-line 

patterns of different lengths were printed for testing purposes. Printing was conducted on various 

substrates, such as flexible polyester plastic (PET) film (thickness: ~50 ‘ά) with an adhesive back 

and hydrophobic fiber boards (both substrates were purchased from Mcmaster-Carr supply 

company). The printed traces were subjected to room-temperature evaporation after printing, 

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 P-1 long scan profilometer) measurements (See Fig. 3.2) 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-1 long scan profilometer) measurements (See Fig. 3.2) 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 curved surface, 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 microscopic structure 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 CNT-GO traces printed on flat PET film and 

(ii) the CNT-GO traces printed on the PET film that was adhered to a curved surface, subjected to 

several temperature cycles and then removed from the curved surface and reattached to a flat 

surface. To ensure the consistency of the printed traces, ESEM (Environmental SEM) was chosen 

instead of high-voltage SEM, and no conductive coatings were added during the specimen 

preparation. This made the specimens less conductive and therefore the CNTs are less clearly 

visible in the images.  

 

3.2.5. Measurement of the temperature-versus-resistance variation for the traces on curved 

surfaces 

 For this measurement, we adhere the CNT-GO-trace-bearing PET film to the surface of a 

16 ounce coffee cup (bought from Amazon), which has the shape of a variable-radius mandrel 

where the radius of curvature increases as one goes from the bottom 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, 2-probe measurements with a multimeter (Fluke 23 Series II) were performed for electrical 

characterization. Silver paste was used to coat the ends of the printed traces to ensure better 
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contacts and copper lead-wires 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 

thermo-couples were adhered near the printed traces of the coffee-cup. The change of surface 

temperature was controlled by adding hot/cold water and ice inside the coffee cup, and resistance 

changes were simultaneously recorded. 

For each selected location on the surface of the coffee cup (representing a distinct 

curvature), resistance-vs.-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 cooling ramp are together considered as one complete cycle). The 

resistivity of the printed traces for the different curvatures have been quantified in Section S6 in 

the appendix of this chapter. 

3.2.6. Measurement of the drop contact angle 

 Quantification of the hydrophobic/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 in the appendix). A drop was deposited on the hydrophobic 

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 comparison between the droplet contact 

angle on the hydrophobic hard fiber substrate and the PET film is provided in the appendix.  

3.2.7. Measurement of the temperature-versus-resistance variation for hydrophobic surfaces 

 PET films, containing printed CNT-GO-traces, were adhered to hydrophobic surfaces such 

as fiber boards (direct syringe printing on such surfaces is not possible). The temperature-versus-
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resistance measurements were conducted using a 2-probe measurement setup. A hotplate was used 

to change the surface temperature and the temperature is monitored using the same thermometer 

HH12C. 

3.3. Results 

3.3.1 Characteristics of the Printed Traces 

 We first characterized the printed traces by conducting profilometry (surface roughness) 

and ESEM measurements. 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 measurement results (shown in 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 locations where there are no CNT-GO traces [see Fig. 

3.2(a)] for obtaining the reference roughness of the PET substrate/film, (ii) for the CNT-GO traces 

printed on flat PET film prior to subjecting the PET film to bending and deformation [see Fig. 

3.2(b)], (iii) for the CNT-GO traces printed on a PET film adhered to a curved surface with the 

PET film remaining in that configuration during the profilometry measurements [see Fig. 3.2(c)], 

and (iv) for the CNT-GO traces printed on a PET film that was adhered to the curved surface 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 Fig. 3.2(d)]. The average thickness of the printed traces is 

approximately between 1 to 3 ‘ά, and no obvious differences in surface roughness and height 

distribution across the trace were noticed from the profilometry data for the printed and dried CNT-

GO traces subjected to different conditions. This is evident from Figs. 3.2(e) and 3.2(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 (trace-free) PET film. In our previous paper,30 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 present study) as dispersants led to the arrest of the 

coffee stain effect. This stemmed from the fact that the flaky nature (an extreme form of ellipsoidal 

structures) of the GO-CNT aggregates/particles ensured that the particles were able to severely 

disturb the air-water interface, which in turn triggered long-range capillary interactions that 

overwhelmed the influence of the evaporation-mediated ñcoffeeò-stain forming advective forces 

leading to this uniform particle deposition. Findings from Fig. 3.2(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 cracks on the printed and dried traces. We 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 deposition 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 bending and deformation 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 CNT-based sensors fabricated with CVD or drop-casting 

methods, the thickness of the features of this direct printed CNT-GO patterns was found to be 
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significantly smaller, which would enable these patterns (serving as sensors) to be integrated more 

easily into thin flexible and wearable electronic systems. 

 

Figure 3. (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 provides 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) of the printed straight-line 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 blue line, see the figure to 

the left) of the printed straight-line CNT-GO traces on the PET film adhered to the curved surface. 

The profilometry measurements were conducted with the CNT-GO-trace-bearing 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 the 

central part (i.e., along the blue line, see the figure to the left) of the printed straight-line 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 FR4 surface. The profilometry measurements were 

conducted with the CNT-GO-trace-bearing PET film remaining in this flat configuration. 
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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 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 where the trace 

is present.  

