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Abstract

Microbead rheology maps the fluctuations of beads immersed in soft matter to viscoelastic properties
of the surrounding medium. In this paper, we present modeling extensions of the seminal results of
Mason & Weitz (1995, Phys. Rev. Lett. 74) for a single bead and of Crocker et al. (2000, Phys. Rev.
Lett. 85) and Levine & Lubensky (2000, Phys. Rev. Lett. 85) for two beads. We formulate the linear
response analysis for two beads so that the model equations retain: the local diffusive properties of
each bead (through the memory kernel of the shell or depletion zone surrounding each bead), and
the nonlocal dynamic moduli of the medium separating the beads (through the memory kernel that
transmits fluctuations of one bead to the other). We then derive a 3x3 invertible system of equations
relating: an isolated bead’s auto-correlations, the auto- and cross-correlations of two coupled beads;
and, the shell radius surrounding each bead, the memory kernels of the shell and of the medium
between the two beads.

l. INTRODUCTION

In passive microrheology, fluctuations of beads are experimentally recorded. In the 1-bead
protocol, fluctuations from neighboring beads are ignored, assuming the beads are sufficiently
far away from one another, and an inference is made using the Mason & Weitz modeling
formalism about the viscoelastic properties of the surrounding medium (see [1]). The
generalized Langevin equation (GLE) model for the fluctuations assumes a memory drag law,
with a kernel that physically represents some unknown combination of the bulk viscoelastic
modulus of the fluid and the bead-fluid surface chemical potential. Following Levine &
Lubensky ([2], [3], [4]), we call this kernel the inner modulus G;. The 1-bead protocol from
Mason & Weitz [1] offers a way to recover, in frequency space, the inner modulus through
mean square displacement data. For sufficiently long timescales, a Brownian sphere in a
viscoelastic fluid approaches viscous diffusion with a Stokes drag coefficient. This limiting
behavior is determined by an effective viscosity which takes into account the depletion zone
surrounding the bead as derived by Fan et al. [5]. Another approach taken by Santamaria-Holek
and Rubi [6] is to analyze the Fokker-Planck equation for the probability distribution associated
with the GLE. They obtain short-time power law behavior in the mean-squared displacement
of a bead, depending on the finite size of the Brownian particle relative to the polymer network
and the high frequency behavior of the loss modulus.
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The inability to screen or explicitly account for the effects of bead-fluid interactions through

surface chemistry led to the development of 2-bead microrheology. By careful spacing of the
beads, 2-bead microrheology as presented by Crocker et al. [7], Levine & Lubensky [2], and
Valentine et al. [8] allows for the determination of the bulk viscoelastic modulus of the medium
between the two beads. We call this modulus the outer shear modulus G, In [7] and [8], the

bead-bead correlations are dominated by G at leading order in the ratio of the shell thickness
to the bead radius.

Our primary aim in this paper is to extend previous 1-bead and 2-bead models so that local
diffusive (the inner modulus) and nonlocal bulk (the outer modulus) properties are coupled in
such a way that they can both be inferred from experimental data. This aim is achieved by
carrying the analysis of Levine & Lubensky [3] and Chen et al. [9] to linear order in the
asymptotics of the shell radius surrounding each bead. By doing so, we derive an invertible
3x3 system of equations relating single-bead and two-bead fluctuation measurements to the
inner (diffusive) modulus G;, outer (shear) modulus G, and vy the ratio of the shell thickness
to the bead radius.

The motivation for this work arises from the Virtual Lung Project at UNC, which aims to model
hydrodynamics of pulmonary liquids and transport of diverse Brownian particles within them.
These challenges require fundamental understanding of both the diffusion of pathogens and
particulates in biological complex liquids such as mucus and their flow transport properties on
scales small relative to typical rheometric probes of dynamic moduli. Another anticipated
application of this work is to passage time of foreign particles through biological barriers (cf.
Hansen & McDonald [10]).

