Microfluidics and Nanofluidics (2026) 30:16
https://doi.org/10.1007/510404-025-02869-6

CORRESPONDENCE ——

®

Check for
updates

Numerical simulation and validation of stretchable inertial
microfluidics for tunable particle focusing and separation

Shaghayegh Tavasoli' - M. Soltani'*3*. Mohammad Kiani Shahvandi' - Navid Kashaninejad® - Nam-Trung Nguyen®

Received: 30 July 2025 / Accepted: 23 December 2025
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2026

Abstract

Inertial microfluidics is a passive particle manipulation technique, excelling in simplicity, precision, and high through-
put. However, its restricted adaptability to varying particle sizes has limited its broader application. This study presents
numerical simulations on a stretchable inertial microfluidic device that dynamically adjusts channel dimensions, enabling
tunable particle focusing and separation. Building upon the experimental work by Fallahi et al. (Analytical Chemistry,
2020), we incorporate advanced numerical simulations to evaluate how channel stretching influences particle migration
dynamics. We investigate the inertial focusing of 15 um particles and the separation of 10-um and 15-pm particles in a
straight channel under varying stretching lengths. Stretching the channel length up to 6 mm resulted in a near-complete
focusing efficiency of almost 100%. Furthermore, increasing the channel length enhanced the effective separation of
10- and 15-pm particles, achieving 100% separation efficiency and purity. We identify an optimal stretching length that
maximizes the separation efficiency, thereby confirming the device’s effectiveness. Qualitative and quantitative validation
demonstrate excellent agreement between experimental and simulation results, with an accuracy of 99.82% and an average
error of 0.18%, underscoring the reliability of the proposed model. The simulated stretchable device, capable of dynami-
cally adjusting the channel dimensions in real time, opens up new perspectives and potential applications with enhanced
tunability and performance of inertial manipulation, focusing, and separation of particles.

Keywords Inertial microfluidics - Stretchable microfluidics - Flexible microfluidic devices - Particle focusing - Particle
separation - Numerical simulation

1 Introduction

Recently, significant attention has been given to develop-
ing techniques for manipulating bioparticles and cells
(Hettiarachchi et al. 2023) in biomedical (Li et al. 2018),
biological (Mukherjee et al. 2024; Scheler et al. 2019; Tajik
et al. 2019), and chemical (Zhang et al. 2020) applications.
These applications require precise manipulation of bio-
logical samples, such as focusing, separation, and isolation,
which are crucial for advancing fields such as basic research
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(Yang et al. 2020; Sajeesh and Sen 2014), clinical applica-
tions (Gharib et al. 2022; Contreras-Naranjo et al. 2017),
and drug discovery (Kimura et al. 2018). Various techniques
have been proposed for cell focusing and separation. While
these methods enable optimal focusing and separation, they
often suffer from drawbacks such as being time-consuming,
overly complex, and high-cost (Hettiarachchi et al. 2023).
In contrast, microfluidic systems meet the needs for the han-
dling and manipulation of liquid samples, suspended cells,
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and biological particles, toward personalized medicine and
innovative therapies (Chrimes et al. 2013; Ayuso et al. 2022;
Park et al. 2024).

Microfluidic approaches are broadly categorized based
on the sources of manipulation forces as passive and active
techniques (Cha et al. 2022). Active techniques (Grier 2003,
Cetin and Li 2011; Wang and Zhe 2011; Zhou et al. 2023)
utilize external force fields, such as magnetophoresis (Giu-
dice et al. 2015; Forbes and Forry 2012), dielectrophoresis
(Zhou et al. 2018, 2020a, 2020b), electrophoresis (Jeon et
al. 2016), and acoustophoresis (Zhang et al. 2018a, 2018b),
whereas passive techniques (Yamada and Seki 2005; Huang
et al. 2004; Altmann and Ripperger 1997; Yamada et al.
2004; Carlo 2009; Zhou and Papautsky 2013; Zhang et al.
2016) rely on channel geometry and hydrodynamic forces
(Zhang et al. 2014). Among passive methods, inertial micro-
fluidics exclusively uses hydrodynamic forces for focusing
and separating cells and other bioparticles (Bogseth et al.
2020). This approach offers remarkable characteristics,
including ease of operation, precise manipulation capa-
bilities, high throughput, and cost-effective implementa-
tion (Zhang et al. 2016). For example, Zhou et al. (2013a,
2013b) demonstrated that hydrodynamic particle focus-
ing can be effectively used for passive, sheathless particle
focusing in microfluidic channels. Inertial migration refers
to the phenomenon where cells or particles randomly dis-
tributed at the entry of a straight channel gradually migrate
transversely to equilibrium positions in the cross-section
after traveling a sufficient distance (Segre and Silberberg
1961, 1962). This process relies on two dominant forces: the
shear gradient lift force ( Fis), which moves particles from
the channel center towards its wall, and the wall-induced
lift force ( Fyy), which propels particles away from the wall
towards the center. The balance between above-mentioned
forces leads to the formation of equilibrium positions in
the channel cross-sections. (Zhang et al. 2016; Segre and
Silberberg 1961). The performance of inertial microfluidic
systems is influenced by critical parameters such as chan-
nel geometry, flow rates, flow rate ratios (FRRs), and the
resistances of outlet channels (Bogseth et al. 2020; Tu et al.
2017; Wang and Papautsky 2015; Zhou et al. 2013a, 2013b;
Chung et al. 2013).

