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ABSTRACT

The fabrication of environmentally friendly printed flexible sensors is still an

emerging technology, but with vast potential applications. Among the available

printing techniques, inkjet printing is considered as a promising technique for

flexible electronics because it enables high volume and versatile manufacturing,

at low environmental impact. This study demonstrates a simple and facile

method of preparing an environmentally benign water-based conductive ink, by

dispersing functionalized and non-functionalized multi-walled carbon nan-

otubes (MWCNTs) in aqueous solution with the help of a biopolymer surfactant.

The concentration of CNTs in the ink formulation was varied from 0.25 to 0.75

wt%, and additives such as triton-x 100, polypropylene glycol, and defoamer

were added to achieve desirable ink properties. Inkjet printable ink was pro-

duced, and it was observed that the conductivity of the printed pattern is

dependent on the printing pass. In addition, it was found that as the number of

printing layer increases, there is higher synergy between concentration and

number of printing pass in F-MWCNTs printed ink to produce higher electrical

conductivity, compared to MWCNTs printed ink. Generally, the findings of this

study could potentially open opportunities for global economic growth through

the applications of printed, low cost and environmentally friendly flexible

sensors.
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1 Introduction

In recent years, there has been a significant interest in

the development of printed flexible electronics. This

technology is growing rapidly and it is envisaged

that the market for printed flexible electronics would

reach $8.5 billion by 2029 [1]. This will undoubtedly

enhance global economic growth. This is partly

because of the vast potential application of this

technology in different sectors including energy

storage [2], touch screens [3], electronic textiles [4]

sensors [5, 6], food security [7], radio frequency tags

[8], electronic paper [9], and health diagnostics [10].

One of the notable processes involved in the fabri-

cation of flexible printed electronics is the production

of conductive inks. The conductive ink industry has

been greeted with an unprecedented bloom in the

past few years [11]. Two kinds of materials such as

noble metal based (copper and silver) [12], and car-

bon based (CNTs and graphite) [13] are commonly

used for conductive inks and each of these class of

materials present peculiar advantages and disad-

vantages. Generally, the wide application of print-

able metals in printed electronics is mainly limited by

their exorbitant prices (like the case of Ag, Au, and

Pt), or poor oxidation properties (as in the case of

Cu). However, carbon nanotubes (CNTs) is consid-

ered as a promising material for printed electronics.

Carbon nanotubes (CNTs) have been extensively

investigated as a potential candidate for nanoelec-

tronics and optoelectronic applications. This is based

on its exceptional physical, mechanical, and electrical

properties, compared to conventional conductive

materials [14]. For instance, unlike Indium tin oxide

(ITO), which may crack with bending, CNTs offer

more reliable option for the fabrication of flexible

sensors [15]. Therefore, different printing techniques

have been developed over the years to integrate the

unique properties of CNTs onto flexible substrate

materials. The common CNT printing techniques

include inkjet printing, screen printing, aerosol

printing, transfer printing, and contact printing.

Among these printing techniques, inkjet printing (IJP)

has become one of the most desirable methods for the

fabrication of flexible and wearable printed elec-

tronics [16]. Particularly, the IJP technology is

promising in the field of printed sensors because it is

an entirely digital technique. Hence, print designs

can be easily altered with little or no additional cost

implication [17, 18]. This makes IJP technique highly

attractive to the production environments, and it is

equally suitable for research and prototyping pur-

poses. In addition, this technique ensures minimal

waste of ink, and it offers the possibility to print inks

over a wide range of layer thickness and line widths,

while maintaining higher edge sharpness of deposi-

tion [19]. Therefore, inkjet printing of CNTs offers a

synergy where the salient features of IJP and the

exceptional properties of CNTs can be exploited.

