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Abstract

Analyte mixing and delivery to a functionalized sensor surface are important to realize several
advantages associated with biosensors integrated with microfluidic channels. Here, we present a
comparison between a herringbone structure (HBS) and a curved passive mixing structure of
their efficiency at facilitating mixing and surface saturation using fluorescein included in one of
the inlets of a Y-channel microfluidic device. We performed a large parametric study to assess
the effects of varying the height of the microfluidic channel as well as the height, width, and
spacing of the passive mixing structures. Scanning confocal microscopy combined with a
custom-designed image-analysis procedure were utilized to visualize and quantify the observed
changes in efficiency in inducing solute mixing by the different designs. The flow patterns
within the channels were found to vary significantly with changes in the geometry of the passive
mixing structures, which in turn affected the efficiency of the channel at mixing the fluid and
saturating the surface opposite the mixing structures. The solute mixing as a function of the
channel length was also determined; an initial slow mixing rate does not always coincide with a
low mixing index (MI). We found that the range of MIs for the curved mixing structure 1 cm
downstream from the inlet was 0.85-0.99 whilst for our HBS it was 0.74-0.98, depending on
the design parameters of the passive mixing structures. Overall, this study shows that the curved
passive mixing structure family is more robust in inducing efficient mixing than the HBSs.

Supplementary material for this article is available online

Keywords: microfluidic mixing, curved passive mixing structures, confocal imaging,
mixing efficiency, mixing distance
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MI Mixing index

Mlcr Mixing index at the channel layers
Mgy, Mixing index at the sensor layer
MI, Mixing index value of y

SGM Slanted groove mixer

SHM Staggered herringbone mixer

SPR Surface plasmon resonance

List of symbols

A Herringbone angle

A Perpendicular length resulting in angle change
c Mean pixel intensity

ci Pixel intensity

Hc Channel height

Hpm Passive mixing structure height

N Number of pixels

S Passive mixing structure spacing

w Passive mixing structure width

1. Introduction

In recent decades, microfluidics has developed to be an
increasingly important strategy within chemistry, biology and
medicine due to miniaturization, versatility and the possibility
of including a range of workflows [1-3]. This has led to the
development of devices such as lab-on-chip [4], organ-on-chip
[5], micro total-analysis systems [6], as well as diagnostic
tools for medicine [7, 8], food and environmental controls.
Selected applications of such designs include a sensor area
functionalized with a capture moiety which requires interac-
tion with a molecule to allow for a sensor response within
the field of (bio) sensing. The merger of microfluidics with
readout principles for biosensing yields devices with strongly
enhanced performance due to miniaturization into the micro-
regime, some of the benefits of which are increased reprodu-
cibility and efficiency, and reduced sample volumes, detection
time, and limit of detection (LOD) [9]. Several of these advant-
ages, such as reduced LOD, depend on the analyte—receptor
moiety interaction. To be able to utilize these devices effect-
ively, developing new designs to facilitate specific analyte—
receptor moiety interactions can be critical in the fabrication
of efficient diagnostic devices [10, 11].

Despite the clear advantages, this miniaturization comes
with some challenges. Most evident is the drawback associ-
ated with the limitation of laminar flow occurring in chan-
nels at the micrometer length scale. Laminar flow occurs when
the Reynolds (Re) number falls below 2000, resulting in dif-
fusion being the driving mechanism for mixing. The mixing
of fluids is therefore affected by the interface area and dif-
fusion length between the fluids [12]. A traditional approach
to achieve effective mixing at low Re numbers is to signific-
antly increase the length of the microfluidic channels; how-
ever, this may not be favorable for certain devices. The limited
mixing in the laminar flow regime has thus resulted in invest-
igations focused on increasing the mixing efficiency within
microfluidic channels.

Devices enhancing the mixing performance in microchan-
nels can be divided into two main groups, active and passive

mixers [13, 14]. An active mixer exploits external energy to
drive the mixing process, and based on their nature, these
can be categorized into four subgroups: magnetic, pressure,
electric or sound field mixers. Examples of these mixing pro-
cesses are magneto-hydrodynamic action [15], pulsing incom-
ing flow rate [16], high-speed actuators [17], electrokinetic
instabilities [18], piezoelectric actuators [19], electrohydro-
dynamic [20], dielectrophoretic [21], and acoustic chaotic
advection [22]. Although the mixing efficiency of active mix-
ers is often above 90% and they therefore on average offer
an improvement in mixing compared to passive mixers [23],
their associated increase in complexity, both in terms of fab-
rication and the need for peripherals in their operation, may
limit their applications. Another challenge associated with act-
ive mixers, especially for biological and medical applications,
is a potential temperature increase that can be harmful to biolo-
gical molecules. For this reason, passive mixers are often pre-
ferred when designing microfluidic devices to be used for med-
ical and biological purposes, as they rely solely on changes to
the geometry of the channels, the mixing is driven by the fluid
flow itself, and they seldom require peripherals to drive the
mixing processes.

