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ABSTRACT 

3D printing is a useful and novel approach towards the manufacturing of electrochemical 

sensors, due to the ability to make electrodes in any geometry. Electrodes made using 

3D printers and pens are seldom used as printed. Most commonly, the electrode surface 

is polished prior to use. We explored the performance of electrochemically pretreated 

native (where the surface structure of the printed part was not altered) or mechanically 

polished electrode surfaces made using two different 3D printing manufacturing 

approaches. Using a 3D printer and pen, electrodes were made using carbon 

black/polylactic acid (CB/PLA) filament. Post printing, electrodes were used either as 

printed or following mechanical polishing. Native electrodes made using the printer had a 

greater response to inner and outer sphere redox probes, enhanced sensitivity, and 

greater recovery from dopamine fouling than polished printer made electrodes. This trend 

was completely reserved in pen made electrodes where the performance of polished 

electrodes was far greater than that of native electrodes. Native electrodes made using 

the printer were comparable to polished electrodes made using the pen. These results 

highlight the influence of printing manufacturing approach and electrode preparation to 

achieve enhanced analytical measurement.  
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1. INTRODUCTION 

3D printing has revolutionized the approach to make electrochemical sensors [1-7]. 

Compared to other approaches to manufacture electrodes, 3D printing has provided the 

ability to make electrodes in any geometry. Complete sensing devices can also be 

fabricated using 3D printing, where conductive sensing parts are printed alongside non-

conductive thermoplastic parts in a single step [8-12]. Such benefits have made 3D 

printed electrodes an excellent tool for studying environmental, forensic, and biomedical 

applications [13-19]. Two different approaches to making 3D printed electrodes are used. 

3D printers provide excellent resolution and control in making varied electrode 

geometries[20, 21] however 3D printing pens are easy to use and provide a fast 

alternative approach to make electrodes [22-24].  

At present, post printing 3D-printed surfaces require to be activated to provide sufficient 

electrochemical activity for analytical sensing. Many treatments can have a profound 

effect on the electrode surface, however electrochemical pre-treatments provide minimal 

alteration to the native surface (as printed) of the electrode. Many studies mechanically 

polish the native surface of the 3D printed electrode using alumina suspension or abrasive 

paper[25-28]. This process is carried out to ensure that the electroactive material is 

exposed on the electrode surface. This post-printing process is most widely conducted 

when making electrodes using 3D pens as the surface is assumed to be more irregular 

and unreproducible when compared to 3D printer made electrodes[22, 24, 29, 30]. 
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However, the reproducibility in the mass production of native electrodes made through 

varying approaches of 3D printing is not well known.  

Our study explored the performance of electrochemical pre-treated native and polished 

carbon black/polylactic acid (CB/PLA) electrodes printed by both printer and pen to 

evaluate their electrochemical activity and performance as electrodes for electroanalysis. 

Such findings will provide clear insights into the impact of electrode preparation for two 

different approaches of making 3D printed electrodes when conducting sensing 

applications. 

 

 

2. EXPERIMENTAL SECTION 

2.1 Fabrication of electrodes using 3D printer and 3D printing pen  

Cylindrical electrodes were fabricated using a Creality Ender Pro 3, with a 0.4 mm nozzle 

at 230 C̊ and a bed temperature of 40 ̊C. For the print, 2 shells (outer perimeter toolpaths), 

0.1 mm layer thickness, 100 % infill density and speed of 3600 mm/s using CB/PLA 

filaments (marketed as proto-pasta, was purchased from filaprint, UK) were used. To 

compensate for the filler content of the material, retractions were disabled, and the 

extrusion multiplier was set to 1.1. The electrode was printed in a vertical orientation. Our 

previous studies have showcased that these printing parameters yield conductive 

materials with enhanced electroactive behaviour [31, 32]. The cylinder was 3 mm in height 

and 10 mm in diameter. This geometry was chosen as this was deemed to be a suitable 

dimension that could be made into a native electrode using the printing pen. 
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Using the 3D printing pen (SUNLU 300) with a 0.75 mm nozzle a cylinder of similar 

