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Abstract

Efficient micromixing in enclosed microchannels is essential for reliable lab-on-a-chip
operation but typically requires planar or multilayer soft-lithographic fabrication, limiting
geometric freedom and increasing production complexity. Here, we report a fully
monolithic split-and-recombine (SAR) micromixer fabricated in a single step using
stereolithography digital light processing (SLA-DLP), eliminating molds, bonding, and
cleanroom processing. The three-dimensional SAR architecture systematically divides,
reorients, and recombines fluid streams, enabling high mixing performance over a wide
range of operating conditions. Computational fluid dynamics simulations and
experimental validation show excellent agreement, achieving mixing efficiencies above
0.90 across Reynolds numbers from 0.1 to 100. Leveraging its compact and robust
performance, the micromixer was integrated into a five-output microfluidic concentration
gradient generator, which produced stable and reproducible concentration profiles for
both fluorescent tracers and protein solutions. The complete device, including
microchannels and functional fluidic features, was printed in under 1.5 h using a standard
desktop SLA-DLP system. These results demonstrate that additive manufacturing can

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 18 March 2026. Downloaded on 3/19/2026 11:41:57 PM.

(cc)

deliver high-performance micromixing capabilities, establishing a rapid, accessible, and
fully digital route for the fabrication of advanced microfluidic systems.

1. Introduction

Efficient mixing is a fundamental requirement in microfluidics, where laminar flow
regimes dominate and diffusion alone is insufficient to achieve rapid homogenization. As
a result, micromixers have become a cornerstone of microfluidic technology, enabling
precise biochemical reactions, reproducible analytical assays, and sensitive diagnostic
platforms!=. In applications domains such as drug screening, cell culture, and chemical
analysis, the ability to generate well-defined and stable concentration profiles is critical,
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as it directly affects experimental reproducibility and the efficient use of limited:
reagents®S.

To address the limitations of purely diffusive transport, a wide range of micromixer
strategies has been developed over the past two decades. Passive micromixers, in
particular, have attracted sustained interest because they rely exclusively on geometric
features rather than external energy sources, making them simple, robust, and readily
integrable into larger lab-on-a-chip systems®!?. Representative passive designs include
the herringbone micromixer introduced by Stroock et al., which induces chaotic advection
through transverse secondary flows!'!, obstacle-based micromixers that perturb
streamlines to enhance interfacial stretching!>!13, and serpentine and zig-zag channels that
increase residence time and elongate fluid interfaces'4!>. Among these approaches split-
and-recombine (SAR) architectures are particularly notable, as they systematically divide
and reorient fluid streams to repeatedly reduce diffusion length scales, offering a scalable
rout toward efficient mixing over a broad range of Re and channel geometries!®!”.

Numerous SAR geometries have been proposed to minimize the diffusion length and
mixing time under laminar flow conditions. Early planar or double-layer SAR designs,
typically fabricated using soft lithography or deep reactive ion etching, demonstrated
efficient mixing at low Re (< 10), '31°. Subsequent variations including D-shaped sub-
channels?’, double-layer Y-type SAR structures!®, and crossing or periodically
interconnected junctions?'?> improved interfacial stretching while reducing pressure
drop, typically achieving complete mixing (ME > 0.9) within channel lengths of 5-20
mm for Re > 30. Multi-layer PDMS and silicon-glass hybrid devices'® extended the
operational Re range up to 100, while further geometric optimization, such as zigzag-
angle tuning, broadened the effective operating window?’. More recent studies have
emphasized modular and scalable architectures, including a stackable SAR micromixer?,
a “twisted” three-dimensional design®’, and the Y-Y micromixer!®, a CNC-milled
polycarbonate device employing alternating vertical ducts and planar Y-junctions, which
achieve stable mixing (ME>0.9) across wide Re range (1-100) with moderate pressure
drop.

A comparative overview of SAR micromixers reported over the past decade is provided
in Table 1, highlighting their materials, fabrication methods, characteristic dimensions,
and operational ranges. The majority of reported SAR micromixers continue to rely on
traditional photolithography and soft-lithography routes. Alternative manufacturing
approaches, such as polymer lamination and xurography, have been explored to
accelerate prototyping?®, but these methods remain largely constrained to quasi-two-
dimensional layouts. Consequently, fabrication complexity continues to limit both
geometric freedom and scalability, motivating the exploration of more accessible and
versatile manufacturing techniques for passive micromixers 2728, Additive manufacturing
has recently emerged as a promising alternative for microfluidic device fabrication. More
sophisticated three-dimensional structures have been realized using two-photon
polymerization (2PP), particularly for printing molds for PDMS replication!”. While such
approaches can achieve excellent mixing performance in microchannels as small as 100
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x 100 pm? they still rely on multistep soft-lithography workflows and indirect!
fabrication. In contrast stereolithography (SLA) 3D printing offers a combination of
relatively high resolution, affordability, and the ability to directly fabricate enclosed
internal channels with arbitrary three-dimensional configurations 2728, Beyond rapid
prototyping, SLA 3D printing enables the integration of macro- and micro-scale features,
such as ports, connectors, and reservoirs, within a single print, facilitating rapid iteration
and increased functional complexity directly from digital models.

Despite the geometric freedom offered by SLA-based 3D printing, truly monolithic SAR
micromixers fabricated in a single additive manufacturing step and comprehensively
characterized over broad flow regimes remain largely unexplored. In particular, the
incorporation of such micromixers into system-level microfluidic architectures has
received limited experimental attention.

