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Abstract

The imbalance of normal stress around a particle induces its transverse migration in pressure-driven viscoelastic flow, offering
possibilities for particle manipulation in microfluidic devices. Theoretical predictions align with experimental evidence of particles
migrating towards the center-line of the flow. However, these arguments have been challenged by both experimental and numerical
investigations, revealing the potential for a reversal in the direction of migration for viscoelastic shear-thinning fluids. Yet, a
significant property of viscoelastic liquids that remains largely unexplored is the ratio of solvent viscosity to the sum of solvent
and polymer viscosities, denoted as β. We computed the lift coefficients of a freely flowing cylinder in a bi-dimensional Poiseuille
flow with Oldroyd-B constitutive equations. A transition from a negative (center-line migration) to a positive (wall migration) lift
coefficient was demonstrated with increasing β values. Analogous to inertial lift, the changes in the sign of the lift coefficient were
strongly correlated with abrupt (albeit small) variations in the rotation velocity of the particle. We established a scaling law for the
lift coefficient that is proportional, as expected, to the Weissenberg number, but also to the difference in rotation velocity between
the viscoelastic and Newtonian cases. If the particle rotates more rapidly than in the Newtonian case, it migrates towards the wall;
conversely, if the particle rotates more slowly than in the Newtonian case, it migrates towards the center-line of the channel. Finally,
experiments in microfluidic slits confirmed migration towards the wall for viscoelastic fluids with high viscosity ratio.
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1. Introduction

Microfluidics has revolutionized the manipulation and char-
acterization of particles at the microscale, enabling a wide range
of applications in biology, chemistry, and materials science.
Understanding the behavior of particles in microfluidic systems
is crucial for optimizing device performance and achieving de-
sired outcomes such as sorting and characterization of parti-
cles. Following pioneer observations by Karnis and Mason [1],
revisited in the context of the emergence of microfluidic de-
vice by Leshansky et al.[2], the role of the viscoelasicity of
the suspending fluid on particle dynamics has been investigated
in details during the past decades (see for reviews references
[3, 4, 5, 6, 7]). One of the most interesting features of confined
viscoelastic flows is related to the existence of lift forces acting
on solid particles, generally directed towards the center-line of
the flow. These forces are very sensitive to the particle size,
so that they could be used for particle sorting and separation
applications.

The viscoelastic lift force in a pressure driven flow originates
from the normal stress distribution around the particle, which
is unbalanced due to the fact that the shear rate is non uniform.
This heuristic argument allows to write that the transverse elas-
tic force Fe scales as Fe ∼ r3∇N1, where r is the particle radius

and ∇N1 the gradient of the first normal stress difference [2, 8].
By balancing this force by the viscous drag, one expects that the
migration velocity should be given by VM ∼ Wizr2/H3, where
Wi is the Weissenberg number defined as the product of the vis-
coelastic relaxation time by a mean shear rate, H is the channel
size (or tube diameter) and z the distance to the mid-plane (or
center-line). This scaling argument has been confirmed by an-
alytical predictions [9, 10], numerical calculations [8] and ex-
periments [11, 12].

Beyond this heuristic argument, a more nuanced understand-
ing of the interplay between particles and viscoelastic shear-
thinning fluids has emerged through extensive numerical simu-
lations, shedding light on a complex picture, even in the absence
of inertia.

Numerical investigations by Huang et al. [13, 14] have ex-
plored the dynamics of particle migration in viscoelastic fluids
exhibiting shear thinning. Contrary to the scaling argument pre-
sented above, particles in such fluids exhibit migration patterns
that deviate from the traditional center-line orientation. Indeed,
they can either migrate toward the center-line or the walls, re-
sulting in the formation of an annular particle-free zone at in-
termediate radii. This result was obtained within the frame-
work of the Oldroyd-B model coupled with the Carreau-Bird
viscosity model in a two-dimensional pipe flow. Extending this
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exploration into three dimensions, D’Avino et al. [8] com-
puted the migration of particles in a pipe using the Giesekus
model, wherein both the first and second normal stress differ-
ences (N1 and N2) were characterized by shear-thinning behav-
ior. The results revealed that the direction of migration depends
on both the initial position of the particles and the degree of
shear-thinning. Experiments in square capillaries corroborated
these results: particles migrated either towards the center-line
or the corners of the capillary according to the degree of shear-
thinning [11].