Nevertheless, the practical feasibility of IJP requires

that several challenges be addressed. Specifically,

recent advances in inkjet printing demands that the

ink is environmentally benign, and easy to process. In

addition, the ink formulation should not be time-

consuming, to facilitate scalable fabrication of func-

tional devices. Furthermore, the ink should possess

suitable fluidic properties including particle disper-

sion, stability, viscosity, and surface tension [19].

Although single-walled carbon nanotubes (SWCNTs)

[20], and multi-walled carbon nanotubes (MWCNTs)

[21] can be used to produce conductive inks, the

interest of this study is on MWCNTs. There are

reports on the synthesis of MWCNT nanofluids by

using different base fluids including water, glycerol,

poly(a-olefin) oil (PA06), silicon oil, and ethylene

glycol [21, 22]. Likewise, the effects of surfactants on

the viscosity and conductivity of MWCNT nanofluids

have been widely investigated [23, 24]. However, the

development of environmentally friendly inkjet

printable carbon nanotube-based conductive ink for

sensor applications has not been fully investigated.

Therefore, in this contribution, we have developed

a simple method to produce highly concentrated,

stable, inkjet-printable, water-based inks by dispers-

ing MWCNTs in water. The ink production does not

involve solvent exchange, chemical treatment, or

other aggressive conditions. Dispersion and stability

of MWCNTs in water was achieved with the help of

gum Arabic which was used as dispersant, and few

other additives. The aqueous dispersion was dis-

pensed on a polyurethane (PU) substrate using a

commercial desktop inkjet printer, and the effect of

MWCNT content and functionalization on the sta-

bility, viscosity, surface wettability, electrical con-

ductivity, and morphology of MWCNT water-based

inks was investigated. In addition, the effect of dif-

ferent printing cycles on the electrical conductivity of

the printed film is reported.
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2 Materials and methods

2.1 Materials

The conductive materials used in this study are

multi-walled carbon nanotube (MWCNTs), and

functionalized MWCNTs (F-MWCNTs). The

MWCNTs, procured from USAINS Holding Berhad

was produced via catalytic chemical vapour deposi-

tion (CCVD) process at the School of Chemical

Engineering, Universiti Sains Malaysia. The MWCNT

([ 95 % purity) has an average diameter of 10 nm

and average length of 1–5 lm. The -OH functional-

ized MWCNT was equally procured from USAINS

Holding Berhad. The dispersant used to facilitate the

dispersion of conductive particles in water is gum

Arabic (GA) (El-Nasr brand) which was procured

from a local supplier. Other materials used in the ink

formulation are Triton-x 100 and propylene glycol

which were used to reduce surface tension and to

increase viscosity of the water-based inks, respec-

tively. These two chemicals were supplied by Sigma-

Aldrich. Furthermore, a silicone-based defoamer,

supplied by a local supplier was used primarily as an

additive to eliminate the bubbles generated, follow-

ing the incorporation of triton-x 100.

2.2 Methods

2.2.1 Ink preparation

The MWCNT and F-MWNCT based inks were pre-

pared using deionized (DI) water as the solvent. The

stepwise procedure for the ink formulation is pre-

sented in Fig. 1. To start with, different wt% such as

0.25, 0.5 and 0.75 wt% (based on preliminary studies)

of the active component (MWCNT or F-MWNCT)

were added into the solvent. Then the solution was

sonicated with 0.5 wt% gum Arabic (GA) for 30 min.

Gum Arabic was incorporated primarily because it is

an efficient dispersant for MWCNT [25]. In addition,

it could help to prevent agglomeration between the

MWCNTs. Subsequently, additives such as triton-x

100, propylene glycol and defoamer were added,

followed by stirring for 30 min using a magnetic

stirrer. At this stage sonication was not used, to avoid

undesirable evaporation of the solvent [11]. Same

procedure was followed for both MWCNT and

F-MWCNT ink formulations (Fig. 1).

