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ABSTRACT

We consider the dynamics of micro-sized, asymmetrically coated thermoresponsive hydrogel ribbons (microgels) under periodic heating and
cooling in the confined space between two planar surfaces. As the result of the temperature changes, the volume and, thus, the shape of the slen-
der microgel change, which leads to repeated cycles of bending and elastic relaxation, and to net locomotion. Small devices designed for biomi-
metic locomotion need to exploit flows that are not symmetric in time (non-reciprocal) to escape the constraints of the scallop theorem and
undergo net motion. Unlike other biological slender swimmers, the non-reciprocal bending of the gel centerline is not sufficient here to explain
for the overall swimming motion. We show instead that the swimming of the gel results from the flux of water periodically emanating from (or
entering) the gel itself due to its shrinking (or swelling). The associated flows induce viscous stresses that lead to a net propulsive force on the gel.
We derive a theoretical model for this hypothesis of jet-driven propulsion, which leads to excellent agreement with our experiments.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0076244

Self-propulsion allows micro-organisms to explore their environ-
ments, from small bacteria' to larger aquatic organisms.” Since early
quantitative studies in the 1950s,”" theoretical and experimental stud-
ies of various micro-organisms have led to discoveries of the numerous
physical mechanisms used by motile cells to self-propel through vis-
cous fluids,” in particular algae,”” bacteria,” and spermatozoa.'’ The
quantitative investigation of such phenomena has led to a better
understanding of biological and physiological phenomena, including
human reproduction'' and infectious diseases.'” Beyond biology, the
field of biomimetic design is showing a lot of promises in mimicking
these mechanisms to create controllable artificial microswimmers,'*"”
which are now starting to find use in medical applications'® such as
targeted drug delivery'” and minimally invasive surgeries.”’

One of the major practical design limitations for small-scale bio-
mimetic propulsion was formulated by Purcell.”' Tt states that if an
artificial swimmer undergoes periodic shape changes that are
“reciprocal” over a single period (i.e., that remain identical under a
time-reversible symmetry), the overall displacement of the swimmer is
necessarily zero. The justification of this theorem lies in the time-
reversibility of the Stokes equations that describe the motion of the

surrounding fluid at the micro-scale. As a result, one of the games to
play for biomimetic propulsion is to circumvent the limitations of the
scallop theorem.”” The most obvious way is to use a propulsive mecha-
nism that leads to non-reciprocal kinematics,”” ' which, in many
cases, is facilitated by the elastic compliance of the swimmer.”” >
Other common ways include exploiting inertia’”" or the non-
Newtonian properties of the surrounding fluid.”**”

In this paper, we investigate the motion of artificial micro-
swimmers based on a thermoresponsive hydrogel actuated under
reciprocal cycles of heating and cooling. We first explore experimen-
tally the propulsive features of these swimmers and find that the exter-
nal actuation results in a slightly non-reciprocal shape change. Using
standard modeling of the hydrodynamic forces and flows for slender
objects, we next show that the non-reciprocity in shape change is not
sufficient to account for the overall swimming motion. Instead, we
demonstrate that the propulsion originates from the local flows
induced by the swelling and deswelling of the gel, with a mathematical
model that leads to excellent agreement with experiments.

Microswimmers were produced as slender ribbons made of
crosslinked poly(N-isopropyacrylamide) PNIPAm,"”** laden with
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gold nanorods and sputtered with a layer of gold on one of its largest
sides, as illustrated in Fig. 1(a). The microswimmers were placed in the
tight space between two flat rigid surfaces [Fig. 1(b)], so that the result-
ing motion can be considered to be quasi-two-dimensional (2D). For
more information on the experimental methods, we refer the reader to
the supplementary material.

