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Abstract In order to improve our understanding of the
self-propulsion of swimming microorganisms in viscoelas-
tic fluids, we study experimentally the locomotion of three
artificial macro-scale swimmers in Newtonian and syn-
thetic Boger fluids. Each swimmer is made of a rigid head
and a tail whose dynamics leads to viscous propulsion. By
considering three different kinematics of the tail (helical
rigid, planar flexible, and helical flexible) in the same fluid,
we demonstrate experimentally that the impact of viscoe-
lasticity on the locomotion speed of the swimmers depends
crucially on the kinematics of the tails. Specifically, rigid
helical swimmers see no change in their swimming speed,
swimmers with planar rod-like flexible tails always swim
faster, while those with flexible ribbon-like tails undergo-
ing helical deformation go systematically slower. Our study
points to a subtle interplay between tail deformation, actua-
tion, and viscoelastic stresses, and is relevant to the three-
dimensional dynamics of flagellated cells in non-Newto-
nian fluids.
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1 Introduction

The fluid mechanics of swimming microorganisms has
been one of the most successful areas of biophysics, and
precise quantitative progress was achieved throughout
the 1970s at the single-cell level (Jahn and Votta 1972;
Lighthill 1975; Brennen and Winet 1977; Purcell 1977;
Childress 1981). Classical work mostly focused on the
relationship between the deformation kinematics of an
organism and its resulting swimming speed in a Newto-
nian fluid. Around the same time, biologists were mak-
ing considerable progress in their understanding of the
different manners in which flagella, the slender cellular
appendages used for locomotion, were actuated by vari-
ous organisms of interests, for both bacteria and eukary-
otes (Bray 2000). With the advancement of high-speed
imaging techniques, microfluidic devices, and modern
microscopy, the field has undergone a recent resurgence
and prompted the fluid mechanics community to ask a
new series of questions on some of the nonlinear aspects
of locomotion (Lauga and Powers 2009; Guasto et al.
2012).

One of the currently active research questions concerns
the locomotion of microorganisms in non-Newtonian flu-
ids. Many problems relevant to biology involve the trans-
port and locomotion in viscoelastic, shear thinning fluids,
for example mucus transport by cilia in our upper lungs
(Sleigh et al. 1988) or the swimming of mammalian sper-
matozoa in cervical mucus (Suarez and Pacey 2006). The
main question under debate in this topic is whether the
non-Newtonian stresses (and their possible time-complex
dependence) are helping microorganisms go faster, or if
instead they hinder locomotion. This is the question we
attempt to answer experimentally in this paper by showing
that there is no universal answer to it.

@ Springer


http://orcid.org/0000-0002-2717-4954
http://crossmark.crossref.org/dialog/?doi=10.1007/s00348-015-1961-3&domain=pdf

97 Page2of 10

Exp Fluids (2015) 56:97

Building on early theoretical work (Ross and Corr-
sin 1974; Chaudhury 1979; Fulford et al. 1998), a series
of asymptotic analyses considered the small-amplitude
locomotion of geometrically simple waving swimmers in
two (Lauga 2007b) and three dimensions (Fu et al. 2007,
2009) in viscoelastic fluids. In this limit, swimming with
a prescribed stroke in a viscoelastic fluid always leads to
a decrease in the swimming speed. A subsequent numeri-
cal analysis of the two-dimensional case showed that for
large-amplitude motion, increase in the swimming speed
was actually possible for certain waving kinematics (Teran
et al. 2010). Other geometries were also considered, in par-
ticular a simplified swimmer made of three spheres (Cur-
tis and Gaffney 2013) or a single sphere with a prescribed
surface velocity (Zhu et al. 2011, 2012). Related theoreti-
cal work includes locomotion in a gel (Fu et al. 2010), in
a two-phase fluid (Du et al. 2012), in a thin yield-stress
film (Chan et al. 2005; Balmforth et al. 2010), in a hetero-
geneous porous-like medium (Leshansky 2009), and in an
inelastic, generalized Newtonian fluid (Montenegro-John-
son et al. 2012; Vélez-Cordero and Lauga 2013). These
theoretical results, taken together, do not show a system-
atic increase or decrease of the locomotion speeds of the
swimmers but instead either one or the other depending
on the type of swimming kinematics considered, the fluid
rheology, and the physics of the coupling between the two.
Note that beyond the relationship between Newtonian and
non-Newtonian swimming, viscoelastic stresses can be
exploited in order to devise new methods for small-scale
force generation (Normand and Lauga 2008), pumping
(Pak et al. 2010), swimming devices (Lauga 2009; Pak
et al. 2012; Keim et al. 2012), and rheological probes (Pak
et al. 2012).