Following Levine et al. [3] we describe, in Section |1, a generalization of an elastic problem
to include both inner and outer moduli and the shell thickness in the case where the second
sphere is considered a passive point source of force. In Section 111, we present inverse
characterization tools inherent to the two bead coupled GLEs with application for the
determination of the local (G;) and nonlocal (G,) kernels, as well as the thickness of the
chemically modified layer (or shell [4] or depletion zone [5]). We formulate and analyze the
particular limit where the bead separation distance is approximately 5 to 10 bead radii as in
[3], retaining the terms that are linear in the ratio of shell thickness to the bead radius. These
results, coupled with the single bead results of Mason & Weitz, yield the aforementioned 3x3
invertible system relating one-bead and two-bead experimental data with local and nonlocal
kernels and the shell radius.

II. TWO-BEAD GENERALIZED LANGEVIN EQUATIONS

We consider two spherical beads separated by a radial distance R and we use spherical
coordinates (r, 6, ¢) with origin centered at bead 1. Let »!,* denote the velocity of beads 1, 2,

respectively in the radial direction, ug),ug the velocities in the polar direction and let {31, (o9,
12, (o1 denote the components of the memory kernel tensor. £;, describes the response of bead
2 tothe displacement of bead 1 and has been discussed by Levine & Lubensky [4]. The inclusion
of the displacement of the second bead as a force on the first bead leads to the following coupled
Langevin system (see Starrs & Bartlett [11]) fori=r, 6

dvl (1)
dt

=~ 1) * U} () — Qa,i(t) * RO+ f1(0)

m
(1)
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mdv"z(’) = — {0(0) * V7 (1) = Lo1,i(0) * v} (D+£7(1)
dt 2 ! 2 ! ! (2)

where the covariance matrix of the random forces is (f,-’ of! '(t')> =k, TZjj.i(t — 17), with kg the
Boltzmann constant and T temperature in accordance with the fluctuation dissipation theorem
(see Bonet Avalos et al. [12]) and  denotes convolution. We will follow standard practice and
assume {11 = g0 and {12j = {21, although these conditions could be relaxed for applications
to heterogeneous materials and/or differently coated beads.

The memory kernel tensor reflects medium viscoelasticity and local bead surface chemistry.
If the system were purely viscous and the bead chemically neutral, then {17 = {y» = 6zua and

(12 = —9mualp, where a is the radius of the bead, p=§, R is the bead separation distance, and
w is the viscosity of the fluid. {1, for a viscous fluid corresponds to the lower order term in the
mutual friction coefficient derived by Batchelor [13]. The diagonal memory kernels reflect that
the bead modifies its local environment leading to a local modulus G;j, while the viscoelastic
properties on the separation lengthscale R are given by G, as first discussed by Levine &
Lubensky ([2],[4]). We assume that each bead is surrounded by a sphere of radius b which
includes the bead and a shell of radius s, and that the viscoelastic properties inside this shell
are characterised by G;. Since viscoelastic relations can be obtained by generalizing either
viscous or elastic relations, we study the equivalent elastic problem as in [3] (see figure 1).

A. Response functions for a two-fluid elastic fluid

We consider the problem of two spheres of radius a embedded in a shell of radius b in a two-
medium elastic fluid: the Lame constants are A;, y; in the inner shell and A, g in the outer
shell (figure 1). We remark that the Lame constants A, p allow for the general compressible

1
case. In the incompressible limit, we have A — o and Y=3 where v is the Poisson ratio. We

a 1
define s 50 that b = a+s and therefore #=3= 1+2 Il 0O with ¥==. Solving the
elastic Navier-Stokes equation in the inner and outer shell with an azymuthalasymmetrlc
solution vanishing at infinity, initial displacement in the Z direction (given as displacement or
force on the sphere), continuity boundary condition and keeping only linear terms in Z, the
inner and outer displacement fields are given by (see also [4])

: (Y} 2 . B
u; (r,0)= "C"' (()q ;+1) cos Gr — sin (f) +L; (2 cos gr+sin 6)5) +Cs; (cos Gr — sin (fé)
C“' ((72, — 1) cos Gr+sin 69 Hﬁ)

(3)

u,(r,0)= bCi ((yl o,+1) cos dr — sin HA) + 2 4 (2 cos fr+sin 66 HA)

(4)

