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Vesicles or biological cells under simultaneous shear and electric field can be encountered in dielectrophoretic
devices or designs used for continuous flow electrofusion or electroporation. In this work, the dynamics of a
vesicle subjected to simultaneous shear and uniform alternating current (ac) electric field is investigated in the small
deformation limit. The coupled equations for vesicle orientation and shape evolution are derived theoretically, and
the resulting nonlinear equations are handled numerically to generate relevant phase diagrams that demonstrate
the effect of electrical parameters on the different dynamical regimes such as tank treading (TT), vacillating
breathing (VB) [called trembling (TR) in this work], and tumbling (TU). It is found that while the electric Mason
number (Mn), which represents the relative strength of the electrical forces to the shear forces, promotes the TT
regime, the response itself is found to be sensitive to the applied frequency as well as the conductivity ratio. While
higher outer conductivity promotes orientation along the flow axis, orientation along the electric field is favored
when the inner conductivity is higher. Similarly a switch of orientation from the direction of the electric field to the
direction of flow is possible by a mere change of frequency when the outer conductivity is higher. Interestingly,
in some cases, a coupling between electric field-induced deformation and shear can result in the system admitting
an intermediate TU regime while attaining the TT regime at high Mn. The results could enable designing better
dielectrophoretic devices wherein the residence time as well as the dynamical states of the vesicular suspension

can be controlled as per the application.
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I. INTRODUCTION

Vesicles, which are bounded by a lipid bilayer membrane,
can acquire a variety of equilibrium shapes such as prolate and
oblate spheroids, discocytes, stomatocytes, etc., a result of min-
imizing the bending energy for a prescribed reduced volume.
On the other hand, nonequilibrium, dynamical states are ob-
served under externally applied forces such as hydrodynamic
flow or electric field and have received extensive attention
because of their relevance in bio-microfluidics. Moreover, flow
of bio-fluids in organisms involve flow of vesicle-like objects
such as red blood cells (RBCs) among others, suspended in an
ambient fluid. An interplay of hydrodynamic and membrane
forces as well as forces due to applied electric or shear
fields determine the shape of these vesicles and influence the
surrounding flow field.

A vesicle resists deformation due to external forces, such as
viscous stresses due to shear flow, on account of its membrane
fluidity, bending resistivity, and area incompressibility. A
linear shear flow can be decomposed into two parts: an exten-
sional (symmetric traceless part) and a rotational component
(antisymmetric part). In the case of a vesicle in shear flow,
the extensional component causes extension and deformation
of a vesicle into an ellipsoidal shape and orients it along
the extensional axis of the flow (making an angle of 7 /4
with the direction of flow). On the other hand, the rotational
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component (antisymmetric part) provides a rigid body-like
rotation to the vesicle by applying a torque to it [1]. Unlike
in rigid objects, shear flows can induce tank-treading motion
in a membrane-bound vesicle, wherein lipid molecules are
transported by the local velocity because of the fluidic nature
of the membrane.

A vesicle under shear flow exhibits various dynamical
modes such as tank treading (TT), trembling (TR) (first
observed and called the vascillating breathing (VB) mode
by Misbah [2]), and tumbling (TU). The existence of each
of these regimes depends upon several geometric as well as
flow parameters (such as excess area stored in the membrane
of the vesicle, viscosity contrast across the membrane, and
flow capillary number). Influenced by these parameters, a
vesicle can acquire a nonaxisymmetric ellipsoidal shape which
is inclined at a stationary angle to the flow direction. The
membrane rotates around its fixed ellipsoidal shape, and the
resulting motion is called TT. Beyond a certain viscosity
contrast across the membrane, the TT regime is inhibited, and
a vesicle shows full periodic rotations (flipping motion) with
respect to the direction of shear flow. This is referred to as
the TU mode. An intermediate regime between TT and TU
modes, called the TR mode, is observed wherein a vesicle’s
long axis oscillates around the shear direction and undergoes
asymmetric shape deformations in the vorticity direction (also
called VB or swinging).

The pioneering theoretical work by Keller and Skalak
[3] on an undeforming, ellipsoidal shaped RBC in shear
flow admitting a nonzero, position-dependent surface velocity,
showed that a vesicle can have TT or TU motion. The first
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experimental study on vesicle under shear flow was conducted
in Ref. [4], which observed the TT and the TU regimes.
While the early theoretical studies on vesicles under shear
flow, without viscosity contrast, showed a TT regime [5,6],
rigorous numerical studies [7,8] indicated a TT-TU transition.
Results of systematic experiments [9] in the TT regime were
found to be in agreement with theory [10]. The numerical
predictions of a TT-TU transition by Misbah et al. [7,8]
were later experimentally observed by Mader ef al. [11]. A
theoretical study by Misbah [2] predicted vesicle oscillation
around the flow direction, and he termed it the “vacillating
breathing” mode. The VB mode has been called the TR mode
by others, and the distinction could be subtle with respect to the
role of noise [12,13]. In this work, although we do not consider
thermal noise, we refer to the VB mode as the TR mode. Later
Kantsler et al. [14] reported an experimental observation in
which a vesicle in shear flow trembles around the flow direction
with strong shape fluctuations, which they called “trembling,”
thereby confirming the predictions of Ref. [2]. This was called
the “swinging state” in another numerical study [15]. This cou-
pling of shape and orientation angle was further studied [16]
using a mechanical force balance approach. These different
dynamical states around the TU regime could be qualitatively
described by a two-dimensional analytical model [1].

In the earlier theoretical studies [2] the deviation of the vesi-
cle shape from a sphere, as well as the membrane forces were
considered only up to leading order in the parameter € = /A,
where A is the excess area of a vesicle. The resulting evolution
equations are independent of the bending rigidity as well as the
capillary number, but depend upon the viscosity contrast and
the excess area. An extension of the leading order theory to
higher order corrections [O(e?)] in the shape deviation as well
as the membrane forces first suggested in Ref. [17] and later
in Refs. [15,18,19] led to an evolution equation that exhibited
explicit dependence on the capillary number. The expression is
more complicated when higher order hydrodynamic terms are
also added [17,20,21]. The resulting shape evolution equations
admit several new dynamical states.

A detailed phase diagram for vesicle dynamics in shear
flow [18] was obtained [22,23] by conducting a series of
experiments in pure shear flow when there is viscosity contrast
across the vesicle 7i, /nex > 1[22]. This was later extended to a
general shear flow with no viscosity contrast across the vesicle
[23]. It was found that the experimental results [22,23] were
in qualitative agreement with the theory [17-19], although a
quantitative comparison was unsatisfactory. To address this
issue, [21] a higher order theory was suggested wherein the
introduction of the fourth order harmonic [21], along with
the zeroth order haramonic at O(e?), accurately predicts the
experimental phase diagram (A vs Ca). The origin of the fourth
order spherical harmonic is argued to be on account of the
nonlinear membrane forces as well as due to the interaction
between the shape and the flow. The higher order zeroth order
correction is on account of volume conservation. The modified
theory with higher order spherical harmonics was also found
to be in good agreement with numerical simulations [24]. This
numerical study by Biben et al. [24] elaborates out the role of
the zeroth and fourth order spherical harmonics [21,24] and
compares Refs. [15,18,19], which consider only the second
order spherical harmonics.

These studies were also extended for a vesicle with reduced
volume same as RBCs using three-dimensional numerical sim-
ulations [25]. In another numerical study [26], vesicle shapes
under shear flow were obtained by using the area difference
elasticity model and the spontaneous curvature model.

The work on a vesicle under simultaneous shear flow and
an applied uniform dc electric field [27] exhibited significant
effect on the TT and TU dynamics. The electric field was found
to suppress the tumbling dynamics. Since then, there have been
atleast three works on understanding the effect of simultaneous
shear and dc electric fields using numerical methods, such as
the level set method [28,29], the immersed boundary method
[30], and the boundary integral method [31], which extend the
studies to large deformation of the vesicle. All these numerical
studies found that the TU regime is transformed into a TT
regime by application of strong dc electric fields.

