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Abstract

The conductive polymeric electrodes using 3D printing are an
innovative material development with the advantage of the
flexibility of integrating isolated polymers with a higher elec-
trical conductivity of carbon-based materials, generating new
possibilities in environmental, healthcare, and food monitor-
ing. Based on the morphology, geometric arrangement, and
dielectric properties of the composites, the performance of the
electrodes is improved. Structural designs are optimized to en-
hance functionalities such as adhesion, catalytic activity, and
the reduction of interface energy. With these concepts, a func-
tionalized carbon-based polymeric electrode was fabricated us-
ing 3D printing. The Differential Impedance Spectrum (DIS)
was employed to analyze the response of functionalized elec-
trodes to solutions of acetic acid and calcium chloride (CaCh).
DIS data extract the differential phase angle and indicate the
interactions between the functionalized surface with acetic acid
and CaCl, solutions, showing noticeable peaks in three zones:
at lower frequencies (< 10 kHz), medium frequencies range
of 10 kHz to 100 kHz, and higher frequencies (> 100 kHz).
In the three cases analyzed, the CaCl solution presented the
highest frequency compared with acetic acid. When the sen-
sor was doubled functionalized, the peaks were shifted between
the range of 220 kHz to 280 kHz. A conclusion is that the
carbon-based polymer electrode not only reduces manufactur-
ing costs but also enables faster functionalization to detect
specific chemical compounds in liquids quickly and portable
without the need for higher-level equipment. These electrodes
could be applied to make measurements in aqueous media such
as ponds, pools, lakes, rivers, and oceans to detect contami-
nants, as well as in human fluids to recognize metabolites in
sweat, urine, saliva, and blood.
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Introduction

Plastic is an organic polymeric substance, usually hy-
drophobic and electrically insulating. When carbon-based
functional groups are introduced in a polymer, the sur-
faces gain some hydrophilicity, and the electrical conduc-
tivity improves significantly [1]. The surface functionaliza-
tion of carbon-based particles such as graphene, carbon
nanotubes (CNTs), and activated carbon, are employed
as mediating agents in polymeric systems like electrodes,
sensors, and catalysts. These particles increase the avail-
ability of active sites, alter electromagnetic properties,
promote chemical interactions, and improve the efficiency
of electron transport [2].

Electrical conductivity and impedance of polymer elec-
trodes need to be adjusted for adequate response. The
complexity response of polymers can be enhanced using
variations in spatial charge orientation, modifying the elec-
trode geometry, but the polarization may be affected by
factors such as internal crystalline structure, combinations
with other molecules, and the linear response to an ap-
plied electric field [3]. Selecting the appropriate plastic
material for polymer electrodes and nanoparticles requires
a modelling and simulation, because certain plastics can
display varying degrees of polarization when subjected to
an electric field [4]

Conductive graphite particles further contribute to the
material mechanical flexibility without compromising its
conductivity, allowing the composite to be shaped or
molded into various geometries. This property is essential
for the development of wearable sensors and flexible
electronics, where the material must conform to different
surfaces [5]. Graphite-polymer electrodes can also be
applied in impedance spectroscopy or potentiometric
sensors, where surface interactions with target molecules
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lead to detectable changes in the material electrical
properties [6].

3D printing enables precise design and fabrication of
customized electrode geometries, this flexibility is partic-
ularly advantageous for tailoring sensors to specific de-
tection environments and liquid types. It enables the
formulation of intricate electrode designs, such as inter-
digitated electrodes (IDEs) or complex microstructures,
which maximizes surface area for chemical interactions,
leading to improved sensor performance. The deliberate
introduction of controlled roughness aims to enhance var-
jous aspects of electrochemical sensing. Rough surface
electrodes increase the contact area for sample interac-
tions, providing several advantages including overall per-
formance, sensitivity, and selectivity [3].

Acrylonitrile Butadiene Styrene (ABS), a polymer
filament known for its excellent mechanical properties
such as resilience and toughness, is commonly used
in 3D printers [7].  When combined with graphite,
these polymers maintain or even enhance their structural
integrity, making the composite material resistant to
various physical stresses, including compression, bending,
and stretching [8]. Moreover, 3D printing with ABS and
carbon-based materials is relatively low-cost compared to
traditional manufacturing methods. It supports scalable
production of disposable or reusable sensors, which can be
utilized in large-scale environmental monitoring or medical
diagnostics, thereby reducing the cost per unit [9].