Advances in microfluidics enable highly efficient plat-
forms for focusing and separating particles and cells.
Hence, extensive research has been carried out to enhance
the efficiency of particle focusing and separation using iner-
tial microfluidics. Zhou et al. (2013a, 2013b) developed a
microfluidic system that utilizes two-stage inertial migra-
tion to effectively separate particles and rare cells in the
blood. The system employs a straight rectangular micro-
channel with variable aspect ratios to enable precise control
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of the flow field and particle trajectories (Zhou et al. 2013a,
2013b). Tu et al. (2017) introduced a parallel inertial micro-
fluidic system for size-based particle focusing, offering an
adjustable cutoff size through output resistance manipula-
tion. Bogseth et al. (2020) developed a co-flow inertial
microfluidic device to focus particles according to their
size, analyzing the effects of flow rate, FRRs, and channel
resistance ratio on tunability and separation performance.
Zhang et al. (2023) investigated size-based particle sepa-
ration using sheath flows, demonstrating the influence of
flow rate and channel length. Zhang et al. (2018a, 2018b)
introduced a microfluidic system that combines dielectro-
phoresis with inertial flow to demonstrate tunable particle
separation. Zhou et al. (2019) utilized a microfluidic plat-
form with a straight inertial migration channel and multi-
flow to separate circulating tumor cells (CTCs) according to
their size. In addition, Zhou et al. (2020a, 2020b) employed
non-Newtonian viscoelastic fluids to focus and separate
elasto-inertial particles, enabling tunable particle separa-
tion. Mashhadian and Shamloo (2019) analytically studied
particle focusing in inertial microfluidics within rectangu-
lar microchannels and demonstrated that equilibrium posi-
tions are governed by particle size, channel aspect ratio, and
Reynolds number. Raufi et al. (2019) experimentally and
numerically explored particle focusing in straight micro-
channels using viscoelastic fluids, highlighting how cross-
sectional geometry and flow rate influence the focusing
behavior in elasto-inertial microfluidic systems. Nouri et
al. (2024) numerically investigated the elasto-inertial parti-
cle focusing in straight and serpentine microchannels using
DNS in a viscoelastic medium.

Despite extensive studies to achieve tunable focusing
and separation performance, most devices introduced so far
have fixed configurations that cannot be altered or adjusted
after fabrication, limiting their use to a specific particle size.
In reality, samples vary in size, necessitating devices with
adjustable designs for precise manipulation. Enhancing the
device’s efficiency for focusing and separating particles of
different sizes requires iterative channel design, extensive
testing on samples, and optimization of operating condi-
tions (Bogseth et al. 2020). These steps, however, are cum-
bersome, time-consuming, and costly, emphasizing the need
for further research to develop optimal configurations that
improve the efficiency of particle focusing and separation
techniques.

Recently, flexible and stretchable microfluidic platforms
have emerged, offering a suitable solution for the develop-
ment of devices and systems with special requirements. This
advancement enabled new applications in medicine, biol-
ogy, chemistry, and electronics (Fallahi et al. 2019, 2021;
Pinho et al. 2019; Baek et al. 2005; Vu et al. 2023). While
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this research area is rapidly evolving and has gained sig-
nificant traction in biomedical technologies and diagnostic
applications, it requires further comprehensive exploration.
Fallahi et al. (2020) introduced and demonstrated experi-
mentally a flexible inertial microfluidic device capable of
precise tuning of channel dimensions. The team assessed
the focusing and separation behavior of a mixture of two
particles in a straight microchannel under various stretch-
ing lengths. Subsequently, they demonstrated the capability
to tune and control the separation threshold for a particle
mixture using a stretchable inertial microfluidic device. Fur-
thermore, the team demonstrated focusing and separation of
CTCs from diluted whole blood and white blood cells (Fal-
lahi et al. 2021). These systems provide greater tunability
and control over particle manipulation, addressing the limi-
tations of devices with fixed geometry.