The motivation of the present work is to extend these studies
on vesicles under simultaneous shear and dc electric fields to
ac electric fields. DC fields are seldom used in experiments in
vesicles, unless employed for electroporation studies. AC di-
electrophoresis is commonly used in biotechnological applica-
tions and in microfluidic devices. Itis therefore important to un-
derstand the effect of frequency and magnitude of ac fields on
the TT, TR, and TU regimes observed in the absence of electric
fields. Moreover, the conductivity ratio is known to be critical
in shape deformations of vesicles in axisymmetric ac electric
fields. Itis therefore expected to nontrivially alter the dynamics
of vesicles in combined shear and ac electric fields as well. Ad-
ditionally the theoretical analysis of Ref. [27] needs to be mod-
ified to include higher order membrane deformation forces.

The analysis is conducted to O(e?) order in the shape
deviation for the membrane forces, and the hydrodynamics
is considered at the O(¢) order. Also the role of the zeroth and
fourth order spherical harmonics is not considered in this work.
The results should therefore be analyzed as an asymptotic case
of the higher order theory discussed in Ref. [21].

II. MATHEMATICAL FORMULATION

A. Model description

Consider a vesicle of radius Ry such that V = 37 Rj with a
nonconducting, bilayer membrane, subjected to linear shear
flow resulting in dimensional velocities (it, = y Ve, it, =
i1, = 0) induced by moving two walls in opposite directions
along the X axis, and here y is the applied shear rate and y
is the distance along the Y direction. Henceforth all dimen-
sional quantities are expressed by a superscript ~ (tilde) and
nondimensional without one. The r,6, ® directions in the corre-
sponding spherical coordinates system are the radial position,
the azimuthal angle measured from the Z axis towards the X-Y
plane and the polar angle measured anticlockwise from the X
axis in the X-Y plane. The centroid of the vesicle remains fixed
at a position where the velocity of the imposed shear flow is
zero. The outer and the inner regions of the vesicle have differ-
ent physical properties such as conductivities (0ex,0in ), permit-
tivities (€ex,€in), and viscosities (7ex,7in). The membrane has a
finite thickness of 4 = 5 nm, and it is nonconducting (zero con-
ductance) and has dimensional capacitance Ciem = €mem /h.
The dimensionless ratios of interest are o, = 0j/0ex,€r =
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FIG. 1. Schematic of vesicle under ac electric field and shear flow.

€in/€ex,1 = Nin/Nex. Here subscripts “ex” and “in” represent
quantities outside and inside the vesicle, respectively.

In addition to shear flow, an externally applied ac electric
field E™ cos @fin the Y direction, with frequency @, acts on a
vesicle suspended in the fluid. Such a vesicle, under the action
of simultaneous shear and electric fields, can get inclined at an
angle i to the direction of shear flow (Fig. 1), measured anti-
clockwise, and can show both steady and unsteady dynamics
depending upon the system parameters. This dynamical state
is a result of a balance between shape stabilizing membrane
stresses (bending as well as tension stress) and the destabilizing
electric and hydrodynamic stresses.

Various scales are associated with different quantities in
the model that are used to nondimensionalize the governing
equations. All lengths are nondimensionalized by Ry, time
by inverse shear rate y !, velocity by Ry, electric field by
Ey, frequency by y, electric potential by EyRy, and stresses
by ynex. The electric stresses are of the order eeng, and
membrane stresses are of the order of «;/ RS. The relaxation
of bulk charge in the outer and inner fluids takes place on
a time scale Of 7 = €ex/0ex, " = €in/0in, TESPECtively, the
interfacial polarization occurs on time scales fyw = %,
the charging of a capacitive membrane takes place on a
time scale of fpem = Roémem(% + é) /0ex, the electric field-
induced vesicle deformation takes place on a time scale of
ol = Nex/(€ex Eé), while shape distortion due to extensional
part of applied shear takes place on a time scale of 7, = y .
The shape deformations relax on a time scale of 7, = nex RS /Kp.

The relevant nondimensional numbers are the flow capillary
number, Ca = y e RS /kp, Which can also be interpreted as the
ratio of deforming stress nexy to the restoring stress «j/ RS,
and the Mason number Mn = eeXEg/(nex)'/) compares the
relative strength of the electric and the viscous shear stresses.

J

All equations hereby are presented in nondimensional form
only, and no superscript is used for simplicity and brevity.

B. Shear-ac coupled model
1. Hydrodynamics

The flow is described in the low Reynolds number limit
using the vector spherical harmonics while the pressure and the
electric potentials are expanded in scalar spherical harmonics.
As is the practice in modeling these systems [10,12,13,32-35],
the membrane thermal fluctuations are ignored. The velocity
fields (uj,,uex) as well as the pressure fields (piy, pex) in the
inner and the outer regions of the vesicle are given by

V pin — Vatin =0, (1)
Vi =0 )
and
Vpex — Viitex = 0, 3)
Vi oty =0 “)

in the outer region. Note that the viscosity ratio is appropriately
taken into account in the stress balance. Hydrodynamic stresses
in the inner and outer regions of a vesicle are given by

= — pind + n[Vatin + (Vi)' ], (5)

Th = — ped + [Vitex + (Vuen)' 1, (6)

where I is the identity matrix and superscript 7 represents
the transpose of the matrix. The traction vectors on the vesicle
surface (at r = 1) are given by

‘Ci}:l'ér = —pnér +Zy atr=1, (7)
TC/‘;’é’ = _pexér + Zex atr = 1, (8)

with
Zi=¢& [Vuj+(Vuj']
d uj; 1 R
=r—(2) + - Vi@, - &), ©)

dr\r r
where j =in,ex and é, is the unit normal vector to the
vesicle surface along the radial direction. Expressions for
Zinlr=1,Zex|r=1 along with the final hydrodynamic traction
matrices are provided in Appendix A [(A21) and (A22)].

2. Electrostatics

For a vesicle subjected to an ac electric field, the expressions for the complex amplitudes of the electric potentials in the inner

and the outer regions are given by [36]

n=I

§ : 00
¢in = Pinr emylna

n=—1
n=1

P
Pex =¢oo+ rzx Z eTzYln»

n=-—1

(10)

(1)

032404-3



KUMARI PRITI SINHA AND ROCHISH M. THAOKAR PHYSICAL REVIEW E 97, 032404 (2018)

where ¢p*° = —r Zn_71 el Y1, is the externally applied unperturbed nondimensional electric potential. Here Y}, is the associated
Legendre polynomial of degree 1 and order n. If the applied electric field acts in the velocity gradlent and the vorticity directions,
then E* = = Ey(aeé, + pé;), where «, B are related to the spherical harmonic coefficients by e = ,8 = el =ai ; . Unknown

coefficients (Py,, Pex) in Egs. (10) and (11) are determined by applying the electrostatic boundary conditions at the vesicle surface
(atr =1)

n=1
®in — Pex = Vinem Z efzylnv (12)
n=-—1
a+wo¢ —M+mm0¢m (13)
¢ n=1
—(l+ i) —% = i Crem®C Vinem Y €5 Vin; (14)
n=-—1

here Vipem is the nondimensional transmembrane potential across the bilayer membrane, and { = p7s* is a dimensionless parameter
introduced since in the electrostatics equations the time as well as the frequency nondimensionalization are done using the shear
rate and 7 is of the order of 107 s.

This yields

3Cmem§w(_1 + lw{)

Pj - — )
" =20, — I[Cmem(2 + 0,) + 2(&, + 0,)10¢ + [2€, + Crmem(2 + €,)]w?¢?

