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Abstract Here we report novel micro-PIV measure-
ments around micron-sized objects that are trapped at
the centre of a stagnation point flow generated in a
cross-slow microchannel using real-time control. The
method enables one to obtain accurate velocity and
strain rate fields around the trapped objects under
straining flows. In previous works, it has been assumed
that the flow field measured in the absence of the object
is the one experienced by the object in the stagnation
point flow. However, the results reveal that this need
not be the case and typically the strain rates experi-
enced by the objects are higher. Therefore, simultane-
ously measuring the flow field around a trapped object
is needed to accurately estimate the undisturbed strain
rate (away from the trapped object). By combining the
micro-PIV measurements with an analytical solution by
Jeffery (1922), we are able to estimate the velocity and
strain rate around the trapped object, thus providing a
potential fluidic method for characterising mechanical
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Electronic Supplementary Information (ESI) available:
We provide the culture growth and maintenance conditions
(EST section 1); simulation of the control system to trap
a target object (section 2); analytical solution of the flow
over an ellipsoidal object immersed in a creeping straining
flow (section 3); Videos of trapping a single filament of A.
circinalis (movie S1), and particles flowing around a single
filament (movie S2) are also provided.

properties of micron-sized materials, which are impor-
tant in biological and other applications.

Keywords Microfluidics - Microfluidic trap - Micro-
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1 Introduction

Hydrodynamic-based microfluidic traps have been
widely used to confine and manipulate micron-sized
objects in an extensional (stagnation point) flow
in cross-slot microchannels. This microfluidic plat-
form is used as a valuable tool in the fields of
biology and engineering to carry out single cell
analysis and study the dynamics of other micron-
sized objects (Johnson-Chavarria et al., 2011, 2014;
Tanyeri and Schroeder; Tanyeri et al., 2010, 2011).
Typically, there are two aspects of the hydrodynamic-
based microfluidic trap; first, to control and trap the
micron-sized objects in the flow, and second, the char-
acterisations of the flow itself, are studied separately.
For trapping, the conventional method involves using
a video camera that monitors a micron-sized object in
the microfluidic device and adjusting pressure in an on-
chip membrane valve as a feedback loop to ensure that
the object remains trapped at the zero-velocity (stag-
nation) point of the extensional flow (Tanyeri et al.,
2010). The flow characterisation, the other aspect of
the platform, is carried out by numerical simulation
or using micron-resolution particle image velocimetry
(micro-PIV) measurements of the flow inside the mi-
crofluidic device, however, with the object absent. In
fact, simultaneous trapping of objects and velocity mea-
surements is challenging because both require their own
illumination, optics and camera focused on the micron



sized objects. Consequently, it is usually assumed that
the flow field measured in the absence of the object is
the one experienced by the object, though this need
not be the case depending on the object size relative to
the channel dimensions. Most of the efforts on this type
of trap have concentrated on improving the ability to
confine the objects, which include increasing the trap
stiffness and residence time and they have relied on the
flow characteristics of the extensional flow with the ab-
sence of the target objects. However, in this study, we
develop a unique method that enables one to obtain
the flow characteristics in-real time while a single tar-
get is trapped in the flow. This enables one to calculate
more precise information regarding the flow parameters
including the strain rate experienced by the trapped
objects. We find that trapped objects change the flow.
As such, velocity field measured in the absence of the
object may not represent the correct flow field in the
microfluidic device.

Over the last two decades, advances in mi-
crofluidic technology have enabled researchers to
trap and immobilise nano- and micron-sized ob-
jects such as single micro-particles, cells and macro-
DNA molecules using different types of microfluidic
traps such as magnetic (Gosse and Croquette, 2002;
Lee et al., 2004), optical (Ashkin et al., 1986; Grier,
2003; Yang et al., 2009), acoustic (Bernassau et al.,
2014; Hertz, 1995; Qiu et al., 2014) and hydrodynamic
traps (Tanyeri et al., 2010, 2011). Amongst the traps
mentioned, the hydrodynamic trap solely utilises hy-
drodynamic forces for confinement of a micron-sized
object in a flow, whereas the others are dependent on
external forces such as magnetic, acoustic and optical.
Therefore, a hydrodynamic trap is the best option to
conduct micro-biological experiments when similarity
of the flow to their natural habitat is required.

The first hydrodynamic trap was in a four-roll
mill (Taylor, 1934), which is suitable for trapping
millimetre-sized objects. It is not a suitable platform
for confining micron-sized objects due to the difficulty
of maintaining a fixed location of the stagnation point
within one micron (Akbaridoust et al., 2018).

Another apparatus that can produce the same type
of flow as Taylor’s four-roll mill is a cross-slot channel
(schematically shown in figure 1). Cross-slot channels
consist of two co-linear converging inlets, and two di-
verging outlet laminar streams orthogonal to the inlet
flows. The two inlet laminar flows meet at the inter-
section of the cross-junction, where a two-dimensional
extensional flow with a zero-velocity (stagnation) point
and hyperbolic streamlines are generated. The veloc-
ity equations of a pure stagnation point flow are given
by w = vz, v = —~y, where y is the strain rate of

the flow. Ideal straining stagnation point flow has hy-
perbolic streamlines (zy=const.) and spatially uniform
strain rate (y=const.).

Fig. 1: Schematic of a cross-slot channel.

1.1 Trapping of objects in cross-slot microchannel

In the 1990s, with the emergence of microfluidic devices,
cross-slot microchannels were used to trap micron-
sized objects such as DNA molecules in a stagna-
tion point flow. However, this was limited to short-
term confinement of the target (Perkins et al., 1997) as
the stagnation point is a semi-equilibrium stable point
(Tanyeri et al., 2010). Later, relatively longer confine-
ment of single objects was achieved using human-
facilitated control systems in cross-slot microchannels
(Dylla-Spears et al., 2010; Schroeder et al., 2003, 2004;
Xu and Muller, 2011).

Over the last several years, using an image-based
active control system, long-term trapping of a sin-
gle micron-sized object became possible. Schroeder
and co-workers (Johnson-Chavarria et al., 2011, 2014;
Latinwo et al., 2014; Liet al., 2015; Shenoy et al.,
2015; Tanyeri and Schroeder; Tanyeri et al., 2010,
2011) developed an image-based microfluidic hydrody-
namic trap in the straining flow of a cross-slot mi-
crochannel for high-resolution confinement of single
micron-sized objects. To tackle the Brownian motion
and to achieve long-term confinement of micron-sized
beads, Tanyeri et al. (2010) implemented an on-chip
membrane valve (filled with a pressurised gas) on one
of the outlets of the cross-junction of the microfluidic
device to control the position of the stagnation point.
Johnson-Chavarria et al. (2011) demonstrated the fab-
rication of the double-layer microfluidic device used in
this type of microfluidic trap and visualised how to op-
erate the trap. Tanyeri et al. (2011) comprehensively
presented the design and implementation of the con-
trolled hydrodynamic trap and characterised the effect
of various parameters used in fabrication of the mi-
crofluidic device and the dimensions of the device on
the time response of the membrane valve. Curtis et al.
(2011) simulated the flow and the control system in a



cross-slot microfluidic device with a considerably lower
computational cost in comparison with conventional
simulations to propose an apparatus for cell sorting.
Johnson-Chavarria et al. (2014) used an adaptive con-
trol algorithm to achieve longer trapping and they con-
fined an Fscherichia coli cell, to investigate the ef-
fect of cell growth environment by observation of the
cell growth dynamics, intracellular diffusion proteins
and gene expression. The same basic concepts of the
trapping were used by Shenoy et al. (2016), in a mi-
crofluidic device with more inlets and outlets to pro-
duce a double-stagnation point flow to simultaneously
trap multiplexed particle manipulation (called a Stokes
trap).

Recently, cross-slot microfluidic devices were
used as means of single-cell Mechanophenotyping
(Cha et al., 2012; Gossett et al., 2012; Henon et al.,
2014; Henry et al., 2013). For a high throughput of 2000
cell/s, Gossett et al. (2012) and Henry et al. (2013) ap-
plied very high strain rates (about 10° s71) for a high
throughput of 2000 cell/s. Using an inertial focusing
technique and a high speed camera, they observed and
characterised the cell deformability at the cross-slot
junction. However, the residence time of the sample
was O(107° s). The method is therefore not suitable

for long-term straining flow exposure to target objects.