Compared to the large amount of theoretical work, only
a handful of experimental investigations have been devoted
to the question of quantifying locomotion in complex flu-
ids. The first study considered the model worm Caenorhab-
ditis elegans in a Boger fluid displaying elasticity but with
constant viscosity (Shen and Arratia 2011). The change
in the fluid rheology from Newtonian to non-Newtonian
did not affect the swimming kinematics of the organism
and resulted in a systematic decrease in their swimming
speed, in good agreement with the asymptotic investiga-
tions (Lauga 2007b). A second experiment measured the
force-free motion of rotated rigid helices as a model for
the locomotion of bacteria employing helical flagella (Liu
et al. 2011). They showed that while small-amplitude heli-
ces were always slowed down by viscoelasticity, at a criti-
cal amplitude, a modest increase of the swimming speed
was in fact possible. That observation is consistent with the
two-dimensional swimming sheet results at large amplitude
(Teran et al. 2010). A third experiment considered flex-
ible swimmers actuated by an external (magnetic) field in
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a Boger fluid (Espinosa-Garcia et al. 2013). In that case,
and with very little change in the swimmer kinematics, vis-
coelasticity always leads to an increase of the locomotion
speed. Finally, a rotational version of the swimming sheet
model was considered (Dasgupta et al. 2013) and showed
that the locomotion was increased in a Boger fluid but
hindered in a shear thinning fluid. Similar to the theoreti-
cal work, the influence of viscoelastic and shear-dependent
stresses seems to impact swimmers in a manner which
depends strongly on a combination of the fluid rheology
and the kinematics of swimming.

In this paper, we consider experimentally low-Reynolds
number locomotion in two fluids: a Newtonian fluid as well
as a Boger fluid with the same viscosity. We design, fabri-
cate, and measure the locomotion velocity of three swim-
mers displaying qualitatively different swimming kinemat-
ics (flexible vs. rigid; two- vs. three-dimensional; constant
vs. decaying actuation amplitude). We show that, with the
same combination of fluids, our three swimmers show three
different responses to a change from Newtonian to non-
Newtonian: one displays an unchanged swimming speed,
one goes systematically faster, and one slower. These
experimental results allow us to conclusively demonstrate,
in a controlled experimental setting and with unchanged
fluids, that complex fluids affect Stokesian locomotion in a
kinematic-dependent manner.

2 Experimental setup

The three synthetic swimmers we designed for our experi-
ments have similar features and are illustrated in Fig. 1.
They consist of a tail attached to a cylindrical head of cir-
cular cross section. The head is made of polypropylene in
which air is trapped to achieve neutral buoyancy. Each head
includes a permanent magnet (Magcraft, model NSN0658)
with length and diameter of 3.18 mm possessing a rema-
nent magnetic flux, B, = 1.265 £0.015 T. The perma-
nent magnet is encapsulated and fixed in place within the
cylindrical head, allowing control over the locations of the
centers of gravity and flotation. In all cases, a time-varying,
uniform external magnetic field is used to drive the swim-
mers and propulsion is achieved through the motion of the
different tails.

