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Abstract

Available models for mass transport in microfluidic electrochemical sensors fall short in
capturing critical features of millimeter-scale devices 3D-printed using fused deposition
modeling, including inherent porosity and non-flat electrode geometries, thereby reducing
their predictive power and transferability. Meanwhile, growing interest in low-cost and
accessible fabrication methodologies has driven the quantitative use of these devices
without first understanding the effects of such structural features on current responses.
Here, the quantitative electrochemical performance of millimeter-scale 3D-printed devices
with channel band electrodes is studied through computational and theoretical methods
aimed at understanding their fundamental behavior. Simulations and dimensionless
analysis reveal the influence of electrode shape and porosity on current responses under
laminar flow. An adjusted Levich model is proposed to incorporate non-flat electrode
geometries, while two new analytical models—general and transition-specific—predict
currents through all mass transport regimes (convection, diffusion, and transition) that can
simultaneously emerge due to porosity effects. Moreover, we introduce a low-cost “print—
pause-print” fabrication strategy for such systems, employing a desktop 3D printer and 3D
pen, which allows electrode integration and activation through polishing and “in-channel”
electrochemical treatment. These advances facilitate developing next-generation 3D-printed
milli fluidic electrochemical platforms with improved performance and scalability.

Keywords: 3D printing; milli fluidic electrochemical device; channel band electrodes; mass
transport regimes; theoretical models; numerical computations

1. Introduction

A fluidic device with a channel band electrode is typically a rectangular channel of
micrometer-scale cross-section with a microelectrode embedded in the bottom wall of the
channel through which the solution flows [1,2]. Although fluidic devices with channel band
microelectrodes present some disadvantages including lower currents and capacitances and
potential evaporation of sample, they offer several clear advantages over other electrode
layouts, such as [1]:

i.  The mass transport is well controllable over a wide range of flow rates.
ii. ~ Under laminar flow conditions, hydrodynamics are well-known, which facilitates the
precise study of electrode processes.
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iii.  The spent solution flows outside the system, unlike the wall-jet layout where stagnant
zones are developed.

iv.  The fluidic device can be fabricated with a wide range of microfabrication methodolo-
gies and materials.

v.  The flowing solution effectively dissipates heat.

These advantages have facilitated the implementation of fluidic devices with chan-
nel band microelectrodes in various applications. In analytical procedures such as chro-
matography, these devices facilitate continuous monitoring, their well-defined hydrody-
namics facilitate analysis of electrode reactions, and they can also be used for spectro-
electrochemistry [1]. Their mass transport improvement due to convection allows the
development of sensors and biosensors with improved signal-to-noise ratios, better sen-
sitivities, and lower detection limits. In addition, they allow the use of low amounts of
sample and reagents during operation [3,4]. Another feature to be considered is that the
layout of channel band microelectrodes facilitates the fabrication of electrode arrays for
multi-analyte detection assays [3,4].

The successful applications of these fluidic devices typically rely on traditional micro-
fabrication methodologies of channel band microelectrodes, which include photolithogra-
phy, soft lithography, etching, micromachining, laser ablation, and deposition processes
such as sputtering, thermal vapor evaporation, and screen-printing [5]. Nevertheless, these
conventional methodologies exhibit several drawbacks, including time-consuming and
expensive fabrication processes that lack industrial scalability and require clean rooms with
well-controlled conditions. In addition, integrating electrodes and carrying out deposition,
surface modification, or (bio)functionalization procedures remain challenging within these
approaches [5-8]. On the other hand, alternative fabrication technology and materials
such as additive manufacturing (also known as 3D printing) and polymers, respectively,
are revolutionizing the fabrication methodologies of fluidic devices. Some advantages of
polymers lie in their wide range of materials and state forms such as liquid resins, solids,
and powders. Polymers are cheap compared to silicon; they offer good optical transparency,
electrical insulation, and gas permeability properties [5].

As a result, additive manufacturing has revolutionized conventional fluidic device
fabrication techniques by enabling complex and customized designs. Fused deposition
modeling (FDM) technology has been used for the fabrication of fluidic electrochemical
devices with channel band electrodes, facilitating the integration of electrodes and chan-
nels into a single platform [9-12]. In this context, O’Neil et al. in 2019 pioneered the
single-step production of functional devices with channel band electrodes using FDM
3D printing [13]. Recently, important advances related to ensuring the functionality of
such FDM 3D-printed systems, including in-channel electrode activation [14] and surface
modification and (bio)functionalization of channel band electrodes [15], were achieved.

Thus, these fabrication methodologies demonstrate the feasibility of the FDM tech-
nique for the development of fluidic electrochemical devices with channel band electrodes.
Electrochemical detection with 3D-printed fluidic devices can complement other conven-
tional analytical techniques such as chromatography or be used as a stand-alone analytical
solution. However, to build efficient 3D-printed fluidic electrochemical devices with chan-
nel band electrodes, it is necessary to consider how physical or geometrical parameters,
such as porosity, channel geometry, electrode shape, and fluid velocity, affect the current
response at the band electrode [16].

Flow band electrodes can be schematically represented as a channel with electroactive
species solution flowing in and with electrodes lying at the bottom, where three major
electrode geometries are usually encountered: bumped, inlaid, and recessed. The bumped
geometry, with the electrode protruding from the channel surface, is known for its better
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collection percentage and higher current yield [16]. On the other hand, electrodes and
milli fluidic devices fabricated using FDM technology present numerous pores along their
structure, particularly in the middle and top layers, affecting the quality of the object
and conductivity properties [17-21]. Particular attention is paid to milli fluidic devices
where porosity could affect the current limiting response due to the presence of inner
microchannels that can vary the mass transport of species. This can potentially lead to
different mass transport zones simultaneously occurring in the system.