dimensions (10 mm diameter by 3 mm height) was fabricated within a mold made from 

polydimethylsiloxane. Speed of the 3D-printing pen was 3600 mm/s, and the same carbon 

black/PLA filament was utilized. Supplementary video 1 provides an example of the 

process taken to make the CB/PLA cylinder using the 3D printing pen. The side of the 

electrode which was in contact with the benchtop surface was explored, given that the 

other side was compressed in the semi-molten state with mechanical pressure using a 

spatula. The CB/PLA cylinders made using the printer and pen were then made into 

electrodes. The cylinders were placed inside an acrylic tube, where electrical connection 

was achieved by attaching a copper wire using conductive silver epoxy (CircuitWorks) 

and sealed with Araldite.  

Half the batch of printer and pen made electrodes were mechanically activated by 

manually polishing for 30 s with 1200 grit abrasive paper. Following this the surface 

electrodes were polished in a figure of eight formation using an alumina suspension of 

0.30 μm for a duration 3 minutes. Prior to conducting studies, electrochemical 

pretreatment was performed on both native and mechanically polished surfaces in 0.5 M 

NaOH by holding the potential at +1.4 V for 200 s and then at -1.0 V for 200 s [26].   

 

2.2 Scanning electron microscopy (SEM) 

The native and polished electrodes made using the 3D printer and pen were imaged using 

a Zeiss SIGMA field emission gun SEM equipped with an Everhart-Thornley detector 

operating in secondary electron detection mode, using 5 kV accelerating voltage, a 20 

µm aperture, and 8.1 mm working distance. 
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2.3 Electrochemical characterisation of the 3D printed electrodes 

Electrochemical studies were carried out using a three-electrode system, which consisted 

of a Ag|AgCl (3 M KCl) reference electrode, a platinum wire auxiliary electrode, and the 

3D-printed CB/PLA electrode as the working electrode. All electrochemical experiments 

were carried out using a CH 760E potentiostat (CH instruments, Texas).  

Firstly, measurements were conducted in an outer sphere redox probe (1 mM 

Ru(NH3)6
2+/3+ in 1 M KCl) and inner sphere redox probe (5 mM ferricyanide in 1 M KCl 

solution). The potential window for Ru(NH3)6
2+/3+ was 0.0 V to -0.5 V and +0.6 to -0.2 V 

for ferricyanide.  Cyclic voltammograms were performed with a scan rate of 0.05 V/s. 

Mass production of printed electrodes was compared using 6 batches of 6 electrodes. 

For the electrodes made by the pen, six different researchers made a batch of electrodes. 

 

2.4 Determination of electrode capacitance and resistance 

Electrochemical Impedance Spectroscopy (EIS) measurements were performed in a mix 

of 0.5 mM potassium ferricyanide and 0.5 mM potassium ferrocyanide in 1 M KCl at a 

potential equal to the anodic peak potential. A frequency range of 100 kHz to 0.01 Hz and 

an amplitude of 5 mV were utilised. Capacitance was measured in 1 M KCl at varying 

scan rates, from 30 mV/s to 250 mV/s in the potential window of 0 to +1.0 V and 

calculations were carried out at +0.5 V.  

 

2.5 Electroanalytical measurements of dopamine 
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To compare the electroanalytical performance of the 3D printed electrodes, studies were 

conducted using dopamine. Amperometric calibration in 0.1 to 2.0 µM dopamine in 0.1 M 

PBS were conducted. Measurements were carried out at +0.65 V.  

To explore the stability of the electrodes, the change in the response of 5 mM ferricyanide 

in 1 M KCl solution was observed after the electrode was exposed to 1 mM dopamine for 

10 mins. Following these experiments, the ability to regenerate the electrodes post fouling 

was explored. To regenerate the electrodes, electrochemical pretreatment was 

performed in 0.5 M NaOH by holding at +1.4 V for 200s followed by holding at -1.0 V for 

200s. Finally, another measurement in 5 mM ferricyanide was carried out to explore if the 

electrode response had recovered relative to the initial response. 

