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Rigid platelike particles displaying interfacial slip can attain a constant orientation in
a shear flow when the slip length is sufficiently large. But actual thin particles such
as single-layer graphene are flexible and prone to bending deformations when exposed
to shear stress. To study the effect of bending deformation on the dynamics of flexible
platelike particles with large interfacial slip in a shear flow, we develop a two-dimensional
(2D) fluid-structure interaction model. Our model is based on coupling the Euler-Bernoulli
beam equation with a boundary integral method to solve the hydrodynamic stress at the
particle surface. Emphasis is placed on resolving accurately the stress distribution at the
edges of the particle. We find that (i) a stable alignment occurs even for relatively flexible
particles and that (ii) edges effects on the shape of the plate are important for values of
the length-to-thickness aspect ratio as large as 100. Our results are particularly relevant in
view of recent research on the hydrodynamics of suspended flexible sheets made of 2D
nanomaterials.

DOLI: 10.1103/PhysRevFluids.6.084102

I. INTRODUCTION

Recent developments in the study of colloidal dispersions of atomically thin sheets made of
two-dimensional (2D) nanomaterials (e.g., graphene and graphene oxide [1,2], boron nitride [3],
molybdenum disulfide [4]) are generating interest into the flow dynamics of deformable thin
colloidal particles. When exposed to sufficiently large shear stresses, such platelike particles are
prone to bending deformations [5]. The bending energy of single-layer graphene is in the range
of 40-80kT [6,7], where kT is the thermal energy. This range is similar to those characterizing
lipid bilayers [8,9]. Graphene oxide has an even smaller bending energy of the order k7' [10].
Besides their proneness to bending, platelike particles may exhibit slip lengths that are large in
comparison to the particles thickness [11,12]. At large Péclet numbers, interfacial slip can suppress
the periodic rotation of a rigid platelike colloid suspended in a linear shear flow field, leading to the
particle being aligned indefinitely at a small angle with respect to the flow direction [12]. Jeffery’s
theory, developed for no-slip particles, instead predicts periodic rotations and alignment only in
a time-average sense [13]. Therefore, a better understanding of the combined effects of slip and
bending deformations in the microhydrodynamics of platelike particles is needed.

While there is a rich theoretical literature on the rotational dynamics of rigid platelike colloidal
particles in linear shear flow [14—16], current investigations on the dynamics of flexible sheets (e.g.,
Refs. [17,18]) rest on a computational framework initially developed for slender flexible particles
such as fibers [19] and ribbons [20]. This framework, which is inspired by the slender-body approx-
imation [21,22], relies on the assumption that the sheet can be represented as a planar distribution
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FIG. 1. (a) Sketch of the central line x, (red dashed line) of a flexible 2D platelet in a shear flow field yy.
The rotational angle ¢ is measured in the anticlockwise direction from é,, and 6(s) in the clockwise direction
from &;,. (b) Undeformed surface of the 2D platelet. The parameter £ is the radius of curvature of the corners.

of regularized stokeslets [23]. Each stokeslet is associated with a restoring elastic force calculated
from the bending energy of the sheet. Alternative methods rely on a similar approximation whereby
the sheet is instead assumed to be made of a planar distribution of beads and rods [24,25]. In all of
these study, hydrodynamic slip has not been considered, and the effects of the ends of the particles
are usually neglected. However, the study of the flow dynamics of rigid platelets with slip reveals
the importance of accounting for the edges. The aforementioned slip-induced steady alignment of
the particle near the flow direction is a consequence of a delicate balance between the hydrodynamic
stress over the flat surfaces of the particle and the stress at the edges [12]. Therefore, it is essential
to develop a model for flexible platelike particles with slip that include the effects of the edges.

In this paper, we use a two-dimensional model to investigate the effect of deformability on the
dynamics of a platelike particle with a large hydrodynamic slip length as compared to the particles
half-thickness. The hydrodynamic stress at the particle surface is computed with a boundary integral
method (BIM) for Stokes flow, accurately resolving the large stress that form at the edges. The
shape of the elastic body suspended in a shear flow is calculated via an iterative method that couples
the Euler-Bernoulli beam equation for the deformation of the centerline of the particle with the
hydrodynamic load computed using BIM. Similar approaches have been used to find the shapes of
flexible rods, either adhered to a wall [26,27] or flowing through a narrow channel [28]. A significant
feature of our model is that the body is considered deformable everywhere except at the edges:
the edges are treated as rigid elements that provide force and torque boundary conditions for the
Euler-Bernoulli beam equation. In addition, our model accounts for the rigid body rotation, enabling
a detailed comparison between rigid and flexible platelets in terms of alignment and surface stress
distribution.

Since we are motivated by understanding the flow dynamics of 2D nanomaterials, we employ
bending rigidity and shear stress values typical of graphene suspensions, as well as aspect ratios
as large as allowed by the computational constraints. Besides 2D nanomaterials, the results should
also be applicable to clays [29], two-dimensional polymers [30], and extended aromatic molecules
[31,32].

II. FORMULATION

A. Description of the problem

We consider an inextensible platelike particle suspended in a linear shear flow field u, = yye,.
For the simulation, we adopt a two-dimensional model: The platelet has infinite extent in the
direction of the vorticity (¢;) with a normal in the flow-gradient plane (&,, &,). Deformations and
rotations of the platelet are thus restricted to the (&, é,) plane [Fig. 1(a)]. For three-dimensional
platelets, such as disks, deformations in the e, direction are possible. However, calculations of the
traction over a clamped axisymmetric disk with the no-slip boundary condition reveals that the
traction in the €, direction is subdominant to the traction in the flow-gradient plane [15]. Therefore,
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our two-dimensional approximation is expected to hold for any platelike particle oriented with its
longitudinal axis in the direction of the shear.

The undeformed platelet is assumed to be symmetric about the two orthogonal lines passing
through its center. In addition, the center of the platelet is initially at the origin of the coordinate
system, so the platelet rotates without translating. Because of the symmetries of the undeformed
configuration, deformations are symmetric with respect to the line y = 0 at all times. The platelet
has length 2a and maximum thickness 2b.

