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Ciliated microswimmers and flagellated bacteria alter their swimming trajectories to follow the
direction of an applied electric field exhibiting electrotaxis. Both for matters of application and
physical modelling, it is instructive to study such behaviour in synthetic swimmers. We show
here that under an external electric field, self-propelling active droplets autonomously modify their
swimming trajectories in microchannels, even undergoing ‘U-turns’, to exhibit robust electrotaxis.
Depending on the relative initial orientations of the microswimmer and the external electric field, the
active droplet can also navigate upstream of an external flow following a centre-line motion, instead
of the oscillatory upstream trajectory observed in absence of electric field. Using a hydrodynamic
theory model, we show that the electrically induced angular velocity and electrophoretic effects,
along with the microswimmer motility and its hydrodynamic interactions with the microchannel
walls, play crucial roles in dictating the electrotactic trajectories and dynamics. Specifically, the
transformation in the trajectories during upstream swimming against an external flow under an
electric field can be understood as a reverse Hopf bifurcation for a dynamical system. Our study
provides a simple methodology and a systematic understanding of manoeuvring active droplets in
microconfinements for micro-robotic applications especially in biotechnology.

INTRODUCTION

Biological microswimmers, e.g. bacteria, algae,
paramecium, sperm cells, adapt their swimming strate-
gies in response to external cues resulting in directed
motion exemplified by the various taxes, like chemotaxis
in response to chemical concentration gradients [1–3],
phototaxis in response to light gradients [4], rheotaxis
in response to external flows [5–7], and gravitaxis in
response to gravitational field [8]. Interestingly, both
flagellated and ciliated microswimmers, like E. coli
[9, 10], Paramecium [11, 12], T. pyriformis [13], and C.
hirtus [14], also exhibit a directed swimming in response
to external electric fields leading to galvanotaxis or
electrotaxis (also see [15]). The mechanism for electro-
taxis under an applied DC electric field is dependent
on the cell surface structure for bacteria [9], and on the
augmentation and reversal of the ciliary beating pattern
for ciliates like Paramecium [12]. The latter is classically
referred to as the Ludloff phenomenon [16]. In the
context of self-propelling synthetic microswimmers, it
is worth noting that mimicry of such biological electro-
tactic behaviour can have far reaching consequences for
their control and manoeuvrability during technological
applications, like targeted cargo (drug) delivery [17, 18].

Self-propelling artificial microswimmers can be
broadly classified into two groups- one, active colloids,
like Janus particles, which swim by initiating self-
diffusio-, or self-electro-phoresis of a chemical species
triggered by catalytic reactions at the interface initiated
by a ‘fuel’ chemical [19–21]; two, active droplets, which

swim predominantly using interfacial tension gradient
created by spontaneous symmetry breaking of a ‘fuel’
surfactant at the droplet interface [22–29]. It is fascinat-
ing to note that both types of artificial microswimmers
adapt their swimming dynamics in response to external
cues, and mimic some of the taxes exhibited by biolog-
ical microswimmers, like chemotaxis [30–32], rheotaxis
[33–37], and gravitaxis [37–39]. However, investigations
into electrotaxis of artificial microswimmers remain
scarce and incomplete.

The rotational and translational dynamics of self-
propelling platinum-polystyrene Janus particles under
an external DC electric field were experimentally
demonstrated in the context of manoeuvrability of
active colloids using solid boundaries [40]. The in-
herent asymmetry in the surface zeta potential of the
Janus particles resulted in a rotation which aligned the
swimming direction with the applied electric field [40].
Subsequent theoretical analysis [41] revealed that the
angular velocity responsible for this realignment of the
active Janus particles is dependent on the asymmetric
electrokinetic effects, and the strengths of the surface
activity and the applied electric field. Recently, a
combination of AC and DC electric fields in a 3D
microelectrode geometry were also used to demonstrate
controllability of catalytic Janus rods [42]. However, the
response of isotropic active swimmers lacking inherent
asymmetry, e.g. active droplets, to external electric
fields remains unexplored. This cannot be predicted
a priori based on the response of asymmetric Janus
particles, which also swim in the diffusion dominated
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regime unlike isotropic autophoretic microswimmers
which need finite advective perturbations for the
spontaneous symmetry breaking of the ‘fuel’ surfactant.
Furthermore, the limited available studies on the electro-
taxis of self-propelling artificial microswimmers remains
restricted to unbounded [41] or open surface [40, 42]
geometries. Keeping in mind that real life applications
demanding electrical manoeuvrability of artificial mi-
croswimmers will invariably involve strong confinements,
the effects of confining walls in dictating the dynamics
in response to electrical cues need to be studied carefully.

