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Abstract

This study proposes a novel co-flow capillary microfluidic device that can generate highly monodisperse droplets and
polymeric microspheres. The device mainly consists of two self-aligning special-shaped polymeric capillaries. The outer
capillary features a gradually contracting and expanding geometry, and the inner has an elliptical cross section at the end.
The elliptical nozzle of the inner capillary fits into the contraction region of the outer capillary, and so assembled device,
namely a plane-symmetric co-flow capillary, benefits from the self-alignment of the capillaries. The design and manufactur-
ing process of the device are outlined, including a discussion on how the processing conditions affect the capillary geometry.
Subsequently, the proposed device is used for droplet generation tests, and the diameter distribution of generated droplets
and their influencing factors are investigated. The droplet generation mechanism with the elliptical nozzle is discussed with
the help of modeling and simulation. Furthermore, monodisperse porous polymeric microspheres are fabricated using the
proposed device, and their porous features are characterized. The results show that the proposed device can produce mono-
disperse droplets with a mean diameter of a few hundred micrometers and a coefficient of variance (CV) of less than 1%,
reflecting the stability of the device. Additionally, porous polymeric microspheres could be successfully produced, and the
CV of the size distribution is only around 1%.
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1 Introduction

Droplet microfluidics has become an essential tool in many
application fields, such as in vitro diagnosis, drug delivery,
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more attractive for researchers because of their convenience,
utilizing the microchannel geometry to manipulate the flow.
In these cases, viscous stress can break off a droplet, or inter-
face instability can lead to a break-up of a jet into multiple
droplets (Deng et al. 2017; Hoang et al. 2018; Langer et al.
2018; Yao et al. 2019; Ibrahim et al. 2021). Therefore, the
core of the passive approach lies in the construction strategy
of the microchannel, encompassing geometry design and
fabrication techniques.

Representative microchannels employed in passive meth-
ods include cross-flow, flow focusing, and co-flow geom-
etries (Glawdel et al. 2012; Wang 2015; Mottaghi et al.
2020). Cross-flow geometries, such as a T- or Y-junction,
are commonly fabricated using lithography in laboratories,
and, therefore, the microchannel has a quasi-two-dimen-
sional geometry (Shui et al. 2008; Abate and Weitz 2011).
Similarly, co-flow and flow-focusing geometries also can
be constructed into quasi-2D planar microchannels (Hetti-
arachchi et al. 2021; Ibrahim et al. 2021). However, three-
dimensional axisymmetric microchannels are often preferred
due to the advantages in droplet generation and protection
against adhesion at the wall, reliability of the microflu-
idic device under high flow rate conditions, and potential
for commercial applications (Takeuchi et al. 2005; Deng
et al. 2017; Zhang et al. 2019; Montanero and Gafian-Calvo
2020). The 3D coaxial microfluidic devices can be realized
by assembling capillaries (glass or polymer) (Utada et al.
2007; Zhu et al. 2015; Deng et al. 2017; Zhou et al. 2017),
molding PDMS over a fiber (Takeuchi et al. 2005), and 3D
printing (Nguyen et al. 2019; Dewandre et al. 2020; Gyi-
mah et al. 2021). In general, PDMS molding requires high
costs, and 3D printing is limited by production efficiency
and resolution (Zhu and Wang 2017). In contrast, capillaries
are commercially available standard components, making
them highly promising for practical applications. However,
ensuring concentricity between the capillaries is critical.

In coaxial capillary microchannels, it is crucial for the
inner capillary to be precisely centered along the axis of the
outer capillary. In view of the device fabrication, aligning
two capillaries demands careful attention (Zhu and Wang
2017). The earlier and most widely accepted way for the
alignment is to use a circular tube whose outer diameter
matches the inner dimension of a square tube (Utada et al.
2007; Zhu et al. 2015; Deng et al. 2017; Zhou et al. 2017).
Also, recent advancements in 3D printing enables precise
assembly of nozzles and capillaries (Dewandre et al. 2020).
To our knowledge, however, these existing methods heavily
rely on cutting-edge manufacturing techniques, and, there-
fore, the cost is relatively high. As a consequence, not much
attention has been paid to the alignment method based on
mature manufacturing techniques, presumably because the
primary interest lies in the droplet generation rather than the
details of the device fabrication.
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This study proposes a novel plane-symmetric co-flow
device for generating monodisperse droplets. This is
achieved using specially shaped capillaries, which are fabri-
cated using hot stretching and cutting processes, facilitating
self-alignment, flexible control, and efficient manufactur-
ing of the device. The design and fabrication process of the
proposed device will be described first. Subsequently, the
device’s performance in droplet generation will be evalu-
ated. The droplet generation mechanism will be also dis-
cussed with the help of modeling and simulation. The effect
of flow condition and capillary geometry on the droplet size
will be discussed. Furthermore, it will be demonstrated that
monodisperse porous polymer microspheres can be fabri-
cated using the proposed device. Finally, a short summary
and discussion conclude the study.

