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Piezoelectric actuators offer great opportunities for precise and low-cost control of fluids at the microscale.
Microfluidic systems with integrated piezoelectric actuators find application as droplet generators, micropumps,
and microsorters. To accelerate device design and optimization, modeling and simulation approaches represent
an attractive tool, but there are challenges arising from the multiphysics nature of the problem. Simple,
potentially real-time approaches to experimentally characterize the fluid response to piezoelectric actuation are
also highly desirable. In this work, we propose a strategy for the numerical and experimental characterization of

a piezoelectric microfluidic cell sorter. Specifically, we present a 3D coupled multiphysics finite-element model
of the system and an easy image-based approach for flow monitoring. Sinusoidal and pulse actuation are
considered as case studies to test the proposed methodology. The results demonstrate the validity of the approach
as well as the suitability of the system for cell sorting applications.

1. Introduction

Cell sorting is the process of separation of target cell populations
from a heterogeneous mixture and represents a critical enabling tech-
nology in cell-based diagnostics and therapies [1,2]. Progress in the field
of microfluidics has facilitated the realization of miniaturized devices
for selective separation of cells, offering advantages such as low sample
volume and possibility for high integration and combination with
downstream processes [3,4].

Two main categories of microfluidic cell sorters can be identified [2]:
large amount sorting and precise sorting. Whereas large amount sorting
lacks single-cell resolution and is generally used for enriching cell
populations (e.g., circulating tumor cells [5,6]), precise sorting can
direct the cells into a target channel one by one (i.e., single cell sorting).
Microfluidic systems for precise sorting usually include two compo-
nents: a sensor, to identify target vs non-target cells, and an actuator, to
direct target cells into specific outlets. Whereas a common sensing
approach is the optical detection of fluorescently labelled cells [7-9],
electrical detection approaches represent an attractive alternative due to
their label-free nature [10-13]. Regarding the actuation, several
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methods have been explored (see e.g., the review [2] and the references
therein), including acoustophoresis [14], dielectrophoresis [15], optical
methods [16], vapor bubble actuators [17], and piezoelectric actuators
[18-20].

As shown in a seminal paper by Chen et al. [7], a microfluidic cell
sorter with integrated piezoelectric actuator has several interesting
features, including low cost, low voltage (~10 Vpp) and low power
consumption (0.1 mW), precise control of the magnitude of transverse
cell deflection, and short reaction time (0.1-1 ms). Chen et al. [21] used
a compact microfluidic fluorescence-activated cell sorting (pFACS)
platform with an integrated piezoelectric actuator for isolation of rare
bacteria from microbial samples. Zhao et al. [22] employed a similar
system to pre-screen libraries of variants of a yellow
fluorescence-protein-based Ca?" indicator. Cheng et al. [8] demon-
strated a pFACS microchip integrated with two piezoelectric actuators
for automated, high-performance mammalian cell analysis and
enrichment.

External piezoelectric actuators, requiring higher voltage (~100
Vpp), were also reported. Sakuma et al. [23] proposed a high-throughput
sorting method for large cells using dual membrane pumps
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synchronously activated by external piezoelectric actuators. Cai et al.
[24] presented a new design of amplified piezoelectrically actuated
microvalve and applied it to demonstrate an on-chip flow-switch-
ing-based sorting mechanism. Shemesh et al. [25] presented a
piezoelectric-driven droplet sorter that is simple to fabricate, repro-
ducible, and robust.

Modeling and simulation approaches are extremely useful to accel-
erate the design and optimization of microfluidic devices [26-29]. In the
context of microfluidic systems endowed with piezoelectric actuators,
modeling of piezoelectric micropumps has been reported in several
works. In order to optimize the design of a peristaltic pump integrated
into a microfluidic chip, Bu et al. [30] derived an analytical formula for
calculating the maximum deflection of a circular membrane driven by a
piezoelectric disc. Ma et al. [31] used a simplified fluidic circuit model
to calculate the transported volume in a peristaltic micropump con-
sisting of a microchannel and three piezoelectric actuators. A one-way
coupled simulation of fluid motion in a piezoelectric valveless pump
was presented by Rojas and Morales [32], by using a simplified sym-
metric 3D pump model. A fully coupled multiphysics simulation (solid
mechanics, electrostatic, and fluid flow) was presented by Holman et al.
[33] to characterize a piezoelectric actuated micropump with integrated
elastomeric check valves. A 2D geometry was used in that work, to
reduce the complexity of a 3D geometry and to decrease the computa-
tion cost. Yazdi et al. [34] used a 3D two-way fluid-structure interaction
model to optimize the geometrical features of a piezoelectric micropump
for biomedical applications. Shimizu et al. [35] used a 3D fluid-structure
and electric coupled analysis to verify the pumping and mixing perfor-
mance of a metal-capped piezoelectric actuator.