2.1 Swimmer #1: Rigid corkscrew geometry

The first synthetic swimmer is schematically shown in
Fig. la. The permanent magnet is attached to one end of
the plastic head and a rigid metallic helix is glued at the
other end so that the helix axis is aligned with the head
axis. The helical tail is made of steel wire with a Young’s
modulus E ~ 207 GPa, a diameter d = 0.3 mm, pitch angle
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6 = 52°, wavelength 4 = 7.6 mm and tail length L, = 35.7
mm. The diameter and length of the head in this case are
Dj =4.0 mm, and L; = 14.2 mm. The external diameter
of the helix is 2R = 3.5 mm.

2.2 Swimmer #2: Rod-like flexible tail under planar
actuation

A sketch of this second swimmer is shown in Fig. 1b. The
permanent magnet is attached at one end of the tubular
head, while a straight flexible tail is glued at the other end
at the center of the cross section of the cylinder. The tail is
a piece of cylindrical optic fiber of length L, = 25 mm and
diameter d = 125 pm, with a Young’s modulus similar to
that of glass, £ ~ 80 GPa. The diameter and length of the
head are D;, = 5.7 mm and L;, = 14.7 mm. Note that this is
the swimmer used in Espinosa-Garcia et al. (2013).

2.3 Swimmer #3: Ribbon-like flexible tail
under three-dimensional actuation

The third synthetic swimmer used in our study is shown
in Fig. 1c. The permanent magnet is fixed in the middle of
the cylindrical head and both ends of the head are sealed
with silicone glue so that a pair of air bubbles is trapped
to achieve neutral flotation. The tail is a flexible filament

of silicon rubber with a Young’s modulus E = 0.025 GPa,
length L; =31 mm, and a rectangular cross section
b = 0.5 mm in height and ¢ = 1 mm in width (so it is rib-
bon-like). This filament is attached to one side of the head,
at a distance & = 4.0 mm (as depicted in the figure). The
diameter and length of the head are Dj = 4.4 mm and
Ly = 13.5mm.

2.4 Magnetic device for actuation

Our experimental setup consists of a Helmholtz coil pair
which is mechanically coupled to a DC electric motor
whose angular velocity is controlled. Each coil has a
radius of 140 mm with 230 turns of 19-gauge enameled
copper wire. The coil pair is fed with a DC source to gen-
erate a spatially uniform rotating magnetic field (magni-
tude ~6 mT for a maximum current of 4 A) for a work-
space of about 100 mm along the rotation axis and rotation
frequencies below 10 Hz (Godinez et al. 2012). This rotat-
ing electromagnetic—mechanical device, shown schemati-
cally in Fig. 2, was used to actuate artificial swimmers #1
and #3. These swimmers were placed in a fluid-filled rec-
tangular container (160 mm x 100 mm x 100 mm) made
of transparent acrylic and located in the center of the
coil system. In Fig. 3a, ¢, we show the field lines of the
unsteady external magnetic field, Byc(¢), and those of the

@ Springer



97 Page 4 of 10

Exp Fluids (2015) 56:97

permanent magnet for the swimmers #1 and #3, respec-
tively. The rotation axes of the swimmers are indicated
with dashed lines.

In order to drive swimmer #2, the coil pair did not
rotate but was kept fixed. Instead, it was energized with
a DC step voltage changing sign periodically to achieve
a magnetic field of alternating sign with a frequency
of up to 10 Hz remaining in a single plane. This swim-
mer was placed inside a fluid-filled cylindrical container
(diameter, D, = 50.8 mm) made of transparent acrylic.
As shown in Fig. 2, this container was located inside the
Helmholtz coil pair which provides the driving magnetic
actuation to rotate alternately (see Fig. 3b) the magnetic
head, leading to planar deformation of the flexible tail
and locomotion. This was the setup used in Espinosa-
Garcia et al. (2013).

