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We present an approach for measuring the mixing degree of two liquids in a microsystem
with a mixing mechanism based on the Euler force. By considering Shannon entropy, our
proposed method achieves a more reliable evaluation than the conventional technique. The
evaluation is performed by analyzing images of the two liquids and calculating the entropy from
detected gradation values. We present an accurate analysis of mixing in microfluidics with and
without the Euler force. Finally, we confirm that the Shannon entropy used to study the mixing
of powders and granules can also be applied to liquid mixing.

1. Introduction

Microfluidic systems, long employed in various applications such as integrated point-of-care
(POC) devices for early-stage diagnosis, environmental analysis, and chemical reaction systems,
are emerging as promising systems for the achievement of the lab-on-a-chip.(!"® Recently, the
lab-on-a-disc (LOD) has attracted much attention owing to its unique features such as
simultaneous multi-item inspection, liquid transfer by centrifugal force, isolation from an
external liquid transfer mechanism by a confinement system, and suppression of waste liquid by
this isolation.®~!® These multiple superior features of LODs can be used in commercial
immunoassay systems.(19-2%) Diagnostic devices using LODs have already been released by
some companies such as Roche,?? Abaxis,?) Samsung Healthcare,*? and Sysmex.?®) For
example, Cobas blOlI released by Roche can measure biomarkers, HbAlc, and lipids. Recently,
Sysmex has developed a novel compact immunoassay system that can achieve a limit of
quantification (LoQ) of 3.6 pg/mL for the biomarker PSA of prostate cancer. In the Sysmex LOD
systems, such high sensitivity can be achieved by the combination of magnetic-beads-based
immunoassay, mixing using the Euler force, and the lavage mechanism by separating the lavage
space from the assay space.

In an integrated microchannel, the Reynolds number becomes so small that it is difficult to
mix different liquids. Mixing is an essential step in promoting a chemical reaction. In the LOD
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system developed by Sysmex described above,?® high mixing efficiency is realized by using
fine magnetic particles and the Euler force. In the research reports from other groups, the
sensitivity of the assay is strongly influenced by the mixing process and procedure. Quantifying
mixing is essential for optimizing various industrial processes and laboratory chemical
reactions. It is crucial at both the macroscopic scale and the microscopic level when dealing with
microfluidics in lab-on-a-chip platforms and micro total analysis systems. Moreover, liquid
mixing is one of the main chemical operations in the construction of chemical reaction systems.
How should we quantitatively evaluate how the mixing is progressing, how efficient it is, and so
forth?

Quantitative evaluation of liquid mixing typically uses an approach based on the standard
deviation.(!%!1%) This method is known as Lacey mixing evaluation and is often used to determine
the mixing degree of powders and granules.?¥ The technique compares the statistical
distribution of measured data with the statistical variances of perfectly mixed and completely
separated states. However, because it is a statistical process, its reliability is low when the sample
size is small. Moreover, it cannot be used when a segregation phenomenon occurs that prevents
mixing and dispersal.?>) In particular, mixing in a microchannel tends to induce such a
phenomenon because the Reynolds number is low, and mixing is difficult to achieve in a laminar
flow state. Therefore, some previous studies concluded that the absolute mixing degree cannot
be determined using Lacey mixing evaluation.?")

In this study, we propose an approach based on Shannon informational entropy to evaluate
mixing in a microchannel of a LOD platform.('%) The Shannon entropy is uniquely determined
regardless of the initial state,2-27) and it provides a rigorous measure of system homogeneity. As
is well known, entropy quantitatively indicates disorder. The entropy is low for an ordered state,
and it increases as mixing occurs and the state becomes disordered. We calculate the system
entropy using the Shannon entropy from the gradation values of each pixel in continuously shot
images, and we confirm the correlation between time and entropy. The specific calculation
method and evaluation results are discussed. We show that our technique provides a
mathematically supported way to evaluate mixing in a microchannel regardless of the presence
or absence of segregation phenomena.

