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We describe channel flows in a continuum model of deformable nematic particles. In a simple shear flow,
deformability leads to a nonlinear coupling of strain rate and vorticity, and results in shape oscillations or

flow alignment. The final steady state can depend on initial conditions, and we explain this behavior by
considering a phase space representation of the dynamics. In Poiseuille flow, particle deformability and
nematic elasticity induce banding, where particles near the walls are aligned, and those near the center of

the channel oscillate in direction and shape. Our results show that particle deformability can lead to
complex behavior even in simple flows, suggesting new microfluidic experiments.
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Deformable particles are attracting considerable interest
at the intersection between soft matter and biological
physics due to the emergent dynamics linked with their
geometry [1]. Novel synthesis routes have made it possible
to prepare and study soft colloidal systems such as
Pickering emulsions [2], polymer microgels [3-5], and
foamy complex fluids [6]. Softness is a characteristic
feature of biological matter: Madin-Darby canine kidney
cells [7,8] and embryonic tissue [9—13] exhibit significant
variations in their shape. Cell deformability is increasingly
being recognized as an important aspect in cancer meta-
stasis [14—16]. Recently, studies of glioblastoma in mice
and humans showed that highly elongated and nematically
aligned tumor cells invade the surrounding, healthy, and
round cells in a stream [17] resulting in a spatial distribu-
tion of both tumor and non-tumor cells. Experiments have
also demonstrated the distinct role of flow induced shear
strain on the viability of cells in vasculature [18,19].
Further, deformability may play a role in the dynamics
of self-assembled systems such as lattices of soft topo-
logical solitons observed in cholesteric liquid crystals [20].
The understanding of, and ultimately, the ability to control
the behaviors of such systems present novel challenges in
physics and technology [1].

Both microscopic and macroscopic behaviors of deform-
able material may be traced back to their ability to change
their shape, either through interparticle interactions, or
through flow induced deformations. Shape changes of
individual colloids such as drops, vesicles, and capsules in
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shear flow have been considered [21-23], and recent studies
have focused on the development of models to describe the
dynamics of motile, deformable particles [24—31]. However,
continuum frameworks that incorporate deformability
and lead to predictions that are experimentally verifiable
are required to further advance this field. Therefore, in this
work, we use analytics and numerical simulations within a
continuum model of deformable nematic particles in channel
flows to reveal novel and rich dynamics. We report results for
two channel flows: Couette and Poiseuille.

Model—Traditionally, nematic models are based on the
physics of liquid crystals where the constituent particles
maintain a constant, anisotropic shape [32,33]. We write
down coarse-grained equations of motion that describe
deformable particles using the Ericksen-Leslie equations of
nematic liquid crystals [34], but with a minimal extension
to incorporate shape changes through the introduction of an
additional variable, defined as r = AR — 1, where AR is the
aspect ratio of particles [35]. In our model, the director field
n describes the orientation of the principal axis of the
deformed particles.

The governing equations that describe the evolution of
the director field and the aspect ratio are

5F
(0, 4+ V)m = —an; + E(r)Eyn; = Qun =T'=—, (1)
5F
(0,+U'V)r:2(r+l)EH_FVE’ (2)

where u is the velocity field, E; j and Q,»J» are the strain rate
and the vorticity tensor, defined as the symmetric and
antisymmetric parts of the velocity gradient tensor d;u;,
respectively. E| = n;E;;n; is the projection of the strain
rate, along the particles’ orientation n. The constant 4 is a

Lagrange multiplier that guarantees that n is a unit vector.
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Equation (2) is based on the theory of Neo-Hookean solids
in a flow [35-38]. We take the flow alignment parameter to
be a function of the shape of the particles &(r) = &yr, where
&y 1s a positive constant that sets the flow-alignment scale.
The dependence of £ on r is a linear approximation to a
more general form derived from microscopic calculations
[39,40]. We neglect any coupling of n and r back to the
velocity field u.

