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Abstract. Ciliates like Paramecia exhibit fore-aft asymmetry in their
body shapes, and preferentially swim in the direction of the slender
anterior rather than the wider posterior. However, the physical reasons
for this preference are not well understood. In this work, we propose
that specific features of the fluid flow around swimming Paramecia
confer some energetic advantage to the preferred swimming direction.
Therefore, we seek to understand the effects of body asymmetry and
swimming direction on the efficiency of swimming and the flux of fluid
into the cilia layer (and thus of food into the oral groove), which we as-
sumed to be primary factors in the energy budgets of these organisms.
To this end, we combined numerical techniques (the boundary element
method) and laboratory experiments (micro particle image velocime-
try) to develop a quantitative model of the flow around a Paramecium
and investigate the effect of the body shape on the velocity fields, as
well as on the swimming and feeding behaviors. Both simulation and
experimental results show that velocity fields exhibit fore-aft asymme-
try. Moreover, the shape asymmetry revealed an increase of the fluid
flux into the cilia layer compared to symmetric body shapes. Under
the assumption that cilia fluid intake and feeding efficiency are pri-
mary factors in the energy budgets of Paramecia, our model predicts
that the anterior swimming direction is energetically favorable to the
posterior swimming direction.

1 Introduction

Many micro-organisms swim in viscous environments to seek nutrients [1] or escape
from predators [2,3]. In the highly resistive environments, both swimming and nutri-
ent intake might be adjusted to be hydrodynamically efficient [4,5]. Micro-organisms
swim as a result of fluid flows around the body created by propulsive organelles
(e.g. flagellum, cilium, etc.) [6,7]. Simultaneously, nutrients are advected into the
oral grooves by the fluid flow for large ciliates, or diffused across cell membranes by
Brownian motion for small bacteria or eukaryotes [8,9]. Both swimming and feeding
are thus governed by flow fields generated by active organelles [10].
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Paramecium has been used as a model system to understand the biology of cili-
ates [11]. The swimming and food-intake behaviors of Paramecium are governed by
the ciliary motion on the body surface [12]. While experimental investigations into
flows around Chlamydomonas [13] and bacteria [14] has gained momentum, studies
involving flow-field around unicellular ciliates remain extremely rare. Ciliary organ-
isms present a unique complexity in terms of the multitude of ciliary hairs all over
the cell body, which may be beating differently under varying stimuli leading to com-
plicated flow-fields. Until recently, there have been only a few investigative attempts
to quantify the flows created by ciliates. Keller and Wu [15] photographed streaklines
around Paramecium which qualitatively supported their theoretical model. Recently,
Kim et al. measured the magnitudes of velocity around a turning Tetrahymena at a
low spatial resolution [16].

The body of a Parameicum is roughly in the shape of a prolate spheroid [15]; more
precisely it has a slender anterior and a bulky posterior. In the natural environment,
Paramecia swim at about 1.5mm/s in a helical path along the anterior [17], which
is their preferred swimming direction. While swimming, Paramecia ingest bacteria or
other nutrients contained in the fluid. The fluid containing nutrients is first swept into
the cilia layer, and then pushed into the oral groove which is located in the middle of
the cell body and has an opening towards the anterior [11].

Despite the shapes of Paramecia and many other ciliates being fore-aft asymmet-
ric, previous theoretical and computational models have focused on symmetric shapes
[18-20] or on deformed shapes due to the metachronal wave [21]. Blake [18] modeled
swimming of ciliates as spheres with shear surface velocity. Further, Keller and Wu
[15] modeled Paramecia as prolate spheroids and analytically calculated swimming
velocity and energy dissipation for different surface velocities. Recently, an optimal
symmetric Paramecium body shape that minimize the total power output was numer-
ically obtained [22]. The analytical or numerical investigations have thus been limited
to fore-aft symmetric body with surface velocities [19], which are not representative
of many ciliates including Paramecia.

The boundary element method has been widely used to model moving objects in
a viscous fluid [20,23]. Once topological shapes and boundary conditions are deter-
mined, the pressure and velocity distribution in the fluid can be obtained through
boundary integral representations. Such numerical studies allow us to calculate the
surface force and velocity, and further evaluate the power of the swimming organism
[23]. Most previous simulations have assumed only shear velocity over an ellipsoid
body surface as boundary conditions [18-20]. However, if the fluid motion in the cilia
layer is considered, the net fluid flux should be zero due to the incompressibility of
the fluid. Therefore, for a certain distribution of shear velocity, normal surface ve-
locity should exist in order to satisfy this zero-flux condition in the cilia layer. Such
boundary conditions have originally been introduced by Keller & Wu [15], however,
not much work has followed and it has not been generalized to asymmetric shapes.