Optical microscopy and ESEM images for the printed and dried CNT-GO traces under 

different conditions have been provided in Figure 3.3. The set-ups for the ESEM measurements 

are presented in the appendix. The GO agglomeration regions could be observed in both situations 

(before and after treatments such as bending, folding and cycles of temperature-resistance testing) 

[see Figs. 3.3(a-iii) 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 

paper,30 the CNT networks are not distinctly visible, stemming 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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3.3.2 Temperature Sensing on Curved Substrate 

 To demonstrate that the printed CNT-GO traces can serve as temperature sensors under 

various conditions, the CNT-GO-trace-bearing adhesive and flexible PET films were adhered to 

substrates of different curvatures or wettabilities and the resistances of the corresponding CNT-

GO traces on these PET films were measured as functions of temperature. The sensitivity of these 

Figure 4. (a-i) Optical microscopy images (the yellow line in the figure represents the scale bar of 

1 mm) of printed and dried CNT-GO traces on a flat PET film before bending and testing. (a-ii) 

ESEM images (at a smaller magnification; the yellow line in the figure represents the scale bar of 

400 ɛm) of the printed and dried CNT-GO traces on a flat PET film before bending and testing. 

(a-iii) ESEM images (at a larger magnification; the yellow line in the figure represents the scale 

bar of 20 ɛm) of the printed and dried CNT-GO traces on a flat PET before bending and testing. 

(b-i) Optical microscopy images (the yellow line in the figure represents the scale bar of 1 mm) of 

printed and dried CNT-GO 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). 

(b-ii) ESEM images (at a smaller magnification; the yellow line in the figure represents the scale 

bar of 400 ɛm) of the printed and dried CNT-GO traces on a flat PET after bending and testing. 

(b-iii) ESEM images (at a larger magnification; the yellow line in the figure represents the scale 

bar of 20 ɛm) of the printed and dried CNT-GO traces on a flat PET after bending and testing. 
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printed CNT-GO traces as possible temperature sensors is characterized by measuring the extent 

of the change of their resistances [R(T)] as a function of temperature (T).  

Figure 3.4 describes the experimental set-up, the resistance-vs-temperature variations, and 

the sensitivity quantification of the CNT-GO traces (serving as potential temperature sensors) on 

surfaces of different curvatures. Fig. 3.4(a) shows the CNT-GO traces printed on the PET substrate 

and adhered to a curved surface (a coffee cup). In Fig. 3.4(b), the set-up for continuous monitoring 

of temperature and resistance change is shown (the details have been discussed in the previous 

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 in Fig. 3.4(c).  

Fig. 3.4(d-f) provides the variation of the resistance (R) as a function of temperature (T) 

for the printed CNT-GO 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, the resistance-vs-temperature variation of this particular printed 

trace will represent the resistance-vs-temperature variation at this particular curvature. We show 

this resistance-vs-temperature variation corresponding to separate heating and cooling cycles for 

three different curvature values [see Figs. 3.4(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 cycle as compared to the cooling cycle. Similar 

behaviors have been observed in the CNT-based thin films manufactured by Karimov et al.38 This 

difference in resistance-versus-temperature variation between the heating and cooling cycles can 

be attributed to the difference in how the CNT conduction network modifies as a response to the 

temperature changes in heating and cooling cycles.39,40 More interestingly, we find that for all the 
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curvature values, the resistance change for a given range of temperature is much steeper at low 

temperatures (T<150 C). 

In Figs. 3.4(g-i), we provide the variation of the resistance ratio, R/R0 (see the caption of 

Fig. 3.4 for the definition of R0) with temperature, for different curvatures. Although we obtained 

large noise level in R-vs-T variation at each curvature [please see Figs. 3.4(d-f)], the variation of 

R/R0 for each trace in the same temperature range shows a much smaller error bar.  

In Figs. 3.4(j-l), 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 or TCR (Ŭ) as well as  as functions of temperature. In order to calculate Ŭ, which 

is expressed as ɻ4  [where 24  is the mean value of the resistance at the 

temperature T] as well as , we first fit the experimental data for the resistance-vs-temperature 

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

MATLAB) of the form: R(T) = aebT + cedT, which is similar to the models used for other studies 

with CNT based sensors.41,42 Non-weighted non-linear least square formulation is used for the 

fitting process. The a, b, c, and d values (describing the 2-term exponential fit of the Resistance-

vs-temperature experimental data) and the computed statistical parameters (described in the 

appendix of this Chapter) quantifying the quality of the fit are tabulated in the appendix of this 

chapter. In these tables, we provide the data corresponding to three CNT-GO traces printed on 

surfaces of different curvatures and subjected to heating and cooling cycles. The parameters 

quantifying the quality of the fit indicate that our 2-term exponential function provides a 

satisfactory fit to the experimental data. Besides, to determine if there is an overfitting of the data, 

PRESS (or Predicted Residual Error of Summed Squared) based statistics and cross validation 
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techniques were applied (please see section S3.5 in the SI for more details confirming the quality 

of the fit). Once the values of a, b, c, and d of the mean resistance or resistance change have been 

obtained using the fit, we use this exponential relationship to determine unknown temperatures 

and obtain   [the variation of   with T for each of the three curvature values has been provided 

in the insets of Figs. 3.4(j-l)] and ɻ4Ȣ  The temperatures can then be measured using the 

relationship R(T) = aebT + cedT, where the a, b, c, and d are 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 of R/R0 for each trace is much smaller comparing to the R(T) 

variations, and for CNT-GO traces with known R0 at 25 ᴈ, the unknown temperature (T) can be 

more accurately determined by 
 ᴈ

 ÁÅ   ÃὩ , where the ὥȟὦȟὧȟÁÎÄ Ὠ are new 

parameters determined from the fitting of mean resistance change values. However, in this case, 

we have obtained different set of fitting constants between heating and cooling cycles. The 

existence of hysteresis has brought challenges in actual applications 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 Chapter 7. 

