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Laser-Engraved Print Beds for Creating Bespoke Surface
Architectures on Additive Manufactured Electrodes
Muhzamil A. Khan, Elena Bernalte, Matthew J. Whittingham, Lilian Slimani,
Karen K. L. Augusto, Robert D. Crapnell,* and Craig E. Banks*

Moving from planar electrodes to unique surface architectures
can produce significant improvements in electrochemical perfor-
mance. Herein, we report the inclusions of unique microstruc-
tures fabricated onto the electrode surface through printing
them onto laser-engraved print beds modified with different pat-
terns (lines, crosses, circles, waves, and unmodified surfaces).
Unique surface architectures were successfully produced on
the surface of additive manufactured working electrodes printed
from both commercial and bespoke conductive poly(lactic acid)
and bespoke poly(propylene) (B-PP) filaments. Within both
poly(lactic acid) filaments, minimal alteration in performance
was seen, proposed to be due to the ingress of solution negating
the surface architecture. For the B-PP, which do not suffer from

solution ingress, significant improvements in peak current and
electrochemical area were found for all surface architectures
against both inner and outer sphere redox probes, with a cross
architecture producing the largest improvement. This was corrob-
orated in the electroanalytical application, with electrodes with
crosses surface architecture producing a 3-fold improvement
in sensitivity, limit of detection, and limit of quantification when
compared to electrodes with no additional surface architecture
for the detection of acetaminophen. This work shows improve-
ments in the electrochemical performance of additive manufac-
tured electrodes can be achieved through simply modifying the
print bed, without alterations to print files or post-print modifica-
tion methods.

1. Introduction

The interaction between redox molecules and the surface of elec-
trodes is fundamental to the performance of electroanalytical
sensing platforms. Even so, the vast majority of electrode surfaces
are produced to be planar surfaces, allowing for simple elucida-
tion of areas and processes. Although still useful, these systems
are not optimized for the maximum electroanalytical perfor-
mance possible. By transitioning from planar working electrode
surfaces to unique surface architectures, it is possible to maximize

the electrochemically active surface area and improve electroan-
alytical performance.[1–3] Strategies to achieve changes in the
electrode surface architecture have been seen previously through
techniques such as lithography[4,5] and laser ablation.[6–8] More
recently, different surface architectures have been produced
for electrochemical systems through additive manufacturing,
such as producing lattice structures.[9]

Additive manufacturing, colloquially referred to as 3D print-
ing, is the name given to a group of manufacturing techniques
that share the same principle of building a final physical object in
a layer-by-layer fashion.[10–14] One additive manufacturing tech-
nique that has seen a surge in popularity and publications within
the field of electrochemistry in the last decade is fused filament
fabrication (FFF, also referred to as fused deposition modeling or
FDM), due to its simplicity, low-cost of entry, and availability of
commercial conductive filaments.[15–22] Using such conductive fil-
aments, researchers were able to make useful items, exploring
different shapes of working electrode,[23] lab equipment,[24]

and accessories.[22,25,26] Although functional, items printed from
the commercially available conductive filament were substan-
dard and as such many strategies have been explored to improve
their performance. This includes optimizing the design of the
electrodes,[23,27,28] the printing parameters,[29–34] and post-print
treatment, commonly referred to as ‘activation’.[35–43] One
method reported recently to improve electrochemical perfor-
mance of additive manufactured electrodes is through surface
patterning, where Miller et al.[28] produced electrodes with nine
different surface morphologies, finding that electrodes with
domed and flag patterns produced larger oxidation currents than
others tested, which was attributed to the varying surface
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roughness. Although informative, the definition of the surface
patterns able to be obtained via FFF printing is quite large as
it is dictated by the nozzle size, typically 0.4 or 0.6 mm, meaning
that translating this reliably to typical working electrode sizes
(2–3mm) would be challenging. Even with improvements
coming from this strategy, the electrochemical performance of
the electrodes is inferior when compared to other commonly
used electrodes due to the quality of the commercial filament
used.