Both Paramecia’s body shapes and surface velocities are attributed to surrounding
fluid flows. However, surface velocity varies significantly among different Paramecia,
therefore, our current study will focus on the hydrodynamic effect of body shape. In
this paper, we investigate the swimming and feeding behaviors of Paramecia by con-
sidering their fore-aft asymmetric body shapes and fluid volume conservation in the
cilia layer. Experimentally, micro particle image velocimetry (u-PIV) is employed to
resolve the velocity field. For simulations, the boundary element method is employed
to simulate the flow field around the asymmetric bodies with both normal and shear
surface velocities satisfying volume conservation in the cilia layer. Finally, swimming
efficiency and feeding velocity are examined to gain insight into the effect of body
shapes and swimming direction. Under the assumption that cilia fluid intake and
feeding efficiency are primary factors in the energy budgets of Paramecia, this study
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Fig. 1. (a) Dark-field image of a Paramecium swimming in a suspension of polystyrene
spheres. (Supplementary Movie 1). The red dotted lines represents the cilia layer of constant
thickness around the cell body. (b) Velocity magnitudes around the Paramecium averaged
over different frames (Supplementary Movie 2). (c) Integrated pathlines from the average
velocities around the Paramecium. All scale bars are 100 pm.

predicts that the anterior swimming direction is favorable to the posterior swimming
direction.

2 Experimental methods
2.1 Culturing methods

Paramecium multimicronucleatum originally obtained from Carolina Biological
Supply was cultured using double wheat medium in spring water [25]. Cells were
harvested during 8-11 day of their culture, which corresponds to their growth phase
and were washed twice in Tris HCI buffer solution [17]. Separately, 1 ml of an aque-
ous suspension of red fluorescent polystyrene microspheres (2% by volume; Thermo
Scientific) were centrifuged at 7200 g and the supernatant (containing the stabilizing
surfactant solution) was decanted (as the surfactant caused cell death). About 5.5 ul
of the residual polystyrene spheres were pipetted into 1.1 ml of the freely swimming
Paramecia culture. The suspension (particle concentration =0.5%) was shaken gently
to ensure uniform distribution of the particles in the fluid media.

2.2 Particle image velocimetry methods

The suspension of Paramecia and particles was put on a glass slide. Two plastic
spacers of 754 pm thickness were used to create a fluid film of uniform thickness
sandwiched between two glass slides. Controlling the thickness parameter was im-
portant because it was previously observed that nearby boundaries tend to change
the motility mode of Paramecia. The semi-major axis of Paramecia in the trials were
11746 pm (one standard deviation) and the semi-minor axis was found to be 38+2 ym
in length. The sample was placed on the stage of a Leica DMI 3000B microscope and
an array of LED lights (LED-12 from IDT in continuous mode) was used for illumi-
nation. Since the LED array was placed at an oblique angle, it allowed us to obtain
very high contrast dark field type images that showed bright white particles and
Paramecia on a black background (as shown in Fig. 1(a)). The motions of Paramecia
were recorded at 100 frames per second with a 15X microscope objective lens and a
high speed camera (MotionXtra N3 from IDT) with 1280x 1024 pixels, which resulted
in an image magnification of 0.725 pm/pixel.
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Fig. 2. (a) Ilustration of Paramecium body shape with cilia layer and (b) control volume on
cilia layer. (c) Body shapes defined by Eq. (1) with parameters e = 0.944 for ¢/b = —0.2,0
and 0.2.

The acquired images were processed using the Prana PIV code [26-28] with a
multigrid multiframe discrete window offset technique [29,30] with an interrogation
window size of 64 x 64 pixels and 82.5% overlap between the interrogation regions.
Paramecia were free to swim along any direction and hence their orientations were
different in the movies recorded. We defined an inertial coordinate frame (moving
frame) attached to the center of the body of the organism. After aligning the differ-
ent orientations of the Paramecium along each specified frame we calculate the time
averaged velocity field over a sequence of frames. In the experiments, we only con-
sidered the cases in which the Paramecia were freely swimming in a straight line and
the rotational motions were neglected. As a representative result, Fig. 1(b) shows the
averaged velocity and integrated pathlines (Fig. 1(c)) around the body of a swimming
Paramecium. One can observe that there is a fore-aft asymmetry of the pathlines in
Fig. 1, while the symmetry about the axial direction is still maintained.