I'and I, respectively, set the relaxation rate of the director
field and the shape variable toward the minimum of the free
energy, F = [(f, + f.)dA, which consists of two contri-
butions. The first of these is associated with particle shape
deformations,  f, = (A,/2)(r —ry)* + (AX/4)(r — ro)*,
where r, is the particle shape at equilibrium and A,, A
are deformation energy parameters. The second contribu-
tion, f,, arising from the nematic elasticity in the one elastic
constant approximation, is given by f, = [K(r)/2](Vn)?,
where K(r) is the elastic constant associated with the
orientational order of the deformable particles.

Couette flow—We first consider a continuum of deform-
able particles confined between two parallel plates sub-
jected to simple shear flow, described by the velocity
profile u, = yy. Along the channel, X direction, we assume
translational invariance. The strain rate tensor for this two
dimensional parallel flow, when diagonalized, reads
(7/2)(3 %)) indicating extension and compression along
the principal axes. In other words an isotropic material
element will deform along the principal axis of deforma-
tion, i.e., at an angle of /4 to the flow direction [41,42] in
addition to the rotation induced by the vorticity tensor.

Defining the director of the elongated particles
n = (cos@,sinf), where 0 € (—x/2,x/2] is the angle to
the flow direction, and nondimensionalizing time,
¢ = (I',A,)t, the governing Egs. (1) and (2) simplify to

i=a(r+1)sin20 — (r —ry)(1 +e(r—ry)?), (3)
ng(éor cos 20 — 1), (4)

where a =y/(T',A,) is a Péclet number that quantifies the
relative importance of the shear to the resistance to
deformation, and ¢ = Af/A, is the ratio of the elastic
deformation parameters. Equations (3) and (4) are the long
time limit of a passive nematic with a finite elastic constant
subjected to a Couette flow with Neumann boundary
conditions. Such a system will naturally cause all spatial
gradients to vanish; hence the dynamical variables are
functions of time only. In the following analysis we use
€ =0.1 and consider the case of inherently circular
particles, i.e., with equilibrium shape ry, = 0. We impose
that whenever r vanishes, the orientation is set to 6 = 7 /4.

A state diagram is constructed by varying the applied
shear rate, (i.e., Péclet number «) and the flow-alignment
scale (&y). In the case of a system of rigid particles, the
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FIG. 1. Dynamics of a continuum of deformable particles

characterized in {Péclet number (@), flow-alignment scale
(&)} parameter space. Region I: particles undergo cycles of
elongation, reorientation, and contraction. III: particles align at a
fixed angle to the flow. II: both oscillatory and alignment
behaviors are possible depending on initial conditions. The
schematics of particles in Regions I and III illustrate the
oscillatory and steady state behaviors.

strain rate and vorticity components act additively to dictate
the particle kinematics, but for the case of deformable
particles, the effects due to the two components of the shear
flow are coupled. We identify three distinct regions with
qualitatively different dynamics (Fig. 1).

Region I in Fig. 1 corresponds to a periodic behavior in
the shape and orientation of the deformable nematic
particles as shown schematically in Fig. 1 [see also
Fig. 2(a) and movie 1 in Supplemental Material (SM)
[43]]. This cycle of elongation, reorientation, and con-
traction, emerges from the deformability of the particles.
Consider circular (r = 0) particles at t = 0. In the absence
of any inertial effects, the imposed shear flow initially
elongates the particles along the principal axis of defor-
mation [0 = (z/4)] and r(r) increases. Simultaneously the
vorticity component of the shear flow rotates the particles
away from the principal axis. Therefore the strain rate
projected along the shape direction decreases, which results
in a decrease in the elongation of the deformable particles.
When they regain a circular shape, they are strained along
the principal axis again and the cycle repeats. The time
period of these shape oscillations decreases with an
increase in the shear rate, @, and mildly increases with
an increase in the flow-alignment scale, &, (see Sec. 3.1 in
SM [43]). We note that if r, > O the particles can undergo a
full tumbling motion, rotating through 2z without the shape
becoming circular, (see Sec. 4 in SM [43]).