To overcome the limitations of commercial filaments,
researchers have now began producing their own bespoke fila-
ments.[44] The majority of this work has focused on poly(lactic
acid) (PLA) based filaments, matching and out performing that
of the commercial filament. Reported filament typically comes
from the inclusion of a conductive carbon-based material such
as carbon black, alongside the PLA and a plasticizing chemical
to improve the low-temperature flexibility of the filament.
Developments have focused on improving the performance
through transitioning to mixed carbon material fillers[45–47] and
on improving the sustainability of filament, such as using recycled
PLA[48,49] or transitioning to bio-based plasticizers.[50–53] More
recently, improvements have been sort through the addition
of functional fillers, such as base metal powders[54,55] or metallic
nanoparticles.[56–59] These advancements in materials have signif-
icantly improved the performance of additive manufactured elec-
trodes, to the point that they are now a truly viable option
alongside more classical working electrodes.

Although these PLA-based filaments now produce suitable
electrochemical performance, these systems suffer from the
inherent issues of the base polymer PLA, namely poor chemical
stability[60] and solution ingress,[61] effectively making these elec-
trodes single use items. To counter this, researchers have now
reported high-performance conductive filament from a range
of new materials, such as poly(ethylene terephthalate glycol)
(PETg),[62,63] thermoplastic polyurethane (TPU),[64] and polypropyl-
ene (PP).[65,66] All these filaments demonstrated electrochemical
performances that significantly improve that of commercially
available conductive PLA, alongside bringing their own unique
beneficial material properties.

It can be seen from the improvements reported above that
additive manufacturing is now a staple within the arsenal of elec-
trochemists. These advancements have been realized through
clever engineering of design parameters, printer settings, and
the development of bespoke filament. In this work, we look to
manipulate a currently untapped potential source of improve-
ment, the print bed. The print bed, also known as the build plate,
is the flat surface on which the printer lays down the first layer of
filament of any print. Through modification of the print bed via
laser engraving, we look to produce unique microarchitectures.
When the electrodes are printed, the material is therefore
deposited into these patterns, giving the electrode matching sur-
face architectures when removed. This approach enables
enhancements in electrochemical performance, mainly through
increased electroactive surface area, without the need of altering
print files, consuming additional filament, or requiring extensive
post-processing of the electrodes produced.

2. Results and Discussion

2.1. Bed Patterning and Electrode Printing

To introduce novel microarchitectures on the electrode surfaces,
the surface was printed face down onto print beds with the appro-
priate pattern engraved on it. The chosen patterns were parallel
lines, crosses, circles, and sine waves, which were all compared
to beds with no patterning for benchmarking. Note that these pat-
terns are referred herein to ‘Lines’, ‘Crosses’, ‘Circles’, ‘Waves’, and
‘None’, respectively. These designs were then engraved onto the
surfaces of the print beds using a laser cutter equippedwith a 42W
CO2 laser. Photographs of the final print beds, along with insets of
the printed electrodes can be seen in Figure 1.

In each case seen in Figure 1, the inset electrode presents
excellent definition for the desired surface architecture, confirm-
ing the reliability of the process. For the electrode printed on the
unmodified print bed, lines can be also observed which are indic-
ative of the rectilinear infill and surface pattern used in the slicing
process. It is important to highlight that each electrode printed
on a modified print bed was using an identical print file, with this
rectilinear pattern being visible underneath the ‘Lines’ surface
architecture. This infill pattern cannot be seen in any of the other
electrodes due to the complexity of the surface architecture. This
highlights the impact of engraving patterned microstructures on
the print bed to drastically alter the surface of the additive man-
ufactured electrode even when using identical electrode designs
and print files and also using the same mass of filament. In this
work, we will look to use three separate filaments. First, a bespoke
conductive rPLA material containing 30 wt% carbon black (B-PLA)
was chosen alongside the most commonly used commercial con-
ductive PLA (C-PLA). These were chosen as PLA is the most com-
monly used print material and most reported conductive filament
for electrode production in the literature. Lastly, a bespoke con-
ductive PP filament containing 30 wt% carbon black (B-PP) was
used. This was chosen as conductive PP has recently been
reported, whereby the PP brings excellent chemical stability com-
pared to PLA, having been shown to be stable and function for
electrochemical processes in various organic solvents. As such,
observing the effect these architectures have on a material with
significantly different properties to PLA is of interest to the wider
community. No commercially available conductive PP is available
as hence was not used.