2 Plane-symmetric co-flow microchannel
2.1 Design

Figure 1a shows schematic diagrams describing the pro-
posed co-flow microchannel. It consists of two distinct
special-shaped polymeric capillaries: the outer capillary is
an axisymmetric contraction—expansion capillary; the inner
one has an elliptical cross-section (elliptical nozzle) at the
end. The two capillaries are assembled such that the major
axis of the elliptical nozzle of the inner capillary is fitted
to the inner wall of the outer capillary. This precise align-
ment mechanism fosters self-alignment. Consequently, this
arrangement yields a three-dimensional plane-symmetric
co-flow microchannel. In contrast to the previous co-flow
devices shown in Fig. 1b (Utada et al. 2007; Zhu and Wang
2017), the proposed one has the inner nozzle mechanically
secured by the outer capillary. This mechanical fixation and
the self-alignment with the elliptical nozzle are the distin-
guishing features of the proposed co-flow microchannel.

2.2 Fabrication

Figure 2 shows the fabrication method of the outer capil-
lary alongside an example of the outcome. The contrac-
tion—expansion geometry of the outer capillary could be
achieved through, namely, a hot stretching process. A uni-
form capillary is locally heated to a specific temperature.
Then, the capillary is uniaxially stretched at a constant rate.
The stretched capillary is then air-cooled at room tempera-
ture. In this study, a commercial polytetrafluoroethylene
(PTFE) capillary (Hongfu Insulation Material Co., LTD,
Dongguan, China) is used for the outer capillary, and it has
outer and inner diameters of 0.8 and 0.3 mm, respectively.
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Fig. 1 Schematic diagrams of a the proposed plane-symmetric co-
flow microchannel and b a previous co-flow microchannel (Utada
et al. 2007a, Zhu and Wang 2017)

Fig.2 A schematic diagram of
the hot stretching process and
a microscopic image of the hot
stretched capillary with T, =
370 Cand E = 10

The heating temperature (7,) and elongation are the two
major parameters of the hot stretching process. The elonga-
tion (E) is defined as follows:

-1
E=—2, 1)
lO

where [, and [ are the initial and final lengths of the stretched
region, respectively. Since the stretching takes place mostly
at the heated region, the initial length, [, is assumed to be
the length of the heater, while the stretching length, [ — [,
is a processing parameter. The microscopic image shown in
Fig. 2 corresponds to the result of 7, = 370 °C and E = 10.

To attain the desirable co-flow geometry as described
in Fig. 1a, the contraction diameter of the outer capillary
should be small enough to match the elliptical nozzle of
the inner capillary. In this regard, several experiments are
carried out to characterize the effect of the processing condi-
tion on the contraction ratio of the stretched capillary. The
contraction ratio (C) is defined as follows:

C:DO—D @
DO ’

where D, is the diameter before the stretching, and D is
the minimum diameter at the contraction of the stretched
capillary.

The effect of the heating temperature and the elongation
on the contraction ratio is shown in Fig. 3. Four samples
were fabricated for each condition, and the average value and
the standard deviation of the contraction ratio are shown.
The contraction ratio increases with the elongation in gen-
eral. The outer diameter shows a larger contraction ratio than
the inner one due to the reduction in capillary wall thickness
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during the hot stretching process. Moreover, it could also
be found that the temperature plays an important role in the
stretching of the capillary. The contraction ratio tends to
increase with the heating temperature.

A significant stretching can result in damage to the cap-
illary, for example, in the case of T, = 370 °C and E = 13
in Fig. 3. In this study, we use the capillary stretched at
T, = 370 °C and E = 10 which results in the inner con-
traction ratio of 0.649 corresponding to the inner diameter
of 0.105 mm (a microscopic image shown in Fig. 2). This
contraction ratio allows best fit with the elliptical nozzle of
the inner capillary of which fabrication is explained below.