Computer simulations are essential tools for designing
and optimizing microfluidic devices. These tools allow for
exploring design spaces, optimizing geometries, and ana-
lyzing functional parameters that are experimentally costly,
time-consuming, and challenging (Shahvandi et al. 2023;
Kiani Shahvandi et al. 2022; Souri et al. 2023). By stream-
lining research processes, simulations support experimental
work through system behavior analysis and performance
prediction, significantly reducing reliance on trial and error
while minimizing time and costs (Sheidaei et al. 2020;
Erickson 2005; Carvalho et al. 2021).

This study proposes and develops a mathematical
framework. To validate the proposed approach, numeri-
cal simulations replicating a real experiment on a stretch-
able microfluidic system were carried out, demonstrating
high-precision particle focusing and separation via inertial
focusing. Unlike prior studies, our work systematically
determines optimal stretching conditions for enhanced per-
formance, bridging the gap between fixed-geometry devices
and adaptive microfluidic platforms. Such simulation pro-
vides an opportunity to optimize stretching lengths, flow
conditions, and particle sizes prior to experimental testing
and fabrication. The migration trajectories of 15 um par-
ticles were analyzed under different stretching lengths to
assess focusing efficiency. Additionally, a binary particle
mixture (10 pm and 15 pm) was examined under different
stretching lengths to evaluate separation capabilities. These

simulations, while validating the experimental findings
reported by Fallahi et al. (2020), effectively addressed exist-
ing gaps by providing detailed analyses of particle behavior
and separation mechanisms in stretchable inertial micro-
fluidic systems. The simulation analyses demonstrate that
stretchable microfluidic devices not only allow post-fabri-
cation channel adjustment but also significantly enhance the
precision of particle focusing and separation. Additionally,
the simulation of stretchable inertial microfluidics allows
for determining the optimal stretch length, facilitating the
effective separation of particles and cells with varying sizes.
This approach improves efficiency while offering substan-
tial savings in processing time and costs associated with
design, testing, fabrication, and re-optimization.

2 Materials and methods

This section provides a detailed description of the computa-
tional geometry of the channel, the difference in particle lat-
eral displacement ratio, and the effects of channel stretching
on the lateral migration of particles. It also covers hydrody-
namic forces acting on the particles, governing equations
for fluid flow analysis, and particle trajectories. Finally, the
solution strategy section details initial and boundary condi-
tions, physics, solver settings, and other simulation param-
eters. The equations and parameters of this mathematical
framework were derived through an in-depth review of
experimental, numerical, and analytical studies in the field
of microfluidics, particularly in the areas of particle trac-
ing and fluid flow. By intelligently integrating these equa-
tions into a unified framework, we numerically reproduced,
with high accuracy, the physical behavior of an experimen-
tal microfluidic system developed by Fallahi et al. (2020),
based on the conditions reported in their study.

2.1 Computational geometry

The computational model is based on the previously
reported stretchable inertial microfluidic device (Fallahi
et al. 2020). Figure 1 depicts the three-dimensional (3D)
numerical model. The geometry includes two inlets (cen-
tral sheath flow and bifurcating particle inlets), a central
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Fig. 1 Schematic illustration of the stretchable inertial microfluidic device, showing the main straight channel with central and side inlets for
sample and sheath flows, and three outlet channels (target and side outlets) used for size-based particle separation

@ Springer



16 Page 4 of 13

Microfluidics and Nanofluidics (2026) 30:16

microchannel, and two outlets. Stretching the channel alters
its length and width while maintaining a constant aspect
ratio (H/W = 0.5). The strain ratio (¢) for particle focus-
ing and separation is defined as the ratio of the stretching
length (A Ly ;) to the initial channel length (L;y.,s) for the
respective processes:

_A4L;

AL,
€f L'f =

=T M

where € and €, are dimensionless parameters representing
the strain ratios for particle focusing and separation, respec-
tively. ALy, AL,, Ly, and L;, denote the stretching
lengths and initial length of the straight channel for focusing
and separation, respectively. Table 1 summarizes the dimen-
sional variations for different stretching lengths.

2.2 Lateral displacement of particles

The difference in lateral displacement ratio (6; — 62) for
binary particles is characterized by diameters d,, and d,,
as described in Eq. 2 (Fallahi et al. 2020). This equation
allows for analyzing the differences in lateral displacement
between binary particles.

Adp LQV?