2.2. Electrochemical Characterization

Once electrodes were printed on all 5 print surfaces out of each of
the three materials (C-PLA, B-PLA, and B-PP) to be tested, they
were subject to electrochemical characterization using cyclic vol-
tammetric scan rate studies (5–500mV s�1) against both outer
and inner sphere redox probes. Initially, studies were performed
against the near-ideal outer sphere redox probe hexaamineruthe-
nium (III) chloride ([Ru(NH3)6]3þ) as this allows for the best deter-
mination of the heterogeneous electron (charge) transfer rate
constant (k0), electrochemically active area (Ae), and allows for
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the best benchmarking against other literature reports of additive
manufactured electrodes.[67,68] It is important to note that specific
studies on the calculation of Ae validating this method for addi-
tive manufactured electrodes has not been published, but as a
vast majority of reports in the field use this method, this allows
for the best comparison between studies. In all cases, the
expected single reduction and oxidation peaks corresponding
to [Ru(NH3)6]3þ were obtained, with examples for the B-PP work-
ing electrodes with no additional surface architecture and a
crosses surface architecture seen in Figure 2A and B with the
same y-axis scale, respectively. Similar comparative scan rate
studies using the no surface architecture and crosses surface
architecture electrodes for the C-PLA and B-PLA can be seen
in Figure S3, Supporting Information.

Within these figures, it can be seen that there is little variation
between the electrodes with no surface architecture or crosses
using both the C-PLA and the B-PLA; however, when utilizing
the B-PP, there is a significant increase in the peak current values
obtained. This is a trend consistently observed across the differ-
ent surface architectures. The key electrochemical parameters
obtained for each surface architecture printed in C-PLA, B-PLA,
and B-PP are presented in Tables S1,S2, and 1, Supporting
Information, respectively. First, when considering the peak-
to-peak separation (ΔEp) and k0, it can be seen that there is no
significant change when introducing different surface architec-
tures. For C-PLA, all ΔEp values fall between 168–187 mV and
for the B-PP electrodes they are between 128–146mV. A similar
spread of values is observed for the B-PLA electrodes
(77–90mV); however, the reproducibility of the ΔEp values is sig-
nificantly improved with this material, indicating a more consis-
tent filament, but these values also do not show any particular
trend. This result can be explained when considering that it is
the intrinsic properties of the material the electrode is made from

that affects the ΔEp and k0, not the surface pattern. In contrast,
when observing the peak reduction current and the calculated
electrochemical area of the electrodes, there are significant
changes when using the B-PP electrodes. A summary of the peak
currents obtained for the reduction of [Ru(NH3)6]3þ for each sur-
face architecture and material are shown in Figure 2C.
Importantly, for both the C-PLA and B-PLA electrodes, there is
no significant change in the peak current when introducing dif-
ferent surface architectures; however, for the B-PP, there is an
increase from 53.5 � 0.9 μA, for the electrode with no surface
architecture, to 85.3 � 1.6 μA, for the electrode with crosses sur-
face architecture. This dramatic change when switching the base
polymer of the working electrode is proposed to be due to the
known solution ingress exhibited by PLA-based materials,[61]

where it has been shown that significant amounts of solution
are taken up into the polymeric structure of PLA electrodes.
The ingress of the redox solution into the electrode negates
any beneficial increase in electrochemical surface area. In compar-
ison, B-PP does not show the same levels of solution ingress,[66] if
any, and therefore, the introduction of surface architectures is
expected to give a rise in electrochemically active surface area.
This increase can be readily seen when considering Figure 2D,
where once again no significant variation in the Ae can be seen
for either of the PLA samples, but for every surface architecture
introduced onto the B-PP electrodes, a significant increase in
the Ae is observed. It is important to note that every electrode
is printed using the same print file, with the same amount of fila-
ment used in every print; therefore, every electrode has the same
theoretical geometric area. The effects are therefore not a result of
adding more material to the interface, but rather through the pat-
terns imparted on the electrode by the engraved print bed.