 

2.6 Data analysis  

The cyclic voltammetry measurements were analyzed for anodic/cathodic peak potential, 

the difference between the anodic and cathodic peak potential (ΔE) and current obtained 

from the voltammograms using CHI 760E software. The current was utilised to calculate 

the active surface area using the Randles–Ševčík equation. The heterogenous electron 

transfer kinetics (HET, kº) were calculated based on the method by Nicholson as 

follows.[33]  

𝑘º =  𝛹√(𝜋 ∗
𝑛𝐹

𝑅𝑇
∗ 𝐷 ∗ ʋ) 

Where Ψ is dimensionless charge transfer parameter as tabulated by Nicholson [33], R 

is gas constant (J K-1mol-1), T is temperature (K), F is Faraday constant, n is a number of 

electrons transfer, D is diffusion coefficient (cm2/s), and ʋ is scan rate (V/s). The diffusion 
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coefficient used was 9.1 cm2/s for Ru(NH3)6
2+/3+. The Nyquist plots were fitted to obtain 

the Rs and Rct values. To measure the capacitance, the mean difference in anodic and 

cathodic current (Δi) at 0.5 V was divided by two times the scan rate (2V). This was then 

normalised by the geometric surface area of the electrode which was 0.785 cm2 [34]. For 

amperometric measurements, the current response at varying concentrations of 

dopamine were obtained.  

Data was shown as mean ± the standard deviation (SD). Statistical analysis (GraphPad 

Prism 9.0) was carried out using student t-tests and two-way ANOVA with Sidak post hoc 

tests. 

 

3. RESULTS AND DISCUSSION  

3.1 Comparing the electrochemical pre-treated native and polished CB/PLA 

electrode surfaces printed by 3D printer and pen 

The electrochemical pre-treated did not have significant influence on the surface stucture 

of the native 3D printed electrode and thus was considered a native surface in the context 

of electrode surface structure within this study. The surface of the native 3D printed 

electrode made using the printer had defined printed layers; however, it was difficult to 

observe structured printed layers on the surface of the native electrode made using the 

3D printing pen in the light microscopy and SEM images shown in Figure 1. The surface 

of the electrode made using the pen was mostly flat, where large ridges connected the 

print layers. This is due to the larger print layer thickness achieved on the 3D pen, where 

the nozzle is roughly double the size of that present on the 3D printer. The surface of the 
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electrode made using the 3D printer has significantly more ridges due to the precise 0.1 

mm print layers [32].  

When the electrodes were polished, a smooth surface over the entire electrode was 

observed on the electrode that was made using the printer, however large ridges in-

between smooth regions were still evident on the polished 3D pen made electrode. From 

the SEM image for the polished pen made electrode, there is also the presence of voids 

between the layers (Figure 1). After 3 minutes of polishing, the ridges that existed 

between the 0.1 mm printing layers were completely lost on the printer made electrode, 

but this duration of polishing was not sufficient to generate a totally smooth electrode 

surface on the pen made electrode. 

Supplementary Figure 1 shows the side view of the native printed cylinder made using 

the printer and pen. The cylinder made using the pen lacks defined uniform layers and 

has large ridges between the layers. This suggests that there is a greater likelihood of air 

voids being present within the cylinder made using the pen and potentially may lead to 

the electrode being more resistive.  
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Figure 1. Light microscopy and SEM images of native and polished 3D printed electrodes.  Top 

panel shows light microscopy images, and the next panels show SEM images of the native and 

polished CB/PLA cylinder made using a 3D printer and pen. The cylinder was placed in an acrylic 

tube so that only the disc was exposed for electrochemical measurements.  