(01 =02) = = s

(@2, — d2,) @

where dj, represents the lateral displacement of particles,
W corresponds to the width of the rectangular cross section,
O represents the flow rate, and L denotes the straight chan-
nel length. The described relationship shows that increas-
ing channel length under stretching increases the lateral
distance between small and large particles before the large
particles reach the center of the channel (where the particles
achieve full focusing at (§=1/2)). This observation suggests
that once the larger particles are stabilized at the center of
the microchannel, any further stretching of the microchan-
nel decreases the lateral distance between the two particle
groups. Therefore, the condition (6 1, 0 2)<1/2 was applied
to Eq. 2.

2.3 Forces acting on particles

The forces acting on suspended particles in the fluid deter-
mine their specific equilibrium position. The dominant
inertial lift forces that contribute to particle migration in a
rectangular cross-section straight channel are Fs (shear-
induced lift force) and Fy (wall-induced lift force) (Zhou
et al. 2013a, 2013b). Apart from the dominant inertial lift
forces, other lift forces, such as Fr (rotation-induced lift
force), Fp (drag force), and the Saffman force, affect the
particles in the fluid and change their equilibrium position.
Upon entering the channel, suspended particles in the fluid
experience the aforementioned forces, causing them to
migrate along the streamlines. These hydrodynamic forces
are determined by the flow patterns, which are directly influ-
enced by the channel geometries (Zhou and Papautsky 2013;
Zhang et al. 2016; Martel and Toner 2014). In addition to the
geometric shape of the channel, factors such as particle size,
density, fluid velocity, viscosity, and flow rate also affect the
behavior of inertial focusing of particles, especially on the
location and number of equilibrium positions (Gou et al.
2018). Among the mentioned forces, certain forces signifi-
cantly impact the performance of the microchannel, while
others can be considered negligible and disregarded. Table 2
presents the equations for the forces acting on particles in a
straight microchannel. Further details of the forces are pro-
vided in the Supplementary Material.

2.4 Governing equations for fluid flow analysis

In fluid mechanics, flow patterns are classified based on
Reynolds numbers. In microfluidic systems, this dimension-
less parameter indicates the type of flow within the channels,
which is typically laminar. The fluid density, flow velocity,
channel hydraulic diameter, and fluid dynamic viscosity
influence the Reynolds number. Because microchannels
have small dimensions and operate at low flow rates, the
Reynolds number is usually very low. A Reynolds number
lower than about 2000 is typically associated with laminar
flow conditions (Zhang et al. 2016; Brody and Yager 1996).
In this regime, turbulence is negligible, allowing precise
control of particle motion along predictable streamlines.
As cither flow rate or channel size increases, the Reynolds
number increases and the flow can approach the transitional

Table 1 Variations in microchannel cross-sectional area for each stretching length. The values of L;; and L;s of the straight channel are consid-

ered to be 5 and 10 mm, respectively

Case A Ly (mm) A Lg (mm) €r () €s () Width (um) Depth (um)
1 0 0 0 0 100 50
2 2 2 0.2 0.4 96 48
3 4 4 0.4 0.8 91 47
4 6 6 0.6 12 87 45
5 - 8 - 1.6 82 43
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Table 2 Forces acting on particles in a straight microchannel

Parameter Definition

C.y is the wall lift coefficient, p ; denotes the fluid density, Upmaa is the
Dn maximum fluid velocity, and d,, is the particle diameter. The hydraulic

diameter of the channel, Dy, is givenby D), = 2W = H/(W + H),
where W and H denote the width and depth of the microchannel, respectively

Force Name Force Equation

Wall-induced lift force F — Cup (U2, d,°

Shear-induced lift force r Cop (U2, dp°
5= Dy,

Drag force Fp =6rpdyU,;

C is the lift coefficient

1 represents the viscosity of fluid, and U, ¢ shows the normal particle veloc-

ity relative to fluid velocity

Inertial lift force JiP jUmax’dp”
Fp = 10T G

D2
Fr=mdp’p ;02 x Ups

1
Fs = %(“f - “p)dPZ("/ %f) :

Rotation-induced lift force
Saffman force

fi is the dimensionless lift coefficient

{2 represents the angular velocity of the particle

k is a numerical constant (k = 81.2), (us — uyp) represents the relative veloc-
ity between the particle and fluid flow, and v denotes the shear rate

Note: References: (Zhou and Papautsky 2013; Zhang et al. 2016; Martel and Toner 2014); some symbols modified for clarity; definitions pro-

vided in the table

or turbulent range (Krishnan et al. 2017). In the simula-
tion conducted for this research, the Reynolds number was
investigated throughout the microchannel domain. A value
of 1.2 was obtained, confirming that the flow remains well
within the laminar regime. Therefore, laminar flow condi-
tions with Re=1.2 were assumed, consistent with typical
microfluidic behavior. The flow dynamics in the microchan-
nel are governed by the Navier-Stokes and continuity equa-
tions (Egs. 3 and 4).