Following investigations with [Ru(NH3)6]3þ, studies with the
commonly used inner sphere redox probe [Fe(CN)6]4�/3� were

Figure 1. Images of the laser-engraved print beds, with inset images of the electrode surface after printing on the patterns A) None, B) Lines, C) Crosses,
D) Circles, and E) Waves.
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undertaken, as the majority of substances of interest for electro-
analytical applications are not near-ideal outer sphere probes.
The key electrochemical parameters of peak current and
ΔEp are also present in Tables S1,S2, and 1, Supporting Infor-
mation. Once again, there is no clear improvement in either of
these parameters using either of the PLA-based materials when
introducing surface architectures. It is noted that there is a signif-
icant improvement in the ΔEp for the circles surface architecture
in B-PLA and peak current of the waves surface architecture in
B-PLA, but these are attributed to random improvements in print-
ing for that specific batch of electrodes as the improvement is not
seen widely across all surface architecture. In contrast, for the
B-PP, once again significant enhancements in the peak current

are obtained for all electrodes with a surface architecture when
compared to the electrode with none. This once again supports
that the ingress of solution into PLA-based electrodes negates
any potential advantages through the introduction of surface
architectures. If we now just consider B-PP electrodes, we can
observe through Table 1 that the largest improvement in peak
current and Ae across both outer and inner sphere probes is with
the crosses surface architecture. The improvement that is seen
when introducing this crosses surface architecture compared
to the other architectures and having none for both redox probes
is highlighted in Figure 3A ([Ru(NH3)6]3þ) and 3B ([Fe(CN)6]4�/3�).

When considering Figure 3, the significant improvement from
the addition of the crosses surface architecture when using

Table 1. Summary of the key electrochemical values obtained using B-PP working electrodes. All experiments were performed in triplicate (n= 3).

Surface architecture

None Lines Crosses Circles Waves

-Ip (μA)a) 53.5 � 0.9 86.5 � 0.9 85.3 � 1.6 68.0 � 0.9 81.8 � 1.5

ΔEp (mV)a) 146 � 12 130 � 2 128 � 12 132 � 6 133 � 1.4

k0 (x10�3 cm s�1)b) 1.5 � 0.2 1.6 � 0.1 1.5 � 0.2 1.6 � 0.1 1.6 � 0.1

Ae (cm2)b) 0.37 � 0.05 0.62 � 0.07 0.61 � 0.13 0.48 � 0.07 0.58 � 0.11

Ip (μA)c) 25.6 � 6.9 40.3 � 6.4 78.5 � 4.4 63.6 � 3.5 46.7 � 6.5

ΔEp (mV)c) 467 � 10 468 � 27 403 � 39 432 � 20 457 � 19

a)Key: Obtained in [Ru(NH3)6]3þ (1 mM in 0.1 M KCl) from cyclic voltammograms (25 mV s�1). b)Obtained in [Ru(NH3)6]3þ (1 mM in 0.1 M KCl) from scan rate
studies (0.005–0.5 mV s�1). c)Obtained in [Fe(CN)6]4�/3� (1 mM in 0.1 M KCl) from cyclic voltammograms (25 mV s�1).

Figure 2. Scan rate studies (5–500 mV s�1) in [Ru(NH3)6]3þ (1 mM in 0.1 M KCl) performed with additive manufactured working electrodes printed with
A) no additional surface architecture and B) crosses surface architecture, from B-PP filament with a nichrome coil counter electrode, and Ag|AgCl/KCl (3M)
reference electrode. Bar charts showing the changes in C) peak reduction current (50 mV s�1) and D) electrochemical area for all surface architectures and
materials used, measured in [Ru(NH3)6]3þ (1 mM in 0.1 M KCl) with a nichrome coil counter electrode, and Ag|AgCl/KCl (3M) reference electrode.
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identical print files and the same amount of filament is stark. For
the inner sphere probe [Fe(CN)6]4�/3�, we observe an increase in
the peak current (at 25mV s�1) from 25.6� 6.9 μA with no surface
architecture to 78.5 � 4.4 μA, highlighting the large increase in
electrochemically active surface area achieved when using a print
material that doesn’t suffer from ingress. As the crosses surface
architecture introduced the most consistent increase in perfor-
mance in regard to the peak current, the electrodes with this sur-
face architecture were next explored toward an electroanalytical
application in comparison to an electrode with no additional sur-
face architecture.