1.2 Velocity measurements in cross-slot microchannel

Researchers have measured the velocity field by either
tracking a few particles (Tanyeri et al., 2010), or to ac-
quire more precise results, others have measured veloc-
ity and strain rate fields using micro-PIV (Akbaridoust,
2017; Akbaridoust et al., 2018; Alicia et al., 2016;
Pathak and Hudson, 2006; Ulloa et al., 2014). Some
have obtained the flow field in the cross-junction us-
ing numerical simulations (Dylla-Spears et al., 2010).

In none of the studies of cross-slot microchannels,
micro-PIV measurements have been carried out simul-
taneously while a micron-sized object is trapped, and
all the researchers relied on the velocity strain field of
the flow with the absence of the trapped objects. Si-
multaneous flow measurements while a target object is
trapped (presented in this work) is crucial when rel-
atively large objects are trapped (De Loubens et al.,
2015; Gossett et al., 2012), as the average flow strain
rate is higher than flow strain rate with the absence of
the target, due to obstruction from the target object.

1.3 Present investigation

In our previous work (Akbaridoust et al., 2018), we sys-
tematically measured the velocity fields at relatively
high strain rate of up to about 140 s~ for different flow
rates using micro-PIV and fully characterised the flow
to identify the uniform strain rate region. In this work,
by modifying the image-based active control technique
in cross-slot microchannels we trap single objects in
the straining flow (hydrodynamic trap), and simultane-
ously measure the velocity field using micro-PIV around
micron-sized objects while being trapped in the stagna-
tion point. This enables one to calculate the stretching
and compressing forces on the filament. It also opens
up new vistas of characterising mechanical properties of
micron-sized objects. No such measurements have been
carried out while a micron-sized object was confined
at the stagnation point and all previous studies were
based on the measurement of the ideal flow with the
absence of the trapped object. Here, we trapped and
measured the velocity around filaments of Anabaena
circinalis (recently renamed Dolichospermum circinale
by Wacklin et al. (2009)), of the cyanobacteria species,
which is a cause of significant water contamination
worldwide (Cook et al., 2010). In addition to A. circi-
nalis, we grew, trapped and exposed the green alga,
Dunaliella tertiolecta (the single-celled motile marine
species) to demonstrate the capability of the microflu-
idic trap to confine both motile and non-motile microor-
ganisms and compare the results with the simulation of
the microfluidic trap. Although interesting, in this pa-
per we do not focus on the effects of strain rate on the
waterborne microorganisms.

2 Fabrication of microfluidic device

Double-layer microfluidic devices were fabricated with
features shown in figure 2 using soft lithography. The
height and width of the channel are 40 and 400 pm re-
spectively (an aspect ratio of o, = h/w = 0.1). The fab-
rication protocol of a double-layer microfluidic device
(a cross-slot microchannel with an on-chip membrane
valve) is thoroughly detailed in Akbaridoust et al.
(2016) and Johnson-Chavarria et al. (2014). The black
features in figure 2 indicate the fluidic channel (cross-
slot microchannel) and the red features indicate the
control channel (on-chip membrane valve). The pro-
tocol suggested by Johnson-Chavarria et al. (2014)
was used to manufacture negative photo-lithographic
chrome masks for fluidic and control channels us-
ing maskless lithography. This step was followed by
the fabrication of two master moulds using contact-
lithography. The master moulds were comprised of SU-8



cured onto silicon substrates. By casting PDMS against
the master moulds, the microchannel features on the
moulds were replicated on the PDMS slab. Afterwards,
the control channel PDMS replica was peeled off its
mould and aligned on the fluidic channel PDMS replica
and both were then baked overnight. Finally, the com-
plete PDMS slab was peeled off the mould and plasma-
cleaned with oxygen and bonded irreversibly to a cover-
slip to form a sealed microfluidic device.
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Fig. 2: Cross-slot microchannels fabricated in this work
(black: fluidic channel, red: control channel)

3 Basic concepts of the controlled microfluidic
hydrodynamic trap

Functioning of the microfluidic trap is based on the
active flow manipulation of the stagnation point to
confine objects at the centre of the cross-junction mi-
crochannel. Here, a flow-based technique, introduced
by Tanyeri et al. (2010), was employed to confine mi-
croorganisms at the stagnation point, thereby expos-
ing them to long-term straining flow. This method is
an image-based control technique in which the stag-
nation point is actively repositioned using an on-chip
membrane valve to push a target object towards the
centre of the cross-slot channel/centre of the trap. In
this study, due to the limited resolution of the cam-
era (necessary to decrease the delay time in real-time
control) and the shape of the objects, detecting the
connections of the filaments of A. circinalis (See ESI
section 1 for culture growth and maintenance condi-
tions) is challenging. Therefore, a different image pro-
cessing method compared to Tanyeri et al. (2010) was
used. In Appendix A, we describe the mechanism of
the hydrodynamic microfluidic trap including continu-
ous stagnation point repositioning (A.1), automation of
the stagnation point repositioning (A.2), feedback con-
trol algorithm (A.3) and inline image processing (A.4).

4 Experimental setup - controlled microfluidic
hydrodynamic trap

A programmable syringe pump (Harvard PHD UL-
TRA) was used to deliver the buffer and sample fluids
(e.g. MLA medium containing A. circinalis) into the
microfluidic device through a 1000 and 250 pL gas-tight
glass syringes (Hamilton), respectively. Bent metal tub-
ing (24 gauge, zephyrtronics) and Luer lock adaptors
(Upchurch) were used to establish the connection be-
tween the inlets of the microfluidic device and syringes
via the PFA tubes (0.020 in ID, 1/16 in OD, IDEX)
respectively. A manual micro shut-off valve (1/16 in
OD tubing, Upchurch) was used to block the injection
port after a target is trapped in the cross-junction. The
same metal tubing and PFA tubes were used to estab-
lish the connection between the microfluidic device and
the drain reservoir and also to establish the connec-
tion between the electronic pressure regulator and the
control channel (on-chip membrane valve). The outlet
tubes were of equal length and both were submerged
into a sample container, thereby maintaining a constant
pressure drop in the outlets. An essential oil was used
to fill the control channel to avoid permeating the Ni-
trogen to the fluidic channel, which disrupts the water
flow and control system.

The microfluidic device was mounted onto an in-
verted TI-U Eclipse Nikon microscope equipped with
a stage-up configuration (two filter block turrets), in
which simultaneous imaging with two cameras was pos-
sible. This configuration enables streaming the images
using a low resolution and relatively high frequency
camera to control the flow, and simultaneously acquir-
ing high definition movies using a DSLR camera. For
the control, a low-resolution monochrome PointGery
camera (Blackfly 0.3 MP, GigE PoE) capable of stream-
ing images at 90 fps at full resolution was coupled to
back port of the microscope using a 0.5x relay lens.
For video acquisition, a Nikon D800 camera was used
to acquire high resolution (1080p) colour images at 30
fps.

Images were acquired through a 20x objective lens
(CFI S Plan Fluor ELWD). A filter cube holding a
50/50, 45° mirror was placed into one of the microscope
turrets to split the light between the two cameras. No
extra light source was used to illuminate the flow for
imaging apart from the ambient room lights.

The microfluidic trap is controlled by a custom-built
MATLAB code in which inline image processing and
online controlling of the devices are carried out (see
Appendix A 4 for the inline image processing). The con-
trol camera (PintGrey) that is directly controlled in the
MATLAB environment takes an image of the cross-slot



junction when required and streams it to a computer.
To control the electronic pressure regulator and the sy-
ringe pump, an Arduino UNO controller board was em-
ployed (see Appendix A.3 for the feedback control al-
gorithm). The controller is used to send 0-5 volt digital
signals from MATLAB through its pulse-width modula-
tion (PWM) pins. The signal is amplified to a 0-10 volt
signal, suitable for the input of the pressure regulator.

To pressurise the control channel, a 2000 psi Nitro-
gen tank was used. Using a manual valve the pressure
at the outlet of the tank is reduced to 33 psi, suit-
able for the inlet of the electronic pressure regulator.
A high resolution electro-pneumatic pressure regula-
tor (Proportion-Air, QPV series) with an accuracy and
resolution of +0.2% and +0.005%, respectively, at full
scale was calibrated to provide the outlet pressure at
0-30 psi. This covers the range of the required pres-
sure in the trap simulation explained in ESI section 2.
However, the pressure regulator is capable of respond-
ing for a pressure change of 1 psi, within 5 and 11 ms
when pressurising and relieving the pressure, respec-
tively. This leads to an upper limit of roughly 90 Hz (the
same as the camera frequency) for the response time,
given that one only needs to change the pressure by 1
psi to keep a particle at the stagnation point. However,
according to the simulation of the microfluidic trap (see
EST section 2), after the initial confinement of a target,
less than 0.5 psi is sufficient to trap the targets.