In order to actuate the microswimmers, we take advantage of the
thermoresponsivity of the hydrogel. An increase in temperature
reduces the solubility of the polymer, thereby shifting the equilibrium
state, i.e., the balance between the free energy of mixing the solvent
molecules and polymer chains and the elastic free energy of the net-
work."”™** Due to the entropic nature of the hydrophobic interaction,
water is transported out of the gel upon collapse, until a new balance
between elastic and osmotic forces has been reached. In the case of a
temperature-driven volume phase transition, the temperature change
depends on heat transfer, which is orders of magnitude faster than
mass transport. Consequently, the imbalance between osmotic and
elastic forces depends considerably on the rate of the temperature
change and the dimensions of the microgel.

The key property that allows for the directional motion of the
microgels is the anisometry of their bodies, which we control by using
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particle replication in non-wetting template.”’ Such technique is valu-
able for the synthesis of a well-defined composition and shape. It
allows the integration of plasmonic nanoparticles for optical heating
and the possibility of a second passive layer. Such a bilayer bends with
the temperature [see Fig. 1(c)], converting volume change into elastic
energy.42 Under near infrared laser (NIR) irradiation, the gold nano-
rods absorb light energy and heat the polymer matrix, while the sur-
rounding fluid acts as a heat sink.**”” Rapid optical heating inevitably
creates heterogeneities because the response of the polymer is slow,
requiring diffusion of water molecules out of the network.”" The anis-
ometry of the microgels and the transient heterogeneity cause stress
accumulation resulting in body deformation. The process, although
with hysteresis, is reversible, and the shape recovers as soon as the irra-
diation ends."'

In our experiments, we induce a periodic shape deformation of
the microgel, of period T = to, + fof, by irradiating it steadily with a
NIR light for a time f,, and letting it recover for a time t,¢. An exam-
ple of the resulting shape deformation is shown in Fig. 1(d), where we
extracted the centerline of the microgel from experimental videos
and averaged over a large number of periods (>100). For a range of
irradiation and recovery times, we discover a non-vanishing net
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FIG. 1. (a) A microgel ribbon made of crosslinked PNIPAm synthesized in a fluoroelastomer mold and sputtered with a 2 nm thick gold as a passive layer. The ribbon has a
length L =80 um, a width w=5 um, and a thickness t=2 um. When released into cold water, the gel swells and bends (with the gold layer inward) along the longitudinal and
transverse axes with a curvature Rjong and Ryans, respectively. Above 32 °C, the microgel shrinks and the curvatures reverse, with the gold layer outward. (b) Experimental
setup including a controlled heating stage, a microscope for optical observation and NIR laser irradiation at 45°. The microgels are loaded into the microcompartment in which
the ribbons spontaneously orient themselves edge-on relative to the confining surfaces, creating a gap of about 1.5 um above and below the swollen gel. (c) Variation of the
longitudinal curvature (with Crong = 1/Riong) @s a function of the ribbon length L during a 5°C/min heating (full, red symbols)/cooling (empty, blue symbols) ramp from 20 to
35°C. Optical micrographs show the characteristic shapes of the ribbons swollen at 20 °C (i) and shrunken at 35 °C (ii). The graph shows the hysteresis of the ribbon curva-
ture, along with the optical micrographs (iii) and (iv), taken at 31 °C, where the ribbon length is close to the preparation state (L =80 xm) but shows a significant difference in
curvature depending on whether it is being cooled or heated. (d) Shape of the gel centerline during periodic photothermal actuation, extracted from the experimental videos
and averaged over many periods, for f, = 60 msand t,, = 12 ms. Light green background indicates the part of the period when the microgel is heated (laser is on).
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displacement of the gel over a single period of actuation. We illustrate
these results in Fig. 2 for to =60 and t,, = 10ms. In Fig. 2(a), we
show a time lapse of the gel's motion, while we plot the average instan-
taneous speed U of the gel in Fig. 2(b) and the average displacement of
its geometric center-of-mass in Fig. 2(c).