Passive mixers either mix via diffusion or chaotic flow; the
two most common passive mixing designs exploiting diffus-
ive mixing are the T- and Y-shaped micromixers. In these, the
lateral transport of the mixing species drives the processes,
eventually resulting in a homogenous solution, although the
channel length necessary to achieve this outcome is typic-
ally unrealistically long for microdevices. The determination
of the mixing performance of passive micromixers has there-
fore shifted to channels containing geometric variations and
immersed structures. Examples of altered channel geomet-
ries include changing the direction of the channel such as
zig-zag [24], spiral [25], split-and-recombine [26], and ser-
pentine channels [27] adding obstruction in the channels [28]
such as triangle baffles [29], J-shaped baffles [30], circular
obstructions [31] or curved ribs [32], or changing the geo-
metry on one or more of the channel surfaces. Currently the
most studied example of this type of mixer is the staggered her-
ringbone mixer (SHM), first introduced by Stroock et al [33].
They studied the effect on the mixing performance of chaotic
micromixers caused by fabricated grooves in the ceiling of the
microchannel. The effect of SHM and slanted groove mixer
(SGM) pressure-driven flows was compared over a range of
Re numbers, and it was found that their performance was ideal
for low Re regimes [33, 34]. This increase in mixing effi-
ciency was due to the formation of two helical flows, which
increased the contact of the interface area between the flows,
thus reducing the diffusion distance of the species and lead-
ing to a reduction in mixing time and channel distance [35—
39]. After this initial introduction, the mixing performances of
various designs based on the SGM and SHM have been repor-
ted. In the case of the SGM, this led to the barrier-embedded
mixer [40—44] with grooves on the top and bottom of the
channel [42, 45, 46], where the focus has been on changing
the Re number or the geometric parameters to increase the
mixing performance. Using a numerical approach, Tang et al
[43] reported that the height and width of the channel and the
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Figure 1. Schematic illustration of the two-layer
lithographic-processing steps for the fabrication of microfluidic
channels with passive mixing structures. (a) The negative
photoresist was spun on the silicon wafer using a spin coater,
followed by (b) exposure of the customized design to UV light
using a maskless aligner. (c) The second resist layer was
subsequently spun onto the first layer and (d) exposed to UV light.
(e) The master mold for the soft lithography was then developed,
silanized and (f) polydimethylsiloxane (PDMS) was cast on the
master and cured. (g) The cured PDMS was peeled off from the
master, the patterned PDMS side was exposed to oxygen plasma
and bonded to a glass slide to prepare the sealed microfluidic device.

slanted grooves affect the rotation of the fluid and the mix-
ing efficiency of the channel, where a reduced channel height
facilitates fluid rotation. Similar studies on the SHM showed
that the groove-height ratio and asymmetry had the largest
effect on mixing efficiency, whereby an increase in groove
height led to an increase in mixing efficiency [35, 47—49]. It
was found that an asymmetry factor of two-thirds yielded the
most efficient result [33], as the longer edge facilitated fluid
transportation to the opposite side of the channel [49, 50]. It
was also shown that an increase in groove width led to an
increase in mixing performance [51, 52], whilst Cortes-Quiroz
et al [53] also showed that the mixing efficiency depended on
the channel height.

Most of the research currently conducted on passive mixers
focuses on their capability of facilitating a homogeneous con-
centration of different fluidic species. However, passive mix-
ers can also be used in conjunction with diagnostic devices
and biosensors to enhance their overall efficiency [54, 55].
Recent works by Lynn et al showed how the geometry of the
microfluidic channel influences the LOD of affinity-based bio-
sensors. They studied the effect of chamber height on the sens-
itivity of an SPR-based biosensor and found an improvement
in the LOD by a factor of four when the height was reduced
from 47 pum to 7 pm [56]. Lynn et al also studied the use of
an SGM, an SHM and a semi-loop passive mixing structure to
analyze an increase in mass transfer to a sensor and a reduced
impact of the depletion layer, and found an increase in binding
rate when the sensor was located directly underneath a mix-
ing structure [57]. They then increased the complexity of the
channel by numerically introducing the SHM, and reported an
increase in the efficiency of a planar biosensor surface through
the use of the SHM, where the efficiency depended on the her-
ringbone geometry as well as on the Péclet number [58]. Their
subsequent experimental results showed an increase in sensor

sensitivity using an SPR biosensor revealing an enhancement
range of up to 400%, depending on SHM geometry, Péclet
number and sensor length [59].

The studies of mixing performance in SHM structures
mainly focus on the efficiency obtained at various channel
lengths and including different structures. There is thus a need
to map the development of the homogenization process as a
function of the channel length and how the channel length
is related to mass transport to the surface. In this study, we
address the changes in mixing performance along the channel
and compare the effects of several different geometric para-
meters, for two different passive mixers, on their ability to
create a homogeneously distributed concentration of an ini-
tial step-function of a solute. We have designed a curved pass-
ive mixing structure [60], taking its inspiration from the para-
bolic flow profile that is present under pressure-driven flow and
compared this to a herringbone mixer, whilst varying the chan-
nel height, and the height, depth, and spacing of the ceiling
mixers. Furthermore, we analyzed the homogenization pro-
cess in a domain opposite to the passive mixing structures, as
an indication of the efficiency of transporting the fluorescent
fluid to the surface of the channel.