4.1 Experimental procedure

In contrast with previous studies that either confined
micro-sized objects (e.g. Tanyeri et al. 2010) for long
time scales (minutes to hours) and low strain rate
(about 1 s71) or short time scales (De Loubens et al.,
2015) (a few milliseconds) and high strain rate (about
500 s!), here we achieved the confinement of the
micron-sized objects at relatively high strain rates (up
to 42 s71) for a relatively long time (up to an hour). This
was conducted by programming and synchronising the
pump with other equipment and gradually increasing
the flow rates using different step functions (see Ap-
pendix A for the full details of microfluidic operation
including feedback control system (A.3), inline image
processing (A.4) and calibration of the trap (A.5)).
Prior to operating the control system, the syringe
pump delivered the fluid through the buffer inlet port
at a high flow rate (4000-5000 pL/hr) for about two
minutes. Delivering the fluid to the micro-channels at
high flow rates assists in removing bubbles from the
channels. The flow rate was gradually decreased to 50
uL/hr. Prior to injecting the targets, the control system
was operated to compute the background (cross-region)
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Fig. 3: Flow rate and strain rate variations to be applied
in the microfluidic trap after confining a target object.

and then the shut-off valve was manually opened to
inject the targets. Once a target was trapped, the
valve was closed manually. After about one minute of
trapping, the flow rate was either kept unchanged or
was increased using the functions (case 1, 2 and 3)
shown in figure 3. The right-hand side axis of the fig-
ure shows the strain rate of each flow rate obtained
from micro-PIV experiments in the cross-slot channel
with the absence of target objects (Akbaridoust, 2017;
Akbaridoust et al., 2018). The three functions were de-
fined within the pump inbuilt-interface The pump was
connected to the Arduino controller, thereby sending
signals to MATLAB and recording the exact time of
triggering the flow rate functions.

5 Simultaneous micro-PIV measurement and
real-time control in the hydrodynamics trap

In the microfluidic trap, the necessity of having a rel-
atively large field of view in the control camera (i.e.
the whole cross-junction) limits the use of high mag-
nification microscope objective lenses. Therefore, it is
not possible to simultaneously control the flow in the
cross-slot channel and measure the velocity field with
high resolution near the trapped object’s body. More-
over, classical micro-PIV measurement techniques are
limited to measuring a two-dimensional velocity field.
Hence, apart from the PIV results, we adopt the ana-
lytical solution of the flow around an ellipsoidal-shaped
object in the straining flow to obtain the velocity fields.
However, it should be noted that one cannot solely rely
on the analytical solution of the straining flow over an
object, as analytical solution requires the strain rate
of the undisturbed flow (away form the trapped ob-
ject). Although, in previous works, researchers assumed
that when the objects are trapped, the strain rate in
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Fig. 6: Photograph of the simultaneous micro-PIV and real-time control experimental setup. 1: Double-pulsed
laser, 2: Aligning mirrors, 3: Control camera, 4: Beam expanding lenses, 5: Pulse generator, 6: Inverted micro-
scope, 7: Drained fluid container, 8: T-junction connectors, 9: Microfluidic device, 10: LumeCube light source, 11:
Control channel plug, 12: PFA tubing, 13: Double syringe pump, 14: Manual micro shut-off valve, 15: Syringes
and connectors, 16: Electronic pressure regulator, 17: Controller and amplifier, 18: PIV camera

the flow is the same as the strain rate of the flow
with the absence of the target objects, the trapped
object may change the flow (De Loubens et al., 2015;
Gossett et al., 2012). In the case of trapping of rel-
atively large objects such as Anabaena circinalis the
average flow strain rate (obtained from the experi-
ments in this work) is higher than flow strain rate
with the absence of the target (Akbaridoust, 2017;
Akbaridoust et al., 2018), due to obstruction from the
target object. Hence, using the new micro-PIV mea-
surements we obtain the strain rate with the pres-
ence of the target object and substitute it in the an-
alytical solution of the flow over an ellipsoidal object
immersed in a creeping straining flow, presented by
Jeffery (1922) (see ESI section 3). A combination of
the micro-PIV and analytical solution removes the lim-
itation of increasing the resolution of the simultaneous
micro-PIV in the controlled straining flow. It should be
noted that, one can use 3D Particle tracking Velocime-
try (PTV) using a defocused method (Barnkob et al.,
2015; Rossi and Kéhler, 2014) to avoid using analyt-
ical solution, However, the same fundamental optical
setup must be used to conduct simultaneous velocity
measurement and trapping, and long-term trapping is
necessary to acquire enough velocity data points from
PTV.

Simultaneous trapping of objects and micro-PIV
measurements is challenging because both require their
own illumination, optics and camera focused on the mi-

cron sized objects. Employment of a specific wavelength
separation enabled us to combine a classical micro-PIV
and microfluidic trap setups. The limitations of a sim-
plistic combination of these two setups have been de-
tailed in Appendix B.

5.1 Experiments

All the components in the microfluidic trap experi-
mental setup explained above and a micro-PIV setup
(Akbaridoust et al., 2018) were used except for a few
minor changes. As can be seen in figure 4, a filter cube
including the 45°, 50/50 mirror (that splits light to
the control camera and PIV camera) and a single-band
bandpass filter (420-480 nm, Semrock) was placed into
the upper turret of the microscope. While, the epifluo-
rescent cube (G-2A) filter was placed into the bottom
turret of the microscope. Figure 5 shows the diagram of
the fluorescent intensity of the particles and the trans-
mittance of the filters that is used to simultaneously
conduct micro-PIV measurement and real-time control
experiment in the microfluidic trap. Using the specifica-
tions of these filters, mirrors and particles enables one
to conduct simultaneous micro-PIV and trapping. The
DSLR camera in the hydrodynamic trap experiments
was replaced by a high speed /PIV camera (2000 x 2000
pixels, 12 bits, PCO.dimax HS4), capable of recording
images at 2277 fps at full resolution.



As it is impossible to filter the ambient room lights,
in order to filter the light wavelengths of the constant
light source, instead of using the ambient room lights, a
LumeCube light source (0-1500 Lumens) with the same
single-band bandpass filter (420-480 nm, Semrock) used
in front of the 50/50 mirror was used to illuminate
the flow. Figure 6 shows a photograph of simultane-
ous micro-PIV and real-time control experimental setup
and its components used in this work.

The 1000 uL syringe (connected to the buffer in-
lets) was filled with water and seeding particles (one
micron diameter red fluorescent polystyrene aqueous
microspheres, ThermoFisher Scientific), and the 250 puL
syringe (connected to the injection port) was filled with
the culture medium. To illuminate the seeding particles
for micro-PIV, a 532 nm Nd:YAG double-pulsed laser
(200 mJ per 9 ns pulse, EverGreen - BigSky Laser Se-
ries) that is attenuated and able to double-pulse at 15
Hz was used. The same procedure in trapping was used
to run the microfluidic trap and micro-PIV measure-
ments. The pump was operated at a constant rate of 50
puL/hr (Case 1 in figure 3).

6 Results and discussions

Figure 7 shows three partially overlaid images of the
A. circinalis strain (ACMRO1) that entered the cross-
slot region and eventually was trapped in the cross-
slot centre (see Movie S1). The trajectory of the fila-
ment’s centre of mass is superimposed on the images
and compared with the estimated trajectory of an ob-
ject in the straining flow without active control (ob-
tained from micro-PIV results in our previous work
(Akbaridoust et al., 2018)). The experimentally mea-
sured trajectory of the target is also compared with the
simulated trajectory of the target entered at the same
position in the same flow rate/strain rate with the same
trap centre.