While our fluid-structure interaction method can be applied to any slender surface, we use a
surface (line in 2D) that provides the best fit, from a hydrodynamic point of view, to molecular
dynamics simulations of graphene platelets in Newtonian fluids [12,33] [Fig. 1(b)]. Graphene
platelets are layered material made from stacks of carbon layers. For a single layer graphene platelet,
the surface is approximately a rectangle with half-thickness » = & and with semicircle edges of
radius £. Here £ corresponds to the effective radius of the carbon atoms; for graphene in water,
&£~ 18-25 A [32,34]. For multilayer graphene, b(n) = (n — 1)dy/2 + &, where dge ~ 3.35 A
[35] is the interlayer distance and n to the number of layers. Forn = 1, b ~ 0.25 nm and for n = 10,
b~ 1.8 nm. For n > 1, each edge region consists of a flat face perpendicular to the centerline of
half-length b — &, as well as two rounded corners of radius £. The edges are more blunt the larger
n. In general, the bending rigidity of the particle o;, will depend on n. For a homogeneous plate, the
bending rigidity o}, oc b* [36]. For a multilayer graphene platelet, this relationship appears to work
well for multilayer graphene with n < 10 [37]. For single layer graphene o, =~ 1-2 eV [6,7], and
for bilayer graphene o}, &~ 36 eV [38].

The platelet surface is parametrized as S = (so(s) £ h(s) sin 8(s), no(s) £ h(s)cosO(s)) : —a <
s < a. Here xo(s) = (so(s), no(s)) is the centerline of the platelet, i(s) is the half-thickness of the
platelet (in the direction normal to the centerline) and 6(s) is the clockwise angle from é;, to the
tangent of the centerline xo(s) as shown in Fig. 1. The frame (&, €,,) is the frame of reference
attached to the center of the particle. Since the centerline is inextensible, it can be expressed in
curvilinear coordinates as:

ny=—sinf, s5=cosh, 6 =c«, (D

where the prime denotes the derivative with respect to s. In the laboratory frame (&, &), the tangent
to &y, is inclined by an angle ¢ with respect to &,. For rotation of the platelet in the direction of the
undisturbed vorticity associated to the external flow field, ¢ < 0. Because the curvilinear coordinate
system is fixed with respect to the particle, we have 6(0) = 0.

For the specific surface considered here, A(s) is symmetric about s = 0. Under this parametriza-
tion, the surface S is split in two regions (Fig. 1): a “slender” region {h(s) = b/a : —L < s < L} for
L =a — &, and an “edge” region of length £ for L < |s| < a.

The difference between the present formulation and the one of Refs. [12,33] is that the slender
region is now free to deform due to the applied external hydrodynamic force and torque. The slender
region of the platelet deforms to leading order like a flexible beam with bending rigidity o;. At the
edge regions, however, the slender approximation no longer holds. It is thus assumed that the edges
are rigid, as done in Refs. [26,27].

B. Governing equations and fluid-structure interaction

The platelet is freely suspended in a fluid of viscosity n. The flow field u, the pressure field p,
and the stress tensor o are assumed to satisfy the Stokes equations:

du;  Ou;
V. = O, ii = —5," — — . 2
o i Jp+n<8xj+8xi> ()
On the platelet surface S, we prescribe a Navier slip boundary condition

A
ug=-nxf xn, 3)
n
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where f = o - n is the hydrodynamic traction, n is the outward-pointing normal to the surface, uy is
the hydrodynamic slip velocity and A is the slip length [39,40]. The use of a single slip parameter A
for the whole surface S leads to a distribution of surface traction that compares well with molecular
dynamics simulations of single- or multi-layer graphene particles in water [12,32].

Due to the high resolution requirement to resolve the flow around a thin body, particularly in
the edge regions, we compute the hydrodynamic load by using the BIM for Stokes flow [41]. The
boundary integral formulation gives the following relation between f, ug and the velocity of the
platelet u, at each point x; on the surface S:

ug(xy)

1
/n~K(x—X1)~us1dS(x)— ;/G(x—xl)-fds(x)=uD(x1)+ —Uso(x1).  (4)

N N

The second-order tensor G and the third-order tensor K are respectively [41]:

1 X 1 x:x:
Gijts. by = —(=dInr+5), Kiuls. ) = ——"2E = /2,
X 4 r2 T

For A = 0, the term containing the K tensor vanishes and Eq. (4) reduces to the formulation for
a rigid platelet (cf. Ref. [26]). The platelet is free to move with a velocity up = so€5, + 10€,, +
Qpé, x (x; —xo) + Q€, x (x; —x.) + yy.e,. Here, the first three terms on the right of the equal
sign are associated with the time-dependent deformations of the platelet, and the final terms are
associated with rigid body motion. The term €2 is the angular velocity of a torque-and-force free
platelet about its center of inertia x. and yy.é, is the uniform velocity at which the particles
translates. To find €2, we solve Eq. (4) together with the constraint of zero hydrodynamic torque
[42]

TEéZ~a/(x—xc)xde:O. 5)
s

Because x is in our case antisymmetric about s = 0, 6(—s) = 6(s), then x, is located at the
center of the platelet. We set x,. to be at the center of our choice of coordinate system.

The effect of the hydrodynamic flow field is to exert a distributed force and a distributed
torque over the platelet, which will in turn cause the platelet to rotate and deform. To separate
the contributions of the traction that produce a distributed load normal to the surface of the platelet
from those producing a couple, we split the traction in its antisymmetric and symmetric parts with
respect to the centerline:

Agi(s, h) = Asym{f;(s, h)} = fi(s, h) — fi(s, —h),
gi(s, h) = Sym{f;(s, h)} = fi(s, h) + fi(s, —h). (6)

With the above notation, the platelet is subject to external normal and tangential force densities,
respectively g,(s) = g - €, and g,(s) = g - &,, as well as a total torque density

q(s) =& - {[x"(s) = xo($)] X f (s, h) + [x7(s) — xo($)] x f (s, —h)}
= h(s)[Agn,(s)sinO(s) — Agy,(s) cos O(s)], (7

acting on the “slender” region of the central line of the platelet. Here x* is the coordinate of the
top surface of the platelet, and x~ the corresponding coordinate of the bottom surface i.e., x* =
(so £ hsin®, ny £ hcos 6). Because the edges are treated separately from the slender region in our
fluid-structure interaction model, we also define a (scalar) edge torque and force respectively:

TE(:l:L) = éz . / (x —xo) X de,
Se(£L)

FE(:EL) = / .des FE =FE,sés+FE,ném (8)
Sg(£L)
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where Sg(—L) and Sg (L) are the surfaces of the edges regions, and edges torques are calculated
with respect to the points xo(s = £L), respectively. Usually, this edge torque and force are assumed
to be zero for slender bodies (see, for example, Ref. [19]). When the particle is almost aligned with
the flow, however, the traction on the edge region becomes important: The torque distribution over
a particle aligned with the flow results from a delicate balance between the torque produced over
the slender region of the particle and from the edges [15]. Equations 8 represent the (scalar) edge
torque and force produced from this traction.
The equilibrium equations determining the shape of the centerline are (see Appendix)

00" +10"+ g +4q =0, I'+g =0, ©)
to be solved subject to the boundary conditions

o0 (—L) = Tg(~L),
0p0"(~L) = —q(—L) + Fg,,(—L),
0(s) = 0(=s), (10)
6(0) =0,
I(=L) = Fg s(=L).

