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Abstract

Additive manufacturing (AM) in the running scenarios is highly recommendable mode of production of electronics
applications within industries; Direct ink writing (DIW) is one of most applications procedures of AM to print the
solvent-based ink to complex geometry in 3D printing. The main objective of this research to develop a Carbon-formed
conductive ink which is more biodegradable, conductive, electrically conducting, ideal rheological, structural and
thermal behavior to develop an ink that can be extruded with precision and behaves post-print stability. In this research,
multi-walled CNTs are the conductive filler and corn-starch and polyvinyl alcohol (PVA) are the biodegradable binders
that increase dispersion, flexibility and mechanical strength. To enhance ink homogeneity and ink flow, ethylene glycol
and Triton X-100 are added. Taguchi method is used to determine the best compositional ratios in terms of wt %, to
maintain balanced rheological viscosity. The Fourier Transform Infrared Spectroscopy (FTIR), X-ray diffraction (XRD),
Scanning Electron Microscopy (SEM), Thermogravimetric Analysis (TGA) and Electrochemical Workstation Metrohm
characterisations are used to determine the relationship between microstructural uniformity and thermal stability and
print performance. The optimized ink has consistently high rheological stability (86.9 Pa-s), which allows easy DIW
printing of homogeneous and adherent layers. Based on Taguchi suggested composition of conductive ink 3D printing
is done where different critical geometry has printed successfully. This research developed a plausible path toward eco-
friendly carbon-formed conductive ink, which will aid in the making of 3D printing solutions permitting more friendly
and dependable use in preparing flexible sensors and other electronics applications.
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Introduction

Direct ink writing (DIW) is under intensive
research with the use of conductive inks to develop
and deploy increased methods of unique
electronics, printed and embedded
circuits. Carbon nanotubes (CNTs) have been one

sensors

of the most popular conductive fillers of great
interest because of their high aspect ratio,
excellent electrical conductivity and mechanical
flexibility. The previous research has shown that
CNT-based inks are able to reach electrical
conductivities between 1072 to 10 S-cm™, as a
result of filler concentration, dispersion quality
and choice of polymeric binders (1). Most of these
formulations, however, demand relatively large
CNT loadings in order to achieve electrical
percolation, which effectively undermines the ink
printability and long-term rheological stability (2).
Rheologically, DIW inks have to meet a broad
operating range to extrude in a continuous fashion,
be shape faithful and be dimensionally precise. The

past studies have revealed that printable
conductive inks usually have low-shear viscosities
of 30 to 70 Pa's and have a strong tendency to
shear thin to pass through fine nozzles (3). Inks
developed at frequencies lower than this are also
likely to experience filament spreading and poor
layer stacking and systems above 100 Pa-s are also
likely to experience nozzle clogging, non-uniform
extrusion and high printing pressures (4). These
limitations manifest a fatal trade-off between
electrical rheological
appropriateness of current CNT-based DIW inks.

The environmental concerns also curtail the style

functionality and the

of most of the reported conductive inks. A number
of the previous formulations depend on organic
solvents, non-biodegradable polymers, or
surfactants that are not very green for the
environment, which brings into question volatile
organic compound emissions, safety of the
operators and recycling (5). Therefore, the
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challenge of designing conductive inks that are
simultaneously conductive, stable to be printed
and made environmentally more eco-friendly has
not been successfully addressed in the DIW
research (6).

In this regard, the current work presents a
sustainable CNT polymer conductive ink that
would help eliminate the issues above. This
proposed formulation also exhibits a significant
improvement in the electrical conductivity at low
CNT loading and hence percolation is possible
without being overloaded with fillers. This
enhancement implies one order of magnitude in
terms of conductivity against a few other water-
based CNT inks at similar filler densities reported
in the past (7, 8). At the same time, the ink has a
wider and more consistent rheological window of
80-90 Pa's, that provides a stable extrusion, good
shape maintenance and fewer flow instabilities
during DIW.

Notably, the formulation uses a water-based
polymer backbone and a green solvent co-solvent
that produces minimal co-solvent toxicity as well
as enhances biodegradability compared to solvent-
based conductive inks that were previously
reported (9). This study makes contributions
towards the functionality and sustainability of
CNT-based inks, which are utilized in DIW in terms
of balancing the conductivity capacity, optimal
rheology and environmental impact. This
produced ink formulation can thus offer an
expedient and scalable route to next-generation
printed electronics with better reliability of
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processing performance and environmental
friendliness.

The latest studies summarized in Table 1 focus on
dispersion and fundamental rheology for various
printing techniques, yet seldom integrate (a)
genuinely eco-sustainable, renewable binders (e.g.,
corn starch), (b) DIW-specific rheology
optimization and (c) a formal statistical
optimization approach like Taguchi. Additionally,
DIW-specific conductivity vs extrusion fidelity
trade-offs comprehensive  post-print
microstructure-property correlations are
insufficiently addressed across the surveyed
works (10). To fill the identified gaps, the present
study develops and optimizes a CNT/corn-
starch/PVA ink tailored for DIW by (a)
systematically formulating multiple %
compositions, (b) applying Taguchi method to
determine an optimal composition balancing
viscosity and (c) performing full physicochemical
and post-print characterization (FTIR, XRD, SEM
and TGA) to establish microstructure-property
relationships printed geometries. This
approach intentionally prioritizes renewable
binder usage (corn-starch) and water-compatible
processing to advance green, extrusion-based
printed  electronics  while  benchmarking
performance against recent literature findings
(11). The next section of this research study will be
following as Materials and Methods (will detail
materials, ink formulation table, sample designs,
the DIW
printing/characterization workflow), next results

and

wt

for

Taguchi methods and

and discussion and then conclusion.