1 2(2 - 3V0/,') .
Here Y1.0/i=3 dvy: Y2o/i= T 2v,;; andr, 0 are the unit vectors in spherical coordinates.
1
In the incompressible limit y; ¢/ = 1 and 72, 0li=7. The initial condition is uj(a,0) = €Z. The
force in the Z-direction is found by integrating the stress ; r; = o; rr COS 0 — Gj rg Sin 0 Over the
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surface of a sphere of radius r (see appendix A). In the incompressible case, we have F;; =
8maCy ju; and Fy ; = 8nhCy ouo. This means that the lower order coefficient of the
approximation (i.e the 1/r-term) only depends on the applied force in the Z—direction, a result

that is extensively used by Crocker et al. ([7]). We set ":% In Appendix B, we give the

formulas for the coefficients Cjj, j = 1,..., 4 and Cj o, j = 1, 2 as rational functions in 8 and «.

We define p1(B, k) = 2xB® — 2[35 3~ 2x and pg(B K)=— 10[33K + 3Bk + 6 + 4p% —8pB i +

4% 2 — 9BK? + 10B3k? — 9BS 12 + 9kPp® + 4«2 + 6. Then, since kCq o = BCy j, we find that the
12enpoapi(B.x)

force exerted by the bead on the medium at both interfaces is F ::W (see also

Levine & Lubensky [2]).

The response of a bead to a force applied by the medium is assumed to be linear in the
displacement of the form au = F, where F is the applied force, U the resulting displacement
and o is the compliance/resistance tensor. Since F; is the force exerted by the medium when
the initial displacement of the first bead is € in the Cartesian Z direction, we find that the self-
Li_ _ 12rapopi(BK)
resistance tensor in the incompressible limitis =~ ™ (g° 7™, where the index 1,1
indicates that the displacement of the first bead is related to the force on the first bead.
Developing B as a Taylor series in y and using b = a(1 + y) we find

oM =6mapt, [14(1 — Ky = 31~ P +00)]

In the one-medium limit « = 1 (py = pj = p), the compliance tensor reduces to the Stokes
coefficient o1 = 6zau. Similarly, if y < 1, al'1 = 6zau,.

In order to find a2, the compliance tensor of the second bead due to the displacement of bead
one, we compute as a first approximation the displacement at the centre of the second bead,
reducing the second bead to a point source without a shell. As shown by Levine & Lubensky
[3], correction terms induced by the point source approximation are of higher order in R™1.
Prescribing the displacement or the force on the first bead is totally equivalent, so that we might
assume that a constant force F,Z is applied on the first bead resulting in an initial displacement
e in the zdirection. Since F, ; = 87bCy oo and Fj ; = 8zaCy jp;, the coefficients in (3) and (4)
and the added unknown € can be fully determined in terms of F,. The resulting displacement
in spherical coordinates is then linearly proportional to the force F; in each spherical direction
rand 0. Therefore we obtain the compliance tensor in spherical coordinates in the
incompressible limit:

1 1 1 D(=5kB2-3+3k=2B7+2«BY)

o _4”# R 12 7Hop1 (Bk) R3
1 _ +Lb'(—SKﬁ1—3+3K—2ﬁ5+2K,B5)
- Szrp,,R 24 7o p1 (B.K) R3 ’

which is implicitly available in [3]. Since for an incompressible fluid the Poisson ratio is 1/2,

it follows that (YL;%:(Y:}’Hz and (Y,-lj2=0 ifi # j. We remark that the lower order term only depends
on the separation distance R between the bead and on the outer viscosity between the beads.

Since the constant force F, is related to the displacement field of the first bead by ol1, we
subsitute F, = al-le into the solution (4) evaluated at the separation distance R, again assuming
the second bead to be a point source. Developing B as a Taylor series in vy, setting b = a(1 +y)
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R
and defining p=_ we find that the radial and polar components of the displacement field of
the second passive bead are

M%: [Zip_i-'_ (K ) (——)+) )’y

3%y 9d 60 92) 2 3\] 1
+( PP TR T 293)y+0(7)] Ur (5)

2_ 3
U= l4_p+4p 4(K_ 1) (p s )7

3 9« , Yk
+(‘?_‘$+4_/’_/_+ ))’+0(7 )I u”’ (6)

where we used e=u!=u). Thus ,=u’cos 6F — uZsin 69 can be expressed in terms of
i1 =ulcos 67 — ulsin 66 . We remark that Levine & Lubensky [2] and Crocker et al. [7] only
1

use the first order term in ; and zeroth order term in y in the previous approximation, which
suffices for their goals.