As previously mentioned, with the intention of
demonstrating the capability of the microfluidic trap
for confinement of both motile and non-motile target
objects, we also trapped D. tertiolecta species. Figure
8 shows a trapped D. tertiolecta cell and its trajectory
in the microfluidic device. The experimentally deter-
mined trajectory of the D. tertiolecta agreed well with
the simulation results (shown in figure 8), whereas a
discrepancy in the experimental results and numeri-
cal results can be seen in the case of the trapped A.
circinalis (shown in figure 7). The discrepancy might
be rooted in the fact that in the simulation, the tar-
get object is simulated by its centroid (a point mov-
ing in the straining flow). However, the relatively large

|
! \,
Y i
v
‘\
\
\
\\
“rag \‘\\\
% ——— \\\\
& - t=o5s e 1=0
t=15s g
$
| J
o Controlled trajectory of target’s centroid (experiment)
——-Controlled trajectory of target’s centroid (simulation)
— Un-controlled trajectory of target’s centroid Wl
~ (estimated usi -PIV iment e
\ (estimated using experiment) /35 m

Fig. 7: Three partially overlaid images of the con-
finement of the A. circinalis filament (ACMRO1) in
the cross-slot junction using active control system at
Q@ = 50 umL/hr and v = 2.3 s! (See Movie S1). The
experimentally measured target’s trajectory is shown
by blue circles, whereas the blue dash line shows the
numerically estimated target’s trajectory. The red dash
line shows the streamline of the flow with the absence
of the control system (obtained from micro-PIV exper-
iments).

size of the A. circinalis and its filamentous morphol-
ogy results in disrupting the hyperbolic streamlines of
the flow, whereas the Dunaliella, which is much smaller
than A. circinalis and spherical in shape, follows the
flow streamlines with less influence on them. Therefore,
there was less discrepancy between the simulation and
the experimental results.

6.1 Simultaneous micro-PIV results

Using the simultaneous micro-PIV and trapping
method in the cross-slot microchannels, the velocity
field around the trapped filaments were measured. Fig-
ure 9 shows an example of six overlaid image pairs cap-
tured by the PIV camera sensor while a filament of A.
circinalis was trapped in the cross-junction (see Movie
S2). For the purpose of displaying the image, the im-
age was post-processed and converted to a black and
white image. Therefore, the particles appear slightly
larger than the real size captured by the camera sen-
sor. Apart from the red tracer particles, images of the
blue-green A. circinalis filament were recorded by the
PIV camera sensor, in spite of the presence of the bar-
rier filter (that blocks all the wavelengths except red)
with the specifications shown in figure 5. This is due to
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Fig. 8: Eleven partially overlaid images of the confine-
ment of a Dunaliella tertiolecta in the cross-slot junc-
tion using an active control system at ) = 100 pmL /hr.
The experimentally measured target’s trajectory is
shown by white circles, whereas the black dash line
shows the numerically estimated target trajectory. The
red dash line shows the streamline of the flow with the
absence of the control system.

Fig. 9: An example of six overlaid image pairs while a
filament of A. circinalis was trapped in the cross junc-
tion (see Movie S2).

the existence of the chlorophyll in the A. circinalis fila-
ment. Although chlorophyll appears green when it ab-
sorbs white light, regardless of the light source, it emits
red wavelength as well (Hall et al., 1993). In the figure
it is noted that the filament is surrounded by a no par-
ticle/flow region (shown with the red dash line in figure
9) indicating the presence of mucilage around the fila-
ment. Cyanobacteria produce mucilaginous sheaths to
protect themselves from other deleterious microorgan-
isms (Amsler, 2008; Pajdak-Stés et al., 2001). As the
mucilage was not washed off from the filament while

exposed to the straining flow, we consider both the fil-
ament and the sheath a single solid object.

The same pre-processing, processing and post-
processing techniques used in our previous work
(Akbaridoust, 2017; Akbaridoust et al., 2018) were im-
plemented to calculate the velocity field in the cross-slot
junction of the microchannel.
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Fig. 10: Comparison of the ensemble-average velocity
vectors (black vectors) obtained from micro-PIV mea-
surement around a filament of the A. circinalis (shown
in figure 9) and the velocity vectors (red vectors) ana-
lytically obtained from Jeffery (1922) around an ellip-
soid.

To find the strain rate (), which is required to be
substituted in the analytical solution (see ESI section
2.2), the gradients of the velocity field away from the
trapped object is calculated using a least square fitting
method used in our previous work (Akbaridoust et al.,
2018). The calculated strain rate was v = 3.2 s7! at
Q = 50 uL/hr, whereas v = 2.3 s! at the same
flow rate with the absence of the trapped filament
(Akbaridoust et al., 2018) results in a change of about
40%. By substituting this value into the analytical so-
lution, the velocity field obtained from micro-PIV and
analytical solution are compared in figure 10. The black
vectors in figure 10 are the ensemble-average velocity
vector map in the cross junction around the trapped
filament shown in figure 9, while the red vectors that
match closely with the micro-PIV results show the an-
alytical solution by Jeffery (1922).

In order to more clearly show the agreement be-
tween the PIV results and analytical solution, the wu-
component velocity profile at y = 0 (along the compres-
sional axis) is plotted in figure 11 and also compared
with the velocity profile when the flow was not dis-
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Fig. 11: Comparison of the u-component velocity pro-
file at y = 0 (along the compressional axis) obtained
from micro-PIV measurements and analytical solution
(Jeffery, 1922) and pure straining flow.

turbed by the trapped filament. As can be seen, the gra-
dient of the measured velocity field is higher by about
40% than that of the velocity with the absence of the
trapped filament (u = ~z). This is due to the cross-
region being occupied by the trapped target, which in
turn reduces the cross-slot area, increases the flow speed
and hence the strain rate.

In addition to the strain rate of the flow far from
the object with about 40% deviation, the strain rate
in the whole cross-slot region was deviated from the
pure straining flow. Figure 12 shows the contour of the
strain rate around the object calculated from micro-
PIV measurements (figure 12a) and analytical solution
(figure 12b). The slight asymmetric contour map in fig-
ure 12a is due to the asymmetric shape of the filament
and the sheath that it is encapsulated with. The strain
rate contour reveal that the ellipsoidal object expe-
rienced a higher extensional force than compressional
force, where the strain rate in the extensional region is
about three times higher than that of the pure strain-
ing flow and in the compressional region is half of strain
rate in pure straining flow.

In our experiments we observe neither mechanical
damage to, nor any dramatic deformation in, the fil-
aments of cyanobacteria. Therefore, at present it is
challenging to obtain the mechanical properties of the
cyanobacteria from the experiments. However, one can
calculate the mechanical properties of an ellipsoidal ob-
ject using the present experimental setup and measure-
ment techniques if the object is deformed.

Strain Rate (pum/s)
0 1 2 3 4 5 6 7

0
@ (um)

(a) micro-PIV

-100 -50 0 50 100
@ (um)

(b) Analytical solution

Fig. 12: Spatial variation of the strain rate in the cross-
slot region around the trapped target.

7 Summary and conclusions

In this paper we reported the use of a fully quantified
stagnation-point flow in a cross-slot type microfluidic
device equipped with an image-based real-time con-
trol system and simultaneously quantified by micro-
PIV measurements.

In the first set of experiments, the microorganisms
were confined in the cross-slot type microfluidic device
using the image-based active control system. Using a
specific combination of image processing techniques re-
sulted in accurate detection and confinement of the fil-
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aments of A. circinalis. Due to the small size of the
cell connections in A. circinalis filaments and using a
camera with a low resolution (necessary to operate the
active control system at a high speed), the cell connec-
tions were not detectable by the control camera. Using
a morphologically close image-processing operation by
a rectangular-shaped structural element, we increased
the connectivity of the blobs without distorting them,
thereby computing the correct position of the centroid
of the target.

A large number of round motile (Dunaliella terti-
olecta) and filamentous (A. circinalis) non-motile mi-
croorganisms were successfully trapped for up to an
hour at the stagnation point of the controlled strain-
ing flow. Prior to the experiments we predicted the tra-
jectory of the target object in the controlled flow. The
experimentally determined trajectory of the D. terti-
olecta agreed well with the simulation results, whereas
for A. circinalis a discrepancy in the experimental re-
sults and numerical results was observed. The discrep-
ancy is likely due to the fact that in the simulation, the
target object is simulated by its centroid (a point mov-
ing in the straining flow). However, the relatively large
size of the A. circinalis and its filamentous morphology
results in disrupting the hyperbolic streamlines of the
flow, whereas the D. tertiolecta, which is much smaller
than A. circinalis and spherical in shape, follows the
flow streamlines with less influence on them.

In contrast with previous studies that -either
confined micro-sized objects for long time scales
(minutes to hours) and low strain rate (about

1 s') (Johnson-Chavarria et al., 2011,  2014;
Latinwo et al., 2014; Liet al., 2015; Shenoy et al.,
2015; Tanyeri and Schroeder; Tanyeri et al., 2010,

2011) or short time scales (a few milliseconds) and
high strain rate (about 500 s!) (Cha et al., 2012;
Gossett et al., 2012; Henon et al., 2014; Henry et al.,
2013), we achieved the confinement of the micron-sized
objects at relatively high strain rates (up to 42 s'!) for
a relatively long time (up to an hour). This was con-
ducted by programming and synchronising the pump
with other equipment and gradually increasing the
flow rates using different step functions. This enables
one to use this platform to study the effect of high and
long-term straining flow on single micron-sized objects.