Table 1: Comparative Overview of Conductive Ink Formulations and Processing Strategies Reported in

Previous Studies and the Present Work

Year Material System Printing Water- Biodegradable Electrical Rheological References
Technique Based Binder Conductivity Optimization

2025 DIW multiphase DIW Partial X N v (1
particle systems

2021 UV-curable nano- Screen X X v N4 2)
silver ink printing

2019 Conductive Various Partial X v Partial 3)
nanomaterials for
flexible electronics

2025 Polymer-coated Various Partial X v v 4)
metal/metal oxide
nanoparticles

2017 Microfluidized Inkjet / v X v Partial (5)
graphene ink Printed

electronics

2019 Inkjet-printed Inkjet printing v X v Partial (6)
graphene
conductive
patterns

2026 2D graphene-based  Various Partial X v Partial 7
electronic systems

2022 Carbon paste Screen X X v v (8)
systems printing
(morphology vs
performance)
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2025 Water-based Screen v Partial v Partial 9
carbon black ink printing
2025 CNT / Corn-Starch DIW v v v v Current study
/ PVA (Present
Work)
Materials and Methods
Materials
Multi-walled carbon nanotubes (purified >95 A co-solvent called ethylene glycol (EG, 299%
percent) were acquired from Techinstro India. The purity, purchased from Akshar Exim Co. Pvt. Ltd.)
specific surface area of the CNTs used in the was used to control rheological behavior and
experiment was only approximated as ~200 drying properties (13). Triton X-100 (non-ionic
mz-g'l, as shown in the technical datasheet surfactant, analytical grade) was introduced at
supplied by the supplier, with an average outer constant concentration to ensure that the CNT
diameter of 10-20 nm and a length of 5 to 15 m. dispersed by lowering surface tension and
These geometrical parameters were chosen minimizing agglomeration of the nanotube (14).
because they could provide effective percolation All materials were tracked by batch number to
network formation at moderate loading levels. The enable the experiment to be repeated as well as
cornstarch (analytical grade) purchased at RK traced. The choice of materials included the
World Infocom Pvt. Ltd. was used as a necessity to balance between electrical
biodegradable polymeric matrix component. conductivity, printability and environmental
Polyvinyl alcohol (PVA, degree of polymerization sustainability. The key conductive phase was done
1700-1800, 98-99% hydrolysed) was provided by using CNTs and the binder functionality was done
Bansa India Corporation and was used as a using starch and PVA, as they are eco-compatible
secondary binding agent to increase the film- fractions.

forming properties and mechanical strength (12).

Table 2: Composition of Formulated Conductive Ink Samples (wt %)

Sample No CNT Corn Starch PVA Ethylene Glycol Triton X-100
(Wt %) (Wt %) (Wt %) (Wt %) (Wt %)

1 5 10 20 60 5

2 5 15 20 55 5

3 5 20 20 50 5

4 10 10 15 60 5

5 10 15 15 55 5

6 10 20 15 50 5

7 15 10 10 60 5

8 15 15 10 55 5

9 15 20 10 50 5
A total of nine conductive ink formulations were visible agglomeration and higher concentrations
developed by adjusting the CNT (5-15 wt %) above 5 wt % leading to excessive foaming and
concentration, corn starch (10-20 wt %) likely interference with conductive pathways. The
concentration and PVA (10-20 wt %) chosen concentration is thus a compromise that is
concentration without affecting the EG and Triton a balance between the dispersion stability and the
X-100 concentrations as shown in Table 2. Triton continuity of the electrical networks, which is
X-100 concentration was set at 5 wt %, which was compatible with the surfactant-assisted CNT
determined during initial dispersion experiments, dispersion already reported in previous studied
with lower concentrations below 3 wt % leading to (15, 16).
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Figure 1: Ink Formulation and Processing Workflow

To prepare the CNTs, magnetic stirring of the
suspension at 400 rpm was performed for 30
minutes in the presence of Triton X-100 at
ethylene glycol concentration, as shown in Figure
1. Ultrasonication was then achieved by
application of a probe sonicator set at 40 kHz and
having a power output of 200 W (60% amplitude).
The duration of sonication was 20 min and the
dispersion lasted under controlled temperature
conditions and in this case, the dispersion vessel
was submerged in an ice-water bath to ensure that
the temperature did not exceed 30°C. This measure
helped to avoid thermal degradation of polymer
elements and reduce viscosity drift due to local
heating (17).