2.3. Electroanalytical Application of PP Electrodes

Working electrodes printed from the B-PP filament with no addi-
tional surface architecture and the crosses surface architecture
were next applied toward electroanalytical applications. First,
the response to both NADH and phenylephrine were examined
with CV, Figure S4, which shows in both cases an improved
response for the electrodes with a crosses surface architecture.
Next, the electroanalytical determination of acetaminophen
was explored using differential pulse voltammetry (DPV).[69,70]

Acetaminophen, commonly referred to as paracetamol, is a
widely used and prescribed drug for pain relief and fever reduc-
tion due to its analgesic and antipyretic properties. It is an easily
accessible drug, available in large amounts which can also lead to
increased risk of excessive intake. Acetaminophen overdose has
become one of the most common causes of emergency hospital
admissions globally, with studies reporting in the United States
alone, it leads to approximately 56,000 emergency department
visits annually.[71] As such, the rapid and reliable detection of acet-
aminophen concentration is a vital analytical challenge.

To understand whether the improvements in electrochemical
performance when adding the crosses surface architecture trans-
lated to the electroanalytical capabilities, the crosses and no surface
architecture electrodes were applied to the detection of acetamin-
ophen. Due to the enhanced sensitivity of the DPV process, the
experimental set up was achieved as in Figure S2B, whereby the
stamp was inverted and a droplet of solution added to the surface,
with the reference and counter electrode inserted. This was done to
minimize the contribution of the edges of the stamp, which pos-
sessed slower electron transfer kinetics. The voltammograms
obtained for the addition of acetaminophen (5–60 μM) to the elec-
trode with the crosses surface architecture can be seen in Figure 4A.

Figure 3. A) Cyclic voltammograms (25 mV s�1) of [Ru(NH3)6]3þ (1 mM in 0.1 M KCl) using working electrodes printed from B-PP with no surface architec-
ture (black), crosses (blue), lines (red), circles (orange) and waves (purple). B) Cyclic voltammograms (25 mV s�1) of [Fe(CN)6]4�/3� (1 mM in 0.1 M KCl) using
working electrodes printed from B-PP with no surface architecture (black), crosses (blue), lines (red), circles (orange), and waves (purple).

Figure 4. A) Differential pulse voltammograms for the detection of acetaminophen (5–60 μM) in 0.1 M PBS (pH = 7.4) using B-PP electrodes with the
crosses surface architecture. B) Calibration plots corresponding to the detection of acetaminophen using B-PP electrodes with no surface architecture
(black) and crosses surface architecture (blue).
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Even with this experimental set up, a slight splitting of the
acetaminophen oxidation peak was observed, with the peak at
≈þ0.32 V attributed to the oxidation at the patterned surface.
Using this peak, calibration curves were obtained for both the
none and crosses surface architecture electrodes, Figure 4B. It
can be seen that a large increase in peak current and sensitivity
was obtained when using the electrode with the crosses surface
architecture. The sensitivity obtained for the crosses surface archi-
tecture was 1.55 μA μM�1, over three times larger than the
0.42 μA μM�1, obtained for the electrode with no additional sur-
face architecture. The limit of detection (LOD) and limit of quan-
tification (LOQ) for each system was calculated using 3 and 10
times the standard deviation of the blank divided by the slope
of the curve. Through this, the electrodes with the crosses surface
architecture produced LOD and LOQ values of 0.80 and 2.65 μM,
respectively, compared to 1.25 and 4.12 μM for the electrode
with no additional surface architecture. These values compared
well to others reported in the literature, Table S3, showing signifi-
cant improvements on other additive manufactured electrodes.

