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When cells in a suspension flow through a microfluidic channel and rotate within
the field of view (FOV) of a holographic microscope, they become accessible to a
light beam from various angles. This allows the retrieval of a three-dimensional
refractive index map for each flowing cell, essentially a 3D phase-contrast
tomogram. Understanding the effects of hydrodynamic interactions among
cells on their rotational behaviour during flow is crucial for designing
microfluidic devices for holographic imaging. In this study, we employ direct
numerical simulations to investigate the dynamics of cell clusters suspended in a
Newtonian liquid under pressure-driven flow within a microfluidic channel, with
the aim of clarifying the influence of hydrodynamic interactions on cell rotation.
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1 Introduction

In the last decade, imaging flow cytometry (IFC) [1-3] has added high resolution optical
and/or spectroscopic information to the conventional flow cytometry technology [4], so
revealing a powerful measurement method in diagnostics and healthcare. Even if the
throughput that these systems can achieve is remarkable (up to tens of thousands of cells per
second), IFC only provides single 2D projections of 3D objects and is based on fluorescence
analysis, thus needing for a labelling of the cells. Recently, quantitative phase imaging (QPI)
based on digital holography (DH) has been proposed as a low-cost system to achieve rapid
cell detection [5]. In conventional DH cell imaging, cells are placed in Petri dishes to
complete the necessary recordings, yet this microscopic technology has the drawback of
allowing to observe a limited number of cells in the time unit. This weakness is easily
overcome by holographic flow-cytometry [6, 7], which combines DH with microfluidics,
ensuring high-throughput and high-precision imaging of flowing cells. One of the
advantages of using DH with microfluidics is that there is no need for cell focusing
thanks to the multi-refocusing and label-free capabilities of QPI. The combination between
QPI and flow cytometry has been demonstrated fruitful for important biomedical
applications, e.g., the detection of erythrocytes infected by plasmodium falciparum, the
identification of circulating tumor cells, or the classification and phenotyping of human
leukemic cells, also due to the revolution introduced by deep learning [8]. A step forward of
opto-fluidic holographic microscopy in the direction of information expansion is
represented by phase-contrast tomography (PCT), which allows the precise 3D
refractive index (RI) mapping at the subcellular level [9]. ‘Conventional’ PCT requires
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that the sample is illuminated by many different angles all around it
to enable its 3D reconstruction. On the other hand, if cells are
suspended in a medium subjected to a pressure-driven flow in a
microfluidic channel, a fixed source of light can illuminate a portion
of the channel and cells expose all their external surface to the light
due to flow-induced rolling, which means that the PCT can be
achieved in a conventional holographic microscopy system without
any special setups. This paradigm has been demonstrated by
reconstructing the 3D RI distribution of red blood cells and
diatoms [10] and circulating tumor cells [11], even by exploiting
deep learning [12,13]. A comprehensive overview of different label-
free imaging modalities for biomedical applications can be found in
the recent work by [14].

To achieve the PCT of cells flowing in a microfluidic channel, the
full rotation of each cell within the field of view (FOV) of the imaging
apparatus needs to be assured. In addition, depending on the
reconstruction algorithm, a minimum number of images (taken
from different angles while the cell rotates) is needed for the 3D
reconstruction of the cell, thus, given the frame rate of the available
holographic recording system, this places a constraint on the flow rate of
the suspension carrying the cells. Another constraint is related to the
fact that cells must not deform significantly during their rotation within
the FOV. Therefore, the in-flow PCT technology needs a fine control of
both the translational and the rotational dynamics of the cells flowing in
themicrofluidic channel. Of course, even if controlling their dynamics is
simpler, analysing isolated cells can limit the throughput of the system.
Hence, the ability of processing concentrated suspensions (as native
biological samples, e.g., the blood, actually are) is desirable. On the other
hand, an additional element of complexity exists when concentrated
systems are considered, namely, the hydrodynamic interactions among

cells close to each other. Recently, [15] studied both experimentally and
numerically the dynamics of a concentrated suspension of ISK cells and
its implications on the feasibility of high-throughput microfluidic
holographic cyto-tomography. In this work, we perform finite-
element direct numerical simulations of the dynamics of clusters of
cells suspended in a Newtonian liquid subjected to pressure-driven flow
in a microfluidic channel with the aim of elucidating the effects of the
hydrodynamic interactions on cell rotational behaviour.

