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ABSTRACT

Fluid propulsion by natural cilia is governed by their asymmetric motion. For artificial cilia driven by an external
force, this asymmetry comes from the shape of the applied force and the initial shape of the cilium. For shear-thinning
liquids such as saliva, which are deformation rate dependent, the motion can also become asymmetric due to different
time-scales of the forward and the backward stroke. Using numerical simulations, we show that the time-scales can be
controlled by the applied force amplitude. The model we use to describe the saliva behavior is based on rheological
measurements we have performed on human whole saliva. We observe three times higher flow rates for saliva than for
a Newtonian liquid with the same actuation and comparable cilia deflection. The dynamics of the cilium are also

different.

1. INTRODUCTION

Fluid transport in systems with small dimensions is generally governed by viscous forces. Therefore many
propulsion mechanisms we are used to in our daily life cannot be applied at small scales since they rely on
inertial forces instead of viscous forces. Nature has found several mechanisms for transporting fluid at the
sub millimeter length-scale, one of them being cilia which are small moving hairs. The cilia move in a cyclic
manner and the path followed during the cycle determines the propulsion. If the path followed is symmetric,
no net fluid flow is generated; if on the other hand the path is asymmetric, a net fluid flow results, since more
material is transported in one direction than in the other. Since fluid transport by natural cilia is quite
effective, many research groups mimic nature and build artificial cilia [1-5]. The main application of these
artificial cilia is fluid transport in lab-on-chip devices for clinical diagnostics.

The artificial cilia are actuated by a magnetic force which governs the motion of the cilia, in combination
with its initial shape Since asymmetry of the motion of the cilia is the objective, this force is tailored in such
a way that the cilia move asymmetrically. Many different approaches have been introduced to fabricate
magnetic artificial cilia among which are chains of self assembled magnetic beads [6], connected beads [2],
magnetic rods [4,7] and polymer flaps filled with magnetic particles [3,8].

Up to now most experimental and modeling research on ciliary flow has been using Newtonian liquids such
as water or oil. A large group of fluids relevant for lab-in-chip devices, such as saliva and mucus but also
synthetic polymer solutions, do not behave Newtonian because their viscosity is shear rate dependent or
viscoelastic. The fluid flow of such non-Newtonian liquids induced by cilia may be fundamentally different
from that in a Newtonian liquid and could even result in an enhanced net flow, since the non-constant
viscosity can lead to different dynamics of the system.

The objective of this work is to study cilia dynamics and their induced flow in a non-Newtonian liquid using
numerical simulations. The model liquid we will use is human whole saliva, which is a shear-thinning fluid.
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Since the amount of experimental rheological data present in literature is not large [9], we also present new
rheological data.

The paper is structured as follows: in Section 2 the model of a cilium in a channel will be explained, Section
3 contains the methods used for determining the saliva viscosity, Section 4 presents the results from the
experiments and the simulations and the main conclusions are stated in Section 6.

2. MODEL

We model a periodic array of cilia in a two-dimensional channel, see Fig. 1. Only one cilium is modeled and
periodic boundary conditions are applied for the velocity. The cilium is fixed at the bottom of the channel.
Both the fluid and the cilium are inertialess, incompressible and are modeled as a continuum. Initially the
cilium stands straight on the lower wall.

§
Figure 1: The modeled periodic domain with a single cilium. The fluid domain ({y), grey solid domain (£),) and the

cilium boundary (I};) are indicated in the figure. The cilium has length L and thickness t, the domain is square and has
dimensions (2L X 2L).

The cilium is modeled as a neo-Hookean solid, the fluid either as a Newtonian liquid or as a shear-thinning
liquid. This leads to the following equations of motion for the cilium and surrounding fluid:

V-o;=fs in Q4 (1)
det(F)—1=0 in Q, 2)
V-o;=0 in O 3)
V-u=0 in Qf (4)
u-d=0 onT; (5)
n-o;,—n-o;=0 onlj (6)

where g is the Cauchy stress in the solid, f is the actuation force density applied on the cilium, det (F) is
the determinant of the deformation gradient tensor F = Vd, o¢ is the Cauchy stress in the fluid, u is the
fluid velocity, and d is the displacement rate or solid velocity. The solid stress is given by a5 = G(B —1T) —
psl, where Gis the modulus of the solid, B = F - FT is the Finger tensor, I is the unit tensor, and p; is the
solid pressure. The fluid stress is given by a¢ = 2nD — p¢l, where 7 is the viscosity which reads for a shear-
thinning fluid:

. Mo — Noo

where y is the shear rate, 714, is the viscosity at infinitely high shear rate, 1, the viscosity at zero shear rate, 4
the time-scale at which the viscosity becomes rate dependent, and n the parameter giving the slope of the
shear thinning region. The case n = 1 represents a Newtonian fluid with n = n,. The fluid stress is also a

function of D = %(L + LT) which is the rate of deformation tensor with L = Vul, and ps the fluid pressure.