(15)

P — {io, — (Cinem + € + 07 — Cinem0,)0¢ + i[Cem(—=1 + €,) — ér]w2§-2} (16)
“ 0, [=2i + 2 + Crem)@¢ ] + @l {2(Criem + €,) + i[26, + Cinem (2 + €,)]w¢ } ’

3(_l + wé‘)(_iar + ErCUC)
Vmem = N . (17)
=20, —i[Cinem(2 + 0,) + 2(&; + 0)]w¢ + [2€, + Cinem (2 + Er)]w2§2

. . . . . ddin, ex 5
Here the normal and tangential electric field components in the inner and outer region are Ejy, ex,r = — Y = €y, Ein, ex,0 =
| din, ox 5 _ 1 ddn e g -
—s="ep, and Ein, ex,0 = — 75546 €e- The induced surface change on the membrane interface is given by Q. =

Re[Eey, ] — €,Re[Eipn ], where Re[-] represents the real part of the quantity enclosed in the square bracket, to give
3Cmem(€r — 0)[Cimem (2 + 0,) + 2(€+ + 0.)]w*¢ (B cos 6 + a sin O sin )
40}2 + [4(Cmem + 6r)2 + 4C12nemo'r +Q2+ Cmem)2 ]w2§2 + 26, + Crem(2 + Er)]2w4€4

The time-independent nondimensional electric stress (note that this is the total real stress and not the complex amplitude) in
the r,0,® directions inside as well as outside the vesicle are [36]

Q.= - (18)

E | X * . * R 7 *
rin,ex,r - Z(Eln,ex VEm ex,r Eln,eXﬂEin,exﬂ EmseX,¢Ein,ex,d>)Mn’ (19)
E
Tinex,0 — (Em ex,r Ein,ex,@ + Ein,ex r Ein ex, G)Mn (20)
E *
Tin,ex,<l> 4(E1n ex, rEiﬂ’CX,d’ + Eiﬂ,eXsVEin,ex,Q)Mn' (21)

Here the asterisk () represents the complex conjugate. We consider only time-independent part in this work since the electric
time scales and the frequency of the applied field are considered to be much faster than the shear rate (typically @ = 500 Hz
onwards).

Since the electric stresses are calculated on an undeformed sphere, the net normal and tangential components of electric stresses
at the vesicle surface are

E E E

T = Texr — ErTings (22)
E E E

Ty = Tex,0 — €rling> (23)
E E

TCD = Tex,CD €r Tm (oM (24)

The final expressions for the above resultant stress components are provided in Appendix B in terms of «, 8. Deformation causing

normal electric force is obtained by subtracting the isotropic part of the normal stress (£, provided in Appendix B) from 7,f.

Thus tf = tf — t£ Y009, D), where Yoo(0,P) = 1/+/47 and the isotropic part is given by
JozT [ 7, 5in 6 Yoo (0, D)

0=0 Ur
(25)
ST (72T sin 0Yoo(6, D) Yoo (6, D)

E _
To
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The resulting normal (f£ = &, - ¢¥) and tangential (f fo =é-tF fE .o = & - Tg) electric tractions are

fE == N[30?cos2®sin? 6 + 1(a* — 28%)(1 + 3cos 20)]e,, (26)
fE=8{—o?sin0sin2® &g + 1 [a*(cos2® — 1) + 28] sin 20 &y}, 27)
where
v = 807+ [2Chenes + & + 07 + Cren(1 = 26 +07)[6%0 + [Crem(—1 + € + 2Cneme, + € J¢*0 ) 28)
fr— n7
16{402 + [4(Cmem + €)2 + 4C2,0r + (2 + Cinem)202|@20% + [2€, + Crnem (2 + €,)20* ¢4}
9Cmem? ¢ [ Cinem(€r — 0r) — U - Ezwzé- ] (29)

= {402 + [HCoom + 6P + 4C2 0, + 2 + Coen)?02 |70 + 26, + Conum@ + )P

Therefore the total electric traction is fE£, = fE + fE.
In the specific case of « = 1,8 = 0 (for Y-directional electric field), the total membrane traction can be expressed in terms of
vector spherical harmonics by using the identities provided in Appendix C as

E N T & S 327 4
Srot = ) 8 5V +6 E(J’zzz + y2o2) | — TR +S ?(J’no + ¥2-20)- (30)

Equation (30) can be written in a more compact way as

m=2 m=2
E _ (E E _ E E
fouo=Fi + [ = 2 TomaYom2 + E Tom0Y2mo>

m=-2 m=-2

fo = (T2E,22y2_22 + Top Yooz + TzEzzJ’zzz) + (Tion2-20 + T30 Y200 + TzEzoJ’no) (31

such that the normal and tangential electric stresses are

(14 671
'L’2 n =—2N,/ —, r202 = —4N, | —, 'L'222 = —2N (32)
471
Tz 20 = S\/ 7200 \/ 7220 \/ (33)

The net Maxwell stress is 78 =), _, Zm_7 L (T o Yimo + Ty Yima), where T and 7, are tangential and normal electric

stresses, respectively. Here another component of tangential stress Zz - Z Tlfnl Yim1 18 nOt taken into account since it turns

out to be zero.

m=—I

3. Membrane mechanics with higher order corrections

The surface of a slightly deformed vesicle is described by

[ee) 1
re=a+Y > finYim: (34)

=0 m=—I

where « is obtained by volume conservation constraint f rf sinf df d¢ = 4m, which giveso = 1 — Zio Zin:—l JimYim/(4m)
while the constraint of area conservation is [ r2/(&, - n)sin0 d d¢ = 47 + A and leads to an excess area stored in the vesicle

in the deformed state A = Y ;5 3 GCED gy
The nondimensional membrane stress on the vesicle can be written as

1
Tomem = C—{[—2(2H3 —2KH +V*H)+20H]e, — Vo), (35)
a

1 . . . . . . ~

where o0 = o0y + Zfio Zm=71 01m Y With oy is the uniform nondimensional membrane tension [such that 0 = G /(k; Rg)] and
oy, 1s the nonuniform membrane tension which varies along the vesicle surface. On taking curvature terms up to second order in
spherical harmonics, the mean curvature is given by

=14 510+ 1) =21F@,¢) - [ld+ 1) - 1]F (6,4 (36)
and the Gaussian curvature by

) d’F(0,9)
K=1+[II+1)=-2]F@.,¢)=3UI+1)—-1]1F@.¢)" —1( + 1)F(9,¢)|:—l(l + 1DF(0,¢9) — —:|

do?
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., [dF6.6)7 2, dF0.0)d*FO.9) [ _dPFO.9)7
— cot” @ csc 9[—d¢ :| + 2cotfcsc” O 4 46d |: I+ DF@,9) 7T :|
d*F 6,97
J— 2 —_—
esc 9[ o } , 37)

l
where F(0,0) =D 15> ey JimYim(0,9).

Using these two curvatures (H and K) all other linear and nonlinear terms in membrane stress can be obtained such that the
resulting normal and tangential membrane stresses with higher order correction terms are, respectively,

l
M — Vo = —Ca™! [w/l(l +DY D om Y,m:| (38)

=2 m=—I
and
" = Ca”'[-2QH® —2KH + V*H) + 20 H]. (39)
Substitution of the curvature terms [Eqgs. (36) and (37)] in Eq. (39) gives normal membrane stress for m = —2,0,2 modes as
_ 1
‘Eénfzni =Ca 1 [m(144\/ 57 fzofz,z + 4057 f20f2,200) =+ 4f2,2(6 + op) + 2022]y2_22, 40)

1
Tiem — Ca”! (m{(144\/§ +40V/5700) foa for — [4V/57(18 + 500)1 2} + 46 + 00) fao + 202()) Yaozs (A1)

1
‘Czn%"ém = Ca71 [m(144\/ S5t f20f22 + 40/ 57 fzofzzd{)) —+ 4f22(6 + o) + 2(722]_)7222. 42)

4. Overall stress balance

The overall tangential stress balance across the vesicle is given by
h.ex h,in E _ _mem 43
Tm0 — %m0 ) + Timo = Tmo - (43)
Similarly the overall normal stress balance is
h,ex _ h,in + E __ _mem (44)
Tm2 — M2 Tm2 = Um2 -

The tangential stress balance is used to obtain the nonuniform tension terms (02-2,029,07272), whereas the normal stress balance
gives normal velocity components (Ca_2z,Ca02,C222), provided in Appendix D. The expressions are derived using the higher
order theory for membrane forces.