In all three cases, the motion of the swimmers was
filmed with a digital camera and their positions and
speeds were obtained by digital video image processing.
We show in Fig. 4 time sequences of a swimming cycle
for each of the swimmers. Swimmer #1 has a rigid tail
whose shape is not modified by the external actuation
or throughout the cycle; we further observe that the axis
of the swimmer only displays a small amount of wob-
bling and essentially remains perpendicular to the plane
of rotation of the magnetic field. The swimming cycle of
swimmer #2, similar to that shown in Fig. 2 of Espinosa-
Garcia et al. (2013), shows planar bending of the flexible
tail; the time asymmetry in the tail shape leads to propul-
sion of the swimmer head first. Finally, the locomotion
of swimmer #3 shows the three-dimensional rotation of
its ribbon-like tail; as a difference with swimmer #1, the
tail shape of swimmer #3 is not fixed but arises from a
dynamic balance between the actuation from the rotating
head, the bending and twisting of the tail, and the hydro-
dynamic forces. In particular, it is a function of the fre-
quency of rotation of the magnetic field. All experiments
were repeated at least fives times for each condition; the
error bars in the figures below denote the standard devia-
tion of the measurements.

In order to show that the forward motion of the three
devices described above is the result of propulsive forces
generated by the tails, we conducted several additional
tests. We placed the head of the swimmers (without tail) in
the magnetic device and found that no net motion occurred
in any of the cases. For the rotating swimmers (swimmers
#1 and #3), the head spun around its axis but no forward
motion could be measured. For the case of the planar
swimmer (swimmer#2), the head moved symmetrically
from side to side, and again, no forward net motion was
detected. The motion reported in this paper is thus a result
of the propulsive interaction between the tail and the sur-
rounding fluid.
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Fig. 2 Electromagnetic—mechanical device used to actuate the syn-
thetic swimmers. A DC motor; B DC source to feed coils; C angu-
lar speed control of the DC motor; D digital camera; E coil pair; F
rectangular tank used to test swimmers #1 and #3; G cylindrical con-
tainer used to test swimmer #2 (this cylindrical container was placed
in a water-filled rectangular tank to avoid optical aberrations)

(a) (b)

(V]

Fig. 3 Field lines of the external magnetic fields along with those of
the permanent magnet in each artificial swimmer (the labels refer to
the same three swimmers as in Fig. 1). In each case, the rotation axes
of the swimmers are indicated by the dashed lines. a Swimmer #1. b
Swimmer #2. ¢ Swimmer #3

2.5 Fluid rheology

In our study, we use the same fluid in our experimental
tests of all three synthetic swimmers. In this manner, we
aim to isolate the effect of swimming kinematics. This is
therefore different from the recent work of Dasgupta et al.
(2013) where the kinematics were kept fixed (wave-like
motion of a cylindrical surface) and instead the fluid prop-
erties were varied.
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Fig. 4 Image sequence of a swimming cycle for all swimmers. In all
cases, the frequency is f ~ 3 Hz in the Newtonian fluid; time step
between each image, At = 33.3 ms. Note that the scales are different

Table 1 Properties of the two fluids considered in this study: Newto-
nian (N) and Boger (B)

Fluid Composition (G/W/ p(kg/m3) u(Pas) n(-) A(s)
PaaM, %)

N 89/11/0 1390 35 1.0 0.0

B 84.96/15/0.04 1340 37 0.98 1.23

Composition: Glucose (G), water (W) or Polyacrilamide (PaaM)

Two types of fluids were prepared, a Newtonian one
and viscoelastic Boger fluid. Both fluids are glucose-based
water solutions. To confer elasticity to the test fluid, a small
amount of polyacrylamide (Separan AP30, Dow Chemi-
cals) is added, leading to a fluid with nearly constant vis-
cosity and finite relaxation times (Boger 1977). In Table 1,
we show the properties of the two test fluids used in our
experiments (composition, density, shear viscosity, power
index, relaxation time). The density, p, is measured using
a pycnometer (Simax, 50 ml). The rheological properties
were obtained using a cone-plate rheometer (TA Instru-
ments, AT 1000N). Both steady and oscillatory tests are
conducted to measure the steady shear viscosity, w, and
the storage and loss moduli, G'(w) and G” (w), respectively.
In Fig. 5 we display the oscillatory tests conducted on the
Boger fluid. The mean relaxation time is calculated con-
sidering the scheme used by Espinosa-Garcia et al. (2013),
which consisted in fitting G’ and G” to a generalized Max-
well model considering 4 expansion terms. The power
index for the Boger fluid, n, was very close to one, meaning
that the shear viscosity is nearly independent of shear rate.