 

 

3.2 Electrochemical characterization of native and polished 3D printed electrodes 

The 3D printed electrodes were initially electrochemically characterized using two redox 

couples – outer sphere Ru(NH3)6
2+/3+ and inner sphere ferricyanide. The representative 

cyclic voltammograms on both electrodes for Ru(NH3)6
2+/3+ is shown in Figure 2A. The 

native electrodes made using the 3D printer exhibited significantly higher cathodic peak 

currents, lower cathodic peak potential and lower ΔE for Ru(NH3)6
2+/3+ (Figure 2B-D, 



11 
 

n=10, p<0.001) when compared to the native pen made electrodes. The polished 

electrodes made using the printer had significantly lower cathodic peak current and ΔE 

for Ru(NH3)6
2+/3+ (Figure 2B&D, n=10, p<0.001) when compared to the polished pen 

made electrodes. For the electrodes made using the printer, the native electrodes 

exhibited a significantly higher cathodic peak current (p<0.001), higher cathodic peak 

potential (p<0.001) and lower ΔE for Ru(NH3)6
2+/3+ (p<0.01, Figure 2B-D, n=10) when 

compared to the mechanically polished electrodes. For the electrodes made using the 3D 

pen, the native electrodes exhibited a significantly lower cathodic peak current, higher 

cathodic peak current and higher ΔE for Ru(NH3)6
2+/3+ (Figure 2B-D, n=10, p<0.001) 

when compared to the mechanically polished electrodes. 

The electron transfer rate (kº), calculated by the Nicholson method, [33, 35, 36] for 

the native and polished electrodes are shown in Supplementary Table 1. When 

comparing with native electrodes, the kº was lower on the polished printer made 

electrodes (p<0.01) but higher on the polished pen made electrodes (p<0.001, n=10). 

There was a significantly lower kº for the native pen made electrodes when compared to 

the native printed electrodes, whilst this trend was reversed in the polished electrodes 

(P<0.001, n=10).  

Using the Randles–Ševčík equation, the active surface of the electrode was 

calculated and is shown in Supplementary Table 2. For the electrodes made using the 

printer the active native surface area was found to be 0.17 cm2 (22.4 % of the geometric 

area), which significantly decreased when the electrodes were mechanically polished 

(p<0.001, n=10). For the electrodes made using the pen the active surface area was 

found to be 0.15 cm2 (19.4 % of the geometric area), however that active surface area 
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significantly increased following mechanical polishing (p<0.001). The active surface is 

significantly lower than the percentage of CB present within the filament (23 – 30 % by 

volume) [32] and is suggestive that the reduced active surface area may be due a 

reduction in the number of conductive pathways in pen and printer made electrodes.  

In the native surface, the pen made electrodes has lower electrochemical activity 

than printer made electrodes, which may be due to poor uniformity of the electrode 

surface area, reduced surface area and/or higher resistivity due to limited number of 

conductive pathways. This may be mainly due to the way these electrodes were 

fabricated given that print layers were perpendicular to the pathway of conductivity, whilst 

for native 3D printer made electrodes, with a vertical print [31], conductive pathways 

would be within plane of the print layers. Interestingly, mechanically polishing the 

electrode reduced the electrochemical activity of the printer made electrodes but 

improved pen made electrodes. A similar effect was observed in a study using native 

PLA-graphene electrodes, where a slight decrease in the voltammetric response signal 

was observed when more than 3 min of polishing was used [28]. The electrochemical 

activity of the polished pen made electrode is comparable to that of the native printer 

made electrodes for the measurement of the outer sphere redox probe. This is suggestive 

that polishing has differential effects on both surfaces, in which polishing printer made 

electrodes reduced the active surface area of the electrode but increased the availability 

of the CB in the pen made electrodes.  

The representative cyclic voltammograms of both electrodes for ferricyanide is shown in 

Figure 2E. The native electrodes made using the printer exhibited significantly higher 

anodic peak currents for ferricyanide (Figure 2F, n=10, p<0.001) when compared to the 
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native pen made electrodes. The polished electrodes which were made using the printer 

had significantly lower anodic peak currents, higher anodic peak potential and higher ΔE 

for ferricyanide (Figure 2F-H, n=10, p<0.001) when compared to the polished pen made 

electrodes. For the electrodes made using the printer, the native electrode exhibited a 

significantly lower anodic peak current and potential for ferricyanide (p<0.01, Figure 

2F&G, n=10) when compared to the mechanically polished electrodes. For the electrodes 

made using the pen, the native electrodes exhibited a significantly lower anodic peak 

current (p<0.001, Figure 2F) and higher ΔE for ferricyanide (p<0.01, Figure 2H, n=10) 

when compared to the mechanically polished electrodes. 