Various studies using theoretical models and numerical computations mainly based
on finite elements analysis have been proposed to model different convection/diffusion
zones produced by mass transport phenomena in single-band microelectrode or band
microelectrode arrays [22-25]. In addition, other works investigated the conditions under
which transient, quasi-steady-state, and convective regimes were achieved on microfluidic
channels with band microelectrodes in laminar flow conditions according to device geom-
etry and flow velocity [26-30]. In particular, the study of the diffusion, convection, and
transition regimes in 3D-printed milli fluidic devices with band electrodes under laminar
flow and steady-state conditions has not been previously reported. This is due to the
complexity arising from the interplay of numerous parameters related to the geometry
of the device, its physical properties derived from the manufacturing method, and the
hydrodynamic flow conditions.

The present study develops an FDM methodology for fabricating a 3D-printed milli
fluidic device with channel band electrodes using a conventional desktop 3D printer and
a 3D pen. The milli fluidic device with the embedded channel band electrodes (working,
counter, and reference) was fabricated following the “print-pause-print” methodology [15],
in which the band electrodes can be activated through a compatible polishing approach
followed by the “in-channel” activation methodology [14].

Meanwhile, numerical simulations were used to study the steady-state amperometric
responses of channel band electrodes in milli fluidic systems as a function of electrode
shape, device porosity, and flow rates, enabling the formulation of analytical models
using dimensionless design parameters. To ensure the reliability of the simulations, nu-
merical computations were validated by replicating previous studies in micrometer-scale
systems [22]. As a result, an adjusted Levich model is proposed to account for non-flat
electrode geometries, while two new analytical models—general and transition-specific—
predict currents through all mass transport regimes (convection, diffusion, and transition)
that can simultaneously emerge due to porosity effects. These advances provide valuable
tools for designing next-generation 3D-printed milli fluidic electrochemical platforms with
improved performance and scalability.

2. Materials and Methods

2.1. Fabrication and Activation of 3D-Printed Milli Fluidic Electrochemical Devices with Channel
Band Electrodes

2.1.1. Reagents, Materials, and Equipment

All the salts were of analytical reagent grade and purchased from Sigma-Aldrich
(St. Louis, MO, USA). The conductive carbon nanotube/carbon black/polylactic acid
(CNT/CB/PLA) material (LATIOHM B61-01 AM CNT BK:3340) was developed by LATI®
(Vedano Olona, Italy) and marketed as AlfaOhm (i.d. 1.75 mm) by FiloAlfa® (Ozzero,
Italy). Our group has previously studied the structural, morphological, and thermal prop-
erties of this conductive hybrid CNT/CB/PLA material [12]. The clear PLA filament (i.d.
1.75 mm) was from Xingtong Zhi Lian Technology ® (Shenzhen, China). Silver/silver-
chloride (Ag/AgCl, 40/60) paste was acquired from Gwent group (Mambhilad Park Estate,
Pontypool, UK). Deionized water with a resistivity of 18.2 M() was used to prepare all solu-
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tions. For all electrochemical measurements, 100 mM phosphate-buffered saline (PBS) (pH
7.4) containing 100 mM KCI was used as an electrolyte. C1~ ions in the electrolyte solution
ensured the reliable performance of the Ag/AgCl paste pseudo-reference electrode [12].
3D printing processes were performed using an FDM UP mini 2 3D printer, model 3DP-
14-4A (Beijing, China), and a 3D pen, model Mynt3D printing pen “pro” (Soquel, CA,
USA). All the electrochemical measurements were performed in a p-Stat 400 portable
BiPotentiostat/Galvanostat from Metrohm-Dropsens (Oviedo, Asturias, Spain).

2.1.2. Fabrication of 3D-Printed Milli Fluidic Electrochemical Device

A 3D-printed milli fluidic electrochemical device with 3D-printed channel band elec-
trodes (3DP-CBE) was fabricated using the “print—pause—print” methodology and a conven-
tional FDM desktop 3D printer and a 3D pen (see Figure 1A). The components of the device
were designed separately using SolidWorks 2018 (Dassault Systémes, Vélizy-Villacoublay,
France) and checked as an assembly to ensure that all components fit together. Then, the
design of the device with 3DP-CBEs was converted to the standard tessellation language
format (.stl) and transferred into the FDM 3D printer.

(A) CNT/CB/ PLA filament

Desktop
3D-printer

3DP-milli fluidic
device

= CNT/CB/ PLA 3D-pen
- filament

(B)

Channel

3DP-CBE
iii.

PLA Substrate

ii.
Support PLA
Substrate

Figure 1. (A) Scheme of the 3D-printed milli fluidic device with the channel band electrodes fabricated
using a desktop 3D printer and a 3D pen. (B) Scheme showing the different steps for the fabrication of
the device with the 3D-printed channel band electrodes (3DP-CBE): working electrode (WE), counter
electrode (CE), and pseudo-reference electrode (P-RE).

Each 3D-printed milli fluidic device consists of: i. a support PLA substrate, ii. a PLA
substrate with an embedded three-electrode array mold to be filled with the conductive
CNT/CB/PLA filament using the 3D pen, iii. the three-electrode array (working, counter,
and pseudo-reference electrodes), and iv. the flow channel printed on the electrodes and
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the PLA substrate (Figure 1B). The support, PLA substrate, and the flow channel were
printed using a desktop 3D printer.

The “print-pause—print” fabrication process is briefly described as follows. A support
PLA substrate (1 mm thickness) was printed directly on a glass slide, and the printing
process was paused. Then, the support substrate was flipped and the PLA substrate
(0.7 mm thickness) with the 3DP-CBE mold (0.5 mm depth) was printed over this smooth
glass-like surface and printing was paused again. In the next step, working, reference,
and counter electrodes were drawn into the three-electrode array mold using a 3D pen
and the CNT/CB/PLA filament. After being drawn, the electrodes were polished to
minimize irregularities of the carbon surface and to enhance surface conductivity, followed
by painting of the reference electrode using the Ag/AgCl paste. Then, the milli-fluidic
channel was printed, followed by the “in-channel” electrochemical activation of the 3DP-
CBE.

