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Models suggest that mechanical interactions alone can trap swimming microorganisms at surfaces.
Testing them requires a method for varying the mechanical interactions. We tuned contact forces between
Paramecia and surfaces in situ by varying their buoyancy with nonuniform magnetic fields. Remarkably,
increasing their buoyancy can lead to ∼100% trapping at lower surfaces. A model of Paramecia in surface
contact passively responding to external torques quantitatively accounts for the data implying that
interactions with a planar surface do not engage their mechanosensing network and illuminating how their
trapping differs from other smaller microorganisms.
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Swimming organisms interact with surfaces as they
negotiate their environs [1–5]. Higher organisms, such as
fish, use whiskers, eyes, and other means to detect obstacles
that they actively avoid by adjusting their swimming.
Lower organisms appear to navigate around obstacles
much more passively [6–10]. Studies of bacteria, for
example, indicate that hydrodynamic and contact inter-
actions between swimmers and surfaces drive them to
passively accumulate [2,10]. That is, the interactions
closely related with collective bacterial behavior such as
biofilm formation [11] and swarming [12] do not appear to
lead to a change in the propulsion that could be considered
an active response. Here we present investigations of
surface interactions for another swimming unicellular
organism, Paramecium, which is known to actively
respond to mechanical perturbations [13]. When prodded
in the posterior they accelerate away and when prodded
in the anterior they perform an avoiding reaction, backing
up to swivel off in a new swimming direction [14,15].
We address whether their collisions with nearly planar
surfaces evoke similar active changes in propulsion.
Paramecia are among the many microorganisms small

enough that their motion occurs at low Reynolds number
(Re) but large enough that their apparent weight, ~w,
influences their swimming [16–26]. This combination
indicates that surface collision forces might be large
enough to provoke an active response. We demonstrate
this by first estimating the scale of the collision forces.
A freely swimming Paramecium experiences forces that
decompose typically into propulsion, P, and drag,D. These
sum to zero at low Re [27,28]. At the moment of a head-on
collision, the drag force drops out and the normal force, N,
exerted by the surface grows to balance P. Consequently,
the propulsive force sets the collision force scale. In the
presence of gravity, Paramecia must swim hard enough
that P > w in order for them to stay suspended. Altogether,

the collision force is expected to exceed the apparent
weight force.
The influence of the apparent weight force on Paramecia

swimming has been categorized into two phenomena. They
show negative gravitaxis which is a tendency to orient
their swimming direction antiparallel to the gravity vector
[29–31]. They also exhibit negative gravikinesis by exerting
a stronger propulsive force when swimming against their
apparent weight [32–34]. Both behaviors disappear when
Paramecia are neutrally buoyant [30,35]. The gravitactic
response appears to be a passive response to a mechanical
torque arising from an asymmetry of the Paramecium
body [29]. The gravikinetic response, on the other hand,
appears to be active. How Paramecia transduce the very
small apparent weight force (∼100 pN) remains unclear
[14,31,32,35]. The main proposal attributes it to the
mechanical activation of ion channels which changes the
membrane potential and consequently ciliary beating [36].
Thus, Paramecia are suspected of actively responding to a
force that is smaller than forces involved in collisions.
Here, we show that applying forces and torques com-

parable to the propulsive force influence Paramecium’s
interactions with upper and lower surfaces. We were
motivated by unexpected observations of two species of
Paramecia becoming trapped at lower surfaces when they
were buoyant. We used a magnet based technique, mag-
netic force buoyancy variation, for adjusting ~w in situ [35].
The magnetic field employed also exerted a torque that
aligned Paramecia to swim along the vertical magnetic
field lines. The torque arises from an intrinsic magnetic
susceptibility anisotropy, Δχ ¼ ðχ∥ − χ⊥Þ, where χ∥ and
χ⊥ are the susceptibilities parallel to and perpendicular to
a Paramecium long axis. We observe that these imposed
forces and torques control the surface trapping by enhanc-
ing or inhibiting the turning of Paramecia that allows them
to escape from surfaces. We present a passive mechanical
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model that quantitatively accounts for the range of
observed phenomena. In particular, it explains the counter-
intuitive result that forces directed away from a surface
drive trapping at the surface. The two species of Paramecia
behave slightly differently from one another in a manner
that can be captured by adjusting Δχ, ~w, and P.
We applied magnetic force buoyancy variation by