Using the Randles–Ševčík equation, Supplementary Table 3 shows the active 

surface of the electrode was calculated based on the measurement of the inner sphere 

redox probe. The active surface area of the native electrode was significantly increased 

when mechanically polished on the printer (p<0.05, n=10) and pen made electrodes 

(p<0.001, n=10). The active surface area of the native electrodes made by the pen is half 

that of the electrode made by the printer. The inner sphere probe is more sensitive to the 

electrode surface and therefore suggests that making electrodes using the printer 

provides more availability of active sites on the native electrode surface.  
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Figure 2. Responses of native and polished 3D printed electrodes on outer and inner sphere 

redox probes. (A) Representative cyclic voltammograms of 1 mM Ru(NH3)6
2+/3+ in 1 M KCl at 0.05 

V s-1, (B) Cathodic current, (C) cathodic peak potential (EpC) and (D) ΔE of Ru(NH3)6
2+/3+. (E) 

representative cyclic voltammograms of 5 mM ferricyanide in 1 M KCl at 0.05 V s-1, (F) anodic 

current, (G) anodic peak potential (EpA) and (D) ΔE of ferricyanide. Data shown as mean ± SD, 

where n = 10, **p<0.01, ***p<0.001. 

 

 

3.3 Investigating the 3D printed electrode capacitance and resistivity 

Since there were significant differences in the voltammetric behaviour between the two 

electrodes, we subsequently conducted capactiance and impedance measurements to 

understand the properties of the electrode further.  

Electrochemical impedance was utilised to understand the electrode surface and 

internalized structure of the printed electrodes using a potassium ferric/ferrocyanide 

mixture.[37-39] From the Nyquist plots for native (Figure 3A) and polished (Figure 3B) 
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electrodes printed using the pen and printer, the uncompensated solution resistance (Rs) 

and interfacial charge-transfer resistance (Rct) was obtained. The Rs significantly 

increased in the printer made electrodes in both native and polished surfaces when 

compared pen made electrodes (p<0.001, Figure 3D, n=6). The Rs significantly increased 

in polished pen made electrodes when compared to native pen made electrodes (p<0.05, 

n=10). For native electrodes, the Rct was significantly higher in the pen electrodes than 

the printer made electrodes (Figure 3E, n=6, p<0.001). In printer made electrodes, the 

Rct increased in polished electrodes when compared to native electrodes (p<0.001, 

Figure 3E, n=6). This trend was reversed in pen made electrodes, where the Rct 

decreased in polished electrodes when compared to native electrodes (p<0.001, Figure 

3E, n=6). 

As capacitance is directly proportional to the electroactive surface area [40], we measured 

Cdl by cyclic voltammetry. Voltammograms obtained at 150 mV/s are shown in Figure 3C 

and mutiple scan rates are shown in Supplementary Figure 2. There was a signficant 

increase in the Cdl in the electrode made using the printer when compared to electrodes 

made using the pen in both the native and polished surface (n=6, p<0.001, Figure 3F). 

In the pen made electrodes the Cdl significantly increased in the polished electrodes when 

compared to the native electrodes (p<0.01, Figure 3F, n=6) 

The changes in the Rs would not be expected to change drastically given the 

measurements were all conducted within the same electrolyte, which may suggest this is 

possibly an uncompensated resistance related to the volume resistivity of the electrodes. 

The lower Rct in the native electrodes made by the printer is expected, given this electrode 

was made in a vertical orientation and we have previously shown that this approach to 
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manufacturing 3D printer made electrodes removes the effect of air voids between the 

print layers, which tend to reduce conductivity [32]. However due to the larger print layers 

in the pen printed electrodes (which is visible in Figure 1) and fabrication approach, there 

is a higher probability that air voids are present, which would reduced the number of 

conductive pathways present in the electrode. Polishing resulted in a substantial 

decrease of the Rct and increase in the Cdl on pen made electrodes. This suggests the 

presence of a dielectric film of PLA is more prominent on the surface of native pen made 

electrodes, which is substantially reduced after polishing. Similar effects have been 

observed on screen printed Pt electrodes [41].  