2.3 Body shapes

Paramecium body shapes can be approximated by prolate spheroids with small vari-
ations. Denoting the radial position of the outer cilia layer as R and longitudinal
position as z, then the radial position can be written as,

R(z)=b|(1 - 22/a®)/? - gsin(wz/a)] : (1)

where a and b are lengths of semi-major and semi-minor axes (Fig. 2(a)). By varying
the asymmetry parameter €/b, different body shapes can be obtained and are shown
in Fig. 2(c).

In experiments we found that Paramecia are bulkier at the posterior end. In order
to quantify this fore-aft asymmetry, we used Eq. (1) and measured the parameter
€¢/b. Major and minor axes lengths of real Paramecia shapes defined in Eq. (1) were
measured to give an eccentricity value. Body asymmetry (¢/b) was then measured by
finding the best fitting curve using Eq. (1) for the observed shapes.

3 Numerical methods

The boundary element method is used to simulate swimming of Paramecium with
body shapes defined by Eq. (1). The accuracy of the simulation will be verified against
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theoretical results on swimming spheroids [15]. The numerical results will be combined
with the measured surface velocities from the experiments and the results will be
shown in Sect. 5.

In experiments, we observed that Paramecia swim at a speed of about 1.5 mm/s in
fluid media of 1 mPa-s viscosity. The corresponding Reynolds number (a ratio of fluid
inertia to viscous effects) is about 0.2, which belongs to the low Reynolds number
regime. The motion of surrounding fluid around Paramecia is therefore assumed to
be governed by the Stokes equations,

—Vp+puViu=0,V-u=0, (2)

where w is the fluid velocity, p is the pressure and p the dynamic viscosity. For a freely
moving body (denoted by D) with no acceleration, the total hydrodynamic force (F')
and torque (L) on the body are equal to zero, which can be written as,

F- ﬁﬁ:mLz/'mxﬁwzm ()
oD oD

where f is the surface force at a point @ on the body surface (9D).

In the present work, the boundary element method was used to simulate the
flow around the swimming Paramecium. The velocity at point ¢ in the fluid can
be computed by the boundary element formulation in three dimensions, with known
surface velocity and force [23,31], as,

1

=—— U d 4
u(en) =~ oo [ Ulan.2)f(@) dS(a), (@
where Stokeslet U (x,y) is defined as,

i | (@i —wi)(xj —y;
Uila,y) = 2 4 im0 2] o)

with r = |& — y|. The integrals in Eq. (4) can be evaluated numerically based on the
discretization of the surface, which gives the linear system,

u=Af, (6)

where vectors u and f contain velocity and force values at collocation points and
A is the influence matrix.

The outer surface of the cilia layer was discretized into NV = 512 curved triangular
elements, with the collocation points xg located at the center of the triangle. Trian-
gulation of the body surface and numerical integration of Eq. (4) in the simulation
were performed by a program developed by Pozrikidis [32]. All linear systems were
solved by LU decomposition algorithms in this paper.

Paramecia beat their cilia in certain ways to create surface velocity, which results
in the translation and rotation of the body in a viscous fluid. In our study, only
translational motion along the e, direction was considered. Values of translational
velocity Uswim can be generated by different surface velocities, so the resulting surface
velocity in the laboratory frame can be expressed as,

’LL((I:C) = US(QZC) + Uswimeza (7)

where ug is the surface velocity in the moving frame, which has components in both
normal (n) and shear (s) directions as,

us(x) = Vy(x)n + Vi(x)s. (8)
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Fig. 3. Swimming velocities for ellipsoid body shapes. Surface velocity is defined in Eq. (9)
with different v, /vs values.

Velocities generated by cilia on the outer cilia layer have been modeled in [15] as,
Vo(x) = —vpn(z) - ez, Vi(x) = —vss(x) - e,. (9)

To validate the accuracy of the proposed computational scheme, swimming velocities
of ellipsoids given by the boundary element method are compared with theoretical
results for different eccentricities [15] as shown in Fig. 3.