In this study, we present the design, numerical simulation, and experimental
characterization of a fully 3D-printed SAR micromixer operating across a broad range of
Re, along with its direct incorporation into a five-output microfluidic concentration
gradient generator (MCGG) as a representative application. By embedding SAR
micromixers within conventional “Christmas tree” and Y-junction network architectures,
we fabricated a monolithic MCGG capable of producing five discrete, stable, and
reproducible outlet concentrations over a wide range of flow conditions, which is
particularly advantageous for high-throughput systems. The performance of the SAR
micromixer and MCGG was evaluated through computational fluid dynamics (CFD)
simulations and experimental measurements, confirming mixing uniformity and gradient
reproducibility across Re ranging from 0.1 to 100. In addition, the fabrication process
proved efficient and accessible, enabling complete device fabrication in under 1.5 hours
using a mid-range SLA-DLP printer.

2. Materials and methods

2.1 Numerical Modeling

Numerical simulations were performed using COMSOL Multiphysics 6.2 (COMSOL,
Inc., Burlington, Massachusetts, United States) to evaluate the performance of the SAR
micromixer and the MCGG and optimize its design. The Laminar Flow module was used
to simulate single-phase fluid flow in the laminar regime, and the Transport of Diluted
Species module was used for modeling the movement of chemical species in a fluid.
Detailed settings of the simulation are provided in the Supplementary Information. To
evaluate the homogeneity of mixing across the channel, the mixing efficiency (ME) was
calculated using the following expression 2°

(1
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the total number of sampling points, and C is the expected concentration across the
channel cross section. The value of ME ranges between 0 and 1, with 1 indicating
homogeneous mixing across the channel cross-section.

2.2 Device Fabrication

The SAR micromixer and the MCGG with multiple SAR mixing units were 3D printed
using Profluidics 285D SLA DLP stereolithography 3D printer (CADWorks3D, Concord,
Ontario, Canada). The 3D printer is equipped with a 385 nm wavelength light source and
has an XY pixel resolution of 40 um. While the printer offers high resolution, the actual
fidelity of the printed microchannels is highly dependent on the resin properties (such as
viscosity and curing characteristics) and the cleaning procedure. In this study, we utilized
both Low-viscosity Clear Microfluidics V7.0a, and Cyto-Clear resin (CADWorks3D,
Concord, Ontario, Canada). According to the manufacturer, the Cyto-Clear resin is
formulated for biocompatibility, though the specific devices reported here were not tested
with living organisms. Therefore, the long-term cytotoxicity of the final 3D-printed
structures on specific cell lines remains to be fully assessed. It was also noted that printing
with the Cyto-Clear resin significantly increased the total fabrication time compared to
the standard clear resin. Devices were modeled in SolidWorks Professional 2025
(Dassault Systemes SolidWorks Corp, Waltham, MA, USA). The models were exported
as STL files and imported into the 3D printer software (Utility Software) for slicing.
Variable slicing thicknesses of 30 pm and 50 um were employed. Print and slice detailed
parameters are provided in the Supplementary Information. After printing, the devices
were first flushed with 90% isopropyl alcohol (IPA) (Cat. #HC5001GAL, Thermo Fisher
Scientific Inc., Canada) to remove excess uncured resin and then dried using nitrogen or
compressed air. This was followed by a 30-second high-intensity UV post-curing step
using the CureZone system (Creative CADWorks, Concord, Ontario, Canada). To ensure
experimental consistency and eliminate any risk of cross-contamination or structural
degradation between tests, a new device was fabricated for every experiment presented
in this study. PTFE tubing with a 1/16” outer diameter and 1/32” inner diameter (Cat.
#2194272, Cole-Palmer Canada) was connected to the inlets and outlets using super
flangeless nuts and ferrules (Cat. #EW-02013-71 and Cat. #0201374, Cole-Palmer
Canada).

2.3  SAR Micromixer Performance Evaluation

To visually observe flow behavior in the fabricated SAR micromixers and evaluate their
mixing efficiency, we performed two types of optical measurements: wide-field
brightfield imaging to assess mixing along the channels, and confocal fluorescence
microscopy to evaluate mixing across the channel cross-sections. In the brightfield
imaging experiments, sodium hydroxide (NaOH) (Cat. #567530, Sigma Aldrich, Canada)
and phenolphthalein (Cat. #470301-998, Ward Science, Canada) in ethanol (70 %) (Cat.
#HC10001GL, Thermo Fisher Scientific, Canada) were used as the mixing agents. The
color change of phenolphthalein, resulting from its reaction with NaOH, was used as an


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc01095k

Page 5 of 23 Lab on a Chip

indicator of mixing. A 150 mM NaOH solution in ethanol was introduced through otiey ™ 'cc e
inlet, and a 10 mM phenolphthalein solution in ethanol was introduced through the second
inlet using a dual-channel programmable syringe pump (NE-4000, New Era Pump
Systems, New York, United States). The flow rate was incrementally adjusted to achieve
Re ranging from 0.1 to 100. For each flow rate, wide-field brightfield images were
captured at various positions along the mixing channels of the SAR micromixer using a
MRCL700 3D Imager Pro microscope (Microqubic AG, Zug, Switzerland). For the
fluorescence microscopy experiments, a 10 uM Fluorescein isothiocyanate—dextran
10kDa (FITC-10kDa) (Cat. #FD10S, Sigma Aldrich, Canada) in ultra-pure water was
introduced from one inlet, and plain ultra-pure water was introduced through the other.
Confocal fluorescence microscopy (Zeiss Laser Confocal LSM 700 with Zeiss Imager
M2 Microscope) was used to acquire a z-stack along the height of the channels. Further
details on the imaging settings and analysis procedures for the confocal fluorescence
microscopy are provided in the Supplementary Information. Cross-sectional images of
the channel at various locations were reconstructed using Zeiss ZEN 3.11 software. To
facilitate mounting and optical characterization of NaOH-phenolphthalein and
fluorescent solutions, the micromixer footprint was designed to match the dimensions of
a standard microscope slide (25 X 75 mm?). All captured brightfield images were
converted to greyscale and analyzed using Python 3.13.2 to calculate the mixing
efficiency under varying flow conditions. The mixing efficiency was calculated using the
following expression 303!