2.2.2 Zeta potential analysis

Zeta (f) potential analysis was used to verify the

stability of MWCNT and F-MWCNT colloidal dis-

persions. Specifically, this was performed by mea-

suring the repulsive or attractive forces between

particles of the active ingredients suspended in the

liquid. The f-potential of the samples was obtained

from a ZEN3600 Zeta potential analyzer (Malvern

Instruments, Worcestershire, UK). Prior to measure-

ment, the samples were sonicated for 5 min after

which analysis was performed at 25 �C.

2.2.3 UV–Vis analysis

The UV-Vis spectra of the different ink formulations

were obtained from a Varian Cary 50 Conc, Agilent

Technologies UV–Vis spectrophotometer. This was

used to support the result obtained from the f-po-
tential measurement. Briefly, the formulated ink was

diluted 50 times prior to UV-Vis analysis at room

temperature, and data was recorded from 250 to 600

nm.

Fig. 1 Preparation of MWCNT and F-MWCNT water-based ink
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2.2.4 Viscosity measurement

Appropriate viscosity is needed for inkjet printing of

ink. Therefore, the ink viscosity, , of the different

formulation was measured at a shear rate of 50 s-1 by

a cone and plate rheometer (Physica MCR 301, Anton

Paar Malaysia Sdn. Bhd.).

2.2.5 Contact angle measurement

Wettability of the prepared ink was investigated

through contact angle measurement. The contact

angle was measured by a Rame hart Instrument. Co,

USA goniometer through the sessile drop. The mea-

surement was performed using a droplet volume of 5

lL on a PU substrate. The inks were dropped on the

PU substrate and placed in a Contact Angle

Goniometer which is equipped with an Image ana-

lyzer. Then, a DROPimage Advanced software was

used to obtain the contact angle of the ink droplets.

2.2.6 Printing process

The ink was printed on a stretchable polyurethane

(PU) substrate (medic transparent bandage made of

PU membrane coated with a layer of acrylic adhe-

sive) using an inkjet printer (Canon PIXMA E 510).

For electrical conductivity test, six square patterns

printed with 5, 10, 15, 20 and 25 passes were pre-

pared whereas for stretching test, three dumbbell-

shape patterns with 25 passes were printed. Then, the

printed tracks were cured at 70 �C for 30 min in an

oven prior to further characterization.

2.2.7 Morphological analysis

The structure and morphology of the printed inks at

different printing layers were observed through

scanning electron microscopy. This was performed

on a scanning electron microscope (SEM, FEI Quanta

FEG 450, USA).

2.2.8 Electrical conductivity

Electrical conductivity of the printed PU was mea-

sured with a resistance meter, model Prostat-812,

equipped with a miniature concentric ring fixture

(PRF-912B) as depicted in Fig. 2. The miniature con-

centric probe was placed on the specimen as illus-

trated in Fig. 2. The measurements obtained using

the PRF-912B resistance fixture is approximately

similar with the measurements obtained using a

standard ESD Association Standard ANSI/ESD

S11.11 concentric ring fixture. According to the ESD

standard, to convert a resistance obtained by this

method to an equivalent resistivity in ohms per

square, the measured resistance is multiplied by ten.

The conversion factor of ten is derived from the

geometry of the electrode assembly. Six samples were

tested for each ink category and the averages were

recorded. Then, electrical conductivity was calculated

using the following equation:

r ¼ 1

q
ð1Þ

where r and q is conductivity and resistivity,

respectively.

2.2.9 Stretching test

An INSTRON 5982 universal testing machine with a

1 kN load cell was used to perform the stretching test

by generating uniaxial cyclic strains, with constant

stress, strain and displacement on the printed PU.

Prior to the test, the printed PU was stickled on top of

the stretchable fabric bandage as depicted in Fig. 3.

The fabric bandage serves as a carrier for the thin and

soft PU substrate, for easy handling during stretching

test. A digital multimeter (FLUKE 115) was then

connected to the sensor using crocodile clips to

measure the relative change in resistance as the

samples were stretched.

