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ABSTRACT   

This computational study investigates steady-state current responses in Fused Deposition Modeling (FDM) 

3D-printed milli fluidic devices with channel band electrodes under laminar flow conditions. While 

conventional microfluidic devices are well-characterized using Levich and Thin Layer analytical models, 

3D-printed platforms exhibit inherent porosity creating complex current behavior inadequately described by 

Levich and Thin Layer equations alone. After a mesh convergence study determined appropriate mesh 

conditions, four device designs considering porous network structure and pore proximity to the electrode 

were computationally probed. Analysis of these simulations incorporated design and hydrodynamic 

dimensionless parameters to characterize mass-transport regimes. Previously reported General and 

Transition analytical models as well as Levich and Thin Layer models were applied for current prediction 

and mass-transport analysis. As a result, the highest and lowest currents were obtained for a pore continuous 

to the electrode and a complex pore network structure, respectively. Velocity and concentration profiles 

reveal that interconnected pore structures and pore – electrode proximity create regions where diffusion, 

convection, or both transport regimes predominate simultaneously in the same device configuration. While 

general and transition mass-transport models accurately characterize designs with simpler porous network 

structures, they diverge under the structural mass-transport constraints of a design with a more complex 

porous network structure; this identifies critical limitations for existing theory and underscores the need for 

future framework refinements. Progress in this direction is essential to optimize device design and improve 

analytical performance in electrochemical sensing applications that employ FDM 3D-printed milli fluidic 

devices. 

Keywords: 3D-printed milli fluidic electrochemical devices, simulations, porous network structure, 

pore proximity, mass-transport regimes 

1. Introduction 

Millimeter-scale platforms such as Fused Deposition Modeling (FDM) 3D-printed milli fluidic devices with 

channel band electrodes hold considerable promise in analytical chemistry, offering flexibility to either operate 

as separate analytical platforms or augment established methodologies (for instance, chromatography) [1]–[3]. 

However, these devices present unique structural features that distinguish them from their conventionally 

manufactured counterparts [4]–[7]. 3D-printed milli fluidic devices with channel band electrodes inherently 

contain porous structures distributed throughout their volume, mostly in internal and top layers, which affect 

both the physical quality and electrical conductivity properties of the fabricated components. These high levels 

of porosity (10% - 32%) create interconnected microchannels that alter the mass-transport of electroactive 

species, which can significantly influence their current limiting response [8]–[10]. As a result, different mass-

transport regimes can potentially occur at the same time within a single device, creating complex 

electrochemical behavior that is not adequately described by existing theoretical frameworks developed for non-

porous microfluidic systems [11], [12]. 

https://creativecommons.org/licenses/by/4.0/
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On the other hand, the theoretical and computational understanding of mass-transport in traditional micrometer-

scale platforms such as microfluidic devices with channel band electrodes has been extensively developed [13], 

[14]. Finite element simulations and theoretical analysis have been used to successfully characterize the various 

convection-diffusion zones governed by mass-transport dynamics in single-band microelectrodes and 

microelectrodes arrays [15]–[17]. Specific circumstances leading to transient, quasi-steady-state, and 

convective regimes in microfluidic systems have been systematically explored, accounting for the combined 

effects of device geometry and flow velocity under laminar conditions [18]–[22]. These studies have established 

fundamental equations such as the Levich equation for convection-dominated regimes and Thin Layer models 

for diffusion-dominated transport. Despite these advances in modeling microfluidic electrochemical systems, 

there exists a critical knowledge gap regarding the behavior of current response in millimeter-scale 3D-printed 

milli fluidic devices with channel band electrodes operating under laminar flow and steady state conditions. 

Initial approaches have recently emerged aimed at understanding the behavior of these systems [12].  

However, the steady-state current responses governed by mass-transport as a function of the porous network 

structure and proximity of the pore to the electrode in 3D-printed milli fluidic devices with channel band 

electrodes have not been previously reported in literature. This gap stems from the inherent complexity of 

integrating numerous parameters such as device geometry, fabrication-dependent porosity, electrode shape, and 

hydrodynamic flowing conditions, making this extremely difficult to replicate experimentally [5], [8], [12].  