Here [ is the axial tension. Equations (9) represent force balances on the central line, in the
normal and tangential directions, respectively. The equation on the top represents a balance between
the normal elastic restoring forces due to bending 0,60”” and tension /, and the forces due to the fluid.
Equations (9) is identical, for example, as that used in Ref. [43], with the exception that we include
hydrodynamic torque density, edge forces, and edge torques. Equations (9) will be solved together
with Egs. (10) to find the equilibrium shape of the flexible platelet with slip in shear flow.

Making length, time, and stress nondimensional by using a, 1/y, and yn respectively, Egs. (9)
become

56" +16 +2,+3 =0, I'+g =0. an

Here and in the following, dimensionless units are denoted with a tilde. The dimensionless
equations for the deflection of the platelet [Eqs. (11)] depend on the dimensionless rigidity param-
eter & = og/yna’. For a homogeneous material, op scales as og ~ Bb? [37,46], and for graphene
B = [2.3—7] x 10'' Nm~2 [38]. Therefore, the dimensionless parameter can be expressed in terms

of the length to thickness aspect ratio
3 b\’ 1
6=Bl-] —. (12)
aj yn

Note that this parameter is different from the corresponding parameter for rods, B(b/a)*/(yn)
[19], because of the different scaling of the second moment of cross-sectional area with b.

A color map of the rigidity parameter & in the aspect ratio (a/b)—shear stress (yn) space is shown
in Fig. 2, with some typical values related to graphene. The black line marks & = 1, the order of
magnitude estimate compatible with the result for the buckling of no-slip plates as predicted from
the model of Ref. [5]. For a given value of yn, & varies by orders of magnitude due the inverse cubic
dependence with respect to the geometric aspect ratio. The aspect ratio of typical layered materials
such as graphene and clay platelets can vary dramatically (cf. Ref. [47]). Thus, depending on the
actual aspect ratio of the platelet, a graphene platelet in a typical large shear stress yn = 2 x 10* Pa
will appear rigid (6 < 1) if a/b 300, while a platelet with a larger aspect ratio will appear flexible
@& > 1.
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FIG. 2. Map of nondimensional rigidity parameter & vs geometric aspect ratio a/b and shear stress y 7.
Full black line: Threshold & = 1 below which buckling is expected, from Ref. [5]. Vertical dotted red line:
Typical aspect ratio of single-layer graphene (assuming half-thickness 0.5 nm and half-length 0.5 pum). Bottom
horizontal dashed red line: Typical shear stress during liquid-phase exfoliation of graphene, from Ref. [44]
(yn = 10 Pa). Top horizontal dashed red line: typical maximum shear stress for mixing of carbon nanoparticles
in polymer mixing from Ref. [45] (yn = 2 x 10* Pa).

III. NUMERICAL METHOD TO FIND STABLE SOLUTIONS

Rigid platelets attain stable aligned solutions in shear flow if the slip length is greater than some
critical slip length A. ~ b [12]. In this section we describe a numerical procedure to test if a stable
aligned solution also exists for a flexible platelet. We use an iterative method to find such solution
to the coupled Egs. (4), (10), and (11) as & decreases from a value corresponding to a rigid platelet
(6 — 00). Stationary solution corresponds to up = 0. Under this condition, Eq. (4) simplifies to

ug(xy)

/n K(x —x1) - ugdS(x) — lfG(x —x1)- fdS(x) = Qe, x x; + —Ux(x)). (13)
n

N N

In contrast to other models such as that applied in Ref. [28], we have included the rotational angular
velocity €2 since we need to find the orientation of the platelet ¢ = ¢, for which Q2(¢.) = 0. The
quasisteady “stationary” solution of the platelet at the n™ time step ¢” is found by the following
iterative procedure:

Step 1: Time iteration. Advance the time by an increment dt®, " ="V 4 dtr™ and the
rotational angle of the platelet according to ¢" = ¢"~! + dt™ Q1.

Step 2: Calculation of the traction. Starting from an initial guess x" &~ x™¢' for the configuration
of the central line, solve Eq. (13) to find the corresponding hydrodynamic traction f™*' and
rotational velocity 28! for a platelet oriented at the angle ¢" (details are given in Sec. Il A).

Step 3: Calculation of the equilibrium shape. Using f'%', find a new equilibrium shape x™$2 by
solving Eq. (11) using a Newton residual method (details are given in Sec. III B).

Step 4: Convergence of the numerical procedure. Repeat Step 2 and 3 until convergence. If
convergence is achieved, repeat Step 1 to find the inclination angle at the new time t"*! = dt""+1) =
dt™ . If no equilibrium shape is found after a maximum number of iterations, reduce the timestep
dt™ and repeat Step 1.

The existence of a stable solution is determined by monitoring Q2". If Q" — 0 as ¢ increases, then
a stationary solution is found. Otherwise, no stable aligned solution exists and the platelet follows a
rotational trajectory similar to that predicted by Jeffery for a rigid particle [13].
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The Newton residual method can converge in just a few iterations, provided that the initial guess
is close to the actual solution. We achieve such good convergence by first computing the deformed
shape for an almost rigid body (6[1] = 10), before slowly decreasing &. Here 6 [i] represents the
decreasing order values of & for which a stable aligned solution is found. For the first value, 6 =
6[1], we use the stable solution of a rigid undeformed body oriented at ¢, as the initial guess, and
for the second, and slightly reduced, value 6[2], we use the final profile from the previous step as
the initial guess. For the following steps, the last two profiles for &[i — 1] and 6[i — 2] are used
to approximate an initial guess of the profile for the given &[i]. The guess is calculated from a
two-point extrapolation method for i = 2 and a three-point extrapolation method for all other steps,
using polynomial extrapolation [48].