Constitutive models for viscoelastic fluids split the stress ten-
sor into polymeric and solvent components, enabling the intro-
duction of the viscosity ratio, denoted β, and defined as the ratio
of the solvent viscosity to the sum of polymeric and solvent vis-
cosity. Curiously, this parameter has been treated as a constant
in numerical simulations [13, 14, 8, 15], despite its potential
to vary by several orders of magnitude in experiments [11] and
microfluidic applications. This is probably due to the numeri-
cal computation challenges associated with the viscoelastic lift
force remaining small at low Weissenberg numbers, requiring
specific mesh refinements that are quite costly. Consequently,
existing simulation outcomes are confined to a limited num-
ber of instances, and comprehensive parametric studies are cur-
rently unavailable.

In this paper, we demonstrate that the viscosity ratio of vis-
coelastic fluids plays a crucial role in determining the direction
of migration of individual particles in Poiseuille flow. We em-
ploy the Olroyd-B constitutive model within a two-dimensional
approximation of the geometry, allowing much faster calcula-
tions and a complete parametric study of the problem. First, we
outline the numerical methods used for computing the lift of
a freely moving solid disk. Second, the impact of the Weis-
senberg number and viscosity ratio on the lift coefficient is
shown. Finally, using experiments in a microfluidic slit, we
confirm that increasing the viscosity ratio of a polymeric so-
lution leads to a reversal in the direction of particle migration.

It is important to note that, throughout this discussion, the
term used to describe the object will be interchangeable, en-
compassing disk, cylinder, or particle. This interchangeabil-
ity is contingent on the perspective, where geometrically it is
viewed as a disk, numerically as a cylinder, and experimentally
as a particle.

2. Numerical model

2.1. Geometry and boundary conditions

As depicted in Figure 1, the geometry considered is a rect-
angular domain of height H and length L = 20H, in which a
solid disk of diameter d = 2r = αH was placed at a horizon-
tal position of 5H from the inlet and a position zpH from the
mid-plane. In this study, the confinement ratio α was set to 0.1
and was not varied. In the following, all the distances are made
dimensionless by diving by the channel height H. The position
zp was systematically varied between 0 and 0.35 as the problem
is symmetric.

Upper wall

Bottom wall
5H                            15H

Hinlet outletUi zp

Ux
r

X

z
z = 0.5

z = -0.5

Figure 1: Problem definition of a rectangular domain of height H, length
L=20H, with a free flowing disk, located at x=5H and z=zp. Ui is the inlet
velocity of the plug flow, Ω and Ux the rotational and translational velocity of
the particle, respectively.

The flow is assumed steady and the Reynolds number very
low, i.e. Re ≈ 0. In that case, it is worth noting that the de-
velopment length L of the flow to reach the parabolic velocity
profile of the Hagen-Poiseuille flow is of the order of H, much
smaller than the length 5H considered. The flow upstream the
particle is thus fully developed.

The boundary conditions are depicted in Figure 1. At the
inlet, a plug flow velocity is applied, i.e. the velocity field writes
u = (Ux, 0), and an outflow condition is applied at the outlet. A
no-slip condition is applied at both top and bottom walls.

2.2. Governing equations
The flow is simulated using OpenFOAM®, along with the

RheoTool package [16], dedicated to solve non-Newtonian flu-
ids, among others. To enhance stability and convergence speed,
the steady solution is achieved by obtaining a long-term solu-
tion to an unsteady problem, thereby retaining the time deriva-
tives in the governing equations. In the present case, the
unsteady incompressible Stokes equations are solved for an
Oldroyd-B fluid:

∂tu =
1
ρ

(−∇p + ∇ · σ) (1)

with u the velocity field, ρ the fluid density, p the pressure and
σ the stress tensor which is split into the solvent and polymeric
stress τ

σ = 2ηs D + τ (2)

with ηs the solvent viscosity, and D = [∇u + (∇u)T ]/2 the de-
formation tensor.