placing swimming chambers in the bore of a high field
resistive magnet at the National High Magnetic Field
Laboratory [37]. Adjusting the magnet current and/or
chamber position varies the magnetic force acting on the
Paramecia and the solution to alter the apparent weight of
the Paramecia. We can specify the magnetically modified
apparent weight, w as

w
w1g

¼ 1�
�

B
Bneut

�
2

ð1Þ

where B, w1g, and Bneut are the magnetic field, the apparent
weight at 1g, and the magnetic field at neutral buoyancy,
respectively. The − and þ signs are for positions above
and below the magnet center. Bneut, which was 10 T for
P. tetraurelia and 7.8 T for P. caudatum, is the field at
which immobilized Paramecia ceased to sediment. (See the
Supplemental Material [38] for more experimental details.)
Paramecia tetraurelia (P. tetraurelia) (120–150 μm

long) tended to become trapped at surfaces when ~w was
directed away from the surface [Fig. 1(a)]. Individual

swimmers in movie, Supplemental Material [38], M-1
swam into a surface at a speed constant to within a few
percent, rotated toward parallel, and then swam canted at a
constant angle along the surface at a constant speed with
their anterior in contact. Some swam in circles that were
usually left handed like the helices of free swimmers.
Paramecia escaped the surface generally after colliding
with another Paramecium, a dust particle, or the chamber
walls. Rotational diffusion effects known to influence
bacteria surface escape [6] were not apparent as expected
for these much larger organisms. Occasionally P. tetraur-
elia assumed a static vertical orientation. By contrast, the
P. tetraurelia that swam toward the surface with ~w only
briefly made contact as they reversed their swimming
direction (See Supplemental Material [38], M-2).
We used a surface trapping probability (STP) to capture

the dependence of the trapping on w=w1g [Figs. 1(b)
and 1(c)]. The STP is the fraction of the swimmers colliding
with a surface that subsequently reside on it for a time
necessary to swim many body lengths. We chose 3 s. We
observed 20 collisions for each data point and measured the
STP every 30 seconds. The STP increases from near zero at
w=w1g ¼ 1 to about 80% at w=w1g ¼ −2. This correlation is
strong evidence that ~w controls the trapping.
Paramecium caudatum (P. caudatum) (180–250 μm

long) also showed ~w dependent surface trapping. Like
P. tetraurelia, they approached the surface, made an
incomplete turn toward parallel, and swam along it at a
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FIG. 1 (color online). (a) The surface trapping probability (STP) of P. tetraurelia at the bottom. Frame showing 3 P. tetraurelia at the
bottom surface when w=w1g ¼ −2. The long axes of their bodies were canted away from horizontal as they swam along the surface.
(b) STP of P. tetraurelia near the bottom surface as w=w1g changes from 1 to −2. The negative force indicates that the force direction is
from the bottom to the top. (c) STP of P. tetraurelia and w=w1g (solid line) as a function of time. w was changed in steps. (d) Trapping of
P. caudatum at the bottom surface. Upward apparent weight force (w=w1g ¼ −6) is applied. (e) STP of P. caudatum at the top (triangle)
and bottom (downward triangle) surface. (f) STP of P. caudatum at the top surface minus the bottom surface and w=w1g as a function of
time. The solid line marks the changes in w=w1g. The dotted line denotes where both the probability and w=w1g are zero. The bars on the
points give the uncertainty estimated presuming the measurements followed a binomial distribution.
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constant speed and canting angle. Their escape appeared
to be dictated by collisions. Trapped P. caudatum were
usually oriented vertically [Fig. 1(d) and Supplemental
Material [38] M-3] while a few, usually at lower apparent
weights, swam canted relative to the surface (See
Supplemental Material [38], M-4). Vertically oriented
P. caudatum often swayed about 15 degrees with a period
of about 1 s.
Figure 1(e) shows the STP for P. caudatum on both the