A. Step 2: Calculation of the traction

To compute f for a given platelet shape and orientation from Eq. (13), we use the BIM scheme
described in Refs. [12,33]. This method involves discretizing f and ug in Eq. (13) as piece-wise
constant functions each centered at the midpoint of N subintervals along the surface. With this
discretization, Eq. (13) results in 2N linear equations for the components of f, which can be
solved given the surface shape and orientation ¢ of the platelet. This numerical solution for f
is, however, not unique as it is defined up to some function pyn, with n the normal to the surface.
Such nonuniqueness is generic to incompressible flows: an incompressible velocity field is unique
up to a constant ambient pressure pg. For a flat body, this prefactor does not affect the load since
the term pon cancels from the load distribution g, + g by symmetry. For a deformable body, on the
other-hand, this extra prefactor can induce variations in the load distribution. The thin-plate equation
for the solid (Euler-Bernoulli beam equation), however, implicitly assumes no deformation in the
direction normal to the central line. Hence, we can set py = 0 with no error beyond the small error
already accepted by using the Euler-Bernoulli beam theory. To set py = 0, we use the precondition
method described by Pozrikidis [49].

To test the validity of our numerical procedure for the computation of f, we compare our results
to the analytical solution for a no-slip cylinder [50] and a slip cylinder (Supplementary Information
(SD) of Ref. [12]). In both cases we find spatial convergence with error proportional to the square
of the grid mesh size (cf. SI of Ref. [12]). We also test our procedure in the limit a/b — oo by
comparing to the analytical solution for the rotational drag coefficient F; for no-slip plates of zero
thickness (F; — 2mna®) [51]. We find that F converges to Sherwood and Meeten’s prediction for
a/b — oo for particles of any slip length A as expected (the torque applied to a plate held fixed in a
rotational flow field becomes independent of A as a/b — oo [33]).

B. Step 3: Calculation of the equilibrium shape

As in Step 2, the platelet is fixed at an orientation ¢ with respect to the flow and satisfies Egs. (11)
with the boundary conditions Eqgs. (10) for 8, as well as the curvilinear Egs. (1) with the boundary
conditions s¢(0) = n¢(0) = 0 for x,. In order to find x, we first solve Egs. (11) to find 8, and then
Egs. (1) to find x, for a given 6. To numerical solve Eqs. (11), the load distribution (LOAD= g, +
¢q') and 6 are interpolated onto Ny evenly spaced grid points {LOAD(sy), ..., LOAD(sy,) : 51 =
=L,....sn, = 0} and {6(sy), ... ,G(SNf) is1=-L,....sy, = 0} by the interpolation polynomial
[52]. The spacing between the points is As = L/(Ny — 1). Equations 11 with the given boundary
conditions are then discretized using a second-order finite difference scheme [43], to produce a set
of 2Ny linear equations for 6(s;), withi =1, ..., Ny. The system of equations is solved using the
Newton residual method [48]. Once 6(s;) is found to a given tolerance, then the profile shapes are
found similarly to 6(s;): The curvilinear equations are first discretized to produce a set of 4N linear
equations for so(s;) and ny(s;), and this system of equations is then solved by the Newton residual
method to find x;.
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FIG. 3. (a) Polynomial load from Eq. (14) as a function of 5. (b) Analytical solution 0* of Eq. (14) as
a function of 3. Insert: Corresponding profile of out-of-plane displacement. (c) Error between the analytical
solution 8* and the numerical solution 6 at § = —L versus the grid spacing A5. The parameters of Eq. (14) are
a; =047, a, = 0.005, and a; = —0.01.

To confirm the O(As?) spatial convergence, we compare our numerical solution to Eq. (11) with
an assigned polynomial load

AL

0" = 3 + a33, (14)

and 6% (—=L) = a1, 6% (—=L) = an, 6*(0) = 0, and 6*(3) = H*(—5). Here a1, a», and a3 are arbitrary
parameters and ¢ is an extra variable ensuring that the boundary condition #*(0) = 0 is met. The
exact solution for §* for given values of a;, ay, and a3 is shown in Fig. 3(b) along with the load o
in Fig. 3(a) [the hat symbol is used to represent the solution of Eq. (14)]. A comparison between the
analytical and numerical solutions for 0*(—L), confirms the O(A5?) spatial convergence [Fig. 3(c)].

C. Step 4: Convergence of the numerical procedure

To confirm the convergence of the full numerical procedure involving both hydrodynamic force
calculation from the BIM method and the Euler-Bernoulli beam equation resolution, we compare a
stable solution found for a different number N of surface grid points. Examples of stable solutions
for arigid and a flexible platelet are shown in Figs. 4(a) and 4(b), respectively. We use the maximum
deformation 7ig(—L) to compare the stable solution for different number N of surface grid points.
Figure 4(c) confirms the convergence of 7ig(—L) as N is increased. More specifically, for a/b = 10
and A = 8, we find that a good convergence is obtained for N > 72. For higher aspect ratio, a larger
number of grid points is needed to ensure the resolution of the traction at the edges. Unless otherwise
stated, in our simulations we use N = 120.

(3‘) T 1 T ] T (b) T 1 T T T T T (() -0.065 T T T T - ‘
' Rigid: & — o0 . I Flexible: 5=0.10 | L Flexible: =010
051 . 05 _ 007 i
I ] I ] i ° o 0 0 0 o
vyoor 7 g o A fig(—1) 0075 _
” i j 0 i | o0 @ _
1 | gk B L |
I R R B I R R B L L
1 05 0 05 I 05 0 05 1 0085 |l

FIG. 4. Stable solution for (a) a rigid platelet and (b) a flexible platelet with 6 = 0.1. (c) Convergence of
the maximum centerline displacement versus the number of grid points N. Here A = 8 and a/b = 10.
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(b)
0.32

03
6, 0.28

0.26

FIG. 5. (a) Maximum deflection 7i(—1) and (b) orientation angle ¢, for the stable solution, comparing the
cases in which /(3) is included in Eqgs. (11) (red disks) or excluded from it (black lines), respectively. As in
Fig. 4, 2 = 8 and a/b = 10.

IV. ALIGNMENT OF A FLEXIBLE PLATELET WITH SLIP

We adopt the iterative procedure outlined in Sec. III to find stable configurations of a flexible
platelet with slip for different values of the rigidity parameter 6. From here forward, we present
results in nondimensionlized form (where, we recall, we have used a, ny and 1/y as length, stress
and timescales). Our calculations reveal that, as long as the slip length X is greater than a critical
value A, and the rigidity parameter & is greater than 6., a stable solution can be found. Our results
also show that the value of 5. depends on X and on the specific shape of the platelet (i.e., its aspect
ratio a/b and the shape of the ends). For the case considered in Fig. 4, with n =1, A = 8 and
a/b = 10, we find 6, =~ 0.09.

