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Abstract 
Electrochemical sensors have gained increasing attention for their high selectivity and sensitivity. 

Screen-printed electrodes (SPEs) are particularly attractive as low-cost, disposable, and scalable 

platforms that enable miniaturized electrochemical cells and field-deployable measurements. Here, 

we report a low-cost and easily fabricated carbon paste -SPE platform consisting of a 3D-printed 

acrylonitrile butadiene styrene body filled with carbon paste (graphite/mineral oil, 70:30) and a 

silver-ink pseudo-reference electrode. The device was evaluated using potassium ferricyanide 

(5.0 mmol L-1 in 0.5 mol L-1 KCl) as a redox probe. The ipa/ipc ratio was close to unity, while the peak-

to-peak separation (ΔEp≈949 mV) indicated kinetic/ohmic contributions typical of composite carbon-

based printed electrodes. A linear relationship between the corrected anodic peak current (iap) and 

the square root of the scan rate (v1/2) yielded an electroactive area of 0.485 cm², substantially larger 

than the geometric area, consistent with surface heterogeneity/porosity. Statistical validation by 

ANOVA confirmed good repeatability and reproducibility (p > 0.05, 95 % confidence). Overall, the 

proposed CP-SPE provides a robust and reproducible low-cost platform with strong potential for 

voltammetric sensing applications. 
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Introduction 

Electrochemical sensors are a promising class of chemical sensors due to their high selectivity 

and sensitivity. They are particularly effective for determining the concentrations of various analytes 

in samples, including liquids and dissolved solids [1]. Compared to other sensor types, electro-

chemical sensors are attractive because of their high detectability, simplicity, and low cost [2-9]. The 

main categories of electrochemical sensors include potentiometric, amperometric, conductometric, 

and voltammetric devices. 

In a voltammetric sensor, the redox reaction generates a current proportional to the concen-

tration of the electroactive analyte [10]. Voltammetric methods are widely used to investigate 

electrode kinetics, elucidate redox mechanisms, determine thermodynamic constants, and quantify 

chemical species [11]. 

Voltammetric curves are obtained using a three-electrode system: a working electrode, which may 

be made of metallic or carbonaceous materials (e.g. platinum, gold, graphite, glassy carbon), an auxiliary 

electrode and a reference electrode [11,12]. Screen-printed electrodes (SPEs) are fabricated by printing 

inks onto polymeric or ceramic substrates [13]. Recently, SPEs have become increasingly important in 

electrochemical detection due to their affordability [14-16], scalability [17,18], and the ability to 

miniaturize the electrochemical cell [15,19]. This miniaturization reduces the required sample volume 

to a few microliters and decreases the overall size of the diagnostic system in which the device is inte-

grated [20]. 

The development and use of new SPEs have expanded, with applications in diverse fields such as 

biosensing [20,21], environmental analysis [22], forensic science [23-26], and food [27] analysis [28]. 

An essential step in developing new SPEs is their validation [29]. This is commonly achieved through 

electroanalytical studies, in which quality parameters are determined using linear least-squares 

regression. This approach assumes a linear relationship between the measured quantity (e.g. con-

centration, volume, or activity (denoted as xi) and the instrumental response (yi), described by the 

equation yi = mxi + b [11,30]. From the resulting regression curves and associated data, various 

parameters can be derived to assess the measurement system, including sensitivity, limit of 

detection, limit of quantification, repeatability, and reproducibility [11]. 

Beyond electrochemical characterization, statistical evaluation is a key step in electrochemical 

sensor development, particularly for low-cost platforms intended for routine or field use [31,32]. 

Recent literature has emphasized that many sensors fail to translate beyond proof-of-concept due 

to insufficient analytical validation [33], especially regarding precision and measurement variability. 

Accordingly, robust validation commonly includes the assessment of repeatability and intermediate 

precision supported by ANOVA-based designs [33-36], which helps determine whether variability 

originates from the device, the operator, or random measurement effects. 

