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To the Editorial Board 

Analytica Chimica Acta 

Dear Editor, 

The second half of the past decade has seen an unprecedented boom in applying 3D printing manufacturing 

technologies in diverse analytical chemistry applications. Objects printed from electrically conductive 

material composites found use as humidity gauges, organic vapour detectors or as electrodes in 

electrochemical sensors of environmental pollutants and biologically relevant compounds. However, there is 

no report on using 3D printed electrodes for determining electric conductivity. This quantity is relevant in the 

analysis of real samples such as drinking water. Furthermore, measurements of electric conductivity give 

access to base thermodynamic characteristics of compounds. To bridge this knowledge gap, we employ bi-

material fused deposition modelling. 3D printing combining electrically insulating and conductive materials 

to manufacture an integrated platform for measuring electric conductivity of liquid samples. 

The developed platform is controlled by an inexpensive electronic board devised using a programmable 

system on chip prototyping kit whose algorithm is shared for free via cloud. The functionality of the platform 

is demonstrated employing commercial electric conductance standards as well as in-lab prepared aqueous 

solutions of potassium chloride and formic and acetic acid as representatives of strong and weak electrolytes, 

respectively. Electric conductivity measurements performed with systematically varied concentration 

enabled the correct determination of limiting molar conductivity of potassium chloride and dissociation 

constants of weak acids. The conductometric setup was further utilized to sense the electric conductivity of 

various bottled water samples, reaching excellent agreement with characteristics reported by their producers. 

 Importantly, the platform developed and validated in this work represents a fully functional and inexpensive 

alternative to commercially available devices, paving the way for further development and applications of 

conductometers based on 3DP electrodes and cells. 

We envision that our work will have an enormous impact on the readership of your journal. We thank you 

and reviewers for your time and effort in handling our manuscript. 

On behalf of the authors, 

yours sincerely 

   Federico Vivaldi 
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Electric conductivity measurements employing 3D

printed electrodes and cells

F. Vivaldia,∗, T. Sebechlebskáb,∗, E. Vaněčkovác, D. Biaginia, A. Boninia, V.
Kolivoškac,∗

aDepartment of Chemistry and Industrial Chemistry, University of Pisa, via Giuseppe
Moruzzi 13, Pisa, 56124, Italy

bDepartment of Physical and Theoretical Chemistry, Faculty of Natural Sciences,
Comenius University in Bratislava, Mlynska Dolina, Ilkovicova 6, Bratislava

4, 84215, Slovakia
cJ. Heyrovsky Institute of Physical Chemistry of the Czech Academy of

Sciences, Dolejskova 3, Prague, 18223, Czech Republic

Abstract

The electric conductivity is one the most routinely inspected characteris-
tics of aqueous media, being employed in monitoring drinking water quality
and determining thermodynamic properties of electrolytes. In this work, we
utilize bi-material fused deposition modelling 3D printing (3DP) combining
electrically insulating and conductive filaments to manufacture a platform
composed of supporting cells and sensing electrodes for electric conductivity
measurements of aqueous solutions. For the first time, the electric conduc-
tivity of liquid electrolytes is sensed by 3DP electrodes, employing a direct
electrode/electrolyte contact. Conductivity measurements performed in the
presented 3DP platform are controlled by an electronic circuitry developed
employing a programmable system on chip prototyping kit. The precision
and accuracy of the electronic platform was verified utilizing nominal re-
sistors. The entire conductometric setup was tested employing commercial
conductance standards as well as in-lab prepared aqueous solutions of potas-
sium chloride and formic and acetic acid as representatives of strong and weak
electrolytes. Conductivity measurements performed with systematically var-

∗Corresponding author
Email addresses: federicomaria.vivaldi@phd.unipi.it (F. Vivaldi),

tana.sebechlebska@uniba.sk (T. Sebechlebská), viliam.kolivoska@jh-inst.cas.cz
(V. Kolivoška)
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ied concentration values enabled the correct determination of limiting molar
conductivity (for potassium chloride) and dissociation constants (for the two
weak acids). Finally, the functionality of the presented platform was con-
firmed by measuring conductivity of various bottled water samples. Results
obtained in this work pave the wave for further development and applications
of conductometers based on 3DP electrodes and cells.

Keywords: electric conductivity measurements, electrolytes, fused
deposition modelling 3D printing, 3D printed electrodes

1. Introduction

In recent years, the employment of fused deposition modeling (FDM)
and related 3D printing (3DP) techniques in sensing applications has been
tremendously increased thanks to the development of functional printable
materials. Among them, electrically conductive composites have attracted
the largest attention. Such materials are created by adding carbon allotropes
such as graphene (G), carbon black (CB) or carbon nanotubes (CNTs) to
printable thermoplastics [1], such as poly(lactic acid) (PLA) or acrylonitrile
butadiene styrene (ABS).