By comparison, modeling and simulation of microfluidic sorters
based on piezoelectric actuators has been less explored. A 2D fluid dy-
namic model was used by Shemesh et al. [25] to investigate droplet
sorting based on the ratio between the flow rate out of the piezoelectric
sorter and the flow rate introduced at the main channel entrance. Chen
et al. [7] used computational fluid dynamics and particle tracing to
study a piezoelectric cell sorter, by modelling the piezoelectric actuation
as a time-dependent sinusoidal pressure.

Alongside with numerical tools for in-silico analysis and design,
experimental approaches to monitor the fluid response to piezoelectric
actuation in the actual device are needed. Typically, in microfluidic cell
sorters, the cell suspension (sample) is centrally focused along the
microchannel by means of lateral sheath flows and the actuator
displacement induces a deflection of the sample stream, which displaces
the selected cell towards the desired outlet. If the sample fluid and the
sheath fluid have different optical properties, the deflection of the
sample stream can be visualized using a microscope [36,37]. Image
snapshots representative of different stream deflections can easily be
acquired, however a quantitative analysis of the flow switching perfor-
mance requires a tailored image processing approach. Simple, poten-
tially real-time approaches are particularly attractive since they can
enable closed-loop control of the actuator drive signal.

In this work, we present an original approach for the numerical and
experimental characterization of a microfluidic piezoelectric actuator
for cell sorting. Specifically, we develop: (i) a 3D coupled multiphysics
(electrical-structural-fluidic) finite element model of the microfluidic
system; (ii) a simple image-based approach to experimentally quantify
the deflection of the sample stream. Sinusoidal and pulse actuation are
considered as case studies to illustrate the proposed method.

The paper is organized as follows. The microfluidic device and the
experimental setup are introduced in Section 2. The finite element
model of the device and the image-based approach for sample deflection
analysis are presented in Section 3 and Section 4, respectively. The re-
sults of the numerical and experimental characterization are described
in Sections 5.1 and 5.2, respectively. Discussion and conclusion are re-
ported in Section 6.
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2. Microfluidic device and experimental setup

The device considered in this work is shown in Fig. 1. It is realized in
a polydimethylsiloxane (PDMS, Dow Corning) block, fabricated by soft-
lithography methods, and sealed to a 56 mm x 75 mm glass slide (Fig. 1
(a)). The fluidic layout is as follows (Fig. 1(b)): the sample suspension is
delivered into the main channel through inlet I;; two lateral sheath
flows, delivered through the common inlet I, are used to focus the
sample flow; three channels are present after the sorting region, ending
in outlets O; (central channel), O, (left channel), and O3 (right channel).
Two oval-shaped lateral regions are designed on the sides of the sorting
region. The lateral region on the left houses a cylindrical chamber above
which a circular piezoelectric transducer (Mouser Electronics) is
bonded. As bonding strategy, we exploited a mercaptosilane coupling
reagent as molecular adhesive between the transducer and the PDMS
surfaces [38]. Specifically, the transducer is coated by a MPTS (3 mer-
captopropyl trimethoxy silane) solution and then oxygen
plasma-activated together with the assembled chip. Under a stimulation
voltage, the piezoelectric transducer bends proportionally to the applied
potential. In case of downward deflection, an amount of fluid (in the
order of tens of nL) is pumped into the sorting region, thus deflecting the
sample stream towards outlet Oz. Conversely, in case of upward
deflection the sample stream is deflected towards outlet O,.