Once the Boger fluid is characterized, the Newtonian
fluid is prepared by varying the amount of water in the lig-
uid glucose to match the value of the shear viscosity of
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in each image (see text for dimensions). a Swimmer #1. b Swimmer
#2. ¢ Swimmer #3

Fig. 5 Oscillatory rheological tests conducted on the Boger fluid.
The measured values G’ (filled square) and G" (filled diamond) are
shown as a function of oscillating frequency w. The lines show the fits
to a generalized Maxwell model

the viscoelastic fluid. Note that in all the experiments con-
ducted in this investigation, the swimming Reynolds number,
Re = UDy,p/ 1, where U is the mean swimming speed meas-
ured in the laboratory frame, is always below 6 x 1073, ensur-
ing that we are always in the regime where inertial forces do
not play a significant role on the locomotion of the swimmers.

3 Experimental results

In our work, we considered each of the three swimmer
designs in both the Newtonian and Boger fluid for a similar
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Fig. 6 Mean forward swimming speed measured in the laboratory
frame, U (mm/s), as a function of the rotational frequency of the
external field, w/27 (Hz), of the artificial corkscrew swimmer #1:
Boger fluid (filled square) and Newtonian fluid (open square). The
error bars depict the standard error for three independent measure-
ments. The red lines show a linear fit to the data. Elasticity is seen to
have little impact on the swimming speed. The thick blue line shows
the prediction from the numerical solution described in the text

range of frequencies of the external field. As we now detail,
the three swimmers lead to qualitatively different effects of
viscoelasticity on the time-averaged locomotion.

3.1 Corkscrew swimmer: no impact of elasticity

In Fig. 6, we plot the swimming speed of the rigid corkscrew
device (artificial swimmer #1) as a function of the rotational
frequency of the magnetic field. For both fluids, we measure
a swimming velocity that increases linearly with the excita-
tion frequency. The linear dependance is to be expected in
the Newtonian case, where due to the linearity of the equa-
tions of motion, the translational kinematics should scale lin-
early with the input frequency (Lauga and Powers 2009).

In the Boger fluid, the response should, a priori, be
nonlinear. In very simplified terms, we can use the clas-
sic local hydrodynamic theory of locomotion by slender
bodies (Lighthill 1975). If ¢ and ¢ quantify the drag per
unit length acting on the tail during motion perpendicular
and parallel to its tangent, respectively, then we expect the
swimming speed to scale according to U o (¢ /¢ — 1).
Our measurements indicate that, in the range of frequen-
cies studied, both drag coefficients are impacted by shear
in a similar fashion so as to leave their ratio practically
unchanged. Therefore, the swimming speed remains linear
and is very similar to the Newtonian fluid.

This result is to be discussed in the light of two recent
studies addressing helical locomotion experimentally (Liu
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et al. 2011) and computationally (Spagnolie et al. 2013).
These investigations demonstrated that in a Boger fluid, the
amplitude of the helix played a crucial role in determining
the impact of elasticity on the locomotion. While small-
amplitude helices are negatively affected by elastic stresses,
shapes with higher amplitudes could lead to enhance swim-
ming. Our results fall therefore in-between these observa-
tions and no appreciable difference between Boger and
Newtonian swimming could be observed.