In what follows, we evaluate the maximum deflection of platelets 7ip(—1) and the equilibrium
angle ¢, for different values of &. At constant aspect ratio, a decreasing value of & corresponds to
an increase in the shear stress. Only values 6 > 6, are considered, as for 6 < &., our code fails
to converge between Step 2 and Step 3 (the sequence of guess solutions {¥"#'} does not converge
as the number of iterations increases). We use n = 1 unless otherwise stated, and we consider a
range of slip lengths spanning from A < 1 to A > 1. For typical graphene suspensions, A < 1
[53], however, the case A >> 1 is in principle possible for extremely small graphene flakes or small
aromatic molecules [32].

Before analyzing the effects of slip and edges, we start by making some observations. First,
the deformation of the platelet at its stable orientation is small in comparison to that expected at the
corresponding value of & from the buckling theory for no-slip disks [5]. For instance, Fig. 4(c) shows
that for & = 0.1, the maximum deflection of the platelet is only |7ip(—1)| =~ 0.073. One reason for
the small deflection is the orientation of the platelet with the flow. For an elongated particle in
a shear flow, maximum deformations occur when the long axis of the body is oriented along the
compressional axis of the flow, i.e., ¢ = % /4. While this situation is expected for rotating particles
such as no-slip rods and platelets [5,54], it is not the case for slip platelets with large values of a/b,
for which ¢. <« 1 [12]. For ¢ = 0, the compressive component of the flow (g;) is equal to zero for
an undeformed platelet and is small for a slightly deformed platelet. For a platelet oriented near
the flow direction, the deflection of the centerline thus occurs mainly due to the contribution from
g, rather than 3. As a consequence, the axial tension / is nearly constant and equal to its value at
the boundary, [ ~ 0. Figure 5 illustrates, for the case a/b = 10, that whether the term proportional
to [ is included or not in Eqgs. (11), the values of 7io(—1) and ¢. do not change appreciably. For
this reason, in the following, we present simulation results obtained by neglecting the axial tension
terms in Egs. (11).
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FIG. 6. Static profiles and corresponding hydrodynamic load of a platelet for different values of &. (a) Load
distribution g, + ¢’ in the slender region of the platelet. Inserts: Force (left) and bending moment (right) at —L
versus &', (b) 56 versus 5. Insert: Surface profile (5o, 7). (c) Normal traction g, versus 5. The vertical dotted
lines marks the location § = —L. (d) Torque density G versus 5. () §' versus 5. As in Fig. 4, 4 = 8 and a/b = 10.

The second observation is that, because the deflection is small, the shape of the flexible platelet
can be well approximated by using the load distribution for a rigid flat platelet in Eqs. (11). To assess
when this approximation is accurate, we compare profiles of 36" for finite values of & with those for
& — oo [Fig. 6(a)]. A value of 6 normalized by & is plotted in Fig. 6(b). Under this normalization,
as & increases, 66 collapses onto the curve corresponding to the flat platelet. The profiles of 6"
and 66 corresponding to & = 1 and 10 are practically identical to those for & — oo. For 6 = 0.1,
the maximum relative difference in 66 with respect to the rigid case is 25%. This value is still
quite small, considering the relatively large flexibility of the platelet and the noticeable degree of
deformation |7ip(—1)| ~ O(0.1) associated to this stable solution compared to its undeformed shape.

A. Effects of surface slip

We now analyze the effect of slip on the deformations of a flexible slip platelet. Because of the
small deformations, we use as external hydrodynamic load the distribution corresponding to a rigid
flat platelet oriented at its stable orientation angle.

Based on our analysis, the main effect of surface slip is to reduce the torque density §(3) on the
slender region of the platelet. This effect can be quantified by performing an asymptotic expansion
of Eq. (4) for a platelet oriented at ¢.. This analysis yields § to leading order in b/a about § = 0
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FIG. 7. Left panels: Torque density at the midpoint § = 0 vs nondimensional slip length; black continuous
lines refer to BIM simulation results, dashed red lines are analytical predictions from Eq. (15). Right panels:
BIM simulations of load due to normal stresses, load due to distributed torque, and ratio of the two quantities,
vs nondimensional slip length for § = —L. Central panel: normal load divided by , distributed torque divided
by 3, and ratio of distributed torque to normal load, again plotted vs nondimensional slip length. The aspect
ratio is (a) a/b = 10 and (b) a/b = 100. In all the plots the quantities are calculated for an undeformed platelet
and ¢ = ¢, (if a stable orientation exists) or ¢ = 0 (if a stable orientation does not exist).

[12]. The result is

o b 1 -
36) ~ —[—X +€G, A)}, (15)
1

Wtramrs

where € (3, 1) is the additional contribution from the edges which, by symmetry, satisfies € (—5, 2=
€(3, %) and €(0, &) = 0. The numerical prefactor c¢; depends on the geometry of the platelet [12,55].
Our previous analysis shows that for a 2D platelet, i.e., a platelet of infinite depth, ¢; = 4/, and
that for a disk, ¢; = 3/2 [12]. The condition ¢. < 1 is satisfied for a/b > 1 because ¢. decreases
to zero for a given X as a/b increases [12,33].

The leftmost panels in Fig. 7 show a comparison of §(0) as predicted by Eq. (15) with the
simulation results. Results are plotted as a function of A for a/b = 10 (top panels) and a/b = 100
(bottom panels). For A — 0 (no-slip limit), §(0) &~ b/a along the surface, but as A — oo, §(0)
vanishes because surface slip reduces the traction over the surface parallel to the shear flow.
The leading order analytical solution of §(0) is in generally good agreement with the numerical
simulations. The largest differences between the numerical and asymptotic values of §(0) occur for
% < 1 and a/b = 10, which is expected by the O(b?/a?) error of Eq. (15).
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FIG. 8. Maximum deflection 7io(—1) and orientation angle ¢, corresponding to the stable solution versus
the inverse bending rigidity &', comparing simulations with the full load distribution (solid lines) with
simulations with ¢’ set to zero (disks). Aspect ratio and slip length values are indicated in the figure.

A similar asymptotic analysis reveals that, in the neighborhood of § = 0, the derivative of § with
respect to § satisfies

26‘1;.5

e e

+ €', X):|,

where €’(3, 1) is the derivative of € with respect to 5. Because &(0, 1) = 0, § is independent of &
to leading order in 5. However, &'(0, )1) is not zero, and therefore ¢’ must be added in the leading
order approximation. In the absence of slip, analytical solutions for €’ are known for specific edge
shapes [15]. In the present work we compute ¢ and §’ numerically via BIM. BIM results, shown
in the central and rightmost panels of Fig. 7, confirm that " decreases as A increases and vanishes
asymptotically as A — oo.