3 Results and discussion

3.1 Particle dispersion and ink stability

Zeta (f) potential measurement is one of the reliable

techniques to evaluate colloidal dispersions and ink

stability [26]. The f-potential values of the formulated

inks containing different wt% MWCNT and

F-MWCNT are illustrated in Fig. 4. Generally, the f-
potential value indicates the level of electrostatic

repulsion between similarly charged adjacent parti-

cles of the main ingredient in the ink, whereby a

high-positive magnitude ([? 30 mV) or high neg-

ative magnitude ([- 30 mV) of f-potential indicates
good stability [27]. As illustrated in Fig. 4, there is no

significant difference in the f-potential values of the
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MWCNT inks, regardless of the MWCNT concen-

tration. However, it is worthy of note that the f-po-
tential value of the MWCNT inks is close to - 30 mV

which indicates that the inks are relatively stable.

This can be attributed to the presence of GA surfac-

tant which is believed to have caused steric stabi-

lization effect on the dispersed MWCNTs, as

previously reported for graphene based conductive

ink [28].

Non-ionic surfactants like GA are known to pos-

sess a hydrophilic head and hydrophobic tail.

Whereas the hydrophobic tail can be easily adsorbed

onto the MWCNT surface, the hydrophilic segments

could extend into water such that a potential barrier

is formed between the nanotubes as illustrated in

Fig. 5. This might have contributed to the higher

negative magnitude of f-potential values ([- 30 mV)

of the F-MWCNT inks compared to the MWCNT

inks. The presence of additional functional groups on

the F-MWCNTs could help to facilitate its dispersion

in water. This will invariably improve the interaction

between the F-MWCNTs and the GA surfactant by

creating larger surface area for GA adsorption, as

Fig. 2 Measurement of electrical conductivity of the printed PU

Fig. 3 a Printed patterns on PU substrate, b printed PU is transferred onto fabric bandage, c stretching test

Fig. 4 Zeta potential values of MWCNT and F-MWCNT inks at

different concentration such as 0.25 wt%, 0.5 wt%, and 0.75 wt%
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illustrated in Fig. 5. Therefore, the F-MWCNT parti-

cles would remain suspended and dispersed in the

solvent.

3.2 UV–Vis spectroscopic analysis

In addition to f-potential analysis, UV–Vis analysis

was further used to investigate the particle disper-

sion, and stability of the formulated inks. Generally,

the UV–Vis spectroscopy measures the stability of

suspended particles by comparing the number of

individual particles in the aqueous suspension,

through their light absorbance. In the case of CNTs,

only individual particles are absorptive in the UV–

Vis region. On the contrary, particles that are bun-

dled together are generally inactive within this range

[29, 30]. Hence, the concentration of individually

dispersed particles in the suspension would dictate

the light absorbance values. The UV–Vis spectra of

the MWCNT and F-MWCNT inks at different

MWCNT and F-MWCNT concentrations are illus-

trated in Fig. 6.

It is evident in Fig. 6 that the maximum absorption

is in the range of 250–270 nm for all the ink

formulations. Interestingly, this conforms to the

wavelength range of MWCNT dispersions [31]. Sig-

nificantly in this region, the absorbance value of the

inks increased as the concentration of active ingre-

dient of the ink increased (same for MWCNT and

F-MWCNT). However, the absorbance peaks of

F-MWCNT inks are higher than MWCNT inks for all

the concentrations investigated. This is an indication

that at the same concentration, there are larger

numbers of individually dispersed F-MWCNTs than

MWCNTs in the formulated inks [29]. This may be

attributed to the improved interaction between the

GA surfactant and F-MWCNTs as discussed in

Sect. 3.1, perhaps due to the presence of additional

functionalities on the surface of the F-MWCNTs

compared to the MWCNTs. The presence of -OH

groups on the surface of F-MWCNT would create

plenty surface area for the adsorption of the disper-

sant (GA) molecules. The increased amount of GA

adsorption on the F-MWCNT surface will invariably

improve the dispersion of F-MWCNT [29]. This

might have contributed to the higher absorbance of

F-MWCNT, probably due to presence of larger

numbers of individually dispersed F-MWCNT com-

pared to the non-functionalized MWCNT.