In order to validate the measurements of swimming
speed obtained with our setup, we numerically modeled
the helical swimmer for the Newtonian case. To do so,
we employ a hybrid representation of the tail and head by
slender body theory and the boundary element method,
respectively. The cylindrical head is modeled by a cylin-
der of length 10.2 mm capped at either end by spheres of
radius 2 mm. A piecewise quadratic triangular mesh of this
head is computed by smoothly deforming a spherical mesh
generated with functions from BEMLIB (Pozrikidis 2010).
The resistance matrix of this head is then calculated using
routines modified from the prtcl_3d directory of BEMLIB,
with constant force per unit area acting over each element.
Non-singular element integrals are computed with 12-point
Gaussian quadrature, while singular integrals are integrated
over four flat sub-triangles in local polar coordinates with
20-point Gaussian quadrature. The tail is modeled by the
helix

r =a(l — exp[—cO)), y=rsiné,
z="00, 6 €]0,0,], (D

forr a=R—d/2=16,c=2,b=1/2nr =121 and
0 = 27 L,/ A giving just over four and a half waves along
the flagellum. The exponential decay in the radius as a
function of theta ensures that the centre of the helical tail
is attached to the centre of the swimmer. The tail is discre-
tized into 200 straight line elements with constant force
per unit length, rotating at fixed angular velocity about the
helix center. The swimming speed is calculated by balanc-
ing the force the flagellum exerts on the fluid with the drag
on the head, which neglects hydrodynamic interactions
between the head and tail, using both Johnson slender body
theory (Johnson 1980) and a line distribution of regularized
stokeslets (Cortez et al. 2005; Smith 2009) of the form

X =rcoso,

where 12 = 2 + €2,

@

with rj=x; —yi, > =rf +r3 +r and € =d/2=0.15
employing 6-point Gaussian quadrature. The calculated
swimming velocities between the two independent codes
agree to be within 0.5 %, which is acceptable for experi-
mental comparison. The numerically computed swimming
velocity is shown as a thick blue line in Fig. 6, leading to a

8ij(r* + 2€%) + rir;
87r3

Si(x.y) =
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good agreement particularly for small values of frequency.
As the frequency increases, the slight overestimate in the
swimming velocity may be attributed to an underestimate
in the drag on the numerical head when compared to the
experimental cylinder. Furthermore, experimentally a small
amount of velocity is expected to be lost to wobbling of the
swimmer axis (Man and Lauga 2013), which may explain
the small of the apparent shift of the experimental data at
zero frequency. Nonetheless, the results compare favorably,
and validate the experimental measurements.

3.2 Planar flexible swimmer: enhanced locomotion

We now turn to the case of swimmer #2 whose flexible tail
undergoes planar deformation. In Fig. 7, we plot the meas-
ured mean forward velocity for this swimmer, U (mm/s),
as a function of the oscillation frequency of the planar
magnetic field, w/2x (Hz), for swimmer #2. These meas-
urements are identical to those first reported in Espinosa-
Garcia et al. (2013). As the oscillation frequency increases
from zero, we observe that the forward velocity increases,
reaches a maximum, and then decreases with w. This
dynamic behavior is expected for Newtonian fluids, as
seen in classical theoretical (Wiggins and Goldstein 1998)
and experimental (Dreyfus et al. 2005) studies of flex-
ible propulsion. At small frequencies the flexible filament
remains straight and induces little propulsion, while at very
high frequencies, the propulsive region on the filament
decreases in size, leading to a decrease of the swimming
speed (Lauga 2007a). In the Boger fluid, we observe that

0.8

0.4}

velocity, U, mm/s

0.2r A

o

frequency, o/(2w), Hz

Fig. 7 Mean forward swimming speed, U (mm/s), as a function of
the oscillatory frequency of the planar field, w/27 (Hz), for the planar
flexible swimmer (#2): Boger (filled circle) versus Newtonian fluid
(open circle). The error bars depict the standard error for five inde-
pendent measurements. The lines show polynomial fits to the data.
Elasticity in the fluid is seen to always increase the swimming speed