 

 

Figure 3. Comparing the resistivity and capacitance of the 3D printed electrodes. Nyquist plots 

for the native (A) and polished (B) electrodes. Measurements conducted in 0.5 M potassium 

ferricyanide and 0.5 mM ferrocyanide in 1 M KCl at the mid potential which was 200 mV for native 

printer and pen, which was 250 mV for polished printer and pen. (C) Cyclic voltammograms in 1 
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M KCl at 150 mV s-1 on a native and polished electrode made using the pen and printer. (D) 

uncompensated solution resistance (Rs), (E) interfacial charge-transfer resistance (Rct) and (F) 

capacitance. Data shown as mean ± SD, where n =6, *p<0.05, **p<0.01 and ***p<0.001 

 

 

3.4 Exploring the mass production of 3D printed electrode made by pen and 

printer 

We evaluated 6 batches (each containing 6 electrodes) in Ru(NH3)6
2+/3+ to explore the 

mass production capability of the electrodes made using the pen and printer (Figure 4). 

When evaluating the mass production of electrodes made using the printer (Figure 4A), 

there was a significant difference in the cathodic peak current between the bathes (Figure 

4B, n=6 batches, p<0.001). The % relative standard deviation (RSD) of the cathodic peak 

current was 3.4 ± 1.1 %. There was no significant difference observed in the cathodic 

peak potential (Figure 4C, % RSD of the cathodic peak potential was 1.1 ± 0.4 %) but 

there was a significant difference in the ΔE between the batches (Figure 4D, n=6 batches, 

p<0.001). The % RSD of the ΔE was 2.0 ± 0.3 %. To evaluate the mass production of the 

electrodes made using the pen, each batch was made by a different person (Figure 4E). 

There was a significant difference between the batches when measuring the cathodic 

peak current of Ru(NH3)6
2+/3+ (Figure 4F, n=6 batches, p<0.01). The % RSD of cathodic 

peak current was 6.0 ± 1.1 %. Similarly, there was a significant difference in the cathodic 

peak potential (Figure 4G, %RSD was 3.1 ± 1.2 %) and ΔE between the batches made 

using the pen (Figure 4H, p<0.01, one-way ANOVA). The % RSD of ΔE was 4.1 ± 0.4 

%.  
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For all the parameters investigated, the %RSD was double for electrode batches made 

using the pen when compared to the printer. This is expected given the precision of 

machine manufacturing is far better than human-made manufacturing. However, when 

comparing these electrodes to other carbon-epoxy composite electrodes which are hand-

made by mixing, the precision is significantly improved using the pen and printer [42-47].  

 

Figure 4. Evaluation of the mass production of the 3D printed electrodes. (A) shows 

representative cyclic voltammograms of 1mM Ru(NH3)6
2+/3+ in 1 M KCl at 0.1 V s-1 from multiple 

batches made using the printer. (B) shows the cathodic peak current, (C) cathodic peak potential 

(EpC) and (D) ΔE from the multiple batches made using the printer. (E) shows representative 

cyclic voltammograms of 1mM Ru(NH3)6
2+/3+ in 1 M KCl at 0.1 V s-1 from multiple batches made 

using the pen. (F) shows the cathodic peak current, (G) cathodic peak potential (EpC) and (H) ΔE 

from the multiple batches made using the printer. Data shown as mean ± SD, where n = 6 

electrodes per batch. 
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3.5 Performance of 3D printed electrodes for the electroanalytical determination 

of dopamine 

The electroanalytical performance of the electrochemical pre-treated native and polished 

electrodes which were made using the printer and pen were investigated using the 

neurotransmitter dopamine.  

Figure 5A shows amperometric traces where stable responses were observed over the 

range of dopamine concentrations explored. The calibration responses for dopamine on 

the native and polished electrodes made using the printer and pen are shown in Figure 

5B&C. There was a linear relationship between the current and concentration of 

dopamine on both native and polished electrodes.  