The dimensions in millimeters of the flow channel were 3 x 2 x 30 (Width x Height x
Length) with a wall thickness of 4 mm. For the 3D-printing of the support, PLA substrate,
and flow channel, the following printing parameters were used: 0.4 mm nozzle diameter,
0.2 mm layer height, solid fill, with no raft, no support, nozzle temperature of 260 °C, and
platform temperature of 100 °C. For the 3DP-CBE, the nozzle temperature was 210 °C.
The 3D printing time required for each 3D-printed milli fluidic device with 3DP-CBE was
13 min.

2.1.3. Activation of 3D-Printed Channel Band Electrodes

Activation of the 3DP-CBE was performed as reported elsewhere [31,32], with some
modifications, comprising two-steps: mechanical polishing (P) followed by electrochemical
(EC) activation using CV and PBS. The activation treatment is briefly described as follows:
electrodes were polished on sandpaper of 600 grit followed by 1200 grit for 4 (P4) minutes
in the presence of de-ionized water. After that, the 3DP-CBE was washed with ethanol,
then water, and allowed to dry. Once the electrodes were dried, the pseudo-reference
electrode was painted using the Ag/AgCl paste. The paste was dried at 60 °C for 30 min in
a box oven. Then, after printing the milli fluidic channel, 3DP-CBE were electrochemically
activated “in-channel” using CV and PBS. Briefly, 10 sequential cyclic voltammetry (CV)
scans were applied in the potential window from —0.1 V to +3.1 V at 500 mV s~ .

2.2. Theoretical Considerations and Computational Models for Mass Transport in 3D-Printed Milli
Fluidic Electrochemical Devices

2.2.1. Theoretical Considerations

This study considers the mass transport of a reversible redox species A with the
subsequent transfer of electrons ne™ towards the electrode surface and the generation of a
reversible redox species B [22]:

A+ne 2B (@)

The device configuration is a channel band electrode (see Figure 2), where / is the
height of the channel, w is the band electrode width, and L corresponds simultaneously
to the band electrode length and the channel width. When L is greater than w and h
(L > h, L>> w), the formulation of the problem reduces to a two-dimensional problem.

Under these conditions, diffusion and convection are governed by the following mass
transport equation [22]:

oc ?%c 9% Jc

— =D —=4+ = - — 2

ot (8x2 + 8y2> tx(y) ox @)
where D and c are the diffusion coefficient and concentration of the redox species, re-
spectively. Diffusion results from contributions in the two directions (x-axis and y-axis),
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(A)

Top view WE Front view

Inlet Outlet K — 1
— L

— V. &7

Band electrode

whereas convection operates only along the x-axis, see Equation (2). uy(y) is the flow
velocity whose profile is assumed to be parabolic across the channel section:

ux(y) = 6u,w% (1 - %) (©)

where 1, is the average flow velocity.

(B) ©

y
= A
() = L
R — A. x
Channel length w W=w/h

Figure 2. (A) 3D scheme of the microfluidic device showing the band electrode within the microchan-
nel. (B) Top view identifying the band electrode as the working electrode (WE), channel length,
and the width of the microchannel (L). (C) Front view showing the parabolic flow velocity profile
in the x-direction (i, (y)) when it propagates across the microchannel. The width of the microband
electrode is w and the height of the microchannel is /1, with L > h.

When convection dominates, the steady-state current at a channel band electrode
verifies the well-known Levich expression [33]:

4uuv>1/3

iLevicn = 0.925nFL® (wD)?/ 3( .

(4)
where F is the Faraday constant and c” is the bulk concentration of the redox species in
solution upstream far away from the electrode.

Conversely, when diffusion is the main transport regime, the thickness of the diffusion
layer above the electrode is limited by the channel height, and the steady-state current
follows the “thin-layer” limiting behavior [22]:

thin layer = nFCOuath ®)

Equations (4) and (5) may be written in dimensionless form by considering several
dimensionless parameters such as the geometrical ratio W, described as follows:

W= (6)

The Peclet number (Pe) that matches the time scales of convective and diffusional
transport is also considered, defined as follows [22]:

Ugph
Pe = 7
e=—7 )
and the dimensionless current :
i
V= SFLD® ®

Thus, the following are the dimensionless forms of Equations (4) and (5):

PLevich = 1.468nW2/3pel/3 o)

Ythin layer — Pe (10)
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In contrast to Wiin 1ayer, PLevien 18 @ function of W since the thickness of the diffusion-
convection layer is partially controlled by the electrode dimension and remains smaller
than the channel height.

2.2.2. Computational Methods

The simulation study used COMSOL Multiphysics 5.3a (COMSOL AB, Stockholm,
Sweden). The Laminar flow regime at the entrance was determined using the Reynolds
number, described by Re = Dy/v, where v is the kinematic viscosity (0.01 cm? s~1 for water
at 20 °C) [25] and Dy is the hydraulic diameter described by Dy =2(h x L)/ (h + L) [34].
Entrance length (L.), described by L, 0.06ReDy, was calculated for the highest flow rate to
ensure a fully developed laminar profile of the flow across the channel [2]. To simulate
the flow through the channel and the current response, laminar flow and electroanalysis
physics were employed in a steady-state study. The velocity profile was calculated using
the laminar flow module for each flow rate by solving the incompressible Navier-Stokes
equations for momentum balance and continuity.

Local values of u,, obtained from the velocity profile were used for modeling the
mass-transport of diluted species in electrolytes using the diffusion-convection equation
to evaluate the mass-transport limited current response and to predict the concentration
distribution of the redox probe in a rectangular channel band electrode. A potential
window from —0.4 V to 0.6 V with a potential step of 10 mV was employed to evaluate the
limiting current response. The following mesh parameters were considered when defining
appropriate mesh conditions: maximum and minimum element size, maximum elements
growth rate, curvature factor, and resolution of narrow regions.

2.2.3. Validation Study of Computational Methods

The geometry of the microchannel-band microelectrode in the validation study of
computational methods is shown in Figure 3A. A customized general and a free triangular
mesh were used for the entire model geometry and the electrode domain, respectively, as
shown in Supplementary Table S1. Limiting currents were measured at three ranges of
Peclet numbers as follows: Pe = 1-5 (zone I), Pe = 1-100 (zone II), and Pe = 50-1000 (zone III).
For more detailed information regarding the physics, boundary conditions, and constitutive
equations used in the computational validation study, see Supplementary Table S2.