Considering an Oldroyd-B fluid, the polymeric stress writes:

τ + λ
∇
τ = 2ηpD (3)

with λ the relaxation time of the fluid, ηp the polymeric vis-

cosity, and
∇
τ the upper-convected derivative of the extra-stress

tensor τ:
∇
τ =
∂τ

∂t
+ u · ∇τ − ∇uT · τ − τ · ∇u (4)

At steady state, and in the limit of small Reynolds numbers,
the above set of equations only involve two parameters, the sol-
vent viscosity ratio β (= 1 for a Newtonian fluid),

β =
ηs

ηp + ηs
(5)
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and the Weissenberg number Wi,

Wi =
3λUx

2H
=
λumax

H
(6)

where umax is the maximum velocity in the midplane of the un-
perturbed Poiseuille flow.

In order to minimize the numerical instabilities that can be
observed in viscoelastic fluids simulations, the above equations
are solved using a log-conformation tensor [17], using a semi-
coupled solver (p − u coupled and τ segregated).

2.3. Free flowing particle algorithm

A neutrally buoyant spherical particle, that is freely advected
in a circular or plane Poiseuille flow, lags behind the fluid ve-
locity at a scale proportional to the square of its diameter, i.e.
α2, and exhibits a rotational velocity Ω = 4zpumax/H [18]. In
assessing the lift force experienced by a free-flowing particle
using a stationary approach, we chose a static reference frame
fixed with respect to the particle. In this context, it is neces-
sary to impose boundary conditions to recreate a free-flowing
state for the particle. Essentially, ensuring free-flowing condi-
tions involves cancelling drag, lift and torque forces acting upon
the particle. Here, we chose to cancel only drag and torque
forces, in order to retrieve the lift force, by adapting both the
x-component of the particle velocity up · ex and its rotational
velocity Ω.

The appropriate no-slip boundary conditions around the
particle are linked to up and Ω. Determining these is not
straightforward and cannot be known beforehand. To over-
come this challenge, we used an iterative algorithm (see Al-
gorithm 1) informed by a multivariate optimization approach;
the scipy.optimize.root function from the SciPy toolbox [19].

This iterative method finely adjusts the particle’s rotational
and x-translational velocities until both torque and drag forces,
respectively, are counterbalanced. On reaching this equilib-
rium, only lift force remains as the dominant force acting on
the particle.

Algorithm 1 Free-flowing algorithm to retrieve the lift coeffi-
cient and rotation velocity. T and FD are the torque and the
drag force, respectively.

1: up = Ω = 0 .
2: while T and FD > 10−12 do
3: Run simulation with up · ex , 0 and Ω , 0
4: Get new T and FD

5: Adjust up · ex and Ω
6: end while
7: Retrieving FL

Typically the hybrd routine, serving as the method within the
optimization algorithm, takes approximately 6 to 13 iterations
to converge to the roots, i.e. cancelling both torque and drag
forces acting on the particle.

Figure 2: Illustration of a subdomain centered on the disc, depicting a mesh
generated using a block strategy with notable refinement around the particle
boundary. The mesh for the entire domain, not depicted in this figure, comprises
approximately 150k cells.

2.4. Validation of the model

Special attention was given to the meshing strategy of the
domain, resulting in meshing a disk inside a rectangle using
quadrangle cells. To do so, the domain was divided into boxes
as pictured in Figure 2 with a significantly refined mesh gener-
ated in the so-called Region Of Interest (ROI), near the particle
boundaries, using the mesh generator software GMSH [20].

This meshing strategy has 2 major assets: the refinement is
progressive and preserves the shape of the elements while the
symmetry with respect to the x-axis is also preserved.

This last condition is very important when dealing with the
across streamline migration, as the force F exerted on the par-
ticle:

F =
∫

S
(pI + σ) dS (7)

is derived from the integral of the stress on the surface of the
particle S which can be many orders of magnitude lower than
the drag force and thus, close to the numerical error caused by
the mesh asymmetry.

It is also worth noting that the height of the ROI box is fixed
and is arbitrarily set to two particle diameters and hence the
maximum z-value of the particle center is zp = 0.35.