V.4 =0 3)

pf<%f+7.v7> — Vptu,VEIAE @

where, W represents the vector of fluid velocity, p denotes
pressure, p ¢ indicates fluid dynamic viscosity, and F' rep-
resents the field of external forces. The fluid flow field was
first calculated to trace the path of particles or cells in the
microchannel. The trajectory path of particles inside the
channel is determined by Newton’s second law:

d (1m0 ) _

e 5)
where m,, signifies the mass of particles, and '}, repre-
sents the velocity of the particles. Additionally, fjt denotes
the vector that encompasses the total forces exerted on the
particles. Upon solving Eq. 5, the resultant forces allow for
the calculation of both the magnitude and direction of the

particle. Subsequently, the vector representing the particle’s
position can be obtained as:

d(7) = ©)

dt

2.5 Solution strategy

Simulations were conducted using COMSOL Multiphys-
ics (v5.6). The computational domain was discretized with
unstructured meshes, and mesh independence was ensured
through convergence testing. The fluid velocity field was
solved using the laminar flow physics module with a sta-
tionary solver, followed by a time-dependent solver for
particle tracking. Initial and boundary conditions included
a no-slip condition at channel walls, atmospheric pressure
at outlets, and specified flow rates. For particle focusing,
15 um particles were introduced with a sample flow rate
of 10 pL/min and a sheath flow rate of 50 p L/min. For
particle separation, binary particles (10-pm and 15-pm in
diameter) were introduced, with flow rates adjusted to 10
pL/min for the sample flow and 215 pwL/min for the
sheath flow. Particle trajectories were modeled based on
Newton’s second law, incorporating dominant forces such
as wall-induced lift, shear-induced lift, drag, and rotation-
induced lift. Rigid boundary conditions ensured particle-
wall interactions that resulted in either mirror (specular)
or random (diffuse) reflections upon collision, consistent
with the mixed-reflection model employed. The density and
dynamic viscosity of the simulated fluid were set at 1039
kg/m? and 0.0011 Pa - s, respectively. Particles were ini-
tially distributed randomly at the central inlet and migrated
to equilibrium positions at different outlets under the influ-
ence of applied forces.
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3 Results and discussion
3.1 Mesh study

To balance computational efficiency and accuracy in practi-
cal simulations, a mesh independence study was conducted
to determine the optimal mesh. Reducing the number of
mesh elements may lead to a loss of critical details, reducing
solution accuracy, while increasing them extends computa-
tional time. Since complete particle focusing was achieved
at a strain ratio (e¢) of 0.6, with a width of 87 pm and a
height of 45 um, this geometry was selected for mesh anal-
ysis. To assess mesh dependence, it is essential to ensure
that the mesh size is small enough to accurately capture all
changes occurring during the numerical solution. To verify
the accuracy of the grid applied to the geometry, simulations
were performed with several neighboring grids that closely
resemble the applied grid. As longitudinal stretching of the
microchannel alters the cross-sectional area and maximum
velocity, it consequently affects the equilibrium position
of the particles. Hence, it is crucial to verify the maximum
velocity, to ensure that the chosen mesh does not produce
an unusual value for the maximum velocity. Further details,
including average values of velocity and shear stress (Table
S1) and assessment of mesh independence with T-test statis-
tical method (Table S2) are provided in the Supplementary
Material for a more comprehensive comparison. Finally, the
fine mesh (264,975 elements) was selected for the simula-
tion due to its satisfactory accuracy. Key parameters show
less than 1% variation compared to the Normal mesh, with
overall error ranges within +2% for average quantities, indi-
cating stable and reliable results.

3.2 Validation

To validate the proposed numerical approach and ensure
the applied settings’ correctness, the geometry simulation

Fig.4 Pressure distribution in a
straight microchannel. The flow

0.85

(A)

Shear stress

(B)

Pas
1 !40
[l
“ 20
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Fig. 3 Distribution of (A) velocity and (B) shear stress at varying € of
0, 0.2, 0.4, and 0.6, with a constant flow rate of 10 p L/min for the
sample flow and 50 y L/min for the sheath flow. The Ly is 10 mm

presented in the experimental study of Segre and Silberberg
(1962) has been done. They observed that the particles dis-
persed in the tube were not focused in the centerline of the
tube but were located on a narrow ring at a distance of about
0.5 to 0.6 relative to the channel radius (0.573—0.672). By
implementing the geometry and applying the desired con-
figuration, the settings related to the experimental study of
Segre and Silberberg were fully applied in the numerical
model. Figure 2 shows that the simulation results confirm
the existing experimental results.