Here, we study the swimming dynamics of self-
propelling active droplets in microchannels in response
to external DC electric fields. Under an opposing
electric field, the active droplet reorients its swimming
direction by 180◦ to preferentially swim along the
direction of the applied field, and thereby exhibiting
electrotaxis. During this sharp ‘U’-turn, the active
droplet also switches its location from the vicinity of
one side wall of the microchannel to the other. Since
in a majority of applications the microswimmers also
need to navigate external flows, we further study the
adaptation of the swimming strategy during upstream
rheotaxis in response to external DC electric fields.
Intriguingly, under an electric field, the active droplet
switches from the oscillatory upstream rheotactic tra-
jectory [36] to a linear upstream trajectory along the
channel center-line. We explain the observed dynamics
using an approximate hydrodynamic model which
incorporates the electrical effects- an electrical force on
the swimmer, electrophoresis, electroosmosis, and an
electrically induced angular velocity, and the interaction
of the microswimmer with the microchannel walls. Our
model successfully describes all the phenomenological
observations, including revealing the electro-rheotactic
behaviour of the active droplets as a reverse Hopf
bifurcation of a dynamical system. We believe that
our study of the electrotaxis of self-propelling droplet
microswimmers in narrow confinements, also in presence
of an external flow, offers a simple way for controlling
and manoeuvring synthetic isotropic microswimmers for
a wide range of applications, including biomedical.

RESULTS

We use a well-established experimental system of ac-
tive CB15 oil droplets [25, 29] solubilising [24] in a
supramicellar solution of the cationic surfactant TTAB.
We modified an experimental assay (Fig. 1 (a)) for rheo-
taxis of active droplets in microchannels [36] to investi-
gate electrotaxis by inserting electrodes into the microflu-
idic chip outlets and applying an electrical voltage U .
This creates a linear electric field parallel to the chan-

nel axis- E = ±U/Lx̂. As L is fixed, |E| is directly
proportional to U . We studied the response of the ac-
tive droplets to the imposed electrical voltage between
0V and 30V (Fig. 1 (b)-(h)), analysing droplet trajecto-
ries and flow fields (Fig. 2) via video microscopy tracking
and Particle Image Velocimetry (PIV). For details, see
the Supplementary Material. To study electro-rheotactic
effects (Fig. 3), an optional pressure driven flow was im-
posed via the chip inlet.
We non-dimensionalize all spatial variables by the

active droplet radius Rd ≈ 21 µm, velocities by the
inherent swimming velocity in a quiescent medium
v0 ≈ 29.5 µm·s−1, and time, as well as angular veloci-
ties, by Rd/v0 and its inverse. All non-dimensionalized
variables are represented by overbars. The instantaneous
swimming velocity of the active droplet in the quasi-2D
microchannel is given by v = vê = v (cosψx̂+ sinψŷ),
where ê is the unit vector defining the swimming orien-
tation, and ψ is the orientation angle which is positive
when measured in an anti-clockwise sense relative to
+x̂.

Electrotaxis of active droplets

With no electric field applied, and in a quiescent swim-
ming medium, droplets reliably attach to the walls of
microfluidic geometries [36, 43].
When E is applied opposite to the swimming direction

of the active droplet, one of two things can happen –
one, when U ≤ 10 V, the droplet continues to swim fol-
lowing its original trajectory along a wall, i.e. opposite
to the direction of E, but with a reduced instantaneous
velocity v̄ (Fig. 1(c)). Two, when U is higher, v̄ initially
reduces. Subsequently, the active droplet simultaneously
rotates and translates altering its trajectory to swim in
the direction of E, along the opposite wall (Fig. 1(d)-(e)).
This is referred to here as (negative) electrotaxis, in ac-
cordance with the classical terminology used for electro-
taxis of microorganisms [12]. During this ‘U-turn’ under
E, v̄ increases compared to its intrinsic self-propulsion
velocity along a microchannel wall without electrical ef-
fects (Fig. 1 (d) or (e)). When E is applied along the
initial swimming direction of the active droplet, it only
exhibits electrotaxis with v̄ increasing with U (Fig. 1 (f)-
(h)).

Next, we investigate the difference in the hydrody-
namic signature comparing the velocity field generated
by the active droplet during electrotaxis with that gen-
erated during its inherent self-propulsion (Fig. 2). As
the droplet microswimmer swims along the direction of
E, the axial component (ūx) of the local velocity field is
higher both at the anterior and posterior ends of the mi-
croswimmer compared to the case without E (compare
Figs. 2 (a) and (b)). We also evaluate the radial com-
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FIG. 1. Electrotaxis of an active droplet in a microchannel with increasing electrical voltage. (a) Schematic of
the microfluidic setup, having microchannels of height h ≈ 52 µm and width 2w ≈ 100 µm, used for microscopy. The electrical
voltage U is applied between the two electrodes dipped into the two reservoirs. (b) Time-lapse super-position from fluorescence
microscopy, showing an active droplet (diameter 2Rd ≈ 42 µm) changing its initial (U = 0 V) swimming trajectory (to the
left along the bottom wall) by making a ‘U-turn’ to swim (along the top wall) in the direction of the applied electric field
E (to the right). (c)-(e) Trajectory of the active droplet, colour coded by the non-dimensional instantaneous velocity v̄, for
increasing value of U , when E (maroon arrow) is opposite to the initial swimming direction of the droplet (light red arrow),
and (f)-(h) when E is oriented along the initial swimming direction. The vertical black arrow marks the location when the
electrical voltage is switched on.