After the dispersion of CNT, the addition of
cornstarch and PVA was done progressively under
continuous establish
homogenization. The overall time that the ink
required to mature before printing was 24 hours
under ambient lab conditions (25 * 2 °C), during
which the polymer was fully hydrated, the

stirring to even

viscosity stabilized and the air bubbles had to be
released (18, 19). This intermediate maturation
stage led to rheological uniformity and repeatable
extrusion behavior when doing DIW processing.
The prepared inks were kept in airtight vessels to
avoid the evaporation of the solvents and change
of viscosity before usage.
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Methods

A Taguchi Design of Experiment (DOE) was used to
optimize the ink composition using fewer
experimental runs. The selection of an L9
orthogonal array (3° design) was made, including
3 independent control factors (CNT content, Corn-
starch content and PVA content), to be assessed in
three levels. The performance responses were
viscosity, electrical conductivity and print fidelity
(20). Signal-to-noise (S/N) ratios were calculated
by using: Larger-is-better criterion for viscosity (to
ensure DIW-compatible rheology). The response
ranking and main effect plots were created
through Minitab Statistical Software (Version 21).
This the
identification of the most robust formulation with

statistical methodology facilitated
balanced electrical and rheological performance,
thereby enhancing the reproducibility and quality
of the optimization process (21).

The ink became optimized and the quantity was
loaded into airtight syringe barrels with a 0.8 mm
nozzle. A DIW based manufacturing system was
used at 0.4 MPa extrusion pressure, 270 mm-min~*
print velocity and at 0.4 mm layer height to create
printing was carried out. These parameters were
chosen through initial extrusion experiments in
order to have constant filament deposition and
dimensional faithfulness (22, 23). To determine
structural stability and conductive performance in
printed samples, printed samples were dried
under ambient conditions. The incorporation of EG
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controlled solvent evaporation and, hence,
minimized cracking caused by the shrinkage and
enhanced the interlayers adhesion. Although EG
slightly increased the drying time relative to
aqueous only system, it increased the rate of
conductive network forming by reducing capillary-
based re-agglomeration of CNTs (24).

The rheological behaviour in this case was
measured by means of a rotational viscometer
(Model: LMDV 200, LABMAN). Measurements
were done using spindle LV-3 within a range of 0.1-
100 s™* at 25 + 1 °C. This range was chosen to
approximate shear conditions that are observed in
DIW extrusion (25). The inks exhibited shear-
thinning behaviour, which an essential
requirement of DIW, where viscosity drops as a
result of shear stress applied to the ink and returns
to shape once deposed to keep shape fidelity (26,
27).

A four-point probe method was used to measure
electrical conductivity as a way of avoiding the
error of contact resistance that is often present in

is
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two-point measurements. The methodology made
sure that intrinsic conductivity of the printed films
was accurately determined (28, 29). The thermal
stability was measured through
Thermogravimetric Analysis (TGA) at 25 °C to 800
°C at heating rate of 10 °C-min~" in the presence of
nitrogen. The temperatures of onset degradation
(Ts% and Ty0%) were picked and their
percentages of residual mass were quantitatively
compared (30, 31).
Spectroscopy (FTIR) was used to perform
structural and morphological characterization,

Transform Infrared

where chemical interaction was analysed, X-ray
Diffraction (XRD) to characterize crystallinity and
Scanning Microscopy (SEM) to
characterize CNT dispersion and the formation of
percolation networks (32, 33).

Electron

Results and Discussion

The behavior of shear viscosity vs shear rate for
each of the nine produced conductive ink samples
is displayed in Figure 2.
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Figure 2: Shear Viscosity vs Shear Rate for Formulated Conductive Ink

The data follow distinctly a shear-thinning pattern,
which is typical of pseudoplastic non-Newtonian
fluids (34). On low shear rate, viscosity is relatively
elevated owing to entrapment between CNTs,
starch chains and PVA chains resulting in a
percolative micro-network that is resistant to flow.
This network increasingly becomes aligned with
the flow direction as shear rate increases
decreasing internal friction and, by extension,
viscosity. At higher CNT contents (Samples 7-9)
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the viscosity is much higher because the inter-
particle interaction and van der Waals forces
between individual CNT bundles are increased (35,
36). This type of rheological behavior is favourable
to DIW as the behavior encourages the control of
extrusion stability as well as the prevention of ink
spreading following deposition (37).

The FTIR spectra of the nine conductive ink
samples that were generated are shown in Figure
3. The samples show characteristic absorption
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bands that correspond to their chemical
components. The general plateau at 3300 cm™ is
the O-H vibrations of both PVA and starch, which
are a confirmation of the presence of hydrogen
bonds between the polymeric chains (38). Peaks at
approximately 2900 cm are C-H stretching, at

approximately ~1720 cm! and 1080 cm-! C=0 and

Vol 7 | Issue 2

with increasing CNT content indicate that more
molecular interactions and interfaces occur in
between CNTs and polymeric matrices (39, 40).
This adds up to the homogenous distribution of the
ink components and chemical compatibility, which
is a key to enhanced electrical conduction and
mechanical integrity of the end results in DIW-
printed structures (41, 42).