Additive manufacturing, particularly 3D printing, has
increasingly been applied in the sensor development of
chemical composes and biological metabolites due to its
flexibility and ability to create customized designs. Re-
searchers have produced printed biosensors for detect-
ing glucose levels, pH sensors for measuring the acid-
ity/alkalinity of liquids in both healthcare and environmen-
tal monitoring, and lactate biosensors for measuring sweat
concentration[10]. Additionally, 3D-printed DNA biosen-
sors have been designed to detect nucleic acids associated
with pathogens or genetic markers [11]. Some sensors
have been created to detect heavy metals like lead (Pb)
or cadmium (Cd) in water, incorporating materials such
as Graphene or carbon nanotubes embedded in polymer
matrices [12].

Polymeric sensors can be used in impedance measure-
ments utilizing electrochemical impedance spectroscopy
(EIS) in both Faradic and non-Faradic measurements.
These tests are frequently used in biochemical sensing,
medical diagnostics, and environmental monitoring be-
cause they provide comprehensive information on elec-
trode behavior and sample based on charge transfer mech-
anisms, surface responses, and capacitance variations
[13]. Conductive polymers like polypyrrole or carbon
nanomaterials are often applied to electrode surfaces, en-
hancing the sensor’'s ability to bind metal ions and im-
proving electrochemical detection [14]. Materials such as
PLA, Graphene, and gold nanoparticles are also employed
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in sports physiology and medical diagnostics, particularly
in detecting disease biomarkers due to bio-compatibility
[15].

The electrical conductivity of ABS-carbon black com-
posites exhibits anisotropic behavior due to the distribu-
tion and alignment of carbon black particles within the
ABS matrix. This anisotropy results from the differing
formation of the carbon black network along the extrusion
direction compared to the perpendicular direction. Dur-
ing extrusion or processing, the particles become aligned,
creating more robust conductive pathways in specific ori-
entations [16].

The 3D-printed polymer conductive carbon-based sen-
sor can be produced based on computer modeling. Finite
element modelling (FEM) helps to support multi-physics
simulations, enabling the simultaneous consideration of
electromagnetic fields, chemical diffusion, thermal effects,
and electrochemical reactions [17]. It also allows for sim-
ulation of the integration of conductive materials, such as
carbon nanotubes or graphite, and the prediction of key
performance metrics such as impedance spectra, capac-
itance, and surface current density. By fine-tuning the
geometry and material properties of polymeric electrodes,
FEA facilitates the design of optimized surfaces tailored
for specific applications, such as enhancing selectivity in
biosensors [18].

A technique known as Differential Impedance Spectra
(DIS) is performed by measuring the impedance difference
between an active functionalized sensor and a reference
sensor across a range of frequencies to analyze their
electrical properties. The term "differential" refers to
the comparison of impedance measurements taken under
different conditions, such as before and after a specific
event, chemical reaction, or biological interaction [19].
This approach ensures that the measurements are not
affected by temperature fluctuations or changes in the
liquid medium, which would similarly impact both sensors.
Consequently, this method provides high stability in DIS
results over time [20].

The method described in this paper involves measuring
the difference in phase angle between the dry sensor and
the functionalized sensor for a chemical sample of two
solutions, acetic acid and calcium chloride; this approach
uses electrical impedance spectroscopy to identify and
distinguish chemical substances. The polymeric electrode
response shows shifts in phase angle that produce distinct
peaks at specific frequencies, enabling the detection of
these particular chemical compounds.

Materials and methods

Polymeric sensor

The electrode prototype was created using a 3D model
printed with an upgraded Ender 3 printer (Creality 3D
Technology Co., Ltd). The design was developed in the
online 3D software Tinkercad, then parametrized using
Ultimaker Cura for print preparation. Print quality was
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assessed in Ultimaker Cura before the files were uploaded
to the printer for production. The nozzle temperature was
maintained at 250 °C, while the heated bed was set to 85
°C. The material used for printing was ABS (Acrylonitrile
Butadiene Styrene) conductive filament (3D Lab, Brazil),
with a volumetric resistivity 10> Ohm/cm and an electrical
resistivity surface 106 Ohm.