The electric conductance of a 3D printed object may change upon me-
chanical load due of changes in dimensions as well as change of electric
conductivity as the intrinsic property of employed composites (piezoresis-
tive effect). Dawoud et al. [2] printed piezoresisitive stress/strain sensors
from the ABS/CB composite with the goal of inspecting the effect of man-
ufacturing parameters (printing direction and gaps in the infill) on their
performance. Kim et al. [3] created three-axial cross-shaped force sensor
by bi-material FDM, with the structural part of the sensor manufactured
from unmodified thermoplastic polyurethane and the sensing part from the
polyurethane/CNT composite. The force applied individually on each axis
was monitored by the resistance change in the respective direction. Tang et
al. [4] manufactured pressure sensors by printing inks composed of silicone
rubber as the binder, CNTs as electrically conductive filler and fumed silica
nanoparticles as modifiers of rheological properties. Such manufactured de-
vices were integrated into grasp sensing and gait monitoring systems. Mofid-
ian et al. [5] devised a strain sensor based on printed polyurethane chip con-
taining a serpentine channel filled with liquid alloy (Ga 68.5 %, In 21.5%, Sn
10 %) connected to the measurement circuit by tungsten leads. The amount
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of strain was monitored by measurements of electric resistance of the liquid
phase. Schouten et al. [6] developed a flexible force sensor based on mea-
suring capacitance changes in a chip printed from insulating polyurethane
surrounded by two sensing plates printed from conductive polyurethane/CB
composite. Jayantg et al [7] employed the ABS/CB composite to construct
capacitive sensors for monitoring liquid level and void fraction in the wa-
ter/air two-phase flow. Thangavel et al. [8] utilized the PLA/CB composite
for the same purpose. Kwok et al. [9] employed polypropylene/CB compos-
ite to manufacture temperature and wearable flex sensors, both operating
based on monitoring resistance changes.

Additionally to mechanical loading, the electric conductance of 3D printed
objects may change upon their exposure to various chemical substances,
underpinning the working principle of chemiresistive sensors. Kennedy et
al. [10] utilized the composite of poly(vinylidenediflouride) and multi-walled
CNTs to manufacture sensors of organic vapors (acetone, ethylacetate, al-
lylamine, methanol, benzene and chloroform). Wan et al. [11] employed
direct ink writing 3DP of poly(D,L-lactide-co-trimethylene carbonate)/CNT
composites to construct sensors of liquids (ethanol, saline solution and ace-
tone). Kalsoom et al. [12] prepared the composite consisting of ABS, boron-
doped diamond and LiCl to manufacture printed humidity sensors. You et
al. [13] printed polyvinylpyrrolidone/G ink to assemble freestanding scaffolds
for monitoring the content of H2O and NO2 in the gaseous phase.

In many applications, objects printed from electrically insulating materi-
als have been utilized as supporting elements for active parts of sensors or as
molds for their manufacture by casting processes. Quero et al. [14] devised
and manufactured an ABS platform to support textile thread-based chan-
nels for electrophoretic separation of lithium, sodium and potassium ions
monitored by a capacitively coupled contactless conductivity detector. The
functionality of the platform was demonstrated by determining sodium and
potassium ions in soft beverages. Augustini et al. [15] integrated textile
thread-based channels into microfluidic devices printed from ABS to real-
ize chromatographic separation of analytes followed by their electrochem-
ical sensing. The developed setup is compatible with gold, graphite and
printed-carbon sensing electrodes allowing the determination of broad range
of biologically relevant analytes. Dudala et al. [16] employed molds printed
from PLA for casting polydimethylsiloxane resins to manufacture a conduc-
tometric cell. Upon hardening, the cell was equipped with two copper plates
serving as sensing electrodes. Akhter et al. [17] used PLA molds to cast
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dispersion of CNTs to make interdigitated electrodes. Hardened electrodes
were supported with polydimethylsiloxane layer and used as impedimetric
sensors of calcium and magnesium ions. Rao et al. [18] printed electrically
insulating phantoms from ABS to evaluate the functionality of electric resis-
tance tomography sensing platform dedicated to visualization and monitoring
crystallization processes.

Electronically conductive objects (electrodes) contacted to solutions of
ions (electrolytes) constitute electrochemical interfaces. The transfer of elec-
tric charge through interfaces involving 3DP electrodes has recently received
significant attention. Cells and electrodes manufactured by FDM 3DP found
use in a wide range of applications involving (bio)electroanalytical sensing
[19], electrocatalysis [20] and energy storage devices [21]. An early work of
Rymansaib [22] demonstrated that electrodes printed from the composite of
polystyrene thermoplastic binder and carbon nanofibres and graphite flakes
as conductive fillers are applicable for the electroanalytical determination
of Pb2+ ions. Over time, PLA has become the most commonly used binder.
PLA-based composites used in electrochemical applications include those uti-
lizing G [23–45], CB [19, 32, 46–57], CNTs [58–60], nanographite [61], MoS2
[62], platinum [62] or copper [63]. Electrodes printed from such composites
have been employed in sensors developed for a broad range of substances
involving heavy metal cations [24, 37, 48, 49, 51, 54, 55, 61], hydrogen per-
oxide [30, 41, 56], nitrite [43], glucose [38, 43, 48], caffeine [48, 53], uric acid
[43, 47], ascorbic acid [26, 47], carbohydrates [44], catechol [25, 35], tert-
butylhydroquinone [25], dopamine [25, 27, 36, 47], paracetamol [53], 2,4,6-
trinitrotoluene [19, 28], picric acid [26], dipyrone [25] and diclofenac [25].
Biosensors based on 3DP electrodes include those developed for C reactive
protein [56] or viruses [57]. Printed composite electrodes further found ap-
plications in reaction mechanistic studies [59], spectroelectroelectrochemical
analysis [32, 33, 58], organic electrosynthesis [64], enzymatic fuel cells [29]
and energy storage devices including Li-ion batteries [23] and supercapac-
itors [23, 24]. Carbon-based 3DP electrodes functionalized with layers of
metals or their compounds have found use in electrocatalytic water split-
ting [34, 39, 40, 45, 46, 50, 62]. Our recent work has demonstrated that
PLA-CNTs electrodes functionalized by copper-microparticles are functional
catalysts for the electrochemical reduction of carbon dioxide [60].