The elliptical cross section at the end of the inner cap-
illary can be achieved by employing V-shaped cutters,
as shown in Fig. 4. A polyether-ether-ketone (PEEK)
capillary (Yijia Technology Co., LTD, Beijing, China)
is used, which has outer and inner diameters of 0.1 mm
and 0.05 mm, respectively. After cutting the inner capil-
lary with V-shaped cutters at room temperature, a heat
treatment process is followed. This process serves to relax

Fig.4 Schematic diagram

of the cutting process and a ¢
microscopic image of the cross-

section of the cut

6 8 10 12 14

residual stress which develops during the cutting process.
During the heat treatment process, the deformation will
partially recover due to the viscoelastic nature of the poly-
mer, and the final shape of the cross-section depends on
the heat treatment condition.

In this study, several experiments are carried out with
different heat treatment temperatures ranging from 140 °C
to 180 °C, while the heat treatment time is fixed at 10 min.
Figure 5 shows the effect of the heat treatment temperature
on the final shape of the elliptical cross-section. For each
condition, four samples were fabricated. The geometric
parameters, denoted as a;, a,, b;, and b, in Fig. 4, are
measured. It might be mentioned that parameter q, is rel-
evant for the assembly with the outer capillary (see Fig. 1),
while parameters a, and b, will affect the pinch-off process
during the droplet generation. The elliptical shape depends
on the heat treatment temperature at 7< 160 °C, but it is
almost constant at T > 160 C suggesting enough relaxa-
tion of the residual stress. Unless otherwise mentioned,
we use the inner capillary treated at 160 °C which results

@ Springer



Microfluidics and Nanofluidics (2024) 28:7

Page50f12 7

Fig. 5 Dimensions of the ellipti-
cal nozzle of the inner capillary
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Fig.6 A picture of the droplet generation chip and a microscopic
image (top view) of the plane-symmetry co-flow microchannel

in a;=133 pm, a,=83 pm, ;=77 pm, and ,=33 pm (a
microscopic image shown in Fig. 4).

The inner capillary is inserted into the outer one until
the elliptical nozzle is fitted to the contraction capillary,
as shown in Fig. 6. These capillaries are then connected
with two additional unprocessed PTFE capillaries that,
respectively, deliver the oil and water phases. The assem-
bled plane-symmetric co-flow microchannel is affixed onto
a polymethyl methacrylate (PMMA) substrate using a hot
melt adhesive, and the droplet generation chip is finally
completed as shown in Fig. 6.

3 Droplet generation
3.1 Experimental

Deionized water and fluorinated oil (ASURF, Fluigent) are
supplied to the inner and outer capillaries, respectively. Sur-
factant (perfluorocarbon-PEG copolymer) is used to stabi-
lize droplets. The outlet is connected to a collecting con-
tainer. A CCD microscope camera (CM2000, Runzebaifu
Tech. Co., Ltd. China) is used to observe the droplet genera-
tion process and measure the diameter (d) of the generated
droplet. Eight samples are collected for each experiment.
The collected droplets are spread onto a concave glass slide
for precision measurement.

We use two different ways to drive the flow. The first
approach is applying negative pressure to the collecting con-
tainer using a diaphragm pump (D30GE-4521-24V-BLDC,
WE PUMP Co. LTD, Shenzhen, China). The pressure ranges
from — 5 to — 40 kPa. This approach benefits from the sim-
plicity of the equipment, enabling a continuous production
of the droplets, but the flow rates of each phase cannot be
explicitly controlled. The second method is to use syringe
pumps (Model NE-1000, New Era Pump Systems, Inc., New
York, USA) connected to each inlet capillary. This approach
allows precise control of the flow rates of each phase, but the
droplet generation process is limited by the size of the
syringes used. The flow rate of the water phase (Q;,) is held
constant at 0.5 pL/min or 0.2 pL/min, while the flow rate
ratio ( 2 where Q. is the flow rate of the oil phase) varies

out

betweenl 2,3, and 4.
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3.2 Pressure-driven droplet generation

Figure 7 shows the generated droplets and their size dis-
tribution when negative pressure of — 15 kPa is applied
to the collecting container. The diameter of the droplets is
125.40+0.86 um (CV =0.689%; PDI=1.00015). This result
underscores the stability of the present plane-symmetry co-
flow microchannel, attributed to the mechanical fit of the
nozzle. It might be noted that recent co-flow devices have
achieved a CV of approximate 2-3% (Zhu et al. 2016; Zhang
et al. 2021), highlighting the performance of the proposed
device.