2. Basic Idea and Analysis Method

For powder mixing, the entropy is determined from the number of particles dispersed in a
unit observation area. Given the similarity between powder mixing and liquid mixing, we
considered that liquid mixing corresponds to a mapping of the color and contrast of an image of
unit area. To evaluate the mixing degree, we obtained the Shannon entropy from an image of the
microchamber where the mixing occurred. According to previous works, under the assumption
of particle mixing, the system is divided into bins, and the number 7; . of particles of species ¢
(c=1,2,3,4, .., C)is numbered for each bin (j =1, 2, 3, 4, ..., M). Then, the system entropy S

is given by®>-27)
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In our study, the equivalent of a particle is a safranin molecule. The equivalent of a bin is a
pixel. Depending on the number of safranin molecules per bin, the color strength per pixel
corresponds to the probability of a particle being present. To simplify and calculate the entropy,
we divided the system into pieces and labeled each piece with a numberj (j = 1, 2, 3,... n). Each
piece corresponds to a pixel of the obtained image. We assumed that fine particles were
distributed in each piece and estimated the distribution probability. This distribution probability
corresponds to the pixel gradation, and such logic can be directly applied to the mixing of
different liquids. That is, for each pixel, the gradation can be defined as the degree of mixing.
Normalizing the gradation for each pixel corresponds to the probability p; (j = 1, 2, 3, ...) of
mixing. The entropy for each pixel is given by pInp;. We used the Shannon entropy S instead of
the conventional evaluation based on the standard deviation because it enables stable absolute
evaluation. S represents the information entropy for a particular experimental condition with a
set of M possible outcomes. It can be expressed as the total entropy for the entire evaluation area.
Therefore, S is given by

M
S=->pjp, 3)
j=1

where p; is the probability of a particular gradation value for pixel /.

We performed a series of procedures in our Shannon entropy analysis. First, to make the
measurement area the same on a pixel-by-pixel basis, we corrected the position of the image
taken by the observation system. In this system, a strobe flash was synchronized with a
charge-coupled device (CCD) camera that had a resolution of 96 dpi and a frame rate of about 30
fps. For position-drift correction, we used Register Virtual Stack Slices, a plug-in function of the
image-processing software Fiji Image.®® Next, we trimmed the measurement area and
converted it to 8-bit grayscale. We then normalized the gradation value for each pixel in the
measurement area (the intensity is given by an integer from 0 to 255) by dividing by the
maximum value and converting the value to a probability. Finally, we calculated the Shannon
entropy using Eq. (3).
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We used the Euler force to mix the liquids. This force produces acceleration and deceleration
and is proportional to the time derivative of the angular velocity vector @ as follows:(11-16:18)

do
Fryier = —m—Xr, @)

where m is the mass and r is the distance vector from the center of a rotating coordinate system
to the mass.

3. Experiments
3.1 Device fabrication

First, a device for a Euler force mixing experiment was prepared by joining
polydimethylsiloxane (PDMS) and polymethylmethacrylate (PMMA) substrates (Cell-Cast
Acrylic sheet, Nitto Jushi Kogyo Co., Ltd.). As schematically illustrated in Fig. 1, the fabrication
process was performed. The fabrication procedure is described as follows:

(1) To fabricate the shapes of the reservoir and mixing chamber on the PMMA substrate (A),
deep X-ray lithography (DXL) was performed at BL11 of the New SUBARU synchrotron
facility in the University of Hyogo. This fabricated PMMA structure was the mold for
PDMS.

(a) UV Light (d)
C Photomask PDMS
SU-8 n:l_h =
PMMA o PMMA
Heating on hotplate
(b)
i o I (e) PDMS
[ PMMA | /
(c) > PMMA
Reservoir/Mixing chamber ©)
‘|/— F (A)
PMMA

Fig. 1. (Color online) Schematic diagrams of fabrication of a device. (a) UV lithography process performed on
PMMA substrate (B). (b) Schematic cross-sectional view of device after developing SU-8. (¢) Schematic cross-
sectional view of master mold consisting of SU-8 and PMMA. The PMMA substrate (A), which was processed by
DXL in advance, was joined to the PMMA substrate (B). (d) PDMS molding process using the master mold. (e)
Schematic cross-sectional view of completed device consisting of reservoir, mixing chamber, and capillary valve.
Finally, the device used for the experiment was completed by drilling vent holes in the device.
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(2) A master mold for molding PDMS was prepared on the PMMA substrate (B) using UV
lithography and SU-8 resist as shown in Figs. 1(a) and 1(b).