This study aims to validate an electrode fabricated using a 3D-printed acrylonitrile butadiene 

styrene (ABS) base, with the working and auxiliary electrodes filled with a carbon paste containing 

graphite, and the reference electrode and connectors filled with silver ink. Electrochemical 

validation was performed using the Randles-Ševčík equation, followed by statistical designs to 

identify validation through descriptive analyses and analysis of variance (ANOVA). 
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Experimental  

Materials 

Graphite powder and silver paint were purchased from Sigma Aldrich®. Potassium chloride was 

purchased from Synth®. Chloroform p.a. was purchased from Qhemis®. Potassium hexacyanoferrate 

was purchased from Carlo Erba®. 100 % mineral oil was purchased from União Química®. Transparent 

enamel from Colorama® and acrylonitrile butadiene styrene (ABS) filament were also used. 

Instruments 

The equipment used in this research included a 3D printer (GTMax, model A1, 0.45 mm extruder 

nozzle), two flat-angled bristle brushes (Bee Unique, 4 mm and 6 mm), and a portable potentiostat 

(PG581, Uniscan). 

Development of the carbon paste modified printed electrode 

The electrode design was created using Autodesk Inventor and fabricated with a 3D printer at 

190 °C using ABS filament (Figure 1a). To prepare the carbon paste, 22.5 g of graphite powder was 

mixed with 7.5 g of mineral oil and homogenized by magnetic stirring in 100 mL of chloroform. The 

solvent was evaporated under stirring at room temperature (23 °C) for approximately 10 minutes 

to achieve the desired consistency. The resulting paste was applied to the working and auxiliary 

electrodes using a brush (Figure 1b), while the reference electrode and all electrical connectors were 

filled with silver ink (Figure 1b). Finally, a hydrophobic barrier was created by coating the lower part 

of the electrodes with a layer of transparent enamel (Figure 1b). 

 
Figure 1. (a) Base of the electrode printed in ABS, (b) base of the printed electrode filled with carbon paste on 

the working (1) and counter (2) electrodes, with silver ink on the pseudo-reference electrode (3), and their 
respective connectors (4) and a hydrophobic barrier coated with transparent enamel (5) 

Electrochemical validation 

The electrodes were evaluated using cyclic voltammetry in a solution of potassium hexa-

cyanoferrate (5 mmol L-1 K₃[Fe(CN)₆]) in 0.5 mol L-1 KCl. Measurements were performed over a 

potential range of -1.0 to 1.2 V (vs. Ag) at scan rates ranging from 10 to 250 mV s-1. A UiEChem 

software, version 3.44 (Uniscan Instruments Ltd., UK) was used for these and all other voltammetric 

measurements with the potentiostat. 

The electrochemical parameters related to the potential difference between oxidation and 

reduction peaks, ∆Ep = (Eap - Ecp), and the ratio of oxidation to reduction peak currents, iap/icp, were 

analysed. In addition, the electroactive area was determined using the appropriate form of the 

Randles-Ševčík equation, which, for a reversible system, is described by Equation (1): 

ip = 2.69105AD1/2n3/2v1/2C (1)  
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where ip / A is the peak current, A / cm² is the electroactive area, D / cm² s-1 is the diffusion coef-

ficient, n is the number of electrons involved in the reaction, v / V s-1 is the potential scan rate and 

C / mol cm⁻³ is the concentration. 

Statistical analysis 

Statistical analyses were performed using data obtained from cyclic voltammetry. Ten electrodes 

were analysed, each performing five cycles in a solution of potassium hexacyanoferrate  

(5 mmol L-1 K₃[Fe(CN)₆]) in 0.5 mol L-1 KCl. Cyclic scans were conducted over a potential range of  

-1.0 to 1.2 V vs. Ag at a scan rate of 100 mV s-1. Two parameters were evaluated: ΔEp and the ratio 

iap/icp, extracted manually using Origin software (https://www.originlab.com) . Statistical analyses 

were carried out using  Excel (from Microsoft, https://excel.cloud.microsoft) and RStudio (from Posit 

PBC, https://posit.co), with data normality verified by the Shapiro-Wilk test [37] and descriptive 

statistics performed prior to ANOVA. A second analyst (Analyst B), with no prior experience, 

repeated the analyses on a second set of 10 electrodes to assess reproducibility. 