C-O starch and ethylene glycol. This slow
broadening of the peaks and changes in intensities
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Figure 3: FTIR Spectra for Formulated Conductive Ink

The rheological and chemical characterization of
the invented CNT, corn starch, PVA, based
conductive inks establish that they exhibit an
appropriate flow stability, shear-thinning rheology
and interfaces with DIW printing. Viscosity range
guarantees that it is easy to extrude without
clogging the nozzle whereas FTIR results confirm
that polymer filler networks are formed essential
in charge transportation pathways (43). A
combination of these results supports the
optimized printability and performance of the ink
providing a sound base upon which additional
Taguchi-based optimization and correlation of
sections. The
viscosity of the CNT solution increases with the
CNT concentration between 5 wt % and 15 wt %,
which is 48.2 Pa-s as to 86.9 Pa-s. FTIR analysis of
increased filler-polymer interactions, increase in
entanglement density and limited mobility of the
molecules in the matrix. The high viscosity
Samples 7-9 have is expected to enhance shape
retention in the extrusion of DIW and underscores

microstructures in the future
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the applicability of the inks to high-fidelity printed
geometries in moderate shear forces. Three
distinct level of the four primary control factors
(CNT, corn starch, PVA and ethylene glycol) are
assigned to the experimental area in Table 3,
together with a constant level of Triton X-100 kept
at 5 weight percent. This choice places the Taguchi
L9 study in context and is indicative of a conscious
effort to tie chemistry to processability, CNT levels
(5-15 wt %) sample the dilute to percolative
regime, corn starch and PVA levels (10-20 wt %)
sample the binder-entanglement regime and
ethylene glycol (50-60 wt %) sample the
continuous-phase mobility and effective solids
fraction (44, 45). Consequently, these transition
levels span the fluid/network rheology change in
low CNT/low solids compositions Favor low
viscosity and facilitate extrusion and the filler-
polymer an is linkages of high CNT/high binder
compositions Favor high-viscosity hardened high-
hydrogen bond matrices.
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Table 3: Setting Level of Control Factors

Vol 7 | Issue 2

Factor Level 1 Level 2 Level 3
CNT (wt %) 5 10 15

Corn Starch (wt %) 10 15 20

PVA (wt %) 10 15 20
Ethylene Glycol (wt %) 50 55 60

Triton X-100 (wt %) 5 5 5 (kept constant)

By fixing Triton at 5 wt % the design isolates
dispersant effects from compositional drivers,
enabling clearer attribution of observed
rheological responses to the main formulation
factors. In practical terms, Table 2 therefore
establishes a balanced and process-relevant factor
space that links material chemistry to DIW
constraints (extrusion pressure, filament stability
and post-deposition recovery).

The nine orthogonally organized experimental
runs and their measured response maximum low-
shear viscosity at 25 °C are shown in Table 4, which
also illustrates how the four parameters'
systematic change affects bulk rheology. The
measured viscosities increase progressively across
the array: runs with low CNT (Samples 1-3) show

Table 4: L9 Orthogonal Array Design

the lowest values (~48-57 Pa-‘s), whereas runs
with high CNT and elevated starch (Samples 7-9)
produce the highest viscosities (~79-87 Pa-s). This
pattern is consistent with formation and
densification of a percolated CNT network
embedded in a viscous starch-PVA matrix: CNTs
amplify hydrodynamic hindrance and inter-
particle friction while starch increases continuous-
phase viscosity through chain entanglement and
hydrogen bonding with PVA. Ethylene glycol acts
conversely as a plasticizer higher EG fractions
reduce solids packing and lower measured
viscosity so samples where EG is at its lower level
(50 wt %) tend to show higher viscosity for
comparable CNT/starch contents.

Sample No CNT Corn Starch (wt PVA Ethylene Glycol (wt Triton X-100 Maximum Viscosity
(Wt %) %) (wt %) %) (wt %) (Pas)
1 5 10 10 50 5 48.2
2 5 15 15 55 5 52.6
3 5 20 20 60 5 57.4
4 10 10 15 60 5 63.1
5 10 15 20 50 5 69.5
6 10 20 10 55 5 72.3
7 15 10 20 55 5 78.8
8 15 15 10 60 5 81.6
9 15 20 15 50 5 86.9

The measured data in Table 4 thus quantify the
competing roles of filler loading (dominant),
binder content (significant) and solvent/plastici-
zer (moderating) on DIW- relevant rheology; these
outcomes also indicate the practical trade-offs for
DIW: higher viscosity enhances shape retention
and filament stability but may demand greater
extrusion pressure and influence nozzle lifetime.
The Detailed S/N Ratio table shown in Table 5 is a
summary of the Taguchi analysis with a larger-the-
better S/N statistic used on maximum viscosity

and includes a succinct, statistically enlightened
ranking of factor importance. The S/N row of CNT
changes significantly between Level-1 and Level-3
(52.73 to 82.43) with a resultant A (29.70) being
the largest and a decisive rank of 1; this means that,
the CNT concentration is the main determinant of
the maximum viscosity in the studied space and
the discovery agrees with the physical process of
forming a network and enhancing inter-particle
interactions (46)