3.3 Ink viscosity

Asides good stability and excellent dispersion,

another important criterion for ensuring good print-

ability of formulated water-based inks is that the ink

should have good viscosity and low surface tension.

Generally, sufficient viscosity helps to generate

stable drops from the nozzle during printing, and this

is commonly achieved using additives. On the other

hand, the surface tension of water-based inks should

be reduced so that it is lower than the surface energy

of the substrate. This is because too high surface

tension could cause the ink droplets to remain in the

nozzle of the cartridge, which is highly undesirable

Fig. 5 Possible mechanism of GA stabilization effect for the dispersion of MWCNTs in water

Fig. 6 UV–Vis spectra of MWCNT and F-MWCNT inks
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[32]. In this study, propylene glycol was used as co-

solvent to increase the ink viscosity, whereas triton-x

100 was used to decrease the surface tension of the

ink. This in turn could help to disrupt the weak

Marangoni flow, which helps to reduce the coffee-

ring effect [33]. The results of ink viscosity measured

by using a rheometer, for the different ink formula-

tions are presented in Table 1. As presented in the

table, it is evident that the viscosity of the inks is in

the range of 1.37 to 3.97 mPa s. Significantly, the

viscosity value increased with increasing concentra-

tion of MWCNT/F-MWCNT. This can be attributed

to increased number of GA-induced dispersed par-

ticle, as the concentration of MWCNT/F-MWCNT

increases. Shin et al. [34] have previously reported

that an ideal ink for inkjet printing should have a

viscosity in the range of 1–20 mPa s. Therefore, it can

be inferred that the inks formulated in this study

meets the viscosity requirement for inkjet printing.

Nevertheless, it is worthy of note that the F-MWCNT

inks exhibit higher viscosity than MWCNT inks

(Table 1). This is believed to be due to the presence of

additional functionalities on the F-MWCNT surface

which might have facilitated better interaction of the

particles with GA, thereby improving dispersion, and

invariably the ink viscosity.

3.4 Wettability

Contact angle measurement was used to evaluate the

wettability of the formulated inks, by placing drops

of the ink on a PU substrate. The contact angle of the

ink droplet was then measured using a goniometer.

Hydrophobic or partially hydrophilic surfaces such

as PU would normally repel water molecules such

that a drop of liquid on their surface would not wet

the surface, thereby forming a large contact angle.

The contact angle of the different ink formulations is

illustrated in Fig. 7 while the actual values are

included in Table 1. As can be seen in Table 1; Fig. 7,

the contact angle of the MWCNT and F-MWCNT

inks are significantly low (\ 40�), at all the concen-

trations investigated. This is an indication of good

wetting ability. Unlike organic solvents, water is

known to possess a relatively high surface tension,

because of the strong cohesive interaction between

water molecules. In this study, the presence of sur-

factants such as GA and triton-x 100 in the formu-

lated inks might have helped to reduce the surface

tension of water as the surfactant molecules accu-

mulate on the water-air interface due to their

amphiphilic structure. This will invariably reduce the

cohesive forces between the water molecules at the

surface. In turn, the surface tension will become

reduced such that the liquid spreads out more easily

on a given surface, thereby lowering the contact angle

[32].