1< (1 1\?
— 1 _ _E M 2
ME =1 N ( i ); ()

i=1

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

where 1,4, ; is the normalized grayscale intensity at the sampling pixel i, N is the total
number of sampling pixels, and I is the expected normalized pixel intensity corresponding
to the expected concentration. In our experiments, I equals to 0.5. To account for spatial
variability and reduce the effect of local intensity outliers, three random transects were
extracted from three independent images at each section between mixing units, from top
to bottom. The ME was calculated for each transect, and the standard deviation among
these values was used to generate the error bars.
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Another parameter used to characterize the micromixer is the mixing time at various
tested flow rates (corresponding to different Re). We defined complete mixing as ME
greater than 0.90, which is consistent with the criterion adopted in previous studies!'’. We
then determined the location along the micromixer where this criterion was achieved for
each flow rate. The mixing time was then calculated using the following expression

Vstraight VSAR . lmix
2Qin ZQin lSAR ’

Mixing Time = (3)

where Vstraighe is the volume of the straight section of the mixing channel before the SAR units,
Qin 1is the inlet flow rate, Vgup is the total volume of the SAR units, obtained from the CAD
model, ls4r is the axial distance along the straight channel centerline from the input of the first
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axis), and l,,,;, is the axial distance along the straight channel centerline from the input of the first
SAR unit to the location where complete mixing is achieved.

2.4 MCGG Performance Evaluation

To evaluate the concentration profiles generated by the 3D printed MCGG, a 10 uM
FITC-10 kDa solution in ultra-pure water and plain ultra-pure water were introduced
through the MCGG’s inlets. Fluorescence images of the MCGG channels were captured
using a fluorescence microscope (ZEISS Axiovert 5, Carl Zeiss AG, Germany). The
images were analyzed using Image] to quantify fluorescence intensities at the outlets.
Additionally, to assess the MCGG’s performance with biomolecules such as proteins,
bovine serum albumin (BSA) was used as a model biomolecule. A BSA solution (Cat.
#A2934, Sigma Aldrich, Canada) at an initial concentration of 30 uM was introduced into
one inlet, while plain ultra-pure water was introduced through the other to establish a
concentration gradient at the outlets. From each outlet, 200 pL samples were collected
and analyzed in triplicate. BSA concentrations were quantified using Bicinchoninic acid
(BCA) protein assay kit (Cat. #71285-M, Sigma Aldrich, Canada) following the
manufacturer’s protocol. Samples were incubated with the BCA working reagent at 37
°C for 30 minutes. Absorbance was measured at 562 nm using a microplate
spectrophotometer (BioTek Epoch 2, Santa Clara, USA), and BSA concentrations were
determined by interpolation from a standard calibration curve.

3. Results and Discussion

3.1 SAR Micromixer Design

In most microfluidic applications, the flow in microchannels with smooth walls is
laminar, resulting in the mixing of materials between streams occurring purely through
diffusion. The time, #,, required for a solute with diffusion coefficient D to diffuse over a
distance [, (here [, is half-width of the channel) is given by3?

to=— - 4)
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This relationship highlights that the time required for molecular diffusion inereases;™ceOune
quadratically with the diffusion distance. Split-and-recombine (SAR) micromixers reduce
mixing time by repeatedly splitting and recombining flow streams, effectively shortening
the length scale over which diffusion must occur. Figure 1 shows the three-dimensional
(3D) model of the designed SAR micromixer, which has been optimized for SLA DLP
3D printing, along with the 3D printed device, more information about the optimization
process can be found in the Supplementary Information. The micromixer comprises eight
SAR mixing units, enabling a mixing efficiency above 0.90 for Re ranging from 0.1 to

Inlet A
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o InletB y
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it

»
15 ‘e,
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view A’ view B’ view D’

LD 150 um

* mixing UI"II' 2"‘i mixing unit 3™ mixing unlf
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..
.. “
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Fig. 1. The designed and fabricated SAR micromixer. (A) The three-dimensional model of the SAR micromixer with a Y-shaped
inlet and eight sequential SAR mixing units. The cross-section views A’ to D’ and the inset show fundamental working principle
of splitting and recombining mechanism. At each stage, the incoming fluid streams are divided into two sub streams, which are
then geometrically reoriented and recombined, effectively shortening the diffusion length scale. (B) Optical image of the 3D-
printed SAR micromixer and its mixing units. The device is fabricated by stereolithography digital light processing
stereolithography (SLA DLP) 3D printing. The scale bar represents 0.5 mm. The whole device footprint was designed to match a
standard microscope slide.
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100. The cross-sectional dimensions of the inlet and outlet channels are 300x300 pm?.
The narrowing sections of the SAR units were designed with a minimum width or height
of 150 um. This dimension represents a practical fabrication limit for our SLA DLP setup.
Although the printer’s XY resolution is 40 um, we found that attempting to print enclosed
channels with dimensions smaller than 150 um frequently led to clogging or the retention

(cc)

of excess cured resin that could not be effectively removed during the cleaning process.
For the dimensions reported in this manuscript, the cleaning procedure was consistently
successful in clearing the internal volumes. However, as documented in literature,
achieving smaller enclosed features using commercial apparatus remains a significant
challenge in 3D-printed microfluidics due to the difficulty of extracting uncured resin
from narrow channels®3.