In a wide range of applications, pH is one of the most routinely deter-
mined characteristics of aqueous media. Recent works demonstrate that pH
measurements may be realized with 3D printed electrodes. Fan et al. [65]
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used multimaterial 3DP approach to manufacture a pH sensing platform
based on organic electrochemical transistors. In particular, direct ink writ-
ing was utilized to dispense silver paste for source and drain contacts and
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) for channels, while
FDM was applied to print substrates and insulating covers from PLA. Such
manufactured devices showed good stability, robust behavior and high sensi-
tivity in pH measurements of phosphate-buffered saline solutions. Rabboh et
al. [66] created a pH sensor by functionalizing surfaces of PLA-G electrodes
by quinone, a redoxactive moiety undergoing a pH dependent 2H+/2e− re-
action. The value of pH was obtained from the peak potential value of this
redox process in the linear sweep voltammetric scan. Such sensors were used
to measure pH values in complex samples including coke, vinegar, antacid
tablets, serum and urine, all showing good agreement with results obtained
by a commercial glass pH probe. Besides pH, electric conductivity is another
commonly sensed characteristic of aqueous media, cumulatively reflecting
the concentration and mobility of dissolved ions. Several works reported the
determination of the electric conductivity of liquid samples employing 3DP
cells equipped with conventional metallic sensing electrodes. Canali et at.
[67, 68] constructed impedance spectroscopy based conductivity sensors re-
lying on gold electrodes integrated into ABS cells. The device was tested
by measuring conductivity in several dilutions of phosphate-buffered saline
solutions. Additionally, conductivity measurements were realized in cell cul-
ture media employing electrodes coated with protein-repelling poly(ethylene
glycol)-terminated thiolate self-assembled monolayers. Banna et al. [69, 70]
devised and printed chips involving narrow (1 mm × 1 mm) serpentine chan-
nels as a conduit to reduce pressure of the water mains in online pH and
conductivity monitoring relying on interdigitated gold sensing electrodes.
Dudala et al. [16] formed conductometric cells by casting polydimethyl-
siloxane into PLA molds. Cells were equipped with copper plates as sensing
electrodes.

Duarte et al. employed ABS to print a T-shaped reactor consisting of two
inlet and one outlet microfluidic channels (all three with the cross-section of
0.75 x 0.70 mm). The outlet channel was equipped with a pair of sensing
electrodes printed from the PLA/CNT composite operating as a capacitively
coupled contactless conductivity detector. The apparatus was employed to
measure the size of oil droplets in an aqueous phase and water droplets in an
oil phase [71] and for label-free counting of E. coli cells [72]. Motivated by
works of Duarte at al., in this work we apply the concept of bi-material FDM
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3DP combining electrically insulating and conductive materials to manufac-
ture an integrated electrode/cell/electrode platform dedicated to electric con-
ductivity measurements of liquid samples (see Fig. 1C,D). For the first time,
the conductivity of liquid samples is sensed by 3D printed electrodes employ-
ing direct electrode/sample contact. The 3D printed platform is controlled
by in-house developed electronics based on a programmable-system-on-chip
prototyping kit. The functionality of such constructed conductometer is ver-
ified by measurements employing commercial conductance standards as well
as lab-made aqueous solutions of strong and weak electrolytes with system-
atically varied concentration values. We demonstrate that results obtained
by the presented conductometer lead to correct values of limiting molar con-
ductivity and dissociation constants as the two principal characteristics of
electrolytes. Additionally, the functionality of the presented platform is con-
firmed by inspecting conductivity of various bottled water samples.

2. Materials and Methods

2.1. Reagents and Materials

Potassium chloride (purity > 99 %), acetic acid (purity > 99 %), formic
acid (purity > 99 %) and propane-2-ol (acetone, purity > 99 %) were all pur-
chased from Sigma Aldrich. Potassium chloride was dried overnight at 120
°C before preparing its solutions. All other chemicals were used as received.
Reference conductivity solution (Crison 1413 µS/cm at 25°C) was purchased
from Crison, Italy. All solutions employed in this work (potassium chloride,
acetic and formic acid) were prepared using MilliQ deionized water (Milli-
pore, France, minimum electric resistivity 18.2 MΩ.cm). The programmable-
system-on-a-chip (PSOC) 5LP prototyping board was obtained from Cypress
Semiconductor. Resistors (used as the reference element in the measurement
circuit and standards for verifying its functionality) and alligator clips were
purchased from Farnell.

2.2. Programmable system on chip block diagram

Figure ??A shows a circuit diagram of the PSOC-based electronics used
to operate conductometric measurements presented in this work. Electronics
were devised employing PSOC creator 4.3 software developed by Cypress
Semiconductor. A wave digital-to-analog converter block (blue arrow) was
used to generate a sine-wave AC voltage of constant 0.5 V peak-to-peak
amplitude (centered around zero DC voltage) and constant frequency of 5
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kHz. Such generated voltage was imposed on a voltage divider (dotted black
rectangle) between the 3D printed platform (the resistance/impedance of
which was to be determined) and the reference resistor (denoted as Rref ,
10 kΩ in all measurements). Measurements of the voltage drop across the
voltage divider were performed with a delta sigma analog-to-digital converter
(green arrow) using a multiplexer for channel selection (yellow arrow) as
follows. Voltage was measured between pins 1 and 2 (i.e. across the reference
resistor Rref ) and between pins 2 and 3 (i.e. across the 3D printed platform).
Assuming that the imaginary component of the impedance of the 3D printed
platform is negligible (see Results and Discussion for details), resistance of
the platform R the can be obtained as follow R = (V23−V22)Rref/(V12−V22)
where V23 is the voltage across the 3D printed platform, V22 is the voltage
offset and V12 is the voltage across the reference resistor. The complete PSOC
creator project developed and used in this work with its source code and
other additional information is available at the following github repository:
“https://github.com/FedericoViv/3DP-Conductometer”. Figure 1B shows a
photograph of assembled electronic platform connected to one of nominal
resistors used for its validation.