In this paper, we consider the limit in which O(R3) and O(y3) terms are neglected in (5)—(6).
This limitarises in experiments, where the beads are far enough away from each other to neglect
terms higher order in R™1 and the thickness of the shell created by the effect of the chemical
coating is small, but not negligibly so, relative to the bead radius. Moreover, we assume (as in
Levine & Lubensky [2], Crocker et al. [7]) that R is constant (fluctuations are small compared
to the separation distance). We find

3 3

2 1 .2 1

w,=1+(1 - x)y) —u, u;=(1+(1 —«)y)—u,
20 0 4p ? @

Equation (7) will be used to derive a modeling protocol for the determination of both viscosities
Lo and p; and the shell thickness y

B. Generalization to a viscoelastic liquid
To generalize the results obtained in the elastic case we replace the elastic shear modulus

Hosi by G,/(w) the complex shear modulus, as in [4]. We define G*(0) = ion*(0) = G'(0) +
inG"(w), where n* is the complex viscosity, G'the loss modulus and G” the storage modulus.
For simplicity of notation we consider only the equations in radial direction r and we drop the
corresponding subscript. Similar results hold for the angular coordinates. Let 01(w) and
02(w) be the Fourier transform of the radial coordinates of the displacement of each bead.

The viscoelastic generalization of (7) is

W(w)=(1+(1 = &) y) e (w)
2p
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._Gyw)
with :G;E‘(w)- In the limit considered here, the self-compliance coefficient ol! is
6raG(w)(1+(1 — &) ), so that the generalized Stokes-Einstein relation can be written as
F11(w) = al1(w)dl(w). The drag force on the second bead due to the force on the first bead is
F2(w) = —ol1(0)0%(w). With equations (8) we find

1+ = &)y)* T (w).

i??-l(w):_gLGz(w)
o

Let 0! and v2 be the corresponding velocities. In frequency space, we have vl(w) = iol (o), SO
that the force can be expressed with the complex viscosity and the Fourier transform of the
velocities. We define the kernels in frequency space in the following way, keeping only linear
terms in vy

Zi1(w)=6ran,(w) (1+ (1 _ '7(}(0))) 7/)
m; (@)

Egl(a))z—_9mz7:(w) (1+2 (1 - _77:((0)) y) .

7;(w) (10)

Finally, since multiplication in Fourier space corresponds to convolution in real space, we
obtain

FM =00 * v'(t)  FR1()=21(1) * vA(1) (11)

as in the force equations (1)-(2). We note that there is an intrinsic separation of time scale,

R
since p=—is constant while determining the relaxation kernel.

C. "Decoupling” of the Langevin system

We now transform to "normal coordinates” where the coupled generalized Langevin equations
(GLEs) (1)—(2) are almost diagonalized. We define normal coordinates: V1 = v1 + v2 and V2
= vl —v2 Then the GLEs (1)—(2) decouple as

de(l)__ y j J i
m— === * ViO+G'@0) j=12 (12)

where J = {31+(28j1 — 1){p1, and GJ = fL + (25j1-1)2. Since (A(t)f ()= kg T (t-t), and with
the previous definitions of ¢, (2, the covariance matrix becomes

G'(OG\(tr)) =2k, T (1 — 17)
G*(DG>(1r)) =2k, Tt — 1r)
(G'0G2(1n)) =o0.
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This decoupling of the random contributions is only valid in the usual approximation that R is
constant.

. INVERSE CHARACTERIZATION

Based on the Langevin description of a single bead in a viscoelastic fluid, Mason & Weitz
[1] developed a 1-bead microrheology protocol whose idea is summarized in Appendix C.
Neglecting inertia, the Mason & Weitz 1-bead protocol (see Equation (C2)) in one coordinate
direction is

k, T

A "Bt
<( w(w) > 3naiwG; (W)’ (13)

In other words, measurements of the mean square displacement allow for the determination of
the transform of the inner kernel G;. Equation (13) is a transform equation and thus does not
directly give access to the physical parameters characterizing the memory kernel in the time
domain. Fricks et al. [14] present a maximum likelihood method applied to single bead time
series data aimed at the reconstruction of kernel parameters of the time-dependent
representation Gj(t).