2 Mathematical model

We consider the computational domain reported in Figure 1,
namely, a portion of a microfluidic channel with a squared cross
section with side H. An aqueous solution carrying cells is fed to the

FIGURE 1
Geometry of the computational domain employed in the numerical simulations with a zoom showing a possible initial configuration of a cell cluster,
also showing that each cell is modelled as a scalene ellipsoid whose orientation is identified by the unit vector pi directed as the major semiaxis of the
ellipsoid. In addition, the FOV of a hypothetical imaging apparatus is sketched.

TABLE 1 Values of the aspect ratios L/B and L/W and of the confinement
ratio β of the ellipsoidal particles considered in the numerical simulations.

Cell no. L/B L/W β

1 1.08 1.10 0.052

2 1.15 1.20 0.050

3 1.08 1.02 0.050

4 1.02 1.10 0.052

5 1.11 1.06 0.049

6 1.08 1.15 0.049

7 1.10 1.04 0.051
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channel with a flow rate Q. In the simulations, a cluster of 7 cells is
considered (the zoom on the right in Figure 1 showing a possible
initial configuration). Since many cells, e.g., leukocites or circulating
tumor cells (CTCs), are quasi-spherical [11, 15, 16], they are
modelled as elastic particles with an initially scalene ellipsoidal
shape with the semiaxes having lengths close to each other. The
orientation of each particle is given by the unit vector pi directed as
the major semiaxis of the ellipsoid. In Table 1, we report the
quantitative values of the aspect ratios L/B and L/W and of the
confinement ratio β of the ellipsoidal particles considered in the
numerical simulations. We point out that L, B, and W denote the
semiaxes of the ellipsoids (L always being the major semiaxis),
whereas the confinement ratio is computed as β = 2Req/H, where
Req = (LBW)1/3 is the equivalent radius of the ellipsoid. It is worth
remarking that the values of the aspect ratios in Table 1 have been
chosen arbitrarily, yet making sure that they are quite close to one.
On the other hand, the values of the confinement ratio are all around
0.05 (this would be the case, for example, of cells with an equivalent
radius of about 5 µm in a channel with a square cross section with a
side of 200 µm). In Figure 1, also the FOV of a hypothetical imaging
apparatus is sketched, corresponding to a rectangular window with a
widthWFOV equal (at least) to that of the channel and a length LFOV
(depending on the optical tools available in an actual
experimental situation).

We assume that the system is inertialess, that both the
suspending liquid and the cells are incompressible, and that the
cells are non-Brownian and neutrally buoyant. Hence, the system is
described by the mass and momentum balance equations in the
Stokes formulation, reading

∇ · u � 0, (1)
∇ · T � 0, (2)

where u is the velocity vector and T is the stress tensor. In the liquid
phase, the Newtonian constitutive equation holds, thus

T � −pI + 2ηD, (3)
with p the pressure, I the identity tensor, η the dynamic viscosity,
and D = (∇u + ∇uT)/2 the strain-rate tensor. The mechanical
behaviour of the cells is instead modeled through the neo-
Hookean hyperelastic constitutive equation, which can adequately
describe biological particles when they undergo moderate
deformations [17, 18], thus the expression for T is

T � −pI + τ, (4)
with τ the extra-stress tensor, for which, in a velocity-based
formulation, we can write

τ
▽ � 2GD, (5)

where τ
▽ � _τ − ∇uT · τ − τ · ∇u is the upper-convected time

derivative of τ (for more details, see Larson [19]), with _τ � ∂τ/∂t +
u · ∇τ its substantial derivative, and G is the shear modulus of the
elastic material.