As shown in Fig. 1(c), the main channel is 150 pm wide, while the
width of the three collection channels is 50 pm each. The lateral region
nozzles are 100 pm in width, with a distance from the diverging junction
of about 50 yum. Microchannel height is 40 pm. The cylindrical chamber
is 13 mm in diameter and 5 mm in height. The transducer is made of a
lead zirconate titanate (PZT) element of 15 mm diameter and 110 ym
thickness, having a metal substrate (brass) of 20 mm diameter and
100 pm thickness.

For the experimental characterization of the piezoelectric actuator, a
buffer made of PBS (Phosphate-Buffered Saline), 13% sucrose, and 0.1%
Tween 20 was pumped into inlet I; (sample flow) with a syringe pump
(Elite 11, Harvard Apparatus) at 5 ul/min. That buffer is commonly used
in microfluidic impedance cytometry [39,40]. The sheath flows
(deionized water) were delivered through inlet I, using a pressure
controller (OB1, Elveflow). Typical pressure values were around 300
mbar, yielding a flux of about 15 pl/min.

The microfluidic device was mounted on the stage of an inverted
microscope (Zeiss Axio Observer, 10 x objective) and the fluid flow
through the sorting region was acquired using a high-speed camera
(Photron Mini UX100, frame rate 4000-16000 fps based on actuation
frequency, shutter time 25 us) connected to the microscope. With the
present setup, the sample flow was optically distinguishable from the
sheath flows (cf. Section 4).

The piezoelectric transducer was driven by a waveform generator
(Keysight 33600A). Both sinusoidal actuation (3, 15, 25, 50, 75, or
100 Hz frequency) and pulse actuation (20, 10, 5, 1, or 0.5 ms pulse
duration) were used. The typical value of the applied potential was
10 Vp,, or lower.

3. Finite element model for in-silico device analysis
3.1. Device geometric model

The geometric model of the device, shown in Fig. 2(a-c), consists of a
solid domain () and a fluid domain (). The solid domain s is
divided into the PZT element (£,), the metal substrate (Qy), and the
PDMS (Qppums)- The fluid domain (Fig. 2(b)) includes a portion (8 mm)
of the main channel, the sorting region, the three collection channels,
and the left oval-shaped lateral region, which houses the cylindrical
chamber. The sample flow and the sheath flows were not differentiated.
As a matter of fact, the length of the hydrodynamic entrance region is in
the order of tens of microns (cf. e.g., [41]) and therefore, after the
confluence of the sample and sheath flows, a fully developed laminar
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Fig. 1. (a) Device photograph and (b) fluidic layout, with indication of inlets (I;,I2) and outlets (0;,02,03). (c) Microscopy image of the sorting region of the device,

with indication of relevant dimensions.
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Fig. 2. Geometric model of (a) the whole microfluidic device and (b) the fluid domain only. (c) Schematic representation (not to scale along the z-direction) of the
radial section AA’, with indication of the different subdomains (Q,, Qm,Qppus, ) and the fluid-structure interaction interfaces (X1, Zfsi2, Zsi3)- Applied potential
(V1) and electrical ground are also indicated. (d) Zoom showing (in yellow) the fluid boundary X¢ with associated lumped compliance (which mimics the right oval-
shaped lateral chamber present in the experimental device). (e) Typical mesh used in the computation, with (f) zoom of the sorting region.

flow is reached well before the sorting region. To reduce the complexity
of the model, the right oval-shaped lateral region and the PDMS above it
were modelled as a lumped compliance (cf Fig. 2(d) and Section 3.3),
whereas a cylindrical region of PDMS (21.6 mm external diameter) was
explicitly modelled below the metal plate.

3.2. Model equations

The displacement field # in the solid domain is governed by the
structural equilibrium equations:
o u

FJW: VeT,+b, inQ, =Q,UQ, UQppys, (€D)]

where p, is the solid density, T is the solid stress tensor, and b; denotes
the body forces (here neglected). In the PZT element, charge conserva-
tion law also applies. According to Maxwell’s equations in matter, it
reads as:

VeD=0,inQ, 2
where D is the electric displacement field.
An isotropic linear elastic constitutive law is considered for the metal

substrate and for the PDMS, while the constitutive relations of the PZT
element are given by (stress-charge form):

T,=C"S—¢E,inQ, 3
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D =e-S+ &’ -E,in Q,, 4

where CF is the elasticity tensor (at constant electric field), e is the tensor
of piezoelectric coupling coefficients, & is the vacuum permittivity, & is
the tensor of relative electric permittivity (at constant mechanical
strain), § is the solid strain tensor:

1 :
s:z[wﬂw) ], %)

and E is the electric field. The latter is related to the electric potential V
by E = —VV (under quasi-static approximation).