Significantly, it can be observed from the data in

Table 1 that as the concentration of the main com-

ponent (MWCNT/F-WMCNT) in the ink increases,

there is a subsequent decrease in contact angle. For

instance, the contact angle decreased from 35.94� for
0.25 wt% MWCNT to 33.12� and 25.36� for 0.5 and

0.75 wt% MWCNT inks, respectively. Likewise, the

Table 1 Viscosity and contact

angle of MWCNT and

F-MWCNT inks, and surface

energy of the substrate during

contact angle measurement

Sample Viscosity (mPa s) Contact angle (�) Surface energy (mJ/m2)

0.25 wt% MWCNT 1.37 35.94 61.52

0.5 wt% MWCNT 1.61 33.12 62.96

0.75 wt% MWCNT 1.92 25.36 66.59

0.25 wt% F-MWCNT 2.63 30.15 64.41

0.5 wt% F-MWCNT 2.80 26.29 66.18

0.75 wt% F-MWCNT 3.97 23.46 67.40

Fig. 7 Contact angle of MWCNT and F-MWCNT inks deposited

on PU substrate, and surface energy of the PU substrate during

contact angle measurement

12654 J Mater Sci: Mater Electron (2021) 32:12648–12660



contact angle decreased from 30.15� for 0.25 wt%

F-MWCNT ink to 26.29� and 23.46� for 0.5 and 0.75

wt% F-MWCNT inks, respectively. This notable de-

crease in contact angle as particle loading was

increased is attributed to increased particle-surfactant

interaction which might have increasingly reduced

the cohesive forces between the water molecules. It is

noticeable that the F-MWCNT inks exhibit lower

contact angle which indicates better wettability. This

can be possibly attributed to higher hydrophilic

property of F-WMCNT which might have facilitated

better dispersion in water, thereby creating more

space for interaction with the surfactants. Improved

interaction between the F-WMCNTs and the surfac-

tant would invariably reduce the cohesive forces

between the water molecules, thereby lowering the

contact angle.

Figure 7 also shows that the surface energy of the

substrate for the different ink formulations is inver-

sely proportional to the contact angle of the ink.

Specifically, at low contact angle, the surface energy

is high. This is a further indication that the ink wet-

tability and adhesion to substrate is improved as the

cohesive forces are reduced and contact angle drops.

Otherwise, the ink droplets could bead-up on the

substrate surface. Generally, ink resistance is often

due to the cohesive or intermolecular forces on its

interfacial surface [35]. Therefore, the higher surface

energy of the substrate would be able to break the ink

resistance, thereby deforming it into a new surface

[36]. Hence, it can be inferred that the formulated

inks are print compatible, considering their low

contact angle.

3.5 Electrical conductivity of printed
MWCNT and F-MWCNT ink

The electrical conductivity of the printed MWCNT

and F-MWCNT inks was measured at varying prin-

ted layers, using a resistance meter. Six samples were

measured for each category of layers and the result of

the average values are illustrated in Fig. 8. Generally,

the result shows that the conductivity increases as the

number of printed layers increased, both for

MWCNT and F-MWCNT inks. This is attributed to

increased magnitude of conducting cross-section as

the number of printing layer increases. Furthermore,

Fig. 8 reveals that the electrical conductivity of the

samples is largely dependent on the concentration of

conductive particles (MWCNTs/F-MWCNTs) in the

ink. Specifically, the electrical conductivity increases

as the concentration of conductive particles in the ink

increases, regardless of the type of conductive com-

ponent, be it MWCNT or F-MWCNT. Significantly, as

the number of printing layer increases, there is a

more drastic increase in the electrical conductivity of

the ink at 0.75 wt% concentration of conductive

component. It should be noted that the concentra-

tions investigated in this study are based on prelim-

inary investigations. Specifically, the electrical

conductivity of the ink is too low at very low con-

centration (\ 0.25 wt%). On the other hand, above

0.75 wt%, there is a drastic drop in the ink stability

and dispersion. This suggests that an optimally high

concentration of conductive component helps to

produce sufficient thickness to facilitate improved

conductivity, as the printing layer increased. This is

an indication that an effective conducting network of

printed MWCNTs and F-MWCNTs was generated at

a sufficiently high particle concentration as reported

previously [37]. Defects can be easily formed on the

substrate when the number of printed layers is less.