2.3. 3D printing of cells and electrodes

The presented 3DP platform (composed of electrically insulating cell and
conductive sensing electrodes) was devised using Autodesk Fusion 360 (Au-
todesk Inc., USA) computer assisted design (CAD) software. Cells had an
inner height and width of 0.02 m, while their length was varied from 0.02 to
0.10 m in increments of 0.02 m. Figure 1C and D show a CAD image and
a photograph of the assembled 3DP platform, taking cell with the length
of 4 cm as the example. Cells had a uniform wall thickness of 1.70 mm
and were supported by a base with the height of 3.1 mm. All cells were
designed with a rut at each end to arrange the electrodes. To ease the elec-
trical contact between crocodile clips and the electrodes, the latter had a
side handle. The thickness of the electrode and the handle was constant and
equal to 2.5 mm. The width of the gap between the cell and the electrode
was set uniformly set to 0.2 mm. Cells were manufactured using high impact
polystyrene filament (HIPS, Neutro 1H00007), while electrodes were printed
from electrically conductive composite based on polylactic acid and carbon
nanotubes (PLA/CNT, AlfaOhm). Both kinds of filaments were purchased
from FiloAlfa, Italy. Cells and electrodes were manufactured employing a
Prusa I3 MK3 fused deposition modelling (FDM) 3D printer (purchased from
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Prusa Research, Czech Republic) with 0.40 mm diameter brass extrusion noz-
zle and a smooth printing pad. To remove contamination, acetone was used
to clean the printing pad and the surface of the extrusion nozzle at ambi-
ent temperature before each printing procedure. The extrusion nozzle was
copiously purged with the respective filament at 250 °C. Z-plane height was
adjusted manually before printing to optimize the adhesion between man-
ufactured objects and the printing pad. No adhesion-modifying materials
were utilized. CADs of cells and electrodes were exported as stl files and fur-
ther processed by PrusaSlicer software to generate printing instruction set
as follows. Cells and electrodes were printed with 100 % rectangular infill,
keeping the extrusion multiplier at unity. No material supports and brims
were used. For cells, the layer height was set to 0.15 mm, while for electrodes
it was 0.20 mm. For cells, the temperature of the printing pad and extrusion
nozzle was set to 110 and 230 °C, while for electrodes it was 60 and 225
°C. Retraction and speed settings were set to values recommended by the
slicing software for respective filaments. For the PLA/CNT filament, it was
important to keep the nozzle heated above 200 °C between printing runs to
prevent its clogging. Upon last printing procedure, the nozzle was copiously
rinsed with unmodified PLA (purchased from Gembird, The Netherlands).
Once printed, 3D printed cells and electrodes were stored in closed glass
containers to reduce interaction with ambient contamination. Just before
conductometric experiments, sides of electrodes were masked with 0.2 mm
thick polytetrafluoroethylene tape and gently inserted in ruts at each end of
the cell (see 1). The excessive tape was cut out by a scalpel blade. Such
assembled 3D printed platform was then completely filled with the solution
to be inspected.

2.4. Device functionality assessment

The functionality of the PSOC based circuitry (1A, B) to be employed
for conductometric measurements performed in this work was verified using
resistors with nominal values of 10, 100, 220, 330, 1000, 2000, 5000 and
100000 Ω.

All conductivity measurements of electrolytes and samples were performed
at controlled temperature (25 °C) using an Argolab ICN55 natural convection
oven. The 3D printed platform and electrolytes or samples to be inspected
were placed inside the oven at least 10 minutes before measurements to reach
a temperature equilibrium.
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Figure 1: (A) Circuit diagram and (B) photograph of PSOC based measurement electronics
devised, constructed and employed in this work. (C) CAD drawing and (D) photograph
of 3D printed platform (cell with electrodes) devised, manufactured and employed in this
work.

The functionality of the entire conductometer (PSOC based circuitry and
the 3D printed platform) was verified employing in-lab prepared aqueous 0.05
M KCl solution as well as a commercial standard solution Crison 1413 with
the declared conductivity value of 1413 µS/cm (at 25◦C). The conductivity of
both solutions was determined based on a series of measurements performed
in platforms with cell length values varied as described above.

Additionally to measurements with the in-house developed PSOC elec-
tronics, the functionality of the 3D printed platform (cell and electrodes) was
independently confirmed by impedance spectroscopy (IS) measurements per-
formed employing a electrochemical IS module of a commercial potentiostat
Palmsens4 (Palmsens, The Netherlands). One electrode of the platform was
connected to the potentiostat as the working electrode while the other one
was connected jointly as the reference and the counter electrode. Aqueous
KCl solutions with varied concentration values (0.01, 0.03, 0.05, 0.10, and
0.30 M) were inspected, employing the cell with the length of 0.06 m. IS mea-
surements were performed at zero DC voltage superimposed by a harmonic
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perturbation with 0.5 V peak-to-peak amplitude and frequency ranging from
100 to 105 Hz.