The velocity field v in the fluid domain obeys the Navier-Stokes
equations for momentum balance and mass conservation:

0
pf{§+(voV)v} :V.Tf+bf, iIle, 6)
PV ev=0,inQ, )

where the fluid is assumed to be incompressible with density p, Ty is the
fluid stress tensor, and by denotes the body forces (here neglected). A
Newtonian constitutive behaviour is assumed for the fluid:

T; = —pl +u[Vv + (Vv)'], inQ, 8

where p is the pressure, I is the identity tensor, and y is the dynamic
viscosity.

At the fluid-structure interface (Zg; = Zgiq U Zpio U Zgsi3, cf Fig. 2
(c)) the following coupling equations hold:

o
V= a—':, on X, ©)]
Tren=T,en, onXy, (10)

with n the unit vector normal to the interface.
The values of the material parameters used in the simulations are
collected in Table 1 and Table 2.

3.3. Boundary conditions and initial conditions

Boundary conditions are as follows.

For the PZT element Q, (cf also Fig. 2(c)): applied potential Vg, on
the top boundary, zero potential (ground) on the bottom boundary,
zero charge on the lateral boundary, and zero mechanical load on top
and lateral boundaries.

e For the metal substrate Q,,: zero load on lateral and top boundaries
(excluding the interface with Q).

For the PDMS hollow cylinder Qppys: zero displacement on bottom
boundaries and zero load elsewhere (excluding the interfaces with
Q, and Q).

For the fluid domain €: a fully developed flow condition at the inlet
of the main channel with assigned flow rate Q;, a null pressure
condition at the outlets (p = 0 Pa), and a no-slip condition on the
device walls.

Table 1

Material parameters.
Material Density (kg/  Viscosity Young’s modulus  Poisson’s

m?) (Pas) (MPa) ratio
PZT 7500 - - -
Metal plate 8400 - 10° 0.3
(brass)

PDMS 970 - 0.75 0.499
Water 1000 0.001 -

Sensors and Actuators: A. Physical 367 (2024) 115074

Table 2
Material properties of PZT.
Parameter Values
Elasticity tensor C® [127 802 847 0 0 0
(GPa) 802 127 847 0 0 0
847 847 117 0 0 0
0 0 0 299 0 0
0 0 0 0 299 0
L O 0 0 0 0 235
Coupling tensor e [ o 0 0 0 17.0345 0
(C/m?) 0 0 0 17.0345 0 0
| —6.6228 —6.6228 23.2403 0 0 0
Relative [1704.4 0 0
permittivity 0 1704.4 0
tensor sf L O 0 1433.6

e Perfect bonding is assumed on the other internal boundaries.

e Moreover, as shown in Fig. 2(d), a lumped compliance C was
modelled at the main channel aperture corresponding to the entrance
of the right oval-shaped lateral chamber (X¢). The associated equa-
tion is:

/ vondZ:C/ a—de. an
e 5. Ot

The value of C was numerically estimated. Specifically, a uniform
pressure pg,y, (8 kPa) was applied to the wall of the oval-shaped lateral
chamber, and the volume change (AVol) associated to the resulting
PDMS deformation was quantified (a PDMS block of dimensions
17 mm x 42 mm x 4 mm was considered). The compliance was hence
computed as C = %p",’, and turned out to be C = 4 x 1013 m3/Pa.

Initial conditions are zero for all variables.

3.4. Model implementation

The model was implemented in COMSOL Multiphysics. The “Solid
Mechanics” interface was used for the PZT element Q,, the metal sub-
strate Q,, and the PDMS hollow cylinder Qppys. As material models,
“Piezoelectric Material” was used for Q,, while “Linear Elastic Material”
was used for Qp, and for Qppys. In the Q, domain, the “Electrostatics”
interface was also active, with a “Charge Conservation, Piezoelectric”
node. The “Laminar Flow” interface was used for the fluid domain Q.
The “Multiphysics” interface was also added to the model, to account for
(i) the coupling between the “Solid Mechanics” and “Electrostatics” in-
terfaces within the Q, domain, by using the “Piezoelectric Effect” node,
and (ii) the coupling between the “Solid Mechanics” and “Laminar Flow”
interfaces at the fluid-structure interaction boundaries Z;, by using the
“Fluid-Structure Interaction” node with full coupling. The “Explicit
event” feature was used to activate the applied voltage.