For all the different cases reported, we observe a negative ɻ4Ȣ This result is consistent 

with many other CNT-based temperature sensors.22-25,38,43-45 Such a negative ɻ for the CNT-based 

systems can be related to the scattering effects,43 which lead to a decrease in the carrier mobility 

of individual CNTs at higher temperatures. Another possible reason for this negative ɻ, as 

explained by Dinh et al.,43 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 CNTs to stretch 

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 temperatures.23 This explains this negative value of ɻ. The most important finding of 

Figs. 3.4(j-l) is the fact that the sensitivity of the printed CNT-GO traces serving as potential 

temperature sensors is very high at low temperatures (< 150C), as compared to that at higher 

temperature values. For example, for some of the specimens, the resistance decreases at low 

temperatures (i.e., when the temperature changed from 10 ᴈ to 25 ᴈ) is 5 times larger in 

comparison to the resistance change at higher temperatures (i.e., when temperature further changed 

from 25ᴈ to 50 ᴈ). In our previous study,30 we noticed an averaged linear TCR [‌

] of ‌ͯ πȢχ ρπ Ⱦᴈ  to ‌ͯ ς ρπ Ⱦᴈ for CNT-GO traces (with GO: 

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

of 26 ᴈ to 80 ᴈ. We also measured the average resistance drop, which was approximately 

σȢυ ɱȾᴈ for the sensor patterns printed with this ink. All those measurements were conducted 

on flat substrates.30 Here, on the contrary, for printed 5-cm-long traces on a PET film adhering to 

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

ɱȾᴈ at the temperature range approximately from 10 ᴈ to 50 ᴈ.  Especially, it could be noticed 

that in the temperature-dependent ‌ plot, much higher ‌ values were observed at lower 

temperatures. The highest ‌ was obtained at the lowest tested temperatures for all the printed 

samples, and its mean value nearly reached -60 ρπȾᴈ for 5-cm long printed traces adhering 

to a curved surface with a radius of curvature of 4 cm (i.e., diameter of curvature of 8 cm). Finally, 

in Table 7 in the Discussions section, we compare the ɻ values obtained from the present study 

(for low temperature ranges) against ɻ values 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 sensors for curved 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 

the fit using the 4-parameter exponential fit, we vary the fitting function (and accordingly, vary 

the number of parameters governing the fitting function) and study the various goodness-of-fit 

measures (these measures have been extensively described in section S5 in the SI) for these new 

fitting functions. Also, in section S5 in the SI, we provide the measures that confirm that the 4-

parameter exponential fitting functions do not ñoverfitò the data. We consider five more fitting 

functions: (1) two-parameter exponential model (denoted as exp-2), (2) three-parameter 

exponential model (denoted as exp-3), (3) 3-parameter quadratic equation model (denoted as poly-

3), (4) 4-parameter cubic equation model (denoted as poly-4), and (5) 5-paramter 4th-order 

polynomial equation model (denoted as poly-5). All the details have been provided in section S7 

and Tables 14-16 in the appendix. We study how various goodness-of-fit measures for these 

models, when they are used to fit the resistance-vs-temperature variation for a given 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 exp-2, exp-3, and exp-4 (our case 

of 4-parameter exponential model is denoted as exp-4 model) fitting functions (please see Tables 

15-17 in the appendix). We clearly see that the different goodness of fit parameters are almost 

equal for exp-3 and exp-4 models. Also, we find that the resistance and TCR for the given 

temperature predicted by the exp-3 and exp-4 are very close. On the other hand, when compared 

with the poly-3, poly-4, and poly-5 models, we find that goodness-of-fit measures are significantly 
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better for the exp-3 and exp-4 models (see appendix). This also justifies our choice of using the 4-

parameter exponential model. 
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3.3.3 Temperature Sensing on Hydrophobic Substrate 

Direct 3D printing on hydrophobic surfaces has always been a massive challenge, 

stemming from the inability to deposit continuous traces on such surfaces. We use our CNT-trace-

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 these trace-bearing PET films 

on these hydrophobic surfaces.  