At each stage, the fluid streams split along the channel height into two sub-streams that
flow symmetrically upward and downward. These sub-streams are then geometrically
stretched vertically and narrowed horizontally to reach cross-sectional dimensions of 150


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc01095k

Open Access Article. Published on 18 March 2026. Downloaded on 3/19/2026 11:41:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

pm in width and 300 um in height. Finally, they are recombined, doubling the number 6"
fluid lamellae. This iterative sequence progressively increases the interfacial area
between fluids and reduces the characteristic diffusion length. If [, represents the initial
diffusion length, the effective diffusion length after n SAR mixing stages becomes

lo
lsar = 2_” (5)
Consecutively, the required mixing time is reduced to
to
tsar = gn - (6)

This exponential reduction demonstrates the theoretical basis for the SAR strategy’s
mixing performance. Even a small number of stages can reduce the diffusion time by
several orders of magnitude.

The final geometry of the SAR micromixer was refined through a systematic investigation
of the fabrication constraints associated with the SLA-DLP process to ensure successful
monolithic printing and consistent removal of uncured resin. Internal channel widths were
selected to allow for the effective clearing of trapped material from the narrowing sections
of the SAR units, thereby avoiding internal defects. A specific offset was integrated at the
splitting junctions to maintain the structural separation of the channels and prevent them
from merging during the printing process. Additionally, a unidirectional arrangement of
the units was chosen over an alternating design to encourage a consistent rotational flow
that enhances the split-and-recombine mechanism, particularly at higher Re. The
architecture also incorporates straight transition sections rather than smooth curves. This
geometry promotes stronger reorientation of fluid layers, improving mixing efficiency
across a broad range of Reynolds numbers while remaining compatible with the
manufacturing capabilities of the printer.
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3.2 SAR Micromixer Simulation and Experimental DO 10.1039/D5LC01095K
Characterization

To assess the practical performance of the designed SAR micromixer beyond its
theoretical foundation, numerical simulations and experimental measurements were
conducted to evaluate its mixing performance.

A } Y — shaped microchannel without SAR mixer

1 0.8 0.6 0.4 0.2 0
[ e e——_ |

Normalized concentration

B
: Reynolds number
== 0.1
g -~ 05
g —
£ -~ 5
2 - 10
E - 30
Re =1 (w/o SAR mixer) we=50
0.14 .__.__._—o——r"_"—-. 10
0.04 - D =9.33e-11 m%s (FITC)\

6 1 2 3 4 5 6 7 8
Mixing Units

Fig. 2. Simulation results of the SAR micromixer under varying flow conditions. (A) Channel geometry and solute
concentration illustrating the mixing dynamics along the channels for Re=1 and solute diffusion coefficient of
D=9.33x10""! m?/s. The top channel is a straight channel without SAR structures (used as a reference for
comparison), while the bottom channel includes eight SAR units. (B) Mixing efficiency versus number of SAR
mixing units for different Re, ranging from 0.1 to 100. The SAR micromixer achieves progressive mixing with ME
> 0.90 after 8 units under all conditions, whereas the straight channel without SAR units exhibits minimal mixing,
even at Re=1.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Computational Fluid Dynamics simulations were conducted using COMSOL
Multiphysics, as described in section 2.1, for Re ranging from 0.1 to 100. The mixing
efficiency was evaluated at multiple positions along the length of the micromixer to
quantify the mixing performance after each SAR mixing unit. A baseline simulation of a
Y-shaped straight channel, identical in cross-sectional dimensions but without SAR
mixing units, was used as a reference to quantify the enhancement in mixing achieved
through SAR geometric modulation.

Open Access Article. Published on 18 March 2026. Downloaded on 3/19/2026 11:41:57 PM.
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Figure 2(A) illustrates the concentration distribution along the micromixer and the
progressive homogenization after each SAR unit at an inlet flow rate of 9.027 puL min!
corresponding to Re = 1. It is evident that the mixing efficiency increases consistently
from unit to unit, highlighting the role of split-and-recombine geometry in enhancing
interfacial contact and reducing diffusion length scale. Without the SAR structures, the
species travelled the full 10.4 mm with no significant mixing. The quantified simulation
results for flow rates from 0.9 to 900 uL min! (Re 0.1 to 100) are shown in Fig. 2(B).
These results indicate that the SAR micromixer achieves complete mixing (ME > 0.90)
after eight mixing units, corresponding to a total channel length of 10.4 mm. In contrast,
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below 0.25 along its entire length, even at low Re.

To experimentally validate the SAR micromixer, we conducted two independent sets of
experiments using a phenolphthalein/NaOH colorimetric assay and fluorescence confocal
microscopy of fluorescein isothiocyanate—dextran (FITC-Dextran 10 kDa) in Milli-Q
water, as described in Section 2.3. Phenolphthalein is a transparent, colorless solution that
turns pink in the presence of alkaline conditions, providing a direct visual indicator of the
mixing process. Numerical simulations were also performed for each experimental
condition, and the corresponding diffusion coefficients of the mixing agents were
determined.