The finite element mesh (Fig. 2(e, f)) consists of a physics-controlled
mesh with unstructured tetrahedral elements. The number of elements
and the number of degrees of freedom typically considered were about
1.2 million and 2.4 million, respectively. Mechanical, electrical, and
fluidic problems are fully coupled, and a segregated solver is used. To
improve problem conditioning, the flowing units were used for the
fundamental quantities: length in mm, time in ms, mass in mg, and
charge in uC. The computational time on a workstation with dual Intel
(R) Xeon(R) CPU Gold 6226 R @ 2.89 GHz and 256 GB RAM was about
7 h, for each numerical test.

3.5. Central streamline analysis

To quantify the fluid flow displacement caused by the PZT actuation
we analysed the behaviour of the streamline that originates at the cen-
tral point of the main channel entrance (Fig. 3(a)). For each simulation
time, we extracted the streamline coordinates and fitted a linear model
to the projection on the xy-plane of the streamline portion falling in the



C. Brandi et al.

(a) (b)

Sensors and Actuators: A. Physical 367 (2024) 115074

(c) (d) Repository
ROI-A model

=-60°

6= 30°

'lg "

Fig. 3. (a) Linear fit of the simulated central streamline, with indication of the rotation angle 6. (b)-(d) Image-based quantification of the experimental central stream
rotation. (b) Exemplary microscopy snapshot of the sorting region (the sample stream is deflected towards the right collection channel). The regions-of-interest ROI-A
and ROI-B are highlighted. (c) Model of ROI-A, with indication of the angle ¢ and the relevant model parameters (see text for details). (d) Five examples from the

repository (#=—60°, —30°, 0, 30°, 60°).

sorting region:
y=cx+co, (12)

where c; is the fitted parameter and c is set to impose the passage of the
model through point (Opm, — 50pm), shown as a star in Fig. 3(a). The
deflection of the streamline with respect to the main channel axis was
accordingly quantified by the rotation angle 6 = atan(cy).

4. Image-based approach for experimental device
characterization

To experimentally quantify the deflection of the sample stream
induced by the piezoelectric actuator we designed an original image-
based approach, described in the following. The method was imple-
mented in MATLAB.

Fig. 3(b) shows an exemplary image frame. The sample stream is
distinguishable from the sheath flows since it is lighter. Moreover, the
two interfaces between the sample and the sheath flows appear as two
darker bands. Two regions of interest (ROIs) are highlighted in the
image frame, referred to as ROI-A (sorting region) and ROI-B (pre-
sorting region). During piezoelectric actuation, ROI-B does not change
across the different video frames. On the other hand, ROI-A captures the
sample stream displacement. Aiming at simple and robust image-
processing, we created a model image of ROI-A (Fig. 3(c)) with only
one degree of freedom that is the stream deflection angle 6. The other
geometric parameters of the model image, namely the sample stream
centre location ¢ and the sample stream width w, are measured in ROI-B
from the first frame of each video. In order to increase robustness with
respect to noise, the average row of ROI-B is computed, from which w
and c are automatically extracted. The intensity levels of the different
parts of the model image - namely those of the central stream (I¢), the
lateral bands (I1,), and the background (Ig) - are manually extracted from
ROI-A of the first frame of each video. The width of each darker lateral
band is estimated as w/6.

For each video, a model repository of ROI-A corresponding to 65
equispaced values of ¢ in the range [— 60°, 60°] was generated (Fig. 3
(d)). The acquired ROI-A of each video frame was then matched with the
closest model from the repository (i.e., minimum norm of difference
image) and was assigned the corresponding value of 6.