2.3. Computational Evaluation of Design Parameters for 3D-Printed Milli Fluidic Electrochemical
Devices

2.3.1. Effect of Electrode Height

The proposed model design for evaluating electrode shape effects in 3D-printed milli
fluidic devices with band electrodes is shown in Figure 3B. The model has a i’ value of
0 pm, and the band electrode geometry follows a bumped rectangular shape where the
electrode height, H ranges from 0 to 1000 pm. Therefore, the effect of H on the limiting
current response was analyzed as a function of the design parameters W and Pe. Limiting
currents were measured at various Pe numbers (100, 400, 500, and 1000). Mesh parameters
were chosen from the mesh convergence study. For more detailed information regarding
the physics, boundary conditions, and constitutive equations used in the computational
electrode height study, see Supplementary Table S5.

2.3.2. Effect of Porosity

The model proposed to study the effects of porosity is shown in Figure 3B. The band
electrode geometry follows a rectangular electrode with H = 0 pm. The height of the
secondary channel (k) also represents the porosity of the device and varies according to the
established porosity percentage. Three secondary channel heights (225, 375, and 750 um)
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were evaluated, representing the 3%, 5%, and 10% porosity percentages, respectively.
Limiting currents were measured as a function of W and Pe (100, 400, 500, and 1000 at the
entrance of the device). Mesh parameters were chosen from the mesh convergence study.
For more detailed information regarding the physics, boundary conditions, and constitutive
equations used in the computational porosity study, see Supplementary Table Sé6.

A) 2
N
Inlet Outlet
? h=20pm |
1 4 A 3
5 WWWWWWWW////////////W////W 6
w =200 um or 20 um L=500 u m

<€ >

Channel length = 1 mm

(B)

2

¥ N S p— > L=20mm (L > h;L > w)

& S

Channel length = 30 mm

Figure 3. (A) Model of the microfluidic device with a microchannel band electrode for the validation
study of computational methods. (B) Model of the milli fluidic device with a channel band electrode
with Lh and L for electrode height and porosity studies. In the electrode height study, the model has a
rectangular electrode with height H. In the porosity study, the model has two channels, one on top
representing the principal channel with a channel height /1 and the other below with a channel height
I’, both connected by vertical channels of width /1’ simulating the presence of porosity. The values
of h" were calculated based on the dimension of the channel length. Then, the device has 4 vertical
channels of the same width (/’). Two channels are symmetrically distributed between the entrance of
the device and the electrode, and two channels are symmetrically distributed between the electrode
and the exit of the device. Therefore, the value of /’ is for 10% porosity. Numbers refer to domains
and boundaries, and they correspond to the numbers in Supplementary Tables S2 and 54-S6.

3. Results and Discussion

3.1. Fabrication and Activation of the 3D-Printed Milli Fluidic Device with Channel Band
Electrodes

Different filament activation treatments compatible with the print-pause—print
methodology were evaluated prior to the fabrication of the 3D-printed milli fluidic de-
vice with channel band electrodes. To achieve this, 3D-printed hybrid carbon electrodes
(3DP-H-CEs) were fabricated in a similar design configuration as previously reported by
our group [12]. These 3DP-H-CEs were fabricated not only for activation but also for
electrochemical and morphological characterization purposes, as shown in Supplementary
Figures S1 and S2, Table S7, Methods S1, and Notes S1-53 [35,36]. From the activation
study, the polishing time was optimized as follows: electrodes were polished on sandpaper
of 600 grit followed by 1200 grit for 1 (P1), 2 (P2), and 4 (P4) minutes. Once the different
treatments were evaluated on the 3DP-H-CEs and it was confirmed that the best treatment
to activate the electrode surface was P4/EC, the print-pause-print methodology was ap-
plied for the fabrication of the 3D-printed milli fluidic device, as described in Figure 1.
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This methodology allows polishing directly on the electrodes followed by the in-channel
electrochemical activation methodology, as seen in Figure 4.

A) (B)

i. Support and PLA substrate

\
ii. 3DP-CBE

200 1
v —_—
iii. 3DP-milli fluidic device i 150 4
Bottom view E
g 100
=
E 50
@)
04

Top view T T T T
P 0 1 2 3

Potential (V vs Ag/AgCl)

— Smm —

Figure 4. (A) Fabrication steps of the 3D-printed milli fluidic device with channel band electrodes
following the print-pause—print methodology: i. 3D printing of support and PLA substrate with
the channel band electrode mold; ii. The pause of the 3D printing process and drawing of the three-
electrode array (working, counter, and pseudo-reference electrodes) with the 3D pen, then polishing
of the electrodes for 4 min followed by painting of the pseudo-reference electrode; iii. 3D-printing
of the milli fluidic channel on the PLA substrate and electrodes. For scale, the dimensions of the
device base are 75 mm x 25 mm. (B) In-channel electrochemical activation of 3DP-CBE applying ten
sequential CV scans in the potential window from —0.1 V to +3.1 V at 500 mV s~ 1.

Notice that from the top and bottom view in Figure 4A, the surface of the support
and the PLA substrate looks dirty; this is due to the polishing of the electrodes. On the
other hand, Figure 4B shows the PBS in-channel electrochemical activation of the P4-treated
3DP-CBE applying ten sequential CV scans. As the oxidation of the electrode surface
increases with the number of scans, the current response increases from 170 A (first cycle)
to 200 A (tenth cycle); meanwhile, the overpotential remained constant at 1.4 V in all cycles.
Therefore, like the 3DP-H-CE, the combination of P4 and EC treatments helped in the
activation of the 3DP-CBE.