the frequency dependence of the propulsion speed is very
similar to the Newtonian one, while being systematically
enhanced. This enhancement is to be contrasted with the
results for the rigid corkscrew swimmer (Fig. 6) where for
the same range of actuation frequencies, we saw that the
Boger fluid had no impact on the locomotion. As argued by
Espinosa-Garcia et al. (2013), the enhancement seen in the
flexible case could be due to normal stress differences act-
ing along the tail shape. Indeed, as a difference with a rigid
tail whose shape perturb the fluid in a similar fashion along
its length, the deformable tail of flexible swimmer displays
in general a gradient in the flapping amplitude along the
tail. With normal stresses acting quadratically in the direc-
tion normal to the applied shear, it was argued by Espinosa-
Garcia et al. (2013) that they could provide a net enhance-
ment along the swimming direction.

3.3 Three-dimensional flexible swimmer: decreased
locomotion

After showing results with no or positive influence of elas-
ticity, we now turn to a case where swimming in the Boger
fluid shows a systematic decrease of the locomotion speed.
In Fig. 8, we plot the swimming speed developed by swim-
mer #3 (with a ribbon-like tail deforming in three dimen-
sions) in the Newtonian and Boger fluids. The swimming
speed in the viscoelastic fluid is systematically lower than
in the Newtonian one. The trends appear to be similar up
to frequencies of about 3 Hz, after which the Newtonian

1.1

0.8

0.6

velocity, U, mm/s
o
~

0.5

0'30 1 2 3 4 5 6

frequency, o/(2r), Hz

Fig. 8 Mean swimming speed, U(mm/s), as a function of the rota-
tional frequency of the three-dimensional field, /27 (Hz), for the
helical flexible swimmer (#3): Boger fluid (inverted filled triangle)
and Newtonian fluid (inverted triangle). The error bars depict the
standard error for four independent measurements. The lines show
polynomial fits to the data. Elasticity in the fluid systematically
decreases the swimming speed of the device
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Fig. 9 Change in the shape ()
of the three-dimensional tail

of swimmer #3 with rotation
frequency. This image sequence

comes from tests in the
Newtonian fluid. From a—f the
frequency increases from 0.6 to
5.6 Hz, in 1 Hz increments

v-_

swimming speeds continue to increase with frequency,
while they decrease in the Boger fluid.

In order to interpret this qualitative change in behav-
ior, we examine the shape of the swimmer’s tail as a func-
tion of frequency. This is shown in Fig. 9 in the case of a
Newtonian fluid (tail shapes in the Boger fluid are simi-
lar). At low frequencies, the tail takes the shape of a half-
helix with wavelength /, and diameter D, (see Fig. 9a).
Note that as time progresses, the shape of the swimmer
is simply that illustrated in one of the panels of Fig. 9
and undergoing solid-body rotation. As w is increased,
both A; and D, are observed to decrease until the critical
frequency of ~3 Hz (Fig. 9c). Increasing the frequency
beyond no longer modifies the shape of the swimmer’s
tail. A more quantitative method using a superposition
of the image sequences confirms this result, and beyond
a critical frequency of a3 Hz, the tail takes the form of
a small half-helix followed by a nearly straight filament
portion, unchanged by further increases in frequency. The
qualitative difference between the tail shapes below and
after 3 Hz is therefore that while at low frequencies the
tail generates propulsion all along its length, at higher fre-
quencies a portion of the helix does not induce propulsion
but has to be dragged along. This is responsible for the
small change in slope in the Newtonian results of Fig. 8.
In the Boger fluid, we conjecture that it is this qualitative
change in the shape of the tail which is responsible for
the decrease in the swimming speed. Without the straight
portion of the shape, according to the results for rigid
swimmer #1, the helical portion of the tail should keep
the swimming velocity unchanged. The presence of an
additional straight portion leads to increased drag with no
thrust production, and a strong decrease of the swimming
speed at the high Deborah numbers considered here.
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Fig. 10 Ratio of non-Newtonian (Uyy) to Newtonian (Uy) swimming
speeds, Uxn/UN, as a function of the Deborah number, De for the
three swimmers. Empty squares (swimmer #1, rigid corkscrew), filled
circles (swimmer #2, planar flexible swimmer), and filled triangles
(swimmer #3, three-dimensional flexible swimmer). The lines show
polynomial fits to the data