Region III, corresponding to flow alignment, emerges if
the imposed shear rate « or the flow-alignment scale &, are
sufficiently large. The system reaches a steady state at an
angle to the flow 6, = Jarccos[1/(&r,)] and a particle
deformation r,, which increases with both @ and &, (see
Sec. 3.2 in SM [43]). Figure 2(c) shows the evolution to a
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FIG. 2. Time evolution of r (red) and 6 (blue) corresponding to Regions I-1II. &, = 1 and a = {0.8, 1.0, 1.2} in (a)—(c), respectively.
In (a), the oscillatory evolution of the deformable particles is schematically indicated. In (b) solid and dashed lines represent two
different initial conditions (circular and elongated particles at # = 0). In (c), the system reaches an aligned state of deformed particles.

steady state, r(¢) =r,,0(¢') =0,, in Region II. The
steady alignment angle 6, reduces to the Leslie angle
0;, = Sarccos[1/(&yro)], which describes the angle that
rigid nematics make with the flow axis, in the limit
a < 1, with ry > 0. Deformability introduces a depend-
ence of the alignment angle on the shear rate. Moreover,
rigid nematic particles can align at any angle between
[0, (z/4)] depending upon their aspect ratio, but there exists
a minimum, finite angle at which deformable nematics may
align depending upon the Péclet number and the flow-
alignment scale (see Sec. 3.3 in SM [43]).

The boundary separating Regions I and III is not sharp.
In the region labeled II in Fig. 1 the initial conditions may
drive the system to a flow aligned state or to a state
exhibiting shape oscillations. Figure 2(b) illustrates the
bistability of Region II; some initial conditions lead to a
steady state, whereas others result in shape oscillations.

A helpful way to clarify the distinction between the three
regions is by representing the dynamics of the system in a
phase space plot spanned by polar coordinates, {r, 8}, as
shown in Fig. 3. In the plots, the radial distance from
the origin indicates the extent of deformation (r) while the
azimuthal angle measured from the x axis indicates the
direction of elongation of the particles (6). The singular point
at the origin corresponds to a circular particle without an
attributable orientation. The existence of the three distinct
regions is due to the occurrence of two consecutive bifurca-
tions that occur in the r — 6 space, as the parameter a (or
equivalently &) is varied. For small «, all phase space
trajectories converge toward the origin (circular shape) and
thus join the limit cycle indicated by the red curve in Fig. 3(a).
This limit cycle corresponds to the oscillatory shape dynam-
ics observed in Region I. As « is increased, a saddle-node
bifurcation occurs in the phase space creating an unstable
saddle point (in red) and a stable fixed point (in green) as
shown in Fig. 3(b), where the basin of attraction of this stable
fixed point is shaded in green color. The coexistence of the
limit cycle and the stable fixed point results in the bistability
observed in Region II. Finally, for sufficiently large values of
a, a homoclinic bifurcation occurs, the saddle point collides
with the limit cycle, and the limit cycle opens up as shown in

Fig. 3(c). Thus, all solutions converge toward the stable fixed
point giving rise to Region III. The equations used in the
above analysis assume a constant magnitude of the nematic
order parameter, which holds when flow-driven effects
dominate its evolution. We discuss the relaxation of this
assumption, and the effect of the nematic order parameter
being time-dependent, in Sec. 6 of the SM [43], showing that
these modifications lead only to quantitative changes in the
phase diagram.

Poiseuille flow—We now consider the continuum of
deformable nematics confined between two parallel plates
separated by a distance L and subjected to a Poiseuille flow.
The flow is generated by applying a pressure gradient G
along the length of the channel. The velocity field is given
by u,(y) = (G/2n)y(L — y), where 7 is the viscosity of the

T
2

FIG. 3. Phase space trajectories of the deformable nematics in
{r,0} space. Only a sector of the phase space is shown for
brevity. Concentric circles correspond to unit intervals in r. Red
trajectories correspond to the initial conditions {0, z/4}. & = 1
and a = {0.8,1.0,1.2} in I-III, respectively. (a) Region I: all
trajectories converge toward the origin, eventually joining the
limit cycle indicated by the red curve. (b) Region II: steady state
{ir=0,0 = 0} solutions exist as saddle (red) and stable (green)
points. Green background corresponds to the attractor basin of
the stable fixed point. (c) Region III: all trajectories ultimately
end up at the stable fixed point.
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(a)—(c) Kymographs showing spatiotemporal evolution, r(y’,#), of deformable nematics in a Poiseuille flow. (a) f = 0.