The balance equations reported above are supplied with the
following boundary conditions:

u|∂Ωw
� 0, (6)

u|∂Ωin
� u|∂Ωout

, (7)
− T · n( )|∂Ωin

� T · n − Δpn( )|∂Ωout
. (8)

Eq. 6 expresses the no-slip and no-penetration conditions for the
liquid velocity on the channel walls ∂Ωw, whereas Eqs (7)–(8) are the
periodicity conditions on fluid velocity and traction between the
channel inlet ∂Ωin and outlet ∂Ωout, with Δp the pressure drop
between the two boundaries (to be computed) and n the outwardly
directed unit vector normal to the two boundaries. The periodicity
condition means that the computational domain is part of a channel
that repeats indefinitely along the flow direction (x). Of course, this
implies that the actual length L of the computational domain must
be chosen such that the cells hydrodynamically interact among them
but do not ‘feel’ their periodic images along the x-direction. In the
simulations, L = 6H. At the channel inlet, the liquid flow rate Q is
imposed as

−∫
∂Ωin

u · n dS � Q. (9)

On each interface ∂Ci (i = 1, . . ., 7) between the suspending
medium and a cell, the continuity of velocity and traction
is imposed.

Since both the cells and the carrier liquid are inertialess, no
initial condition is required for the velocity, whereas an initial
condition needs to be specified for the extra-stress in the cells.
We assume that the cells are initially stress-free, i.e.,

τ|t�0 � 0. (10)

The sideH of the square cross section of the channel is chosen as
the characteristic length of the system. Correspondingly, the
characteristic velocity is Q/H2, the flow characteristic time is H3/
Q, and the fluid characteristic stress is ηQ/H3, whereas the cell
characteristic stress is G. Given the aforementioned choices, the
elastic capillary number is defined as Cae = ηQ/(H3G)), measuring
the relative importance of liquid viscous stress and solid elastic
stress. To make an example, let us consider an aqueous suspension
of T lymphocytes (having G ~ 30 Pa, see [20]) flowing with a flow
rateQ ~ 30 nL min−1 in a square-cross section channel with sideH =
200 µm. This yields a Reynolds number Re = ρ(Q/H2)H/η (with ρ

and η the density and viscosity of water, respectively) in the order of
10–3, thus validating the hypothesis of negligible inertia reported
above, and an elastic capillary number of 3.5 × 10−6, meaning that
the cells will undergo a negligible deformation [21], which is
required for the feasibility of PCT. All the quantities appearing in
the next sections are dimensionless. Finally, it is worth mentioning
that all the results reported and discussed below refer to random
values of the initial orientations of the cells, yet there are no
qualitative effects on cell dynamics if different values are considered.

3 Numerical technique

The equations presented in Section 2 are solved through the
finite element method (FEM) with an arbitrary Lagrangian Eulerian
(ALE) formulation. The non-commercial numerical code we use was
originally developed at the TU/Eindhoven and makes use of
stabilization techniques widely described in the literature, such as
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SUPG and log-conformation [22-24]. Both the liquid and the solid
domains are discretised by a three-dimensional unstructured mesh
of tetrahedra. On the interfaces between the liquid and the cells, the
mesh elements on both sides conform and align with the interface,
which is, then, described by triangles. To track the sharp interfaces
between the cells and the suspending medium, a FEM with second-
order time discretization is defined on them, where the normal
component of the mesh velocity equals the normal component of the
physical velocity, whereas the tangential velocity of the nodes is such
that the distribution of the elements on the interface is kept uniform.
This approach lets the mesh get rid of any ‘tank-treading’motion of
the elastic material, thus largely reducing the distortion of the ALE
volume mesh. To stabilise the interface, the SUPGmethod is used. A
more detailed description of the numerical method, of the approach
used to treat the solid-liquid interface, and the results of several
benchmark tests of the code are given by [25]. During the
simulations, the elements of the mesh progressively deform
because of the roto-translational motion of the cells in the
channel. Any time the “quality” of the mesh elements in the
computational domain becomes unacceptable (with respect to a
threshold), a remeshing is performed and the solution is projected
from the old to the new mesh, as technically detailed by [26, 27].