Figure 3(A) shows a side-by-side comparison of the experimental (left column) and
simulated (right column) mixing profiles of phenolphthalein and NaOH in ethanol at a
flow velocity corresponding to Re=1. A stable laminar interface is observed from the inlet
up to the first SAR unit, indicating minimal initial mixing. As the fluid progresses through
the SAR units, the two streams gradually mix, and the resulting pink coloration fills the
channel uniformly, with no discernible unmixed streams. This visual uniformity confirms
the adequate mixing achieved by the SAR design. The simulated concentration field
closely matches the experimental result, supporting the accuracy of the numerical model.
Experiments and simulations were performed at flow rates corresponding to Re=0.1, 0.5,
1,5, 10,30, 50, and 100 and the mixing efficiency after the eighth SAR unit was computed
using Eq. 2. The results presented in Fig. 3(B) show the mixing efficiency (ME) as a
function of Re for both the 4th and 8th SAR units. Error bars in Fig. 3(B) represent the
standard deviation calculated from three independent images, with three randomly
selected transects per image analyzed along the channel, as described in Section 2.3. The
experimental and simulated data exhibit strong agreement across the entire range of tested
Re (0.1-100). Complete mixing (ME > 0.90) is achieved after the final SAR unit (8th) for
all conditions. The ME after the 4t unit across the investigated Re range exhibits a non-
monotonic relationship between ME and Re, a phenomenon documented in various
passive SAR micromixers. In the diffusion-dominated regime (Re<1), the initial decrease
in ME occurs because the residence time within the device is reduced as the flow rate
increases, limiting the opportunity for molecular species to diffuse across the fluid
interface. This behavior has been previously observed in similar SAR geometries!”. As
Re increases from 1 to 50, the system transitions into an advection-dominated regime.
Here, the specific 3D geometry of the mixer forces the fluid to split and recombine while
changing planes, which induces centrifugal forces and a rotational component to the
flow3433, The temporary decrease in ME observed for Re > 50 is attributed to these
rotational flow components counterbalancing the split-and-recombination effect.
However, with eight SAR units, the high number of fluid lamellae significantly reduces
the diffusion length scale. This ensures that the counteracting balance no longer impacts
the overall performance, allowing for rapid homogenization and maintaining a high final
ME across the entire Re range. The specific Re values where these transitions occur are
specific to our geometry and dimensions. Minor deviations between simulation and
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experiment are attributed to fabrication imperfections and internal surface roughness;//\ccune
which can affect optical clarity and the accuracy of image-based quantification.

While mixing efficiency offers insight into final mixing quality, it does not reflect how
rapidly that state is reached along the length of the micromixer. To capture this, we
evaluated the mixing time, defined as the time required for the flow to achieve a mixing
efficiency of 0.90 or higher. This was calculated using Eq. 3. As shown in Fig. 3 (C), the
mixing time decreases significantly with increasing Re, from more than 14 seconds at
Re=0.1 to less than 25 milliseconds at Re=100. Importantly, not all Re require the same
number of SAR units to achieve complete mixing. Fewer units are needed at lower Re as
the slower flow velocity allows more time for molecular diffusion to occur. In contrast,
at higher Re, where residence time is limited and diffusion alone is insufficient, more
SAR units are necessary to actively enhance mixing through repeated splitting and
recombination.

The internal pressure distribution of the device was calculated through numerical
simulations employing the same parameters used for our experimental studies. As
detailed in the Supplementary Information, the simulations predict a maximum pressure
drop of approximately 7.5 kPa at Re = 100 across the SAR micromixer under the same
conditions used in the experiments. The monolithic 3D-printed architecture
accommodated these pressures without leakage or structural failure.
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Fig. 3. Experimental and simulated performance of the 3D-printed SAR micromixer. (A) Side-by-side comparison of experimental
(left column) and simulated (right column) mixing profiles at Re = 1, using phenolphthalein and NaOH in ethanol as the mixing
agents. The uniform pink coloration indicates progressive mixing, consistent with the simulated concentration field. (B) Mixing
performance metrics across Re (0.1 to 100) for 4 and 8 SAR units, showing strong agreement between experimental and simulated
results and achieving ME > 0.90 across all conditions after 8 units. (C) Corresponding mixing time required to reach ME > 0.90,
decreasing from over 14 seconds at low Re to under 0.025 seconds at high Re. (D) Reconstructed fluorescence intensity profiles
from nine cross-sections along the SAR micromixer, acquired using confocal laser scanning microscopy with FITC-dextran at Re
= 1. The images are arranged in a 3x3 matrix from top-left to bottom-right, corresponding to planes captured sequentially from
immediately before the first SAR unit to after the eighth SAR unit. Experimental images (left) and simulated cross-sections (right)
show progressive homogenization. The lower halves of the experimental images, corresponding to the bottom half of the 300 pm-
deep channels, do not show a fluorescent signal due to attenuation through the channel depth and overlying resin, combined with
the limited sensitivity of the confocal system.

Figure 3(D) shows the mixing dynamics of FITC-Dextran 10 kDa in Milli-Q water across
nine channel cross-sections, beginning immediately before the first mixing unit and
ending after the eighth, as measured by confocal fluorescence microscopy. The left panel
images are reconstructed from acquired z-stacks along the channel height and depict the
fluorescence intensity distribution across the cross-sections. The lower halves of these
images, corresponding to the bottom half of the 300 pm-deep channels, do not show a
fluorescent signal due to attenuation through the channel depth and overlying resin,
combined with the limited sensitivity of the confocal system. Therefore, these results are
used primarily for qualitative mechanistic insight, while quantitative validation of
homogenization is provided by the rest of experimental analysis and simulations. Based
on the top halves, alternating dark and fluorescent streams are observed across the channel
width, demonstrating successful split-recombination and progressive homogenization as
flow proceeds through the SAR units. In these experiments, the inlet flow rate was set to
9.027 pL min™! (total flow rate of 18.054 pL min™" in the mixing channel, corresponding
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to Re = 1). The right panel of Fig. 3(D) shows cross-sectional images from compytationél 25 e
fluid dynamics simulations using COMSOL Multiphysics. Comparison of the
experimental results (top halves of the channels) with the simulations shows good
agreement in the dynamics of split-recombination and in the locations of the combined

sub-streams.