The present study is aimed at understanding the steady-state current responses in 3D-printed milli fluidic devices 

with channel band electrodes considering porous network structure and proximity of the pore to the electrode 

as a function of design and hydrodynamic parameters under laminar flow conditions. After a mesh convergence 

study determined appropriate mesh conditions for the computational mass-transport study, four different device 

designs considering porous structure and proximity of the pore to the electrode were proposed and investigated. 

Current values extracted from simulations showed that the highest and lowest currents are obtained for a pore 

continuous to the electrode (design 3) and a complex pore network structure (design 4), respectively. In addition, 

from velocity and concentration profiles it was evident that pore connectivity and proximity to the electrode can 

restrict species passage in complex ways, creating regions where diffusion, convection, or both transport 

mechanisms prevail simultaneously within the same device. While previously reported mass-transport models 

such as General and Transition models have proven reliable for predicting steady-state current in various porous 

electrochemical architectures—exemplified here by designs 2 and 3—their predictive accuracy is challenged 

by the structural complexities of more restrictive geometries, such as design 4. This study identifies these 

limitations, suggesting that while a full refinement of such frameworks remains beyond our current scope, 

addressing these specific transport constraints is essential for the future evolution of the field. By elucidating 

the fundamental relationships between structural features and current electrochemical response, these insights 

provide essential guidelines for developing more efficient 3D-printed milli fluidic platforms with optimized 

analytical performance in electrochemical sensing applications.   

2. Research method 

2.1 Theoretical framework 

The electrochemical response of 3D-printed milli fluidic devices with channel band electrodes is governed by 

mass-transport phenomena that determine the steady-state limiting current under convective, diffusive, and 

transition conditions. The following analytical models were employed to describe and predict the current 

response as a function of device geometry and hydrodynamic parameters [11], [12]. 

Mass-transport of a reversible redox species A undergoing ne⁻ electron transfer at the electrode surface to yield 

product B is described by the convection–diffusion equation under steady-state laminar flow: 

 
𝜕𝑐

𝜕𝑡
= 𝐷 (

𝜕2𝑐

𝜕𝑥2 +
𝜕2𝑐

𝜕𝑦2) − 𝑢𝑥(𝑦)
𝜕𝑐

𝜕𝑥
  (1) 

 

where D is the diffusion coefficient, c is the local species concentration, and uₓ(y) is the fully developed 

parabolic velocity profile across the channel height h: 

 

𝑢𝑥(𝑦) = 6𝑢𝑎𝑣
𝑦

ℎ
(1 −

𝑦

ℎ
)  (2) 

 

where uav is the mean flow velocity.  
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Three dimensionless groups characterize the system: the geometric ratio W = w/h; the Peclet number Pe = 

uavh/D; and the dimensionless current ψ = i/(nFLDc⁰), where w is the band electrode width, n is the number of 

electrons transferred, F is the Faraday constant, and c⁰ is the upstream bulk concentration. 

When convective transport dominates at high Pe (Zone III), the steady-state limiting current at a flat inlaid 

channel band electrode is given by the Levich equation [11], [12]: 

 

𝑖𝐿𝑒𝑣𝑖𝑐ℎ = 0.925𝑛𝐹𝐿𝑐0(𝑤𝐷)2 3⁄ (
4𝑢𝑎𝑣

ℎ
)

1 3⁄
  (3) 

 

Its dimensionless form is: 

 

𝜓𝐿𝑒𝑣𝑖𝑐ℎ = 1.468𝑛𝑊2 3⁄ 𝑃𝑒1 3⁄   (4) 

 

The diffusion-convection layer thickness is smaller than h and is partially controlled by w, rendering 𝜓𝐿𝑒𝑣𝑖𝑐ℎ a 

function of W. At low Pe, the diffusion layer spans the full channel height, and the system operates under Thin 

Layer conditions (Zone I). The steady-state limiting current is [11], [12]: 

 

𝑖𝑡ℎ𝑖𝑛 𝑙𝑎𝑦𝑒𝑟 = 𝑛𝐹𝑐0𝑢𝑎𝑣𝐿ℎ  (5) 

 

In dimensionless form: 

 

𝜓𝑡ℎ𝑖𝑛 𝑙𝑎𝑦𝑒𝑟 = 𝑃𝑒          (6) 

 

Because the concentration gradient extends across the entire channel height, ψ is independent of W and is 

governed solely by the advective flux of analyte entering the electrode region. 