Convergence tests have been performed, thus mesh resolution
and time-step for the numerical solution of the problem outlined
above have been chosen so as to ensure invariance of the results
upon further refinements (in other words, a discrepancy below 1%).
For the simulations whose results are presented in this paper,
meshes with a number of tetrahedra in the order of 4–5 × 104

(each ellipsoid being discretised through about 1,500 elements) and
time-steps of about 0.0003 times the characteristic time have been
found to be adequate. An example of mesh discretising the

computational domain is reported in Figure 2, the zoom showing
the surface mesh on the interfaces between the liquid and the cells.
Each simulation has been performed on 2 cores of a DELL Power
Edge M710HD blade with 2 Intel Xeon E5649 hexacore processors
@ 2.53 GHz and 48 GB of RAM, yielding a computational time of
about 2 days.

4 Results

Figure 3A gives the 3D representation of the initial spatial
configuration of a cluster of cells within the microfluidic channel.
In particular, the cell at the centre of the cluster (identified by no. 1)
has its centre of volume at the centre of the cross section of the
channel and it is surrounded by 6 cells (identified by numbers from
2 to 7) arranged along the positive and negative directions of the
coordinate axes. In Figure 3B, the corresponding 2D view from the
negative x-direction is reported, showing the positions of the cells
within the cross section of the channel (of course, cells 5, 1, and
4 overlie in this view). The average distance between the centre of
cell no. 1 and the centres of the surrounding cells is about 2.8 times
the average equivalent diameter of the cells, where the equivalent
diameter of the i-th cell is 2(LiBiWi)1/3. It is worth remarking that,
even if the initial positions of the cells are chosen arbitrarily, their
distribution has the aim of creating a ‘cage’ of hydrodynamically
interacting cells around cell no. 1. In Figure 3C, we show the
projection on the cross section of the channel of the unperturbed
field of the dimensionless x-component of the velocity of the
suspending liquid ux/(Q/H

2), which, according to the Poiseuille
law, has a paraboloid-like distribution, going from 0 at the
channel walls (due to the no-slip/no-penetration boundary

FIGURE 2
Example of a mesh of the computational domain, also showing a zoom of the surface mesh on the interfaces between the liquid and the cells.
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conditions) to about 2.1 times the average flow velocity Q/H2 at the
centre. Correspondingly, the projection on the cross section of the
channel of the unperturbed field of the dimensionless shear rate of
the suspending liquid _γ/(Q/H3), where _γ � ������

2D: D
√

, is displayed in
Figure 3D. Due to symmetry, _γ is equal to 0 at the centre of the
channel cross section, whereas it attains a maximum value of about
10 timesQ/H3 at the central parts of the walls (going again to 0 at the
corners of the channel cross section). As also reported in Section 1,
to achieve the PCT of cells flowing in a microfluidic channel, they
must perform at least a full rotation while travelling across the FOV
of the imaging apparatus in the flow direction, i.e., within a space
equal to LFOV. Since the hydrodynamic torque that makes the
suspended cells rotate while flowing is connected to the gradient
of the velocity of the carrier liquid in the cross section of the channel,
Figure 3D clearly shows that the best conditions for cell rotation are
found close to the channel walls (and the worst at the centre of the
cross section). On the other hand, depending on the reconstruction
algorithm, a certain number of images of each cell, taken while it
travels along the FOV of the imaging apparatus and contemporarily
rotates, is needed for the 3D tomographic reconstruction of its
shape. Hence, given the frame rate of the available holographic
recording system, this condition might not be fulfilled everywhere
within the cross section of the channel, as the translational velocity
of the carrier liquid (and consequently of the cells) has a non-
uniform distribution (see Figure 3C), so the cells might travel ‘too
fast’ in a certain portion of the section. Also from this point of view,
the ‘best’ location of the cells within the channel cross section might
appear, thus, close to the walls, since the translational velocity is the

lowest there, yet this could be disadvantageous in terms of the
throughput of the operation.

In Figure 4, we visually show how the cell cluster initially
arranged as in Figure 3A evolves as time goes on at Cae = 3.5 ×
10−6. In particular, xy-views (‘side’ views) of the cells are displayed in
the column on the left, whereas xz-views (‘top’ views) are displayed
on the right. It can be seen that the relative positions of the cells
change while they are transported along the channel as a
consequence of their different positions within the channel cross
section, thus of the different flow velocity each of them feels.
Correspondingly, their orientations evolve.