Mesh convergence analyses were then performed and sim-
ulations involving the flow of a viscoelastic fluid around an
fixed and confined cylinder were run to validate the numerical
calculations. The literature abounds with reference results for
Oldroyd-B fluid models in such geometry, facilitating a thor-
ough comparison. Consistency with prior investigations was
maintained by adopting a confinement ratio (α = 0.5), posi-
tioning the center of the disk at zp = 0, and specifying a sol-
vent viscosity ratio of β = 0.59, as specified in previous studies
[21, 22, 23, 24]. The computed drag coefficient across Weis-
senberg numbers ranging from 0.1 to 1.2 was benchmarked
against the established data and depicted in Figure 3, demon-
strating excellent agreement.
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Figure 3: Drag coefficient experienced by a fixed cylinder in a planar flow of
an Oldroyd-B fluid with α = 0.5, β = 0.59, and zp = 0.
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Figure 4: Longitudinal and rotational velocity of the particle in an Oldroyd-B
fluid at low Wi as a function of the z-position with α = 0.1, β = 0.001 and
Wi=7.5 10−4.

Furthermore, Figure 4 presents a comparison between the
longitudinal and rotational velocities of the freely moving par-

ticle obtained in our study and the analytical solution proposed
by [25]. The analysis covers a z-position ranging from 0 to
0.35 with α = 0.1, Ux = 0.01, β = 0.001, and Wi = 7.5 10−4.
For a z-position close to the channel center, both longitudinal
and rotational velocities are close to the ones observed in New-
tonian Poiseuille flow, but deviated from them when moving
away from the channel center. This deviation, also analytically
observed by [25], was well caught by the present numerical
model.

3. Results and discussion

3.1. Lift coefficient at low β

We first computed the lift coefficient CL in the low β =
ηs/(ηp + ηs) regime, i.e. for polymer solutions where the poly-
mer viscosity is much greater than that of the solvent, and a
fixed cylinder diameter (α = 0.1). Figure 5 shows CL as a
function of the Weissenberg number Wi and the position of the
cylinder, zp, for β = 10−3. In agreement with theoretical [9],
numerical [4], and experimental [12] results obtained in the
low β limit, CL was negative (i.e., particles migrate towards the
center) and proportional to Wi. It was also proportional to zp

for zp < 0.2. Close to the wall, the variation of CL was more
pronounced due to the proximity of the wall.

While it is not relevant to compare the order of magnitude
of the lift forces between our 2D simulations and the previous
3D results, it is nevertheless worthwhile to verify that the lift
velocities in both cases, which result from the transverse force,
remain on the same order of magnitude in the low β regime.
In 3D, CL ≃ −15α2Wiz [12], and the lift velocity Uz can be
obtained by balancing the lift force with the drag force in the
lateral direction, i.e. Uz/Ux = CL/CD ≃ 0.8Wiα2z (with CD =

6π). In 2D, the drag coefficient is much higher, CD ≃ 130 for
Wi = 0.1, Figure 3. We found that the normalized lift velocity
Uz/Ux = CL/CD ≃ 3.3Wiα2z. Therefore, the lift velocity of
a cylinder (in 2D) is higher than that of a sphere in 3D, but
remained of the same order of magnitude. In summary, at low
β, we found a lift force in good agreement with previous works,
proportional to Wi and zp, and directed towards the mid-plane
of the channel.

3.2. Reversal of direction of migration with β

Surprisingly, we found that the direction of migration de-
pends on the viscosity ratio β. Figure 6 shows that CL under-
goes a transition from negative to positive when β exceeds 0.08,
meaning that the disk migrates towards the wall instead of to-
wards the mid-plane as was the case for lower values of β. For
β < 10−2, CL varies little with β. This asymptotic behavior
derives directly from the Oldroyd-B model, since the contri-
bution of the solvent to the stress is negligible as compared to
the polymeric stress for low β. Around β = 0.5, the lift coef-
ficient exhibited a maximum and then seemed to decrease to-
wards zero when approaching unity. This limit is also expected
when β → 1, since the physical origin of the lift force lies in
the polymeric stress, which becomes negligible in this limit.
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Figure 5: Lift coefficient for β = 10−3. Top: as a function of Wi at zp = 0.15.
Bottom: as a function of zp for Wi = 10−2. Dashed lines are the best linear fit
to the data.
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Figure 6: Lift coefficient as a function of β for Wi = 0.01, zp=0.25.

In the regime of positive lift (for β > 0.08), the lift force,
akin to the negative lift regime, exhibits a linear dependence on
both Wi and zp, especially for Wi < 3 × 10−2 and for zp < 0.2,
Figure 7. Consequently, the expression of CL as a function of
Wi and zp [9, 4, 12] can be generalized to low and high β regime

by considering that the prefactor K depends on β,

CL = K(β)Wiα2zp (8)
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Figure 7: Top: lift coefficient versus Wi for β=0.1 and 0.5 at zp = 0.25. Bottom:
lift coefficient versus zp at Wi = 0.01 and β=0.5. Dashed lines represent the
best linear fits to the data.