The actuation force will only be applied in the horizontal direction.

The two-dimensional modeling is only valid if the channel and cilium width are much larger than the channel
height and cilium length. Although this is usually not the case for a single cilium, it is true for a collection of
cilia moving together in a wide channel. Obviously three dimensional actuation and motion of the cilia is
also not possible, hence the results shown in this study cannot be compared with experiments involving
three-dimensional motion. A 3D model requires significantly more computational effort compared to a 2D
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model and since we are more interested in the fundamental differences between the two constitutive relations
than in a comparison between simulations and experiments, we perform 2D simulations.

2.1 Scaling analysis

Scaling the governing equations gives relevant information about the expected velocity, displacement and
time-scale in the system. By introducing a characteristic velocity U, displacement D, gradient o time-scale

tref, and actuation force per cilium volume f, , the following non-dimensional groups appear:

GD?
R, =—, 8
1 foL3 ()
Utref
R, =—=f 9
= ©)
GD
R; = —. 10
3= 0L (10)

Since the typical velocity, displacement and time-scale do not follow from essential boundary conditions,
they are part of the problem, and the non-dimensional groups above must all be unity. This leads to the
following expressions for D, U, t,qf:

foL (11)
D x TL'
v oo 12
m—
n 1 (13)

tref X = .
ref G\/E
G

From equations (11)-(13) it is clear that the characteristic parameters of the system depend on the material
properties and the geometry, and also on the applied force. For a shear-thinning fluid, in contrast to a
Newtonian fluid, also the time-scale at which the force is applied determines the characteristic parameters, in
particular the characteristic velocity U and time-scale t..s. The reason is that the viscosity appearing in
equations (12) and (13) is then not constant but depends on the shear rate, and hence on the loading rate. In

that case the characteristic velocity and time-scale can only be computed after the characteristic viscosity is
. .U L : .

known. If we define a characteristic shear-rate by y = = %, then we obtain a characteristic shear stress

of 7, = n(¥)¥ = foL. The characteristic shear-rate and viscosity at this shear stress can now be found in

Figure 2, where a typical viscosity and corresponding shear stress profile are given for a shear-thinning fluid.
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Figure 2: The viscosity (dashed line, left axis), as shear stress (solid line, right axis) for a shear-thinning fluid. Three
regions are present: (1) Newtonian low shear-rate plateau, (2) shear-thinning region and (3) high shear-rate plateau.

Although it is important to get estimates of the characteristic displacement, velocity and time scale, it is
much more interesting to see the influence of changes of these variables due to the changes in f; because this
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is the parameter that can be controlled in practice. In shear-thinning fluids, three regions can be distinguished
(see Figure 2): region 1 where 7y, and y are low and 7 is high and independent of y, region 2, where n
rapidly decreases with increasing shear-rate, this is the shear-thinning region, and region 3 where 7,,, is large
and the viscosity independent of y, but lower than in region 1. A change of f; within regions 1 and 3 will
only result in a small change of characteristic time-scale, velocity and displacement as given by equations
(10)-(12); the viscosity remains the same however, hence this situation is the same as for a Newtonian fluid.
In the second region a change in f; leads to large changes in 7 and therefore the characteristic velocity and
time scale will change too as can be seen in equations (12) and (13), far more than in the first and third
region.

We anticipate that, for the effect of the non-Newtonian behavior to be largest, possibly resulting in enhanced
net flow, the dynamic contrast between the forward and the backward stroke of the cilia should be large, and
therefore different forces should be applied shifting back and forth between different positions in region 2 of
Figure 2. To study this, we propose the following actuation scheme; apply a large actuation force f; for a

time At; as forward stroke and a smaller force f, for At, as a backward stroke. Both forces only act in
fi_ AL
2 Aty
At,. Since the characteristic time-scale is t.of, and the typical time-scale of applying the force are At; and
At,, two new dimensionless groups appear:

horizontal direction, and are related as follows: . We therefore have three free parameters: f;, f, and

tref

R = —

v= 3 (14)
Lref

R = —

5= 2t (15)

which give the ratios of the characteristic time-scale of the system to the time-scales of the applied force. If
both are smaller than unity the cilium moves to its steady state position and remains there for the remainder
of the stroke. If R, or R are larger than unity the steady state position is not reached before the end of the
applied force. See Figure 3 for a schematic view of the two situations.
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Figure 3: Cilium tip velocity as function of time for R, < 1,Rg < 1 (left) and R, > 1,Rg > 1 (right).