2.5. Measurements of electrolyte characteristics

The conductometer composed of the 3DP platform and the PSOC cir-
cuitry devised, constructed and inspected as described above was applied to
determine physicochemical characteristics of strong as well as weak aqueous
electrolytes.

Potassium chloride (KCl) was taken as a representative of strong elec-
trolytes and its limiting molar conductivity value in the aqueous environment
was determined as follows. Solutions of KCl were prepared with concentra-
tion values amounting to 0.001, 0.003, 0.010, 0.020, 0.030 and 0.050 M. Each
of these solutions was introduced to the 3DP platform with the cell length
varied as described above. For each cell length, the impedance magnitude
was determined in triplicate measurements by PSOC electronics as described
above. For each concentration, the electrolyte conductivity was determined
from slopes of the impedance magnitude vs. cell length dependence (see Re-
sults and Discussion part for details). The molar conductivity was obtained
by dividing such obtained conductivity value by the electrolyte concentra-
tion. The limiting molar conductivity was determined by extrapolating molar
conductivity vs. concentration dependence to zero concentration. Exper-
imentally obtained (limiting molar) conductivity values were compared to
theoretical predictions based on the limiting ionic mobility values of K+ and
Cl− and ionic strength correction employing Onsager-Fuoss approach within
the environment of the PeakMaster® software.

Formic (HCOOH) and acetic (CH3COOH) acid were taken as representa-
tives of weak electrolytes and their dissociation constant values in the aque-
ous environment were determined as follows. Solutions of the respective acid
were prepared at the same concentration values as KCl. The impedance mag-
nitude of such prepared solutions was determined in the cell with the length
of 0.06 m in triplicate measurements. Obtained impedance magnitude was
converted to molar conductivity as Λm = L/A(|Z| − 2Rel)c, where L and A
are the length and the cross-sectional area of the cell and 2Rel is the resis-
tance of sensing electrodes (see Results and Discussion part for details). The
molar conductivity value was further employed to determine the dissociation
degree α based on the limiting molar conductivity value predicted for both
acids by the PeakMaster® software. The value of the dissociation constant
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K was obtained from the slope of the (1-α)/α2 vs. c dependence, the expres-
sion respecting the reaction stoichiometry of acid dissociation (see Results
and Discussion part for details).

2.6. Conductivity measurements of bottled water

Four different brands of bottled water with declared conductivity values,
Saguaro (0.057 Sm−1), Ferrarelle (0.18 Sm−1), Fonte Caudana (0.012 Sm−1)
and San Benedetto (0.043 Sm−1), were purchased from the local store and
analyzed in triplicate measurements using the presented conductometric plat-
form. Samples of mineral water were stored and analyzed at 20 °C. Values of
conductivity were obtained from the slope of the impedance magnitude vs.
cell length dependence as described above.

3. Results and discussion

3.1. Inspection of the PSOC circuitry with nominal resistors

The proper functionality of the PSOC circuitry was verified employing
a series of resistors with nominal resistance values being varied from 100 to
105 Ω. Figure S1 shows experimentally obtained impedance magnitude as a
function of the nominal resistance. For all resistors inspected, the nominal
resistance value and experimentally obtained impedance magnitude is in an
excellent agreement, with the maximum deviation of 2 % noted for the 10 Ω
resistor. These results illustrate the capability of the developed circuitry to
accurately determine resistance values in the range between 100 and 105 Ω.

3.2. Inspection of the 3DP platform by impedance spectroscopy measurements
employing a commercial potentiostat

The 3D printed platform involving the cell with the length of 0.06 m was
filled with the aqueous KCl electrolyte with concentration values varied as
described in the Experimental section and the impedance was determined as
a function of the applied frequency employing a commercial potentiostat (see
Experimental part for details). Figure 2A shows resulting impedance spec-
tra expressed as Bode plots (impedance magnitude vs. applied frequency).
While the contribution of the electrode/electrolyte interfacial double-layer
charging dominates in the low-frequency regime, the resistive behavior char-
acteristic to the electrolyte and electrodes is observed at higher frequency
values. As expected, the high-frequency impedance magnitude drops with in-
creasing electrolyte concentration and the transition between the two regimes
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is shifted towards higher frequency values. Obtained results indicate that for
the inspected range of KCl concentration values and proposed cell geome-
tries, the frequency of 5 kHz is sufficiently high to suppress the contribution
of the double-layer charging capacitance in the overall measured impedance
magnitude. Therefore, this frequency value was used in all measurements
utilizing the PSOC prototyping board performed further in this work.

3.3. Inspection of the integrated conductometer

The proper function of the integrated conductometer (3D printed plat-
form coupled to PSOC measurement circuitry) was verified by inspecting
the impedance magnitude in cells of varied length (see Experimental section
for details) filled with the aqueous 0.05 M KCl electrolyte. The obtained
impedance magnitude as a function of the cell length is presented in Figure
2B. Impedance magnitudes obtained in a cell of a particular length show
the day-to-day deviation of less than 6 %. The electrolyte conductivity was
extracted from the slope of the best linear fit constructed to the |Z| vs. L
dependence, based on the cross-sectional area of the cell (4 x 10−4 m2). It is
important to note that this approach enables the determination and the elim-
ination of the resistance contribution of sensing electrodes (2Rel, evaluated
as the intercept of the best linear fit). The obtained electrolyte conductiv-
ity value (0.705 S/m) is very close to that predicted by Peakmaster for the
aqueous 0.05 M KCl solution (0.670 S/m at 25 °C) i.e. showing the deviation
of 5 %.