3.3 Laminar flow

The analysis of changes in flow patterns within the micro-
channel, as well as the distribution of velocity and shear

rates for the sample and sheath

)_,

flow are 10 and 50 pL/min
respectively

0
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stress at different € values, is presented in Fig. 3. Figure 3A
shows the velocity profile characteristics as two-dimen-
sional cut planes at the outlet of the channel. The analysis
includes cases of €7 equal to 0, 0.2, 0.4, and 0.6. Generally,
in a straight microchannel with a rectangular cross-section,
the velocity profile exhibits a parabolic profile. Larger
particles located near the centerline of the channel move
faster in the direction of the flow, whereas particles near
the walls exhibit slower velocities. As the stretching length
increases, the cross-sectional area of the microchannel
decreases, resulting in higher fluid velocity. Additionally,
the fluid velocity near the walls approaches zero, indicat-
ing adherence to the no-slip condition. Figure 3B illustrates
the shear stress distribution as two-dimensional cut planes
at the outlet of the straight channel cross-section. The shear
stress distribution reaches its minimum value at the center
of the microchannel and gradually increases towards the
walls, ultimately attaining its maximum value at the walls.
As longitudinal stretching increases, both the velocity and
shear stress fields are altered due to changes in the cross-
sectional area. The decrease in the cross-sectional area of
the microchannel after stretching results in an increase in
fluid velocity and a corresponding decrease in shear stress

Fig. 5 Comparison of simulation
(left) and experimental (right) (A)

at the channel center, which subsequently changes the equi-
librium position of the particles and causes them to fol-
low distinct flow paths towards specific outlets. Figure 5
indicates a gradual decrease in pressure from the inlet to
the outlet, consistent with the Bernoulli principle and the
pressure gradient driving the flow. Eventually, the pressure
reaches atmospheric levels at the outlet. These observations
highlight the accuracy of fluid flow simulations conducted
within the channel.

3.4 Particle tracing
3.4.1 Particle focusing

Figure 5 illustrates the inertial focusing and correspond-
ing equilibrium positions of 15-um particles at different
s values (0, 0.2, 0.4, and 0.6) at the outlet of the straight
microchannel with an initial length ( L;f) of 10 mm. FRR,
which represents the ratio between the sample flow rate and
the sheath flow rate, was maintained at a constant value of
10:50 pwL/min. In Fig. 5A, where no stretch is applied to
the length of the microchannel, the straight microchannel is
assumed to have a length of 10 mm. In this case, the majority

Experimental result
of Fallahi et al.

results (Fallahi et al. 2020) for par-
ticle inertial focusing, showing the
corresponding equilibrium posi-
tions of 15-pum particles at different
particle focusing strain ratios ().
The values of € are (A) 0, (B)

0.2, (C) 0.4, and (D) 0.6. The flow

n
& 4
A4
.
.

rates for the sample and sheath
flow are 10 and 50 p L/min, ®)

respectively. The initial length of
the straight channel for focusing

is L;y = 10 mm. Adapted with
permission from (Fallahi et al.

2020). Copyright 2020 American
Chemical Society
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Fig. 6 Migration behavior and
focusing of 15-pum particles at

€5 = 0.6 with a constant flow rate
of 10 o L/min for the sample
flow and 50 p L/min for the
sheath flow. The L;f is 10 mm
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Fig. 7 Comparison of particle equilibrium position in simulation
results with experimental results (Fallahi et al. 2020) for 15-um par-
ticles at different e values (0, 0.2, 0.4, and 0.6). Error bars indicate
the absolute deviation between simulation and experimental values,
providing a measure of agreement

of particles show a scattered distribution within the channel.
However, as the stretching length of the device increases,
more particles migrate toward the center of the microchan-
nel (Fig. 5B and C). Eventually, at ¢y = 0.6, as shown in
Fig. 5D, the particles are completely focused, achieving
almost 100% focusing efficiency. These results indicate that
stretching of the channel length significantly affects the fluid
flow pattern, enhancing the lateral migration of particles
toward the center of the channel, thereby improving final
particle focusing. The qualitative validation of these results
demonstrates strong alignment with experimental findings,
indicating a high level of agreement between the simula-
tions and practical outcomes.