The results presented in this section confirm that the SAR micromixer achieves high
performance across a wide range of flow conditions, with strong agreement between
simulations and experimental observations. The ability to achieve complete mixing
(ME > 0.90) within eight mixing units for a wide range of Re (0.1 to 100) highlights the
effectiveness of the SAR architecture. When compared with previously reported SAR
micromixers summarized in Table 1, the present device achieves comparable or higher
mixing efficiency while maintaining performance across a broader Re range. Notably, the
micromixer was fabricated entirely using desktop SLA 3D printing, demonstrating the
feasibility of producing geometrically complex internal structures without the need for
cleanroom facilities or multistep microfabrication processes. Despite its three-
dimensional design, the micromixer can be easily and rapidly fabricated, tested, and
iteratively refined within a single working day, enabling fast prototyping and performance
optimization. These capabilities make it ideally suited for integration into more advanced
microfluidic systems. In the following section, we demonstrate the incorporation of this
3D-printed SAR micromixer into a multi-output microfluidic concentration gradient
generator (MCGG), designed to produce five distinct, well-defined concentrations at
discrete outlets for chemical and biological applications.
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Fig. 4. Design and operation principle of the 3D-printed MCGG with integrated SAR micromixers. (A) Schematic drawing of the
MCGG. (B) Electrical circuit analogy of the MCGG. Full concentration (C=1) and zero concentration (C=0) samples are introduced
into inlets A and B at the same flow rate. Colored numbers represent the relative concentrations of each node. (C) The 3D printed
MCGG. The embedded channels and SAR structures are visible through the transparent resin. Scale bar represents 2 mm.

The designed and 3D-printed microfluidic concentration gradient generator (MCGG)
(shown in Fig. 4) features two fluidic inlets and five discrete outlets. The design has a
tree-shaped network with a SAR micromixer at each branch. In this architecture,
concentration gradients are generated by sequential concentration division at
interconnected nodes. A key consideration in the design of the MCGG is the type of
mixing required at different stages of the network. In the primary and secondary branches
(Fig. 4(B)), mixing at intermediate nodes is not intended to be complete; instead, it is
sufficient to achieve an equal average concentration between the incoming streams. For
this reason, each mixing module in these branches contains only two SAR units. At the
tertiary branches leading to the outlets, complete mixing is required to ensure
homogeneous solutions are collected at the outlets. For this reason, each mixing module
in the tertiary branches contains eight SAR units. This staged mixing strategy, utilizing
SAR micromixers, enables us to achieve five thoroughly mixed concentrations with a
smaller footprint. The designed MCGG can be analyzed based on the concept of hydraulic
circuit theory, which is analogous to electrical networks (Fig. 4(B)). With two inlets
operating at equal flow rates and input concentrations of €4, =0 and Cz = 1, and
assuming symmetric channel resistances, sequential mixing is expected to produce
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normalized outlet concentrations of 0, 0.25, 0.5, 0.75, and 1 at the five outlets. gghqot&%%’gfggl%ggi
internal volume of the integrated MCCG-SAR system is approximately 20 uL.. While this

volume may be limiting for certain low-volume biomedical applications, it is well suited

for high-throughput chemical mixing in agricultural and environmental settings, where
operational working volumes are substantially larger. This internal volume represents a

design optimization to prevent channel occlusion during the 3D-printing process,
balancing sample consumption with reliable manufacturability.

In addition to the microfluidic network, the system includes 3D-printed functional
modules such as threaded fluidic ports, Luer-lock adapters, and a sample collector
compatible with standard microcentrifuge tubes. These components were integrated
seamlessly during the design phase and fabricated simultaneously using SLA DLP 3D
printing (Fig. 5), demonstrating the versatility of the approach in producing both micro-
and macro-scale features for plug-and-play microfluidic systems.

ens 1—-medium

Fig. 5. 3D-printed functional modules integrated into the MCGG system. (A) 1/4 — 28 UNF (Unified Fine, a thread
standard) to male Luer-lock adapter for syringe needle. (B) 1/4 — 28 UNF to female Luer-lock adapter for syringe (C)
Gradient generator with threaded 1/4-28 UNF inlet and outlet ports. (D) Sample collector base compatible with 1.5
mL microcentrifuge and assembled system showing the integration of the fluidic components with standard lab
hardware. These elements were fabricated using the same SLA DLP 3D printing workflow, highlighting the
feasibility of manufacturing both microfluidic networks and functional macro components in a single process. Scale
bars represent 10 mm.
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3.4 3D MCGG Simulation and Characterization