5. Results and discussion
5.1. Numerical characterization results

In all numerical tests, a set-up period of duration T; = 250 s at zero
applied potential is considered, to achieve a steady-state condition. The
inlet flow rate increases linearly from Q;y; = 0 pl/min at t = 0 to Qyy =
20 pl/min att = T;/2, and is kept constant at 20 ul/min for t > T;/2. The
value of 20 pl/min was chosen to mimic the experimental conditions
(5 ul/min sample flow and 15 pl/min sheath flow).

The simulation results relevant to the set-up period (0 <t < T;) are
shown in Fig. 4. While approaching the steady state, the pressure in the
sorting region increases. Accordingly, the PDMS, the metal plate, and
the PZT element are displaced outwards. Therefore, part of the inlet flow
rate is accommodated into the lumped compliance and the cylindrical
chamber (cf streamlines in Fig. 4(b, ¢)). The upward displacement of the
metal plate reaches about 40 um (mean displacement) at t = T;. The
amount of flow diverted from the main channel progressively decreases
while the overall outlet flow rate Q,,,; progressively approaches Q. The
repartition of the flow rate among the three outlet channels is governed
by their hydraulic resistance, which in turn is proportional to their
lengths (L; = 7.5 mm, Ly = L3 = 10 mm). Accordingly, Q2/Q1 = Qs/
Q1 = 3/4, where Q; denotes the flow rate through outlet O; and Q; +
Q2 + Q3 = Qou-

At t = T, either a sinusoidal actuation or a pulse actuation is acti-
vated. The sinusoidal actuation case is reported in Fig. 5. An applied
potential at 3 Hz frequency and 5, 7.5, or 10 Vp, amplitude is consid-
ered. Ten cycles are simulated (to ease convergence, the voltage
amplitude reaches its full value at the end of the second cycle). The
vertical displacement of the metal plate, u,, follows the behaviour of the
applied potential Vg, namely, a positive voltage induces an upward
displacement. The overall outlet flow rate is accordingly in counter-
phase with V. A substantial proportionality with respect to the
amplitude of the applied voltage is found in the tested range. The peak-
to-peak amplitudes of the oscillation of the vertical displacement u, are
1.53 ym, 1.14 um, and 0.764 um, respectively at 10, 7.5, and 5 Vpp,
whereas the peak-to-peak amplitudes of the oscillation of the overall
outlet flow rate are 0.186 pl/min, 0.139 pl/min, and 0.0923 pl/min.
Three exemplary streamline paths - corresponding to deflection to the
right, unperturbed case, and deflection to the left - are shown in Fig. 5
(b). It can be noticed that in the right-deflection case the streamlines
arriving from the right portion of the main channel move toward the
boundary X¢, where the lumped compliance is applied, mimicking the
deformability of the right oval-shaped lateral chamber (cf Section 3.3).
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Fig. 4. Numerical characterization, set-up period (0 <t < T;). (a) From top to bottom: inlet flow rate (Q;y), average over Zg;, of the vertical displacement of the
metal plate (i), and overall outlet flow rate (Quu: = Q1 + Q2 + Q3). (b) Visualization of the streamlines originating at the inlet section (cf zoom in panel (c)), at first

time step (i.e., t = 5 ms).
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Fig. 5. Numerical characterization, sinusoidal drive signal (10 cycles, reaching max amplitude at the end of second cycle). (a) From top to bottom: applied potential
Vapt (3 Hz, 5, 7.5, or 10 V), average over Xg;; of the vertical displacement of the metal plate (u.), and overall outlet flow rate (Qoue = Q1 + Q2 + Q3). (b) Path of
the streamlines originating at the main channel inlet, at three relevant time instants of the last stimulation cycle (10 V;, case): t; (Vgp = —5 V), ta (Vg = 0 V), and

t3 (Vappt = 5 V). () Rotation angle of the central streamline (last 2 cycles).

The time behaviour of the rotation angle 6 of the central streamline (cf
Section 3.5) is shown in Fig. 5(c). It is a sinusoidal waveform in coun-
terphase with the applied voltage and approximately proportional to its
amplitude. Specifically, the amplitude of ¢ turned out to be 45.4°, 32.5°,
and 23.4°, respectively at 10, 7.5, and 5 V.