In porous FDM-fabricated milli fluidic devices, inherent porosity generates secondary microchannels beneath 

the electrode that can sustain different mass-transport regimes simultaneously within the same device. Neither 

the Levich nor the Thin Layer model alone captures the current behavior of the intermediate transition regime 

(Zone II), where both convection and diffusion contribute to mass-transport. A General analytical model was 

therefore developed by fitting the following expression to finite-element simulation data spanning all three 

transport zones [12]: 

 

𝛹𝐺𝑒𝑛𝑒𝑟𝑎𝑙 =
1.468·𝐴𝑊

2
3𝑃𝑒
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𝑃𝑒
)

𝑐
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𝑃𝑒
)

𝑐   (7) 

 

where A = −0.3268, B = −0.2458, and C = −0.8432 are empirical constants. To obtain higher accuracy within 

the mixed convection-diffusion regime (−1.3 ≤ log₁₀(W/Pe) ≤ 0.3), (7) was refitted exclusively to simulation 

data in Zone II, yielding the Transition-specific model: 

 

𝛹𝑇𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 =
1.468·𝐴𝑊

2
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)

𝑐
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𝑊

𝑃𝑒
)

𝑐   (8) 

 

where A = −2.9824, B = −1.7920, and C = −1.1939.  

When predicting currents within zone II, the transition model outperforms the General model, and both 

Transition and General models outperform the Levich and Thin Layer models. Together, (7) and (8) constitute 

a complete analytical framework for predicting and normalizing the limiting current response across all mass-

transport regimes in channel band electrodes, applicable to milli fluidic and microfluidic systems alike. 

Therefore, the mass-transport regime boundaries are Zone III (convection-dominated) for log₁₀(W/Pe) < −1.3; 

Zone I (diffusion-dominated) for log₁₀(W/Pe) > 0.3; and Zone II (transition) for −1.3 ≤ log₁₀(W/Pe) ≤ 0.3 [12]. 

2.2 Computational methods 

COMSOL Multiphysics 5.3a (COMSOL AB, Stockholm, Sweden) was used to perform the simulations in this 

work. The model configuration and its constitutive parameters were previously described and validated in 

reference [12]. Current curves were obtained from simulations within a potential window of −0.4 V to +0.6 V 
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using a 10 mV step. The physicochemical parameters for the [Fe(CN)6]4−/3− redox probe were defined as n = 1, 

F = 96,485 C mol−1, c0 = 4 × 10−6 mol cm−3, and D = 6.39 × 10−6 cm2 s−1. Limiting currents were measured at 

+0.6 V as a function of dimensionless design parameter W defined as w/h and the Peclet number Pe under static 

(Pe = 0) and dynamic conditions: low flow rates (Pe = 100 and 500) and high flow rates (Pe = 1000 and 10000) 

set at the entrance of the device. Methodology to evaluate limiting currents is well-described in reference [12]. 

2.3 Computational design models to study mass-transport  

To study diffusion, convection, and transition mass-transport regimes considering the proximity of the pore to 

the electrode and the porous network structure in millimeter-scale flow systems such as 3D-printed milli fluidic 

devices with channel band electrodes, four different designs were proposed. Design 1 evaluates mass-transport 

in milli fluidic devices with no porosity as shown in Figure 1A. Designs 2 and 3 (Figures 1B and 1C) evaluate 

the proximity of the pore to the electrode, meanwhile, design 4 (Figure 1D) evaluates the porous network 

structure in milli fluidic devices.  