(b) Increasing and (c) decreasing 8 between 0 and 0.3 in intervals of 0.1 every 40 time steps (shown for y’ < 1/2, the bottom half of the
channel). In (b),(c) the dashed vertical lines are points in time where / changes its value. (d) Phase diagram measuring the fraction of the
central band, [./L (defined as the portion of the system exhibiting shape oscillations), for initial conditions r = 0.1, 6 = +xz/4.

fluid, with a position-dependent shear rate 7(y). The
governing equations for the evolution of the elongation
and the orientation of the principal axis of the deformable
particles are

F=a,(1-2y)(r+1)sin20 —r(1 +er?), (5
2
(r+1)?

%
2

0 =-L2(1-2y")(&r cos 20 — 1) + B 250, (6)

where y' = y/L €10, 1] is the dimensionless spatial vari-
able and a, = GL/(2¢I',A,) is the Péclet number. The last
term in Eq. (6) accounts for Frank-Oseen elasticity arising
from gradients in 6. The functional form of the elastic
constant, K(r) = Kor?/(r + 1)2, is chosen as an approxi-
mation to capture the dependence on the shape of the
particles [45]. The dimensionless parameter f> =
'K,/ (I',A,L?) controls the strength of nematic elasticity.
For simplicity, other elastic terms emerging from K(r) in
Egs. (5) and (6) are omitted. Their inclusion has no
qualitative effect on the results (see Sec. 7 in SM [43]).
Simulations were run with a, = 1.8, & =1, e=0.1.
The value of f was varied by changing K,. Neumann
boundary conditions were applied for the director field at
the walls. Initial conditions were r(y,0) =0.1 and
0(y',0) = £xn/4 for y' S 1/2, respectively. The current
analysis assumes that the imposed Poiseuille flow is
unaffected by elastic stresses, and thus corresponds to
the limit of large Ericksen number (see Sec. 8 in SM [43]).
In Fig. 4(a) we plot the spatiotemporal evolution of the
elongation of the deformable particles for f =0 as a
kymograph (for  # 0, see Sec. 5 in SM [43]). The variation
in the shear rate across the channel leads to particles near the
walls aligning as in Region III, while particles around the
center of the channel orbit as in Region I with periods that
depend on the local shear rate (see movie 2 in SM [43]). Thus,

(i) awall-bound band consisting of relatively more elongated
particles and (ii) a central band with relatively fewer
elongated particles but with a spatiotemporally evolving
pattern form inside the channel. Rigid, tumbling nematic
liquid crystals can exhibit banding due to strong anchoring
boundary conditions on the walls [46,47], but, here, the
spatial segregation into central and wall-bound bands arises
purely from the deformability of the particles.

The steady state of the system is not unique for f # 0, but
depends on the simulation protocol. As an example, in
Fig. 4(b) we plot the spatiotemporal evolution of the
particle elongations when /3 is increased from zero to 0.3
in steps of 0.1 every 40 time steps. Results of the reverse
protocol when f is systematically decreased are shown in
Fig. 4(c). In both cases the initial conditions are
(r=0.1,0 = +£n/4). The figures show qualitative
differences in the dynamics for a given value of . In
particular, in the second case [Fig. 4(c)], this choice of
initial conditions helps to stabilize a flow aligning state in
the entire channel for large f3, (see Sec. 9 in SM for
corresponding € kymographs [43]).