In this study, Analyst A has performed all steps related to electrode fabrication (ABS mold design 

and printing, carbon paste preparation, and electrode filling) as well as the preparation of the 

potassium hexacyanoferrate solution, following a standardized procedure. Analyst B was solely 

responsible for performing electrochemical measurements and statistical analysis using the 

prepared electrodes and solutions. This approach reflects a practical field application, where the 

end user receives ready-to-use electrodes and is responsible only for measurement and data inter-

pretation. Therefore, reproducibility was specifically evaluated at the measurement stage. 

Descriptive analyses and one- and two-factor analyse of variance were conducted on the data from 

100 voltammograms (50 from each analyst).  

Descriptive analysis 

Descriptive analysis summarizes key dataset characteristics, aiding in the identification of 

patterns and outliers [38]. Data from Analyst A was analysed for the two studied parameters (ΔEp 

and iap/icp), then combined with Analyst B’s data for comparative analysis. The main parameters 

obtained included the mean, standard error, median, mode, standard deviation, sample variance, 

skewness, kurtosis, and minimum and maximum values. Definitions of some of these parameters 

are provided below. 

Skewness 

A distribution is considered skewed when it is asymmetric around its central value. Skewness 

indicates how data are dispersed relative to the mean, median, and mode [39,40]. When the mean, 

median, and mode are equal, the distribution is symmetric (skewness ≈ 0). If mean > median and 

mode, the distribution has a longer right tail (positive skewness); if mean < median and mode, the 

left tail is longer (negative skewness). 

Kurtosis 

Kurtosis is a statistical measure that describes the “peakedness” of a distribution and provides 

insight into the behaviour of its tails [39,40]. A mesokurtic distribution resembles a normal curve, a 

leptokurtic distribution has a sharper peak with heavier tails (more extreme values), and a 

platykurtic distribution is flatter with lighter tails (fewer extreme values). 

https://www.originlab.com/
https://excel.cloud.microsoft/
https://posit.co/
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Standard error and standard deviation 

Standard error and standard deviation are statistical measures of data variability. The standard error 

quantifies the accuracy of the sample mean as an estimate of the population mean, indicating how far 

the sample mean may deviate from the true mean [39-41]. The standard deviation measures the 

dispersion of individual data points around the dataset mean, reflecting overall variability [39-41]. 

Pearson’s correlation 

Within descriptive analysis, Pearson’s correlation measures the strength and direction of the 

linear relationship between two continuous variables [39]. Values range from -1 (perfect negative 

correlation) to 1 (perfect positive correlation), with 0 indicating no linear correlation. 

One-way analysis of variance  

A one-way analysis of variance (ANOVA) was performed on cyclic voltammetry data of potassium 

hexacyanoferrate, as previously described. One-way ANOVA tests whether three or more 

population means are equal by analysing sample variances using a single factor [41]. The null 

hypothesis (H₀: μ₁ = μ₂ = μ₃ …) is not rejected if the p-value > 0.05 or the F-value is below the critical 

F-value; otherwise, the alternative hypothesis (H₁: at least one mean differs) is accepted [40,41]. The 

analysis also provides the mean square (MS) within groups, used to calculate the coefficient of 

variation (CV, Equation (2)), which quantifies data dispersion, where 𝑥̄ corresponds to the mean of 

the measured values. CV ≤ 15% indicates low dispersion, 15 to 30 % moderate, and ≥30 % high 

dispersion [40,41].  