The functionality of the integrated conductometer was additionally con-
firmed employing the reference solution with the declared conductivity value
(Crison, 0.1413 S/m at 25 °C). The conductivity of this solution was deter-
mined as described above for the aqueous 0.05 M KCl electrolyte, with results
shown in Figure 2C. The conductivity obtained by this approach (0.146 S/m)
shows a deviation of 3 % from the declared value. Additionally, the conduc-
tivity of the reference solution was determined from separate measurements
performed in individual cells (single-point measurements). In such approach,
the obtained impedance magnitude was corrected for the 2Rel term obtained
from the intercept in the length dependence (see Figure 2C). Deviations
between conductivity values obtained by single-point measurements and the
declared conductivity value were all within the tolerance of 10 %. These devi-
ations are ascribed to the variation of the contact resistance between sensing
electrodes and the measurement circuit. Conductivity values obtained for
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the reference solution from the slope of the |Z| vs. L dependence as well as
by single-point measurements are cumulatively depicted in Figure 2D.

Figure 2: (A) Impedance magnitude |Z| as a function of applied frequency obtained by a
commercial potentiostat and 3D printed platform (cell length of 0.06 m) filled with aqueous
KCl solutions with varied concentration values. |Z| obtained in 3D printed platform filled
with (B) aqueous 0.05 M KCl and (C) Crison reference solution as a function of cell length
L. (D) Conductivity of Crison reference solution obtained from the cell length dependence
and by single point measurements. Data shown in (B) to (D) were obtained employing
the PSOC circuitry devised and constructed in this work.

3.4. Determination of the limiting molar conductivity value of aqueous KCl
electrolyte

Upon completing the above-mentioned inspection and validation proce-
dures, the developed conductometric platform was employed to determine
the limiting molar conductivity of aqueous KCl as a representative of strong
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electrolytes. Measurements are based on evaluating the impedance magni-
tude in the 3D printed platform with varied cell length, filled with electrolytes
with varied concentration (see Experimental part for particular parameters).
Resulting values of the electrolyte conductivity κ plotted as a function of the
electrolyte concentration c are depicted as red symbols in Figure 3A. Devi-
ations between respective experimental κ values and theoretical predictions
obtained by Peakmaster (black dots) are all less than 10 %. For each elec-
trolyte concentration, the value of the molar conductivity Λm was obtained
as (eq. 1)

Λm = κ/c (1)

According to Kohlrausch’s law, the Λm value of strong electrolytes de-
creases with their concentration following the relationship

Λm = Λ0
m − P

√
c (2)

where Λ0
m is the limiting molar conductivity (to be determined in this part

of the work) and P is an empirical constant specific for the electrolyte [73].
Experimentally obtained Λm values plotted as a function of c1/2 are depicted
as red symbols in Figure 3B. Obtained linear dependence confirms the validity
of Kohlrausch’s law for KCl. Black symbols show theoretically predicted Λm

values of aqueous KCl, calculated for the same concentration range by the
Onsager-Fuoss approach in the environment of the PeakMaster program. The
experimental and theoretical Λ0

mvalues were determined as intercepts of best
linear fits constructed to Λm vs. c1/2 data series and amount to 154.2 and
148.9 S cm2 mol−1, respectively. The found difference of 4 % confirms that
the integrated conductometric platform devised and manufactured in this
work is capable of highly accurate conductivity measurements.

3.5. Determination of dissociation constants of HCOOH and CH3COOH in
water

The developed conductometric platform was additionally utilized to de-
termine dissociation constants K of formic and acetic acid in water as two
representatives of weak electrolytes. Both inspected acids are uni-univalent
weak electrolytes and dissociate following the reaction

HA
 A− +H+ (3)
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Figure 3: (A) Conductivity of aqueous KCl as a function of its concentration c. (B) Molar
conductivity of aqueous KCl as a function of c1/2. Red symbols denote experimental values
obtained by the conductometric platform developed in this work, black symbols denote
theoretical values predicted by PeakMaster program.

The determination of the K value is based on the conductometric as-
sessment of the dissociation degree α in solutions with systematically varied
concentration value, employing the relationship

α =
Λm

Λ0
m

(4)

Values of Λm were determined from experimental κ values employing Eq.
1. In the determination of K values, it is customary to utilize theoretically
predicted Λ0

m values rather than experimentally obtained ones. In this work,
we take the prediction based on Nernst-Einstein equation (equation 5)

Λ0
m =

F 2

RT
(v+z

2
+D+ + v−z

2
−D−) (5)

where v± is the number of cations and anions formed upon dissociating
one electrolyte entity (here 1), z± is their charge number (here ±1), D±
is their diffusion coefficient and symbols F , R and T bear their standard
meaning. Values of diffusion coefficients (DHCOO− = 1.454 10−9 m2 s−1 and
DCH3COO− = 1.089 10−9 m2 s−1) were obtained from [74]. Such calculated
limiting molar conductivity value of formic and acetic acid amounts to 404
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and 390 S cm2 mol−1 (at 298 K), respectively. By considering Eqs. 3 and 4
one obtains

1− α
α2

=
1

K

c

c0
(6)

where c0 = 1 mol L−1 is the standard concentration. Figure 4 shows
the (1-α)/α2 vs. c/c0 dependence obtained from conductivity measurements
performed with aqueous solutions of formic (A) and acetic (B) acid. Values
of K were obtained as the inverse of slopes of best linear fits constructed to
respective data series.

Figure 4: Dissociation degree, expressed as (1-α)/α2, plotted as a function of concentration
c for (A) formic and (B) acetic acid in water.