2. Materials & methods

2.1. Fabrication

Microfluidic devices were fabricated using a two-layer photo-
lithographic process (figure 1) to obtain the masters for the
microfluidic channels with passive mixing structures in the
ceiling. The lateral geometries of the channels were designed
using appropriate software (CleWin) and the designs were
used to pattern the photoresist in a maskless aligner (Heidel-
berg MLA150). A negative photoresist (MrDWL40, Micro
Resist Technology) was spin coated on a 4 in. Si wafer and
baked at 90 °C with a 5 °C min~! ramp-up and ramp-down
of temperature. The basic Y-channel design together with the
alignment marks were then exposed at 405 nm using the
MLAT150 and post-exposure baked (PEB) at 90 °C following
the same ramping procedure as previously described. Follow-
ing patterning of the basic Y-channel in the first photoresist
layer, the resist for layer two was spun onto layer one and
baked at 90 °C with a 5 °C min~! ramp-up and ramp-down
of temperature. The mixer design was aligned and exposed,
followed by the same PEB as that used for photoresist layer
one. The master molds were obtained by developing the two-
layer structure by immersing the Si-wafer in the developer
(MrDev600, Micro Resist Technology) for 5-20 min, depend-
ing on the resist thickness.

The masters were then silanized with trichloro(1H, 1H, 2H,
2H-perfluoro-octyl)silane (Sigma Aldrich) using the vapor
method. Following silanization, PDMS (Sylgard 184, Dow
Corning) at a 10:1 (elastomer: curing agent) weight ratio was
mixed and degassed. The PDMS was cast over the mold and
cured at 65 °C for 3 h. The devices were then cut and peeled
from the mold and the inlets and outlet were punched using a
biopsy puncher (31.0 mm, Miltex Biopsy Punch). The PDMS
channels were directly bonded to microscope slides following
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Figure 2. Arbitrary microfluidic channel designs showing the
relevant parameters. (a) Side view of a channel design with passive
mixing structures in the ceiling where the design parameters are as
follows: H. depicts the channel height; Hpy is the passive mixer
height. Top view showing W and S depicting the passive mixer
width and passive mixer spacing for (b) (i) HBS and (i) CMS. A
and A’ depict the angle and intersection length for (c) (i) HBS where
the length of the short arm up to the perpendicular intersection is

30 pm (teal line) and the length of the long arm is 70 um

( ) and (ii) CMS where the blue line = 100 pm.
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a 30 s oxygen plasma treatment (Diener Electronics), yielding
the microfluidic devices to be characterized.

2.2. Passive mixer designs

Two different groups of passive mixing designs were studied.
These groups were HBSs and CMSs. Sixteen different chan-
nels with passive mixing designs were fabricated for each of
the two groups. The HBSs were divided into cycles of two
structures, alternating the direction of the long and short arm
for each cycle, whereas the CMSs were mono-directional. Due
to the varying width and spacing of the structures, the number
of structures per mixing length (1 cm) differed for each design.

The different designs were obtained by selecting different
channel heights, and also the widths, spacings and heights of
the structures. Straight microfluidic Y-channels without mix-
ing structures with total heights of 20 ym and 40 ym were
included as references to assess the mixing efficiency of the
passive mixing structures.

The designs were realized on four different wafers,
where the channel heights of the wafers were

Hc(Wy)=Hc(W2) =20 pmand Hc(W3) = Hc(W4) =40 pm.

The selected design parameters for the width and the spacing
between the structures, W and S, respectively, were related
to the additional height of the passive mixer (Hpy). The
Hppy:W:S:A’ ratios were 1:1:1:1 for the first set of parameter
design variables (PDVs), PDV 1. The same relations were
1:1:2:2; 1:2:2:2 and 1:2:4:4 for PDV 2, PDV 3 and PDV 4

+10
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Figure 3. Illustration of locations of confocal image acquisition
domains along a microfluidic channel from the inlet (left) to the
outlet (right). An XYZT-stack was recorded for each of the first ten
passive mixing structures. Following this, XYZT stacks were
recorded at every tenth structure until the outlet was reached. For
channels with fewer than 50 structures, images were acquired for
every fifth structure.

respectively. For the HBS this resulted in a change in the
angle (A) from 23° (W; PDV 1) to 130° (W4 PDV 4). Con-
sidering the height ratio Hc:Hpy, this was 1:1 for W, and
W3, whilst for W, and W, it was 1:2 and 1:1.5, respectively.
Table 1 shows an overview of the parametric values for the
various designs.

2.3. Confocal imaging

The flow patterns in the dual-inlet microfluidic channels with
various mixing structures in the ceiling were determined using
confocal microscopy (Leica TCS SP5). Fluorescein sodium
salt (Sigma—Aldrich) diluted in deionized (DI) water was
imaged using a 10x (NA = 0.4) HC PL Apo CS dry objective.
The fluorescein solution and DI H,O were added to two sep-
arate 5 ml syringes and both were simultaneously introduced
into the separate inlets of the Y-channel via plastic tubes at an
injection rate of 10 yl min~! using a syringe pump (Harvard
apparatus), resulting in a total flow rate of 20 xl min~! within
the mixing channel.

For each chosen imaging location within the channel (fig-
ure 3), an XYZT stack was recorded, resulting in three Z-stacks
per location. The pinhole was left at the optimal value result-
ing in an optical section thickness of 6.23 yum and a Z-level
movement of 1.3 um for each image acquisition. An argon
laser and filters at 488 nm and 467 nm were used to simul-
taneously capture the fluorescence and the reflections in the
channels as the Z-stack progressed. This characterization was
conducted for 15-25 positions along the microfluidic channel
to capture the efficiency of the passive mixing structures at
affecting the flow behavior. Image acquisition was conducted
from 60 min after starting the fluid flow to ensure a stationary
state.