top and bottom surfaces as w=w1g varies from −6 to 10.
Very little trapping occurred for −2 ≤ w=w1g ≤ 2. At
the most negative apparent weights, the bottom STP
approached 100% and the top STP remained low. At the
most positive apparent weights these behaviors exchanged
(See Supplemental Material [38], M-5). The difference
between the top and bottom STPs closely tracks the
changes in w=w1g [Fig. 1(f)]. The videos indicate that
when the STP on either surface is low the P. caudatum
easily turned at the surface to swim away (See
Supplemental Material [38], M-5). Thus, like P. tetraur-
elia, trapping occurred primarily for P. caudatum swim-
ming against ~w on their way to a surface.
In addition, P. caudatum became trapped by intense

homogeneous magnetic fields for which w=w1g ¼ 1.
Figure 2 shows that the STPs for both the top and bottom
surfaces grow with the magnetic field. The top STP is
slightly higher at each field. The trapped P. caudatum were
primarily vertical on both surfaces.
The strong w and B dependence of the STP led us to

consider a model of mechanical torques that contribute to
turning at surfaces. The model [Fig. 3(a)] presumes a
passive swimmer with a prolate ellipsoid shaped body with
major axis, L, that swims in a plane and approaches the
surface at normal incidence. It ignores the helical motion,
which causes it to wobble as a first approximation.
The body interacts with the surface through a normal force
~N. ~w, ~D, and ~P, which is oriented along the long axis, act
at the center. P is presumed constant since Paramecia

approach and swim along the surfaces at constant speeds.
Correspondingly, the model neglects stochastic variations
in the propulsive mechanism, which can influence smaller
organisms [6]. Also, it neglects long-range hydrodynamic
interaction between Paramecia as phenomena like dancing
Volvox [39] were not apparent. At low Re number,
~Pþ ~N þ ~Dþ ~w ¼ 0. The perpendicular components sat-
isfy N ¼ P cos θ − ~w · n̂ where θ is the angle between the
long axis and the surface normal, n̂.
The torques turning the body about its center also sum to

zero, ~τN þ ~τB þ ~τD ¼ 0, where

τN ¼ L
2
N sin θ ¼ L

2
ðP cos θ − ~w · n̂Þ sin θ ð2Þ

is the normal force torque,

τB ¼ −
1

2μ0
ΔχB2 sin 2θ ð3Þ

is the magnetic torque, and τD is the drag torque. μ0 is the
permeability of free space. Because Δχ > 0, τB aligns
Paramecia to swim along the magnetic field. Δχ is large
enough to orient the vast majority of Paramecia essentially
to swim vertically in magnetic fields as low as 3 T [40].
It is noteworthy that this model leaves out a hydro-

dynamic force dipole image torque that appears to align
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FIG. 2. STP at the top (triangle) and bottom (downward
triangle) surface as a function of homogeneous magnetic field
at constant apparent weight of w=w1g ¼ 1. The bars on the points
give the uncertainty estimated presuming the measurements
followed a binomial distribution.
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FIG. 3. (a) A sketch of a canted Paramecium in contact with
and swimming along the bottom surface. In this figure, the
Paramecium swims against ~w. (b) Phase diagram of P. caudatum
behavior at the bottom surface. The upper four frames give
schematics of the swimming behavior in the magnetic field
regions I–IV. The gray region specifies the range of θmax expected
for a typical population of swimmers.
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bacteria parallel to surfaces to trap them [6] and the
gravitactic torque [29]. If the dipole torque played a role,
then Paramecia that turned to parallel would stay trapped,
which is contrary to the observations. A plausible explan-
ation for this different behavior is that the force dipole, Pl,
is relatively smaller for Paramecia than for bacteria. Here l
is the distance between the center of drag and propulsion.
For bacteria like Escherichia coli (E. coli), l ≈ L since the
center of drag is near the body center and the center of
propulsion is near the center of the flagellar bundle.
Consequently, the torque due to propulsion, which scales
as PL is comparable to the dipole torque for E. coli. For
Paramecia, however, Pl ≪ PL, as the propulsion involves
the beating of cilia that uniformly cover the body, which
makes the centers of drag and propulsion nearly coincide.
Thus, it is reasonable to omit this hydrodynamic dipole
image torque. The gravitactic torque, which can be written
as wc where c is a body asymmetry length, is estimated to
be less than 5% of wL which makes its contribution to
turning at a surface negligible.
We define the torque that drives turning as τdrive ¼