CV  
MS

x
=   (2)  

Two-way analysis of variance 

Reproducibility was assessed by evaluating the variation in parameter measurements performed 

by two analysts. Analyst B, an engineer without prior experience with the system, received 

instructions on equipment operation, analysis methodology, software handling, and parameter 

calculation. Two p-values were obtained for the fixed factors (analyst and electrode), using the same 

hypotheses as in the one-way ANOVA. 

Results and discussion 

Electrochemical validation 

The fabricated electrodes were evaluated using a potassium hexacyanoferrate solution, a system 

widely reported in the literature for its well-established electrochemical behaviour. This redox 

couple typically exhibits two distinct voltammetric peaks, one for oxidation and one for reduction, 

corresponding to a reversible reaction, as described in Equation (3).   

Fe(CN)6
3- + e- Fe(CN)6

4- (3) 

Cyclic voltammograms obtained at a scan rate of 100 mV s-1 using the CP-SPE showed a peak 

current ratio (iap/icp) of 0.97, which is very close to the theoretical value of 1 expected for reversible 

systems, thereby indicating that the developed electrode is capable of reproducing the expected 

redox response of this probe [12]. 

Analysis of the potential difference between the oxidation and reduction peaks (ΔEp) in the same 

voltammogram revealed a value of approximately 949 mV. The ΔEp value expected for a reversible 

system is close to 59/n mV [12], where n is the number of electrons involved in the reaction, which in 
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this case is equal to 1. The discrepancy observed between the experimental and theoretical values can 

be ascribed to the quasi-reversible and irreversible electrochemical behaviour of the iron/ferricyanide 

system, particularly when non-conventional electrode materials, such as screen-printed or 3D-printed 

electrodes, are employed [42]. Such behaviour is strongly influenced by intrinsic properties of the 

electrode, including the chemical composition of the ink used during fabrication, the relative content 

of organic binders, the curing temperature, the presence of oxygenated surface species, the degree 

of surface hydrophilicity, and the specific nature of the electrode material [43,44].  

Indeed, enlarged ΔEp values have been widely reported for carbon pastes and screen-printed 

carbon electrodes compared to polished glassy carbon or metallic electrodes. Fanjul-Bolado et al. [44] 

demonstrated that screen-printed carbon electrodes often display significantly higher peak 

separations due to increased charge-transfer resistance and the presence of insulating binders within 

the carbon matrix, while Trachioti et al. [42] highlighted that graphite-based screen-printed platforms 

frequently deviate from ideal reversible behaviour because of surface heterogeneity and kinetic 

limitations. In contrast, electrodes fabricated by alternative deposition techniques, such as electro-

deposition, sputtering, or mechanical polishing of glassy carbon, typically exhibit smaller ΔEp values 

closer to the theoretical 59 mV expected for a one-electron reversible process [12], owing to the more 

compact and homogeneous nature of these surfaces, which favours faster heterogeneous electron-

transfer kinetics. Therefore, the large ΔEp observed for the present CP-SPE is consistent with the 

intrinsic characteristics of composite carbon paste-based and printed electrode architectures rather 

than an anomalous electrochemical response. 

The investigation of scan rate variation in the K₃[Fe(CN)₆] solution demonstrated a linear 

correlation between the anodic peak current (iap) and the square root of the scan rate (v1/2), in agre-

ement with the Randles-Ševčík equation, Equation (1). The voltammograms obtained at different 

scan rates are shown in Figure 2. These results enabled the determination of the electroactive 

surface area of the developed electrode. 

 
Figure 2. Cyclic voltammograms for the analysis of 5.0 mmol L-1 K3[Fe(CN)6] in 0.5 mol L-1 KCl using CP-SPE,  

at different scan rates 
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For the calculation of the electroactive area, the Randles-Ševčík equation must be adapted, as its 

standard form Equation (1) applies only to reversible processes. For systems with nΔEp between 63 

and 200 mV, the quasi-reversible form is used in Equation (4), while for nΔEp>200 mV, the 

irreversible form is appropriate in Equation (5) [42]. 