4 A simplified model

As shown in Fig. 1, the flow patterns and velocity magnitude distribution do not
preserve fore-aft symmetry. This asymmetry in the flow field is likely the consequence
of two asymmetries in boundary conditions. One noticeable asymmetry in bound-
ary conditions is the distribution of surface normal and shear velocities. As will be
shown in Fig. 4(b) Sect. 5.2, V5 and V,, are not symmetric about the equatorial plane
(z = 0). For all cases measured in experiments, shear velocities V; are larger at the
anterior than at the posterior. The other asymmetry comes from the body shapes of
Paramecia, as discussed in Sect. 2.3. The body shape asymmetry has been parame-
terized by a single value €/b. The asymmetry of surface velocity, however, is difficult
to parameterize due to the complexity and randomness of variations among different
cases. Therefore, the current work focuses on modeling the asymmetry of velocity
fields around swimming Paramecia as a consequence of asymmetric body shapes.

To better reflect real swimming conditions, V,,(x) and Vi(x) in the simulation
are defined to satisfy fluid volume conservation in cilia layers. It has been observed
that the cilia layer covers the Paramecium body uniformly and beats at the same
frequency. To model such physical shear velocity around the body, V; is chosen as
proposed by Keller & Wu [15]. Further, we assume the shear flow field in the cilia layer
has a half-parabolic distribution: u-s = Vg (2L¢ilia — )y, where Lcjjia is the thickness
of cilia layer; y is the coordinate along the normal direction to the cell body. This
assumption of a half-parabolic profile is justified by comparing with measured surface
velocities and surrounding pathlines, as will be discussed in Fig. 4(b) and Fig. 6. Nor-
mal velocity was then determined by conservation of fluid volume in the cilia layer.
With varying radial position R(z), a non-zero normal velocity can be determined by



Dynamics of Animal Systems 3205

confining the total flux into the control volume to be zero,

V;(ZB) = _'Uss(w)|ellipsoid ‘€z,

where s()|enipsoia 1S the shear velocity at the surface @ on the non-deformed ellip-
soid with the same eccentricity from [15]; I(x) is a parametric arc length coordinate
measured from z = a to z = —a along the outer cilia layer (Fig. 2(a)); Q(!) is the
fluid flux through the intersection of the cilia layer (Fig. 2(b)). For a spherical body
with radius Ry, V,, becomes V,,(2) = v52(4/3 — Leitia/2R0) Leitia/ R3- Once the surface
velocity was known, Eq. (4) could produce velocity at any point in the fluid from
which the pathlines around the Paramecium body were integrated. Note that the
velocities in Eq. (10) are applied on the outer cilia layer.

The asymmetric body shapes may lead to changes in the swimming and feeding
behaviors. To obtain a quantitative evaluation of the efficiency, we first define the
energy dissipation of a swimming Paramecium by

pP= f-vdS+/ | Vul?dv, (11)
oD D

cilia layer

where the first term represents the energy dissipation outside the cilia layer and the
second is the energy dissipation inside the cilia layer. We then use the classic definition
of the swimming efficiency, ,
im|“a
Nswim = %7 (12)
where a is the semi-major axis of the swimming body. In the present study, we keep
a fixed for all simulations and focus on the effect of different €/b values.

Since the oral groove of a Paramecium is located at the center of the body and
has an opening pointing towards the anterior, the fluid entering the anterior half of
the cilia layer has the possibility of entering the oral groove. Therefore, considering
the possibility of the fluid being fed, we define the feeding velocity as the fluid flux
into the anterior half of the cilia layer averaged by the corresponding surface area,

f6D<Z>0> —us(x) - RdS

Ufeed = ) (13)

fBD(z>0) dS

where 0D .~ ¢) denotes anterior half of the cilia layer surface. Similar to the swimming
efficiency, we define the feeding efficiency as,

Uteod|?a
Tlfeed = ’LL‘ de‘ : (14)

5 Results

In this section, we experimentally measure Paramecia’s body shapes, surface veloc-
ity and surrounding velocity field. Calculated pathlines and velocity magnitude are
compared with simulation results using measured surface velocity as input boundary
conditions. The effect of body shape on the velocity field is studied by simulations
using modeled surface velocities as boundary conditions. In addition, velocity decay
rates in the far field are also measured and compared with simulation results. From
the simulations, swimming and feeding efficiencies are calculated on different body
shapes.
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Fig. 4. (a) Box plot of measured eccentricity e and €/b values from sixteen different Para-
mecia. (b) Comparison of normal and shear surface velocities in moving frame for sixteen
cases. Velocities (thin solid lines) in (b) are measured from experiments. Modeled surface
velocities are shown in thick dotted lines (e = 0.944, ¢/b = 0.05).