Therefore, this device introduces a manufacturing methodology that brings together
different fabrication approaches such as print-pause—print, polishing, and in-channel
activation using low-cost equipment such as a conventional desktop 3D printer and a 3D
pen. Based on a literature review, it is known that these systems can exhibit high levels of
porosity, on the order of 10% and even up to 32% [17], due to the intrinsic characteristics of
the FDM 3D printing technology. However, the deployment of these 3D-printed devices
as quantitative chemosensors requires understanding the effect of porosity on the current
response, which is currently lacking. Such an investigation would imply considering
the effect of multiple printing parameters in the electrochemical performance of the 3D-
printed milli fluidic device with channel band electrodes. In order of importance, printing
parameters such as layer thickness, infill density, raster deposition angle, printing speed,
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nozzle temperature, and bed temperature would have to be optimized to ensure the
reliable operability of the chemosensor, including long-term stability studies [37]. However,
these studies are outside the scope of the current work. Instead, here, we attempt to
achieve a better fundamental understanding of the effect of porosity and other key features
such as electrode shape in the current response of the chemosensor using theoretical and
computational models. These tools will provide valuable insights about the various mass
transport regimes that can be found in these devices, which in the future can be combined
with fabrication methodologies, such as the one introduced here, to validate the successful
deployment of these types of devices in quantitative sensing.

3.2. Validation Study of Computational Methods

Under stationary conditions, the limiting current response for the validation study
of computational methods in simulations and theoretical models, such as the Levich
and thin layer expressions in Equations (4) and (5), respectively, was obtained using the
following parameters: n = 1, F = 96,485 C mol 1, =1 x 107 mol cm™3, and D =
7.6 x 107¢ cm? s~ 1 [38], which corresponds to the ferrocene methanol redox probe. To vali-
date the global definitions and structure of the proposed simulation study, the presence of
the three main transport regimes that affect the steady-state limiting current in microfluidic
systems reported by Amatore et al. [22] was demonstrated (see Figure 5).

A) (B)
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Figure 5. Current response extracted from the validation study of computational methods for (A)
zone I (Pe = 1-5 and W = 10), (B) zone II (Pe = 1-100 and W = 10), and (C) zone III (Pe = 50-1000
and W = 1). (D) Simulated current variations of log;,(¥ /¥ ¢yic;) and log, (‘1”/ Yrhin lﬂyer> versus
log,,(W/Pe).

Zones I and III correspond to the thin layer and Levich regimes, respectively, while
zone Il is a transition between these two domains so that mixed convection and diffusion
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contributions occur. Zones I and II are developed from Pe = 1-5 and Pe = 1-100, respectively,
with W = 10, as shown in Figure 5A,B. Meanwhile, zone Il is developed from Pe = 50-1000
with W =1, as shown in Figure 5C.

On the other hand, Figure 5D shows that the current limited response in the three
regime zones developed follows the behavior described by Amatore et al. [22]. The various
dimensionless currents ¢ were calculated using Equations (8)—(10) and the currents from
Figure 5A—C. In zone I, the diffusive regime prevails over convection, and the thin layer
model successfully explains the current retrieved from the simulations. In zone III, the
convective regime prevails over the diffusive one, and the Levich model correctly describes
the current measured by the band electrode. Moreover, in zone II, the two flow regimes
coexist, but neither Levich nor thin layer can individually describe the current behavior.
This successful replication of previously described current regimes in microfluidic systems
enables the investigation of similar behavior in larger milli fluidic systems using the
established simulation approach.

For the following sections, the limiting current response in simulations and theo-
retical models, such as the Levich and thin layer expressions in Equations (4) and (5),
respectively, was obtained using the following parameters: n = 1, F = 96,485 C mol !, c* =
4 x 10® mol cm~3,and D =6.39 x 107% cm? s, which corresponds to the [Fe(CN)g]*—/3~
redox probe.

Prior to studying the effect of electrode height as a design parameter and porosity
in current response in a millimeter-scale flow system, a mesh convergence study was
carried out to choose the appropriate mesh conditions for computational analysis. This
mesh convergence study allowed us to ensure convergence of the current retrieved from
simulations (see Supplementary Figures S3 and S4, Tables S3 and S4, S8 and S9, Methods S2,
and Note 54).

3.3. Effect of Electrode Height

Once the proposed computational model was validated in microfluidic systems and
the mesh parameters were chosen, electrode heights were evaluated in larger systems such
as 3D-printed electrochemical milli fluidic devices. Figure 6 shows the concentration profile
for the redox species under current-limited conditions at different electrode heights, H (100
and 1000 pm) and Pe (100 and 1000) for W = 1 under laminar flow conditions. Figure 6
shows that the convective regime prevails over diffusion in all situations, and the diffusion
layer decreases when Pe and H increase. This means that the total current generated at the
electrode can be potentially explained using convective current contributions alone, as it is
described in the following. Initially, the limited current was determined from simulations
and compared with the theoretical convective current calculated from the Levich equation:

: 012/3( 23 (4Q\°
iLevich = 0.925nFc’L=>(wD) <hz) (11)
Notice that in this calculation, the effect of the height of the electrode is ignored.
Then, the dimensionless ratio of the total current to the convective current
(logyo(¥/ IFLCUZ'Ch)) is graphed as a function of the dimensionless parameters W and
Pe (log,,(W/Pe)) at each H and Pe, as shown in Figure 7A. The figure shows that as
the electrode height increases, the simulated limiting current increases and moves away
from the theoretical limiting current predicted by Levich, so there would be an additional
current contribution not yet accounted for.
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Figure 6. Simulated concentration profiles across the channel in zone III, where convection regime is

dominant for W = 1 as a function of Pe and H under laminar flow conditions. Concentration ranges
from 0-4 mol m 3.
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Figure 7. (A) Dimensionless ratio of the total current to the convective current log; (¥ /¥1evicn)
versus log;,(W/Pe) when the Levich model (Equation (11)) is used as a reference to predict the
simulated current values for W = 1 at different H and Pe values. (B) Contributions to the total limited
current by each of the electrode faces: front (black), top (red), and back (blue) at selected electrode
heights (circles) 100, (inverted triangles) 500, and (stars) 1000 um. (C) Dimensionless ratio of the total
current to the convective current log (‘f’ / Y’Levich,ﬂdjusted) versus log;,(W/Pe) when the adjusted

Levich model (Equations (12)-(14)) is used as a reference to predict the simulated current values for
W =1 at different H and Pe values.