F— 11.10 —

Figure 1: Polymeric biosensor dimensions in millimeters.
A: Distance between the steps, B: Height of one step, C:
Overall depth of the stepped section, D: Internal step of the
box.

The sensor has a rectangular shape with two holes at
both ends and a set of steps in the middle section that
serves as a sample container. The overall dimensions are
40.75x11.10x 5.5 mm (L x W x T), while the dimensions
of the sample container are 11.1 x 6.6 mm (L x W). The
zoomed area illustrates the specific step heights labeled
A, B, C, and D.

COMSOL simulation

The polymeric electrode structure, dimensions, and ma-
terial properties (electrical conductivity and permittivity)
of the polymer material and carbon black were included
in the AC/DC module in COMSOL 6.0. The additive
manufactured model was used as the 3D model, and the
materials were defined as ABS Conductive, with proper-
ties supplied by the manufacturer. The polarization norm
gives insight into the strength and direction of dipole mo-
ments or charge distributions in the polymeric material.

Figure 2: 3D model for simulations in COMSOL 6.0
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Experimental setup

The experiments were conducted in three sets for each
solution, first without functionalization (WF), second
with the electrode surface functionalized for 30 minutes
with 0.25 ml of oil-based biotin (BF), and the third using
a hydrated electrode (first step) functionalized with oil-
based biotin. The following sequences were used:

e WF+Acetic: Dry Electrode + 0.25 ml of Acetic.
e WF+CaCl: Dry Electrode + 0.25 ml of CaClk.

e BF+Acetic: Dry Electrode + 0.25 ml of Biotin +
Clean + 0.25 ml of Acetic.

e BF+CaCl: Dry Electrode + 0.25 ml of Biotin +
Clean + 0.25 ml of CaCl.

e WF+Acetic+Biotin+Acetic: Dry Electrode + 0.25 ml
of Acetic + Clean + 0.25 ml of Biotin + Clean + 0.25
ml of Acetic.

o WF+CaCh+Biotin+CaCl: Dry Electrode + 0.25 ml
of CaCl + Clean + 0.25 ml of Biotin + Clean + 0.25
ml of CaCl.

Impedance measurements

A Zurich Instruments MFLI impedance analyzer was
connected to a circuit on a prototyping board that includes
a polymeric electrode. The impedance was measured
across frequencies ranging from 10 Hz to 1 MHz. The
Zurich impedance analyzer uses a two-terminal (bipolar)
configuration: one terminal (LCUR + LPOT) and the
second terminal (HCUR + HPOT). The impedance
spectrum was repeated five times at each frequency point,
allowing noise averaging and improving signal quality.
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Figure 3: Setup of impedance measurements using Zurich
Instruments MFLI

Differential phase angle spectrum

Using the impedance phase angle data collected from the
Zurich impedance analyzer, the differential phase angle
spectrum was calculated as the absolute value of the
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difference between the phase angles of the functionalized
sensor and the dry sensor for the same frequency,
multiplied by 100.

AP(f) = |(drunctionalized (F) — Gary ()| x 100
Where:

(1)

o A¢: represents the differential phase angle.

® Qfunctionalized.  represents the phase angle of the
functionalized sensor.

® (4ry: represents the phase angle of the dry sensor.

Ethical approval
The conducted research is not related to either human or
animal use.