To understand whether ¢’ contributes significantly to the load distribution and to the platelet’s
deformation, g’ is compared to gn for § — 0 and § = —L in the central and rightmost panels of
Flg 7. As expected, for A > 1, § is subdomlnant with respect to g, (the values of A for which

¢’ < gy need not be large), suggestlng that ¢’ can be neglected in Egs. (11) to leading order for
A > 1. However, for L& 1,d s comparable or even greater than g,, especially at the edges.

The fact that §' is comparable to g,, even for relatively large values of a/b, may seem coun-
terintuitive. Indeed, for A =0, § o< b/a as § — 0 and thus §' decreases as a/b — oo. However,
asymptotic analysis of the boundary integral equation for b/a < 1, A = 0 and ¢ = 0 reveals that
g and g, are both proportional to (b/a)s for § near zero [15]. Our BIM simulations confirm this
result: For both a/b = 10 and a/b = 100, g,/5 and §' /3 are proportional to O(b/a) for § — 0 and
% = 0 (middle panels of Fig. 7), giving a ratio §'(0)/&,(0) of 0.45 ad 0.09, respectively. Hence, the
distributed couple term cannot in general be neglected.

In Fig. 8, we plot the maximum deformation 7io(—1) and stable orientation angle ¢, versus & !,
comparing simulations with §' included in Eqgs. (11) with simulations in which this term is set to
zero. In line with our previous analysis, we find that the effect of ' is more significant the smaller A,
i.e., for X < 0.1 and A é 0.015 for a/b = 10 and 100, respectively. Further, §' becomes negligible
for the larger values of A, even when the deflection of the platelet becomes significantly different
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FIG. 9. (a) Critical slip length . as a function of the inverse rigidity parameter 5~ for n = 1 and different
aspect ratios. (b) Stable centerline shape for A = i., & = 0.01 and a/b = 50 in the (2,, é,) frame. Insert: Same
data in the particle frame.

to an undeformed platelet, i.e., when 7ig(—1) ~ O(0.1). For the cases where ¢’ is significant, the
inclusion of ¢’ in the load produces larger deformations.

A stable alignment occurs when A > .. For a rigid platelet, A. can be calculated as the value of
X for which the total torque 7' (¢ = 0) acting on a nonrotating platelet vanishes [12]. The value 7 (0)
results from a balance between the torque contributions produced by the stress over the platelet’s
edge and slender regions. The contributions to 7 (0) from the edge regions come mainly from the
normal traction (acting on a level arm ~1) and is associated to a torque vector directed in the
direction opposite of the vorticity vector of the external flow field [12]. Over the slender region, the
main contribution depends on the tangential traction (acting on a level arm ~b/a). This contribution
is associated to a torque directed in the direction of the undisturbed vorticity. For no-slip, the torque
contribution from the slender region is larger than the torque contributions from the edge regions,
thus the platelet rotates in the direction of the vorticity vector as predicted by Jeffery [13] and by
Bretherton [14]. The leading order effect of small surface slip is to decrease the torque contribution
from the slender region, while the torque contributions due to the edge regions remain unchanged
to leading order. Thus, there exists a critical slip length for which T (¢ = 0) = 0.

For a flat rigid platelet, A.a/b ~ k, where k, is a prefactor that depends on the specific shape
of the platelet. For our model graphenelike platelet, the specific shape depends on the number n of
layers comprising the platelet [12,33]. Correspondingly, k; =~ 0.83 and k,, increases slightly as 7 is
increased. We evaluate numerically how X. changes as a function of &. For each &, A. is computed
using a bisection method, by finding the value of A that separates the two rotational behaviors (either
the angular velocity €2 — 0 as 7 increases or no stable solution exists; see Sec. III). Figure 9(a)
shows A, as a function of ! for different values of a/b and n = 1. The figure shows that A, slowly
increases as & decreases, suggesting that a flexible platelet requires a slightly larger slip length to
attain a stable orientation than a rigid platelet. As a/b increases from 10 to 50, A. also increases.
The difference in the value of A, for a/b = 100 are less marked for a/b = 50 than for a/b = 10 in
the given range of &. For the smaller range of &, A, for a/b = 100 is larger than for a/b = 50. This
latter result suggests that a platelet with a/b > 100 may require an even larger value of A to align
indefinitely with time in the limit & — O compared with the aspect ratio range considered here.

In summary, for all the cases considered in Fig. 9(a) the effect of flexibility on A, is rather small.
The reason for this behavior is that when the platelet is nearly aligned with the flow, which is the case
when a stable orientation is achieved, the maximum deformation remains small even for relatively
flexible platelets [as illustrated in Fig. 9(b) for 6 = 0.01]. As a consequence, the approximation
*ea/b ~ k,, developed for flat rigid platelets, holds approximately also in a range of small values
of 5.
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FIG. 10. Internal torque, torque density, and force at § = —L as a function of a/b. All quantities have been
evaluated numerically via the BIM for a rigid undeformed platelet with Aa/b = 80 and ¢ = ¢..

B. Effects of the edges

We first analyze effects of the edges by discussing the features of a simplified model, before
considering the full load distribution. In this simplified model, the actual load distribution is replaced
by the low-order polynomial given in Eq. (14). The three polynomial coefficients are obtained by
fitting the boundary values 6'(—L) and 6”(—L) and the gradient of the hydrodynamic load at § = 0
to the values corresponding to the hydrodynamic load for the rigid undeformed platelet. The fitted
polynomial load and the corresponding exact solution for & have already been shown in Figs. 3(a)
and 3(b), respectively.

Because only one point, § = 0, is used to fit the polynomial to the load distribution far from the
edges, the load distribution given in Fig. 3(a) does not match exactly the hydrodynamic load of
Fig. 6(a), although the trends and magnitude of the computed load are respected. If the magnitude
of the edge deformation, given by 56(—L), was dependent primarily on the boundary conditions
at § = —L, and not on the load distribution far from the edges, one would expect the magnitude of
deflection from the simplified model to be similar to the computation with the full load. However,
comparing 6 in Figs. 3(b) and 6(b), one sees that this is not the case: the full numerical solution
gives 50(—L) ~ —0.024, whereas the analytical solution of the simplified model predicts 8(—L) =
560(—L) ~ —0.25. Therefore the features of the hydrodynamic load distribution far from the edges
must be responsible for the small deformation obtained with the full load distribution.