(3) The PMMA substrate (A) with the shapes of the reservoir and mixing chamber was joined to
the PMMA substrate (B) integrated with SU-8 patterns. This bonding was performed by
adding methyl methacrylate to the bonding surface and heating at 50 °C for 10 s. This
combined PMMA + SU-8 structure (A+B) was the master mold as shown in Fig. 1(c).

(4) After that, a metal frame was attached to the bonded PMMA substrate, and a PDMS
(SILPOT 184, Dow Corning Toray Co. Ltd., Japan) precursor (a liquid in which a PDMS
monomer and a cross-linking agent were mixed at a ratio of 10:1) was poured into the
bonded PMMA substrate at 50 °C and heated on a hot plate for 6 h as shown in Fig. 1(d).
After that, the PDMS was peeled off from the mold.

(5) Finally, the peeled PDMS was bonded to the other flat PMMA plate (C) to complete the
device as shown in Fig. 1(e).

3.2 Experimental procedure

In the experiment, we used colored water, in which 0.1 wt% safranin solution (FUJIFILM
Wako Pure Chemical Corp.) was added to pure water, and a concentrated aqueous solution of
phosphoric acid. We inserted the colored water into a reservoir in the disc and added the solution
of phosphoric acid to a mixing chamber as schematically illustrated in Fig. 2. To evaluate the
mixing of these two liquids, we performed time-resolved real-space observation using a

(a) /Vent () Lower density liquid

Reservoir /
Mixing-chambir

S T "\'.%:::‘_‘_‘:::::_:"

Capillary valve

(© § (d) 2

Upper part (
/ ’ 4 4

Lower part Acceleration / Deceleration

Fig. 2.  (Color online) Schematics of (a) mixing chamber structure consisting of vent, reservoir, mixing chamber,
and capillary valve, (b) initial stage of mixing chamber before breaking capillary valve, (c) mixing chamber just
after injection of lower density liquid, and (d) mixing proceeding by Euler force accompanied with acceleration and
deceleration.
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laboratory-built spin-stand experimental apparatus.> We handled and collected the images of
the mixed liquids using the spin-frequency protocol depicted in Fig. 3.

First, the demonstration device was rotated with an angular acceleration of 10.43 rad/s* to
break a capillary valve and insert colored water into the mixing chamber. This state was the
initial state. Then, the disc was decelerated and accelerated at a constant angular acceleration,
and the rotation speed was set to 16.66 Hz. After reaching this speed, an increase and decrease
in the rotation speed of 16.66 Hz occurred every 2 s until 280 s, as illustrated in Fig. 3. This
operation of repeated angular acceleration and deceleration generated the Euler force employed
for mixing. In this study, we verified that the Euler force induced mixing by varying the specific
density difference d (%) between the aqueous solution of phosphoric acid and the colored water.
Additionally, we varied the angular acceleration o (rad/s?) of the device and the depth D (mm) of
the mixing chamber. The length L and width w of the chamber were 20 and 2.0 mm, respectively.
We compared cases when D was 0.50 and 0.80 mm under the conditions of a = 52.35 rad/s? and
d=1%.

4. Results and Discussion

Figure 4 shows a series of observation time dependences of the mixing chamber (a)—(c) with
and (d)—(f) without the Euler force. In the absence of the Euler force, the protocol shown in Fig. 3
was absent and the stopped state was maintained after the capillary valve was broken and liquid
was injected into the mixing chamber. That is, mixing proceeded by diffusion including gravity
and inertia. As a result, even when the evolution time reached 280 s, part of the mixing liquid
was not completely mixed as shown in Fig. 4(f). On the other hand, when the Euler force, shown
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Fig. 3. (Color online) Spin protocol and mixing performance of LOD. After the injection of orange-colored liquid
into the mixing chamber, reciprocating and mixing excited by the Euler force due to the modulation of the spin
frequency were performed for 280 s. Acceleration and deceleration were repeated every 4 s. The inset diagram of the
mixing chamber depicts the typical characteristic dimensions. Optical observation results of the mixing chamber at
2, 18, and 278 s are shown in the inset images.
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Fig. 4. (Color online) Successive images of the mixing chamber after (a, d) 0, (b, e) 40, and (c, f) 280 s. The
angular acceleration is 52.35 rad/s2, the depth of the chamber is 0.80 mm, and the density difference is 1%. The
images in (a)—(c) and (d)—(f) were obtained with and without the Euler force, respectively.