The reversal of the migration direction with β contrasts with
phenomena arising from the shear-thinning properties of the
viscoelastic liquid [13, 14, 8]. In this scenario, a critical po-
sition zp exists at which particles can migrate either towards
the wall or towards the center-line of the flow. In contrast, the
direction of migration remains uniform regardless of zp vari-
ations when β changes. Our results contrast the original ana-
lytical predictions for a second order fluid [9], for which the
non-Newtonian behaviour is limited to non-zero normal stress
differences N1 and N2. The direction of the lift could also
be changed, as demonstrated in [9], where it was found that
CL ∼ N1−2N2. However, since in most cases N1 ≫ N2 (N2 = 0
for the Oldroyd-B model used here), the sign of CL remains
negative. Both results therefore cannot be reconciled.

This reversal of the direction of migration with β is initially
surprising, since the solvent viscosity ratio generally does not
play a strong role in viscoelastic phenomena. However, let us
mention the recent work of [26], who emphasized the influence
of the solvent viscosity ratio using the Oldroyd-B model, on
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the drag generated by a cylinder. At low β, stagnation zones
were observed past the obstacles, due to the coupling between
polymer conformation (viscoelastic stress) and the global stress
field. These arrested zones were significantly smaller at high β.

Overall, we could draw the conclusion that the value of the
lift coefficient, and even its sign, strongly depends on the details
of the rheological model used.

3.3. Reversal of direction of migration and particle rotational
velocity

To gain insights into the physical reasons for the change in
sign of the lift coefficient with β, we conducted a detailed in-
vestigation of the perturbation of the velocity and stress fields
induced by the rigid cylinder in various scenarios. Despite mi-
nor variations, conclusive findings could not be obtained. How-
ever, we found a strong correlation between the variations of
CL and the angular velocity Ω with β. Figure 8-a shows a slight
increase (less than 1%) inΩwith β. Notably, for β ≃ 0.1, where
the change of sign occurs, Ω is equal to that of the Newtonian
case, resulting in no lift force. Higher angular velocities yield
positive lift, while lower ones induce negative lift.

This correlation between angular velocity and lift force is
reminiscent of the inertial lift force [27, 28], for which it is well
established that CL = f (Re)Vs (Ω −Ωe) where Ωe is the angu-
lar velocity of the particle (or cylinder) at the equilibrium trans-
verse position, Vs is the slip velocity, and f (Re) a pre-factor
which depends on the Reynolds number. We adapted this con-
cept to the viscoelastic lift by considering that the reference
velocity of rotation Ωe is given by the Newtonian case. Figure
8-b shows that CL is proportional to (Ω−Ω0) r

Ū for fixed Wi and
zp. CL changes sign when Ω − Ω0 also changes sign, which is
when β ≃ 0.08. We found that the pre-factor is a power law of
Wi, allowing us to write that

CL = 9 (Ω −Ω0)
r
U

Wi−0.37. (9)

Figure 8-c shows the validity of this equation for two dif-
ferent positions of the particle (zp = 0.15 and 0.25) and Wi
ranging from 3.75× 10−3 to 0.15. The basis for this linear scal-
ing of CL with Ω − Ω0 can be justified by recalling that vis-
coelasticity breaks the symmetry of the Stokes equations. Con-
sequently, changes in the rheology of the fluids modify the rota-
tional velocity of the particle compared to the reversible New-
tonian case. Depending on whether the particle rotates quickly
or slowly, the migration direction will vary accordingly.