2.4. Data processing

The confocal XYZT stacks acquired along the microfluidic
channel were analyzed using custom-designed MATLAB
scripts. For each stack, a virtual sensor volume was chosen
between two mixing structures, using the reflection mode to
define the lowest and highest Z-level within the microfluidic
channel. This contributed to analysis within the fluid adjacent
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Table 1. Parametric values of the microfluidic channels with HBS and CMS in the ceiling of the PDMS channel. The table lists all
combinations of the parameters implemented by the lithography process. The design parameters are schematically illustrated in figure 2.
The master molds of the four wafers were realized for the fabrication of channels with total heights of: wafer (W) = 40 um, wafer 2
(W2) = 60 pm, wafer 3 (W3) = 80 pum and wafer 4 (W4) = 100 pm. Sixteen different channels were fabricated with design parameter
variables for both the HBS and CMS, in addition to channels without mixing structures. All channels had a width (y-axis) of 100 ym, and a

mixing channel length (x-axis) of 1 cm.

Channel height Passive mixer Parameter design
(Hc) pm height (Hpy) pm variable (PDV) set Width (W) um Spacing (S) pm A" =S um
1 IXHPM IXHPM IXHPM
Wi: 20 Wj: 40 Wi: 20 Wj: 40 Wi: 20 Wj: 40
Wi3: 40 Wy: 60 Wi3: 40 Wy: 60 Wi3: 40 Wy: 60
Wi:20 W;i:20 2 1 X Hpm 2 X Hpm 2 X Hpm
W,: 20 W,: 40 Wi:20 Wj: 40 Wi:40 W»: 80 Wi:40 W,: 80
Ws: 40 Wi: 40 Wi3: 40 Wy4: 60 Wi3: 80 Wy: 120 Wi3: 80 Wy: 120
Wy: 40 W4: 60 3 2 X Hpm 2 X Hpm 2 X Hpm
Wi:40 W;: 80 Wi:40 W;: 80 Wi:40 W;: 80
Wi3: 80 Wy4: 120 Wi3: 80 Wy4: 120 Wi3: 80 Wy: 120
4 2 X Hpm 4 X Hpm 4 X Hpm
W1240 WzZSO W]ZSOZWzi 160 W]I80 Wz: 160
Wi3: 80 Wy: 120 Wi3: 160 Wy: 240 Wi3: 160 Wy: 240
a) Inlet Cc) Inlet
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to the most likely location of a transducing sensor element,
creating the fluid volumes used for mixing determination.
After calculating the standard deviation at the inlet the pixel
intensities were normalized to one, and each consecutive

Outlet

100 um

Outlet

Figure 4. Confocal images of the distribution of the fluorophore as a function of channel length from the Y-channel inlet to the outlet for
three microfluidic channels without a mixer and containing two different dimensions within the HBS design family: (a) 20 pm basic
Y-channel, (b) W with HBS 3 and (c) W3 with HBS 2. The columns labeled I depict confocal micrographs representing all the Z-stack
layers (AL) at the distance from the inlet of the channel as illustrated, and the columns labeled II depict confocal micrographs from the
defined sensor layer (SL). The white dotted lines in the micrographs are the channel edges (walls). The direction of flow is from the inlet
(top) to the outlet (bottom).

Outlet

measurement for the same channel was then normalized to the
inlet signal. We calculated the MI from the standard deviation
of the normalized fluorescence intensity profile for each image
volume using equation (1),
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a) b) c) d)

Figure 5. YZ visualization of the flow from the inlet to the outlet for
three HBS designs. XYZ volume projected into one YZ slice; each
pixel corresponds to the average along the X-axis. Pixel intensity
from zero (no signal, water) to 160 (max signal from inlet).

(a) Schematic illustration of the channel with the HBS structures to
aid in the location of the analysis. YZ cross-section visualizations
rendered by MATLAB are depicted for (b) W» in HBS 3, (c) W3
with HBS 4, and (d) W3 with HBS 2. The scaling relationship
between the channels is upheld.

_ ﬁ Ziv:] (ci— E)z
\/ﬁ ZZV:I (ci— 5)2

MI=1 (1

Inlet

where N is the number of pixels, ¢; is the pixel intensity and ¢
is the mean pixel intensity. A completely unmixed channel has
an MI value of zero, whilst a completely mixed channel has a
value of one, as ¢; = ¢. The MI, calculated as a function of
the channel length, describes how efficiently the passive mix-
ing structures induce hydrodynamic processes to enhance the
mixing.

The MI was empirically observed to equilibrate towards
the completely mixed state with increasing channel length. We
found that a model consisting of a double exponential increase
to saturation, using four parameters following equation (2):

MI:a(l—e_hx)—i—c(l—e_dx) 2)

adequately described the development of the mixing indices
downstream from the inlet (see supplementary informa-
tion). Assessment of a minimal model required to account
for the trend in MI(x) suggested a two-component expo-
nential where a, b, ¢ and d were all greater than zero,
and a + ¢ < 1, was adequate to account for the trends
in MI(x), while at the same time limiting the number
of parameters (figure S1 and table S1) (available online
at https://stacks.iop.org/JIMM/31/015006/mmedia). Thus, this
approach was used for the analysis of MI(x).

3. Results and discussion

In the following, we present the visualization of the flow
pattern of different HBSs and CMSs, and the impact of the
geometric parameters within each family of passive mixing
structures. This is followed by the determination of the MI
along the channels for all the designs fabricated, based on both
the overall fluorescence signal within the heights of the chan-
nel as well as the optical section near the defined area adja-
cent to the channel floor. The latter represents the evolution
of the fluorescence distribution, mimicking the situation near
a putative active sensing area e.g. as related to mass-transfer
abilities.