In a second set of the experiments, micro-PIV mea-
surements and real-time control were simultaneously
carried out in order to measure the velocity field around
a trapped target. Two major problems were encoun-
tered by combining the two experimental setups (micro-
PIV setup and microfluidic trap setup). The first issue
was the disruption of the control camera by the laser
pulses that prevents the detection of a target object

in the micro-cross channel. The second issue was the
production of extremely bright background in the im-
ages acquired by the PIV camera sensor due to the con-
stant white light source, which precludes correlating the
recorded images.

We successfully implemented a modification to the
experimental setup to address the two issues explained
above. To tackle the first issue, we replaced the continu-
ous white light with a continuous blue light source (i.e.
filtering all the wavelengths except blue). Whilst, to ad-
dress the second issue, we filtered all the wavelengths
(except blue) incident on the control camera sensor. Us-
ing this arrangement, the control camera sensor does
not capture the laser pulses, and the PIV camera does
not acquire the bright background caused by the con-
stant light source.

Carrying out these experiments and combining the
experimental results with an analytical solution of flow
around an ellipsoidal object immersed in a straining
flow (Jeffery, 1922) enables one to accurately obtain
the velocity near the trapped target, regardless of the
micro-PIV resolution.

In the case of trapping relatively large objects such
as A. circinalis, the average flow strain rate (obtained
from the experiments) was higher than flow strain rate
with the absence of the target, due to obstruction from
the target object. The increase in the strain rate was
about 40%. However, this depends on the size of the ob-
ject compared to the dimensions of the cross-slot junc-
tion.
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Appendix A: Mechanism of the microfluidic hy-
drodynamic trap

A.1 Continuous stagnation point repositioning

If the two outlets of the cross-channel have the same flow re-
sistance, the inlet streams are equally bifurcated to the two
outlets . If there is a constraint on one of the outlets (e.g. the
constraint shown at the bottom outlet in figure A.la), the
outlet flow rates will no longer be the same because of the
inequality in the flow resistance of the outlets. Moreover, the
stagnation point is displaced towards the outlet with higher
flow resistance. Therefore, if the cross-section area of the out-
lets constantly varies, the stagnation point will be continu-
ously repositioned along the extensional axis.

In this work, repositioning the stagnation point (shown
in figure A.1b) is conducted by implementing a fixed width
constriction in one of the outlets, and a variable height con-
striction on the other (Tanyeri et al., 2010). The former is
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(c) The side A-A section of the channel in figure A.la and the
deflected membrane valve that constrained the height of the
channel.
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towards the top outlet in
figure A.la.

(a) The cross-slot junction
with a fixed width constric-
tion (bottom outlet) and a
variable height constriction
(the red feature on the top
outlet).

Fig. A.1: Different views of the cross-slot junction with the two fixed and variable constraints on the outlets and
the effect of the constraint on the stagnation point position and streamlines.
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(b) Once the centroid
of the object in fig-
ure A.2a is determined,
the control layer is pres-
surised and the stagna-
tion point and stream-
lines are displaced, this
resulted in forcing the
object to move towards

(c) After the target was
forced to move towards
the centre of the cross-
junction, by changing the
pressure in the control
channel the stagnation
point moves towards the
centre, too. Eventually,
both the stagnation point

channel centre.

and the target converged
at the centre.

Fig. A.2: The effect of displacing the stagnation point on the flow streamlines and the trajectory of an object in
cross-junction. The red ellipse, solid black circle, hollow circle and the hollow cross represent the target object, its
centroid, the stagnation point and the centre of the channel, respectively.

shown in the bottom outlet and the latter is shown in red on
the top outlet in figure A.la. Figure A.lc shows the section
A-A of the variable height constriction, known as an on-chip
membrane valve (in figure A.la), and how its deformation
constricts the height of the fluidic channel. The control chan-
nel is filled with pressurised gas, which results in the deflection
of the thin membrane, thereby constricting the height of the
fluidic channel. It is called the variable constriction because
changes in the gas pressure leads to changes in the deflection
of the membrane, and consequently constrict the channel at
different heights.

A.2 Automation of the stagnation point repositioning
to confine a target object at the channel centre

In the microfluidic hydrodynamic trap, when a target object
enters the cross-slot region (shown in figure A.2a), a camera
captures and streams the image of the cross-junction to a
computer. Using image processing methods the shape of the
object is determined and the position of the object centroid is
computed. Based on the location of the object in extensional
direction, the ratio of the outlet flow rates is changed and
consequently the stagnation point is repositioned. The repo-
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sitioning is carried out using the on-chip membrane valve,
which allows the flow streamlines to be manipulated. This
manipulation places the target object between the stagnation
point and the centre of the channel (shown in figure A.2b),
thereby exerting a hydrodynamic force on the target object
towards the trap centre. The manipulation results in placing
the object on a new streamline and moving the object towards
the channel centre. All of these steps are repeated until both
the target and the stagnation point converge in the centre of
the trap/channel (shown in figure A.2c), and at this stage the
pressure stays unchanged. However, if due to an external or
internal disturbance the target object is displaced from the
centre, the same procedure is re-applied forcing the object to
return to the centre.

A.3 Feedback Control algorithm

A linear feedback control algorithm was implemented to up-
date the pressure in the control layer and displace the stag-
nation point using (Tanyeri et al., 2010):

Pyai = Pee + Kp Kc ety (A.1)
where Py, is the pressure in the control channel (on-chip
valve), P is the required pressure to keep the stagnation
point at the trap centre. The proportional gain is presented
by Kp and it can be considered as a constant (Kp = —1.5)
and K¢ is a factor to convert pressure to distance. If there
is a linear relation between the pressure and the stagnation
point position, Ko will be a constant. The offset error (et+)
in equation A.l is defined as:

€ttt = Ytp — Yie, (A2)
which is the distance between the position of target (Yzp) and
trap centre (Y:.) along the extensional axis (shown in figure
A.2a). Figure A.3 depicts the flowchart of the steps employed
for confining a target object in the centre of the cross-slot
junction.

A4 Inline image processing

In this work, the foreground detection was carried out using
the “Computer Vision System” toolbox in MATLAB. This
includes acquiring the cross-region as the background and
comparing it with the image of the target in the cross-region.
Image comparison was followed by determining whether each
pixel belongs to the background (channel) or the foreground
(target). Before and after the foreground detection, image
contrast enhancement and some morphological operations
were carried out to improve in locating the accuracy the tar-
get’s centroid.

Figure A.4 depicts the implementation of the image pro-
cessing steps used in the present work to locate the centroid
of the A. circinalis filament. Firstly, the background image of
the region of interest (ROI) was acquired. This was conducted
prior to the filament entering ROI (partially shown in figure
A.4a). Figure A.4b shows a filament of the cyanobacteria in
the ROIL Upon acquiring the image of the target (filament)
the image contrast was enhanced to increase pixel intensity
of the filament (shown in figure A.4c). Afterwards, the fore-
ground was detected. Foreground detection requires defining

Acquire the image of the target entering cross-slot
junction

v

Identify the target using image processing methods

Update the pressure in the membrane valve based on
position of the target
v

Reposition the stagnation point so as to place the target
between the stagnation point and channel centre, thereby
exerting hydrodynamic force on the target towards the
trapping centre

Target at the trap centre

Increase flow rate to observe target’s behaviour

Fig. A.3: Algorithm for confining a target object in the
cross-slot region of the microchannel, which is schemat-
ically shown in figure A.2.

a threshold parameter that depends on the light condition
to determine whether each pixel belongs to the channel or
the target. The background was then subtracted from the
foreground, thereby achieving the target object mask (the
binary image shown in figure A.4d). This step was followed
by removing small objects and noises, by defining a certain
threshold and removing the blobs (connected white regions)
smaller than the threshold (shown in figure A.4e). Due to
the low resolution of camera and the shape of the objects,
detecting the connections of the filaments is challenging. As
can be seen the connections are neither observable in figure
A.4b, nor detectable in figure A.4e. To alleviate this issue, we
used morphologically close operation by a 7 x 7 pixel square-
shaped structural element to increase the connectivity of the
blobs without over-fattening it. Stated in Smith et al. (1997),
morphologically close operation in processing of a binary im-
age includes a morphologically erosive operation (making the
blob smaller) followed by a morphologically dilative opera-
tion (making the blob larger). Figure A.4f shows the post-
processed mask of the filament after applying the morpho-
logically close operation. Eventually, the centroid of the fila-
ment was determined using the blob analysis of the MATLAB
computer vision system toolbox.