The dimensionless x-positions of the cells are quantitatively
tracked as a function of dimensionless time in Figure 5. Since the
initial x-positions of the cells are different (see Figure 3A), the
actual values of the x-coordinate of each cell xc,i (i = 1, . . ., 7) are
subtracted by the corresponding initial value xc,i0 (and then
divided by H to make them dimensionless). It can be observed
that the trajectories are straight lines, meaning that the cells
displace in the flow direction with a constant velocity, which, in
turn, means that the cells do not change their y- and z-positions
within the portion of the channel under observation. (For this
reason, the evolution of the y- and z-positions of the cells are not
reported.) In other words, the lateral migration to which, in
principle, deformable particles are subjected also in inertialess
Newtonian liquids (see [21]) is negligible at Cae = 3.5 × 10−6 (as
actually expected, given how small this value is). The slope of
each curve represents the translational velocity of the
corresponding cell. By looking at the initial positions of the

FIGURE 3
(A) 3D representation of the initial spatial arrangement of a cluster of cells within the microfluidic channel. (B–D): views from the negative x-axis of
the initial arrangement of the cells (B), of the unperturbed field of the dimensionless x-component of the velocity of the suspending liquid in the cross
section of the channel (C), and of the unperturbed field of the dimensionless shear rate of the suspending liquid in the cross section of the channel (D).
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cells shown in Figure 3A, it can be observed that the closer a cell
to the centre of the channel cross section the faster it moves in the
flow direction (as it is obvious). The time at which the trajectories

stop corresponds to when cell no. 4 crosses the outflow section
∂Ωout, thus making the simulation crush.

The evolution of the 3 components of the orientation vectors
of the cells is plotted as a function of their dimensionless shifted
x-positions in Figure 6. Panels from a to g report the dynamics of
cells from 1 to 7, respectively. The initial values of px, py, and pz
are different from cell to cell because, as already said in Section 2,
the initial orientations of the cells are chosen randomly, but there
are no qualitative effects on cell dynamics if different values are
considered. By looking at Figure 6, some comments can be made.
First, the rotational dynamics of the cells is quite different from
one to another: in particular, cells 1, 4, and 5 almost do not rotate
at all, whereas the others show an appreciable evolution of the
orientation vector. This is directly connected to the positions of
the cells in the cross section of the channel: indeed, the centres of
cells 1, 4, and 5 are almost at the centre of the channel, thus they
do not feel almost any torque that makes them rotate while
translating in the flow direction, whereas the other cells are
located out of the centre and, consequently, they undergo a
non-negligible in-flow rotation; however, none of the cells is
‘able’ to perform a complete rotation within a length of about
5 times the side of the cross section of the channel, as it is
apparent from the fact that none of the periodic orbits in panels b,
c, f, and g is complete. In other words, a FOV much longer then H
would be necessary to perform the PCT of cells located like
in Figure 6.

Let us consider the two other initial arrangements of the cells
shown in Figure 7, which have the same relative distances and
orientations as in Figure 3, but different positions. Consequently,
they are subjected to different hydrodynamic forces while they move
in the channel. In Figure 8, we track the evolution of the
3 components of the orientation vectors of the cells initially
arranged as displayed in Figure 7A as a function of their
dimensionless shifted x-positions at Cae = 3.5 × 10−6. As above,
panels from a to g report the dynamics of cells from 1 to 7,
respectively, and, in each panel, the initial values of px, py, and pz
are the same as in the corresponding panel in Figure 6. By
comparing Figure 6 and Figure 8, it can be observed that, in the
latter case, the cells rotate overall ‘more’ than above. This is directly
connected to their initial positions in the cross section of the
channel, thus to the extent of the local torque that makes them
rotate while moving in the flow direction. Indeed, the cell that
performs the minimum portion of a rotation is cell no. 6 (see panel
f), whose location in the cross section of the channel is the closest to
the centre, whereas cell no. 7 (see panel g), being the closest to the
bottom wall of the channel, is able to perform a complete rotation
within a distance in the flow direction of about 2.5H. On the other
hand, all the other cells perform a bit less than one complete rotation
within the length of the portion of the channel considered in our
simulations.