in the protocol of Fig. 3, was applied, it can be seen that the mixing progressed with time.
Successive images of the chamber after (a) 0, (b) 40, and (c) 280 s with D = 0.80 mm during the
mixing protocol with the Euler force are shown in Fig. 3. Just after the colored liquid was
introduced into the mixing chamber by breaking the valve, the liquid phases were clearly
separated, as shown in Fig. 4(a). As the mixing time increased, the boundary between the two
liquids became unclear, and the color of the liquids in the chamber became uniform after 280 s,
as shown in Fig. 4(c).

Here, to confirm the problem in the conventional mixing evaluation method using Lacey
mixing evaluation, we plot the standard deviation as a function of mixing time in Figs. 5(a)—5(d).
Before describing the evaluation of the mixing ratio using Shannon entropy, we estimate the
mixing using the conventional standard deviation method to compare the Shannon entropy
evaluation with the standard deviation evaluation. Figure 5 shows the mixing time dependence
of the standard deviation. This time dependence of the standard deviation basically shows that
the standard deviation tends to decrease with time. This is because when the two liquids are
clearly separated, the dispersion is large, and when the two liquids are completely mixed, the
dispersion is the minimum. The results of changing the strength of the Euler force by preparing
density differences of 1 and 10% and chamber lengths of D = (0.50 and 0.80 mm are summarized
in Fig. 5. As can be seen from the results, there is a region where the standard deviation does not
depend on time [the ellipses in Figs. 5(b) and 5(c)] under the conditions of mixing by the Euler
force, d = 10%, D = 0.50 mm, and « = 52.35 rad/s>. This means that the mixing has progressed
sufficiently or that the method using the standard deviation does not give a correct evaluation.
Here, these conditions (d = 10%, D = 0.50 mm, and « = 52.35 rad/s?) are those with the strongest
Euler force in this experiment, and there is a possibility that the mixture is sufficiently mixed
and saturated. However, the standard deviation should be near zero when the mixing is complete,
but it did not actually reach zero. This result indicates that the method using this standard
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Fig. 5. (Color online) Summaries of conventional standard deviation evaluation of mixing. (a) Depth of mixing
chamber varied for liquid density difference d of 1% and angular acceleration a of 52.35 rad/s2. (b, ¢) Chamber depth
D varied for d = 10 and 1%, respectively, with « fixed at 52.35 rad/s%. (d) Angular acceleration dependence of mixing
for D =0.80 mm and d = 1%.

deviation may have failed in some way. In addition, in the other cases, the standard deviation did
not saturate and reach zero even when sufficient time had passed and the mixing was complete.

Next, we introduce the time evolution of the mixing evaluation using the Shannon entropy
given by Eq. (3). By describing the time evolution of the Shannon entropy, we have introduced
an evaluation method that provides a meaningful physical quantity of the mixing degree in a
microchannel. Moreover, we have used our approach to analyze the time evolution of two-
component mixing induced by the Euler force in a lab-on-a-chip platform. In the following, we
present a systematic investigation of how various parameters (such as chamber depth, angular
acceleration, and density difference between the liquids) affect this time evolution. Moreover, to
determine whether mixing by the Euler force itself is effective, we compare cases in which
mixing was achieved with and without this force.