A.5 Calibrating the microfluidic trap

The calibration curve of the microfluidic trap is the variation
of the stagnation point position at different control channel
pressures. The linear region of this curve is used to determine
the conversion factor (K¢ in equation A.1). To experimen-
tally determine this curve, a fluid visualisation experiment
was conducted, which delivered the fluid seeded with tracer
particles to the cross-junction. By capturing the images of
the cross-region, the flow is visualised. In this experiment,
the flow was illuminated using the Nikon microscope Epi-
fl illuminator (Mercury lamp). The epifluorescence imaging
setup configuration that was used in micro-PIV experiments
Akbaridoust et al. (2018), except the PIV camera that was
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ground.

Fig. A.4: Tmplementation of the image processing steps that were used for foreground detection (detecting the A.

circinalis filament in the microchannel).

Fig. A.5: An example image of 150 overlaid recordings
(at the flow rate of 50puL/hr and control channel pres-
sure of about 8 psi) that was used to determine the
calibration curve of the microfluidic trap.

replaced by the control camera was employed to acquire the
images. The backgrounds (out-of-focus particles) of the ac-
quired images were then removed Akbaridoust et al. (2018)
and then 150 images were overlaid. This procedure was re-
peated at the different pressures in the control channel, and
for each set of images the stagnation point was determined
manually/visually with the accuracy of one pixel. One pixel
corresponds to one micron for the control camera used in this
experiment.

Figure A.5 shows an example of 150 overlaid images at the
flow rate of 50 pL/hr and control channel pressure of about
8 psi. The distance of the stagnation point position from the
centre line of the channel along the extensional and compres-
sional axes are represented by Y, and X,, respectively. As can
be seen the stagnation point is not located on the vertical cen-
tre line, due to the flow added to one of the inlets where the
sample injection port is located. However, X, # 0 only oc-
curs when the injection port is open. In trapping experiments
once a target is trapped, the injection port is manually closed
and the stagnation point gradually moves on the centre line
along the compressional axis. Figure A.6 shows the calibra-
tion curve that was experimentally determined (at 50 pL/hr)
at different pressures in the control channel. The slope of the
fitted trend line represents the conversion factor (K¢).

200
— & — Experimentally determined Y,
150 | Trend line in the linear region
100
50 b
~ G- —G- —0- g
2 of
X
50 b
Y,=-101.4091 P + 806.3129
-100 }
-150 f
-200 . . .
2 4 6 8 10

P (Psi)

Fig. A.6: Experimentally determined calibration curve
of the microfluidic trap. The green line is the trend line
fitted to the linear region, and the slope of this line
represents the conversion factor (K¢).

Appendix B: Methodology of simultaneous
micro-PIV measurements and trapping

In principal the use of volume illumination in PIV mea-
surements results in bright background in the images that
drastically reduce the signal-to-noise ratio and the corre-
lation peak detectability. Therefore, in micro-PIV the epi-
fluorescence imaging technique (i.e. illuminating the fluo-
rescent particles by green pulsed-light and capturing the
red light from them) is implemented to alleviate this issue
(Santiago et al., 1998). In hydrodynamic microfluidic trap ex-
periments (in this work and also Schroeder and co-workers
(Johnson-Chavarria et al., 2011, 2014; Latinwo et al., 2014;
Li et al., 2015; Shenoy et al., 2015; Tanyeri and Schroeder;
Tanyeri et al., 2010, 2011) a constant white light source (here
ambient room lights) was used for imaging. Hence, simulta-
neous trapping of objects and micro-PIV measurements is
challenging because both require their own illumination, op-
tics and camera focused on the micron sized objects. Simply
combining the two experimental setups (micro-PIV and the
microfluidic trap setups) to conduct simultaneous micro-PIV
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Fig. B.1: Schematic of the combination of micro-PIV and active control setups and the resulting imaging problems
in the images acquired by the PIV and the control camera.

measurements and trapping in the microfluidic device leads
to two major problems. The combination of the two setups
is shown in figure B.1. The first issue is the disruption of
the control camera by the laser pulses. The second issue is
the production of an extremely bright background in the im-
ages acquired by the PIV camera sensor due to the constant
white light source. The former results in preventing the de-
tection of a target object in the cross-slot channel. The top
inset image in figure B.1 (figure B.1a) shows an example of
the image captured by the control camera when the laser was
pulsing. As can be seen, the laser pulse interferes with the
image processing techniques for object detection. While, the
latter is the production of extremely bright background that
precludes correlating the recorded images. The bottom inset
image in figure B.1 (figure B.1b) shows an image of the par-
ticles captured by the PIV camera, while the constant white
light was illuminating the flow.

To tackle the first issue we replaced the continuous white
light with a continuous blue light source (i.e. filtering all the
wavelengths except blue). Whilst, to address the second issue,
we filtered all the wavelengths (except blue) incident on the
control camera sensor. Using this arrangement, the control
camera sensor does not capture the laser pulses, and the PIV
camera does not acquire the bright background caused by the
constant light source. Figure 4 shows the schematic of the
combined micro-PIV and active control system setups, where
the two problems that were pointed out are solved using two
single-band (blue) bandpass filters. The bandpass filters block
all the wavelengths out of the range of 420-480 nm.
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A novel combination of classical micro-PIV and real-time flow control setups enabled us to measure the
velocity field around a target trapped in the extensional flow, which opens up new vistas of characteri-
sation of the mechanical properties of micron-sized objects.
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1 Culture growth and maintenance conditions

Apart from A. circinalis, we also grew, trapped and exposed the green alga, Dunaliella tertiolecta (the
single-celled motile marine species) to demonstrate the capability of the microfluidic trap to confine both
motile and non-motile microorganisms and compare the results with the simulation of the microfluidic
trap.

(a) A Anabaena circinalis Rabenhorst strain (CSIRO ID: (b) A Anabaena circinalis Rabenhorst strain from (CSIRO
ACMRO1) isolated from Canning River, Perth, Western ID: ACCRO03) isolated from Murrumbidgee River, New
Australia. South Wales, Australia.

Figure 1: Photographs of two strains of Anabaena circinalis Rabenhorst studied in this paper.

(a) A bright field image showing the details of the cells. (b) A phase contrast image showing the flagella (the ap-
pendage used for swimming).

Figure 2: Photographs of the Dunaliella tertiolecta isolated from Port Phillip Bay, Victoria, Australia.

Freshwater species (A. circinalis) were grown in an MLA medium (provided by CSIRO), while the

single marine species was grown in a modified “f-medium”!. Individual cultures were maintained in



25 mL Tissue Culture Flasks (TCFs) — canted neck, non-pyrogenic, sterile, polystyrene flasks (Corning
Inc.). The cultures were grown at room temperature (22°C + 2°C), under cool white fluorescent lights
with a 13:11 light dark cycle and photon flux density of ~ 40 uEinsteins.

Two strains of Anabaena circinalis Rabenhorst strains with CSIRO IDs of ACMRO1 (figure 1a) and
ACCRO3 (figure 1b) were acquired from the CSIRO (Commonwealth Scientific and Industrial Research
Organisation) in September 2014. The former was isolated from the Canning River, Perth, Western
Australia, whereas the latter was isolated from the Murrumbidgee River, New South Wales, Australia.
The Dunaliella tertiolecta (figure 2) was isolated from Port Phillip Bay, Victoria, Australia in December
2009.

2 Simulation of the control system to trap a target object

The effect of the length, width and height of the constraints on the outlet channels on the ratio of the
outlet flow rates and the position of the stagnation point can be studied using the analytical solution of
the Navier-Stokes equations in rectangular channels. Here, we adopt the parametric study carried out
by Tanyeri et al.? to simulate the microfluidic trap and its control system. The simulation of the control
system assists in predicting trajectory of a target object and ascertaining the possibility of the trapping
at different conditions such as flow rate, initial position of the target and the trap time response.

Table 1 lists the dimensions and normalised parameters of the microfluidic device (fabricated in this
work) used to simulate the control system.

Table 1: Specifications of the channel and its constraints and normalised parameters used in the simulation.