Finally, both the electrode with none and the crosses surface
architecture were applied toward the detection of acetamino-
phen within real river water samples, spiked with 20 μM of the
target. The results for these samples are presented in Table 2.

It can be seen from Table 2 that both electrodes produced
good recovery values for the determination of acetaminophen
in river water samples. The electrodes with the crosses surface
architecture produced the most accurate and consistent results
across the three samples showing recovery rates between 91.1
and 102.7%. This once again highlights the beneficial improve-
ments in performance that can be obtained through introducing
novel surface architectures onto electrodes.

3. Conclusions

In this work, we present a new way to introduce novel micron
sized surface architectures onto the surface of additive
manufactured working electrodes. Through laser engraving the
poly(etherimide) print beds, unique and bespoke patterns were
able to be deposited, onto which the additive manufactured elec-
trodes could be printed. Four different micron sized surface archi-
tectures (lines, crosses, waves, and circles) were successfully
manufactured on the surface of commercial conductive PLA,
bespoke PLA, and bespoke PP electrodes. Through

electrochemical characterization against inner and outer-sphere
redox probes, it was seen that the surface architectures had no
significant effect on the PLA-based electrodes, which is proposed
to be due to solution ingress nullifying the enhanced surface area
contribution. In contrast, for PP-based electrodes, the introduc-
tion of additional surface architectures produced significant
improvements in the electrochemical performance when com-
pared to unmodified electrodes. It was seen that the crosses sur-
face architecture produced the most improved performance, with
an increase in [Ru(NH3)6]3þ peak current from 53.5 � 0.9 μA for
the electrode with no pattern to 85.3� 1.6 μA for the crosses. This
was also seen for [Fe(CN)6]4�/3�, where an increase in the peak
current (at 25mV s�1) from 25.6 � 6.9 μA with no pattern to
78.5 � 4.4 μA with crosses was observed. This improvement
was also seen for the electroanalytical performance toward acet-
aminophen detection, with the cross architecture producing a
sensitivity of 1.55 μA μM�1, over three times larger than the
0.42 μA μM�1 seen for the electrode with no addition architecture.
This improvement was also seen within the LOD and LOQ values
obtained, with the crosses surface architecture producing values
of 0.80 and 2.65 μM, respectively, compared to 1.25 and 4.12 μM
for the electrode with no additional surface architecture. This
work highlights a new way to introduce novel bespoke architec-
tures onto the surface of additive manufactured electrodes to
enhance the electrochemical performance without changing
the amount of filament used.

4. Experimental Section

Chemicals

All chemicals used throughout this work were used as received with-
out any further purification. All aqueous solutions were prepared with
deionized water of a measured resistivity not<18.2 MΩ cm, sourced
from a Milli-Q Integral 3 system from Millipore UK (Watford, UK).
Hexaammineruthenium (III) chloride (>98%), castor oil, potassium
ferricyanide (99%), potassium ferrocyanide (98.5–102%), sodium
hydroxide (>98%), potassium chloride (99.0–100.5%), acetamino-
phen (≥99%), and phosphate-buffered saline (PBS) tablets were pur-
chased from Merck (Gillingham, UK). Recycled poly(lactic acid) (rPLA)
was purchased from Gianeco (Turin, Italy). Polypropylene (PP, Sabic
CX03�81 Natural 00900) was purchased from Hardie Polymers
(Glasgow, UK). Commercial conductive CB/PLA filament (1.75mm,
ProtoPasta, Vancouver, Canada) was purchased from Farnell
(Leeds, UK). Real river water samples were collected following the
EPA guidelines[72] (Approximate location: 53.601192, �2.301887).

Production of Laser-Engraved Print Beds

To create the engraved beds, the open-source Prusa Research build
sheet files were acquired as a starting point. These can be sourced
from the Prusa GitHub for the Mk.52 Heatbed.[73] The steel sheet .dxf
file was then imported into Adobe Illustrator, and four patterns were
created in 10� 10 cm2 squares: 1 mm Grid; 1 mm Diagonal Lines;
2 mm Circle with 1mm Offsets; and repeating sine waves with
1mm offset, 5 mm wavelength and 0.8 mm amplitude, Figure S1,
Supporting Information.