Results

Figure 4 shows a differential phase angle spectrum in a
wide frequency range from 10 Hz to 1 MHz. The x-axis
represents the frequency in a logarithmic scale, spanning
from 10 Hz to 1 MHz, and the y-axis represents the phase
shift (differential Phase Angle). Each line represents a
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Figure 4: Differential angle phase spectrum for the
functionalized electrode surface in the presence of acetic
acid and CaCl,. Blue dashed line (WF + Acetic), blue
triangle line (WF + CaCk), orange dashed line (BF +
Acetic), circle line (BF + CaCk), green dashed line (WF
+ Acetic + Biotin), and green square line (WF + CaCh +
Biotin + CaCkh).

different experimental condition that affects the sensor
response:

e Blue dashed line (WF+Acetic): This curve has a
noticeable peak between 1 kHz and 10 kHz (around
3-5 kHz), with a maximum differential phase of
10.5+£0.11, presents another peak between 60 kHz
and 300 kHz with a value of 3.8+0.01.

e Blue triangle Line (WF+CaCk): This curve has a
noticeable peak between 2 kHz and 20 kHz (around
5-7 kHz), with a maximum differential phase of
13.5+0.05, presents another peak between 100 kHz
and 500 kHz with a value of 7.8+0.03.
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e Orange dashed line (BF+Acetic): This curve peaks
around 30 kHz and shows a differential phase
response of around 13.2+0.07.

e Orange circle line (BF+CaClk): this curve follows a
pattern similar to the orange dashed line but shifts
slightly towards a higher frequency range, reaching
a peak at 247.7 kHz with 14.3+0.09 of differential
phase.

e Green dashed line (WF+Acetic+Biotin+Acetic):
This curve has a broader peak around 200 kHz, with
a differential phase above 11.1+0.06.

e Green square line (WF+CaCh+Biotin+CaCl): This
curve shows a prominent peak at 278.2 kHz and
exhibits the highest differential phase response of

16.5+0.13.
2.00 100000
——Dry sensor 1
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— -Drysensor 3
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Figure 5: Frequency-dependent impedance and phase

response of dry polymeric electrodes: Analysis of dry sensors
1 (green), 2 (blue dashed), 3 (navy blue), and 4 (orange
dashed-dot)

Figure 5 shows the phase and impedance spectra of
four dry sensors (10 Hz to 1 MHz), all sensors exhibit
the usual capacitive behavior of decreasing impedance as
frequency increases. The impedance values vary slightly
at low frequencies (less than 100 Hz), but they converge
rapidly as the frequency increases. The impedance is
consistently the lowest over the frequency range for Dry
sensor 1 (solid green line) and somewhat higher for
Dry sensor 2 (blue dotted line). The phase spectra
show that the polymeric electrodes exhibit frequency-
dependent capacitive behavior, with a very low capacitive
contribution and stronger capacitive effects at higher
frequencies. Among the sensors, Dry sensor 2 appears
to have the highest capacitive contribution, while Dry
sensors 1 and 3 have the lowest. The observed trends
align with typical behavior in systems where capacitors
dominate the impedance at higher frequencies, while
resistive  components dominate at lower frequencies.
The phase angle varies minimally but highlights subtle
differences among the sensors, with Dry sensor 2 deviating
slightly more than others since 10 Hz.
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Figure 6: COMSOL simulation of surface polarization on
the steps in the sample box. Blue line: Top surface, Red
line: Bottom surface. Electric potential distribution (a) top
step and (b) bottom step ;(c) Polarization dynamics as a
function of position

Figure 6 presents a COMSOL simulation of the
polarization norm for the top and bottom surfaces of
the polymeric electrode step. The color scale on the
right represents the magnitude of polarization, with values
ranging from 1.6 to 10.9 C/m? x 1071%. On the top
surface of the step, visible zones of high polarization
appear near the borders, indicating localized areas of
strong electric response (blue line). In contrast, the
bottom cross section of the sample shows a clear
polarization gradient, although the distribution of high-
polarization zones differs slightly compared to the top
surface (red line). The arrangement of these high-
polarization regions along the electrode step corresponds
to the applied electric field, with more intense polarization
occurring at the edges. Additionally, the transverse walls
of the sample box display two distinct behaviors: the left
side exhibits a steeper gradient compared to the right side.

Discussion

Frequency response

The blue curve in Figure 4 represents the sensor response
without functionalization (hydrophobic) for acetic acid
and CaCk. In low frequencies around 3 to 7 kHz, this
higher peak response appears as a result of the ionic
interactions of each solution. The acetic acid solution
interacts less with the electrode surface than calcium
chloride. In the frequency range of 10 and 100 kHz, the
behavior is dominated by a dipole orientation with fewer
ionic movements [21], decreasing the ionic polarization
and the delta phase. A lower peak appears for acetic acid
and calcium chloride solutions in frequencies above 300
kHz, this behavior is compared with dual frequency ionic
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relaxation in ionic liquids [22, 23].