5. Dynamic evolution equation with ac-shear coupling

With higher order corrections in the membrane stress the evolution equations for different deformation modes when a vesicle
is subjected to pure shear flow under electric field is given by [27]

df 2m .m
=i— fom + Com2, 45
7 i3 Som + Comz (45)
where m = —2,0,2 and Cy,, is the normal component of membrane velocity due to contribution from both pure shear flow and

ac electric field-induced stresses (details provided in Appendixes D and E)

77T(6 + O'()) + 57'[(18 + Sdo)fzo

T (32 4 23n)Ca
—1687(6 + 00) f20 + 12¢/57w (18 + 500)(f3) — 2 f22 fo—2)
Tm (32 + 23n)Ca

T7(6 + 0¢) + /57 (18 4 509) f>0
Tm (32 4+ 23n)Ca

Cym =C5", — 24[ ]fz_z + MnC§' ,, (46)

Cop = Cop + [ } + MnCS), (47)

Capp = C3F — 24[ :|f22 + MnC5). (48)

Here C5! = —i m(zzzfz(); ) is the contribution from pure shear part, and C5, represents electrostatic contribution. Mn is measure

of applied electric field strength relative to the applied shear.
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In terms of inclination angle (), the amplitude of deformation modes can be represented as f» = Re %Y and f,_, = Re*V
with R = v/A cos 6/2, which measures the deformation. Separation of real and imaginary parts gives the evolution equations for
the inclination angle and the vesicle shape:

dy  4v30m cos2y 1

— — — — MnX,, (49)
dt (324 23X%) cosb 2
do 8430 720/ A
LS A I sin 6 sin 2y + VA cos 30 + MnX,, (50)
dt VA(32 +23n) 74/107 (32 4 231)Ca
where additional terms due to electrostatic contribution are
X, = SV mTaes 4 st 4 (= sl el 261 + 5VIOVA[CSL + ¢
1—2COS9{ 77[ »n T 2—2+( 2 T+ 2_2)cos ]+ [22"‘ 2-2
+ (3C% + C5L,) cos 20] sin 6} /(28 A/ + 5+/10A sin 30), (51)
2 1
X, =,/ n {C% cos § + m[ —3C5 +C5', + (C5h + €51 ,) cos 20] cos 24/ sine}. (52)

Here the electrostatic contribution an = (6T + 2\/612,,,0) /(32 +23n).

In Eq. (49), the left-hand side term represents the torque due to the rotating vesicle. On the right-hand side, the first term is the
torque due to the elongational part which tries to align the vesicle in the principal direction of the strain rate tensor, the second
term is the clockwise torque due to the rotational part of the mean flow, while the third part is the electrical torque.

Only the / = 2 modes are considered in the analysis since they are excited by the electric and hydrodynamic stresses and
lead to deformation. The symmetry in the problem implies that only m = —2,0,2 are admitted, where m = %2 represents the
components in the X-Y plane and m = 0 mode corresponds to the axisymmetric mode along the Z axis. The evolution equations
so obtained are highly nonlinear, transcendental differential equations due to the coupling of higher order terms, and are therefore

solved numerically using Mathematica 10.

III. RESULTS AND DISCUSSION

The physics of the TT, TR and TU regimes can be under-
stood as follows. Consider a rigid spherical object in shear
flow, the applied flow can be decomposed into a rotational part
which tries to rotate the particle with an angular velocity equal
to half the shear rate (for pure shear flow the extensional strain
rate and the rotational vorticity is identical and equal to half the
shear rate), unless it is at rest, and exerts a torque accordingly.
The extensional flow part then generates a stresslet, which in
a spherical particle can never exert a net force or a torque due
to symmetry. As a result, a torque-free rigid sphere means the
sphere rotates with the same angular velocity (half the applied
shear rate), without offering any resistance, thereby leading to
a torque balance.

When a rigid ellipsoidal particle is placed in shear flow,
it continues to rotate with an angular velocity half the shear
rate. However, the extensional flow can exert a torque on an
ellipsoidal particle, trying to align it in the direction of the
extensional strain rate, which is 45° to the direction of flow.
The dynamics of the orientation of an ellipsoidal particle can
be given by

i_f = —A + BcosQQy), (53)

as suggested in Ref. [37]. It turns out that for rigid ellipsoids,
for reasons to be discussed later, the magnitude of A is always
greater than or equal to B, thereby a steady state solution
is never obtained. Thus an ellipsoidal particle rotates (called
tumbling in the vesicles and cells literature) when placed in a

(

shearing flow, since it cannot simultaneously admit a tangential
velocity in the rotating reference frame of the particle.

Unlike a rigid ellipsoid, a deformable drop placed in a
shear flow can allow a finite tangential velocity of the interface
(surface), called the TT velocity, even in the reference frame
of the rotating drop [38]. This leads to A being less than B,
and a steady value of ¥ the orientation angle is observed. In
this case, the torque exerted by the shear is partially balanced
by the restoring torque of the elongational flow that aligns it
at an angle of 45° to the direction of flow, and partially by the
interface velocity in the rotating reference frame.

The case of a vesicle in shear flow is similar to that of a
drop, the tangential velocity of the membrane (TT velocity)
helps in reducing the torque due to the applied shear, which
is then balanced by the torque due to the elongational part of

1"

0.6 + Tumbling
10 —
0.4 —* Trembling
S = 94
0.2 4 Tank-Treading
8 -
0.0~ —e—o—o—e—0—o
] T T ) 7 T ) ) )
3 6 9 12 15 00 02 04 06 08 1.0
n Ca

(@ ()

FIG. 2. Pure shear: (a) vesicle inclination angle in TT regime vs
viscosity ratio and (b) the phase diagram showing different regimes for
viscosity ratio vs Ca, in the absence of electric field (Mn = 0, Ca =
1,A=0.2).
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FIG. 3. (a) Transmembrane potential (V,em, black lines) and interface charge (Q., red lines) variation with frequency for o, = 10 (solid)
and o, = 0.1 (hollow), (b) Normal stress (N, black lines) and tangential stress (S, red lines) variation with frequency for o, = 10 (solid) and

o, = 0.1(hollow) (¢ = 10~7,Cpem = 50,6, = 1).

the shear flow. The torque exerted by the applied shear on the
deformed ellipsoidal vesicle increases with an increase in the
inner viscosity of the vesicle, such that the angle of inclination
decreases from 7 /4 to 0, with an increase in the inner viscosity.
The case of a rigid particle can be envisaged as a limiting
case of inner viscosity tending to infinity (Fig. 2). With an
increase in the inner viscosity, the torque due to elongational
flow weakens, and the rotational torque increases such that
beyond a critical viscosity ratio, and the vesicle no longer tank-
treads but undergoes a tumbling transition. The TT velocity in
the TU regime was shown in Ref. [3] to vary as cos2y. In
the TT regime, the frequency of the TT velocity is constant
such that the tangential velocity varies in the & direction [3]
for a given orientation angle . Thus a vesicle undergoes a
TT to TR to TU transition as the viscosity of the inner fluid is
increased.

It is therefore of interest to understand the effect of electric
field on the three dynamical modes of tank treading, trembling,
and tumbling.

The nondimensional numbers used in this work were ob-
tained using dimensional parameter values in a range in which
most of the pure shear experiments are typically conducted
[9,14,22,23]. A vesicle of size Ry = 10 um is assumed to be
suspended in an another leaky-dielectric fluid, and the ratios

1.2
0.5 0%, 20,
‘..’.o-o~ 06 o/ °\°\ o/o b\)
N 0.0 oesee® b— . .’...... o‘." !
~ d i 0.0 .ﬂ\g u
051 g AR AR A
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@ 14

(2) (b)

FIG. 4. Electric torque (7°) on a deformed vesicle in TT state,
(a) variation of the electric torque with frequency (for ¢ = 7 /4)
for o, = 10 (solid spheres), o, = 0.1 (hollow spheres) for a vesicle
inclined at ¢ = pi /4 (b) electric torque at different inclination angles
at Mn = 10, w = 10° for o, = 10 (solid spheres), o, = 0.1 (hollow
spheres) (n =3,Ca=1,{ = 10776, = 1,A = 0.2,Cpem = 50).

of their inside or outside fluid properties are €, = 1, o, =
0.1,10, and n = 1-20. These can be considered to represent
electrical conductivities of the order of 1 — 100 x 107 S/m,
and viscosities varying from 1-100 x 1073 Pa-s. Typical shear
rates of y = 0.1s7! and frequency of the applied electric
field could vary from @ = 1kHz to 10 MHz, with electric
field strength (Ey) varied in the range of 0.01-1kV/cm. It
is assumed that the membrane is insulating, and its nondi-
mensional capacitance iS Cipem = (€mem/ 1)(Ro/€ex) = 50, the
charging of the membrane then takes place on a time scale
of Trmem = (Ro/0ex)Crnem(1/2 4 1/0,) ~ 1074-107> s while
the Maxwell Wagner charge relaxation time is of the order
of fyw = €ex/0ex(2 + €,)/(2 + 0,) ~ 107°-1077 5. The flow
capillary number Ca = )'/neXRS /kp, and the electric Mason