 
Figure 1. (A) Design 1 is inspired by a traditional microfluidic device with a channel band microelectrode, but 

here the design is presented at a millimeter-scale. To study the proximity of the pore to the electrode and the 

porous network structure in the mass-transport through interconnected pore structures in 3D-printed milli fluidic 

devices with a channel band electrode, designs 2 (B), 3 (C), and 4 (D) were proposed respectively. Boundaries 

5 and 6 in design 3 representing the lateral surfaces of the electrode are insulated boundaries where no 
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electrochemical reaction occurs. In Figures 1B, 1C, and 1D, the models have two channels: the top one (above 

the electrode) represents the principal channel (channel height h) and the bottom one (below the electrode) is a 

secondary channel (channel height h’) used to represent porosity. Both channels are connected by 4 vertical 

channels of the same width h’ simulating 10% porosity. The values of h’ were calculated as reported previously 

[12]. Designs 2 and 3 have two channels near and next to the electrode, respectively, and the other two channels 

are distributed symmetrically along the milli fluidic channel. Design 4 has two secondary channels connected 

by vertical channels of width h’. Each secondary channel has a channel height of h’/2. 

 

Figure 1 establishes the following dimensional parameters: a channel height of h = 2 mm, a band electrode 

width w = 2 mm, and a characteristic length L = 20 mm that simultaneously defines the band electrode length 

and the channel width. The design conditions L>>h and L>>w enables a reduction of a 3D – problem to a 2D-

framework. In Figures 1B, 1C, and 1D, the height of the secondary channel (h´) also reflects the porosity of the 

device, which was set as 10% (h’= 750 μm). The meshing parameters adopted in the mass-transport simulations 

were selected from the mesh convergence study. Supplementary Tables S1 – S4 illustrate comprehensive details 

(boundary conditions, physics, and constitutive equations) employed in mass-transport modelling of device 

designs 1 – 4, respectively. 

2.4 Mesh convergence study 

To establish the appropriate mesh conditions for the numerical simulation of the millimeter-scale flow system 

represented in Figure 1D, multiple mesh configurations were constructed by adjusting mesh-defining 

parameters to yield progressively refined meshes as done previously and shown in Table 1 [12]. The entire 

model geometry was discretized using a customized general mesh, meanwhile, a customized free triangular 

mesh was used on the electrode domain. Supplementary Table S4 illustrates comprehensive details (boundary 

conditions, physics, and constitutive equations) used in the mesh convergence study. 

 

Table 1. Mesh conditions implemented for the simulation of a millimeter-scale flow-system 

General mesh 

Mesh 

Maximum 

element size, 

µm 

Minimum 

element size, 

µm 

Maximum 

elements growth 

rate 

Curvature 

factor 

Resolution of 

narrow 

regions 

Default 2010 9 1.3 0.3 1 

1 300 0.6 1 0.3 1 

2 30 0.6 1 0.03 1 

3 20 0.6 1 0.02 1       

Electrode domain mesh: free triangular 

Mesh 

Maximum 

element size, 

µm 

Minimum 

element size, 

µm 

Maximum 

element growth 

rate 

Curvature 

factor 

Resolution of 

narrow 

regions 

Default 2010 9 1.3 0.3 1 

1 300 0.6 1 0.3 1 

2 30 0.6 1 0.03 1 

3 20 0.6 1 0.02 1 

3 Results and discussion 

3.1 Mesh Convergence Study 

In the present computational study, the selection of a suitable mesh is critical to ensure accurate current readings, 

particularly for higher flow rates (Pe = 500, 1000, and 10000). Convergence in the limiting currents was 

achieved between meshes #2 (gray curve) and 3 (yellow curve), which overlapped one another for all evaluated 

Pe (see Figures 2A – E). Table 2 describes the computational time and number of elements for the various 

meshes considered, and he current values from the different meshes evaluated for 10% porosity are shown in 

Table 3. The convergence error in the current readings reported in Table 3 was calculated as follows: 
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Convergence error for mesh k (%) =
Current for mesh (k) − Current for mesh (k + 1)

Current for mesh (k + 1)
× 100 

where mesh k + 1 is a more refined mesh than mesh k. 

 

From Figure 2 and Tables 2 and 3, mesh #2 was chosen for the following mass-transport computational studies 

since it presented the best relation between computational time consumed and convergence error among the 

studied meshes. Therefore, the values of the current readings in all designs under static (Pe = 0) and dynamic 

conditions (Pe = 100, 500, 1000, and 10000) for a porosity of 10% are expected to have convergence errors of 

less than 1.1%. 