Table 5: Detailed SN Ratio of Formulated Conductive Ink

Level CNT Corn-Starch PVA Ethylene Glycol Triton X-100
(wt %) (wt %) (wt %) (wt %) (wt %)
1 52.73 63.37 67.37 68.20 67.82
2 68.30 67.90 67.53 67.90 -
3 82.43 72.20 68.57 67.37 -
Delta 29.70 8.83 1.20 0.83 0.00
Rank 1 2 3 4 5
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The second most significant factor (A = 8.83) is the
corn-starch factor, which validates that an increase
in the content of binder causes the viscosity of the
matrix to increase due to an entanglement of
chains and reinforcement by hydrogen bonds,
therefore, the macroscopic resistance to flow
intensified. The & values of PVA and ethylene glycol
are relatively low (1.20 and 0.83 respectively),
which reflects the secondary tuning role of these
factors in the chosen levels: the former is quite a
minor effect of the former on the film-forming and

Vol 7 | Issue 2

viscoelasticity, whereas the latter is a major
influence of the former on the mobility and dilution
ability. Constant Triton X-100 does not add any
variance on this analysis (differences = 0). The S/N
Ratio analysis in above Table 5 underpin the idea
of optimization of the formulations by using CNT
and starch as the main leverages to achieve target
rheological windows with DIW, whereas PVA and
EG are used to correct the printability and the post-
print mechanics.

CNT (wit%h) Corn Starch {(wt%) PVA (wit%) Ethylene Glycol (wt%) Triton X-100 (wt%)
38
8
= 374
e
= _ N [ B _ R
A *
o Data Means
[=]
c 36
@
L7}
=
35
3 T T T T T T T T T T T T T
5 10 15 10 15 20 10 15 20 50 55 60 5
Signal-to-noise: Larger is better Data Means

Figure 4: Main Effects Plot of S/N Ratio

The effect of each control factor on the average
viscosity of the conductive ink formulation is
shown in Figure 4. The sharp inclination of CNT
implies its prevailing effect whereby high CNT
content (5-15 wt %) contributes largely to the
viscosity because of the intense filler-polymer
affinity and filler-percolation network. Corn starch
has also positive tendency, which is involved in
thickening due to the formation of hydrogen bond

85

with PVA and CNT. Conversely, the effect of PVA is
minimal, whereas ethylene glycol has a moderate
tendency to decrease viscosity because it is a
plasticizer. Triton X-100
changing. Additionally, CNT and starch are the
main factors that regulate the rheology, providing
appropriate viscosity to 3D print stable and precise
DIW.

is a constant, not
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Figure 5: Response Surface Plots Showing Interaction Effects of Control Factors on Viscosity (Pa‘s)- (A)
Surface Plot of CNT (wt %) vs Corn Starch (wt %), Viscosity (Pa:s ), (B) Surface Plot of Corn Starch (wt %)
vs PVA (wt %), Viscosity (Pa:s ) and (C) Surface Plot of PVA (wt %) vs Ethylene Glycol (wt %), Viscosity
(Pas)

The interaction effects of ethylene glycol, PVA, corn
starch and carbon nanotubes on the 3D response
surface and their impact on the viscosity of the
resulting conductive ink are depicted in Figure 5.
Figure 5(A) shows that viscosity rises considerably
with both CNT and corn starch, which points to the
fact that fillers have strong interactions with the
binder to augment the creation of a network and
shear strength. Figure 5(B) indicates that the
viscosity increases moderately as the levels of both
starch and PVA increase because of the hydrogen
bonding and entangling polymers. Viscosity verses
ethylene glycol is slightly decreasing in Figure
5(C), which proves that it is a plasticizer lowering
friction inside the compound. In general, CNT and
starch can be considered to have dominating
synergistic behavior, which guarantees the
rheological stability needed to obtain a uniform
deposition of the layer when using DIW in 3D
printing.

The Taguchi L9 analysis, which is described in the
chosen design space, showed quite clearly that
CNT loading is the most significant factor that has
its impact on low-shear viscosity and then corn
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starch, with relatively low effects of PVA and
The that
increased CNT and starch content are synergistic

ethylene glycol. ranking suggests
in the influence on increased viscosity due to
better and polymeric
entanglement, which retain filament shape during
extrusion. The Taguchi method therefore offered
an efficient statistical method of establishing the

network formation

key drivers in a lower number of experiments,
resulting in an optimal level of formulation an ideal
condition of high CNT, high starch, moderate PVA
and low EG to provide the required rheological
performance to be used in DIW applications.

The practical benefit of such optimization is that it
directs the work of formulation toward the most
meaningful parameters, with which a lot of trial
and error can be avoided. The Taguchi results
presented as quantified values of A enable the
research to allocate resources to CNT and starch
tuning with PVA and EG being regarded as
secondary modifiers. Sample 9 (15 wt % CNT, 20
wt % starch, 15 wt % PVA, 50 wt % EG, 5 wt %
Triton X-100) showed the greatest calculated
viscosity of 86.9 Pa's . This state was found by
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Taguchi analysis (A3B3C3D1) as the optimum
rheological choice amongst equal performance.
The achieved viscosity is in the commonly
reported values of Direct Ink Writing of polymer-
carbon composite systems where the printable
inks exhibit viscosities of roughly ~10 and 10? Pa-s
at low shear rates, depending on the diameter of
the nozzle and the extrusion pressure.