Fig. 3.5(a) shows the equilibrium CNT-GO ink-drop equilibrium contact angle 

measurement on the selected hard fiber board. The contact angle is ρͯπχЈ confirming the low 

wettability (or the phobicity) of the substrate with respect to the CNT-GO ink drop. After 

identifying its wettability, test printings were conducted with the CNT-GO ink directly on this 

Figure 5. Resistance-vs-temperature measurements as functions of curvatures. (a) Printed CNT-

GO-trace-bearing flexible adhesive PET films adhering to the outer surface of the coffee cup. (b) 

Experimental set-up indicating that the temperature of the outer surface of the coffee cup is 

regulated by adding either hot or cold water inside the coffee cup. (c) Experimental set-up for 

measuring the curvature at a given vertical height along the coffee cup. (d-f). Resistance-vs-

temperature variations 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 in (d-f). Furthermore in (d) to (f), fittings with 

two-term exponential model have been employed to indicate the overall trend of 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 have plotted (a) the raw data for the resistance-vs-temperature variation 

corresponding to each trace and each heating and cooling cycle for CNT-GO traces printed on 

surfaces of different curvature and (b) provided the corresponding 4-parameter exponential fit for 

each of the data set corresponding to the resistance-vs-temperature variation for a given trace, 

given heating/cooling cycle, and given curvature. (g-i) Variation of the ratio R/R0 [where R0 is 

the resistance at T=25ᴈ corresponding to a given (heating or cooling) 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 been provided in (g-i).  (j-l) Sensitivity (of the printed traces) quantification by 

reporting the variation of Ŭ and  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, and (l) 8 cm (with 

blue and red lines indicating the cases of cooling and the heating cycles, respectively). 
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surface. As shown in Fig. 3.5(b), we fail to print continuous traces of the ink on this hydrophobic 

substrate confirming that it is not possible to directly print on this surface.  

Fig. 3.5(c) shows the resistance-versus-temperature testing measurement set-up for the 

case where the CNT-GO-trace-bearing adhesive PET films have been adhered to this hydrophobic 

hard fiber board. This strategy enables using the temperature-responsiveness of the CNT-GO 

traces coupled with the ability of robust printing of the CNT-GO 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 temperature on hydrophobic surfaces. Fig. 3.5(d) provides the variation of 

the resistance of the printed traces with temperature and the fitting is obtained using the two-term 

exponential model [similar to the one provided in Figs. 3.4(d-f)]. The detailed parameters 

describing the fit as well as the goodness of the fit have been provided in Tables in the appendix. 

From this fit, we are able to quantify   and ɻ4  [where ὙὝ is the mean value of 

the resistance at the temperature T]. Fig. 3.5(e) shows the change of resistance ratio, R/R0 with 

temperature. While there is a large noise level for the resistance value, R/R0 shows a much smaller 

variation (or a much smaller error bar). Variation of ɻ with the temperature is provided in Fig. 

3.5(f). Given that we are only using a hotplate to control the temperature, we are able to test the 

effect of temperatures ranging from approximately ςυᴈ to 70 ᴈ, i.e., we are unable to go 

significantly below the room temperature. Under such circumstances, while ɻ still shows a 

negative value, its magnitude varies from ρ ρπȾᴈ to ς ρπȾᴈ. This is in the similar 

range as our previous study.30 Most importantly, these experiments confirm the capability of our 

technique to provide temperature sensing across surfaces with wide range of wettabilities.  

  



 

114 

 

 

 

 

Figure 6. (a) Contact angle measurements of CNT-GO 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 CNT-GO inks on the hard fiber boards. (c) Printed CNT-GO-trace-bearing 

adhesive PET film adhered to this hydrophobic surface and the resistance measurement set-up 

used to measure the R-vs-T variation of these traces on the PET film adhered to the hydrophobic 

surface. (d) Average resistance-vs-temperature variation for the CNT-GO 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 the two-term exponential model 

indicating the overall trend of R-vs-T variation. (e) Variation of the ratio R/R0 (where R0 is the 

resistance at T=250C) as a function of temperature for the CNT-GO traces printed on the PET film 

adhered to the hydrophobic surface. Since here we quantify the R-vs-T variation by subjecting the 

CNT-GO traces to only heating cycles (i.e., conducting the experiments with hotplate), R is never 

larger than R_0  (RŮR_0) (f) Variation of à as a function of temperature for the CNT-GO traces 

printed on the PET film adhered to the hydrophobic and in the inset we provide the corresponding 

variation of dR/dT as a function of the temperature. 
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3.4 Discussions 

3.4.1 Uniform particulate distribution within the CNT-GO ink traces printed on the PET film 

 Printing of traces with particulate inks raises the concern of possible non-uniformity in 

particle distribution in the printed and dried traces. The science governing such non-uniformity is 

the well-known ñcoffee-ringò or ñcoffee-stainò formation. During the drying process (either 

through evaporation or sintering), as the solvent is removed, the ink particles are subjected to a 

large advection force that drives these particles towards the three-phase contact line (TPCL), 

enforcing a non-uniform accumulation of the particles at the TPCL forming a ring-like structure 

that resembles the formation of ñcoffee-ringò. Non-uniform deposition has been linked to resulting 

in a poorer quality of the 3D-printed structures printed with different materials (such as metal 

oxide, ceramics, and carbon-based materials, etc.).46-48 In our previous study,30 we showed that 

while pure CNT-based inks indeed formed such coffee-stain, in CNT-GO inks the presence of the 