For formic acid, the obtained value of K amounts to 1.63 10−4 (the re-
ported value is 1.77 10−4 [75]). For acetic acid, the obtained value of K
amounts to 1.82 10−5 (the reported value is 1.74 10−5 [76]). Respective K
values differ by 8 and 5 %, proving the capability of the developed platform
to determine this thermodynamic parameter (provided that precise limiting
molar conductivity value is known independently).

3.6. Electric conductivity measurements of mineral water samples

To confirm the applicability of the developed conductometric platform in
the analysis of real samples, we inspected the conductivity of several brands
of mineral water. In particular, four different kinds of mineral water (three
kinds of still water and a natural sparkling water) were purchased from the
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local store. Conductivity of each mineral water sample was obtained from
the impedance magnitude (measured at 20 °C) vs. cell length dependence as
described above. Figure 5A shows the correlation between measured values
and values reported on bottles (also evaluated at 20 °C). Figure 5B further
lists measured and reported values presented in the bar graph.

Figure 5: (A) Correlation and (B) bar graph of measured and reported conductivity values
of mineral water samples inspected in this work.

It is important to note that conductivity measurements of real samples in
general and mineral water samples in particular may be challenging due to
the complex chemical composition. Ionic strength (the quantity cumulatively
depicting the impact of present ions on chemical equilibria) of mineral water
samples typically ranges between 1 and 14 mM, with conductivity covering
the range of 10−2 and 10−1 S/m [77]. As shown in Figure 5A, measured
conductivity values of all mineral water samples inspected in this work are in
a good agreement with those reported by their producers. The four brands
of water cover a conductivity range of one order of magnitude (from 0.020 to
0.190 Sm−1) . For all cases, the deviation between respective experimental
and reported conductivity values is below 10 %. Considering significant dif-
ferences in the composition and concentration levels among inspected mineral
water samples (e.g. low content of sodium ions for Saguaro, high concentra-
tion and variety of ions for Ferrarelle mineral water), these results prove the
applicability of our inexpensive and easy-to-use integrated platform for the
analysis of mineral water samples with diverse ionic composition. The plat-
form developed and presented in this work may be used as a fully-fledged
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alternative to commercial conductivity meters.

3.7. Electric conductivity measurements in a broader context

The electronic circuitry developed in this work measures the impedance
magnitude as the only output signal i.e. it cannot discern individual (real
and imaginary) impedance components. For conductivity measurements, it
is mandatory to set the frequency of the perturbation voltage to the re-
gion in which all capacitive contributions to the overall measured impedance
magnitude are negligible. As already demonstrated for aqueous KCl solu-
tions with varied concentration, the contribution of the electrode/electrolyte
double layer charging capacitance may be largely suppressed by setting the
perturbation frequency to 5 kHz i.e. sufficiently above the frequency of the
transition between the capacitive and the resistive behavior (see Fig. 2A).
Another capacitive contribution exists parallel to the electrolyte resistance
due to dielectric polarization of bulk solvent molecules and electrolyte ions in
the non-stationary electric field. The dielectric polarization manifests itself
as a displacement current contributing to the overall measured current. For
sine-wave perturbation voltage as used in this work, the amplitude of the
displacement current id0 may be determined employing the relationship

id0 =
U0A

L
2πfε0εr (7)

where U0 and f is the peak-to-peak amplitude and frequency (0.5 V and
5 kHz in this work) , A and L is the cross-sectional area and length of
the cell (see Experimental part) and ε0 and εr is the vacuum permittivity
and the relative permittivity of the medium filling the cell (we consider the
value of 78.3 reported for water at 25 °C by [78]. The amplitude of the
displacement current calculated for parameters set in this work ranges from
4.4 10−8 A (for the 0.10 m cell) to 2.2 10−7 A (for the 0.02 m cell). The
contribution of the displacement current becomes the most prominent in
media with low conductivity. Predicted displacement current values were
therefore compared to free (conduction) current values obtained in strong
and weak electrolytes with the lowest inspected concentration values. For
the aqueous KCl electrolyte, the lowest probed concentration amounts to 1
10−3 M, with the observed impedance magnitude ranging from 3.1 kΩ (for
the 0.02 m cell) to 16 kΩ (for the 0.10 m cell). This range translates to
free current values between 3.1 10−5 and 1.6 10−4 A, being three orders of
magnitude higher than the range of predicted displacement current. Formic
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and acetic acid were inspected in the cell with LR = 0.06 m and the lowest
concentration of 1 10−4 M, with the observed impedance magnitude of 64 and
77 kΩ, respectively. These values translate to free current values of 7.8 and
6.5 x 10−6 A, being two orders of magnitude higher than the displacement
current calculated for this cell geometry (7.3 x 10−8 A). One can summarize
that for all electrolytes and the concentration range inspected in this work,
the contribution of the displacement current is at the frequency of 5 kHz
negligible.