It is clear from Fig. 2(a) that the gel translates in a direction that
is not parallel to its apparent axis of symmetry. Given our setup, this
might appear unexpected as the system is quasi-2D, and the 2D shape
of the gel appears to remain symmetric with respect to its initial axis of
symmetry [ie., the x axis in Fig. 1(d)]. However, in our previous stud-
ies,"”"* we observed that even the equilibrium shapes of such micro-
gels are slightly chiral. We believe that the microgels investigated in
this paper are also slightly chiral, around the axis perpendicular to the
plane of observation, which causes the observed misalignment
between the apparent axis of symmetry and the direction of transla-
tion. For a different choice of t,,, we observe a motion that is a combi-
nation of rotation and translation (see Fig. S1(a) in the supplementary
material). Similarly, we believe that the chirality is responsible for this
as well.

Since the gel undergoes a non-reciprocal shape change [as illus-
trated in Fig. 1(c)], we might suspect that these shape changes, com-
bined with the drag from the surrounding fluid, are sufficient to
explain the observed net translation. We tested this using resistive-
force theory of slender filaments™ to compute the viscous drag on the
gel as a function of its shape and of the ratio of drag coefficients
r=¢,/ 5” > 1. In an infinite fluid I" ~ 2, but, due to the immediate
presence of the walls, this drag coefficient ratio could be different from
this bulk value and could also be time-dependent since the microgel
changes shape throughout a period of actuation. However, indepen-
dently of our choice for I', we find that the predicted velocities so
obtained are one order of magnitude smaller than what we see in the
experiments. We, therefore, conclude that the net motion of the gel is
induced by different physical mechanisms.

We propose here that the swimming of the gel results instead
from the flux of water that is emanating from the gel itself, due to its
swelling/shrinking. In a tight confinement, which is the situation in
our experiments, this creates strong local flows whose associated vis-
cous stresses result in a net propulsive force acting on the gel, and

(a)
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hence to locomotion. To verify this hypothesis, we derive a theoretical
model for these flows, which we show is able to reproduce quantita-
tively the translational motion of the gels. Note that existing models
have been developed to explain the motion of passive, strongly con-
fined microgels in external flows.” >* In our case, the microgel self-
propels in a quiescent fluid, and our model focuses instead on the
propulsion mechanism.

We assume that the gel is quasi-2D, and that it remains symmet-
ric with respect to the x axis, a justified approach given the centerline
shapes in Fig. 1(d). In the center-of-mass body frame, a material point
x on the surface of the gel, S, is assumed to move (due to shape
changes) with velocity ug(x), while the surface of the gel is ejecting
fluid with local velocity ¢(x)n, where f is the unit normal to S at x,
pointing into the fluid. The aim of the model is to predict the transla-
tional velocity U(t)e, of the gel’s center-of-mass.

To proceed, we use the theoretical framework developed for jet
propulsion in the absence of inertia.”® Following that work, we can
compute the swimming speed of the gel by applying the Lorentz recip-
rocal theorem of Stokes flows using two flows: (i) the flow resulting
from the deformation of the gel (i.e., the current problem of interest)
and (ii) a second ‘test’ flow resulting from the translation of the gel
with an arbitrary prescribed velocity Ue,. Using & to denote the stress
exerted on the gel in the test flow leads to the integral identity,

0— J [Ue, + s + (x)ii] - & - 7 S, )
S

We assume that the fluid ejection speed is uniform along the perme-
able sides of the microgel, and given that the flow is due to volume
change in the gel, we may relate the rate of flow in and out of the gel
to the rate of change of the gel length as

d) = —OCL, (2)

where o is a dimensionless order-one parameter.