 
Figure 2. Linear sweep voltammetry simulated and generated from device design depicted in Figure 1D for the 

different meshes evaluated: mesh by default (blue curve), mesh #1 (orange curve), mesh #2 (gray curve), and 

mesh #3 (dotted yellow curve) overlapped with mesh #2 at (A) Pe = 0, (B) Pe = 100, (C) Pe = 500, (D) Pe = 

1000, and (E) Pe = 10000.  
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Table 2. Computational time and number of elements from the different meshes evaluated  

Mesh Computational Time # of Elements 

Default 5 min 20 s 1563 

1 14 min 35 s 4300 

2 15 h 15 min 12 s 258304 

3 29 h 18 min 21 s 574127 

 

Table 3. Simulated current responses and numerical errors across the various meshes evaluated for 10% 

porosity at Pe= 0, 100, 500, 1000, and 10000 

Mesh 

No flux Pe = 100 Pe = 500 Pe = 1000 Pe = 10000 

Current 

(µA) 

Error 

(%) 

Current 

(µA) 

Error 

(%) 

Current 

(µA) 

Error 

(%) 

Current 

(µA) 

Error 

(%) 

Current 

(µA) 

Error 

(%) 

Default 0.736 0.14 35.77 0.96 74.83 8.72 116.31 24.09 876.69 97.48 

1 0.735 0.82 35.43 2.73 68.83 13.71 93.73 21.52 443.94 163.37 

2 0.729 0.00 34.49 0.06 60.53 0.07 77.13 0.10 168.56 1.07 

3 0.729 - 34.47 - 60.49 - 77.05 - 166.78 - 

3.2 Qualitative mass-transport analysis in interconnected pore structures 

Once the mesh parameters were chosen, mass-transport through interconnected pore structures in 3D-printed 

milli fluidic devices with channel band electrodes was evaluated. Figure 3 shows the velocity profiles developed 

in the different designs evaluated at Pe = 10000 and W = 1 under steady-state and laminar flow conditions.  

 
Figure 3. Velocity (full simulation domain) and concentration profiles (zoomed in around the electrode surface) 

developed in the different designs evaluated (A) design 1, (B) design 2, (C) design 3, and (D) design 4 at Pe = 

100 and 10000 and W = 1 under steady-state and laminar flow conditions. 
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As it can be observed in Figure 3, the porous network structure and proximity of the pore to the electrode affects 

the flux of species entering the principal channel, causing a fraction of the flow to be redirected beneath it, thus 

promoting the formation of distinct mass-transport zones such as convection, diffusion, or both. 

To qualitatively study the current response governed by mass-transport regimes as a function of the porous 

network structure and the proximity of the pore to the electrode, concentration profiles of the redox species were 

analyzed from steady-state and laminar flow simulations. Figure 3 presents magnified views of the electrode 

vicinity, illustrating the concentration profiles within the millimeter-scale device designs at Pe = 100 and Pe = 

10000. Figure 3 shows that at Pe = 100, the convective regime prevails in the principal channel across all device 

designs, whereas transition regime predominates in the secondary channel of the designs 2 and 3. This transition 

regime is characterized by a current primarily dictated by diffusion transport, closely approximating the Thin 

Layer regime while still presenting a perceptible divergence from it. In this scenario, the convective-diffusion 

layer reaches the channel ceiling and undergoes lateral expansion via diffusion against the flow resembling the 

characteristic behavior that is observed in the complete Thin Layer diffusional regime [11], [12]. At Pe = 10000, 

the convective regime prevails in the principal and secondary channels, above and below the electrode for device 

designs 1 – 3. Similarly, from designs 2 and 3, it can be observed that the proximity of the pore to the electrode 

does not have a significant influence on the mass-transport regimes developing above and below the electrode. 

In addition, Figure 3D reveals the presence of stagnation zones in design 4, in the region beneath the electrode, 

as a product of the flow restriction imposed by the porous network structure and the absence of pores continuous 

with the electrode. From Figure 3D, the convective regime predominates in the principal channel for all Pe 

evaluated; meanwhile, diffusion prevails in the secondary channel at Pe = 100. In addition, a more complex 

mass-transport regime not easily characterized as diffusion, convection, or transition develops progressively as 

Pe increases from 500 to 10000 (see Figure 3D and Supplementary Figure S2). The complete set of simulation 

images of the velocity and concentration profiles at different Pe (0, 100, 500, 1000, and 10000) can be seen in 

Supplementary Figures S1 and S2. 