We now quantify the state of the system as a function of
the Péclet number, a,,, and the nematic elasticity, f3, for the
initial conditions (r = 0.1, 6 = +x/4). In the phase plot in
Fig. 4(d) the color represents [./L, the width of the central
band as a fraction of the channel width: Regions A, B, and C
correspond to [./L ~ 1,0 and 0 <[I./L <1, respectively.
When a » is small, even particles near the wall cannot reach a
flow-aligned steady state, and hence the central band of
shape oscillating particles occupies the entire channel
(I, = L) irrespective of the value of f (Region A). With
an increase in a,, and at < 0.2 there is flow alignment
near the walls, decreasing the width of the central band
(Region C). For larger g (see also Sec. 10 in SM [43]) the
system is not able to overcome the nematic initial conditions
and all nematogens remain flow-aligned (Region B).
However, Region B disappears for random initial conditions.
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To summarize, our study of Couette flow establishes a
framework to understand the coupled dynamics of shape
and orientation in a continuum of deformable particles.
Results for Poiseuille flow show how more complex
solutions emerge due to shape deformations and nematic
elasticity. In both cases, our model gives results that
contrast with nematic models of rigid particles, and also
lend themselves to experimental verification. In SM [43]
we consider the presence of additional elastic terms and
removing the assumptions of infinite Ericksen number and
constant magnitude of the nematic order. No qualitative
differences are seen. Thus, the simple model proposed here
is a useful way of analyzing the dynamics and rheology of
deformable nematics. Further, many eukaryotic cells are
deformable and extension of the current analysis for
cellular layers and tissues would be interesting.

Acknowledgments—I. H. would like to acknowledge
funding from the Gould & Watson Scholarship. S.P.T.
thanks the Royal Society and the Wolfson Foundation for
the Royal Society Wolfson Fellowship award and acknowl-
edges the support of the Department of Science and
Technology, India via the research Grant CRG/2023/
000169. J.M.Y. acknowledges support from the ERC
Advanced GrantActBio (funded as UKRI Frontier
Research Grant EP/Y033981/1). The authors would like
to thank R. Valani, J. Rozman, and S. Bhattacharyya for
helpful discussions.

[1] M. L. Manning, Essay: Collections of deformable particles
present exciting challenges for soft matter and biological
physics, Phys. Rev. Lett. 130, 130002 (2023).

[2] X. Guan, H. Jiang, J. Lin, and T. Ngai, Pickering emulsions:
Microgels as alternative surfactants, Curr. Opin. Colloid
Interface Sci. 73, 101827 (2024).

[3] F. Scheffold, Pathways and challenges towards a complete
characterization of microgels, Nat. Commun. 11, 4315
(2020).

[4] D. Vlassopoulos and M. Cloitre, Tunable rheology of dense
soft deformable colloids, Curr. Opin. Colloid Interface Sci.
19, 561 (2014).

[5] N. Gnan and E. Zaccarelli, The microscopic role of
deformation in the dynamics of soft colloids, Nat. Phys.
15, 683 (2019).

[6] S. Cohen-Addad, R. Hohler, and O. Pitois, Flow in foams
and flowing foams, Annu. Rev. Fluid Mech. 45, 241 (2013).

[7]1 T.E. Angelini, E. Hannezo, X. Trepat, M. Marquez, J.J.
Fredberg, and D. A. Weitz, Glass-like dynamics of collec-
tive cell migration, Proc. Natl. Acad. Sci. U.S.A. 108, 4714
(2011).

[8] T.E. Angelini, E. Hannezo, X. Trepat, J.J. Fredberg, and
D. A. Weitz, Cell migration driven by cooperative substrate
deformation patterns, Phys. Rev. Lett. 104, 168104 (2010).

[9] T. Lecuit and P.-F. Lenne, Cell surface mechanics and the
control of cell shape, tissue patterns and morphogenesis,
Nat. Rev. Mol. Cell Biol. 8, 633 (2007).

[10] C.-P. Heisenberg and Y. Bellaiche, Forces in tissue morpho-
genesis and patterning, Cell 153, 948 (2013).