( ) ( )5 1/2 3/2 1/2
p 2.69 10 Λ,α                  i AD n v C K=   (4) 

5 1/2 1/2 1/2
p 2.99 10                 i AD v C=    (5) 

where K(Λ,α) is a dimensionless parameter for quasi-reversible reactions, and a is the charge 

transfer coefficient, reflecting the energy barrier symmetry for a single-electron step. The nΔEp 

values obtained from the voltammograms in Figure 2 exceeded 200 mV for all scan rates, indicating 

that Equation (5) is appropriate. α was calculated from the difference between the anodic peak 

potential (Ep) and the half-wave potential (Ep/2):  

( )p/2

1.857 47.7
        at  25 C              

RT
E

F 
= =    (6) 

where R is the universal gas constant (8.314 J mol-1 K-1), T is the temperature in Kelvin, and F is the 

Faraday constant (96485 C mol-1). 

Using α in Equation (5), a linear relationship between the corrected peak current (iap) and the 

square root of scan rate (v1/2) (Figure 3) was observed, yielding an electroactive area of 0.485 cm², 

683 % larger than the geometric area (0.071 cm²). This enhancement is consistent with previous 

reports on carbon-based electrodes, in which surface roughness and porosity increase the number 

of accessible electrochemical sites. In the present system, the carbon paste with binder likely 

enhances surface heterogeneity and inner-sphere interactions of the [Fe(CN)₆]³⁻/⁴⁻ redox couple, 

contributing to the increased effective area [45]. 

 
Figure 3. Plot of the linear relationship between the anodic peak current (iap) corrected by the charge transfer 

coefficient (a), and the square root of the scan rate (v¹ᐟ²) 

Statistical analysis 

Descriptive analysis 

In Table 1, the main parameters obtained from the descriptive analysis of the data related to the 

two studied parameters (∆Ep and iap/icp) with the analysis by Analyst A are presented. 

For the ∆Ep parameter, the mean, median and mode were 0.721, 0.720, and 0.720, respectively, 

indicating a symmetrical distribution, consistent with the skewness value close to zero (0.439). This 

iap = 0.002v1/2 - 510-5 
R2 = 0.9902 
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suggests a cantered distribution with low variability. The kurtosis value (0.925) indicates a slightly 

leptokurtic distribution. Standard error and standard deviation were very low (0.002 and 0.012, 

corresponding to 0.3 and 1.7 % of the mean), and the variance was nearly zero, confirming minimal 

variation. 

Table 1. Main parameters obtained from the descriptive analysis of the data related to the two studied 
parameters (∆Ep and iap/icp) with the analysis by Analyst A 

 ∆Ep / V iap/icp 

Mean 0.721 1.043 

Standard error 0.002 0.007 

Median 0.720 1.038 

Mode 0.720 - 

Standard deviation 0.012 0.051 

Sample variance 0.000 0.003 

Kurtosis 0.925 0.150 

Skewness 0.439 0.455 

Minimum 0.700 0.949 

Maximum 0.755 1.184 
 

For the iap/icp parameter, the absence of a mode precluded direct comparison with mean and 

median; however, the skewness (0.455) again indicated symmetry around the mean and low 

variability. The kurtosis value (0.150) was close to zero, consistent with a mesokurtic distribution. 

The standard error, standard deviation, and variance were 0.007, 0.051 and 0.003, corresponding 

to 0.7, 5.0 and 0.3 % of the mean, respectively, indicating low dispersion. 