In Figure 9, we track the evolution of the 3 components of the
orientation vectors of the cells initially arranged as displayed in
Figure 7B as a function of their dimensionless shifted x-positions at
Cae = 3.5 × 10−6. The initial positions of the cells in the cross section
of the channel, closer to two walls, are such as to further enhance
their rotation. Indeed, all the cells perform more than a complete
rotation within the length of the portion of the channel considered
in the simulations.

FIGURE 4
xy-views (left) and xz-views (right) of the cells initially arranged as
displayed in Figure 3 at subsequent instants of time at Cae = 3.5 × 10−6.

FIGURE 5
Evolution of the dimensionless shifted x-positions of the cells
initially arranged as displayed in Figure 3 as a function of dimensionless
time at Cae = 3.5 × 10−6.
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Let us now consider the initial cell configuration represented by
the blue ellipsoids in Figure 10A, where the cells represented in red
are the same as in Figure 7B. As it can be seen, cell no. 1 has the same
initial position as above, whereas cells from 2 to 7 are closer to it. In
particular, in the ‘blue’ configuration, the average distance between
the centre of cell no. 1 and the centres of the surrounding cells is
about 2.35 times the average equivalent diameter of the cells
(whereas it is of 2.8 times the average equivalent diameter of the
cells in the ‘red’ configuration). Since the cells start closer than
above, different dynamics might be expected. Actually, no
qualitative variations are observed, yet the relative distances

among the cells, and consequently their hydrodynamic
interactions, do have a quantitative effect on their dynamics. In
particular, we focus on the rotational dynamics of cell no. 1, because,
since it is surrounded by the others, it is the most subjected to the
effects of interparticle hydrodynamic interactions. In Figure 10B, we
track the evolution of the orientation of cell no. 1 as a function of its
dimensionless shifted x-positions at Cae = 3.5 × 10−6 for the two
arrangements appearing in panel a, showing that, even if there are no
qualitative differences, the presence of closer surrounding cells slows
down the rotational dynamics of the cell under observation, as it
needs a longer space in the flow direction to complete a rotation

FIGURE 6
Evolution of the orientations of the cells initially arranged as displayed in Figure 3 as a function of their dimensionless shifted x-positions at Cae =
3.5 × 10−6.

FIGURE 7
Views from the negative x-axis of two initial arrangements of the cells having the same relative distances and orientations as in Figure 3, but different
positions in the channel.
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compared to the case where the surrounding cells are further. On the
other hand, we also simulate the dynamics of cell no. 1 ‘alone’, i.e., in
the absence of other cells around it, finding that its rotation is slightly
faster than when it is surrounded by cells arranged like in the ‘red’
configuration in Figure 10A (see the gray curves in Figure 10B).
Therefore, we might argue that, when the distance between the
centres of 2 cells is above about 3 times their equivalent diameter, the
hydrodynamic interactions between them have no relevant effects
on their rotation. In passing, we recall that the disturbance induced
by a single spherical particle immersed in a viscous fluid at vanishing

inertia decays as 1/r, where r is the radial distance from the particle
centre [28]. As an additional term of comparison, we report in
Figure 10C the rotational dynamics of cell no. 1 alone and the
analytical rotational dynamics of a rigid sphere suspended in a
viscous liquid having a shear rate corresponding to that in the
position of the centre of cell no. 1.

The results reported and discussed above can help to identify the
conditions that allow to perform the PCT of cells. Of course, one crucial
parameter with respect to that is the size of the FOV of the available
imaging apparatus. To make an example, let us consider the plots in

FIGURE 8
Evolution of the orientations of the cells initially arranged as displayed in Figure 7A as a function of their dimensionless shifted x-positions at Cae =
3.5 × 10−6.