—e— 0,=10,0 =10
1.54 —e— g=10,0=10°
—e— 0,=10,0 =10

—e— 5=01,0=10
o 1.54 T o-oen
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FIG. 5. (a, b) Variation of inclination angle with strength of
applied electric field in TT regime for o, = 10 and o, = 0.1, respec-
tively; (c) Variation of inclination angle with frequency of applied
electric field in TT regime for o, = 10, o, = 0.1 at electric field
strength Mn = 20 (Ca = 1,5 = 3).
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FIG. 6. Vesicle orientation under the effect of ac field in shear flow at fixed Mn. (a—f) o, = 10, (g-1) o, = 0.1. In each set w increases as
103, 10°, 107 from left to right (n = 3,Mn = 10,Ca =1, = 107",¢, = 1,A = 0.2,Cpem = 50).

number Mn = e, E3 /(7 1ex) take values in the range of 0.1-5.0 A. Transmembrane potential

and 0.1-100, respectively. The analysis is presented for two The variation of transmembrane potential (Viem) with
sets of conductivity ratios o, = 0.1,10, representing relative  frequency is presented in Fig. 3(a). The figure shows that at
conductivities of the inner fluid to be lower or higher than the very low frequencies the transmembrane potential is maximum
outer, respectively. because of the high impedance of the capacitive membrane that
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(d)

@

@

FIG. 7. Vesicle orientation under the effect of ac field in shear flow at fixed w. (a—f) o, = 10, (g-1) o, = 0.1. In each set Mn increases as
0.001,10,1000 from left to right (y = 3,0 = 10",Ca= 1, = 1077,¢, = I,A = 0.2,Cppem = 50).

prevents penetration of the field inside. The membrane in this
case is fully charged, and the net charge on the membrane
is zero on account of equal positive and negative charges on
either side of the membrane. The variation of potential is sin 2

and is thereby maximum, although of opposite signs at ® =
/2 (positive) and & = —m /2 (negative). As the frequency
increases beyond 7!, the field penetrates the membrane, a
fall in Vipem, and build up of a net positive (o, > 1) or negative
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charge (o, < 1) at ® = /2 at the membrane interface, akin
to the case of a liquid drop in electric field is observed. At
very high frequencies (>t§&,) a perfect dielectric response of
fluid as well as membrane is observed, and Ve, as well as net
charge Q. (on account of zero absolute charge on each side of
the bilayer) tend to zero.

The tangential stresses at low and high frequencies are in-
dependent of the conductivity ratio and are zero for completely
different reasons. At very high frequencies, the membrane is
uncharged, while at very low frequencies, the normal electric
field in the outer region at the membrane interface vanishes,
since the membrane acts like a perfect insulator with very high
impedance. The normal stresses at very high frequencies are
independent of o, and identically equal zero due to diminishing
contrast of the electrical parameters. At very low frequencies,
the normal electric stress is compressive at ® = 0, diminishing
towards ® = 7/2,—m /2. This can be decomposed into an
isotropic compressive pressure and a tensile force which is
maximum at & = /2 and —7 /2. Atintermediate frequencies
(>t} and <tl\7“l,v), depending upon the value of o,., the electric
field acting upon the net charge accumulated at the membrane
of a vesicle can result in tangential stresses that can act from
®=0to®=7/2(0, > Dorfrom® =x/2to ® = 0(0, <
1). Thus, when o, > 1 tensile stresses on the vesicle deform it
into a prolate shape, while compressive stresses cause oblate
deformation [Fig. 3(b)] when o, < 1.

Thus, in general, one can observe conductivity ratio o,
dependent behavior at intermediate frequencies, whereas the
behavior should be independent of o, for very high and very
low frequencies.
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B. Tank-treading regime

A vesicle, under linear shear flow, with viscosity ratio less
than a critical value, is deformed into an ellipsoidal shape and
orients itself at an angle termed the inclination angle with the
direction of shear flow. The vesicle shape remains unchanged
at that inclination angle while the membrane undergoes a
continuous rotation around its fixed shape, called tank treading.
The inclination angle is modified by the application of an ac
electric field when a vesicle is in the TT regime. The inclination
angle i with respect to the direction of flow increases in
a clockwise direction and reaches its maximum value of
¥ = w/2 when o, > 1 or can decrease to zero when o, < 1,
especially in the intermediate frequency range. The dynamics
is decided by the relative magnitudes of the hydrodynamic,
electric, and membrane torques. The electric torque depends
upon the frequency, electric field, and conductivity ratio.

Figure 4(a) shows the variation of the total electric torque
acting upon a deformed vesicle with frequency inclined at
Y = /4 for the two conductivity ratios. The torque is always
anticlockwise (positive) in the first quadrant at all frequencies
for o, > 1, whereas it is clockwise (negative) at intermediate
frequencies for o, < 1. Figure 4(b) shows that at an intermedi-
ate frequency (10° < @ < 10%), the torque in the first quadrant
(0 < ¥ < 7 /2) is clockwise (negative) for o, < 1, indicating
a tendency to rotate the vesicle along the X direction. On
the other hand for o, > 1, the torque in the first quadrant is
anticlockwise (positive), thereby rotating the vesicle towards
the Y axis. The stability of the stationary point ¢ = 0 (X
axis) for o, < 1 can be seen from the anticlockwise torque
(positive) in the fourth quadrant (37/2 < ¢ < 2m). Similarly
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FIG. 8. TR to TU transition as a function of time for o, = 10: (a, b) TR motion and corresponding shape deformation at n = 9.3;
(c, d) transition from TR to TU motion and corresponding shape deformation at n = 9.4 Mn =0.1,0 = 10°,Ca= 1, = 107,¢, = 1,A =

0.2,Crnem = 50).
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FIG. 9. TR to TU transition as a function of time for o, = 0.1: (a, b) TR motion and corresponding shape deformation at n = 10.6;
(c, d) transition from TR to TU motion and corresponding shape deformation at n = 10.7 (Mn = 0.1,w = 10Ca=1, =10"7,¢, = 1,A =

O~27 Crem = 50)

the ¥ = /2 is a stable point for o, > 1 and can be seen
from the clockwise torque (negative) in the second quadrant
(/2 < ¥ < ). The torque in the very low and very high
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FIG. 10. Phase diagram for transition between dynamic states
(a) n = 10,0, = 10, (b)n = 12,0, = 10, (¢) n = 10,0, = 0.1, and
(d) n=12,0, =0.1. TR (yellow region), TT (green region), TT
in intermediate frequency for o, < 1 (purple), TU (blue region)
(& = 1,A =0.2,Cppeny = 50,Ca = 1,¢ = 107).

frequencies for both the conductivity ratio is anticlockwise in
the first quadrant, thereby favoring ¢ = 7 /2.