Unlike the polynomial fit, the hydrodynamic load has a sudden peak as the edge region (§ — L)
is approached [Fig. 6(a)]. This peak is a consequence of the edges of the platelet, and its features
depend on the specific shape of the edges. Our load distribution corresponds to blunt, rounded
edges. Sharp edges would give a singular, although integrable, hydrodynamic stress [56]. For
slender bodies of finite thickness with orientation near ¢ = 0, a boundary layer region forms in
the neighborhood of § = +L. In this region, the traction from the slender region is matched to the
traction generated in the blunt edge region [15]. The peaks seen in both Figs. 6(c) and 6(d), for
respectively g, and ¢, as the edge boundary is approached from the slender region are within this
boundary layer region. Because the polynomial fit does not capture such a boundary layer region,
the stress distribution in such region must contribute to the small deformation of the platelet.

We have seen that the sudden peak in the hydrodynamic load distribution due to the edges
affects the degree of deformation of the platelet. But the actual edge forces and moments
[Tg(£L), Fg (%£L), and §(&L)] may still also contribute to the actual degree of deformation of

084102-14



ALIGNMENT OF A FLEXIBLE PLATELIKE PARTICLE ...

(a) A=8, a/b=10 (b) A= 0.8, a/b =100
0 T I T I O T ‘ T | O.l
0 7 NS
-0.02 7\\\ - AN 1 o
= ook ] = ~ ‘
TN N 1001 S~ % 008
1= -0.06 - S = L ]
~ 0.07
0081 1 N ] Ll
0.02
0 5 10 0 10 20 0 10 20
5 5t gt

FIG. 11. Maximum deflection 7io(—1) and stable orientation angle ¢. versus the inverse rigidity parameter
&~!, comparing full boundary conditions (continuous line) with free-end boundary conditions (dashed line).

the platelet. In Fig. 10 we show how Tz (£L), Fg (L), and G(£L) depend on a/b for a flat, rigid
platelet, oriented at its stable position. As expected all quantities tend to zero as a/b — oo.

Because the edge moments and forces vanish as a/b — oo, one could assume that the free-end
boundary conditions,

50" (£L) =0, &0"(£L)=0, (16)

are accurate for very slender bodies. This approximation is nearly always used in the modeling of
freely suspended filaments [19,43,54,57-60], sheets and ribbons [20]. To test the effect of the small
but finite value of the edge load, in Fig. 11 we compare how #io(—1) changes as a function of &1
for the two different boundary conditions Egs. (10) and (16). For a/b = 10 and a/b = 100, we find
a difference in 7ip(—1) of about 20% and 35% respectively depending on which boundary condition
is used. For a/b = 10 and a/b = 100, the free-end boundary conditions predicts a smaller value of
fig(—1) than the the full boundary conditions and the difference between the values of 7ip(—1) in the
two cases increases as 6 decreases. Therefore, including effects of the blunt edges is necessary to
achieve accurate predictions of the deformation of the platelet, at least for platelets with geometric
aspect ratio up to the largest value considered here in our simulations. For even smaller & than that
examined here, such an error in the shape of the platelet could become more marked as the degree
of deflection increases.
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FIG. 12. (a) Centerline shapes for different aspect ratios and & = 0.1. Insert: Stable solution of the
centerline in the (&, &,,) frame. The values of the slip length corresponding to the different aspect ratios
are A = 8, A = 1.6, and A = 0.8. [(b) and (c)] Maximum deflection 7iy(—1) and stable orientation angle ¢, for
the same aspect ratios as in (a). [(d) and (e)] Force and moments at § = —L for the same aspect ratios as in (a).
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FIG. 13. Same as Fig. 12 but for varying number of stacks n. Other parameters are A = 8, a/b = 10, and
671 =0.1.

To test which boundary condition affects the most the deformation of the platelet, we return to
the analysis of the terms plotted in Fig. 10. In this figure, F ,(+L) has a slower decay with a/b
than Tz (£L) or (L), suggesting that this term is the most dominant. The exponent of Fg ,(£L)
is comparable to that found numerically for a rectangular no-slip platelet with sharp edges in a
shear flow for ¢ = 0 [61] and is in line with the reported exponents produced by the singular stress
produced near an exterior corner [62].

A comparison of the shape of platelets for different values of a/b is shown in Fig. 12(a).
Figures 12(b)-12(d) shows itio(—L), ¢ and the derivatives of the solution at § = —5 as a function
of 7!. As seen in Figs. 12(a) and 12(b), the degree of deformation decreases as a/b increases. The
value of 6”(+£L) is always much greater than 6'(£L) for all values of a/b, due to Fy (L) being
much larger than Ty (£L). Thus, this boundary condition, as well as the peak in the load distribution
at § = —L, affects the overall deformation of the platelet more than Ty (£L).

As b increases for fixed a, the flat face of the edge becomes flatter. Fixing a/b, as the number of
stacks n (and thus b) increases, g, also increases in the edge region, and the length of the centerline
in the edge region |&| decreases. The force from the edge Fi (L) and the force in the boundary
layer region as § — —L will hence also change. Figure 13 compares the deformation of platelets for
different values of n. As n increases 7ip(—1) also increases, demonstrating the effect of the specific
edge shape on the overall deformation of the platelet.

V. DISCUSSION AND CONCLUSIONS

We have analysed a two-dimensional model for the deformation of a flexible platelike particle
suspended in a shear flow, with a Navier-slip boundary condition applied on the particle surface.
Our model is based on coupling iteratively a boundary integral equation for the fluid and an Euler-
Bernoulli beam equation for the solid. The use of a boundary integral formulation that accounts
for high grid refinement near the edges allows for an accurate computation of the hydrodynamic
traction acting on the surface of the platelet. Such accuracy is crucial to capture the alignment and
deformation of the platelet. While we have considered a specific shape of the edge relevant to 2D
nanomaterials, our model should apply more generally to platelike particles and molecules.