Figure 6 shows how the entropy depends on the mixing time. For mixing induced by the
Euler force, the entropy is normalized with its value when mixing is complete (at 280 s). For the
case of no Euler force, the value at 34 min is used. As shown in Fig. 6, the entropy increases in
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Fig. 6. (Color online) Normalized entropy versus mixing time. (a) Depth of mixing chamber varied for liquid
density difference d of 1%. (b) Chamber depth D varied for d = 10%. (c) Liquid density difference varied with
parameters d, D, and angular acceleration « fixed. (d) D varied and d and D fixed.

all systems over time. This finding suggests that the mixing proceeds by the Euler force or
diffusion and is consistent with the second law of thermodynamics. Figures 6(a) and 6(b) show
the mixing properties for d = 1 and 10%, respectively. Figure 6(c) presents the impact of d on S
for D = 0.50 mm and a = 52.35 rad/s2. Finally, Fig. 6(d) depicts the effect of a on S for D = 0.80
mm and d = 1%. As shown in Fig. 6(a), the entropy for D = 0.80 mm and Euler force mixing is
always higher than that for the other cases. The reason for this trend is that the Reynolds number
of the device with D = 0.80 mm is larger, making turbulence more likely to occur. As a result,
the mixing is promoted in a device with a larger Reynolds number. By contrast, no significant
difference in the entropy time evolution is observed in Fig. 6(b) when D is varied. Such behavior
is caused by a centrifugation effect resulting from the relatively large density difference. This
effect becomes dominant and mixing proceeds only by diffusion rather than by the Euler force.
In Fig. 6(d), the entropy is always larger for o = 52.35 rad/s? than for & = 26.17 rad/s®. As shown
by Eq. (4), the Euler force is proportional to the angular acceleration. Therefore, this result
indicates that the Euler force significantly contributes to the mixing process.

Here, we consider the evolution of entropy with the mixing time. When the two liquids are
mixed, safranin, which is the source of the color, is scattered and diffused in the liquid solution.
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That is, by considering the dispersion of safranin molecules, it can be inferred that the time
evolution of entropy can be described by the scattering relaxation time model. The normalized
entropy Sy is written as

SNzl—exp(_—tj, ®)

T

where 7 is the relaxation time. Below, the relaxation time was calculated by fitting the time
dependence of the entropy in Fig. 6 using Eq. (5). The reciprocal of the calculated scattering
relaxation time, that is, the scattering frequency, plotted in Fig. 7 as a function of the angular
acceleration shows that the larger the angular acceleration (the stronger the Euler force), the
higher the scattering frequency. This is because the greater the Euler force, the greater the rate of
collision and dispersion per unit time. That is, the scattering frequency increases as the Euler
force increases. When this behavior is fitted with the following polynomial function:

2
l:K0+K1-d—w+K2-(d—wj, ©)
T dt dt

where K; (i = 0, 1, 2) are coefficients, it can be seen that the agreement is very good. Here,
Ky =0.0042965 + 0.00102 (s ), K; = —5.7196 x 107 (rad '), and K, = 6.653 x 107 (s-rad ?). The
coefficient K originates from various factors such as Brownian scattering and measurement
systems. The coefficient K| corresponds to the resistance of the molecule to moving through the
liquid owing to its viscosity, similar to the raindrop model. The coefficient K, corresponds to the
quadratic term, since the second-order proportional component behaves in accordance with the
protocol shown in Fig. 3 in which the Euler force reverses after a certain period of time. The

]

0.01 | .
6F
5k
— e F

—A— Before fitting
—— After fitting

]
T

0.00 l i i i i
100 7
Angular acceleration(rad/s?)

Fig. 7. (Color online) Scattering frequency 1/z as a function of angular acceleration. The red solid triangles denote
the evaluation values from Fig. 6. The black solid line corresponds to the fitting curve described by Eq. (6).
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action of forcibly rotating the forward rotating state in the reverse of the direction of rotation is
added. That is, the two liquids containing the molecules collide with each other twice on the way
back and forth. In other words, a nonlinear mixing or scattering process occurs with the
generation of turbulence. Thus, the evaluation of the system entropy can provide the details of
the time evolution of the mixing properties in the microchamber under the application of the
Euler force.

5. Conclusion

In conclusion, our proposed method serves as a general technique for the quantitative
evaluation of liquid mixing. In particular, it can be used to evaluate mixing processes in lab-on-
a-chip platforms and in microfluidics where laminar flow dominates the system.
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