In the GLEs (1)—(2), the displacement of one bead influences the displacement of the other
bead as in the formula (5)—(6). The goal is to find a formula analogous to (13) using the average
of the cross-correlated displacements {(AGTAG2). Crocker et al. [7] ignore higher order terms

k,T

K (@) K (@) =5t s

and assume that R is constant to conclude that<

We derive instead a formula based on the “decoupled” Langevin equations (12). We write the
kernels as ?(w)=67m:(w)pf (0.k*,y), Where pl are polynomials in three variables:

P T K =1+ = k) y(L - 25!1) (1+2(1 =€) %), Transforming equations (12) into
Fourier space, multiplying by Vi(0) an({)taklng the ensemble average we find

miex(Vi(w)Vi(0))+61a (p/(p.k* 7)VI(@)VI(0)) mj(w)
=m <V/(0)Vf(0)> + <Gf(w)Vf(O)> )

In the limit defined above, we assume that R is constant, so that pl is a constant in the ensemble
average

miew (VI(w)VI(0)) +6may(w)p’(p.k* ) (Vi(w)V(0))
=2mk,T.

Here we remark that equipartition of energy reads m(VJ(t)VJ(O)) 2kgT, because of the two-
dimensional displacement (r, 6). We set AUI(t) = Ui(t) — U(0). It is straightforward to show
that 2(VM(0)VI(0)) = —o%((AUJ(®))2). Then we obtain for j =1, 2

4k, T
—miw? — w26man;,(w)p(p.k*yy)

(aTw)’)=
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By definition we have

<(AUj)2> = <(Au1)2> +2026; - 1) (Au' A?) + <(Au2)2>,

so that, neglecting inertia and using the definition of the complex viscosity we find

Lo 1+(1-k") y
<(Au () >_3770in,*,(¢0) Pl (p.k* w)p*(p.k* w)
— -9 _ T 142(1-k") y
<Au (w)Au (w)> T 2naiwG(w)p pl(p.k*w)p(pktw)”

Expanding the above equations in a series in y and p~1 gives the general formula for the 2-
point autocorrelation up to error terms O(y2) and O(p~2)

) e[y Go@
<(Au,(w)) >—3min;;(w) (H(l G?(‘“))y) "
k,T
A (oA (w)) =l
< u, (w)Au, ((U)> 2npiwGi(w) "

Combining Equations (13), (14) and (15), we arrive at a 3x3 system of equations to determine
the local (inner) complex modulus G7, the outer shear modulus G, and the normalized thickness
s of the shell surrounding the bead, given the standard auto- and cross-correlation data from

independent 1-bead and 2-bead experiments. (We note that the Mason-Weitz formula (13) is

recovered by removing the distinction between the inner and outer kernels, G;=G3.)

We summarize the consequences of these results. We propose a two-step experiment, first with
an isolated bead and then with coupled beads. Tracking one bead which does not interact with

any neighbor, we extract G; (w) from (13). Since the displacement of one bead is constrained
to a plane of coordinates (r, 6), (13) has to be multiplied by 2, to reflect the proper equipartition
of energy formula. Tracking two beads interacting with each other in a range where their

separation distance R remains constant and O(R?) is negligible, we find G (w) from (15).

N
Finally with the same 2 bead data set, =7 is given from (14). This protocol assumes that each
bead modifies its local environment in the same way so that 1-bead data can be combined with
2-bead data.

The protocol derived by Chen et al. [9] for determining the bulk modulus and the thickness of
the shell is similar, although based on a different logic and use of experimental data. They

determine an implicit formula for the ratio of G; and G;, containing high order terms in /3=§
as derived by Levine & Lubensky [3]. They then perform a series of 3 experiments with
different bead radii, followed by numerical regression from their formula to determine the shell
radius and the outer modulus. The inner modulus for their particular experimental system was
purely viscous and known a priori. Our asymptotic ordering of the same underlying linear
response equations achieves simplicity in the relations between experimental and model
information: an explicit and one-to-one correspondence between [1-bead mean square
displacement data, 2-bead auto-correlation data, 2-bead cross-correlation data] and [the inner
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modulus, the outer modulus and the shell thickness]. The implied protocol requires
experimental data to be collected for one and two bead experiments and beads with identical
size and surface chemistry.
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APPENDIX A: DETERMINATION OF THE STRESS TENSOR

The quasi-steady state compressible Navier-Stokes is

0=uV> @ +(u+)V(V - ).