The effect of the electric torque is clearly seen in Figs. 5(a)
and 5(b) in the TT regime which shows the variation of
inclination angle () with the applied field strength for three
different frequency values. Selection of these frequencies is
based on the nondimensional (by the shear rate) membrane
charging time 7} ~ 10° where fmem = fmem/7;. Thus the
three values of w of interest are w < 1.}, w ~ 1.1 and
o >t 1 Figure 6 shows the shape of the deformed vesicle
as a function of frequency for a given Mn for o, = 10,0.1.
Similarly, Fig. 7 shows the shape of a deformed vesicle as a
function of Mn at intermediate frequencies for the two con-
ductivity ratios. A clear dependence of both the shape (prolate
or oblate) and the orientation (near ¥ = /2 or ¥ = 0) can
be clearly seen. For o, > 1 [Fig. 5(a)], a vesicle acquires a
prolate ellipsoidal shape [Figs. 7(a)-7(c)] and the inclination
angle increases for a given frequency from a value correspond-
ing to Mn = 0 to its maximum value of 77 /2, with the major axis
parallel to the applied electric field. A stronger effect of electric
field is seen at intermediate frequencies when the Maxwell
stresses and thereby the electric torques are higher. When
o, < 1 [Fig. 5(b)], in the low-frequency regime (v <t}
a vesicle shape remains prolate ellipsoidal [Fig. 7(g)] and
shows an increase in inclination angle up to ¥ = m /2 with
an increase in Mn. When the frequency w > t1  the vesicle
acquires an oblate ellipsoidal shape [Figs. 7(h) and 7(i)] and
shows a decrement in inclination angle with Mn for a given
frequency, finally attaining a zero inclination angle. Thus the
shape-Maxwell stress coupling leads to interesting dependence
of inclination angle on the applied frequency.
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The variation of the inclination angle with frequency for a
particular value of Mn is shown in Fig. 5(c) for the o, = 10,0.1
cases and is exactly similar to that seen for the variation of
electric torque with frequency (Fig. 4). This confirms that the
electric torque determines the inclination angle of a vesicle
in simultaneous shear and electric fields. When o, = 10, the
inclination angle remains constant at low frequency and then
start increasing with w to attain its maximum value at w =
107. Further increase in frequency decreases vesicle orientation
angle. When o, = 0.1 a prolate spheroidal shape is seen at low
frequency, similar to the case o, = 10. Remarkably when o
is increased, the inclination angle decreases almost to zero
and remains at that orientation for a range of frequency value
10°-107, beyond which it again increases to a value similar to
that seen at o, = 10 [but not shown in Fig. 5(b)].

C. Trembling-tumbling transition

A vesicle subjected to linear shear flow shows TR as an
intermediate regime between TT and TU (Figs. 11 and 12 and
discussed in detail in Appendix F). Figure 8 presents the tran-
sition from TR to TU regime when o, > 1. A vesicle in the TR
regime exhibits small oscillations about an average orientation
[Fig. 8(a)]. The TU motion of a vesicle is characterized by
a continuous periodic flipping [Fig. 8(c)]. Both the TR and
TU regimes show corresponding shape oscillations apart from
orientation oscillations [Figs. 8(b) and 8(d), respectively] and
rotations respectively [9]. When o, < 1 (Fig. 9), a similar
TR-TU transition is observed. However, the transition for
o, < 1 occurs at much higher viscosity ratio than ¢, > 1. This
is despite the fact that the electric torque is anticlockwise for
o, > 1 andvice versaforo, < 1.This could be attributed to the
higher hydrodynamic torque and a rigid ellipsoid-like behavior
for o, > 1 which promotes elongation in the X-Y plane in the
first quadrant. The transition viscosity ratio not only depends
upon the conductivity ratio, but is also significantly different
than the transition viscosity ratio in the absence of electric field
(Mn = 0). Thus electric field alters the TT-TR-TU transition
of a vesicle in shear flow.

D. Phase diagram

There is no significant variation in the n-Ca phase diagram
(Figs. 11 and 12 are presented in Appendix F) with respect to
Ca, owing to which the dynamics of a vesicle in simultaneous
shear flow and electric fields is best presented in the Mn-w
coordinates. Two viscosity values are selected such that when
Mn = 0 the vesicle either shows TR (n = 10) or TU (n = 12)
modes. In each of these dynamic modes, the effect of Mn and
w is investigated for conductivity ratio o, > 1 and o, < 1.

1 o, >1

In this case the electric torque is always anticlockwise and is
maximum when the 7.} < w < t1\7[\lv~ Correspondingly, in the
low 1 regime, the anticlockwise torque suppresses the low Mn
TR modes into high Mn TT modes. The transition Mn for TR to
TUto TTislowerwhent,! . < w <ty [Fig. 10(a)]. Similar
arguments can be given to explain the TU to TT transition for

the higher viscosity contrast (high 1) case [Fig. 10(b)].

2.0, <1

When o, < 1 the transition is frequency dependent. In
the low viscosity case, at low and high frequencies, the
transition from TR to TT occurs via the TU mode, similar
to the o, > 1 case [Fig. 10(c)]. However at an intermediate
frequency, a TR-TT transition is seen and the TU mode is
suppressed. Figure 10(d) for the high viscosity case shows
dynamic transitions such that a direct TU-TT transition is
observed at low and high frequencies. In the intermediate
frequency range, as Mn is increased, there is an appearance of
TR regime before entering into the TT regime. In all the cases,
an oscillatory relaxation to TT state (long time relaxation) takes
place near the TR-TT phase boundary. An important feature
of the o, < 1 case is the transition from the TT(yY = 7/2)
at the low and high frequencies to the ¢ = 0 at intermediate
frequencies, especially at high Mn. In the low Mn regime, the
two TT modes differ with the low frequency showing a long
tumbling mode is observed in the dynamics before switching
to TT, whereas in the intermediate frequency case, the TT
state is attained instantaneously. The electric torque at these
transition frequencies @ = f,} and @ = f, changes sign,
and goes through zero, thereby enabling the TR and TU modes
in Figs. 10(b) and 10(d), respectively, corresponding to the
Mn = O case.

IV. CONCLUSIONS

A systematic study on the effect of electric field on the
different dynamical modes such as TT, TR, and TU that are
commonly observed in a vesicle in shear flow. The electrical
parameters of interest here are the conductivity ratio, the
frequency of applied field, and the Mason number, apart from
the viscosity contrast between inner and outer fluid. Our study
shows that apart from the role of the electric torque on deciding
the dynamical modes of a vesicle in simultaneous electric and
shear field, a complicated coupling between the elongation
caused by high Mn can lead to unexpected appearance of an
intermediate TU regime in some cases. The phase diagrams
presented here can enable the judicious use of electrical pa-
rameters in either promoting or prohibiting specific dynamical
modes. For example, a TU mode may be more desirable if
mixing of the vesicles content as well as agitation in the system
is desired. On the other hand, if undisturbed, streamlined flow
of vesicles is desired, it might be desirable to be in the TT
regime. We show here that electric field parameters can easily
allow enforcing a desired dynamical mode in such systems. The
dynamical modes of a suspension of emulsions, as encountered
for example in dielectrophoretic devices, can determine the
effective residence time as well as the total possible suspension
density in biotechnological applications involving continuous
processing. The present study in that case would form the basis
for more detailed calculations.
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APPENDIX A: HYDRODYNAMICS

In the low Reynolds number limit, the velocity fields for
the inner and outer regions given by the solution of the Stokes
equation (Lamb solution [39])

_ 8 g s .8 s g
Uin = Cpoltfmo + Crmpm + Clpnlipa (AD)
_(pd o d d . d d .d

tex = (Clhuotimo + Clni®im + Clraims)

o .8 oo .. 8 oo .8
+ (Cimottimo + Cimitiny + Cimalifs) (A2)

where coefficients C}; . C; |, Cr,, are coefficients correspond-
ing to the growing harmonics in the interior region and
C ,‘lmo, Cldm1 , Cl‘fnz are decaying harmonic coefficients in the
exterior region. These unknown coefficients are determined
by using the velocity continuity, membrane incompressibility
conditions, and stress balance at the surface of the vesicle.

Cioo Ciooy,Cpoy are coefficients associated with the applied
unperturbed external flow (when uex = u#*), and they depend
on the elongational (s) as well as rotational (£2) component of
applied flow described as (for [ = 2, m = £2 mode)

T
€3, = :in( /g>s, (A3)
C32,, =0, (Ad)

oo . 2
Crin = :FZZ< —>S, (AS)

15

2

C2 0 =2i (,/%)Q, (A6)

where 2 = s = y /2 for the case of pure shear.

g .8 .8 d ,d  .d :
QL AL AL and Upn> Wl 1> W2 ATC SIOWING gnd decay-
ing velocity eigenfunctions for inner and outer fluid, respec-
tively, defined as [16]

uf o =L =+ 1)+ 431V mo

— LA+ D12A = Py, (AT
up ="y, (A8)
1, [+ 12
uj,, = zrl '3+ D(T) A=) Yimo
1
+ =T+ 3 = (4 Dy, (A9)

\S}

J

with

Zi=2e [V Vuy'l=r ly e
i =& Vg + (Vup) = r— (=) + Vi - 2],

where j = in,ex. Expression for Zj,|,—1, Zex|r=1 are

u;lmo = %r_l(Z — l + lr_z)ylmo

+ 27+ DA = 1)y, (A10)
Wy =77 Vi (A11)
d 1 ) l 12 2
Uppy = EV_ (2- l)<l+_1> (1 =77 Yimo
1
+ EY_JU-+(2-—Z)V_ﬁ)Hm2- (A12)

Here y;,,0>Yim1:Yima2 are vector spherical harmonics defined
as

1 8YlmA

= ———————¢,

Ym0 =T 00

im Ylm
+ " %, Al3
JIA+ Dsing * (A13)

m Ylm i aYlm

=— ep — éo, (Ald
Yim1 TTT sin6 0 TTED 90 e, (Al
Yim2 = &rYim (A15)

with scalar spherical harmonics

20+ 1 (1 —m)!
47 (I +m)!