[11] M. Merkel and M. L. Manning, Using cell deformation and
motion to predict forces and collective behavior in morpho-
genesis, in Semin. Cell. Dev. Bio., Vol. 67 (Elsevier,
New York, 2017), pp. 161-169.

[12] G. B. Blanchard, A.J. Kabla, N. L. Schultz, L. C. Butler, B.
Sanson, N. Gorfinkiel, L. Mahadevan, and R.J. Adams,
Tissue tectonics: Morphogenetic strain rates, cell shape
change and intercalation, Nat. Methods 6, 458 (2009).

[13] L. C. Butler, G. B. Blanchard, A.J. Kabla, N.J. Lawrence,
D.P. Welchman, L. Mahadevan, R.J. Adams, and B.
Sanson, Cell shape changes indicate a role for extrinsic
tensile forces in drosophila germ-band extension, Nat. Cell
Biol. 11, 859 (2009).

[14] S.M. Ahmmed, S.S. Bithi, A. A. Pore, N. Mubtasim, C.
Schuster, L. S. Gollahon, and S. A. Vanapalli, Multi-sample
deformability cytometry of cancer cells, APL Bioeng. 2,
032002 (2018).

[15] S. Suresh, Biomechanics and biophysics of cancer cells,
Acta Biomater. 3, 413 (2007).

[16] D. Wirtz, K. Konstantopoulos, and P. C. Searson, The physics
of cancer: The role of physical interactions and mechanical
forces in metastasis, Nat. Rev. Cancer 11, 512 (2011).

[17] A. Comba, S.M. Faisal, P.J. Dunn, A.E. Argento, T.C.
Hollon, W. N. Al-Holou, M. L. Varela, D. B. Zamler, G. L.
Quass, P. F. Apostolides et al., Spatiotemporal analysis of
glioma heterogeneity reveals COL1A1 as an actionable target
to disrupt tumor progression, Nat. Commun. 13,3606 (2022).

[18] N. C. van Engeland, A. M. Pollet, J. M. den Toonder, C. V.
Bouten, O. M. Stassen, and C. M. Sahlgren, A biomimetic
microfluidic model to study signalling between endothelial
and vascular smooth muscle cells under hemodynamic
conditions, Lab Chip 18, 1607 (2018).

[19] S. Boularaoui, G. Al Hussein, K. A. Khan, N. Christoforou,
and C. Stefanini, An overview of extrusion-based bioprint-
ing with a focus on induced shear stress and its effect on cell
viability, Bioprinting 20, 00093 (2020).

[20] J.-S. B. Tai and I. I. Smalyukh, Three-dimensional crystals
of adaptive knots, Science 365, 1449 (2019).

[21] P. Bagchi and R. M. Kalluri, Dynamics of nonspherical
capsules in shear flow, Phys. Rev. E 80, 016307 (2009).

[22] M. A. Mader, V. Vitkova, M. Abkarian, A. Viallat, and T.
Podgorski, Dynamics of viscous vesicles in shear flow, Eur.
Phys. J. E 19, 389 (2006).

[23] J. Beaucourt, F. Rioual, T. Séon, T. Biben, and C. Misbah,
Steady to unsteady dynamics of a vesicle in a flow, Phys.
Rev. E 69, 011906 (2004).

[24] M. Tarama, Y. Itino, A. Menzel, and T. Ohta, Individual and
collective dynamics of self-propelled soft particles, Eur.
Phys. J. Special Topics 223, 121 (2014).

[25] A. Hernandez and M. C. Marchetti, Poisson-bracket formu-
lation of the dynamics of fluids of deformable particles,
Phys. Rev. E 103, 032612 (2021).

[26] M. Czajkowski, D. Bi, M. L. Manning, and M. C. Marchetti,
Hydrodynamics of shape-driven rigidity transitions in mo-
tile tissues, Soft Matter 14, 5628 (2018).