The orange curves show the response of acetic acid
and CaCl, in the mid-frequency range (30 kHz to 400
kHz) of the biotin-functionalized sensor (hydrophilic).
The reaction of acetic acid is caused by the interaction of
negatively charged acetate ions (CH3COO™) with pos-
itively polarized regions functionalized electrode surface;
the higher peak appears at 43.3 kHz. The electrostatic
attraction between the functionalized electrode surface
occurs between a biotin carboxyl (-COOH) group and the
positively charged ions of calcium chloride solution, these
electrostatic interactions between Ca?* and biotin are rel-
atively weak and transient and present a peak in 247.7
kHz. The difference in frequency response is due to the
capacitive interface created for the oiled-based biotin over
the surface of the conductive polymeric electrode. Cal-
cium ions had a higher charge and a smaller effective ionic
radius, leading to more pronounced dielectric relaxation
effects. The phase angle peak for calcium ions typically
shifts to a slightly higher frequency compared with acetate
due to their slower mobility [24].

The green curves show the frequency response of the
polymeric conductive electrode functionalization sequence
with two aqueous solutions (acetic acid and calcium chlo-
ride) and oil-based biotin. The curves exhibit strong peaks
in frequencies between 220 and 280 kHz for the sam-
ple solution. This result suggests a significant electrode
functionalization between the aqueous solution and oiled-
based biotin for affinity interaction and sensibility of each
sample of acetic acid and calcium chloride.

Electric field

The mixture of ABS and carbon black maintains a
predominant hydrophobic surface with a conductive and
polarizable enhanced matrix; the surface is heterogeneous
and causes interactions with polar and nonpolar solutions,
these interactions are due to a slightly negative surface
that attracts ions by electrostatic forces. The results
of the differential impedance spectrum (differential phase
angle vs. Frequency) in Figure 4 show how the
functionalization of the electrode with different materials
affects the frequency impedance response.

The electric field distribution in electrodes made from
polymers and nanoparticles has been previously studied,
including geometrical surface modifications [3]. This oc-
curs as a result of nanoscale attraction, functionalization
enhances the quality of interactions in carbon-based com-
posites [2]. The carbon-black particles enhance the con-
ductivity and polarizability around the corners. The polar-
ization gradient indicates several material responses, pos-
sibly due to the non-uniform distribution of carbon parti-
cles. This could suggest anisotropy in the material prop-
erties with a patterned distribution of carbon particles.
The selected pattern surface shows alternating regions of
high and low polarization on the electrode (Figure 6); this
pattern configuration creates zones of local electric field
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gradients that increase the frequency response of the ma-
terial to external electric fields and charge carriers.

The variation between figure 6 (a) and (b) indicates
different cross-sections or perspectives of the same
structure, both confirming that the polarization is not
uniform but rather highly dependent on the material
composition and geometry.  The alternating regions
of high and low polarization suggest that the material
composition or geometry optimized the electric properties
as conductivity and surface permittivity. ~ The high
polarization zones suggest efficient charge accumulation
or dipole alignment in certain regions.

Conclusion

The research highlights the potential of combining ad-
vanced materials and 3D printing in sensor technology.
Additive manufacturing allows for precise customization
of electrode geometries, facilitating designs that maximize
surface area and improve detection sensitivity. The func-
tionalized carbon-polymer electrodes provide a scalable
and flexible solution for detecting chemical substances in
various liquid media, ranging from environmental water
sources to human fluids. The study demonstrated dis-
tinct impedance responses for chemical samples, showing
the method’s efficacy in analyzing and identifying liquids
across different frequency bands. Future directions could
include further refinement of sensor sensitivity, expan-
sion to broader chemical analyses, and integration with
automated data systems for real-time monitoring. This
technology offers a cost-effective, portable, and rapid al-
ternative for chemical detection, suitable for applications
in environmental monitoring and medical diagnostics as
wearable devices.
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