CNT-GO aggregates ensured that the formation of such coffee-stain could be arrested. We argued 

that the flaky nature of the CNT-GO aggregates (primarily resulting from the flake-like structures 

of the GO particles) ensured that these particles experienced long-range capillary interactions, 

which became more dominant than the ñcoffee-stainò inducing advective forces, causing a uniform 

particle deposition. Our hypothesis was based on a study by Yunker et al.,31 who showed that 

ellipsoidal particles did not form coffee stain on account of such shape-dependent generation of 

the long-range capillary interactions: the flaky shape of the CNT-GO aggregates represented an 

extreme form of the ellipsoid leading us to make such a hypothesis. We see such suppression of 

the coffee-stain (or the formation of uniform deposits) for all the cases studied here. We believe 

that in addition to such shape-dependent arrest of the coffee-stain effect, the substrate used here 

(PET film) also contributes to the arrest of the coffee stain. Almoiqli et al. compared the thickness 
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distribution between direct printed iota-carrageenan (IC) MWCNT (multi-walled 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 traces.49 This makes us believe that in 

addition to the fact that there is the particle-shape-mediated arrest of the coffee-stain caused by the 

presence of flaky CNT-GO aggregates, the use of the PET films 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 trace, in order to ensure that there is enough material across the entire 

width of the printed 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 printed CNT-GO traces by the 

use of GO flakes as dispersant in the CNT-based ink as well as the use of PET as the printing 

substrate is intricately connected to the idea of printing ultra-thin temperature sensors. Of course, 

given our strategy of printing the traces on 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.g., 

superhydrophilic/superhydrophobic patterning,50 coating by hydrophobic self-assembled 

monolayers,51 micro-texturing,52 etc.)  to the surface on which such traces are printed.   

3.4.2 Reversible use of the CNT-GO-ink traces bearing PET tapes 

 Stability over several temperature cycles is an important parameter for CNT-based 

temperature sensors.23 Wu et al. observed an increase in resistance after each heating and cooling 

cycle (from 40ᴈ to ψπ ᴈ and back) for the CNT-PDMS based printed temperature sensors.23 

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 PDMS not recovering fully to the original 

condition due to the irreversible change in the CNT micro-structure after several temperature 

cycles.23 It is worthwhile to note that most remarkably in our printed sensor patterns with 

homemade CNT-GO inks, no obvious degradation was noticed even after three temperature cycles. 

ESEM characterizations after three cycles of temperature-resistance measurements showed no 

visible change in the size and distribution of GO-CNT agglomeration [See Fig. 3.3(b)]. We can 

associate two possible reasons for such a behavior. First, it is the relatively small maximum value 

of the temperature selected for our case (e.g., 40 to 50 ᴈ for the case of temperature sensing on 

curved surfaces, see Fig. 3.4), while Ref. 23 considered a much larger value of the maximum 

temperature (~80 ᴈ). Of course, given that we are interested in the application of the CNT-GO 

traces as potential temperature sensors (by leveraging their ability to reversibly change their 

resistances with a change in the temperature) and the fact that beyond 40-500 C, there is very little 

temperature-dependent 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 smaller value. The 

second possible reason associated with the CNT-GO traces demonstrating no thermal degradation 

even after several temperature cycles can be the choice of the materials and their thermo-physical 

properties. For example, Wu et al. considered the CNT network to be embedded inside the PDMS 

matrix. The coefficient of linear thermal expansion for PDMS (~300 ppm/ᴈ 53) is much larger 

than that of the PET (~70 ppm/ᴈ, as indicated by the product datasheet) and Graphene Oxide (that 

might even demonstrate negative coefficient of linear thermal expansion in some cases54) that 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 larger degradation 
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of the CNT network (embedded in the PDMS matrix23), which 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 progressive decrease in the adhesion 

capability of the PET tape with repeated use, thereby limiting the reversible use of the printed-

CNT-GO-trace-bearing PET films.  

It is critical to note here that for the resistance-vs-temperature variation measured for all 

the different 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 resistance-vs-temperature 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 3-5 temperature cycles. Furthermore, we conducted an extended temperature 

cycling (for 150 hours; this is equivalent to 150 cycles as one cycle takes approximately one hour 

to complete). We did not see any large relative resistance change (Ў2Ⱦ2) over cycles (see 

appendix), which indicates good durability of our printed temperature sensors (for more details, 

please see the following section as well section S3.9 in the SI). 

3.4.3 Thermal Cycling Durability of the Printed CNT-GO Sensors 

 We have tested the thermal cycling durability of the printed CNT-GO sensors by 

conducting new experiments, where the CNT-GO printed traces were placed inside a programmed 

environmental chamber and were continuously monitored. The chamber was programmed to 

provide desired temperature cycles ranging from τπᴈ ÔÏ ρςυ ᴈ, with a ramping rate of 8 

ᴈȾminute. In this added experiment, our printed GO-CNT traces survived over 150 hours of 

temperature cycling (this is equivalent to 150 cycles as one cycle takes approximately 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 change (Ў2Ⱦ2) over cycles, which indicates good durability of 

our printed temperature sensors against temperature/thermal cycling. For more details, kindly refer 

to section S9 in the appendix. 