Table 2. Recovery values calculated for the detection of acetaminophen
within real river water samples.

Sample Surface architecture Recovery [%]

1 None 113.0

Crosses 91.1

2 None 97.8

Crosses 102.7

3 None 116.2

Crosses 94.9
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The .dxf files were then engraved onto the Prusa beds using a
Glowforge Pro laser cutter, which uses a 45 W CO2 laser. It was found
that each print sheet required very slightly different power/speed set-
tings to engrave, possibly due to the factory variations in poly(ether-
imide) (PEI) thickness applied to the plates. The laser was set to ‘cut’
mode instead of ‘engrave’ mode, in order to have the laser trace the
paths rather than raster (scan) engrave them as images. For a practi-
cal replication of this process, the authors recommend creating
a small test pattern starting at around 50% laser power and
500mm s�1 cut speed, adjusting these settings as needed until
the engravings are crisp and the PEI is not burned. Note that slight
charring is normal, but this can be cleaned off using isopropyl alcohol
and a lint-free cleaning cloth.

A batch of electrodes was first printed onto the build sheets to assess
feasibility, and once confirmed, four separate build plates were cre-
ated—one for each pattern—to speed up production of the additive
manufactured electrodes for testing.

Recycled Filament Production

All polymers were dried in an oven at 60 °C for a minimum of 2.5 h
before use to remove any residual water. The bespoke PLA was pre-
pared through the addition of appropriate amounts of rPLA (60 wt%),
castor oil (10 wt%),[50] and carbon filler (30 wt%) in a chamber of
63 cm3. The bespoke PP was prepared through the addition of appro-
priate amounts of PP (70 wt%) and carbon filler (30 wt%) in a cham-
ber of 63 cm3. The compounds were mixed using a Thermo Haake
Polydrive dynameter fitted with a Thermo Haake Rheomix 600
(Thermo-Haake, Germany) at 190 °C for rPLA and 210 °C for PP,
respectively, with Banbury rotors working at 70 rpm for 5 min. The
resulting polymer composites were allowed to cool to room temper-
ature before being granulated to create a finer particle size using a
Rapid Granulator 1528 (Rapid, Sweden). The polymer composites
were collected and processed through the hopper of a EX2 extrusion
line (Filabot, VA, United States). The EX2 was set up with a single
screw with a heat zone of 190 °C for rPLA and 210 °C for PP. The mol-
ten polymer was extruded from a 1.75 mm die head, pulled along an
Airpath cooling line (Filabot, VA, United States) and collected on a
spool. After which the filament was then ready to use for additive
manufacturing.

Additive Manufacturing of the Electrodes

All computer designs and 3MF files in this manuscript were produced
using Fusion 360 (Autodesk, CA, United States). These files were sliced
and converted to GCODE files in PrusaSlicer (Prusa Research, Prague,
Czech Republic). The additive manufactured electrodes were pro-
duced using FFF technology on a Prusa i3 MK3Sþ (Prusa
Research, Prague, Czech Republic). All additive manufactured electro-
des were printed using identical printer components and printing
parameters, namely a 0.6 mm nozzle with a nozzle temperature of
215 °C (PLA) or 240 °C (PP), 100% rectilinear infill,[29] 0.2 mm layer
height, and print speed of 35 mm s�1. Electrodes were printed on
a laser-engraved smooth PEI steel sheet heated to 50 °C for PLA fil-
aments or an identical sheet modified with Magigoo PP adhesive
glue set to 100 °C for PP filaments. To create the print files, the cus-
tom build sheets were loaded into the Prusa i3 Mk3sþ, and the nozzle
was jogged manually until centered in each of the patterns. These
coordinates were noted, and the 3D models were centered accord-
ingly in Prusa Slicer software, so that the patterns were centered on
the electrode surfaces. Identical additive manufactured electrodes
were used throughout this work for all filaments, printed in the shape
of a stamp, Figure S2, Supporting Information, which allowed for the

working electrode surface to be printed face down onto the laser-
engraved print bed, but also keeping the connection length as short
as possible.[27] It is important to note that every electrode had the
same design and used the same amount of filament. No additional
filament was added in to make the surface patterns; this was simply
due to the first layer being deposited onto a patterned surface.