The relationship in Eq. (2) assumes implicitly that the rate of
change of microgel’s length L is the only input in the model on the
fluid transport and is, therefore, sufficient to capture the asymmetry
between the swelling and the shrinking process, experimentally dem-
onstrated, for example, as the hysteresis in Fig. 1(c). In an idealized

(c)
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FIG. 2. Experimental (symbols) and theoretical (lines) results for the translation of the microgel for irradiation times & = 60 ms and f,, = 10 ms. Light green background indi-
cates a part of the period when the laser is on. (a) Overlay of the gel shapes, sampled at the same phase of the periodic motion, with consecutive images being four periods
apart. The arrow indicates the direction of motion. (b) Blue circles represent experimental results for the translational velocity; error bars represent one standard deviation in
estimating the mean velocities. The solid red line represents the prediction from the theoretical model, Eq. (5) with & = 1.01. (c) Displacement of the geometric center-of-mass
of the gel during a single period, as obtained by integrating the translational velocity in time.
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case, o« would represent the ratio between the full cross-sectional area
of the microgel and the portion of area that is permeable. However, as
the geometry in our experiments is rather intricate, we let o be the
only fitting parameter of the model.

The result in Eq. (1), which is a surface integral, can be next
coarse-grained over the thin cross section of the gel and turned into a
line integral along the length L of the gel cross section. To approximate
the average of the stress 6 - i due to the test flow acting on a cross sec-
tion, we use the resistive-force theory of slender filaments,”” stating
that & - fi o (tt 4+ I'nn) - Ue,. With the choice I'=2 (wall and
unsteady effects were found to be subdominant in our comparison
with the experiments), we then obtain the following integral equation:

0= J [Uex +ug — ain] - [tt + 2nn] - e, dl, (3)
L

where n is now the unit normal pointing into the fluid but on the
non-plated side of the gel, where most fluid ejection occurs, and t is
the unit tangent along the centerline [see Fig. 1(d)]. The integral is per-
formed along the centerline of the gel with dl being its line element.
We can now use Eq. (3) to derive the instantaneous translational
velocity as

ZacLJ ny dl — J ug - [tt + 2nn] - e, dl
U: L L

(4)
J (22 +202)dl
L

We note that our model does implicitly include the strong hydro-
dynamic confinement of the gel. The normal stresses and, therefore,
the perpendicular drag force acting on a cross section are dominated
by the pressure drop required to force the fluid through the narrow
gap. This suggests that the integral of ¢n - ¢ - 1 is coarse-grained to a
line integral with the integrand proportional to n - ey, as done above.
The confined geometrical setup is, therefore, implicitly included in our
model.

To test our theoretical prediction, we use the kinematics for the
gel’s centerline extracted from experimental videos. This was done
using the finite difference method on the centerline shapes. The videos
were recorded at the frame rate Af =1 ms with actuation periods
T = NAt that were always an integer multiple of At. This allowed us
to track the gel over many periods, so that, within each period, we
record the shape at exactly the same set of phases t, = nAt, with
n=0,1,...,N. Thus, by averaging the extracted shapes and gel dis-
placements over many periods of actuation (= 100), we greatly
improve the accuracy of our finite difference approach.

The theoretical prediction for U, = U(nAt) in Eq. (4) can then
be written as

U, = oF, + U, (5)
where
ZLJ 1, dl J ug - [tt + 2nn] - e, dI
Fn = Li? Us = - L ’ (6)
J (£ +2n2)dl J (22 +2n2)dl
L L

with F, representing the contribution due to the fluid transport
through the surface of the gel and US that due to the evolution of the

scitation.org/journal/apl

shape. Note that taking F, =0 is equivalent to assuming the locomo-
tion is due solely to the non-reciprocal shape changes, which is not
able to reproduce our experimental results (see above).

The only free parameter in the model is the order-one dimen-
sionless constant of proportionality o from Eq. (2). We fix its value by
performing a least-square fitting on the model given by Eq. (5), where
U, is extracted from the experiments, while F,, and U are computed
using the kinematics extracted from the experimental data, as
described above. The optimal value of o was found to be slightly differ-
ent for different experimental conditions, which is not surprising,
given that it encapsulates complicated and highly sensitive microgel
swelling/shrinking dynamics.