We shall like to point out here that the proposed sensors are likely to experience different 

types of long-term degradation throughout their life-cycle due to different 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 long-term degradability 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 performed here do not quantify such long-term 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 CNTs is hardly affected by the presence of different gases 

of inert or oxidizing character across a large temperature range (250C to 3000C) and only the 

presence of hydrogen as ambient gas has some effect in  altering the electrical conductivity of the 

CNTs across this temperature range.55 On the other hand, GOs or r-GOs (reduced Graphene 

Oxides) are known for their interactions with various gases and accordingly, they are often used 

for sensing of these gases.56,57 Therefore, it is highly possible that the GO of the CNT-GO sensors 

will interact with the ambient gases, which in turn might lead to a long-term degradation of these 

CNT-GO sensors. Quantifying such long-term degradation of the CNT-GO sensors will hence 

necessitate testing these sensors by exposing them to different ambient gases 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 thermo-mechanical 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 

carbon-based, for our case) and dielectric layers, can cause failures in the printed structures and at 

various interfaces. This study includes preliminary temperature cycling as a qualitative exploration 

of any gross vulnerability to such cycling thermo-mechanical stresses. Results show that the 

printed CNT-GO sensors are reasonably robust and can withstand such cyclic stress exposures. 

Long-term cyclic fatigue durability studies under cyclic thermo-mechanical stresses will require 

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

3.4.4 Ultra-thinness of Printed Temperature Sensors 

 Our simple direct-writing method is successful in printing conductive CNT-GO traces that 

are extremely thin (i.e., has an extremely small z height) ranging from ρ ὸέ σ ‘ά (see Fig. 3.2), 

supported on a 50-‘ά thick 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 dimensions.1,21,58 In Table 5 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 our 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 

Thickness 

Manufacturing 

Methods 

Current 

work 
CNT-GO Temperature 

Trace: (1 ï 3 

‘ά +  

PET substrate: 

~ 50 ‘ά 

Syringe 

Printing 

3 SWCNT-PDMS Strain 

SWCNT thin 

film (each 

layer): 6 ‘ά 

PDMS: 1 mm 

CVD 

9 
WS2 film on 

PDMS substrate 
Humidity 

PDMS (55 ï 

200 ‘ά)+WS2 

film: 1 nm 

Sputter-

deposited 

11 PPy/PU Strain 

PPy layer: 40 

‘ά +PU 

substrate 

(thickness not 

indicated) 

In situ 

polymerization 
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13 
Lead-zirconate -

titanate 
Pressure 

Silicon 

Substrate: ~20 

‘ά; 

PZT structure: 

~ 0.4 ‘ά 

Sol-gel process 

and spin 

coating 

14 
PEDOT: 

PSS/PUD 
Pressure ~0.25 ‘ά Spin-coating 

21 CNT/TPE Strain 

CNT/TPE: ~  

2 ‘ά; 

PDMS: ~ 1 

mm 

Spray coating 

38 MWCNT Temperature 

CNT film: ~30 

ï 40 ‘ά 

Paper 

Substrate: ~ 

100 ‘ά 

Pressure 

assisted direct 

deposition with 

CNT powder 

59 Tin-oxide Temperature 

0.42 ï 1.46 

‘ά 
RF Sputtering 

60 

 

Nickel Temperature 

0.28 ï 0.36 

‘ά 

DC magnetron 

sputtering 

61 

MWCNT-

Graphene 

Temperature and 

humidity 

90 ρπ ‘ά  Drop casting 

62 PEDOT: PSS Temperature 

Printed Lines: 

~ 0.14 ‘ά 
Inkjet Printing 
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(substrate 

thickness not 

indicated) 

63 

Conductive 

Silicon Rubber 

Strain ~ 1 mm 

Embedded 3D-

Printing 

64 

CNT deposited on 

ITO electrodes 

Temperature  

ITO 

electrodes: 

~100 nm  

Glass 

Substrate: 

~150 ‘ά 

  

EBID (electron-

beam-induced-

deposition) 

3.4.5 Ultra-sensitive CNT-based Temperature Sensing 

Numerous techniques have been employed to fabricate temperature sensors using CNT-

based materials.22-25,38,43-45 The ink proposed here is more environment-friendly, compared to 

various other types of CNT-based materials, as it uses simple DI water as solvent without any 

additional surfactants and binders (unlike several other CNT-based materials).  Besides, the 

maximum TCR value that we obtained at low temperatures is over 30 times larger than the average 

TCR value we obtained in our previous study [where we considered the TCR only for larger 

Table3.1. Comparison of the thickness of the sensors between our case and several examples of 

sensors reported in the literature. 
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temperatures (>250C)]. The TCR value for the low-temperature range that we obtained here is also 

much higher than the TCR values for most of the CNT-based temperature sensors or traditional or 

commercial resistance temperature detectors (RTDs) (the TCR values in these devices are typically 

less than ρπρπȾᴈ 38,43-45,59-61 ), for example, the TCR is about τȢσ ρπȾᴈ  for copper 

based RTDs, φȢχ ρπȾᴈ  for nickel based RTDs, and σȢω ρπȾᴈ for platinum based 

RTDs. (please see Table 3.2).  