Channel and constraints (pm) Normalised dimensions

dimensions

Channel width (w) 400

Channel height (h) 40

Outlet channel length (L) 7000

Valve height (hy) (variable) || h¥ = h,/h (variable)
Valve length (I,) 400 I»=1,/L 0.0571
Fixed constriction width (w.) 100 wi = we/w 0.25
Fixed constriction length (I.) 1800 Ir=1./L 0.2571

2.1 Laminar flow in a rectangular microchannel

The Navier-Stokes equations and boundary conditions for a rectangular channel with the height of A,

h
width of w and length of L (with an aspect ratio of a,. = — and in our case a,. = 0.1), are given by3:
w
PN AP
oy? 022 v’

where — and 0< z<h, (1)

w
::l:—
Y==3

z=0 and z=h

where the stream-wise velocity component u(y, z) is a function of y, z variables. Axes of the coordinate
along the stream-wise (length), span-wise (width) and transverse (height) of the rectangular channel are
represented by x, y and z, respectively. The flow is assumed to be pressure-driven (AP is the pressure
difference over the distance L between the channel inlet and outlet), steady state and fully developed
with no slip conditions on the walls. The analytical solution of equation 1 is provided as a Fourier series
expansion:

Boundary Conditions: ©w=0 at {

_ARPAP X 1 [1 h“”)] sin (n2) (2)

uly, z) = m3vL K Oddﬁ B cosh(nmg;)



By integrating the velocity (equation 2) over the rectangular cross-section area, the volumetric flow
rate can be expressed as3:

oo

w/2 h h*AP 192a nm
=2 d dz=———|[1-— ———tanh (— )| . 3
@ /0 y/o uly, z)dz 12vLa Z (nm)® o (204) (3)

n,odd

2.2 Flow resistance of the outlets of the cross-slot channel

Based on the analogy with Ohm’s law, the resistance of the laminar flow in a channel is defined as*:

AP

R=5 (4)
w
~ L,

- —>
Figure 3: Schematic of the cross-slot junction with a fixed width constriction on the right-hand side outlet, and
no constriction on left-hand side outlet. The width and the length of the constriction are shown by w. and I,
respectively. The height of the constriction is the same as the channel height (h). The outgoing flow rate from
the constricted channel and its corresponding resistance are represented by Q. and R., respectively. Those of
the channel with no constriction are shown by @, and R, respectively.

Therefore, in the cross-junction shown in figure 3, the ratio of the outlet flow rate with a fixed width
constriction (Q.) to the total flow rate (Q = @, + Q.) can be stated as:

AP, 1
Q R, R R, 1 )
Q AR AP, " T T " R,+R |, R

Rc Rn Rc Rn Rn

where R,, and R, are the flow resistance of the channel with no constriction and with a fixed width
constriction, respectively. Also it is assumed that the pressure drop in both outlets is the same (AP, =
AP,). This assumption is correct if the length of the constriction is much smaller than the outlet length
(le << L).

2.3 The effect of the constriction width and length on the ratio of the flow
rates through the outlet channels

Using equations 3 and 4, the resistance of the outlet channel with no constriction (R,, shown in the left
outlet in figure 3) can be expressed as:

—1
o)

12vLo 192« nm
Ry =229 11— 3 2222 tanh (—) . 6
h# nzm;d (nm)d W24 (©6)



If there is a constriction with the length and width of [, and w,, respectively, and the same channel
height (h), the resistance of the whole constricted outlet channel (the right outlet with the length of L
in figure 3) using AP, = AP, (1 —1}) + AP, is given by:

Rc - Rn(l - l:) + Rctr7 (7)

where the resistance of the constriction part is represented by R, (the part of the right outlet, that has
the length of [.) and I* is the normalised constriction length (listed in table 1). Using equations 3 and
4, R can be stated as:

-1

12vLa (1} =192 [« w
rar =550 (1) 1= 25 e (i) o ()| ®

n,odd

where w? is the normalised constriction width (listed in table 1).

Using equations 5 -8, the variation of the relative flow rate in the constricted outlet channel versus
variation of the length and width of the fixed constriction is shown in figure 4. The marked point is the
specification of the channel listed in table 1.
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Normalised constriction width and length (w;, )
Figure 4: The effect of the normalised length (I%) and width (w}) of the fixed width constraint (in figure 3) on
the relative flow rates.

2.4 The effect of the constriction height (membrane valve) on the ratio of
the flow rates through the outlet channels

The same analogy for calculating the resistance of the outlet with the fixed width constriction is applied
to compute the resistance of the outlet with variable height constriction (R,) that is shown in figure 5.
Therefore, R, is given by:

R, =R,(1-10)+ Rya, 9)

where R,q; is the resistance of the constrictor section with the length of I, and height of h, (the red
feature in figure 5). Using equations 3 and 4, R, is given by:

—1

120La [ 1* . 192ah* nw
Ry = ——— [ 2 1— U tanh [ —— , 10
l h4 (hf) n%d (77,71')5 an <2ah:j) ( )

where hZ, I* are normalised constriction height and length (listed in table 1), respectively.
Therefore, in the cross-junction shown in figure 5, (using a similar procedure used to derive equation
5) the ratio of the outlet flow rate with a variable constriction (Q,) to the total flow rate (Q = Q, + Q.)

can be stated as:



Figure 5: Schematic of the cross-slot junction with a fixed width constriction on the right-hand side outlet and
height constriction on the left-hand side outlet. The height constriction is shown by a red channel that represents
the existence of the membrane valve, capable of adjusting the channel height. The width and the length of the
width constrictions are shown by w. and [., respectively. The outgoing flow rate from the width constricted
channel and its corresponding resistance are represented by Q. and R., respectively. The length of the height
constriction on the left-hand side outlet is shown by [, that is equal to the width of the membrane valve. The
outgoing flow rate from the height constricted channel and its corresponding resistance are represented by Q.
and R,, respectively.

v 1

Using equations 7-11 the effect of the variable height constriction on the relative flow rate with and
without the fixed width constriction (on the other outlet) is shown in figure 6. Comparing these two
curves, it is confirmed that the existence of both fixed and variable constraints on both outlets resulted
in obtaining a wider range of flow rate variation (compared to the case that there is only variable height
constraint). Achieving a wider range of flow rate variation enables repositioning of the stagnation point
in the wider range. In other words, the fixed width constraint works as an offset for the ratio of the
flow rate and the position of stagnation point in the cross-junction. Therefore, an initial pressure in
the control channel is required to deflect the membrane and equalise the outlet flow rates to place the
stagnation point at the centre. Therefore, the possibility of trapping objects in a microfluidic trap with
two constraints (fixed and variable) is higher than that with only one variable constraint.

In reality the membrane is only able to partially block the channel to a certain height. The grey
region in figure 6 shows the region that cannot be reached in experiments.

2.5 The effect of the relative flow rate on the position of the stagnation point

To find the relation between the outlet flow rates and the position of the stagnation point, an arbitrary
position of the stagnation point (Y,), shown in figure 7a, is considered. Then, by integrating the velocity
field corresponding to each outlet, the flow rate of each outlet is yielded as the function of the stagnation

point:
Yo, h w/2 h
Qu =/ B dy/o u(y, z)dz, ch/y dy/o u(y, z)dz. (12)

Therefore, the ratio of the outlet flow rates as a function of the stagnation point position is obtained
by?:
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Figure 6: The effect of the normalised height (h;)(the right outlet in figure 5) on the relative flow rate. The
solid line shows the relative flow rate variations when there is a fixed constraint on the other outlet (the outlet
in figure 5). The dashed line shows the variation with the absence of the fixed constriction on the other outlet.
In accordance with Tanyeri et al.?, the grey region is not achievable as the membrane valve cannot block the
cross-section more than a certain amount.
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where Y* =Y, /w is the normalised stagnation point position along y-direction (extensional axis). Figure
7b shows the linear behaviour of the stagnation point position variations at different relative flow rates.
As previously mentioned, in experiments the membrane is only able to partially block the channel to a
certain height. The experimentally obtainable variation of the normalised channel height (h?) is replotted
in figure 7b to show the region where the stagnation point can be displaced (the region between the two
red dashed lines). Computing h’ as a function of Y.* (the dashed blue line) was carried out by obtaining
the Q,/Q as a function of h} from figure 6 and substituting them in equation 13.

2.6 Estimation of the required pressure to reposition the stagnation point

To estimate the required gas pressure in the control channel to reposition the stagnation point, the
relation between the pressure and the height of the variable constraint is required. In principle, it is
possible to analyticity calculate the deformation of the membrane using the governing equations of the
deflection of the uniformly loaded flat plate. However, it is challenging to measure the stiffness of the
PDMS experimentally in order to compute the deflection. In this simulation, we adopted the valve
response data (shown in figure 8a) by Tanyeri et al.®, i.e. the pressure in the control channel at different
percentages of the valve opening (h}). However, in the experiments conducted in this paper, the final
calibration curve was obtained experimentally. For experimentally determining the final calibration
curve, it is not necessary to have valve response data (figure 8a), as it is possible to directly obtain the
stagnation point positions at different pressures in the membrane valve. Therefore, valve response data
by Tanyeri et al.® is only used for the simulation.