In Figs. 2(b) and 2(c), we show the comparison between the
experimental data (blue symbols) and the theoretical model (solid red
line). Our theoretical prediction for the translational velocity is in
excellent agreement with the experimental results for both the instan-
taneous value of the velocity [Fig. 2(b)] and the total integrated dis-
placements [Fig. 2(c)]. Moreover, we obtain the same level of
agreement in an experiment with a different set of irradiation times
that lead to a significant rotation of the microgel (see Fig. S1 in the
supplementary material).

We further investigate the hydrodynamics of swimming by pre-
dicting theoretically the fluid flow around a cross section of the micro-
gel. As a model system, we assume that the cross section of the gel is
circular (‘disk’ in what follows) of radius r, and is ejecting (taking in)
fluid at speed Uy from the part of its perimeter that describes an angle
2 < 2 [see sketch in Fig. 3(a)]. As the fluid is ejected (taken in), the
radius of the gel must change as 7o = —fU,/7 due to the conserva-
tion of volume. In an unbounded fluid, an analytic solution exists for
the flow around this two-dimensional setup.”” Under the assumption
of zero net hydrodynamic force, the disk translates with velocity
—Upsin ff/n and drives a two dimensional flow uf + v in polar
coordinates given by

u _ sinfcosO (1 2
Uo_ T r

. o1 n+1
+Z#[n(_) ~(n-2(2) } )

n=2

v sin f§ sin 6 ro 2
Uy o T r
00 n—2 ] ) 70 n—1 to n+l1
+,,Z; p— sin nf} sin n6 [(7) — <7> . (8

We illustrate this unbounded flow (non-dimensionalized by Up) in
Fig. 3(b) in the case f = 271/3 (the flow shown is the series truncated
atorder (ro/r)", with n=40).

If we now confine the disk between rigid surfaces, the strongest
flow occurs in the narrow gaps between the disk and the walls, and the
analytical solution that could capture this part of the flow would be
cumbersome. To gain intuition about flow features in this case, we use
COMSOL* to solve for the Stokes flow under the same situation (ie.,
force-free locomotion of the disk with § = 27/3) for a disk symmetri-
cally located in a space of size 2ry/0.9 between two rigid surfaces. We
show in Fig. 3(c) the streamlines and the magnitude of the flow, illus-
trating the strong flows that are locally induced in the tight space
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FIG. 3. Using a two-dimensional model where the gel expels flow uniformly along
its surface (a), we show the flow induced around the circular cross section in an
unbounded fluid [(b), analytical solution] and in the tight space between two rigid
surfaces [(c), numerical computations]. (a) Sketch of a toy model of a cross section
with surface angle 28 < 27 expelling fluid. (b) Flow around the model cross
section in an unbounded domain, given by Egs. (7) and (8) for f = 2r/3. Arrows
represent the flow direction, while colors indicate the flow magnitude non-
dimensionalized by Up. (c) Results of COMSOL™® simulations for a model cross
section (f = 2r/3) in the presence of two no-slip plane walls (top and bottom).
Lines show streamlines, while colors indicate the flow magnitude non-
dimensionalized by Uy (spacing between the walls of 2ry/0.9).

between the disk and the surfaces and their right-left asymmetry—this
is the physical origin of the net propulsion.

In summary, in this paper, we report a jet-driven type of microgel
propulsion. In contrast with many studies of artificial swimming,
which rely on the non-reciprocal bending of the centerline of slender
swimmers to swim, here locomotion is driven by the localized fluid
transport in and out of the gel caused by its rapid swelling and deswel-
ling. This viscous-jet hypothesis is confirmed to be the dominant
mechanism of propulsion by a hydrodynamic model that shows excel-
lent agreement with our experimental results.

See the supplementary material for details of the experimental
methods.
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