FIGURE 9
Evolution of the orientations of the cells initially arranged as displayed in Figure 7B as a function of their dimensionless shifted x-positions at Cae =
3.5 × 10−6.
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Figure 9: if an imaging apparatus with a FOV long 3H is available, all the
cells considered in our simulation perform at least one complete
rotation within such distance, but, if the available imaging apparatus
has a FOV with a length equal to H, only cells 2 and 7 fulfill that
condition. To further stress this point, we consider the most restrictive
scenario of having a FOVwith a length equal toH andwe verify in what
part of the cross section of the channel there are the conditions that
allow a cell to perform a complete rotationwithin the length of the FOV.
For simplicity, we perform this analysis by considering a single cell with
the features of cell no. 1 above and we report the results in Figure 11,
where the green area represents the portion of the cross section of the
channel where there are the conditions allowing the cell to perform a
complete rotation within a distance in the flow direction equal to H at
Cae = 3.5 × 10−6, the shaded red area represents the portion of the cross
section of the channel where such conditions are not satisfied, and the
white area close to the sides of the square represents the region of the

channel that is not accessible to the centre of the cell. It is apparent that,
given LFOV = H, the conditions for PCT are satisfied only in a narrow
region within the cross section of the channel, thus, if the available
imaging apparatus imposes such a stringent constraint, some strategy to
induce cell displacement in the ‘green’ area should be implemented, e.g.,
by making the cells sediment to the bottom of the channel (which is not
considered in this work).

It is worth remarking that, until the flow stays in the Stokes
regime, the translational and rotational velocities of the cells will
scale in the same way if the flow rate (namely, Cae) is modified, thus
the results reported above have a universal validity under inertialess
conditions (given the geometrical features of the cells and the
channel). On the other hand, if, by increasing the flow velocity,
inertia (more likely) or cell deformability (harder) start to play a role,
the lateral migration phenomena should also be taken into account
(see, e.g., [29]).

FIGURE 10
(A) 3D views of two different initial spatial arrangements of a cluster of cells within themicrofludic channel. The arrangement of the cells represented
in red corresponds to that in Figure 7B (B) evolution of the orientation of cell no. 1 as a function of its dimensionless shifted x-position at Cae = 3.5 × 10−6

for the two arrangements shown in panel a (the colours of the curves match those of the cells in panel a) and considered alone (gray curves). (C)
comparison between the dynamics of cell no. 1 considered alone and that of a sphere with its centre in the same position as that of cell no. 1.
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5 Conclusion

In this work, we perform finite-element direct numerical
simulations of the dynamics of clusters of cells suspended in a
Newtonian liquid subjected to pressure-driven flow in a square-
cross-section microfluidic channel with the aim of elucidating the
effects of the hydrodynamic interactions on cell rotational behaviour
and mechanical deformation. Indeed, to achieve the phase-contrast
tomography (PCT) of cells flowing in a microfluidic channel, the full
rotation of each cell within the field of view (FOV) of an holographic
imaging apparatus must be achieved. Moreover, the cells must not
deform significantly during their rotation within the FOV.

Since the hydrodynamic torque that makes the suspended cells
rotate while flowing is connected to the gradient of the velocity of the
carrier liquid in the cross section of the channel, the best conditions
for cell rotation are found close to the channel walls (and the worst at
the centre of the cross section). In addition, cell rotation must be
achieved within the length of the FOV of the recording camera: this
condition might not be fulfilled everywhere within the cross section
of the channel, as the translational velocity of the carrier liquid (and
consequently of the cells) has a non-uniform distribution, so the
cells might travel ‘too fast’ in a certain portion of the section. Also
from this point of view, the best location of the cells within the
channel cross section might appear, thus, close to the walls, since the
translational velocity is the lowest there, yet this could be
disadvantageous in terms of the throughput of the operation.

Regarding the effects of hydrodynamic interactions among cells,
the presence of close surrounding cells slows down their rotational
dynamics, namely, they need a longer space in the flow direction to
complete a rotation compared to the case where the surrounding
cells are further. On the other hand, cell deformation in negligible in
the characteristic ranges of the operating parameters
considered here.

Known the size of the FOV of the available imaging apparatus,
the results reported and discussed in this work can help to identify
the conditions that allow to perform the PCT of cells.
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FIGURE 11
Diagram showing the portions of the cross section of the channel
where there are (green) and there are not (shaded red) the conditions
allowing a cell to perform a complete rotation within a distance in the
flow direction equal toH at Cae = 3.5 × 10−6. The white area close
to the sides of the square represents the region of the channel that is
not accessible to the centre of the cell.
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