We use our model to investigate the occurrence of stable alignments for deformable particles as
a function of the nondimensional bending rigidity & and aspect ratio a/b. Our numerical procedure
allows us to find stable solutions for values of 6 above a threshold rigidity parameter &.; this
threshold parameter is related to the specific surface of the platelet (i.e., the geometric aspect
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ratio, the shape of its edges, and the value of the slip length A). As for rigid flat platelets, stable
solutions are found if A is approximately larger than the half-thickness of the platelet. We find that
the minimum value of slip length A, that is required for the platelet to stabilize is larger for finite
values of & as compared to the rigid platelet case (6 — 00). The increase in A, with decreasing
6 1is relatively small and depends on a/b. For example, for a/b = 100 and 6 = 0.01, X, increases
by about 10% compared to the case & — 0o. The reason to this small increase in A. is as follows.
For sufficiently large slip (A > A.), the platelet is always nearly aligned with the flow. For this
orientation, the compressive hydrodynamic stresses, which could lead to large-amplitude buckling,
are negligible. The increase in X, is thus mostly due to a small deformation produced for ¢ < 1 by
normal forces on the slender portion of the particle and localized edge effects.

A consequence of the small deflection and mild effect on A, is that the theory of rigid slip
platelets [12,33] could be used to predict the dynamics of flexible slip platelets in flow for relativity
small values of 6. This is in agreement with data obtained with flexible disk-shaped aromatic
molecules in shear flow using molecular dynamics simulations [32]. For these molecules, which are
characterised by relatively large slip lengths, the orientational statistics were found to approximately
agree with a model developed for rigid platelets.

Our model accounts for two effects that are often discarded in the modeling of elongated and
flexible particles. The first effect is the inclusion of the hydrodynamic torque density, i.e., the
distributed couple due to the shearing of the surfaces of the platelet by tangential hydrodynamic
forces. We found that if A < a the torque density results in an increased deflection of the platelet
compared to simulations which exclude such effect.

For larger values of A, the effect of the torque density becomes subdominant compared to the
effect of the normal hydrodynamic load. For most platelike platelets which are not nanometric
in length, A is generally small. For example, for graphene, A & 10 nm and a typically 0.5-2 um
[33]. Therefore the torque density is expected to be important in this case. The second effect is the
hydrodynamic stress acting on the edges. When the platelet is nearly oriented in the flow direction,
the presence of the edges is associated with a large peak in the normal hydrodynamic traction
distribution. We find that the magnitude of deformation depends strongly on these peaks. Therefore,
the specific structure of the edges, which affects the size of the peaks, is important even for a/b as
high as 100.

An elongated particle with A < X, follows some rotational orbits in a shear flow, but still spends
most of its rotational period almost aligned with the flow [13]. When the particle is aligned with the
flow, some of our conclusions obtained in the case A > A. are expected to apply. In particular, edges
are expected to be important and to have an effect on the shape of the particle. In the case of rigid
elongated particles, edges are already known to have an effect on the frequency of the rotational
orbits with particles with flat edges rotating faster than particles with rounded edges [15].

More broadly, our results suggest that to simulate the dynamics of particles with slip, the effect
of the edges and torque density must be resolved explicitly, or at least modelled (e.g., by using local
“sub-grid-scale” models, or a slender body theory approximation which accounts for the edges [63]).
Fortunately, for platelike particles nearly aligned with the flow, the hydrodynamic load distribution
in the case of a deformable particle is similar to that of a rigid particle. Therefore, models which
calculate the deformation from a reference configuration in which the particle is not deformed could
be used to develop efficient methods for deformable particles. Furthermore, our results confirm our
previous observation that surface slip can arrest the rotation of platelike particles suspended in a
shear flow [12], extending the theory to particles that are flexible.
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APPENDIX: DERIVATION OF THE FORCE AND TORQUE BALANCE EQUATIONS

The relationship between the generalized external hydrodynamic load, made of the tangential and
normal loads plus the distributed couple, and the generalized internal force produced by the bending
of the centerline can be found by solving the configuration for which §W — §&;, = 0 [64,65]. Here
S8W represents the work done by the fluid over an infinitesimal displacement § of x¢, and 5 is the
first variation of the internal energy &j,; for our system, the nondimensional work W = §W/(yna’)
is

b Fe) - 8%, (AD

L
SW = / [8() - 8%0(3) + G(5)861d5 + Tp ()36 (3)[
-L

where all length, time, and stress scales have been nondimensionlized by a, 1/y, and yn, re-
spectively, and tilde is used to represent all nondimensionlized quantities. The nondimensional
internal energy of a thin inextensible platelet Et = e (0)/(y na3) is given by (see, for example,
Refs. [65-68])

L ~ T~
Em(0) = / Tor 1O @ v s, (A2)
_i 2 2
where & = op/yna’ is the nondimensional bending rigidity parameter and /(5) is a Lagrangian
multiplier, and where the prime denotes the derivative with respect to §. The first term on the right
of the equal sign in Eq. (A2) is the energy due to bending. The second term on the right of the equal
sign in Eq. (A2) is the energy due to tension, where [ physically represents the (dimensionless) axial
tension [69].
We solve 8&, — 8W for small curvature (6 < 1,50 ~ 5,0 ~ —h', and & ~ —h"). Taking the first
variation of 6&;,, integrating by parts where needed, and using the condition of zero total torque and
force leads to

L )
8Em — W = / @R 4+ 1h" — gy — §)Sh())F + [—Fp u(5) + §(3) — 61" ()18h()[ZF
—L

- L B 5 B .
+[Te(3) + 61" ®ISH B)ZF + / (=T = g,)851ds + (I(3) — Fp s(3))853=F.
-L
(A3)
Setting &, — 8W = 0 gives
Gh" +1h" -3, —4 =0, I'+% =0, (A4)
with the boundary conditions &/"(+L) = —Tgz(£L), 61" (£L) = —Fg.(£L)+ G(£L) and
I(£L) = FE,S(:I:I:). An additional boundary condition #'(¥.) = 0 [from 6(0) = 0] is needed to
satisfy the condition of zero net torque.
For large curvature, the derivation is similar to the case 8 <« 1 presented in Eqgs. (A3) and

(A4) and is not repeated here (a similar derivation for large curvature is given in Ref. [64]). The
equilibrium equations for large curvature are

50" +10'+3,+3 =0, '+ =0, (A5)
with the boundary conditions
50'(x£L) = Tp (L),
50" (£L)+ = —G(£L) + Fg o(£L),
0(x:) =0,
I(+L) = Fg ((£L). (A6)
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1In our case the central line is antisymmetric about § = 0, hence Tp(—=L) = —Tx (L), G(-L) =
G(L) and Fg ,(—L) = Fg ,(L). The boundary conditions [Eqgs. (A6)] therefore simplify to
60'(—L) = Tg(—L),
60"(~L) = —g(—=L) + Fg n(-L),
0(3) = 6(=3), (A7)
6(0) =0,
(L) = Fg ((-L).
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