[27] A. Boromand, A. Signoriello, F. Ye, C.S. O’Hern, and
M. D. Shattuck, Jamming of deformable polygons, Phys.
Rev. Lett. 121, 248003 (2018).

118202-5


https://doi.org/10.1103/PhysRevLett.130.130002
https://doi.org/10.1016/j.cocis.2024.101827
https://doi.org/10.1016/j.cocis.2024.101827
https://doi.org/10.1038/s41467-020-17774-5
https://doi.org/10.1038/s41467-020-17774-5
https://doi.org/10.1016/j.cocis.2014.09.007
https://doi.org/10.1016/j.cocis.2014.09.007
https://doi.org/10.1038/s41567-019-0480-1
https://doi.org/10.1038/s41567-019-0480-1
https://doi.org/10.1146/annurev-fluid-011212-140634
https://doi.org/10.1073/pnas.1010059108
https://doi.org/10.1073/pnas.1010059108
https://doi.org/10.1103/PhysRevLett.104.168104
https://doi.org/10.1038/nrm2222
https://doi.org/10.1016/j.cell.2013.05.008
https://doi.org/10.1038/nmeth.1327
https://doi.org/10.1038/ncb1894
https://doi.org/10.1038/ncb1894
https://doi.org/10.1063/1.5020992
https://doi.org/10.1063/1.5020992
https://doi.org/10.1016/j.actbio.2007.04.002
https://doi.org/10.1038/nrc3080
https://doi.org/10.1038/s41467-022-31340-1
https://doi.org/10.1039/C8LC00286J
https://doi.org/10.1016/j.bprint.2020.e00093
https://doi.org/10.1126/science.aay1638
https://doi.org/10.1103/PhysRevE.80.016307
https://doi.org/10.1140/epje/i2005-10058-x
https://doi.org/10.1140/epje/i2005-10058-x
https://doi.org/10.1103/PhysRevE.69.011906
https://doi.org/10.1103/PhysRevE.69.011906
https://doi.org/10.1140/epjst/e2014-02088-y
https://doi.org/10.1140/epjst/e2014-02088-y
https://doi.org/10.1103/PhysRevE.103.032612
https://doi.org/10.1039/C8SM00446C
https://doi.org/10.1103/PhysRevLett.121.248003
https://doi.org/10.1103/PhysRevLett.121.248003

PHYSICAL REVIEW LETTERS 135, 118202 (2025)

[28] D. Wang, J.D. Treado, A. Boromand, B. Norwick, M. P.
Murrell, M. D. Shattuck, and C. S. O’Hern, The structural,
vibrational, and mechanical properties of jammed packings
of deformable particles in three dimensions, Soft Matter 17,
9901 (2021).

[29] S. Kim, M. Pochitaloff, G. A. Stooke-Vaughan, and O.
Campas, Embryonic tissues as active foams, Nat. Phys. 17,
859 (2021).

[30] M. Tarama, Dynamics of deformable active particles under
external flow field, J. Phys. Soc. Jpn. 86, 101011 (2017).

[31] N. Tanjeem, M.B. Minnis, R.C. Hayward, and C. W.
Shields IV, Shape-changing particles: From materials design
and mechanisms to implementation, Adv. Mat. 34, 2105758
(2022).

[32] L. Onsager, The effects of shape on the interaction of
colloidal particles, Ann. N.Y. Acad. Sci. 51, 627 (1949).

[33] W. Maier and A. Saupe, Eine einfache molekular-statistische
theorie der nematischen kristallinfliissigen phase. Teil II,
Z. Naturforsch. 15A, 287 (1960).

[34] P.-G. De Gennes and J. Prost, The Physics of Liquid Crystals
(Oxford University Press, New York, 1993), Vol. 83.

[35] I. Hadjifrangiskou, L. J. Ruske, and J. M. Yeomans, Active
nematics with deformable particles, Soft Matter 19, 6664
(2023).

[36] B. A. Bilby and M. Kolbuszewski, The finite deformation of
an inhomogeneity in two-dimensional slow viscous incom-
pressible flow, Proc. R. Soc. A 355, 335 (1977).