Figure 8 shows the effect of driving pressure on droplet
diameter for different cases of the elliptical nozzle. Three dif-
ferent elliptical nozzles (E1, E2 and E3 shown in Fig. 9) are
used, and their dimensions are summarized in Table 1. With

0.5 1

—— Normal distribution

Relative fraction (-)

123 124 125 126 127
Droplet diameter (pm)

Fig.7 a Diameter distribution of droplets generated by the plane-
symmetric co-flow microchannel and b a microscopic image of the
droplets
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the nozzles E1 and E2, the droplet size decreases with increas-
ing the driving pressure from 5 to 30 kPa, which is a typical
characteristic of the dripping regime (Fu et al. 2012; Deng
et al. 2017). As the pressure is increased further, the droplet
size begins to increase slightly, indicating the onset of the jet-
ting regime (Utada et al. 2007; Zhu et al. 2016). However,
with the thinnest nozzle E3, the droplet size does not follow
the above dependency to the driving pressure. Interestingly,
the droplet diameter increases and then decreases with the
applied pressure. This result suggests that the droplet genera-
tion mechanism with a thin nozzle is different from that of
conventional co-flow geometry.

It should be mentioned that the previous study using thin
expanding nozzles noted that the droplet size is independent
of the flow rate (Amstad et al. 2016). With the help of the
numerical simulation, they could find that the droplet genera-
tion is driven by the instability of the interface, and, therefore,
the droplet size depends only on the nozzle geometry.

The diameter of the droplets generated with the thin nozzle
E3 at lower pressure (shown in Fig. 8) is 101 pm, and its ratio
to the minor axis (b,) of the elliptical nozzle is 4.81. This ratio
is close to 4.51 above which the instability develops (Ray-
leigh 1878). Therefore, the result suggests that the instability
characterizes the droplet size in this regime. As the pressure
increases, however, the droplet diameter increases. This transi-
tion is likely to be due to the interplay between the instability,
interfacial tension, viscous force and inertia effect. At higher
pressure, the droplet size decreases with the pressure, similar
to the other cases with E1 and E2.

It is worth noting that across all considered cases, the CV
values of the droplet size remain below 1%. Table 2 compares
the result with other recently developed co-flow devices.

3.3 Modeling and simulation

In the dripping regime, the droplet size can be estimated using
a simple model which considers the balance between interfa-
cial tension and viscous drag force (Umbanhowar et al. 2000).
The balance equation reads

hy = 3m](d - Dn) (v - vd), ?3)

where £ is the perimeter of the nozzle, y is the interfacial
tension, # is the viscosity, d is the droplet diameter, D, is the
diameter of the nozzle, v is the mean velocity of the outer
phase, and v, is the droplet velocity. The right-hand side
of the equation represents the drag force approximated by
Stokes law. Particularly in this study, the nozzle has elliptical
cross section, and, therefore, it is unclear how to define the
diameter D,. One might introduce hydraulic diameter, but
we found that the experimental result can be better fit using
the length of major axis, 2a,.
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Fig.8 Effect of the driving
pressure and nozzle shape on
the generated droplet size

Fig.9 Microscopic images of

the elliptical nozzles
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Table 1 Dimensions and areas of the elliptical nozzles

Nozzle a, (pm) b, (pm) Area (um?)
El 81 33 8397.5
E2 84 30 7916.8
E2a 85.7 27 7272.9
E2b 87.9 24 6631.4
E3 89 21 5871.6

B2

Table 2 Recently developed co-flow capillary microchannels and the
size of droplets generated in dripping regime