Electrochemical Experiments

All electrochemical experiments were performed on an Autolab 100N
potentiostat controlled by NOVA 2.1.7 (Utrecht, The Netherlands).
Identical additive manufactured electrodes were used throughout
this work for all filaments alongside an external commercial Ag|
AgCl/KCl (3M) reference electrode with a nichrome wire counter elec-
trode. All solutions of [Ru(NH3)6]3þ were purged of O2 thoroughly
using N2 prior to any electrochemical experiments. Solutions of
[Fe(CN)6]4�/3� were prepared in the same way without the need of
further degassing.

Activation of the additive manufactured electrodes was performed,
where applicable, electrochemically in NaOH (0.5 M), as described in
the literature.[74] Briefly, the additive manufactured electrodes were
connected as the working electrode in conjunction with a nichrome
wire coil counter and Ag|AgCl/KCl (3 M) reference electrodes and
placed in a solution of 0.5 M NaOH. Chronoamperometry was used
to activate the additive manufactured electrodes by applying a set
voltage ofþ1.4 V for 200 s, followed by applying �1.0 V for 200 s.
The additive manufactured electrodes were then thoroughly rinsed
with deionized water and dried under compressed air before further
use. It should be noted that all PP electrodes were treated in this way
nomatter the experiment, as this process is used to remove the adhe-
sive used in the printing process.

The electroactive area of the electrode, Ae, is calculated using the
Randles-Ševćik equation at no-standard conditions for quasi- (1)
and irreversible (21) electrochemical processes when appropriate[75]

Iquasip,f ¼ �0.436 nFArealC

ffiffiffiffiffiffiffiffiffiffiffi

nFDν
RT

r

(1)

Iirrevp,f ¼ �0.496
ffiffiffiffiffiffiffiffiffiffiffiffiffi

αþ n0
p

nFArealC

ffiffiffiffiffiffiffiffiffiffiffi

nFDν
RT

r

(2)

where, in all cases, n is the number of electrons in the electrochemical
reaction, Ip,f is the voltammetric current (analytical signal) using the
first peak of the electrochemical process, F is the Faraday constant
(C mol�1), ν is the applied voltammetric scan rate (V s�1), R is the uni-
versal gas constant, T is the temperature in Kelvin, Areal is the electro-
active area of the electrode (cm2), and D is the diffusion coefficient
(cm2 s�1), which for [Ru(NH3)6]3þ is used as 9.1� 10�6 cm s�1, and α is
the transfer coefficient (usually assumed to be close to 0.5) and n 0 is
the number of electrons transferred before the rate determining step.
It should be noted that for equations (1) and (2) to hold, the electrode
should be flat and nonporous, whereas AMEs are made from different
carbons, polymers, and plasticizers, and, also, in this paper, they pos-
sess microsurface architectures. However, as seen previously with
screen-printed electrodes, which also have an heterogeneous surface
morphology, at slow scan rates, the diffusion layer is larger than the
micro-features.[67] As such, the kinetics are dominated by the edge
plane features of the conductive materials, meaning over the time-
scales of the cyclic voltammetric experiments, the equations
hold.[76,77] In this way, as [Ru(NH3)6]3þ is a near-ideal outer sphere
redox probe, which is only dependent on the electrodes electronic
structure, it allows us to gain the closest estimations of the real elec-
trode area.
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DPV was used for the determination of acetaminophen applying a
potential window from 0 toþ1.3 V, with a step potential of 8 mV,
modulation amplitude of 50mV, modulation time of 0.05 s, and inter-
val time of 0.5 s. These experiments were carried out in a drop of
solution (200 μL) deposited onto the patterned additive manufac-
tured working electrode with reference and counter electrodes stra-
tegically placed within the drop of solution (Figure S2, Supporting
Information).
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