This is believed to have contributed to the low elec-

trical conductivity of the printed inks at 5 L. How-

ever, as the number of printing layer is increased, a

continuous conductive network can be formed,

which is believed to have contributed to the signifi-

cantly higher conductivity of the printed ink at

higher printed layers, especially at 25 L. This was

further investigated by observing the morphology of

the printed tracks which is discussed in the subse-

quent section.

3.6 Morphological properties of printed
tracks

Figure 9 shows the morphology of the MWCNT

printed tracks on PU substrate. The image presented

in Fig. 9a is the bird view of the printed 0.25 wt%

MWCNT ink at 5 L. The image shows the boundary

between the substrate and the printed ink. Specifi-

cally, the presence of MWCNTs and clusters that

have been coated on the substrate is indicated on the

image (Fig. 9a). In addition, nanosized pores which

represent the top surface of the clean substrate is

indicated on the image. Figure 9b shows the image of

the same sample which has been magnified to 100 K

where the presence of MWCNT network can be

observed together with the defects such as holes

distributed over the surface of the printed track. This
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could make it difficult for the ink at this number of

printed layers to form sufficient conductive network,

which is believed to have caused the low-electrical

conductivity (2.1 9 10- 5 S/cm) of the 5 L printed

0.25 wt% MWCNT ink (Fig. 8). In contrast, at higher

printed layers (25 L) as shown in Fig. 9c, the surface

of the substrate was totally covered with denser

MWCNT network. Nevertheless, there is no signifi-

cant difference in the electrical conductivity, even at

25 L. This is perhaps due to the low concentration of

MWCNTs in this formulation. Similarly, defect holes

can be seen in the image of 0.75 wt% MWCNT at 5 L

(Fig. 9d), which accounts for the negligible difference

in electrical conductivity of 0.75 wt% MWCNT and

0.25 wt% MWCNT at 5 L (Fig. 8). However, at 25 L

for 0.75 wt% MWCNT ink (Fig. 9e), the MWCNT

network appears to be densely packed which pro-

duced a significantly higher electrical conductivity,

perhaps due to formation of sufficient conductive

path at this MWCNT concentration and printed lay-

ers. Similar observation was reported by Karim et al.,

for inkjet printed AgNPs conductive ink [16].

The morphology of the F-MWCNT ink (not shown)

at 0.25 wt% and 0.75 wt% F-MWCNT concentrations

are like the MWCNT ink shown in Fig. 9. Specifically,

at fewer printing layers (5 L), pores and defects can

be seen on the image whereas at higher printing layer

(25 L), a more densely packed network structure can

be observed for 0.25 wt% and 0.75 wt% F-MWCNT

concentrations. However, based on the result in

Fig. 8, it can be seen that at 25 L, the electrical con-

ductivity of the 0.5 wt% F-MWCNT printed ink is

higher than 0.75 wt% MWCNT printed ink, despite

the higher concentration of conductive component in

the 0.75 wt% MWCNT ink. Therefore, it can be

inferred that as the number of printing layer increa-

ses, there is higher synergy between concentration

and number of printing layers in F-MWCNT printed

ink to produce high electrical conductivity, compared

to MWCNT printed ink. This can be attributed to the

better dispersion of F-MWCNT and increased

F-MWCNT-surfactant interaction in the F-MWCNT

inks. This might have accelerated the generation of

effective conductive tracks as the printing layer

increases, by spreading more evenly on the substrate

thereby closing all possible defect holes and bridging

the conductive paths. This explains the significantly

higher electrical conductivity of the F-MWCNT

printed ink as discussed in Sect. 3.5 and illustrated in

Fig. 8.