We make the Ansatz of an azymuthally symmetric and linear in Z solution. In spherical
coordinates the general quasi-steady state solution is

W)= —B_or? (y, cos gf—’z)+302+% (y1cos Or+z)
—fg—* (3 cos r —7).

In the outer shell the solution vanishes at infinity, so that

By=B_,=0.

Since U is the displacement field, we define the strain tensor as E in the usual way. The stress
is assumed to be linear and given by Hooke’s law ¢ = 2uE+Atr(E)I. In spherical coordinates
T Org 0

o=| 09 o O
the stress tensor has the form 0 0 oy ) Theforce acting in Zthrough a sphere of
radius r is the opposite of the force exerted by the medium obtained by integrating —oZ over
the surface of the sphere 62 = o COS O+, (COs 6—sin 8)f—cgg Sin 6. The normal vector to
the surface is r so that 62 F = oy, COS 6 — 6y Sin O = oy, and the force in Z through the sphere
of radius r becomes

F.=-2nr" f g((r,,. cos @'sin 6 — o4 sin’6) db.

For the inner and outer shell solution it turns out that the force in the z-direction is independent
of the radius of the sphere, a <r <b or r > b, but only depends on the elastic properties of the
medium, in other words

_ 16maCyjui(vi — 1) _ 167bC 1 pp1o(vo — 1)
“ ~3+4y; “o —3+4v,

where aCy j = By and bCy j = By respectively fora<r<bandb<r.
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APPENDIX B: DETERMINATION OF THE COEFFICIENTS Cj,0,j =1, 2 AND Cj,i,
j=1,...4

In the incompressible limit the constants in the inner and outer displacements are

_ 3 Bepi(B.k) 3 kep1(BK)
Cio=~ 2 (B Cri= ) 1)7(/3/()
1 Be(=2B3+2kB°—~3+3k—5kB")
C2.0 {, > (B.K)
C, =LK 28°-3+233k—2«)
2i=7 DP2(B.K)
Cyi= _ —eB(=5kB3(1 K)+%K+6+4/3‘(1 —k)2—9x%)

P2(B.K)
Cu: 6eﬁ‘;<(1 k+kB°—B%)
4,i= P2(BK)

where p1(B, ) = 2kp° — 2B° — 3 — 2k and p2(B,k) = —10p3k + 3Pk + 6 + 4pS—8pSi +
45K2-9PK? + 10B3k>-9B%k? + 9kP® + 4K? + bk

These formulas are mentioned, but not explicitly given, by Levine et al. [3].

APPENDIX C: 1-POINT MICRORHEOLOGY

The Langevin equation for a single bead is

dU:(l) -
i L) x vi(O+fi(t)  i=r.0. -

The memory kernel ¢ is defined for t > 0, but can be extended as (t) = 0 if t < 0. This implies
that the convolution term can be changed from (0, t) to (0, «) and the Langevin equation (C1)
transformed into Fourier space retaining the initial conditions for the velocity. Multiplying by
vj(0) and ensemble averaging we obtain

miew (U@)vi(0)) +() Tw)vi(0)) =m (i 0)v;(0)
+ (fiwwi(0)) .

If we consider each displacement coordinate i = r, 8 independently, then the equipartition of
energy says that m{v;j (0)vi(0)) = kgT. Moreover, we have {f;(t)vj(0)) =0 (see Duffy [16]), so
that we can write

k,T
miw + z(s) .

Wi(s)vi(0)) =

We set Au;(t) = uj(t) — u;(0) and with 2{vj(®)vi(0)) = —0%{(Al;j(w))2) we find

(o E—

—miw? — (W)

*

G(w

Since {(w)=6nar;=6ma
equation becomes

(see paragraph 11B equation (9) with k = 1), the previous
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2%, T
—miw? + 6nain8(a))' (c2)

(WTi(w))?) =
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FIG. L.
Two elastic spheres model with shells following Levine & Lubensky [3].
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