4 Discussion

The main question addressed in this paper is whether elas-
ticity in a fluid enhances or decreases the velocity of a low-
Reynolds number swimmer. Past theoretical and experi-
mental work has lead to sometimes conflicting answers.
The purpose of our investigation was therefore to consider
a given fluid (in this case Boger with constant viscosity and
finite relaxation time), and vary the swimming kinemat-
ics. In order to compare all our results, we have gathered in
Fig. 10 the results for all three swimmers with swimmer #1
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in red squares, swimmer #2 in blue circles, and swimmer
#3 in black triangles. Specifically, we plot the ratio between
the non-Newtonian swimming speed, Uyy, and the Newto-
nian one, Uy, as function of the Deborah number, De = Aw.
In all cases, we have added a confidence interval around the
mean values for the data of + one measured standard error.
Note that in the data shown in this figure, the uncertainty is
likely to be overestimated. Since ratios of two experimen-
tally determined quantities are being shown, the estimated
error bar is shown twice as much as what was determined
from the standard error of the measurements. This is in
accordance with standard experimental error calculation
(Holman 1994).

Despite the experimental uncertainty, these results show
conclusively that elasticity in the fluid affects locomotion
in a manner which is strongly dependent on the kinemat-
ics of actuation on the fluid. Propulsion using a rigid cork-
screw mechanism shows Unxn/Un = 1, planar flapping of
rod-like tails leads to Unn/Un > 1, while helical flapping
of ribbon-like tails has Unn/Un < 1.

It is important to briefly discuss the possible changes in
shape of the tail of each swimmer resulting form changing
the fluid from Newtonian to viscoelastic. For swimmer #1,
there is no change in the shape of the tail because the it
is rigid; therefore, in this case, the kinematics are identi-
cal. For the flexible planar swimmer, #2, the shape of the
tail does change but not significantly, as discussed by Espi-
nosa-Garcia et al. (2013) in Fig. 8 of their paper. For swim-
mer #3, the changes in the tail shape resulting from the
fluid are similar to those of swimmer #2. Therefore, for the
three swimmers studied here, the kinematics of the tail are
essentially unaffected by the nature of the fluid. Note, how-
ever, that in our study, we tested fluids that all had identi-
cal shear viscosities. For shear thinning fluids, the shape of
flexible tails may in fact be strongly affected.

Based on the results presented in this investigation, it
is not possible to give a general answer about the impact
of viscoelasticity on the swimming performance at small
Re. Each swimming protocol, i.e., each kinematic strategy,
needs to be evaluated in a case-by-case manner. With this
in mind, we plan to extend this investigation into two direc-
tions. We first note that in the present study, the fluid vis-
cosity is not a function of the shear rate (Boger fluid). In
most polymeric and biological fluids, both elastic stresses
and shear-dependent viscosity would occur simultaneously.
While we attempted here to isolate and address solely the
role of elasticity, future work should address the role of
shear-dependent rheology on locomotion. We further note
that we have considered here and compared three quali-
tatively different swimming strategies, and future work
should focus on a given strategy (for example helical swim-
ming) and investigate how its geometrical details (ampli-
tude, wavelength, etc.) affect non-Newtonian locomotion.

It is finally important to point out that in this study, we have
not addressed the efficiency of swimming since we do not
have access to measurements of fluid dissipation around
the swimming devices. As there is, a priori, no correlation
between changes in swimming speed and efficiency (Zhu
et al. 2011), it would be interesting to have access to these
energetics measurements. In the transitional and inertial
regimes, past studies clearly show that higher swimming
speeds do not always lead to higher efficiencies (Borazjani
and Sotiropoulos 2009, 2010), and it would be interest-
ing to know whether the same conclusion holds in viscous
dominated flows.
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