3.7 Stretching properties

Based on the results obtained from the previous

sections, it can be inferred that F-MWCNT inks per-

form better than MWCNT inks, especially in terms of

particle dispersion, stability, and electrical conduc-

tivity. Therefore, the electromechanical properties of

the F-MWCNT ink at different F-MWCCNT

Fig. 8 Electrical conductivity

of printed MWCNT and

F-MWCNT inks versus

printed layer
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concentration was assessed using tensile test. The

resistance of the flexible substrate printed ink at dif-

ferent strains such as 0, 5, 10, and 20% strain is

illustrated in Fig. 10. As can be seen in the figure, the

resistance trend of the printed inks at different

F-MWCNT concentration is similar. Nevertheless, it

Fig. 9 SEM images of a bird eye view of MWCNT conductive

track on PU substrate at 5 L, b 0.25 wt% MWCNT conductive

track on PU substrate at 5 L, c 0.25 wt% MWCNT conductive

track on PU substrate at 25 L, d 0.75 wt% MWCNT conductive

track on PU substrate at 5 L, and e 0.75 wt% MWCNT conductive

track on PU substrate at 25 L
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is noteworthy that as the F-MWCNT concentration

increases, the resistance of the printed flexible elec-

tronic becomes reduced. Hence, printed 0.75 wt%

F-MWCNT ink (Fig. 10c) exhibits the lowest

resistance at all strain levels. Generally, good linear-

ity and reasonably low resistance values is important

for flexible sensors subjected to strain [38, 39]. How-

ever, considering the result in Fig. 10, it can be con-

cluded that at low F-MWCNT concentration, the

linearity of the printed ink is poor. This is why the

stretching of the low concentration printed

F-MWCNT ink produced significant changes in

resistance values, which is undesirable [39]. This can

be associated with the poorly connected conductive

tracks in the printed 0.25 wt% F-MWCNT ink, as

revealed by the SEM analysis. Specifically, the pres-

ence of pore defects in the printed 0.25 wt%

F-MWCNT ink might have triggered breakage of

conductive network, thereby increasing the resistance

(Fig. 10a). On the other hand, the densely packed

structure can be obtained by printing the 0.75 wt%

F-MWCNT ink, especially at higher number of

printing layers. In addition, the formation of good

conductive path as discussed in the previous section

is believed to have contributed to relatively low

change in resistance of the printed 0.75wt%

F-MWCNT ink (Fig. 10c). This in turn will invariably

produce low resistance of the printed ink, as seen in

Fig. 10b and c.

4 Conclusions

A simple method for generating electrically conduc-

tive MWCNT patterns on PU is demonstrated in this

study. Functionalized MWCNTs (F-MWCNTs) and

non-functionalized MWCNT (MWCNT) were dis-

persed in water to prepare CNT dispersions, which

are suitable for inkjet printing. The fluidic properties

of the ink, such as viscosity, wetting, adsorption and

fixation on the PU substrate were satisfactorily

achieved. The ink can be successfully printed on the

substrate for several passes, with the electrical con-

ductivity reaching up to 8.11 9 10- 4 S/cm and

1.31 9 10- 3 S/cm after 25 passes for MWCNT and

F-MWCNT printed inks, respectively. Being a simple

aqueous dispersion of F-MWCNTs and MWCNTs,

the ink formulation developed in this study is envi-

ronmentally friendly, easy to handle and store. In

addition, the ink was successfully printed using a

commercial desktop inkjet printer, thereby allowing

the use of inexpensive printing cartridges and sub-

strates. Therefore, the ink shows great potential for

green and mass production of CNT sensors via inkjet

Fig. 10 Resistance of printed F-MWCNT ink at different strain

(0%, 5%, 10%, and 20%) for a 0.25 wt% F-MWCNT, b 0.5 wt%

F-MWCNT, and c 0.75 wt% F-MWCNT concentrations
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printing. It is expected that with more sophisticated

inkjet printer and proper optimization of the printing

parameters, this approach will grow into a compar-

atively competitive technology for fabricating future

low-cost flexible electronic devices. This will in turn

contribute towards global economic growth.
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