Reference Droplet CV (%) Note
diameter
(nm)
Zhu et al. (2016) ~100 2 Vibration-induced
fluctuation
Zhang et al. (2021)  200-500 3 3D printed device
Present study 100-140 1 Elliptical nozzle
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Assuming that v; < v, one can arrive at the following
simple model (Umbanhowar et al. 2000):

d=2a,+ 21
=2a,+ —.
Rl )
The outer phase velocity can be written as v = %, where

out

Q,.; 1s the outer phase volumetric flow rate and A, is the
cross-sectional area of the outer capillary channel. Assuming
the flow is fully developed laminar, one may introduce the
Poiseullie law, O, ~ |P|. After introducing some fitting
parameters, the model is rewritten as follows:

p

d=aa, + P ®)
where « and f are the fitting parameters. The model is fitted
to the experimental data for nozzle E1 (Fig. 8), and the fitted
parameters are @ =1.347 and f =86.71 kPam, respectively.
The model predictions for the other nozzles of E2 and E3
are shown in Fig. 8. The model agrees with the experimental
data for the case with nozzle E2.

However, the experimental result with nozzle E3 shows
some discrepancy with the model prediction, especially at lower
pressure condition. The droplet size is much smaller than the
prediction by the model. As discussed before, this suggests that
the droplet generation mechanism with the elliptical nozzle can
be different from that of the conventional co-flow devices.

To better understand the effect of nozzle shape on the
droplet diameter, numerical simulation is carried out using
the Surface Evolver (Brakke 1992). This simulation solves
the equilibrium state of the interface by minimizing the total
energy of the system under a given condition, and it does
not take the hydrodynamic effect into account. In this study,
we examine if the nozzle shape can affect the equilibrium
shape of the droplet, assuming a quasi-static state. Five dif-
ferent nozzles are considered as shown in Table 1, where
nozzles E2a and E2b are added to better represent the result,
and their dimensions are determined by linear interpolation
between the dimensions of E2 and E3.

Details of the numerical procedure is similar to the pre-
vious work (Rayner et al. 2004), but one more constraint is
imposed to consider the confinement effect due to the pres-
ence of outer capillary. The droplet is always in contact with
the elliptical edge of which dimension is shown in Table 1,
and the contact angle of 90 degree is applied. The interfacial
tension of 0.01 N/m is applied. The diameter of the outer
capillary is 130 pm. The Surface Evolver successively solves
the equilibrium state while the droplet volume is increased.
The stability of the droplet is examined at each incremental
step using eigenvector analysis, from which we can find the
maximum stable volume of the droplet.

Figure 10 shows the simulation result, and the droplet
size generally decreases as the nozzle becomes thinner. The

@ Springer

droplet diameter is limited up to 130 pm which is because of
the constraint due to the outer capillary. For the thin nozzle
E3, the droplet diameter is 72 pm which is smaller than the
experimental data of 101 pm in Fig. 8. Considering that the
force balance model of Eq. (3) predicts much larger droplet
size than the experimental result, the simulation result sug-
gests that the droplet generation mechanism with the thin
nozzle involves instability of the interface, as discussed
above. In other words, with the thin nozzle E3, the decrease
of the droplet size as the pressure is decreased as shown in
Fig. 8 could be due to the instability of the interface.

3.4 Effect of the flow rate

Two syringe pumps are used for precise control of the flow
rates of each phase. Figure 11 shows the microscopic images
of the droplet generation under different flow rate conditions
(see also the supplementary videos). In this dripping regime,
the droplet size decreases as the relative velocity of the outer
phase increases. This is because the increased outer phase
could drag the inner phase into a thinner stream. Similarly,
the droplet size decreases as the total flow rate increases while
the flow rate ratio is fixed, as can be explained by the balance
between the interfacial tension and viscous drag force (Tan
et al. 2004; Utada et al. 2007). The average droplet diameters
for different flow rate conditions are summarized in Fig. 12.
Within the considered range of flow rates, the droplet size
could be precisely controlled, spanning from 100 to 500 pm.

3.5 Synthesis of porous microspheres

Porous gel microspheres with three-dimensional structures
provide effective environment for cell growth and prolifera-
tion, and thus their fabrication has been of practical interest
in the field of 3D cell culture (Huang et al. 2018). Compared
to the emulsification method, the microfluidic approach can
offer an advantage regarding the uniformity of the micro-
spheres (Amoyav and Benny 2019). Leveraging the present
plane-symmetric co-flow device, porous polymer micro-
spheres are manufactured in this study.