For the membrane thickness of 66 um and the ratio of the PDMS base to cross-linker of 1:15 the data
is shown in figure 8a®. A linear response can be seen where the valve opening is more than 30%.

Eventually, using the data provided in figure 7 (h} as a function of Y,) and figure 8a (P as a function
of hY), the variations of the stagnation point position at different control channel pressures (Y, as a
function of P) were obtained and are shown in figure 8b. This graph is used as the calibration curve of
the microfluidic trap.
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(a) An arbitrary stagnation point
position in the cross-junction,
where the inlet flow (Q/2) bi-

furcates into the two outlets, Q.
and Q.. The distance between
the centre line of the channel and
the stagnation point along the
y-direction is Y.

variation that is experimentally achievable (previously shown in the white region in
figure 6). Computing h} as a function of Y (the dashed blue line) was carried out
by obtaining the Q./Q from figure 6 and substituting them in equation 13, thereby
indicating the region (between the two red lines) where the stagnation point can be
experimentally displaced.

Figure 7: The effect of the relative flow rate (Q./@) and the normalised height of the variable constriction (h;})
on the normalised stagnation point position (Y;").

2.7 Prediction of the trajectory of a target object in the microfluidic trap

Using the estimated calibration curve (figure 8b) the trajectory of the target that enters the cross-junction
from an arbitrary location can be predicted. Based on the centroid position of the target and using the
equation

Pyt = Pie + Kp K¢ ey, (14)

the gas pressure in the control layer is updated, thereby displacing the stagnation point to a new
location.

As mentioned in the manuscript, for using equation 14, the conversion factor (K¢) is required.
This factor (K¢) is the slope of the fitted linear line in figure 8b. The equation of the fitted line
(Y = —0.0459P,,; + 0.48238) is used to determine the position of the stagnation point. In other words,
the stagnation point position is determined using (a linear interpolation of) the calibration curve.

In this simulation, the stagnation point is repositioned at fs,s = 30 Hz, which is the frequency of the
control system. In an experiment, control system delay time Atgejoy = fs_ylS is the period of time during
which inline image processing is performed to detect the target plus the period of time the pressure
valve operates to regulate the pressure. The lower the delay time, the greater the possibility of trapping
objects at higher strain rates.

Figure 9 shows the trajectory of the targets in the cross-region during which the trapping was simu-
lated. Normalised = and y axes are shown as 2* = x/w, y* = y/w in this figure. As can be seen, when
the strain rate or yio (the initial distance along the extensional axis between the target and the centre
line of the channel) increase, the trap is not able to confine the target, e.g. (v = 20 s7!, y;0 = —10 um)
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Figure 8: Valve response and the variation of the stagnation point position at the different pressures on the
membrane valve.

and (y =15 s71, 5,0 = 25 um). However, if in these two cases either the strain rate or the y;o decrease,
it is possible to trap the targets i.e. (y =15 s7!, y;0 = 10 um) and (y = 2.5 571, yy = 25 um). In these
two cases, although the targets experienced some fluctuations (shown in figure 9b), both cases confirm
the convergence of the target at the trap centre.

In figure 10, the required pressure and pressure differences in the control channel are shown. The
pressure changes for these targets in figure 9 were between about 4 to 13 psi and the maximum pressure
difference required to trap objects was about 3 psi. This information assists in selecting the electronic
pressure valve for the experiments.

Considering the data in this simulation, it can be confirmed that trapping objects entering at (—20 <
ys0 < 20) and the strain rate below 10 s~! is possible. Although we intend to expose high strain rates
to the microorganisms, it is not initially necessary to deliver the fluid at a high flow/strain rate. In
experiments, the pressure regulator responds faster for smaller pressure changes, and this is typically
more relevant after the initial confinement of a target (shown in figure 10). Therefore, it is possible to
confine a target at a low flow rate and then gradually increase the flow rate/strain rate. In this case,
smaller pressure changes are required to bring the target back to the trap centre when the target is
displaced.

3 Analytical solution of the flow over an ellipsoidal object im-
mersed in a creeping straining flow

Here, we adopt the analytical solution of the flow over an ellipsoidal object immersed in a creeping flow,
wherein each component of the velocity field is a linear function of the Cartesian coordinates, x, y and
z, presented by Jeffery 6. We simplify the solution to the pure straining flow around an ellipsoid.

3.1 Confocal ellipsoidal coordinate

The confocal ellipsoidal coordinate is represented by ”:

.132 y2 22

=1
a2+)\+b2+>\+c2+)\

(15)
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locations and the strain rates of the flow.

Figure 9: Predicted trajectory of five targets that entered the cross-region at different locations and strain rates

during trapping.

where a, b and ¢ are the length of the semi-principle axes of the ellipsoid along the z, y and z of the
Cartesian coordinate, respectively. Also A is a constant that produces the surface of confocal ellipsoids in
the ellipsoidal coordinate. The variables A and T used in the confocal ellipsoidal coordinate are defined

as:

A=/(a2+ )+ D2+ N) + (2 + ),

(16)

1

1‘2 y 22 -2

T = .
<a2+)\+b2+)\+c2+/\)

The auxiliary variables in confocal ellipsoidal coordinates that are defined through the Jacobi elliptic

integral transforms, are given by:

X

i

AdA

o0 o0
a:/ o/:/
A A

(a2 +N)A’

(B2 + A) (2 + M)A’

(oo}
a//:/
A

(b2 + A) (2 + M)A’

A , dA , [ AdA
5= wrvs # =), @rveras * ), @

dX

dX

(17)

r—[ % r’:/
/}\ (82+A)A A
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o _/‘” AdA
L @+ N02+NAT

3.2 Velocity field around an ellipsoid immersed in the pure straining creeping

flow

Jeffery © solved the Stokes equations of the creeping flow around the ellipsoidal particle, where each
undisturbed velocity component away from the vicinity of the particle is linearly a function of x, y and

2,
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(a) The pressure in the control channel to trap the tar- (b) The pressure difference in the control channel to
gets in figure 9. trap the targets in figure 9.

Figure 10: Required pressures and pressure differences for trapping the five targets in figure 9.

up = apr + hoy + goz + Moz — Coy,
vo = hox + boy + foz + Cor — &0z, (18)
wo = goZ + foy + coz + oy — Moz,

where all the coefficients of x, y and z are constants and the components of flow distortion and rotation.
In the case of pure straining flow these equations are simplified to:
Uy = ap<,
0 0 (19)
Vo = b0y7
where ag = v and by = —~, and -y represents the strain rate of the flow.
By simplifying Jeffrey’s solution according to equation 19, the velocity components u, v and w (as
functions of x, y, z, A and the auxiliary variables in equations 16 and 17) around an ellipsoid (with the
semi-principle axes of a, b and ¢) in the straining flow are given by:

U= +T'W =BV —2a+B+D)Ax

oo W — 2(a? +)\)A+2(b2+>\)Bx 5
(a2 + M)A (b2 + A2 4 (20)

V=2 +NC +2(a® + /\)sz2

(2 + X)2
v=[-7+aU-T'W -2+ 8+T)Bly

o2 U-20%+N)B+2(c2+\)C 2
B2+ VA (N2 Y (21)

W —=2(a?+NA+20*+N)B ,
(a2 + \)2 v
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and
w=[fV -adU-2(a+B+T)C]z

272 [V—2(02+)\)C+2(a2+)\)A 9

T (@ NA (a2 + \)2 = (22)

U =200 + \)B +2(c* + )\)CZ )
(6% + )2 v
where A, B, C, U, V and W are given by:

1 204y + By
6 \ByTy + Tyag +agBy

> , U =2b°B — 26°C,

1 =265y — agy 2 2
B_6<56T8+F’0’046/+0/0’66’ , V =2¢°C — 2a° A, (23)

o1 ( —agy + By

6 \ BTy + oy + o Bl

To obtain a velocity data-point located at =, y and z, firstly A is obtained from equation 15, which

is a third-order equation. By substituting A into equation 16, A and Y are determined. Then, all the

nine integrals stated in equation 17 are solved numerically to compute the other ellipsoidal coordinate

axillary variables. The parameters given in equation 23 are obtained using the axillary variables. Finally,

by substituting the axillary variables (equations 16 and 17) and other parameters (equation 23) into
equations 20, 21 and 22, the velocity components are determined.

) , W =2a%A — 2v°B.
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