To evaluate the performance of the 3D-printed microfluidic concentration gradient
generator (MCGG), we conducted a combined study involving numerical simulations and
experimental characterization across a wide range of flow conditions. The MCGG
integrates a network of channels with embedded SAR mixing units to produce five
discrete, well-defined output concentrations from two input streams.
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Simulations were performed using the Laminar Flow and Transport of Diluted Species;

modules in COMSOL Multiphysics. The model predicted progressive concentration
division at key internal nodes and complete mixing at the outlet, even under low Re
regimes. When two input solutions with relative concentrations of 0 and 1 were
introduced, the simulated outlet values matched the target profile of 0, 0.25, 0.5, 0.75,
and 1.0. To assess the accuracy of intermediate mixing, normalized concentrations were
evaluated at three critical nodes, located within the primary and secondary branches
where splitting and recombination occur. While complete mixing is not required at the
internal nodes, the incorporation of two SAR units is essential to achieve the correct
average concentration delivered to the subsequent stage. By introducing two SAR units,
the fluid layers are geometrically split and recombined, providing a symmetrical average
concentration between the right and left halves of the cross-section, independent of local
mixing efficiency. This ensures that the two split subsections deliver the intended
intermediate concentrations to the next division channels, therefore maintaining the
gradient accuracy. A simple straight channel cannot achieve this behavior, as the absence
of transverse transport would cause the left and right halves of the cross-section to retain
their initial unmixed concentrations (approximately 0 and 1). As shown in Fig. 6(A), the
average concentration of the right and left halves of each cross-sectional plane at these
nodes (Nodes 1, 2, and 3) closely followed the theoretical values of 0.33, 0.50, and 0.66,
respectively, across a range of Re. This confirmed that the designed network reliably
achieved predictable intermediate concentrations prior to final mixing.

Figure 6(B) presents the simulated cross-sectional profiles at the same three critical nodes
at a representative flow rate of 90.27 pL min™" (corresponding to Re = 5), illustrating the
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Fig. 6. Simulation-based characterization of critical nodes and outlet gradients in the 3D-printed MCGG. (A) Normalized
concentration values at each cross-sectional plane of three critical nodes (Nodes 1, 2, and 3) across a range of Re (0.1-100),
calculated from the average of the right and left halves. Red values indicate the expected theoretical concentrations based on ideal
concentration division (e.g., 0.33, 0.50, 0.66), confirming the MCGG’s ability to maintain predictable concentration ratios across
flow regimes. (B) Simulated cross-sectional concentration profiles at three critical nodes at a representative flow rate of
90.27 uL/min (Re=5), illustrating the lamellar distribution at internal mixing points. (C) Normalized concentration values at the
five discrete outlet channels, plotted across all simulated Re. Results show consistent and stable output gradients (0, 0.25, 0.5, 0.75,
1.0) for all simulated flow rates, confirming the performance of the MCGG design in low and high Re conditions.

lamellar distribution and progressive interfacial development at internal mixing points.
The final outlet concentrations, evaluated as the average cross-sectional concentration at
each outlet, are shown in Fig. 6(C). The results exhibit consistent output gradients of 0,
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0.25, 0.5, 0.75, and 1.0 across all simulated flow rates, confirming the Validgg‘zgff_lggi‘g%gfg‘gl%gg;

MCGG design under low and high Re conditions. This stability highlights a key
advantage of the integrated SAR nodes: the resulting gradient is governed by the device
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Fig. 7. Experimental validation of the SAR-based 3D-printed MCGG using fluorescent tracers. (A) Side-by-side comparison of
experimental (left) and simulated (right) concentration distributions at a flow rate of 90.27 uL min™" (Re =5), using FITC-Dextran
and Milli-Q water as inputs. The experimental images capture the expected progression of splitting, recombination, and dilution
throughout the gradient network. The central panel shows the fluorescence image of the five outlet channels, visually confirming
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the formation of stable and distinct concentration levels consistent with the designed output gradient. (B) Quantitative comparison
of normalized concentrations at the five output channels between simulation and experimental results. Experimental validation
was conducted using FITC-Dextran, detected via fluorescence microscopy, and BSA, quantified through a bicinchoninic acid
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(BCA) assay to verify the accuracy of the concentration gradient generator at a flow rate of 90.27 uL min™' (Re = 5). Both
experimental datasets closely follow the simulated profile, with high coefficients of determination (R?=0.9984 for FITC and
0.9972 for BSA), confirming the gradient generator’s ability to reproducibly generate discrete concentrations with both small

(cc)

molecules and proteins. (C) Normalized concentration values at the five discrete outlet channels, plotted across all tested Re.
Results show consistent and stable output gradients (0, 0.25, 0.5, 0.75, 1.0) for all experimentally tested flow rates, confirming
the performance of the MCGG design in low and high Re conditions.

architecture and volumetric balancing rather than the diffusion time.

To experimentally evaluate the performance of the designed MCCG, FITC-Dextran 10
kDa was dissolved in ultrapure water and introduced through one inlet, while Milli-Q
water was introduced through the other. The experimental results, shown in Fig. 7(A,
left), captured the dynamic formation of concentration lamellae and progressive dilution
within the device, closely resembling the simulated profiles (Fig. 7(A), right). The SAR
structures effectively split and recombined flow streams, confirming their functional role
in gradient formation. Quantification of fluorescent intensity at the outlets was analyzed
through the image analysis procedure described in Section 2.4. Normalized outlet
concentrations were obtained from the averaged fluorescence intensities measured at each
outlet channel. The error bars in Fig. 7(B) represent the standard deviation derived from
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three random transects analyzed along the channel, as described in Section 2.4, They e orne
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fluorescence-based analysis yielded a coefficient of determination (R?) of 0.9984 relative
to the simulation data, confirming the high reproducibility and accuracy of the
experimental gradient generation.