[37] T. Gao, H.H. Hu, and P.P. Castafieda, Rheology of a
suspension of elastic particles in a viscous shear flow, J.
Fluid Mech. 687, 209 (2011).

[38] T. Gao, H.H. Hu, and P.P. Castafieda, Dynamics and
rheology of elastic particles in an extensional flow, J. Fluid
Mech. 715, 573 (2013).

[39] N. Kuzuuand M. Doi, Constitutive equation for nematic liquid
crystals under weak velocity gradient derived from a molecular
kinetic equation, J. Phys. Soc. Jpn. 52, 3486 (1983).

[40] D.J. Ternet, R. G. Larson, and L. G. Leal, Flow-aligning
and tumbling in small-molecule liquid crystals: Pure com-
ponents and mixtures, Rheol. Acta 38, 183 (1999).

[41] 1. M. Cohen and P. K. Kundu, Fluid Mechanics (Elsevier,
New York, 2004).

[42] G. K. Batchelor, An Introduction to Fluid Dynamics (Cam-
bridge University Press, Cambridge, England, 2000).

[43] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/9mx1-1hk8 for animations and addi-
tional background information and analysis, which includes
Ref. [44].

[44] D. Koch, A. Nandan, G. Ramesan, I. Tyukin, A. Gorban,
and A. Koseska, Ghost channels and ghost cycles guiding
long transients in dynamical systems, Phys. Rev. Lett. 133,
047202 (2024).

[45] B. Tjipto-Margo, G. T. Evans, M. P. Allen, and D. Frenkel,
Elastic constants of hard and soft nematic liquid crystals, J.
Phys. Chem. 96, 3942 (1992).

[46] S. Chono, T. Tsuji, and M. M. Denn, Spatial development of
director orientation of tumbling nematic liquid crystals in
pressure-driven channel flow, J. Non-Newtonian Fluid
Mech. 79, 515 (1998).

[47] S.P. Thampi, R. Golestanian, and J. M. Yeomans, Driven
active and passive nematics, Mol. Phys. 113, 2656 (2015).

118202-6


https://doi.org/10.1039/D1SM01228B
https://doi.org/10.1039/D1SM01228B
https://doi.org/10.1038/s41567-021-01215-1
https://doi.org/10.1038/s41567-021-01215-1
https://doi.org/10.7566/JPSJ.86.101011
https://doi.org/10.1002/adma.202105758
https://doi.org/10.1002/adma.202105758
https://doi.org/10.1111/j.1749-6632.1949.tb27296.x
https://doi.org/10.1515/zna-1959-1005
https://doi.org/10.1039/D3SM00627A
https://doi.org/10.1039/D3SM00627A
https://doi.org/10.1098/rspa.1977.0101
https://doi.org/10.1017/jfm.2011.347
https://doi.org/10.1017/jfm.2011.347
https://doi.org/10.1017/jfm.2012.536
https://doi.org/10.1017/jfm.2012.536
https://doi.org/10.1143/JPSJ.52.3486
https://doi.org/10.1007/s003970050168
http://link.aps.org/supplemental/10.1103/9mx1-1hk8
http://link.aps.org/supplemental/10.1103/9mx1-1hk8
http://link.aps.org/supplemental/10.1103/9mx1-1hk8
http://link.aps.org/supplemental/10.1103/9mx1-1hk8
http://link.aps.org/supplemental/10.1103/9mx1-1hk8
https://doi.org/10.1103/PhysRevLett.133.047202
https://doi.org/10.1103/PhysRevLett.133.047202
https://doi.org/10.1021/j100189a007
https://doi.org/10.1021/j100189a007
https://doi.org/10.1016/S0377-0257(98)00064-0
https://doi.org/10.1016/S0377-0257(98)00064-0
https://doi.org/10.1080/00268976.2015.1031840

	Channel Flows of Deformable Nematics
	Model
	Couette flow
	Poiseuille flow
	Acknowledgments
	References