Yim(0,P) = (—=1)" Ppy(cos 0)e™®. (A16)

1. Solution for hydrodynamic stress

The hydrodynamic stress in the interior and exterior (j =
in,ex) regions of a vesicle are given by

™ = —piI +9;[Vuj + (Vuy'], (A17)

where 1; = 1 for outer vesicle, n; = n for inner vesicle, I is

the identity matrix and superscript T represents the transpose

of the matrix, and p and u are pressure and velocity field,

respectively. Normal stress traction exerted on the vesicle
surface (at r = 1) are given by

h

Ty & = —piner +Zin  atr=1, (A18)
thoty = —pabr +Zex  atr=1,  (Al9)
.
’ (A20)
.

Zin ={2C}

E (=1 + Dy + CEoI(—=6y/ 1+ 1/1 = 2/1+ 1711 4+ 2\/I(1 + D1Y 1m0 — 6Y1m2}

+{2C5 VI + 1D 4+ CE =L+ DR+ D) + 13 + D} Yz + Co 211 — 2 4+ 12+ D1y + 2V 1L+ D ypa}/2,

(A21)

Zex = = 3CH/ 1+ 171+ G/ (L +D](Chy — Crey) — (Chig — 2C50) (L4 21) Y10

+ [Cool — 2CL + Cio) — Clhil]Yimy + [2CE VI + 1) = 4CE 5 ] Y ima-

(A22)
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The pressure field in each region in terms of growing or decaying harmonics can be expressed as a solution of the Laplace
equation (V2p = 0)

Pin = Ainrl Ylma (A23)

Pex = A8 Yy + AL r 7Y, (A24)

where Aj,, A§,(,A§fX are pressure coefficients obtained by solving momentum equation for interior and exterior fluid (i.e., Vp; =
w;VZuj with j = in,ex). Full expressions are

(A +D{CF 0B +2D) — Ci BT+ /T + T+ 1711 + I+ D1}

in = , (A25)
JIA+D

A8 — [B+20)(Ciya + Cinal = CinoVINT+1)] (A26)

€x l ’
Al — [\/Z(_l + 21)(C,”f,12«/7+ CltinOV 1+ l)] (A27)

ex (1 + l)
The hydrodynamic stress traction acting on the vesicle at inner surface is [from Eq. (A18)]
ti,:l-ér|rzk = (_Ainrlylmz + Zin)lr:l . (AZS)
Similarly hydrodynamic stress traction acting at the outer surface of the vesicle is [from Eq. (A19)]

thbrlimt = (= A5 Vi — AL Y + Zo)| - (A29)

Substitution of pressure coefficients (Am,AgX,Ag ) and Z values (Zi,, Zex) into the above equations gives stress traction on the

inner and outer surface of the vesicle (at » = 1) due to inner fluid and exterior fluid, respectively, in matrix form as [16]

20 4+1 0 -3

Yimo
T - &rlrm1 = 0 [-1 0 (Cho Citr Ci2) | Yim |- (A30)
-3/8 0 14342 Yim2
1+2 0 -3 Yimo
Tehx 8= = 0 —l+1 0 (Cﬁflo Cim Czonfz) Yim1
-3 /50 143+ Yim2
—1-20 0 3 Yimo
+ 0 —2-1 0 (Cho  Cha Cha) | Yim |- (A31)
I
3 ) 0 —1-2/— 1+_1 Yim2

This can be further expressed as the tangential hydrodynamic stress inside and outside:

in l + l
L :|:(21 +1)Chyo + (‘3\/ T)Clgm2:|ylm0v (A32)
h,ex 00 l + 1 d l d
T =| @& +2)Cpry + — =3 1 1 Clmz Yimo + | (2l =DCj0+ |3 l—|—_1 Chuz | Yimo (A33)

while the normal hydrodynamic stress inside and outside are

in I+ 3
tl}:nZ :|:< 3 i )ClmO <21 + 1 + T)Clgmz:|ylm21 (A34)
[+1 3 3
Tzilngxz[( \/__3\/l+1>clm0 <4l+2+l+l+1)clonoﬂi|ylm2
l 3
+ [(3 H—I)C,dmo + (‘21 —-1- l_i__1>cl[fln2:|ylm2’ (A35)
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[(+1) 8 d 8 d
where Ciyy = gclmo’ Cimo = Cimo = Cimo» Cppp = Ciy = Cima-

APPENDIX B: RESULTANT NORMAL AND TANGENTIAL MAXWELL STRESS

The net e, directional normal electric stress normalized by Mn is given by

e My 2 . ®D
4 {407 + C2[4(Crnem + €)% +4C20r + 2+ Cnem)?02 |0 + [2€, + Crem (2 + €,)1204Q%}
where
2 9C2 6020 (1 + 20?){(a® — 28%) cos[20] + a(a + 2« cos 2 sin 62 — 48 sin 20 sin D)}
=

802 + 202 (4(Cinem + €2 +4C2,0, + 2 + Conem)?02)@? + 2[26, + Crnem(2 + €,) 240
Zy = 9((—a? cos @ — Bsin07)(1 + ¢*w?)[07 + (Coem + €,)°C°0* | + aBlo} + £*[(Conem + €)°
+ (1+ Chen)o7 |0 + [Chem + 2Cmemer + (1 + Cirepn ) €7 ]¢ @} sin 26 sin @
+ Chem@??0* (0} + €] 0) sin 07 sin @* + cos 02{CL,, B¢ 0% (0] + €] ¢ 7 w?)
— o> (14 *0M)[0} 4 (Cem + €))7 0* ] sin @?}).
Similarly the isotropic normal electric stress normalized by Mn is
& =Mn(3vm(@® + )| — 207 + [ — 4€,Cinem + Clem( =2+ & +07) —2(€? + 07)|0?¢? + [ — 4Cimeme, — 267
+ Céem( —24¢€ + erz)]a)4§4})/(2{4ar2 + [4(Cmem + er)2 + 4C§1emor + Q2+ Cmem)zarz]a)zg‘2
+ 26 + Crem2 + €)P0*¢*}). (B2)
The deformation causing net normal electric stress
tf =Mn(3{0;] + {*[2Cmemér + € + 07 + Coen (1 — 26, + 07) [0 + [Cron(—1 + €)* + 2Cimeme, + €] 0}
x [—2(* —28%)(1 + 3 cos 20) — 12a” cos 2d sin 67 + 24a sin 20 sin @]) /(32{40; + ¢*[4(Crnem + )’
+4C2 0, + 2+ Cmem)zﬁrz]a)2 + [2¢; + Crem (2 + 6,)]2§4w4}). (B3)

The net &g and é4 directional tangential electric stress

- 9Crmem 2@ [Crnem (€, — 07) — 02 — €202 0*|(—a® + 2% + & cos 20) sin 20 B4
T, = s

? T\ 8{402 + 02 [4(Crrem + €2 +4C2 0,07 + 2 + Cinem)*02 |2 + [26, + Crnem(2 + €,)120 4}

£ 9Cmema§2a)2[Cmem(€r —0,) — Urz — ef§2w2] cos ®(B cosf + « sin O sin D) (B5)
Ty =| — n

° 807 + 202[4(Crmem + €)% + 4C2en0r + 2 + Crnem)?02|0? + 2126, + Crem (2 + €)1 0t