There was a significant increase in the response observed on the native electrodes made 

by the printer than the pen, whilst this trend was reversed on the polished electrodes 

(p<0.001, two-way ANOVA). The native electrodes made using the printer had the greater 

response when compared to the polished electrodes. This trend was reversed in the 

electrodes made using the pen, where the polished electrodes had a significantly greater 

response (p<0.001, two-way ANOVA). The sensitivity on the native electrodes made by 

the printer was 140 ± 2 nA µM-1 whilst the sensitivity was slightly lower at 112 ± 7 nA µM-

1 (n=6) on the polished electrodes. For the electrodes made using the pen, the sensitivity 

on the native electrodes was 113 ± 6 nA µM-1, which increased to on the polished 

electrodes (135 ± 6 nA µM-1, n=6). The responses of the polished printer made electrodes 

were similar to the native pen made electrodes, whilst the response of the native printer 

made electrodes was similar to the polished pen made electrodes. The limit of detection 

(LOD) was defined as 3 times the deviation of the slope from the calibration response. 
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The LOD for the native electrodes made using the pen was 162 nM, whilst this was slightly 

lower at 102 nM on the native electrodes made by the printer. An identical pattern was 

observed for the polished electrodes, where the LOD of the electrode made using the pen 

was 161 nM and was 109 nM on electrodes made using the printer. These LODs are 

comparable to other studies conducted with 3D printed electrodes for the determination 

of dopamine[26, 28] and other neurotransmitters [48].  

The analytical performance of the electrode made using the printer in its native surface 

was comparable to that of the electrode made using the pen when polished, suggestive 

that 3D printed electrodes require varied preparation to provide sensitive electroanalytical 

measurements.  

 

 

Figure 5. Electroanalytical monitoring of dopamine on printed electrodes. (A) shows 

representative amperometric traces on native and polished electrodes made using the pen and 

printer for monitoring of various concentration of dopamine. Values shown in µM. Voltage was 

held at 0.65 V. Calibration responses on electrodes made using the printer (B) and pen (C). Data 

shown as mean ± SD, where n =6, **p<0.01 and ***p<0.001. 

 

Stability of electrodes for analytical monitoring is often a major challenge. For the 

determination of neurotransmitters like dopamine, electrodes are prone to fouling from 
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oxidative by-products, limiting the lifespan of the electrode[49]. Figure 6 shows the 

response of ferricyanide before and after exposure to 1 mM dopamine for 10 minutes. 

The fouled electrode was then electrochemically treated to determine if it could be 

regenerated. 

For the native and polished electrodes made by the printer and pen representative 

voltammograms are shown in Figure 6A-D. The percentage loss in the anodic peak 

current of ferricyanide following exposure to 1 mM dopamine for 10 mins was measured 

is shown in Figure 6E. There was no difference in the native printer and pen made 

electrodes, where approximately ~70 % of the current was lost following fouling from 

dopamine oxidation. For the electrodes made using the printer, no difference in the 

degree of fouling between the native and polished electrodes were observed. For the 

polished pen made electrodes, there was 54 ± 8 % loss in the current response, which 

was not different to the native pen made electrodes, but significantly lower than the 

percentage loss on the polished printer made electrodes (p<0.01, Figure 6E, n=6). 

Electrochemical pretreatment was used to regenerate the electrode, where significant 

recovery was observed on all electrodes except that of the polished electrodes made 

using the printer (p<0.01, Figure 6F, n=6). When comparing the native electrodes, the 

electrodes made using the printer had a greater degree of recovery when compared to 

electrodes made using the pen (p<0.01, Figure 6F, n=6). However, this trend was 

reversed on the polished electrodes, where the electrodes made using the pen recovered 

to a significantly greater extent than that of the printer made electrodes (p<0.001, Figure 

6F, n=6). On electrodes made using the printer, there was a greater recovery observed 
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on native electrodes than polished electrodes (p<0.001, Figure 6F, n=6). No difference 

was observed between the native and polished electrodes made using the pen.  