On the other hand, Fig. 6 illustrates the lateral migra-
tion and progressive focusing of the particles at ey = 0.6 at
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different points of the channel, including the inlet, middle,
and outlet. The visualization is provided in both 3D and 2D
cutting planes. The streamlines and the position of particles
at the microchannel inlet depict variations in flow rates and
show that the sheath flow is higher than the sample flow. As
the channel stretches along its length, the particles gradually
migrate toward the center. Tracking the particles at the mid-
dle of the microchannel demonstrates that they move closer
to the center, confirming the positive effect of stretching.
Finally, the particle positions at the outlet show complete
focusing.

Quantitative validation was also performed to assess the
agreement between the experimental and simulation results.
Figure 7 compares both experimental and simulation results
of the equilibrium positions of 15-um particles at different
er values (0, 0.2, 0.4, and 0.6). The vertical axis represents
the particle’s equilibrium position at the outlet, while the
horizontal axis indicates the different €, values. Error bars
indicate the absolute deviation between the simulation and
experimental values at each point, providing a quantitative
measure of agreement. The results show a high degree of
similarity between simulation and experimental data. The
mean absolute error (MAE) of the particle equilibrium
positions was 0.18% (relative MAE), corresponding to an
accuracy of 99.82%. This small relative deviation indicates
excellent agreement between the simulation and experi-
mental results (Further details on the MAE calculation are
provided in the Supplementary Material). The graph clearly
demonstrates that an increase in the stretching length of
the microchannel leads to the particles’ equilibrium posi-
tion moving closer to the centerline. The slight discrepancy
between the experimental and simulation results in the
stretching ratio range of ¢y = 0.2 — 0.4 can be attributed
to several factors. Experimental uncertainties, including
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equipment calibration, variations in experimental handling,
material variability, and environmental effects (Garcia et al.
2022; Ahrens et al. 2013; Lin et al. 2025; Acosta-Cuevas
et al. 2023; Akbari et al. 2023), may introduce small fluc-
tuations that affect particle trajectories before full inertial
focusing is achieved. In contrast, the simulation is based
on controlled and idealized conditions, such as prescribed
flow rates, simplified boundary conditions, and an ideal-
ized microchannel geometry (Lauricella et al. 2025; Worner
2012; Avci 2025). Although physically justified assump-
tions are employed in the model, these necessary simplifica-
tions may lead to minor deviations. Such discrepancies are
commonly reported in microfluidic studies and fall within
the expected range for simulation validation.

3.4.2 Particle separation

Figure 8 presents an evaluation of the microfluidic device’s
performance in effectively manipulating and separating par-
ticles at different €5 values, comparing these results with
experimental data. Simulations were performed using a
straight microchannel with an initial length ( L;s) of 5 mm
at different ¢, values of 0, 0.4, 0.8, 1.2, and 1.6, and a mix-
ture of binary particles with dimensions of 10- and 15-um.
The ratio of the sample to sheath flow rate was set at 10:215
p1/min and both types of particles were randomly intro-
duced from side inlets and meticulously tracked as they tra-
versed the microchannel to investigate the tunability of the
stretchable inertial device for particle separation. In Fig. 8A,
the position of the particles in the expanding region of the
microchannel outlet is depicted without the application of
stretching. Due to the significant sheath flow, both small
and large particles are forced towards the sidewalls. Con-
sistent with experimental findings, the larger particles (15-
pum) slightly deflect towards the center of the microchannel,
while the smaller particles (10-um) move more towards the
sidewalls. However, in this case, neither particle type was
successfully separated, as both entered the side outlets.

In a straight channel, particles located in the center of the
channel to move faster, while those near the lateral walls
move more slowly. Thus, a longer channel is more effective
for particle separation, as it provides larger particles enough
time to approach the center of the microchannel. This is sup-
ported by the results shown in Fig. 8B, which indicate that
at €, = 1.2, more 15-um particles enter the middle outlet
of the channel. These particles appear positioned along two
lines within the middle outlet, showing closer proximity to
the centerline of the channel. Further stretching (e = 1.6)
(Fig. 8C) allows the binary particles to establish their respec-
tive equilibrium positions within the microchannel. 15-um
particles enter the middle outlet and are located along a line

close to the center line of the channel. In contrast, the 10-pm
particles were directed into the side outlets.