A separate evaluation using bovine serum albumin (BSA) as a model macromolecule was
performed to assess the generator’s performance with biomolecules of lower diffusivity.
As described in Section 2.4, outlet samples were collected and analyzed using the
bicinchoninic acid (BCA) assay. Each BSA concentration value represents the average of
triplicate measurements obtained by spectrophotometric analysis, with error bars
indicating the corresponding standard deviation. The quantified BSA concentrations (Fig.
7(B)) followed the expected stepwise gradient, showing excellent correlation with the
simulated values, with a coefficient of determination (R?) of 0.9972. These results
confirm that the MCGG can reliably generate well-defined and reproducible
concentration gradients for both fluorescent tracers and protein solutions.

Figure 7(C) represents the experimentally measured normalized concentrations, obtained
from fluorescence intensities at each outlet, across Re from 0.1 to 100. The results show
five consistent output levels that closely match the expected gradient values (0, 0.25, 0.5,
0.75, and 1.0), confirming that the MCGG maintains stable and reproducible gradients
over the full range of tested flow conditions. These results validate the SAR-integrated
MCGG as a reliable platform for rapid generation of discrete concentration gradients
under laminar flow conditions. The system consistently delivers target outputs, at various
flow rates, enabled by both the hydraulic resistor network and the enhanced interfacial
mixing provided by the SAR architecture.

Compared with existing microfluidic gradient generators, our design emphasizes a
compact 3D-printed architecture, SLA DLP-enabled rapid prototyping, and precision
output control through embedded SAR units. Together, these results highlight the
potential of low-cost, cleanroom-free SLA DLP 3D printing to enable next-generation
microfluidic platforms for the reproducible and scalable generation of chemical gradients.

4. Conclusion

In this study, we presented the design, simulation, and experimental characterization of a
fully monolithic stereolithography digital light processing (SLA DLP) 3D-printed split-
and-recombine (SAR) micromixer integrated within a microfluidic concentration gradient
generator (MCGGQG). The device effectively generates five discrete, stable, and
reproducible concentrations with high mixing performance (ME > 0.90) across a wide Re
range (0.1-100). The high efficiency observed across these three orders of magnitude is
a result of the architectural preservation of the SAR mechanism. Computational fluid
dynamics (CFD) simulations and experimental measurements demonstrated excellent
agreement, confirming the reliability of both the SAR geometry and the fabrication
approach.
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The proposed cleanroom-free process enables the rapid production of opticallyy™iceOune
transparent, enclosed microchannels and integrated ports in a single fabrication step,
reducing total production time to under 1.5 h using a desktop SLA DLP printer. This
workflow eliminates molds and bonding steps, simplifying the transition from digital
design to functional microfluidic devices. The demonstrated mixing performance and
gradient reproducibility highlight the potential of SLA DLP additive manufacturing as an

accessible method for fabrication of such microfluidic systems.

Overall, this work establishes an efficient and versatile route for the rapid prototyping of
lab-on-a-chip devices that integrate advanced micromixing strategies and gradient
generation.
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Fabrication method Material Re range C?&I:gflll TEZ?;;:)H s Channel length Reference

CNC micromilling + assembly Polycarbonate 1 to 100 [0.4 to 0.6 mm] x 0.4 mm 17.6 mm 19
Soft-lithography + multilayer bonding PDMS 0.5 to 100 n/r 8 mm 36
Soft-lithography PDMS 1 to 80 200 pm x n/r 10.2 mm 20
DRIE + glass bonding Si/Glass 0.5 to 100 200 pm x 200 um n/r 18
Soft-lithography PDMS 1t0 220 300 pm x 150 um 8.5 mm 21
Soft-lithography PDMS n/r (200 mm/s) 100 um x 30 pm 8.75 mm 22
Soft-lithography PDMS 0.309 to 309 100 um x 100 pm 40 mm 23
Lamination / Xurography PVC film 0.1 to 100 700 um x 70 pm >13 mm 26
Soft-lithography PDMS 3.41023.8 500 pm x 150 um 17 mm 24
Soft-lithography PDMS n/r (1.0 to 1000.0 pl/min) 200 pm x 200 pm 6.3 mm 25
Two-photon polymerization + PDMS | PDMS 0.01 to 10 100 pm x 100 pm 2 mm 7
molding

SLA 3D printing Polymer resin n/r 500 pm diameter 22 mm 37
Soft-lithography PDMS 0.1 to 45 100 pm x 100 pm 10.51 mm 38
Soft-lithography PDMS 3.3t040 50 pum x n/r 1.5 mm 39
CNC Milling and Engraving Machine Polycarbonate 1to 100 400 um x 400 pm n/r 40
CNC Milling and Engraving Machine PMMA 0.5 to 100 200 pm x 200 pm 10.4 mm 41
Layer by layer Milling PMMA, PTFE 25 to 100 800 um x 800 pm 31.5 mm 42
FDM 3D printing + PDMS molding PDMS n/r (60 to 960 pl/min) 200 pm x 300 um 30 mm 43
Multijet 3D printer Polymer resin 3.7t037.04 500 pm x 400 um 20 mm 44
Multijet 3D printer Polymer resin 0.1 to 50 750 pm diameter 20 mm 45
SLA DLP 3D printing Polymer resin 0.1 to 100 300 pm x 300 um 10.4 mm This study

Table 1. Comparative summary of split-and-recombine (SAR) micromixers or similar reported in recent literature. The table lists the fabrication method, material, Reynolds

number range (Re) tested, channel dimensions, channel length, and corresponding references. (“n/r” stands for non-reported).
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Data Availability Statement

All relevant data supporting the findings of this study are provided in the Electronic Supplementary
Information (ESI), including the CAD models of the device and videos of the pH-based mixing
and fluorescence experiments. Additional datasets are available upon reasonable request.
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