3.1. Mixing visualization

3.1.1. Mixing via diffusion. ~ The confocal images of the fluor-
escence concentration profile along the microfluidic channel
(length = 1 cm, width = 100 gm and Hc = 20 pm) without
a passive mixing structure (figure 4(a)) show the character-
istic behavior for diffusion-driven mixing under laminar-flow
conditions [61, 62]. The broadening of the concentration pro-
file during the flow compares well with the diffusion distance
of the fluoroprobe, calculated to 14 pm within a retention time
of 60 ms from the inlet to the outlet, using a diffusion coeffi-
cient of 0.57 x 10~° m? s—! [63-65].

3.1.2. Microfluidic channel with herringbone mixer.  The
introduction of the commonly applied herringbone passive
mixing structures, described in table 1 and figure 2, alleviates
the challenges of limited mixing in the laminar flow regime of
microfluidic channels. In the following, the results are presen-
ted for two sets of PDVs (table 1) used with HBS passive mix-
ing structures (figure 4).

The XY-projected confocal images of all the Z-stack lay-
ers (AL) and the sensor layer (SL) for W, with HBS 3 (fig-
ure 4(b)) indicate that some blending has already taken place
between the two sections after five structures, whereas a trend
towards a more homogeneous state can be seen 0.5 cm from
the inlet. The distribution of the fluorophore at the SL (fig-
ure 4(b) II) five periodic structures downstream from the inlet
shows a larger lateral gradient than the AL-profiles (figure
4(b), I), whereas the distribution in the SL 0.5 cm down-
stream appears to be of a similar homogeneous state as the
AL-profiles. This is in contrast to the change in distribution
for the herringbone mixer W3 with HBS 2 (figure 4(c)), where
the trend in the developing fluorophore concentration distribu-
tions between the two design structures differs significantly.
The mixing structures seem to be first flooded by fluores-
cence (as opposed to water), bringing the fluorescence to the
opposite side of the channel, resulting in a shallow domain
of low fluorophore concentration in the middle of the chan-
nel. Although the intensity becomes more homogenous after
0.5 cm, regions of low fluorescent intensity still remain in the
concentration profile at the outlet (figure 4(c) I). A similar pat-
tern was also experienced at the SL, where there were notice-
able areas of low intensity at the same locations.
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Figure 6. Confocal images of the distribution of the fluorophore as a function of the channel length from the Y-channel inlet to the outlet

for two microfluidic channels (a) W, with HBS 3 and (b) W, with CMS 2. The columns labeled I depict confocal micrographs representing
all the Z-stack layers (AL) at the distance from the inlet of the channel as illustrated, and the columns labeled II depict confocal micrographs
from the defined sensor layer (SL). The white dotted lines in the micrographs are channel edges (walls). The direction of the flow is from the

inlet (top) to the outlet (bottom).

Itis clear from the outlet images in figure 4 that both mixing
channels performed much better than the standard Y-channel
(figure 4(a)), where mixing only occurs via diffusion. Both W,
with HBS 3 (figure 4(b)) and W3 with HBS 2 (figure 4(c))
increase the mixing capabilities of the channel, although it can
be seen that the extent of the mixing depends on the PDV of
the HBS.

As the mixing in these channels does not solely occur in
the lateral direction of the channel, across the Y-axis, the flow
pattern in the YZ projection has been investigated (figure 5).
This allows for a deeper understanding of the processes that
occur as the fluid flow is perturbed by the passive mixing
structures.

The projection of the fluorescent intensity along a limited
length in X yielding a YZ projection at various stages along the
microfluidic channels (figure 5) can be combined with the XY
projection (figure 4) to provide more comprehensive informa-
tion about the mixing development. Specifically, figures 5(b)
and (d) provide complementary information to the YX projec-
tions in figures 4(b) and (c), respectively.

The flow pattern along the channel is quite similar for W,
with HBS 3 (figure 5(b)) and W3 with HBS 4 (figure 5(c)),

compared to that visualized for W3 with HBS 2 (figure 5(d)).
The change in the initial flow pattern from the inlet via the first
passive mixing structure (image 2) for the channels W, with
HBS 3 and W3 with HBS 4 shows a relocation of the highest
fluorescence from the left side of the channel towards the
middle, with a narrower fluorescence-depleted domain indic-
ative of an unlabeled water stream observed on the left side of
the channel. After ten structures, most of the channel provides
a clear fluorescent signal; however, a water band remains near
the left wall of the channel (figure 5(b)), and a similar dis-
tribution is seen for W3 with HBS 4 (figure 5(c)). Due to
the increase in height of W3 with HBS 4, it can be seen that
the flow is rotating, as there is a slight curved area of low
intensity in the middle of the channel. After 0.5 cm (MDg5s), a
relatively homogeneous distribution was observed within the
channel, which remains the case until the outlet. This is in
good agreement with what was seen in the confocal images in
figure 4(b).