It is also worthwhile to note that the large TCR values shown by the printed traces at low 

temperatures (normally below 15 ᴈ) could be specially useful in various low-temperature 

applications (e.g., in some research labs or pilot plants).24,42 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 of Li-ion batteries, which operate in an optimal temperature 

range of 15ᴈ to 35ᴈ and show degradation in low temperature range65-67. Since our printed CNT-

GO traces show a large resistance jump below 15ᴈ, it can be used to provide warnings of when 

the temperature of the Li-ion batteries dips below the lower limit of the optimal operating 

temperatures.65-67 Other possible scenarios where our printed CNT-GO sensors can be applied 

include in-situ temperature monitoring in medical and clinical applications68 as well as in food 

industry and refrigeration applications (where the temperatures need to be maintained between 

ς ᴈ ὸέ ρπ ᴈ to maintain a good quality of foods).69 It is worthwhile re-emphasize here that such 

larger TCR values observed for our sensors is primarily attributable to probing the sensor behavior 

at a significantly low temperature. For example, in Ref. 42 the authors have observed similar 

extremely large increase in resistance with a decrease in temperature (and hence very large 

negative magnitude of the TCR, i.e., -0.1 to -0.3 /K-1, which is more than the maximum TCR value 

that we report) at low temperature (namely between 0 to 50K, i.e., at temperature values much 
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smaller than what we work with) for single-walled CNT based material. For instance, in that study 

(Ref. 42), the resistance of the CNT based sensor increased from an initial value at 7.69 Ὧɱ to 623 

Ὧɱ when approaching 0K.  

Finally, in comparison to the strategies involving manufacturing methods such as chemical 

vapor deposition (CVD) and drop casting technique61 or materials such as CNT-based inks 

fabricated using toxic solvents,70 our strategy of syringe-printing temperature sensors with CNT-

GO inks on flexible and adhesive PET film provides an attractive, reproducible, simpler, less 

expensive, and environmentally friendly option for fabricating highly-sensitive, ultra-thin, 

repetitively usable temperature sensors deployable for surfaces of widely varying curvatures and 

wettabilities.  
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Reference Materials 
|TCR|  

ᴈ  

Measured 

Temperature 

Range (ᴈ) 

Manufacturing 

Methods 
Applications 

Highest 

TCR in this 

paper 

CNT-GO ~60 

5 ï 50 (On 

curved 

surface); 

25 ï 70  

(On 

hydrophobic 

surface) 

Syringe 

Printing 
 

22 

PEDOT: PSS-

CNT 

~6 20-50 Screen printing 

Human skin 

temperature 

23 

CNT/ PDMS; 

CNT/FG/PDMS; 

FG/PDMS; 

 

CNT/PDMS: 

1.5 ï 2.8; 

CNT/FG/PDMS 

(with FG: CNT 

= 4:1): ~28 

(Maximum ~ 

200, with only 

FG and PDMS) 

40 ï 80  Screen printing  

38 MWCNT 2.4 ï 2.7 20 ï 75 

Pressure 

assisted direct 

deposition with 

CNT powder 

- 

42 SWCNT Maximum ~300 
-273.15 to -

193.15 

Specialized gas 

distribution 

system 

Cryogenic 
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temperature 

sensor 

43 

CNT yarn 

(without 

solvent) 

~ 0.75 25 ï 80 

Modified 

spinning 

process 

Wearable 

devices used 

for 

temperature 

and airflow 

sensing 

44 

MWCNT 

bundles 

1 ï 2  25 ï 80  

Electrophoretic 

technique 

 

45 

SWNT-CMC 

(sodium 

carboxymethyl 

cellulose) 

~ 3  0 ï 100  

Spray 

deposition 

 

59 Tin-oxide 1.364 ï 2.151 600 ï 900 RF Sputtering  

60 

 

Nickel ~ 3 ~ 25 ï 200  

DC magnetron 

sputtering 

 

61 

MWCNT-

Graphene 

4.6 37 ï 84  Drop casting  
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64 

CNT deposited 

on ITO 

electrodes 

~0.4 25 ï 90   

EBID (electron-

beam-induced-

deposition) 

Small site 

temperature 

sensing 

71 AlN/Pt 0.74 - 1.89   30 ï 900 

DC magnetron 

sputtering 

 

72 SWCNT 6.01 30 ï 100  

CVD 

(Chemical 

Vapor 

Decomposition) 

Small scale 

temperature 

and flow 

measurements 

73 AgNW/PI film 3.32 25 ï 60 

Airbrush-

assisted 

deposition 

(spray coating) 

for AgNW; 

Spin coating for 

PI 

Stretchable 

temperature 

sensors 

74 AgNW  2.8-3.3 -20 ï 20  Molding 

Wireless 

temperature 

sensing 

Table3.2. Comparison of the magnitude (without sign) of the TCR (Ŭ) between our case and other 

types of temperature sensors fabricated with different methods and materials. 
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3.4.6 Challenges associated with the printed CNT-GO traces serving as simultaneous temperature 

and strain sensors 

 It is highly likely that the printed CNT-GO 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 

circumstances, 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 CNT-GO traces on a 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 material 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 cases, decoupling the 

temperature-induced resistance change from the strain-induced resistance change will be necessary 

to pinpoint the temperature sensing capabilities of the CNT-GO sensors. Such decoupling will be 

extremely challenging. In this context, we shall like to understand the possibility of such strain-

induced resistance change for our case. The coefficient of thermal expansion are ρ ρπ /ᴈ for 

CNT,75 φȢχ ρπȾᴈ  for GO sheet,54 and χ ρπ /ᴈ  for PET (from Mcmaster-carr), 

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 than 1%. Furthermore, examples from existing literature indicate 

that resistance change due to a change in strain for CNT-based materials is rather small. For 

example, Ref. 3, points to a gauge factor, which is the ratio of relative resistance change over strain 