To study this further, the contributions to the total limited current by each of the
electrode faces—front (boundary 5), top (boundary 4), and back (boundary 6) in Figure 3B—
were investigated for different electrode heights (100, 200, 400, 500, and 1000 um), as shown
in Figure 7B and Supplementary Figure S5.

From Figure 7B, as H increases, the contribution of the current generated at the top
horizontal face of the electrode decreases, starting with a current contribution of ~87%
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for an H of 100 um to a current contribution of ~68% for an H of 1000 um. Meanwhile,
the current contribution from the front and back vertical faces of the electrode increases
as the electrode height increases due to the increase in the electrode surface area. The
current contribution at the front and back faces is ~10% and ~3%, respectively, for an H of
100 um, and it increases to a current contribution at the front and back of ~25% and ~7%,
respectively, for an H of 1000 pm. This analysis indicates that current contributions from
the front vertical face and the top horizontal face of the electrode represent more than 90%
of the total current in all cases studied, meaning that current contributions from the back
face of the electrode are small and can be neglected.

Therefore, the Levich model was adjusted to consider: i. the Levich current contri-
bution due to the electrode width w (i, ,)—that is, the contribution coming from the
top horizontal face of the electrode—while accounting for the reduction in the effective
channel height (h — H) due to the electrode height; and ii. the current contribution due to
the electrode height (if] ., }—that is, the contribution coming from the front vertical face of
the electrode—as follows:

iLevich, adjustted — iﬁmch + iLHez;ich (12)
4 1/3
i ien = 0.925nFCL2/3 (wD)?/3 ((h—QH)2> (13)
10\ 1/3
if = 0.925nFCL?/3(HD)*? (;lg) (14)

where all parameters have already been previously defined.

Based on Equations (8) and (12), a dimensionless adjusted Levich current (¥ cvich,adjusted)
that successfully predicts and normalizes the current generated at the electrode when its height
is varying and at various flow conditions is proposed, as shown in Figure 7C. Compared to
Figure 7A, this adjusted Levich model produces important improvements as the electrode
height increases up to half the height of the milli fluidic channel, and this confirms that
convective currents represent the main contribution to the total current in such systems.

3.4. Effect of Porosity

The proposed porosity model evaluates different values of porosity ranging from 3%
to 10% according to porosity levels reported in the literature for FDM 3D-printed PLA
samples [17,35]. These levels of porosity correspond to the voids present in the 3D-printed
PLA object, and in our case, these voids are present in the PLA material that forms and
surrounds the milli fluidic channel structure. The largest voids can measure up to a few
millimeters in their longest dimension and typically exhibit elongated non-spherical shapes
that run longitudinally along the 3D printing filaments [17,35]. Therefore, we propose a
porosity model that intends to represent the overall level of porosity on the PLA material
that surrounds the milli fluidic channel including the electrode, rather than attempting to
model individual pores. As such, in addition to the main channel on top of the electrode,
we include a secondary channel below it that is connected to the main channel through
vertical channels for the flow of electroactive species. This model enables the measurement
of the current simultaneously generated on the top and underside faces of a flat electrode
(H = 0 pm), as shown in Figure 3B. Because the dimensions of the vertical and secondary
channels (i) can be modulated to represent porosity levels, we can study the effect of
porosity on the current response.

Currents extracted from the simulations are then compared to currents predicted by
the Levich (¥ppic, in Equation (9)) and thin layer (Y74 10yer in Equation (10)) theoretical
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models of a flat electrode as a function of W and Pe at different porosity values (3%, 5%,
and 10%). The flow rate through the top and underside cross-sectional areas of the channels
was determined from the simulations, and the appropriate channel heights (h or i) were
used to calculate the corresponding W and Pe values at the electrode’s top and underside
faces.

From Figure 8, the simulated current generated in the top face of the electrode
did not present considerable variations when porosity increased in the range of —3
< log,,(W/Pe) < —2. For example, for the highest flow rate conditions (Pe = 1000) and
W =1, the simulated current generated in the top face of the electrode varies from 72.4 uA
for 3% porosity to 71.2 pA for 10% porosity. This decrease in current is due to the increase
in the fraction of the flow that goes through the pores toward the secondary channel when
porosity increases. Therefore, the volumetric flow rate Q decreases in the main channel,
and less current would be generated on the top face of the electrode according to the Levich
equation. In addition, from Figure 8, the current generated in the top face of the electrode
is predicted by the Levich model in the range of —3 < log,,(W/Pe) < —2 and porosity
values of 3%, 5%, and 10%. This indicates that the current generated on the top face of the
electrode in the main channel is a convection-limited current and corresponds to zone III
for the specified device design.
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Figure 8. Simulated current variations of log,(¥/¥reicn) and logy, (‘f’ !/ YThin laye,) versus
log;,(W/Pe) generated from the model of the milli fluidic device with a channel band electrode
(Figure 3B). Graphs ((A-C)) show the variations in the simulated current generated on the top (blue
dots) and underside (red dots) faces of the flat electrode relative to the currents predicted by the
Levich and thin layer theoretical models at (A) 3%, (B) 5%, and (C) 10% porosity. (D) Zone diagram
showing the locations of zones I, II, and III. The zone diagram is constructed from graphs (A-C).
Variations in the simulated current: on the top face of the electrode represented by blue dots (3%, 5%,
and 10% porosity) and on the underside face of the electrode represented by red dots (3% porosity);
purple dots (5% porosity); and green dots (10% porosity).
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As can be seen in Figure 8A-C, different behaviors of the current generated on the
underside face of the electrode through the secondary channel can be observed at differ-
ent porosity values, suggesting the formation of different mass transport zones. From
Figure 8A,B, the current generated on the underside face of the electrode is predicted by the
thin layer model (diffusion-limited current, zone I) for the range of 0.3 < log;,(W/Pe) < 2
at 3% and 5% porosity. In addition, from Figure 8B at 5% porosity, the transition zone begins
for values of log;,(W/Pe) < 0.2 and corresponds to zone II. From Figure 8C, the current
generated on the underside face of the electrode cannot be predicted by the Levich and
thin layer models for the range of —1.3 < log,,(W/Pe) < —0.3 at a porosity of 10%. This
indicates that the current generated on the underside face of the electrode in the secondary
channel is a current limited by a mixture of the diffusion and convection regimes (transition,
zone II) for the design of the proposed device at 10% porosity.