The elongated channel significantly affects the migra-
tion behavior of both particle groups by providing addi-
tional time for larger particles to approach the center. The
increased differential migration achieved by the adjustable
channel creates better separation. Therefore, increasing the
stretch length improved the effective separation of 10- and
15-um particles, and showed an increase in separation effi-
ciency and purity equal to 100%. The results obtained from
the particle tracing simulation under different stretching
lengths demonstrate a strong correlation with Eq. 2. This
relationship shows that increasing the length of the micro-
channel results in an increased lateral distance between the
15-pm and 10-pm particles before the larger particles reach
the center of the microchannel. Once the 15-um particles
reach a stable position at the center of the microchannel,
further stretching decreases the lateral distance between the
binary particles. The strong consistency observed between
the simulated data, experimental data, and the theoretical
model confirms the precision and reliability of the proposed
method. The elongated channel facilitates better separa-
tion and ensures higher purity and accuracy in the detection
of particles of different sizes. By fine-tuning the channel
dimensions, the separation efficiency can be precisely con-
trolled, and highly selective sorting can be achieved, which
is important for applications such as clinical diagnostics and
environmental monitoring.

One of the key challenges in optimizing system perfor-
mance is addressing complex real-world conditions, where
changes in fluid properties or the presence of heterogeneous
samples can significantly affect separation efficiency. Future
research should focus on developing more precise models
to accurately simulate these scenarios. Improvements in
device performance include expanding channel stretchabil-
ity and investigating wider dimensional variations, allowing
the platform to control a wider range of particle sizes and
sample properties, and increasing its adaptability for com-
plex biological samples. Furthermore, integrating real-time
monitoring systems and designing multifunctional platforms
will pave the way for hybrid systems that combine multiple
functions within a single device. These advancements will
extend the system’s applications to rare cell isolation, drug
development, and point-of-care diagnostics. Finally, refin-
ing the system to manage more complex flow dynamics and
incorporating it into lab-on-a-chip platforms will enhance
performance and scalability, positioning this technology as
an innovative and efficient solution across various fields.

@ Springer
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Fig. 8 Comparison of simulation
(left) with experimental (right)
results (Fallahi et al. 2020) for the
separation of 10-um (black) and
15-pum (red) particles at different
separation strain ratios €s. The
values of e, are (A) 0, (B) 1.2, and
(C) 1.6. The 15-um particles are
marked by purple circles. The flow
rates for the sample and sheath
flow are 10 and 215 p L/min,
respectively. The initial length of
the straight channel for separation
is L;s = 5 mm. Adapted with
permission from (Fallahi et al.
2020). Copyright 2020 American
Chemical Society

4 Conclusion

This study presented a mathematical framework and
reported 3D simulations of a stretchable inertial micro-
fluidic device to achieve tunable particle focusing and

@ Springer
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separation. Numerical simulations revealed that channel
stretching significantly improved particle focusing and
separation efficiency by altering cross-sectional dimensions
and fluid flow patterns. At ey = 0.6, particles achieved
nearly 100% focusing efficiency. Similarly, the findings
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demonstrated that elongating the channel ensures higher
separation efficiency for binary particle mixtures, achieving
a separation efficiency and purity of 100%. As stretching
increases, the 15- and 10-um particles migrate toward dis-
tinct equilibrium positions and their respective outlets. At
€s = 1.2 and 1.6, the 15-pm particles gradually shift closer
to the channel center and ultimately align along a trajectory
near the centerline, while the 10-um particles are directed
towards the side outlets. The qualitative and quantitative
comparison of simulation results with experimental data
exhibited an excellent agreement, with 99.82% accuracy,
emphasizing the validity and reliability of the proposed
model. The high agreement confirms the reliability of the
proposed method in replicating experimental conditions
and predicting system performance. The stretchable iner-
tial microfluidic device is capable of dynamically adjusting
channel dimensions on-site without the need for repeated
designing, testing, optimizing, or fabricating, for enhanced
particle focusing and separation. This adaptability enables
comprehensive analysis of performance parameters and
accurate prediction of system behavior, thereby facilitating
system evaluation and optimization. The numerical simula-
tions underscore the ability to reduce reliance on trial-and-
error approaches while significantly minimizing the time
and financial costs associated with device development and
optimization. Additionally, the proposed setup provides a
valuable framework for optimizing microchannel dimen-
sions and operational parameters in simulations related to
the manipulation of bioparticles and cells. Future studies
should focus on varying key parameters such as particle
size, channel stretching length, and flow rates to assess the
generality and performance of the device. They should also
explore more complex flow conditions and incorporate real-
time monitoring systems to enable closed-loop feedback for
practical applications.

4.1 Supplementary Information

The supplementary material provides additional supporting
information for this study. It includes a detailed description
of the mesh study, which validates the numerical accuracy
and grid independence of the simulations. Furthermore,
additional analysis regarding the forces acting on particles
in a straight microchannel is presented to complement the
results discussed in the main text.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10404-0
25-02869-6.
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