15 2

From the scaling analysis it follows that for a given system, the actuation force governs the time scale of
movement, i.e. it controls the dynamics of the system. In particular, if the two non-dimensional numbers Ry
and Rs are different, the dynamical behavior of the system is different between the forward and the backward
strokes, which can lead to asymmetric cilia motion. This is true for a Newtonian as well as for a shear-
thinning fluid. However for a shear-thinning fluid this difference can be much more pronounced since the
characteristic time scale t.or itself depends on the time scale of the applied force through its viscosity
dependence, as explained above. The relation between R, and R is as follows:

Ry =1 lg
UPNDE
where 1, and 7, are the typical viscosities in forward and backward stroke respectively. So the force ratio
has a smaller influence on the difference in dynamics during forward and backward stroke than the viscosity
ratio. Hence even for small force ratios large differences in dynamics can be apparent when the fluid is
shear-thinning.

(16)

2.2 Computational model
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The set of governing equations (1-6) is solved with the extended finite element method. The interface
conditions (5-6) are imposed by a new interface coupling scheme recently developed by the authors [10].
This scheme is based on the embedded Dirichlet boundary condition method by Gerstenberger and Wall
[11]. We use a bi-quadratic interpolation for the velocity and displacement and bi-linear interpolation for the
fluid and solid pressure.

3. MATERIALS AND METHODS

The rheology of human whole saliva (WHS) is tested using an ARES 902-30004 rheometer of Rheometric
Scientific. A plate-plate setup (50 mm diameter plates) was used. Of five test subjects saliva was collected by
letting them drool into a plastic cup. The drooling prevented much of the air bubbles, which are usually
present in saliva and hence homogeneous samples were obtained. The donors were instructed not to eat or
drink anything other than water for one and a half hours before the test. Directly after donation, 2-3 ml of
saliva was pipetted in between the plates of the rheometer. Then a series of steady-state shear tests were
performed where the steady-state viscosity was measured after 50s of shearing at shear-rates of 1 up to 500
1/s. The series were performed four times, where the results from the first set were disregarded, since they
always showed lower and non-reproducible viscosities. The most likely reason for this behavior are air
bubbles, which are broken up at the high shear-rates of the first series. The results of the remaining three
series were reproducible. Initial tests in which the viscosity was recorded from the commence of shearing
showed that it took 50s to reach steady state, hence the steady state viscosity was recorded only after 50s.

4. RESULTS

Viscosity (Pa's)
Wiscosity (Pas)

107 10 10' 10 10° 10 10 10 1 10 10 10
Shear rate (5'1} Shear rate (5'1)

Figure 4: Left: The measured saliva viscosity for all test subjects, showing clear shear thinning. The error bars indicate
the standard deviation. Right: A single measurement of saliva of only one test subject over a wider range, showing a
low shear-rate plateau of 70 Pas. Measurements at higher shear rates were not possible due to fluid inertial effects.

The saliva rheology data is shown in Figure 4 on the left. The error bars indicate the standard deviation of all
measurements and test subjects and is due to differences between the subjects, not between different
measurements of the same sample. This shows that the test method used is reproducible. It is also clear that
saliva is extremely shear thinning, since the viscosity declines rapidly over this range of shear rates, whilst
no zero-shear rate plateau and infinite shear rate plateau is found. A wider range of shear rates has been used
for only one test person and is shown in Figure 4 on the right. It shows the remarkably high zero shear rate
plateau of 70 Pa-s. It is expected that the viscosity remains constant at 1 m - Pas at higher shear rates,
which is the viscosity of water. A fit of Equation (7) to this measurement yields n = 0.2, = 70 Pa - s,
New = 1mPa-s, A =100s.