These results indicate that CB/PLA electrodes are prone to fouling, which is 

expected given the nature of the carbon material and concentration of dopamine used to 

conduct these measurements. There is a good degree of recovery achieved following 

electrochemical regeneration on the native electrodes made using the printer and the 

polished electrodes made using the pen. This recovery may be further improved with 

multiple or alterative electrochemical activation steps and thus electrodes made using the 

pen and printer in either the native or polished surface may be fully recoverable.  
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Figure 6. Stability of the printed electrodes when exposed to 1 mM dopamine. Representative 

voltammograms on the (A) native printer made electrode, (B) native pen made electrode, (C) 

polished printer made electrode and (D) polished pen made electrode. The stability of the 

electrode was tracked with redox probe 5mM ferricyanide. (E) percentage loss in the anodic peak 

current from initial following amperometric measurement at 0.65 V in 1 mM dopamine for 10 mins. 

Following fouling by dopamine oxidation, electrochemical regeneration (RG) was utilised. (F) 

percentage loss in the anodic peak current from initial following RG. Data shown as mean ± SD, 

where n =6, **p<0.01 and ***p<0.001 
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3.6 Evaluating the strengths and limitations of printed electrodes for analytical 

measurements  

3D printed electrodes can be made using printers and pens and based on the results 

presented in this study, Table 1 highlights some of the key differences between these two 

manufacturing approaches for making electrodes.  

 

Table 1. Comparing the performance parameters of 3D printed electrode made using a printer 

and pen 

Parameter Pen Printer 

Printing time Fast Medium-Slow 

Ability to make into any geometry Low-Medium High 

Geometry resolution Low High 

Air pocket density High Medium 

Inter-operator reproducibility (mass production) Low High 

Inter-batch reproducibility (mass production) Low High 

 

 

The precision provided by a 3D printer gives greater control in the structural build of the 

electrode but can be time consuming. These aspects are critical as they can be used to 

help reduce the air pocket density between the print layers and further enhance the 

number of conductive pathways present in the final composite printed electrode. 

Additionally, due to the machine manufacturing, the inter-operator and inter-batch 
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reproducibility is high. These features naturally help provide enhanced electroanalytical 

performance for determination of analytes on the native printer made electrodes. 

Electrodes using the pen can be made rapidly. However, the ability to generate complex 

geometries of print is limited to the person-made dexterity in printing but can be improved 

if using a mold. The inability to make precise structural layers when building the desired 

geometry will most likely increase the likelihood introducing air pocket voids into the 

electrode, which in turn reduces the electrochemical activity of the electrode. The inter-

operator and inter-batch reproducibility are low, which may not make native pen made 

electrodes suitable for many analytical applications.  

However most surprising in our study was how the performance of the electrochemically 

pre-treated native electrodes altered when mechanically polished, which is often used to 

prepare 3D printed electrodes. For the electrode made using the printer, mechanical 

polishing reduced the sensitivity of the electrode and made the electrode less prone to 

regeneration following fouling. Similar reductions in performance of printed electrodes 

when polished have been observed before [28]. This is most likely due to the loss in the 

surface area from smoothing down the printed layer on the electrode surface. For the 

electrodes made using the pen, the performance of the sensor significantly improved and 

matched that of the native printer made electrodes. This is most likely because the 

dielectric film of PLA present on the native surface is being polished away and thickness 

of print layers may increase the probability of conductive sites on the electrode surface.  

 

 

4. CONCLUSIONS 
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Electrochemical sensors are pivotal analytical tools for chemical measurement. 3D 

printing has in recent years emerged as an interesting approach to fabricate conductive 

electrodes of diverse geometries. 3D printers and pens are widely chosen as the main 

route towards fabrication of electrodes, which can be used as the electrochemical pre-

treated native surface or mechanically polished. Our findings highlight that 

electrochemically pre-treated native electrodes made using a 3D printer have improved 

precision due to the machine manufacturing when compared to the person-made 

electrodes using the pen. This in turn improved analytical performance. However, 

following mechanical polishing, the performance of the 3D pen made electrodes is vastly 

enhanced and is comparable to the native printer made electrodes. Polishing native 

printer made electrodes vastly reduce the performance of the electrode. 3D printing 

manufacturing approach and electrode preparation have significant impact on the 

electrochemical performance and need to be carefully considered for analytical 

applications.  
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