Specifically, CNT-based DIW recipes often demand
viscosities between 50-100 Pa-s to be sufficiently
high to retain shape after extrusion and still allow
flow of filaments continuously.-A viscosity outside
on either side of this range can lead to filament
spreading and loss of dimensional fidelity, but
overly high viscosity can cause unstable extrusion
and high levels of pneumatic pressures. Thus, the
operationalized measurement of 86.9 Pa:s is a
good compromise between both shear-thinning
flow during extrusion and rapid structural
recovery after deposition. According to this
rheological analysis, the DIW validation of Sample
9 was carried out to make sure both processability
and geometric stability were ensured when 3D
printing.

A step towards Taguchi optimization to DIW
printing would include organized rheological
verification, slight compositional adjustment and a
test run printing verification. Initial printing
should be undertaken with a nozzle dimension of
0.8 mm, extrusion multiplier 1.00, printing speed
270 mm/min and bed temp. 60 °C to print basic
geometries measuring the accuracy of dimensions
and solids filament viability. After 3D printing
process characterisation such as SEM, XRD, TGA
and Electrical Conductivity will be done
systematically. The Sample 9 may be considered as
the most viable initial formulation and any final
optimization may be informed using specific
Taguchi knowledge, which will allow the close-out
optimization of formulation to be evidenced-based
and ultimately generate functional 3D-printed
components.
Taguchi-optimized
ink,
microstructurally characterized, was used in
Direct Ink Writing (DIW)-based 3D printing
experiments, as shown in Figure 6. Printing
experiments were carried out using a DIW 3D

CNT corn  starch/PVA

conductive rheologically and
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printer which was customized and fitted with a
Flexible Accurate Extrusion system as in Figure
6(A). The ink was found to display a steady shear-
thinning behavior, viscous behavior of high rank
(=86.9 Pa:s ) and even distribution of CNTs,
established by SEM and FTIR. The properties
guaranteed continuous extrusion, retention of
shape and a constant stacking of layers as the
printing was taking place.

A 30 mL syringe barrel with a blunt-tipped nozzle
was charged with the optimized ink before
printing. According to the rheological profile, the
extrusion multiplier 0.75 was chosen to be low to
ensure even deposition of filament without any
clogging of the nozzle. A printing speed 270
mm/sand temp 60 °C was also set to ensure a
smooth deposition of the filament. This printing
trials were made at ambient temperature and
capitalized on favourable viscoelastic behaviour of
the formulation. Several test geometries were
created in order to test the printability. The
uniformity of the flows and the width of the
filaments was initially studied by extrusion of a
straight-line path as shown in Figure 6(B-C).
Extruded filament consisted of uniform thickness
and minimal spreading out of lateral effects,
balanced viscosity and surface tension were
ensured. An excellent
continuous extrusion around and through sharp
turns with a rectilinear structure printed
subsequently, as shown in Figure 6(D) showed
better binder-CNT network stability.

Moreover, the circular disc specimens were
printed and were used to evaluate robustness in
both single and multi-layer deposition. A single-
layered disc as shown in Figure 6(E) was taken
with a uniform surface texture and loss of edges

lateral adhesion and

was minimal. A double layer disc, depicted in
Figure 6(F)
integrity, which assured the presence of good
interlayer bonding. Figure 6(G) depicts that the
multi-layer solid disc displayed high density,
compact stacking in the absence of delamination

resulted in better dimensional

and internal porosity, which confirmed the
structural integrity of the optimized ink and its

extrusion fidelity.
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Figure 6: DIW Printing Setup and Printed Structures of Optimized CNT-Corn Starch/PVA Ink - (A) DIW
Printing Setup, (B) Single-line Extrusion, (C) Straight Printed Track, (D) Rectilinear Pattern, (E) Single-
layer Disc, (F) Double-layer Disc and (G) Multi-layer Disc
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Figure 7: XRD Pattern of Printed Composite Ink

A broad amorphous halo at centers of 20-22°26
and a sharp, noticeable feature at *26°26 with a
smaller feature at *43°20 are the two main aspects
of the X-ray diffraction pattern depicted in Figure
7. The wide halo is used to indicate the semi-
crystalline structure of the polymeric matrix of
corn-starch and PVA and implies low-order levels
over a long-range post-dispersion and printing of
CNTs. The steep peak at *26°20 angle represents
the graphitic structure of multi-walled carbon
nanotubes and this shows that the CNT graphitic
structure remains intact during the formulation
and DIW treatment. The less intense and reduced
width of the 26° peak suggests some local
alignment or stacking of the CNTs in printed
filaments, which enables flow of the electricity. A
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high level of CNT polymer interfacial interaction
and shear during extrusion enable filler alignment
at the expense of increased amorphic of the
polymer mass (26).