3.3 Quantitative mass-transport and current response analysis in interconnected pore structures 

For the quantitative analysis, total current limiting responses coming from the upper and lower surfaces of the 

electrode were measured for each corresponding device design as a function of the porous network structure 

and proximity of the pore to the electrode at the different Pe evaluated. For design 3, the lateral surfaces of the 

electrode are insulated boundaries where no electrochemical reaction occurs. Figure 4 shows that the highest 

current is obtained when the pore is continuous with the electrode (design 3), closely followed by the current 

generated when the pore is positioned at a distance from the electrode for all Pe. Meanwhile the lowest current 

is observed when a more complex pore network structure (design 4) is considered for all Pe.  

 
 

Figure 4. Total limiting current responses coming from the upper and lower surfaces of the electrode for each 

corresponding device design at the different Pe evaluated. 

When considering the proximity of the pore to the electrode, a comparative quantitative analysis of the current 

response as a function of the Pe reveals a consistent current response enhancement for design 3 over design 2. 

Across the evaluated range (Pe = 100, 500, 1000, and 10000), design 3 exhibited a relative current increase 

spanning from 4.71% to 5.42%. Notably, the magnitude of this improvement scales with the convective regime, 

reaching its peak at Pe = 10000. This trend suggests that the structural modifications in design 3, with pores 

located right next to the electrode, effectively improve mass transport, particularly under high-flow conditions. 
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On the other hand, when the porous network restricts the flow reaching the electrode from below (design 4), 

stagnation zones are generated, resulting in a slight increase in current (2.3%, 5.4%, 6.6%, and 6.5% for Pe = 

100, 500, 1000, and 10000, respectively) relative to the porosity-free system (design 1). This interconnected 

pore network can create pathways for electroactive species transport that fundamentally alter the 

electrochemical response compared to milli fluidic non-porous systems. Therefore, the pore connectivity and 

proximity to the electrode can restrict species passage in complex ways, potentially creating regions where 

diffusion, convection, or both transport mechanisms prevail simultaneously within the same device. 

Now, we compare currents retrieved from simulations (Pe = 100, 500, 1000, and 10000) to currents predicted 

by traditional theoretical models such as Levich and Thin Layer and recently formulated General and Transition 

models (see Equations 4, 6, 7, and 8, respectively) as a function of W and Pe for each corresponding device 

design at 10% porosity (see Figure 5). To calculate W and Pe at the top and underside faces of the electrode, the 

flow rate through the principal and secondary channels were obtained from the numerical simulations and the 

respective channel heights (h or h′) were employed. The log10(W/Pe) values which establish the zones for the 

different mass-transport regimes such as convective, diffusion, and transition developed in each of the device 

configurations are set in the theoretical framework section and references [11], [12].  

 
 

Figure 5. Normalized current variations of log10(Ψ/ΨLevich) (blue dots), log10(Ψ/ΨThin Layer) (red triangles), 

log10(Ψ/ΨGeneral) (orange squares), and log10(Ψ/ΨTransition) (green diamonds) versus log10(W/Pe) extracted from 

simulations (Figure 3) and generated from (A) design 1, (B) design 2, (C) design 3, and (D) design 4. 

From Figure 5, the electrode surface facing the main channel produces currents that are well-predicted and 

normalized by the Levich (log10(Ψ/ΨLevich)) and the General (log10(Ψ/ΨGeneral)) models in the range of -4 ≤ 

log10(W/Pe) ≤ -2, showing values consistently close to zero for all designs of the millimeter-scale fluidic device. 