In comparison, the distribution of the fluorescent intensity
for W3 with HBS 2 (figure 5(d)) suggests that the initial state
is dominant after the first structure (e.g. about 50% coverage),
but there is some fluorescence throughout the grooves in the
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Figure 7. YZ visualization of the flow from the inlet to the outlet for
three CMS designs. (a) Schematic illustration of the channel with
the curved structures to aid in the location of the analysis. The YZ
cross-section visualizations from the confocal images are depicted
for (b) W, with CMS 2, (c) W3 with CMS 3, and (d) W with the
CMS 1 mixer designs. The scaling relationship between the
channels is upheld. The XYZ volume is Ccompressed into one YZ
slice; each pixel corresponds to the average along the channel. Pixel
intensity from zero (no signal) to 160 (maximum signal from inlet).

mixing structure. After ten structures there is a signal at the
top and this is the case for all the mixing structures, although
the situation where there is no fluorescence at the left surface
of the channel persists. The fluid is observed turning from the
left half over into the right half which is further exemplified
for the projection after 0.5 cm of the channel length, where it
is seen that the fluid has now completed at least one full rota-
tion, although a stream of water continues to pass through the
channel (figure 5(d), the image at 0.5 cm). Although W3 with
HBS 2 shows a signal on the left of the channel in figures 4(c),
5(d) shows that the signal is located at the top of the chan-
nel, making it less preferred for use in conjunction with sur-
face sensors. The distribution of fluorescence at the surface
for W, with HBS 3 and W3 with HBS 4 requires less than ten
structures for high surface coverage, although a heterogeneous
environment still persists within the channel, as opposed to W3
with HBS 2 which, even after 0.5 cm of mixing, does not result
in a matching surface distribution or a mixed state.

3.1.8. Microfluidic channel with curved passive mixer. In
comparison to the HBS designs, we analyzed the mixing per-
formance of a novel CMS design implemented based on inspir-
ation from the parabolic flow profile under pressure-driven
flow. The design parameters of these curved structures follow
the same ratios as those implemented for the HBS (figure 2,
table 1).

The microfluidic channels with the HBS and CMS struc-
tures that yielded the most efficient mixing enhancement were
chosen as examples for the comparison of the confocal flow
visualizations form a basis for possible differences in the flow
patterns induced by these geometries. The XY projection of
the flows in channels with a CMS as compared to an HBS
(figure 6) indicates that the main difference in mixing between
these designs occurs within the first few structures. The flow in

the microchannel with the CMS does not yield a fluorescence-
depleted region in the middle of the channel, as occurs with
the HBS design. A nearly homogeneous fluorescence distribu-
tion is observed in the channel after five repeats of the CMS;
nevertheless, a fluorescence-depleted stream is observed at the
right-hand side of the channel. There is also a domain of higher
intensity to the left of the channel, which is the opposite of
the signal seen at the inlet. These observations indicate that
the CMS rotates the flow, and a similar trend is also visible at
the SL. The XY projections of the flow are similar for the AL
and SL cases from 0.5 cm and the solutions appear completely
mixed from this point onwards.

The YZ projections at various stages along the microfluidic
channels (figure 7) for three microfluidic channels using the
CMS design with different parameter values provide comple-
mentary information regarding the mixing process.

The YZ projection for the flow in the channel with W, with
CMS 2 (figure 7(b)) shows that a large part of the channel and
mixing structure is already flooded by fluorescence after one
structure, although the majority of the fluorescence is still loc-
ated in the left part of the channel. The flow rotates in a clock-
wise manner via the passive mixer, which was further evident
after ten structures where fluorescence was observed at both
walls of the channel. Additionally, a circular domain depleted
of fluorescence was observed on the left-hand side, indicating
a spiral pattern. The YZ projection indicates a change in the
fluorescent distribution from the left at the inlet to the right,
with a turning stream of water clearly going from the bottom
right-hand side, up on the left side and over towards the right
side again.

Overall, the projections convey information about flow pat-
terns developing along the channels of the various CMSs that
are quite similar to each other (figure 7), although the rate at
which mixing occurs varies drastically between the different
PDVs implemented. From the change in fluorescence distribu-
tions observed, W, with CMS 2 should be the most efficient
channel in inducing mixing, as a homogeneous environment
can be observed after 0.5 cm. This does not occur until after
0.5 cm for W3 with CMS 3 (figure 7(c)), whilst W with CMS
1 (figure 7(d)) does not reach a homogeneous state within 1 cm
of mixing.

3.2. Mixing efficiency

While the projections of the fluorophore concentrations
provide details about flow patterns and their differences along
channels with different mixing structures, for different design
families and parameters within these families, the approach
is too detailed for a quantitative comparison of mixing effi-
ciency. In the following, estimates of the MI along the mixing
channel for the various microfluidic channels are described.
This was done for the channel layers (CLs) which correspond
to the volume defined in section 2.4 and the SL, defined as the
first Z-level of the Z-stack included in the CL. The results of
the MI are grouped based on the PDV sets (table 1), where dis-
tinct heights of the fluidic channel (H¢) and the mixing struc-
tures (Hpyp) are specific to each wafer, and the presentation is
therefore based on this. The typical difference between these
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Figure 8. Mixing index at the channel layers versus the channel length from the double exponential model (b), (d), (), (h), with an enlarged
version of the initial 0.2 cm up to Ml (a), (c), (e), (f). Channels with HBS (blue) and CMS (red) passive mixing structures for channels
made using (a), (b) wafer 1, (c), (d) wafer 2, for the channel layers (CLs) and (e), (f) wafer 1, and (g), (h) wafer 2 for the sensor layer (SL).
The data obtained for channels with passive mixing structures in the two design families with sets of parameter design variables (PDV sets,
table 1) are depicted as follows: PDV set 1 is represented by a solid line, PDV set 2 by a long dashes , PDV set 3 by three short dashes and

PDV set 4 by dash-dot-dot.

model fits and the experimentally determined MI at a particu-
lar location is of the order of 2%-2.5% (table S1).