The thermogravimetric analysis shown in Figure 8
showed that the CNT-starch-PVA composite ink
has a typical multi-stage degradation behaviour.
The early slight weight loss of less than 120 °C can
be attributed to the evaporation of the absorbed
water and the remaining solvent. Thermal
degradation severe thermal degradation, based on
Ts % and T10 % criteria was found to begin at about
185 °C and 230 °C respectively. These values
demonstrate that it is thermally stable enough to
be used in printed electronic and sensing

applications at low temperatures.
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Figure 8: TGA Thermogram of Printed Composite Ink

The main process of decomposition was carried
out between 250 and 400°C, which is explained by
the deterioration of starch and PVA polymer
backbones. The rate of degradation was slowed
below 400°C and the result was a stable residue of
carbonaceous products. Mass content at 800°C was
between 18 and 28%, with an increment
depending on CNT loading. This increase in char
confirms that the CNT network is thermally stable
and reinforcing, which inhibits the volatilization of
polymers the retention of
carbonaceous structures. Three advantages of the

and enhances
CNTs are the improved electrical performance of
the composite system in printing and thermal
strength (34).

The enhanced conductive ink's microstructural
performance and subsequent printing capacity
(SEM characterization) are both improved in
Figure 9. The CNT bundles are only partially
disentangled polymer is  uniformly
encapsulated as demonstrated in Figure 9(A-C).
The corn-starch/PVA binder matrix creates a
continuous and smooth film which attaches itself
firmly CNTs, decreasing
agglomeration enhancing  dispersion
homogeneity. The academic rationale behind this

and

to individual

and

polymer coating is critical due to materials science
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since it is used to reduce interfacial tension,
increase the wetting of CNT and stabilize the ink to
be sheared. The smaller surface morphology of the
micrographs is associated with optimized
rheological profile (*86.9 Pa-s), which guarantees
the absence of defects during extrusion and
maintenance of shape in DIW.

Further microstructural optimization is shown in
Figure 9(D-F) with the CNTs being a dense and
interconnected network of percolation. The CNT
web comes out as cross-linked through strong van
der Waals attraction and physical entanglement
forming consecutive electron pathways crucial in
conductivity (25, 26). According to the
standardized distribution of CNT throughout the
binder matrix, it can be stated that there is good
dispersion,
ethylene glycol
separation and improves flow characteristics. The
fact that it has no void, cracks or discontinuities,
verifies that the Taguchi optimized formulation
has microstructural stability that is sufficient to
Its
dependable flexible electronic component explains
the continuity of the percolation network that
increases the electrical response and structural
fidelity of the ink.

supported by Triton X-100 and
which do not allow phase

print multi-layers. ability to generate
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Figure 9: SEM Micrographs of Printed Composite Ink, (A) High-resolution View Showing Individual CNT
Bundles (Scale Bar 100 nm); (B) Low-magnification Network Overview; (C) Curved CNT Strand (Scale Bar
200 nm); (D-F) Progressively Larger-area Topographies of the Printed Filament Surface (200 nm Scale)

The rheological, structural and thermal properties
of the ink had a positive correlation with the
printing results of the DIW method. Homogeneous
CNT dispersion seen in SEM, semi-crystalline
structure of polymer measured by XRD and
increased thermal stability seen through TGA all
allowed the extrusion to be stable and the layer
better adhesive to the printing process. These SEM
analyses indicate that the optimized ink is quite
suitable as an eco-friendly conductive ink for 3D

printing due to the use of flexible electronics, low-
cost and biodegradable circuit
components.

When CNT loading is loaded from 5 to 15 wt %,
Figure 10 illustrates significant improvement in
bulk electrical conductivity. The evolution of
conductivity indicates percolation
behaviour of conductive polymer composites. The
conductive pathways at 5 wt % CNT are partially

isolated and therefore, there is limited electron

Sensors

classical
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transport, which consists of tunnelling resistance
(47). There is a very steep gradient between 5 and
10 wt % which is an indication that the system has
passed the threshold of electrical percolation and
it has created a continuous interconnected
network of CNT. Not only up to this point, but also

Vol 7 | Issue 2

beyond, the degree to which inter-tube contact
density is improved by increasing the wt % higher,
to 15 wt %, is sensitised tunnelling distances and,
therefore, the charge carrier mobility is
augmented.
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Figure 10: Electrical conductivity vs Carbon Nanotube Content

Optimal formulation of 15 wt % was found to have
conductivity between 107 and 10° S-cm™. The
given ink shows better electrical performance in a
biodegradable matrix when compared with the
reported system of starch-based carbon inks
(1073-1072 S:cm™) and commonly used Polymer
systems with CNTs (1072-107! S-cm™). Even
though commercial graphite-based inks can go as

high as 10°-10* S.cm™, they often use non-
environmentally friendly binders (48). These
electrical conductivity analysis outcomes support
the ruling of CNT content as a determinant of
functional performance, in addition to the fact that
the DIW trade-off inevitably entails increased
conductivity versus greater viscosity, which is
necessary to support extrusion stability.