Fig. 6 reports the results relevant to the pulse drive signal. A single
pulse of 20 ms duration and 3 V amplitude is considered, followed by a
final phase (50 ms) at zero applied potential. Like the sinusoidal case,
the vertical displacement of the metal plate closely follows the behav-
iour of the applied potential, with a negative pulse of 3 V amplitude
inducing a 0.45 um drop of u,. The pressure at the interface between the
fluid and the metal plate (Zg;;) correspondingly increases of about 0.1
kPa (with respect to a pre-pulse value of 7.31 kPa). A pressure increase is
also found at the sorting region, as well as streamlines deflection to-
wards the right outlet and the lumped compliance (Fig. 6(b)). At the

central time of the pulse, the rotation angle of the central streamline is
6 = 23°.

5.2. Experimental characterization results

For the experimental characterization of the actuator, we monitored
the rotation angle 6 of the sample stream by using the image-processing
approach described in Section 4. In case of sinusoidal drive signal,
applied voltage (10 V) at frequencies from 3 Hz to 1 kHz were tested.
The resulting rotation 6 of the sample stream exhibited a sinusoidal time
course. A slight offset (i.e., a non-null baseline value) was present. Fig. 7
(a) shows the raw rotation angle returned by the image-processing
routine (thick blue curve). In the video recorded at 50 Hz stimulation
frequency, for small sample stream deflection, the contrast between the
sample stream and the sheath flows was quite low, resulting in image
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Fig. 6. Numerical characterization, pulse drive signal. (a) From top to bottom: applied potential Vg, (—3 V pulse, 20 ms duration, 2 ms rise and fall times), average
over Xg;q of the vertical displacement of the metal plate (u;) and of the pressure p. (b) Path of the streamlines originating at the main channel inlet (top row) and
pressure distribution (bottom row), at two relevant times: before pulse actuation (t,) and at the central time of the pulse (t.). The time plot of the rotation angle of

the central streamline is also reported.
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Fig. 7. Experimental characterization, sinusoidal drive signal. (a) Rotation angle of the sample stream 6(t) for drive signals (10 V) at (from top to bottom) 3, 15, 25,
50, 75, 100, 500, and 1000 Hz. Raw data (blue); fitted sinusoids (cyan). (b) Bode diagram (amplitude plot). At 100 Hz, 5 V,,, voltage is also considered (red square).
Inset: rotation angle at 10 Vy,;, (blue) and 5 V,, (red). The baseline value 6 has been subtracted from 6(t) to ease amplitude comparison.

processing artefacts. A sinusoidal fit of the raw rotation angle is also
reported in Fig. 7(a) (thin cyan curve, fit model: Asin(2zf +¢) + B). The
fitting procedure allowed to manage possible processing artifacts and to
verify that the rotation frequency f was the same as the frequency of the
applied voltage. The Bode amplitude plot is reported in Fig. 7(b). The
rotation amplitude A increases from 26° at 3 Hz to 43.3° at 100 Hz and
drops to 11.8° at 1 kHz, due to the inertia of the overall mechanical
system. In the inset, for the 100 Hz case, the time course of § at 10 Vp,, is
compared to that at 5 V},, which exhibits a rotation amplitude of 22.9°.
An exemplary video of the sinusoidal actuation case is provided as
supplementary material (Video S1, described in Section 3 of the Sup-
plementary Material file).

In case of pulse drive signal, pulses of duration T,, ranging from
20 ms to 0.5 ms were tested, at 5 V or 3 V pulse amplitude. In each test, a
train of pulses were administrated with repetition period T. The time
course of the resulting sample rotation 6 is reported in Fig. 8(a). The
individual pulses do not interfere with each other. For T,, of 20, 10, or

5 ms, the rotation 6(t) follows the time course of the applied voltage.
Slight overshoots are found at pulse activation/deactivation, and the
value of theta slightly decreases during the pulse-on phase. The value of
6 at half pulse duration (6,) is reported in Table 3. For T,, of 1 or 0.5 ms,
the rise phase of 6(t) is not complete when the fall phase begins. In those
cases, the maximum rotation (0,,,) is reported in Table 3. In all cases,
the rotation is larger at 5 V than at 3 V. Finally, we performed a test (at
20 ms pulse duration) with inverted pulse polarity and found a sym-
metric response of the system (Fig. 8(b)). An exemplary video of the
pulse actuation case is provided as supplementary material (Video S2,
described in Section 3 of the Supplementary Material file).