For the various channels fabricated based on masters from
wafer 1 (W), it is observed that differences in the MI(x)
depend more on the set of PDVs selected than whether the
mixing design is in the HBS or CMS family (figure 8). The
MI observed both for PDV sets 1 and 2 develops less strongly
with channel length as compared to PDV sets 3 and 4 for both
HBS and CMS. Furthermore, the MIs increase faster along the
channel for the CMSs than the HBSs for each PDV set. The
initial increase in MI (figure 8(a)) clearly shows that the CMS
yields a much faster initial increase in the amount of mixing,
with PDV sets 3 and 4 reaching Mly¢ at 0.15 cm downstream
in the channel. There is a large spread in the mixing efficien-
cies reached at the outlet, with MIs ranging from 0.74 (W,
with HBS 2) to 0.95 (W with CMS 4), yielding an overall dif-
ference of 0.21. The four channels reaching Ml ¢ within the
first 0.2 cm of the channel correspond to the channels yielding
the highest MI at the outlet. For the various designs fabric-
ated based on W (table 1), the observed differences in MlIg
(figure 8(f)) resemble those observed for Ml¢ (figure 8(b)),

where the development of Mlg; depends more strongly on
the PDV set than on the two design families, HBS or CMS.
The initial increase in Mlgp, (figure 8(e)) clearly shows that
the CMS yields faster surface coverage when comparing the
PDV sets. Comparing the initial Mlgp, (figure 8(e)) to Mlcp
(figure 8(a)), the majority of the channels show a slower devel-
opment over the MD.

For wafer 2 (W5), all channels reach Mly¢ or more at the
outlet (figure 8(d)). Within the designs for W, there is a tend-
ency for the CMS to yield a larger MI throughout the whole
channel length than the HBS structures, except for HBS 3,
while HBS 1 resulted in the lowest MI of 0.91.

The initial increase in MI showed that all channels reached
Ml ¢ within the first 0.2 cm downstream of the channel inlet
(figure 8(c)). However, the CMS yielded a more efficient
increase in the initial MI than the HBS designs, where W5
with CMS 2 was the only design to reach Mlyg in less than
0.2 cm.

The developments of Mlgy (figure 8(h)) along the MD
correspond well with those observed in figure 8(d). At the
outlet, the CMS outperforms the HBS in all cases, with the
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Figure 9. Mixing distance to achieve a 0.6 (60%) mixing index (left y-axis, black) for the channel layers (black +) and the sensor layer
(black () and the mixing index at the outlet (right y-axis, green) for the channel layers (green X ) and the sensor layer (green [J) for the
microfluidic channels with passive mixing structures, as indicated. The parameter values for microfluidic channels with mixing structures as
defined by the parameter design variable sets in table 1 were used in the preparation of (a) wafer 1, (b) wafer 2, (c) wafer 3 and (d) wafer 4,

respectively.

spread of Mlgp, values being within 0.01. Although the CMS
outperforms the HBS in this instance, all the channels reach
a value above Mlyo at the outlet. The initial increase in
Mg, (figure 8(g)) also showed that each design reached Ml ¢
within the first 0.2 cm of the mixing channel and are therefore
efficient in delivering the ‘analyte’ to the channel surface in a
short distance.

The majority of the channels experience a decrease in the
mixing rate over the MD of 1 cm, with noticeable exceptions
from the HBS family (W; with HBS 2, W, with HBS 1, W3
with HBSs 1 and 2). The remaining channels approach the
maximum mixing value and a 1 cm mixing channel would
be sufficient to realize their potential. The MI(x) data for the
channels with the HBS and CMS fabricated on wafer 3 (W3)
and wafer 4 (W,) are presented in figure S2.

For an overall performance indicator, we employ the MI
values reached at the outlet, as well as the MD values necessary
to reach Ml ¢ for all channels, to provide a comparison of the
various passive mixing designs (figure 9).

There is a strong correlation between the MD for Ml ¢
to the MI at the outlet, where a lower MD corresponds to a
shorter distance needed to achieve 60% mixing in the chan-
nel (figure 9). Channels fabricated on W and W3 exhibit the
largest difference between HBS and CMS. The main outliers
result in less efficient mixing such as W, with HBS 1, W3 with

HBS 1 and 2. From these, we can see that increasing the width
(W) of the structure increases the mixing and mass-transfer
ability of the channel. This was also observed with an increase
in the spacing between the structures. It can be seen that an
increasing Hc:Hpy ratio results in an overall increase in MI,
regardless of the PDV set used. From this, two trends stand out,
one being the Hc:Hpy ratio and the second is that the lowest
efficiencies found are for the HBS designs, in particular for
W, and W3 with PDV sets 1 and 2.

The observed effect of Hc:Hpy on the MI (1 cm) and Ml ¢
is highly significant: channels with mixing structures using W,
and W, yield the most efficient channels with the least spread
in MI, where W, has a 1:2 (Hc:Hpy) ratio and W4 has a 1:1.5
ratio, compared to W; and W3 which both have a 1:1 ratio.
This increase in MI with an increasing mixer depth ratio coin-
cides well with previous studies, although the majority of cases
had a height ratio below 1 [49, 51, 53].