5.1 Body shape

The eccentricity and asymmetry parameter of real Paramecia are measured from 16
different organisms. The eccentricity value (e = 4/1 — b%/a?) was measured to be
e = 0.944 £+ 0.007. The asymmetry parameter €/b defined in Eq. (1) was determined
to be 0.048 + 0.022. Statistics of e and €/b values are shown in Fig. 4(a). Large
e values indicate that the body lengths of Paramecia are much larger than body
widths. Positive ¢/b values result from the fact that Paramecia swim towards the
slender anterior. For the 16 cases measured in the experiment, ¢/b values are all
positive.

We hypothesize that the bulkier posterior is one of the reasons that lead to the
asymmetric pathlines, as asymmetric fluid boundary shape causes asymmetric flow
field. In order to understand such geometric effects on the swimming and feeding
performances, we used boundary element method to model the flow around the swim-
mers.

5.2 Measured velocity field

Measured surface velocities V,,(x) and Vi(x) are compared with modeled surface
velocities given by Eq. (10) for €/b = 0.048 in Fig. 4(b). Pathlines and velocity mag-
nitudes of three different cases are shown on the top row of Fig. 5. Measured surface
velocities are then used as boundary conditions in simulations and the resulting path-
lines and velocity magnitude are shown on the bottom row of Fig. 5.

Good agreement between experiments and simulation results has been observed
in terms of overall shapes of pathlines and velocity magnitude. Some discrepancies
are also found in velocity magnitude distributions. Measured velocity magnitude ap-
pears to be greater than numerical results. There are two possible sources of errors.
First, the rotational motions of Paramecia were not incorporated in simulations. In
experiments, Paramecia rotated around their major axis and this rotation combined
with a small yaw caused the centers of the bodies to move in helical paths. We ob-
served that the rotation speed was approximately a half of the translational speed,
which indicates that the horizontal flow motions were dominant. Therefore, we did
not include rotation in our simulations. Second, in our experiments the Paramecia
suspension was deposited between two parallel plates, which could have wall effects
on the Paramecia motion. The presence of walls may also lead to a larger velocity
magnitude.
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Fig. 5. Comparison of (a) pathlines and (b) velocity magnitude from experiments (top row)
and simulation results using experimentally measured surface velocities (bottom row). Path-
lines (a 1-6) correspond to velocity magnitude (b 1-6). Eccentricity e = 0.949,0.937,0.951
and deformation parameter ¢/b = 0.062,0.064,0.065 for body shapes (a 1-3), respectively.
All results are shown in lab frame.

Fig. 6. Velocity pathlines around the swimming body using modeled surface velocities for
e =0.944, (a) ¢/b =0 and (b) ¢/b=0.2.

5.3 Simulated velocity field

As shown in Fig. 4(b), surface velocities modeled by (10) can follow the general
distributions of measured values. However, modeled velocities cannot capture the local
asymmetries or randomness among different cases. For example, in some cases higher
V, were observed near the anterior than the posterior. Therefore, current work focuses
on the effect of body shape asymmetry rather than surface velocity asymmetry.

Simulated pathline patterns using modeled surface velocity for €/b = 0 and €/b =
0.2 are shown in Fig. 6. In order to show the effect of body shape, the asymmetry
parameter is chosen to be €/b = 0.2, which is larger than measured asymmetry in
experiments. It is found that for ellipsoid body shape (¢/b = 0), pathlines around the
moving body exhibit fore-aft symmetry, as expected in a viscous fluid. For slender
anterior body shapes (¢/b > 0), velocity pathlines have asymmetric shapes that bend
towards the posterior of the body similar to experimental observations.



3208 The European Physical Journal Special Topics

(@ 10° ®) 10° oy
.
%
_ _ ¢
3 | Wy
SE 107 N E10°
4 _4
10 10
10° 10 10° 10'
r/b z/a

Fig. 7. Comparisons of normalized velocity magnitude distribution along equatorial and
axial directions between experiment and simulation. Decay of velocity in experiment along
three directions are indicated by three colors (green, black and magenta) shown in the in-
sets, with uncertainty bars indicating standard deviation of 16 measurements. Measured
velocities (a) on the equatorial plane and (b) along posterior direction are compared with
simulation results. Simulation results given by proposed surface velocity (in red) and ex-
perimentally measured surface velocity (in blue) are shown in each sub-figure with corre-
sponding directions of velocity distributions. A slope of —2 is shown by a triangle in each
sub-figure.