(Ў2Ⱦ2ȾЎ,Ⱦ,, of less than 1 (which implies that a 1% of strain causes less than 1% change in 
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resistance) for single-walled-CNT-based strain sensors. Also, for other kinds of deformation 

testing (e.g., ωπЈ twisting), only small relative resistance change (0.5%) was observed for such 

single-walled-CNT-based strain sensor. Such relatively weak variation in resistance with a change 

in strain has also been reported for other types of CNT-based strain sensors.21,26 Under such 

circumstances, and given the fact that 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, strain-induced resistance change will not be significant as compared to the 

corresponding temperature-induced resistance change; therefore, there is little need for decoupling 

the temperature-induced resistance change from the strain-induced resistance change. 

In order to establish this idea of relatively less influence of the strain on 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 to 900 bending and (2) the traces being placed on substrates of different 

curvatures (please see section S10 in the appendix). We find a resistance change between 1% to 

5% at 900 bending. Also, the results for the case of the traces placed on the surfaces of different 

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 temperature-sensing (through 

temperature-dependent resistance variation) CNT-GO traces on flexible and adhesive PET films 

that can be easily adhered to surfaces of widely varying curvatures and wettabilities. This 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 identify the stable microstructure and GO aggregates in 

the printed and dried CNT-GO 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 the traces at a given temperature not changing with the number of temperature cycling 

events, thereby promoting the repeated use of the CNT-GO-trace-bearing adhesive PET films. 

More importantly, the printed traces show a remarkably highly sensitivity (quantified by as large 

a TCR asφπρπ /0C) at low temperatures (<150C). We discuss how this large TCR value 

compares against the TCR values for other types of printed or non-printed temperature sensors and 

also point out the different applications (ranging from Li-ion batteries to food preservation and 

refrigeration) where such high low-temperature TCR properties can be harnessed. Finally, we also 

establish that the printed CNT-GO sensors on thin PET films provide a remarkable example of 

ultra-thin temperature sensor 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 substrates were conducted (see Fig. 

S3.1). The equilibrium contact angle values of the drops on each one of them have been provided 

in Fig. S3.1. We conducted direct syringe printing of CNT-GO traces on each of these surfaces 

and only on the hard fiber (demonstrating a drop equilibrium contact angle of 107Ј) the printed 

traces were not continuous.  
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Figure S3.2 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 are very similar given that the main solvent in the CNT-GO 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 CNT-GO traces on the PET film rather than the hard fiber board. 

 

Figure S3.1. Equilibrium contact angle (ɗeq) of the CNT-GO ink droplet on (a) glass slide (ɗeq 

~43Á), (b) Acrylic (ɗeq ~66Á), (c) Polycarbonate (ɗeq ~85Á), (d) PET film (ɗeq ~59Á), and (e) Hard 

fiber board (ɗeq ~107Á). 
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S.3.2 Profilometry Measurements Setup 

Figure S3.3 shows the profilometry measurements setup.  

 

 

S.3.3 ESEM observations on cnt-go traces on pet under bending deformation 

In-situ observations of printed traces under bending deformations are provided in the 

following Figure S3.4. 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 

Figure S3.2. Water and CNT-GO ink droplets on (a) Hydrophobic hard fiber board and (b) PET 

film (c). Zoomed in views showing the contact angles of water and CNT-GO ink droplets (the 

angles are identical for the water and the CNT-GO ink droplets on a given substrate and hence 

shown only for the CNT-GO ink droplet) on hard fiber (bottom) and PET film (top). 

Figure S3.3. Setup showing the specimen orientation in profilometer chamber for profilometry 

measurements of the height of the CNT-GO traces that are (a) printed on a flat PET film and (b) 

printed on a PET film that is adhered to a curved surface. 
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images for the other two conditions (i.e., before bending and after bending and testing), no 

significant difference was noticed in the micro-structure 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 to focus at higher magnifications.    

 

  

Figure S3.4. 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 

magnifications. 
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S.3.4 Scatter plot and fittings for each temperature cycle for each trace 

Scatter plots for the resistance-vs-temperature variation for each tested trace as well as the 

corresponding four-parameter exponential fit are provided in the following Figures S3.5-S3.7. A 

variation in the resistance value between each trace can be found, but for the same trace, no 

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

 

 

  

FigureS3.5. Scatter plot showing the resistance-vs-temperature variations for each heating (red) 

and cooling (blue) cycles for the three separate CNT-GO traces printed on surfaces of curvature 

of diameter, d = 6 cm. For each case, we provide the four-parameter exponential fit with continuous 

lines  
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FigureS3.6. Scatter plot showing the resistance-vs-temperature variations for each heating (red) 

and cooling (blue) cycles for the three separate CNT-GO traces printed on surfaces of curvature 

of diameter, d = 7 cm. For each case, we provide the four-parameter exponential fit with continuous 

lines  
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FigureS3.7. Scatter plot showing the resistance-vs-temperature variations for each heating (red) 

and cooling (blue) cycles for the five separate CNT-GO traces printed on surfaces of curvature of 

diameter, d = 8 cm. For each case, we provide the four-parameter exponential fit with continuous 

lines  








































































































































































































































































































































































































































