We have carried out simulations for a Newtonian liquid with 7 = 0.1 Pas and a shear thinning liquid with the
parameters above. The domain is 1 mm X 1 mm, the cilium is L X ¢ = 0.5 mm X 10 um and the actuation
force is varied in order to investigate its influence. Simulations have been performed for 20 cycles, in order
to exclude transient effects.
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Simulations have been performed for At; = 0.02 s, 4t, = 0.04 s and for two different actuation forces f; =
2-10°N/m3 and f; = 4-10°N/m3. This resultsin f, = 1+ 10°N/m3 and f, = 2 - 10°N/m3.

The cilium trajectories for both the Newtonian and shear-thinning fluid and an actuation force of f; =4 -
10% N/m3 are shown in Figure 5. The red positions are obtained during forward motion, the blue positions
during backward motion. While the path of the cilium is more or less symmetric around the initial
configuration for the Newtonian fluid, the path in the shear-thinning fluid is tilted in the forward stroke
direction. This is a direct consequence of the different viscosities and time-scales during the forward and
backward stroke. Since the forward stroke involves a higher force, the time-scale is shorter and hence there
will be more deflection. During the backward stroke the force is lower and the time-scale is larger. For the
Newtonian fluid R, = V2R, for this actuation scheme, so the dynamics are different during forward and
backward stroke. A similar analysis for the shear-thinning fluid requires information on the actual viscosities,
which will be shown in the next paragraph.

Figure 5: The forward (blue) and backward (red) stroke of a cilium in a Newtonian fluid (left) and the shear-thinning
fluid (right). Both have the same actuation cycle with f; = 4 - 105 N/m?3.

A typical viscosity profile at the start of forward and backward actuation is shown in Figure 6, from which it
is clear that the lowest viscosity found in forward stroke is about 10 times lower than the viscosity found in
the backward stroke. This leads to R, = 0.1 v2Rs, so a ten times smaller ratio than for the Newtonian case.
It is also clear that the viscosity itself is not constant over the entire domain, thus leading to different flow
profiles further away from the cilium. This has also been observed by Smith ef al. [12] in a Maxwell fluid,
where particle motion was different for a Newtonian liquid than for the Maxwell fluid.

Figure 6: The decadic logari;hm of the viscosity at the beginning of forward stroke of tife 11" cycle (left) and at the
beginning of the backward stroke of the same cycle (right).

The net flow produced during one actuation cycle is computed at the 11™ cycle. The path followed by the

cilium is constant for each cycle by then, so no transient effects are observed anymore. The channel width is
taken 1 mm, yielding a square channel cross-section. In addition to the net flow per cycle the net flow per
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minute is given. In order to quantify the efficiency, the ratio of the net flow per cycle and the total flow in
forward and backward direction is taken as the efficiency. For the studied actuation parameters this yields the
following values (Table 1):

Fluid model Body force, f;, (N/m3) | Net flow (ul/cycle) | Net flow (ul/min) | Efficiency (%)
Newtonian 2-10° 3.3-107% 0.33 1.3
Newtonian 4-10° 6.0-10* 0.60 1.2
Shear-thinning 2-10° 2.6-107% 0.26 2.4
Shear-thinning 4-10° 1.9-1073 1.87 4.0

Table 1: Net flow and efficiency results for different body forces and constitutive models.

So flow is generated in all cases, but the flow of a shear-thinning fluid with the same actuation is lower for
the low force and three times higher for the higher force. The efficiency is low in both cases, but for the
Newtonian fluid it is at least 50% lower than for the shear-thinning fluid.
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6. CONCLUSION

The motion of a single cilium in a periodic array has been modeled, both within a Newtonian and a shear-
thinning fluid. Scaling analysis shows that the characteristic displacements, velocities and time-scales of the
system are determined by the solid modulus, cilium length, fluid viscosity and applied force only. Hence for
a system with a given geometry and modulus, the applied force is the only control parameter. The dynamical
response of the cilium to the applied force is determined by the ratio of the characteristic time-scale of the
system itself to the time-scale of applying the load both for Newtonian and shear-thinning fluids. Hence,
applying different forces and loading rates during the forward and the backward stroke can lead to
asymmetric motion of the cilium resulting in a net induced flow. This effect can be much larger for shear-
thinning fluids, and non-Newtonian fluids in general, than for Newtonian fluids due to the shear-rate
dependency of viscosity of the former, causing a different viscosity and hence different characteristic time
scale between the two strokes. We found that, for a particular design of the system, this difference in
dynamical behavior led to three times higher flow rates and a doubling of the efficiency for saliva than for a
Newtonian liquid with the same actuation and comparable cilia deflection.
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