APPENDIX C: VECTOR SPHERICAL HARMONICS

| 15
y200 == — - Sin 29@0, (Cl)

32

1 /5 R

Y202 = 54/ —(1 +3cos20)e,, (C2)
8V m
15 PP
Yoo+ Y2 = 3 o8 2P ssin” 0e,, (C3)
5 A . o

Y220+ Y220 = E(cos 20 sin20éy — sin2d sinbeég). (C4)

APPENDIX D: OVERALL STRESS BALANCE

At the vesicle surface membrane stresses up to second order approximation are balanced by hydrodynamic stress and electric
stress. Thus overall tangential stress balance across the vesicle is given by

h,ex h,in E mem
(Timo = 1Tm0) + Timo = Timo'» (DD
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and similarly overall normal stress balance by
h, h,
(‘Elmzx 7I‘I:Ilen) + IlmZ = Tlnr:tzm' (DZ)

Substitution of tangential hydrodynamic stress [(A32) and (A33)], electric stress (33), and membrane stress (38) into Eq. (D1)
gives nonuniform tension acting on the vesicle

220+ 1) 320+ 1) [+24+nl—-1) tt, }
m=Ca _Coo—+ > - + m — Mn = D3
o [ Y T R T IR W/ s NIES)) (D3)
which for m = —2,0,2 gives
—20C5° 5 4 5v/6C,, + (4 +1)Ca 20 Mn E
—Ca 2 20 |» (D4)
2.6 V6
—20C5%, + 5/6C, + (4 C M
oy = Ca 200 V6 2p + (4 M0 _ —HIZEOO , (D5)
276 V6
—20C%, + 5/6C%, + (4 C M
- Ca 220 + \/_ 222 + ( + 77) 220 _ _Il 2E20 (D6)
26 V6

Solving Eq. (D2) using normal hydrodynamic stresses [(A34) and (A35)], electric stress (32), and membrane stresses [(40)—42)]
by using membrane incompressibility [Cy,,0 = /Il + 1)Cin0/2] gives normal velocity component in the form

(Ob)

Clm2 = CSh +

Im

fim +MnCj,, (D7)

For m = —2,0,2 modes this equation become

—24 f>_5[T7(6 + 09) + /57 f0(18 + 500)] + 35(v/6CS 5, + 9C5°,, ) Ca

Crm = MnC§',, D8
2 77(32 + 23n)Ca +MnCa ©%)
124/57 (2 — 2 fr-2 f22) (18 + 500) — T [24 f20(6 + 09) — 5(+/6CS5, + 9C55,)Ca]
202 = + MnC%), (D9)
7r(32 + 23n)Ca
—24 f (17 (6 NE 1845 35(/6CS5, +9C, )7 C
7 (32 4 23n)Ca 2

where C35) = —i/7/5,C5%,, = ix/m/5,C55, = —i/2m/15,C5°,, = i/27/15,C55, = 0,C55, = 0 and

_ (6tf 5, + 27615 )

cel , DIl
-2 32 4+ 23% (D1
co (6155, + 2\/672%0) (D12)

20 324230
o _ (675 +2V613) (D13)
2 32 + 234

From the above equations uniform tension (op) is estimated by the constraint of area conservation (A = 0 where overdot
represents derivative with respect to time), that is, > f>-2 + fa0.f20 + fo—2 f2» = 0; here fo_s, fo0, fo> expression is provided in
Appendix E [Eq. (E1)]. This gives

oo = — 18 4 {(1008y/7 A) + 28+/57[6 froMnP — 2 foMnS + /6 foo(—5i + 3MnP — MnS) + v/6 fo_»(5i
+3MnP — MnS)|Ca — 357 [S(V6C55, + 9C55,) f0Cal} /[300V5 fao (3 — 6 foa fo) — 420A4/].  (D14)

APPENDIX E: EVOLUTION EQUATION
By using Eq. (D7), the final evolution equation is of the form (with w = 1)

Uim ™ s 4 Coa. El)
dt 2

Substituting o from Eq. (D14) into Eq. (E1) gives final evolution with higher order membrane correction as
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FIG. 11. n vs Ca phase diagram for transition in dynamic states (TT: green region, TR: yellow region, TU: blue region) for o, = 10. (a—)
Mn = 0.01, (d—f) Mn = 0.1, and (g-i) Mn = 1. In each set w varies as 10?,10%,107 (A = 0.2,Cpen = 50, = 1077).

_d - S. o Q
];2t 2= i+ O, 4 CSLMN + 2 5 o [T (32 + 230) — 115 foov/5n — 101[CS2, for + CSh o
+ (CSh fro + CS'y for + Ch fr—2)Mn]Ca — 16 foov/57 (= 9A = 9f2) + 54 fo f2) } /[Ca[ 77
d
% =2 207 [(—224 — 1610)(CS) fo0 + C55 foo + C5h fo—2)CaMn + 144( f5) — 6 fo0 fo2 fo-2)V/5/7
— (Ca for + €33 f2-2) (32 + 23m)Ca] + (f3 — 2f22 fr-2) V5| — 1444 + 5Ca[ G5, fr + €33 fo2
+ (Cshfao + G5y oo + C5h fr-2)Mn|(32 + 23n) (E3)
d
% =ifn + C3 + CHMn + 2 foo{[—7w (32 + 23n) — 115 o9/ 5 — 10][C3", fo2 + C33 fr2

+ (C30 fr0 + C5-, f2o 4+ C5) fr-2)Mn]Ca — 16f20\/§( —9A = 9f5 + 54 fnfr0)} /[Ca(TAn
— 5£20(f2, — 6.f2 fr-2)V/57)(32 + 23n)]. (E4)
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FIG. 12. n vs Ca phase diagram for transition in dynamic states (TT: green region, TR: yellow region, TU: blue region) for o, = 0.1. (a—)
Mn = 0.01, (d—f) Mn = 0.1, and (g-i) Mn = 1. In each set w varies as 10?,10%,107 (A = 0.2,Cpen = 50, = 1077).

APPENDIX F: EFFECT OF Mn AND » ON THE 5-Ca
PHASE DIAGRAM

Phase diagrams in Figs. 11 and 12 show the transition
between TT-TU, TT-TR, and TR-TU modes for o, > 1 and
o, < 1, respectively. In both cases the study is limited to Ca up
to Ca = 1 only. Beyond that nonlinear hydrodynamic correc-
tions are important and are not considered in this work. Also
for both the conductivity ratio cases, results show deviation
from pure shear results (black solid lines), and the system loses
its character of Ca-independent TT-TR and TR-TU transition.
A clear shift is seen in the TT-TR, TR-TU phase transition
boundaries such that the 1 value at which TT-TR, TR-TU takes
place depends upon flow Ca. The analysis was conducted for
three values of Mn, 0.01, 0.1, and 1. With an increase in Mn
the boundary separating the two regimes especially TT-TR and
TR-TU shows a narrowing of TR region and a lower transition

viscosity which is frequency dependent. In all these transitions
(a) to (i) the TT-TU transition value is fixed at around n = 7.4
for a given excess area of A = 0.2.

Figure 12 shows a similar study for o, < 1 case. Low-
frequency behavior is the same as for the o, > 1 case, and the
TR regime gets suppressed with an increase of Ca. At interme-
diate frequency TT-TR and TR-TU transition boundaries are
pushed to higher n with an increase in Ca, as Mn is increased
from 0.01 to 1. This also shows widening of the TR regime with
Ca. Moreover for all three Mn values, high-frequency phase
diagrams coincide with a pure shear phase diagram, unlike
o, > 1 case.

The results are a bit counterintutive. One would have
expected that a high anticlockwise torque (at high Mn) for
o, > 1 would have delayed the TT-TU transition. Similarly a
clockwise torque would have hastened the TT-TU transition for
o, < 1. We postulate that for o, > 1, a prolate shape is favored
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by a high Mn. This in turn increases the anticlockwise torque
due to the Ca, thereby admitting lower transition viscosity as
Ca is increased. On the other hand for o, < 1 at intermediate

frequencies, the ¥ ~ 0, whereby an increase in Ca decreases
the deformation of the vesicle, leading to an increase in the
transition viscosity [Eq. (49)].
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