The data obtained from Analysts A and B were pooled and subjected to descriptive analysis, with 

results summarized in Table 2. Comparison with the data from Analyst A alone (Table 1) showed no 

significant changes in mean, median, or mode values. Kurtosis and skewness increased slightly but 

remained consistent with a symmetrical distribution for both parameters, with ∆Ep remaining 

slightly leptokurtic and iap/icp shifting from mesokurtic to slightly leptokurtic. Standard errors and 

standard deviations were low relative to the means, with values of 0.001 and 0.011 for ∆Ep, and 

0.005 and 0.045 for iap/icp, corresponding to 0.1 and 1.5 % for ∆Ep, and 0.5 and 4.3 % for iap/icp, 

respectively. These findings confirm that the combined dataset preserves the distributional 

characteristics observed with Analyst A alone, demonstrating consistency between analysts and 

supporting good system reproducibility. 

Table 2. Main parameters obtained from the descriptive analysis of the data related to the two studied 
parameters (∆Ep and iap/icp) from the Analyst A and Analyst B 

 ∆Ep / V iap/icp 

Mean 0.721 1.044 

Standard error 0.001 0.005 

Median 0.720 1.039 

Mode 0.720 1.039 

Standard deviation 0.011 0.045 

Sample variance 1.663 0.766 

Kurtosis 0.665 0.587 

Skewness 0.700 0.949 

Minimum 0.755 1.184 
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To evaluate the consistency of the two parameters (∆Ep and iap/icp) across five measurements 

obtained from ten electrodes by Analyst A, as well as the agreement between data from Analysts A 

and B, Pearson’s correlation was applied through pairwise comparisons. The results, presented in 

Figures 4a and 4b, show strong correlations in all cases, confirming high similarity within Analyst A’s 

data and between the two analysts. 

 
Figure 4. Pearson correlation matrices of the mean values obtained from 5 measurements of two parameters 
(∆Ep and iap/icp) for 10 electrodes. In both the x- and y-axes, e1 to e10 in (a) and e1 to e20 in (b) correspond to 

the mean measurements of each electrode, as specified on the right side of the figure. Each matrix cell 
represents the Pearson correlation coefficient between two electrodes. The matrices show (a) the results for 

Analyst A and (b) the combined results for Analyst A and Analyst B 

One-way analysis of variance 

After assessing normality with the Shapiro-Wilk test (a = 0.05), the ΔEp dataset yielded a W statistic, 

i.e. the Shapiro-Wilk test statistic, of 0.951, close to 1, indicating strong agreement with a normal 

distribution; the corresponding p-value was 0.386 (>0.05), and the null hypothesis of normality was 

therefore not rejected. Likewise, for the iap/icp dataset, W was 0.979 (also close to 1) and the p-value was 

0.392 (>0.05), again indicating no evidence of departure from normality. Based on these results, one-

way ANOVA was performed using the data obtained from Analyst A. Table 3 summarizes the mean 

square within groups (MS), F-values and p-values for each parameter (ΔEp and iap/icp). 

Table 3. Values obtained for each parameter (∆Ep and iap/icp) from the one-way ANOVA 

∆Ep iap/icp 

MS F Valor-p MS F Valor-p 

0.000 0.614 0.778 0.003 1.145 0.355 
 

The p-values obtained from the ANOVA were 0.778 for ΔEp and 0.355 for iap/icp, both higher than 

0.05, indicating that the null hypothesis of equal means cannot be rejected. Similarly, the F-values 

for both parameters were lower than the critical F-value (2.124), indicating no significant differences 

among the electrode groups. 
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For the ΔEp parameter, the MS value is 0, which corresponds to a CV (Equation 2) of 0, indicating 

low dispersion. For the iap/icp parameter, the MS value is 0.003, resulting in a CV of 5.25 %, indicating 

low dispersion. Serrano et al. 46 reported values ranging from 2.2 to 11.0 % for carbon screen-

printed electrodes modified with multi-walled carbon nanotubes, carbon nanofibers, and graphene. 

The results obtained in the present study (0 and 5.25 %) fall within this reported range. Additionally, 

they are comparable to those described by Lotfi et al. [47], who found values of 3.6 and 4.5 % for a 

sensor based on Pd nanoparticles decorated poly-methyldopa (PMDA) modified TiO₂ nanoparticles 

on a glassy carbon electrode. 