τN þ τB. When τdrive > 0, the long axis of a Paramecium
rotates toward parallel to the surface. τD simply opposes
this motion. Swimmers rotate up to a maximum angle θmax,
where τdriveðθmaxÞ ¼ 0:

θmax ¼ cos−1
�

~w · n̂
P − 2

μ0L
ΔχB2

�
: ð4Þ

They swim along the surface canted at θmax.
This model predicts four distinct behaviors as a function

of w=w1g. They are depicted for a lower surface in Fig. 3(b)
with a plot of θmax appropriate for P. caudatum (see below).
At the most positive w=w1g, regions I(a) and I(b), τdrive
rotates the swimmers to θmax ≳ π=2. Because their helical
motion causes them to wobble by an angle θw ≈ 15°, we
presume that swimmers rotated by more than π=2 − θw are
able to wobble their way through a complete turn. In region
II, where π=2 − θw > θmax > 0, τdrive rotates them to swim
at a canted angle θmax. In region III, the magnetic torque
dominates to prevent the rotation of the swimmers to leave
them vertical. Finally, in region IV, the force stalls the
swimmers before they reach the surface. These behaviors
are evident in the videos.
The model also quantitatively accounts for the data.

The points in Fig. 3(b) were plotted using

θmax ¼ cos−1
 

−w=w1g

P
w1g

� 2ΔχB2
neut

μ0w1gL
ð1 − w=w1gÞ

!
; ð5Þ

where the plus and minus signs are for Paramecia swim-
ming into the bottom surface along and against forces,
respectively. Note that the positive direction of w is defined
as the normal gravity direction. The measured average
parameters P, w1g, Δχ, Bneut, μ0, and L for P. caudatum

are 1000 pN, 100 pN, 6.7 × 10−23 m3 [40], 7.8 T,
4π × 10−7 Hm−1, and 215 μm, respectively. Thus the
model predicts that average Paramecia turn successfully
for w=w1g > −2, become trapped for w=w1g < −2, and
become vertically oriented at w=w1g ≃ −7.5 in accord with
Fig. 1(e) and the video observations. The range of behav-
iors exhibited at a fixed value of w=w1g can be attributed to
the variation in P, w1g, and Δχ in the population. The gray
band in Fig. 3(b) is the expected spread in θmax if
we presume that P varies by �25% [41]. This band
implies, for example, that when w=w1g ≃ −7.5, some
trapped swimmers are predicted to be canted while others
are oriented normal.
While P. tetraurelia and P. caudatum behave very

similarly, the model predicts differences that are observed.
P. tetraurelia has a smaller ratio of w1g=P, which reduces
the field scale over which trapping is observed (Fig. 1).
In addition, P. tetraurelia is a factor of 2 shorter than
P. caudatum which leads to a weaker magnetic suscep-
tibility anisotropy [40] and less of a tendency for them to
orient vertically while trapped at a surface.
Overall, this passive model appears to capture the

magnetic force buoyancy variation driven trapping phe-
nomena. This passive response to surface interactions
agrees with smaller microorganism behavior. The surface
accumulation of E. coli [4] and Caulobacter Crescentus [2]
and the surface guiding of other microorganisms that has
been exploited to create ratchets [7,8] do not appear to
involve changes in propulsive output [9,10].
Closer inspection of Paramecia swimming into surfaces

with higher spatial and temporal resolution than employed
here is required to eliminate the contribution of active
responses. There are some indications that the Paramecia
swimming with the apparent weight into surfaces bounce
on impact at the highestw=w1g. This effect might be a slight
avoiding reaction and thus a sign of an active response. The
results presented here, however, imply that Paramecium
navigation around smooth obstacles is dominated by simple
mechanics involving short-range forces.
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