This confirms the predominance of the convective regime in the principal channel across all device designs for 
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all Pe > 0 studied. From designs 2 (Figure 5B) and 3 (Figure 5C), currents measured at the electrode surface 

facing the secondary channel are well-predicted and can be properly normalized by the Transition 

(log10(Ψ/ΨTransition)) and the General models in the range of -2.27 ≤ log10(W/Pe) ≤ -0.27, showing values 

consistently close to zero for both designs. Also, from design 4 (Figure 5D), the electrode surface facing the 

secondary channel produces a current that is well-predicted and normalized by the Thin Layer and the General 

models at log10(W/Pe) = 1.18 for the diffusion regime. Meanwhile, the structural constraints within the porous 

network impede the free flow of species beneath the electrode, inducing a mass-transport regime that diverges 

from standard diffusion, convection, or transition developed when species flow through a clearly defined 

channel towards the electrode surface as Pe increases. Consequently, both the general and transition models fail 

to accurately predict the generated current within the range of -0.82 ≤ log10(W/Pe) ≤ 0.18. Furthermore, the 

general model exhibits a specific breakdown in predictive capability at log10(W/Pe) = 0.48. Although the general 

and transition models remain reliable and effective for predicting steady-state current response in porous 

electrochemical milli fluidic systems—such as designs 2 and 3 —they exhibit clear limitations when applied to 

the complex architecture of design 4. Therefore, further research that lies outside the scope of this work is 

required to refine these theoretical frameworks, enhancing their robustness to encompass the specific transport 

conditions identified in more constrained geometries.  

Then, the zone diagram showing the location of zones I (diffusion regime), II (transition regime), and III 

(convective regime) for the different device designs was constructed (Figure 6). Previous computational work 

that only considered a simple porous network structure (similar to design 2) illustrated how current responses 

in 3D – printed milli fluidic devices with channel band electrodes can be expected to involve more than one 

transport regime simultaneously [12]. Our work further demonstrates that current behavior is governed by the 

convective, diffusion, and transition mass – transport regimes, that can occur simultaneously, in a 3D – printed 

milli fluidic device with a channel band electrode exhibiting more complex porous network structures. 

 

Figure 6. Zone diagram constructed from Figure 5 showing the locations of zones I (diffusion), II (transition), 

and III (convection). Simulated current variations of log10(Ψ/ΨLevich) (blue dots), log10(Ψ/ΨThin Layer) (red 

triangles), log10(Ψ/ΨGeneral) (orange squares), and log10(Ψ/ΨTransition) (green diamonds) versus log10(W/Pe) 

extracted from simulations (Figure 3) and generated from each corresponding device design (Figure 1). 

4 Conclusions 

This study enabled a deeper understanding of current behavior considering porous network structure and pore-

electrode proximity in 3D-printed milli fluidic devices with channel band electrodes under steady-state laminar 

flow conditions.  
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A systematic mesh convergence analysis was performed to establish the numerical reliability of the 

electrochemical simulations. The study demonstrated that while coarse discretization is sufficient for diffusion-

dominated regimes (Pe = 0, error < 0.15%), high-convective conditions (Pe = 10000) necessitate a significant 

increase in nodal density to resolve thinning boundary layers. By implementing a refined mesh of over 2.5 

× 105 elements, the relative error was successfully reduced to 1.07%, effectively eliminating grid-dependent 

artifacts. This rigorous validation ensures that the observed current enhancements are physically grounded, 

providing a high-fidelity framework for evaluating the performance of the proposed designs across three orders 

of magnitude of Pe number. 

Velocity and concentration profiles at different evaluated Pe values enabled qualitative identification of 

simultaneous convection, diffusion, and transition regimes in devices considering porous network structure and 

pore-electrode proximity as design factors. Currents extracted from simulations determined that the presence of 

these transport regimes affected the current generated at the electrode. The highest current generated by the 

electrode was obtained when the pore was continuous to the electrode, while the lowest current was obtained 

with the most robust porous network structure evaluated. 

Convection, diffusion, and transition zones were quantitatively established in each evaluated device design as a 

function of log₁₀(W/Pe), as expected from reference [12]. This confirmed the transport regimes qualitatively 

observed from velocity and concentration profiles in the main and secondary channels of the devices. This study 

validates the efficacy of general and transition models for standard porous electrochemical systems yet 

simultaneously identifies critical predictive gaps when applied to more restrictive structural configurations, such 

as design 4. The limitations observed here define the frontier for next-generation analytical frameworks. 

Enhancing the robustness of these models to reconcile specialized transport conditions remains a necessary 

trajectory for future investigation, providing a roadmap for the continued evolution of FDM 3D-printed milli 

fluidic device design and characterization for electrochemical sensing applications. 
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