Microstructure

®)

A)

)/

Electrical
performance

(D)

Thermal behavior

©

Figure 11: Correlation of Characterization Results of CNT-Corn Starch/PVA Conductive Ink

The results of the optimisation process of the
deposit, the
characterisation of the material used to produce
CNT/Corn Starch/PVA conductive ink system, as
discussed in Figure 11, represent a concerted
of the CNT/Corn Starch/PVA

printability  evaluation and

confirmation
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ink
Confirmation of the DOE results confirmed that
CNT loading was the strongest factor when it came
to electrical conductivity, viscosity and extrusion
behavior. Optimized range was used to facilitate
percolation network formation without interfering

conductive system after 3D printing.
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with the flowability or dimensional fidelity when
printing. This compatibility was confirmed in the
course of the printability experiment, in which the
rheology-optimized compositions exhibited the
benefit of easy extrusion, consistent filament
geometry and defect-free printability- a sign that
the rheology-electrical functionality balance is
achieved.

In this regard, SEM analyses of Figure 11(A) show
the micrographs of mixed composition indicate a
continuous and interlaced network of CNTs within
the polymer matrix that effectively triggers
dispersion and high filler-matrix interfacial forces
(25, 26). This microstructure shows a direct
correlation between the measured trend of
conductivity with the CNT loading, where the rate
of electrical performance rose steadily with CNT
loading and corresponded with classical
percolation theory. XRD results presented in
Figure 11(B) indicate the characteristic semi-
crystalline markers of both starch and PVA and
clear CNT peaks, which confirmed that the material
crystallinity of the polymer did not decrease as
CNTs were incorporated successfully (26).

Figure 11 (C) thermal analysis showed a slower
degradation of CNT reinforced samples indicative
of increased thermal stability to undergo DIW
processing and post-curing cycles (34). The
combination of these results confirms that the
formulation is optimized to fit the processing and
performance requirements; that is, the behavior of
materials in extrusion and curing is controlled.
Further correlations as shown in Figure 11 (D)
reinforce the relationship between the material
structure as well as the outcome of electrical
properties (43). It also provides a schematic
correlation to explain the relationship between the
microstructure and the ability of the material to
heat and the electrical output produced by the
system, indicating that CNT networking and the
ordering of polymer matrixes complement each
other in terms of conductivity and material
stability (47, 48).

The
moderate thermal
electrical conductivity place the developed ink in
different flexible electronic applications (40, 41).
Specifically: (a) Strain sensors: CNT percolation
network
piezoresistive behavior, i.e., change in resistance

shear-thinning rheology coupled with

stability and percolation

network CNT percolation allows

under mechanical deformation can be utilized in
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wearable strain monitoring, (b) Flexible
interconnects: Signal transmission in low-power
signal architectures requires conductivity of the
107*-10° S-cm™ range and (c) Printed heaters:
Joule heating performance: Because the
conductive pathways are stable and the heating
system is thermally resistant, up to approximately

~180 °C operating temperatures.

Furthermore, the biodegradable starch-PVA
matrix implies that the system can be used in other
applications that involve biodegradability

(disposable biosensors and transient electronics)
and in which minimizing the environmental impact
is essential. The rheological suitability with DIW
also allows one to fabricate bespoke sensor
geometries and tracks, micro-patterns, multilayer,
etc. Therefore, in addition to laboratory level
formulation, the fabricated ink has a promising
future in printed electronic systems that are
sustainable.

Conclusion
The research study was able to developed and
optimize a CNTs/Corn-Starch/PVA-based
conductive ink for DIW-based 3D printing process
and the optimized ink parameters were selected
through Taguchi design and multi-stage
characterization. They were optimized to achieve
the thermal
appropriateness of the
composite ink in printable electronic uses. The
main research outcomes are following as:
a) Optimization CNT loading was the most
significant  variable in rheology and
printability Taguchi L9

rheological, structural and

and functionality

according to
optimization.

In the optimal formulation (CNT 15 wt %, Corn
Starch 20 wt %, PVA 15 wt %, EG 50 wt %),
viscosity was 86.90 Pa-s.

Multi-layer deposition multi-layer deposition

was defect-free and showed stable extrusion

b)

and linear geometries in DIW printing.

XRD identified a semi-crystalline composite-
based matrix with increased structural
ordering of CNT.

TGA showed high thermal stability up to
approximately better
polymer-CNT contact.

SEM showed uniform CNT dispersion and
continuous pathways of  conductive
propagations in the polymer matrix.

35°C confirming
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g) Optimized print parameters showed a strong
interlayer adhesion and great geometric
fidelity at the printed samples.

h) The combined rheological, structural and

thermal analysis characterisation outcomes

proven the appropriateness of the ink in

flexible electronics.
Despite the promising results of this research
study, it has certain limitations. Only laboratory
scale was evaluated on electrical conductivity, but
long-term stability of electrical conductivity when
subjected to the environment was not investigated.
Additionally, in this research, limited part
fabrication was performed. Moreover, this work
could not have regarded the large-scale printing
and integration with the real objects. Further
studies are advised on durability measurement,
mechanical-electrical coupling behavior,
scalability of formulation and performance
validation real-life  flexible electronic
applications.
In the conclusion, this research study
demonstrates that the CNT coupling of Corn
Starch/PVA composite ink satisfies all the key
requirements of DIW 3D printing, such as balanced
viscosity, thermal stability and uniform
microstructure. The use of the percolated CNT
network increased conductivity and exemplified
the success of the formulation design for functional
printing.

in
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