4. Conclusions

In this work, we have devised, constructed, inspected and tested an exper-
imental platform for conductance measurements of aqueous solutions, com-
bining the virtues of in-house developed electronic circuitry and manufactur-
ing based on 3D printing. The electronic circuitry was assembled with the aid
of a programmable system on chip prototyping kit. Computer assisted design
and bi-material fused deposition modelling 3D printing were applied to devise
and manufacture the measurement platform, employing insulating high im-
pact polystyrene for supporting cells and conductive composite of polylactic
acid and carbon nanotubes for sensing electrodes. The functionality of the
developed electronic circuitry was verified by measurements with nominal re-
sistors. The entire platform was tested by measurements utilizing commercial
and in-lab prepared conductance standards. Subsequently, the platform was
applied to determine the limiting molar conductivity of aqueous potassium
chloride as a representative of strong electrolytes, by inspecting the con-
ductivity of solutions with systematically varied concentrations. The same
measurement approach was employed to determine dissociation constants of
formic and acetic acid in water as two representatives of weak electrolytes.
Furthermore, the platform was used to sense the conductivity of four differ-
ent brands of bottled water, in all cases reaching very good agreement with
reported conductivity values. Results achieved and presented in this work
demonstrate that bi-material fused deposition modelling 3D printing man-
ufacturing combined with programmable system on chip prototyping leads
to a fully functional conductometer, paving the way for the development of
inexpensive and accessible platforms for sensing ionic species in aqueous and
potentially also other dielectric media. Currently, developed and presented
approaches are being transferred to 3D printed electrochemical biosensors re-
lying on impedimetric detection and determination of analytes. Importantly,
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the emergence of electrically conductive printable composite materials opens
up new directions that are not restricted to conductometric or electroana-
lytical sensing. We envision that these materials will additionally enable the
manufacture of tailored electrodes and catalysts applied in electrosynthesis
and electrochemical removal of hazardous substances from the environment.
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termination of heavy metals in honey bee venom using hanging mer-
cury drop electrode and PLA/carbon conductive filament for 3D printer,
Monatsh. Chem.- Chem. Mont. (2021). doi:10.1007/s00706-020-02725-z.

[56] V. Katseli, M. Angelopoulou, C. Kokkinos, 3D printed Bbioelec-
tronic microwells, Adv. Funct. Mater. 31 (26) (2021) 2102459.
doi:10.1002/adfm.202102459.

[57] G. Martins, J. L. Gogola, L. H. Budni, B. C. Janegitz, L. H. Marcolino-
Junior, M. F. Bergamini, 3D-printed electrode as a new platform for
electrochemical immunosensors for virus detection, Anal. Chim. Acta
1147 (2021) 30–37. doi:10.1016/j.aca.2020.12.014.

[58] E. Vaneckova, M. Bousa, F. Vivaldi, M. Gal, J. Rathousky,
V. Kolivoska, T. Sebechlebska, UV/VIS spectroelectrochemistry with
3D printed electrodes, J. Electroanal. Chem. 857 (2020) 113760.
doi:10.1016/j.jelechem.2019.113760.

[59] J. G. Escobar, E. Vaneckova, S. Novakova-Lachmanova, F. Vivaldi,
J. Heyda, J. Kubista, V. Shestivska, P. Spanel, K. Schwarzova-
Peckova, J. Rathousky, T. Sebechlebska, V. Kolivoska, The devel-
opment of a fully integrated 3D printed electrochemical platform
and its application to investigate the chemical reaction between car-
bon dioxide and hydrazine, Electrochim. Acta 360 (2020) 136984.
doi:10.1016/j.electacta.2020.136984.

[60] E. Vaneckova, M. Bousa, V. Shestivska, J. Kubista, P. Moreno-Garcia,
P. Broekmann, M. Rahaman, M. Zlamal, J. Heyda, M. Bernauer, T. Se-
bechlebska, V. Kolivoska, Electrochemical Reduction of Carbon Dioxide
on 3D Printed Electrodes, ChemElectroChem 8 (11) (2021) 2137–2149.
doi:10.1002/celc.202100261.

[61] C. W. Foster, H. M. Elbardisy, M. P. Down, E. M. Keefe,
G. C. Smith, C. E. Banks, Additively manufactured graphitic elec-

27

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



trochemical sensing platforms, Chem. Eng. J. 381 (2020) 122343.
doi:10.1016/j.cej.2019.122343.

[62] J. P. Hughes, P. L. dos Santos, M. P. Down, C. W. Foster, J. A. Bonacin,
E. M. Keefe, S. J. Rowley-Neale, C. E. Banks, Single step additive
manufacturing (3D printing) of electrocatalytic anodes and cathodes
for efficient water splitting, Sustain. Energy Fuels 4 (1) (2020) 302–311.
doi:10.1039/c9se00679f.

[63] E. Vaneckova, M. Bousa, R. Sokolova, P. Moreno-Garcia, P. Broekmann,
V. Shestivska, J. Rathousky, M. Gal, T. Sebechlebska, V. Kolivoska,
Copper electroplating of 3D printed composite electrodes, J. Electroanal.
Chem. 858 (2020) 113763. doi:10.1016/j.jelechem.2019.113763.

[64] K.-E. Guima, V. H. R. Souza, C. A. Martins, Insulating 3D-printed
templates are turned into metallic electrodes: application as electrodes
for glycerol electrooxidation, RSC Adv. 9 (27) (2019) 15158–15161.
doi:10.1039/C9RA01436E.

[65] J. Fan, C. Montemagno, M. Gupta, 3D printed high transconductance
organic electrochemical transistors on flexible substrates, Org. Electron.
73 (2019) 122–129. doi:10.1016/j.orgel.2019.06.012.

[66] F. M. Rabboh, G. D. O’Neil, Voltammetric pH measurements
in unadulterated foodstuffs, urine, and serum with 3D-Printed
graphene/poly(lactic acid) electrodes, Anal. Chem. 92 (22) (2020)
14999–15006. doi:10.1021/acs.analchem.0c02902.

[67] C. Canali, A. Heiskanen, H. B. Muhammad, M. Dufva, J. Emnéus, An
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