Paraffin oil containing 10% of surfactant (Span-80) is
used as the continuous outer phase. The inner phase is pre-
pared by dissolving 1 g of methacrylate gelatin in 10 mL of
phosphate-buffered saline (PBS) solution containing 0.25%
(w/v) of the lithium phenyl-2,4,6-trimethylbenzoylphosph-
inate (LAP) photoinitiator at 40 °C. A vacuum pressure of
— 5 kPa is applied and the generated droplets are exposed
to UV light of a wavelength of 405 nm for 30 s to crosslink
and solidify the methacrylate gelatin. The microspheres are
collected and then eluted with n-hexadecane, surfactant, and
deionized water to obtain purified polymer microspheres.

The microscopic image of the UV-crosslinked gel parti-
cles is shown in Fig. 13. The mean diameter of microspheres
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Fig. 10 Surface Evolver simulation results for different nozzle shapes: a droplet shapes of the maximum stable volume and b their diameter

is 211 +2.82 pm (CV =1.33%; PDI=1.00053). The lyophi-
lized microspheres are observed under a scanning electron
microscope (SEM, PhenomWorld Co., Ltd., China), and it is
found that the microsphere has a porous structure accompa-
nied by a certain degree of shrinkage deformation. The mean
diameter of the lyophilized porous polymer microspheres is
150 £5 pm (CV =3.33%; PDI=1.0033), and the pore size is
about 20 to 40 pm, which is enough to hold a stem cell. The
porous structure of the microcarrier may regulate cell attach-
ment, proliferation, migration, and cell—cell interactions, and

provide larger spaces for nutrients, oxygen, and waste prod-
uct diffusion.

4 Conclusions

A novel plane-symmetric co-flow capillary device is pro-
posed, and its performance of generating highly mono-
disperse droplets is investigated. The out and inner capil-
laries could be fabricated by hot stretching and V-cutting
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Qin=0.5 pL/min

Qin=0.2 pL/min
Qout/Qin=1

100-pm

Fig. 11 Microscopic images of the droplet generation for different
flow rate conditions (see also the supplementary videos). Q,,, and Q;,
are, respectively, the outer (oil) phase and inner (water) phase flow
rates

e ——

processes, respectively. The dimensions of the contrac-
tion—expansion microchannel and elliptical nozzle could be
tailored by varying the processing parameters so that the two
capillaries can be assembled simply by inserting the inner
capillary into the outer one. Especially the elliptical nozzle
of the inner capillary assists the self-alignment at the center
of the outer capillary, which enables simple assembly of the
capillaries.

The proposed microfluidic device could generate highly
monodisperse droplets with a coefficient of variance of
less than 1%, reflecting the stability of the device. We
could control the mean diameter of the droplets from 100
to 500 pm while the small CV value is maintained. As an

Fig. 12 Effect of flow rates on

the droplet size. Q,,, and Q;, 500 A 2
are, respectively, the outer (oil)
phase and inner (water) phase
flow rates

400 A L

300 A

Droplet diameter (pm)

200 A

100 A

—— Model fit

""" Model prediction
¥ Exp Qin = 0.5 pL/min
X Exp. Qin = 0.2 pL/min

Fig. 13 Microscopic image

of the polymer droplets (left)
and SEM image of the porous
microspheres after solidification
(right)
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example of the practical application of the device, we suc-
cessfully produced porous polymer microspheres.

Especially, it was found that the droplet generation
mechanism with the elliptical nozzle can be different
from the conventional co-flow geometry with a circular
nozzle. The experimental result for lower driving pres-
sure condition suggested that the droplet size is affected
by the instability of the interface when the nozzle has a
thin cross-section. To examine the effect of nozzle cross-
sectional shape on the droplet size, numerical simulation
was carried out using the Surface Evolver. The droplet
size generally decreased as the nozzle becomes thinner,
suggesting that the decrease of the droplet size as the noz-
zle becomes thinner could be due to the instability of the
interface.

The proposed device consists of polymeric capillar-
ies and adhesives, and, therefore, it can be easily manu-
factured at a low cost while it is shown to be robust and
stable enough without suffering from failure or leakage
issues during droplet generation. In addition, the present
device allows a larger gap between the two capillaries, so
we expect that the flow resistance and hydraulic pressure
in the outer stream can be much reduced compared to the
conventional co-flow capillary where the outer diameter
of the inner capillary must match the inner dimension
of the outer square tube. Extending the current device
to a parallel system with multiple capillaries would be
straightforward.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10404-023-02703-x.
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