From the literature, one would expect PDV sets 3 and 4 to
perform better than PDV sets 1 and 2, due to the increase in
structure width (W), as a wider mixer leads to an increase in
surface interactions [66]. The current data for the HBS design
are in line with this (figure 9). However, no such trend was
found for the CMS design, suggesting that the flow pattern
adopted varies from that of the HBS design, which is supported
by our results (section 3.1).
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Figure 10. Boxplots depicting the (a) range of mixing indices at the
outlet and (b) the mixing distance required to reach Ml ¢ for the
CMS and HBS designs in the channel (CL) and at the sensor layer
(SL). The black plus and the white circle (4, () represent the MDs
for Ml 6 for the CL and the SL, respectively. The green cross and
the white square (X, [J) represent the MIs at the outlet for the CL
and the SL respectively. The mean is the red line and the median is
the black line within each box. The box corresponds to the
interquartile range (50% of the data), whilst the lines (T L)
represent 1.5 the interquartile range.

It was found that the CMS had a more robust reaction to
the changing parameters, both for mixing efficiency within the
channel as well as mass transfer to the SL. From figure 10 it
can be seen that the CMS had a minimum mixing efficiency of
0.85 (CMS CL) compared to 0.72 (HBS SL) for the HBS. The
median values for the CMS designs were above 0.95 for both
CL and SL, whereas this was reduced to ~0.92 for the HBS
design. The range of MIs for the HBS designs was observed
to be twice that observed for the CMS (tables S2 and S3).

The data reported here compare well to other studies
reporting a change of MI downstream from the inlet using
passive mixing structures. Examples of this include the repor-
ted increase of MI to nearly 0.4 at an MD of 2.2 mm from flow
simulations at Re = 0.267 for either square wave, zig-zag or
curved channel designs [67]. Increasing the Re initially yiel-
ded a less efficient increase in mixing using these designs, fol-
lowed by increased efficiency. The estimated MDs required to
obtain an MI of 0.6 based on those reported designs are on the
order of 0.33-0.36 cm (Re = 0.267) and about 1 cm (Re = 20),
indicating a much poorer mixing performance as compared to
the CMS structures (figure 10) introduced here. The recently
reported comparison of the performance of various passive

micromixer designs by Kim et al [68] indicated that vari-
ous designs yielded optimal mixing performance, depend-
ing on the Reynolds number. The most realistic compar-
ison would be to barrier-embedded micromixers [41], which
showed a maximum MI of 0.401 after 21 mm (Re = 120); at
Re = 1 this was reduced to 0.226. Comparing this with other
passive mixers at Re = 1, the two-layer serpentine-crossing
micromixer showed the most efficient mixing at MI 0.915.
A further facet of the present study is a possible develop-
ment route that combines the passive mixing structures with
a sensor integrated into the floor of the microfluidic chan-
nel. Some of the passive mixing structures used in the com-
parison here would appear to support a combination with
sensing elements.

4. Conclusions

We have performed a large parametric study comparing the MI
progression along microfluidic channels within two families of
passive mixing ceiling structures, the HBS and a CMS, vary-
ing several different geometric parameters within each fam-
ily. The MI was determined for the channel and the surface
layer of the channel opposite the location of the mixing struc-
tures, providing information as to the mixing efficiency and
their ability to saturate the channel surface. We utilized con-
focal microscopy to visualize the distribution of a fluorescent
marker injected into one of the Y-channel inlets at 15-25 dif-
ferent positions along the channel, allowing for the progres-
sion of the downstream mixing of the flow to be determined.

The CMS generally provides a much faster transition
towards a homogeneous solute distribution, compared to the
HBS design; the mixing length to achieve Ml¢ is, in many
cases, less than 0.1 cm. Among the CMSs, the ones with
a groove height (Hpy) relative to the channel height (Hc¢)
Hpy:He = 2:1 (wafer 2) and a spacing (S) relative to the
groove width (W) and height S:W:Hpy = 2:1:1 (PDV 2) yield
the most rapid increase in MI downstream from the inlet.
Although a similar development of solute homogenization was
observed in the SL as compared to the average of all CLs, a
direct correspondence between these analysis parameters for
a specific mixing design does not always exist. The mass trans-
fer efficiencies are affected by the geometry of the channels.
As with the channel mixing, W4 and W, provide the most
homogenous results.

The range of the MI observed 1 cm downstream from the
inlet is found to be 0.99 to 0.85 (0.14) for the CMS family,
whilst for HBS it is 0.98 to 0.74 (0.24). For this experimental
study, the channel which showed the maximum MI at the outlet
was W2 with CMS 1 (MI = 0.99) and the most rapid design
was W2 with CMS 2, reaching Ml ¢ in 0.063 cm. It is evident
from these results that there is a larger chance of designing a
mixing channel with an efficiency of over 90% using the CMS
design.

It is also interesting to note that rapid initial mixing does
not necessarily result in the largest MI values at the outlet.
Care should therefore be taken when choosing a mixer design,
considering the importance these different rates would have on
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the integration of the mixer with with a biosensor. Out of the
current mixing structures studied, the W, with CMS 2 outper-
forms all the other designs and should therefore be considered
as a possible passive mixing design for microfluidic mixers
requiring rapid and near-complete mixing in this flow regime.
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