3.4. Experimental evidence of migration towards the wall
Finally, we attempted to observe experimentally the migra-

tion towards the walls in the high β regime. We took advantage
of the experimental set-up and methodologies presented in our
previous publication [12], which were used to validate the scal-
ing CL ≃ (2r/H)2Wiz in the low β regime where the particles
were focused in the median plane of the flow. Briefly, a di-
luted suspension of neutrally buoyant 10 µm diameter particles
was injected under controlled pressure flow in a 100× 1000 µm
slit of 5 cm length. The probability density function (PDF) of
the z-position of solid particles at different travelling distances
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x from the inlet was measured by fluorescent microscopy, see
details in [12]. Formulating the viscoelastic fluid for conduct-
ing experiments at high solvent viscosity posed significant chal-
lenges. We had to obtain a shear-rate independent shear vis-
cosity, ensure that the fluid density matched that of the par-
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ticles, and carefully select the appropriate quantity of solvent
to maintain polymer solubility. Striking the right balance was
crucial, as an excessively high solvent viscosity could result in
extremely slow migration, requiring the use of excessively long
channels and applied high pressure. Finally, we diluted a sus-
pension of HPAM (CAS 9003-05-8) with an averaged molar
mass of 150 kDa at 0.5% in a 30/70 w/w water/glycerol mix-
ture (ρ = 1190 kg/m3). The viscosity was determined by stan-
dard rheometry (cone-plate geometry on a TA DHR3 rheome-
ter) and was found to be rate-independent, η0 = 54.3 mPa s,
β = 0.4, Figure 9-a. The relaxation time λ was measured by
capillary breakup experiment (CaBER) (see details in [12]) and
was λ = 2.14 ms, Figure 9-b.

The PDFs of the particle positions indicate an uniform distri-
bution at the inlet (x = 7 mm), which slightly decreases in the
center of the channel and doubles in regions close to the wall
(z = ±40 µm) as we move further from the inlet, Figure 9-c.
This result clearly demonstrates that the particles migrated to-
wards the wall in the presence of this viscoelastic fluid with a
high solvent viscosity. The fact that the PDF remains relatively
flat even far from the inlet is also consistent with the decrease in
the lift force, approaching zero at the mid-plane of the channel.
The absence of particles at the walls (z = ±50 µm) could be at-
tributed to the significant interactions between the wall and the
particles in the vicinity of the wall. However, this aspect was
out of the scope of our numerical investigations.

4. Conclusions

We showed in the present study that the lift force, responsible
for viscoelastic migration, had a complex dependency on rheo-
logical model parameters. In the limit of low solvent viscosity
ratio - which represents the case of very long polymer chains -
the results were in good agreement with the literature: the lift
coefficient is proportional to the Weissenberg number and to the
particle position. It is therefore proportional to the local shear
rate of the unperturbed flow and leads to migration towards the
center of the channel.

However, we have evidenced that the lift coefficient also de-
pends significantly on the viscosity ratio β, decreasing when β is
increased and strikingly changing sign for β > 0.08. For these
high β values, which correspond to very dilute polymer solu-
tions in viscous solvents, the positive lift coefficient indicated
a migration towards the wall. This dependency on β clearly
showed that the viscoelastic lift force was not simply given by
the gradient of the first normal stress difference over the par-
ticle, but is sensitive to all the model parameters. Despite the
physical reasons for this sign change of the lift coefficient re-
maining unclear, we noticed a robust linear correlation between
the lift coefficient and the angular velocity difference with the
Newtonian case, for a given Weissenberg number. The linear
coefficient exhibited a decreasing power law variation as a func-
tion of Wi. This correlation resembles the one found for inertial
migration in pressure-driven flow (Wi = 0, Re = O(1)), where
similarly, the lift coefficient is proportional to the angular ve-
locity difference with that at equilibrium positions.
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Figure 9: Experimental results obtained from HPAM 0.5% w/w in a water-
glycerol 30-70% w/w solution, denoting a high solvent viscosity β = 0.4. a)
Flow curve obtained by rotational rheometry, cone-plate 1°: η0 = 54.3 mPa.s.
b) Relaxation time from capillary break-up experiment, 4 mm cylinder: λ =
2.14 ms. c) Probability density functions (PDFs) of the z-position of 10 µm
particles in a slit having a height of 100µm at Wi=0.008. x is the distance from
the inlet.

The change of sign of the lift force when β is varied was qual-
itatively checked experimentally: a positive lift was found for a
polymer solution having a high solvent viscosity ratio, leading
to particle accumulation close to the walls of the microfluidic
channel. This result indicates that although the numerical re-
sults were obtained in 2D, the above conclusions are valid in
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3D, at least qualitatively. Their extension in 3D remains one
of the most important perspectives of this work. Moreover, the
apparent dependence of the lift on the details of the constitutive
stress-strain relation of the system suggests a need for system-
atic studies involving more complex viscoelastic models.
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