The experimentally measured velocity decay along directions parallel and per-
pendicular to the swimming direction are also compared with simulation results in
Fig. 7. For velocity along equatorial plane as shown in Fig. 7(a), both measured and
simulated velocities decay approximately as r—2. The large uncertainty in the veloc-
ity along equatorial plane might be introduced by the 3D rotational motion of the
Paramecium, which causes the body to move in and out of the focal plane. Velocity
measurements along the posterior direction is more accurate because the posterior
was observed to always remains in the focal plane. Along the posterior direction, we
found that the decay rate (~ r—2) of velocity magnitude agrees well with simulation
results.

When a fore-aft symmetric body moves in a viscous fluid, the anterior and pos-
terior halves of the body experience an equal amount of drag and propulsion, the
total effect of which in the far field is a source dipole that decays as r—3. However,
for an asymmetric Paramecium body, the anterior half experiences a net drag and
the posterior half a net propulsive force, which induces a force separation. This force
separation from the equatorial plane has the effect of a force dipole that decays as
r~2, which is close to our experiment data. It is also worth mentioning that the force
dipole induced by the body fore-aft asymmetry can produce a flow field similar to
that of a pusher squirmer [33].

5.4 Effect of body shapes on swimming and feeding

The variation in efficiencies as a function of asymmetry parameter (¢/b) are shown
in Fig. 8. Figure 8(a) shows that any asymmetry in the body shape decreases the
swimming efficiency. However, a body swimming to the slender anterior has higher
feeding efficiency (Fig. 8(b)) and more fluid intake (Fig. 8(c,d)), as a result of more
fluid flux into the cilia layer on the anterior part. These computational calculations
of efficiencies and fluid flux indicate that when Paramecia swim towards the slender
anterior, they are able to achieve more food intake with certain loss of swimming
efficiency.
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Fig. 8. (a) Swimming efficiency; (b) feeding efficiency; (c) feeding velocity normalized by
Uswim. Eccentricity e = 0.944 is used in all simulations.

6 Conclusions

We investigated the swimming and feeding of fore-aft asymmetric Paramecia. The
asymmetric velocity pathline patterns were observed experimentally by pu-PIV and
were re-constructed numerically. The boundary element method was used in simu-
lations on asymmetric body shapes with normal and shear velocities given by the
proposed model. Asymmetry of body shapes and distribution of surface velocity are
believed to account for the fore-aft asymmetric flow field around the swimming body.
The body shape of Paramecium was parameterized to study its effect on velocity field
around the body. The effect of body asymmetry on swimming and feeding behaviors
was also studied.

Based on our model, body shapes with large asymmetry parameters created obvi-
ous asymmetries in velocity pathlines, which were qualitatively similar to experiment
observations. However, due to the small €/b values measured experimentally, we be-
lieve that the asymmetry in surface velocities was another significant factor that led
to asymmetric flow field, which we did not explore in details in current work. We
found that the swimming efficiencies for anterior and posterior swimming directions
were equivalent for a given degree of body asymmetry. Therefore, under the assump-
tion that cilia fluid intake and feeding efficiency are primary factors in the energy
budgets of Paramecia, our model predicted that the anterior swimming direction was
favorable to the posterior swimming direction.

Several possible sources of errors existed in our experiments. Rotational motion
of Paramecium was neglected in proposed model due to the difficulty in validating
the rotational surface velocity. However, the rotation of Paramecium body may lead
to an increased velocity magnitude around the body. The fact that Paramecia were
confined between two parallel plates in experiment had a similar effect. Small ambient
flow could also cause error in velocity measurements in the far field.

For future work, a modified model that incorporates the rotational and helical
motion of Paramecium may help better understand the swimming mechanisms. Asym-
metry in surface velocities should also be considered as an important factor to account
for the asymmetric flow. Moreover, the authors are also aware that not all fluid en-
tering the cilia layer of the anterior half of the body can be fed by Paramecia. The
definition of feeding velocity can be modified and will be more helpful if further studies
can be done on Paramecia feeding behavior [34].

This research was partially supported by National Science Foundation (PHY-1205642,
CBET-1336038) and the Virginia Tech Institute for Critical Technology and Applied Science.
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