Figure 8D shows the different current behaviors generated on the top and underside
faces of the electrode due to the presence of varying mass transport zones through the
main and secondary channels for the different porosity values evaluated. Therefore, the
Levich zone corresponds to the range of —oo < log;,(W/Pe) <—1.3, the thin layer zone
corresponds to the range of 0.3 < log;,(W/Pe) <+, and the transition zone can be found
in the range of —1.3 <log;,(W/Pe) < 0.3.

From Figure 8D, it can also be observed that when the thin layer and Levich current
are used as a reference in determining the current through the 3D-printed milli fluidic
device, both graphs can be partially described with linear functions with slopes m =2/3
and m = —2/3 (orange dotted lines), respectively (see Supplementary Note S5).

3.5. Current Prediction Models

Therefore, due to the simultaneous presence of different mass transport regimes in
porous milli fluidic systems, it is important to have a mathematical model that predicts
the values of the currents in all transport regimes, whether convection, diffusion, or tran-
sition. Thus, a mathematical model capable of predicting these current behaviors was
proposed. From Figure 9A, the mathematical model that describes the data extracted from
the simulations and that fits the two graphs either when the thin layer current is used as
a reference, Y = log, (‘F /YThin ,ﬂyer) , or when the Levich current is used as a reference,
Y =10g,,(¥/¥Levich), as a function of X = log,,(W/Pe), is the following:

B A(10)“"
Y = logy, (B—f—A(lO)”) (15)

where A, B, and C are constants obtained by fitting Equation (15) to the simulated current
data, as seen in Figure 9A,B, mathematically corresponding to the slope (~2/3 or ~—2/3)
previously mentioned, as shown in Supplementary Table S10 and Supplementary Note
S6. Although the quality of both fittings is high (R? = 0.995 for Levich and R? = 0.997 for
thin layer), we further evaluated their residual sum of squares (RSS) error in the transition
zone, where an analytical model is not currently available.

The error of the fitted model using Levich as a reference was RSS = 0.0069, and a
larger RSS = 0.0266 was obtained when using the thin layer model as a reference. This
indicates that, when fitting over all mass transport regimes, using ¥ ..., as a reference is
more accurate than using ¥y, 15yer When predicting current values in the transition zone.
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Figure 9. (A). Proposed mathematical model and simulated current variations of log;, (¥ / ¥1evicn)
(black dots) and log;, (‘f’/ Yhin lay€,> (green dots) versus log;,(W/Pe) generated in the milli fluidic
device in all transport regimes, whether convection, diffusion, or transition. The graph shows the
fitting values A, B, C, and R? of the mathematical model fitting log,o (¥ /¥revicn) (blue dotted line) and
logy, <‘1V /YThin ,aygr) (red dotted line). (B). Validation of the general (10g; (‘¥ / ¥Generar)) and transition
(logo (¥ / Yvansition ) models in other systems such as the microfluidic device described by Amatore
et al. [22] and replicated in Figure 5D. Black dots represent normalized current data using the Levich
model (log (¥ /¥1epich)) as used by Amatore et al. [22], red dots show normalized current data using
the general model, and blue dots show normalized current data using the transition model.

As aresult, a general model (¥g,yerq01) that can normalize the currents in all the different
mass transport zones that develop within the 3D-printed device is then proposed based on
the fitting that employs ¥} ,,i;, as a reference in Figure 9A.

1468 AW3Pet (1)
B+A(Pﬂe)c

where A = —0.3268, B = —0.2458, and C = —0.8432.
Because an analytical model applicable only to the transition regime can potentially

(16)

1'FGeneml =

provide even more accurate current predictions in zone II, we further used the mathemat-
ical model in Equation (15) to fit the current data obtained from simulations only in the
transition zone to obtain new values of A, B, and C specific to this regime. Once more, using
¥ evici @s a reference current provided a more accurate fitting (A = —2.9824, B = —1.7920,
and C = —1.1939; R? = 0.996, and RSS = 0.0002) than using Frpin 1ayer (A = 0.2262,
B = 0.0387, and C = 1.1049; R? = 0.983 and RSS = 0.0041). Note that the RSS error in the
transition zone was smaller when only current data from the transition zone was used for
the fittin compared to when current data from the three zones was employed for the fitting
in the general normalization model.

As a result, a specific model is then proposed that is capable of normalizing cur-
rents in the transition zone, called dimensionless transition current (¥p,4,siti0n), Pased on
Equation (15) and ¥} ¢y, as follows:

1468 AWiPet ()

B+A(P—V£)C

1FTmnsition = (17)

where A = —2.9824, B = —1.7920, and C = —1.1939.
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3.6. Deployment of the Models

The models used to predict and normalize currents in all mass transport regimes
(¥Generar, Equation (16)) and in the transition zone (¥ry4psition, Equation (17)) as a func-
tion of W and Pe, developed using data from millimeter-scale flow systems, were then
applied to flow systems at a much smaller scale. Here we consider the microfluidic system
with channel band electrodes studied by Amatore et al. [22] and used for validating our
simulations (see Section 3.2 and Figure 5). Figure 9B shows normalized dimensionless
current data obtained from the microfluidic system using different current normalization
models, illustrating how: the normalization by ¥} ;. is limited to zone III; the general
model (¥geperar) successfully normalizes currents in zones I, II, and III; and the transition
model (Yryansition) appears to provide the best normalization in zone II. Therefore, we
further evaluated the accuracy of the dimensionless currents ¥ predicted in the transition
zone of the microfluidic system. Higher accuracy was obtained using the transition (zone
II)-specific current model (¥1y4psition) With an RSS = 2.9763 compared to the general model
with an RSS = 3.0942, as expected. For comparison, an RSS = 133.0930 is obtained when the
same currents in the transition zone are predicted using the Levich model ¥ ;.. Thus,
the ability of the models proposed in this work to predict and normalize currents in any
mass transport regime as well as the transition regime in micro and milli fluidic devices
with channel band electrodes is demonstrated.