6. Discussion and conclusions
We introduced an approach for the design and characterization of a

microfluidic piezoelectric sorter. The approach hinges on two tools: a
finite element model for in-silico analysis of device functioning and an
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Fig. 8. Experimental characterization, pulse drive signal. (a) Rotation angle of the sample stream 6(t). From top to bottom, T,, = 20, 10, 5, 1, and 0.5 ms. Pulse

amplitude is 5 V (blue) or 3 V (red). (b) Comparison of pulse drive signal with normal polarity (i.e., Von = 2.5, Voif = — 2.5) and inverted polarity (i.e., Vo = — 2.5,
Voff = 25)
Table 3
Experimental sample stream rotation in case of pulse drive signal (6., rotation angle at half pulse duration; 6,,,x maximum rotation angle).
Pulse amplitude Ton= 20 ms Ton=10ms Ton=5ms Ton=1ms Ton= 0.5 ms
5V 6.= 32° 6.= 39° .= 39° Omax= 58° Omax= 37°
3V 6.=17° 0.= 24° 0.= 24° Omax= 37° Omax= 22°

image-based strategy for experimental monitoring of flow deflection.

The numerical model of the microfluidic system was able to mimic
the main features of the actual device. To obtain this result, it was
critical to include the deformability of the PDMS in the model. In a
microfluidic device with rigid walls, the streamlines would not enter the
right oval-shaped lateral chamber due to fluid incompressibility, and the
rotation of the central streamline would be asymmetrical (rotations to
the left larger than rotations to the right). Furthermore, as shown in
Sections 1 and 2 of the Supplementary Material, the implementation of a
fully coupled fluid-structure interaction turned out to be essential to
reproduce in simulation the sinusoidal oscillation manifested by the
experimental sample stream under sinusoidal actuation (Fig. S1,
Fig. S2). In case of pulse actuation, the experimental results exhibit a
sharp rise followed by a slow decay, not appearing in simulation
(Fig. S3). The difference between simulation and experiments may be
partially explained by the pulse-voltage smoothing (2 ms rise and fall
times) introduced in simulation to ease convergence. Moreover, cali-
bration of model parameters (e.g., PDMS Young’s modulus) may bring
the simulation results closer to the experimental ones.

The numerical model also provided insights on quantities that are
not straightforward to monitor experimentally, such as the deflection of
the metal plate and the pressure acting upon it, and the behaviour of the
streamlines inside the cylindrical chamber. However, the 3D and mul-
tiphysics nature of the numerical model required care to facilitate
convergence. Specifically, we reduced model complexity by substituting
the right oval-shaped chamber with a lumped compliance, and we used a
tailored scaling to improve conditioning.

Comparable voltages (a few volts) were needed to achieve effective
fluid deflection (tens of degrees) numerically and experimentally. In
both cases, fluid displacement was approximately proportional to the
intensity of the applied voltage.

The numerical and the experimental characterization of the sample
stream deflection share a common approach. They both consider a linear
approximation of the deflected streamlines in the sorting region, quan-
tified by means of a rotation angle 6. This is a simple and effective way to

monitor the time course of the fluid response. By geometric arguments, a
cell focused along the microchannel axis would be unsorted for
|0] <9.5° or left/right sorted for 9.5°< |0] <26.6° (left for negative
values, right for positive values). For 6 magnitude higher than 26.6° the
cell could be deflected towards the left or the right oval-shaped cham-
bers (according to the sign of 0). A real-time implementation of the
image-based approach could be used to detect this situation and
accordingly reduce the applied voltage, thus directing the sample flow
towards the outlet channels.

The image processing approach turned to be quite effective. The
adaptive selection of the model parameters (c,w,I¢,I;,I) ensures that the
strategy is robust with respect to slight off-centering of the sample
stream and variations of the illumination settings across different
videos. The use of only one degree of freedom 6 results in a small re-
pository from which the best fit model is rapidly identified. Accordingly,
the approach has potential for real-time implementation.

As a perspective, the numerical model could be adapted to other
device geometries or enriched by introducing particle tracing. From the
experimental point of view, an impedance sensor will be integrated into
the device to drive the piezoelectric actuator based on the electrical
phenotype of target cells.
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