The similarity between the group means is also evident in the interval plots (Figure 5a and 5b), 

where the variance intervals of the means for all electrodes overlap for both parameters, indicating 

that all mean values are statistically equal.  

 
Figure 5. Interval graph for (a) iap/icp and (b) ΔEp averages for the 10 electrodes with a 95 % 

confidence interval 

Two-way analysis of variance  

A two-factor ANOVA was performed using the results from both Analyst A and Analyst B. For the 

ΔEp parameter, the p-values were 0.318 (electrode) and 0.528 (analyst), while for the iap/icp 

parameter, the values were 0.109 (electrode) and 0.865 (analyst). All p-values exceeded 0.05, 

indicating that the null hypothesis could not be rejected. Thus, neither the electrodes nor the 

analysts significantly contributed to measurement variability, and the results were statistically 

consistent across all 100 measurements.  

Table 4 presents the results of the R&R (repeatability and reproducibility) and part-to-part studies, 

which evaluate the variability among the electrodes themselves, for both parameters. These analyses 

quantify the proportion of total variability attributable to the measurement system (R&R) versus the 

electrodes themselves. In this context, repeatability reflects the variation in measurements by the same 

analyst, whereas reproducibility captures variation between different analysts [40].  

Table 4. Study of variability for each parameter (∆Ep and iap/icp) with the two-way ANOVA 

 Source SD Variance contribution, % 

∆Ep 

Total measurement (R&R) 0.0114 100.00 

Repeatability 0.0114 100.00 

Reproducibility 0.0000 0.00 

Part-to-Part 0.0000 0.00 

iap/icp 
Total measurement (R&R) 0.0436 90.78 

Repeatability 0.0436 90.78 

M
ea

n
 

E p
 /

 V
 

M
ea

n
 (

i a
p
 /

 i c
p
) 
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Reproducibility 0.0000 0.00 

Part-to-Part 0.0139 9.22 
 

For the ΔEp parameter, 100 % of the variation originated from the R&R source, with no 

contribution from the part-to-part source. This indicates that the electrodes do not differ among 

themselves, and the minimal variability observed is due solely to the measurement system. Within 

the R&R source, all variation was attributed to repeatability, with no significant differences between 

analysts, demonstrating that the system is reproducible. 

It is important to note that the comparison of measurements taken by two different analysts was 

intended to demonstrate the consistency of the results obtained with the developed electrodes. 

Even when the measurements and data analysis were performed by an operator with no prior 

experience in the technique, the results were comparable to those obtained by an experienced 

analyst. This result reinforces the robustness and simplicity of the method, showing that it can be 

reliably applied in the field by different users. 

For the iap/icp parameter, there was a greater contribution of system variation attributed to the 

R&R source; however, 9.22 % of the total system variation was attributed to the part-to-part para-

meter, indicating that less than 10 % of the system's variation is due to differences between the 

parts (electrodes). Within the variation attributed to the R&R parameter, the entire contribution 

(90.78 %) comes from repeatability, once again showing that the system is reproducible. 

Conclusions 

The electrode developed from a 3D-printed ABS base, with working and auxiliary electrodes filled 

with carbon paste and a reference electrode filled with silver ink, was successfully evaluated both 

electrochemically and statistically. Electrochemical analysis using the Randles-Ševčík equation 

indicated irreversible behaviour with an electroactive area larger than the geometric area, likely due 

to the binder in the paste and inner-sphere reactions of the Fe(CN)6³⁻/⁴⁻ redox pair. Descriptive 

analyses showed data well-distributed around the mean, with low variability. One- and two-factor 

ANOVA confirmed good repeatability and reproducibility. Overall, the developed electrode was 

properly validated and demonstrates promising performance for voltammetric analyses. 
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