As a summary, this work highlights that FDM 3D printing is a suitable tool for the
fabrication of 3D-printed milli fluidic devices with channel band electrodes. However,
further experimental studies are needed to better understand the impact of porosity on
the performance of these 3D-printed devices as quantitative chemosensors. At this point,
the quantitative electrochemical operation of such 3D-printed devices is described by the-
oretical and computational models that give us a better understanding of the influence
of key features such as electrode shape and porosity, as discussed in previous sections.
Notice, however, that in FDM 3D-printed devices, their porous network structure, pore size
distribution, and pore proximity to the electrode can restrict the passage of the electroactive
species in complex ways, with the subsequent formation of zones where diffusion, convec-
tion, or both prevail. The analytical models introduced here are valuable tools to predict
current response under such conditions based on the local hydrodynamics of the system.
Therefore, our analytical models and simplified porosity models can be validated through
future studies where detailed porosity features of FDM 3D printing devices are measured
using techniques such as optical profilometry, optical microscopy, micro X-ray computed
tomography, and robust design theory to process experimental data [37]. Then, this porosity
information can be incorporated into simulations to give an even more detailed and precise
understanding of porosity effects on the current response under both steady-state and
transient conditions. Finally, as a general recommendation, researchers are encouraged to
adopt computational tools and analytical models, such as the ones introduced in this study,
to validate the functionality of 3D-printed sensors before their application.

4. Conclusions

This research introduces an FDM-based approach for prototyping a 3D-printed milli-
fluidic device incorporating channel band electrodes. The fabrication process employs the
“print-pause—print” technique, enabling electrode activation via a compatible polishing
method, followed by an “in-channel” electrochemical activation strategy. The feasibility of
the proposed approach was successfully demonstrated with the fabrication and activation
of a 3D-printed milli fluidic electrochemical sensor device.

Conversely, computational and theoretical methods facilitated a deeper understanding
of the mass transport-limited current regimes in a single band electrode within a 3D-
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printed milli fluidic channel fabricated using FDM technology. These methods accounted
for design and hydrodynamic parameters, as well as variations in electrode shape and
channel porosity in such devices. Regarding the electrode shape, a non-flat electrode with
a rectangular profile of a certain height was formulated, and its current response was
investigated as a function of electrode height. As a result, this study proposed an adjusted
Levich model (iLevich, adjustted) that successfully integrates convective contributions from
the Levich current associated with both the electrode width and height.

Furthermore, from the computational and theoretical analysis, the presence of porosity
in a 3D-printed computational model device resulted in current responses simultaneously
occurring in more than one of three mass transport regimes within the device: convection
(zone II); diffusion (zone I); and transition (zone II), in which both convection and diffusion
contributions are expected. Similar to the analysis of microfluidic electrochemical systems
with channel band micro electrodes, a zone diagram maps the design and hydrodynamic
conditions under which these regimes emerge, as characterized by dimensionless design
(W) and hydrodynamic (Pe) parameters. This zone diagram offers straightforward criteria
for optimizing 3D-printed electrochemical milli fluidic devices with channel band electrodes
and selecting optimal design and flow conditions for specific electroanalytical applications
in a pressure-driven milli fluidic channel.

More importantly, the simultaneous presence of multiple regimes, such as zone III in
the main channel on top of the band electrode and zone Il in a secondary channel repre-
senting porosity under the electrode, signaled the need for models in addition of Levich
and thin layer, capable of describing current responses in the transition regime. These
limitations were addressed with two analytical models: i. a general model (¥g,.ra1) capable
of predicting and normalizing currents across all transport regimes, and ii. a transition
(zone II)-specific model (¥1,4usition) capable of predicting and normalizing currents in the
transition zone with high accuracy. The proposed models allow accurate predictions and
normalization of the simulated current response in channel band electrodes to optimize
both 3D-printed millimeter-scale fluidic electrochemical sensing devices and the more
conventional micrometer-scale ones.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /chemosensors13110401/s1, Figure S1: Activation and electro-
chemical characterization of 3DP-H-CE; Figure S2: SEM images of the surface morphology and
composition of 3DP-H-CE; Figure S3: Scheme showing the model of the milli fluidic device with a
channel band electrode with L > h and L > w for mesh convergence study; Figure S4: Simulated
current variations of log (¥ /¥ evicr) and log, (‘f’ /Yrhin luy€r> versus log;,(W/Pe) at 1% porosity;
Figure S5: Contributions to the total limited current by each of the electrode faces; Table S1: mesh
conditions used in the validation study; Table S2: summary of the boundary conditions used in
the validation study; Table S3: mesh conditions for computational analysis in a millimeter-scale
flow system; Table S4: summary of the boundary conditions used in the mesh convergence study;
Table S5: summary of the boundary conditions used in the electrode height study; Table S6: summary
of the boundary conditions used in the porosity study; Table S7: EDS analysis of untreated and
treated 3D-printed electrodes; Table S8: computational time, number of elements, current values,
and errors from the different meshes evaluated for 3% porosity in the mesh convergence study;
Table 59: computational time, number of elements, current values, and errors from the different
meshes evaluated for 1% porosity in the mesh convergence study; Table S10: mathematical behavior
of the proposed model (Equation (16)) for C < 0 and C > 0; Methods S1: Activation of 3DP-H-CE;
Methods S2: Mesh convergence study; Note S1: Activation of 3DP-H-CE; Note S2: Electrochemical
characterization of the 3DP-H-CE; Note S3: Morphological characterization of the 3DP-H-CE; Note S4:
Mesh convergence study; Note S5: Mathematical description of the behavior of the functions, and
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the mathematical reasoning followed to determine the value of the slopes; Note S6: Mathematical
behavior of the function for each case C < 0 and C > 0; Supplementary references.
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