FIG. 2. Velocity field generated by the active droplet
during negative electrotaxis. Distribution of the local
velocity components ūx and ūr (colourmap) and the corre-
sponding streamlines for the flow generated by the active
droplet during its self-propulsion without any electrical volt-
age (U = 0 V; left column (a) and (c)), and during electro-
taxis along E (U = 20 V; right column (b) and (d)).

ponent of the velocity field (ūr) considering the droplet
centroid as the origin (Figs. 2 (c)). Importantly, ūr is
higher both at the anterior and posterior halves of the
microswimmer during electrotaxis (compare Figs. 2 (c)
and (d)). Furthermore, ūr decays over longer radial dis-
tance from the droplet centroid. The higher magnitude
and longer decay of ūr over the anterior and posterior
regions of the active droplet, and the overall flattening of
the streamlines, are due to the additional stokeslet [44]

like velocity field component during electrotaxis, super-
imposed on its inherent velocity field.

Electro-rheotaxis of active droplets

Active droplets can navigate external flows in mi-
crochannels by exhibiting an oscillatory upstream
swimming trajectory, i.e. positive rheotaxis [36], remi-
niscent of many biological microswimmers [7, 45]. Here,
we investigate the relationship between such rheotactic
and the above described electrotactic swimming of the
active droplets. For all the experiments, the droplet mi-
croswimmer is always initially oriented upstream (along
+x̂) of the imposed pressure-driven flow (always along
−x̂). For low U and E applied opposite to the direction
of the imposed flow (i.e. along +x̂), the active droplet
apparently continues to exhibit upstream oscillatory
rheotaxis against the flow (Fig. 3(a)(i)). However,
with increasing U , the amplitude of oscillation during
upstream rheotaxis decreases, while the wavelength
progressively increases (Fig. 3(a)(i)-(iii)). Eventually,
interestingly, the droplet microswimmer swims upstream
of the imposed flow only by following a linear trajectory
along the channel center-line (Fig. 3(a)(iv), (v)).

When E is applied along the direction of the imposed
pressure-driven flow (i.e. along −x̂), the active droplet
continues to exhibit upstream oscillatory rheotaxis even
for relatively higher U , as compared to the case when E
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FIG. 3. Electro-rheotaxis of an active droplet. Varia-
tion in the trajectory of the active droplet undergoing oscil-
latory upstream rheotaxis, against a pressure-driven flow in
a microchannel, on application of an electric field (maroon
arrow) with increasing strength oriented opposite to the im-
posed flow from right (blue arrows) (a)(i)-(v), and oriented
along the imposed flow (b)(i)-(iii). The colourbar represents
the applied electrical voltage (U), with black corresponding
to U = 0 V. The imposed flow profile is shown in the right
panel of (a)(i). Coloured boxes in (b)(ii) and (b)(iii) show
blow-ups of data ranges in b(i).

is applied opposite to the flow (Fig. 3(b)(i)). However,
with increasing U , the shape of the oscillatory trajectory
gradually changes specifically near the microchannel
walls, and for this case, the wavelength of oscillation pro-
gressively decreases (Fig. 3(b)(i) and (ii)). Eventually,
for high U , the droplet reorients to swim downstream of
the imposed flow following a linear trajectory along one
of the walls of the microchannel (Fig. 3(b)(i) and (iii)).

A hydrodynamic model for electrotaxis and
electro-rheotaxis

To understand the electrotactic and the electro-
rheotactic dynamics we use a 2D hydrodynamic model
commensurate with the quasi-2D experimental setup.
The velocity field generated by the self-propelling ac-
tive droplet is approximated by an equivalent pusher-
type squirmer (centroid: x̄0, ȳ0) velocity field , compris-
ing of a force-dipole (non-dimensional strength β̄) and
a source-dipole (non-dimensional strength γ̄) [46–49], as
β̄ūfd + γ̄ūsd. The active droplet is positively charged
because of the interfacial adsorption of the cationic sur-
factant (TTAB) monomers. Thus, under E, the charged

FIG. 4. Electrotactic dynamics of an active droplet
predicted by a hydrodynamic model (Eqs. 2-4). Elec-
trotaxis of the active droplet when the initial orientation (ψi)
of the microswimmer (red dotted line) is within ±π/2 relative
to the direction of the applied electric field E (along +x̂) for
(a) U = 5 V and (b) U = 20 V. (c) Electrotactic dynamics
when ψi = π, opposite to the direction of E. (d) Electro-
tactic dynamics with and without hydrodynamic interactions
(wo HI) of the microswimmer with the microchannel walls for
different values of ψi and U . (e,f) Theoretical predictions of
the swimming trajectory and orientation ψ of the microswim-
mer during upstream rheotaxis against a pressure-driven flow
(from right; blue arrows) with an average flow velocity of
ūf = 0.23 when (e) U = 0, and (f) when U = 5 V is applied
along the upstream direction of the flow (maroon arrow). (g)
Trajectories in the (ψ, ȳ) phase space for different values of
U– 0 (grey), 1 V (cream), 5 V (dark red), with ūf = 0.23.
(h) Theoretical predictions of the electro-rheotactic dynam-
ics with increasing U when E is oriented downstream and the
microswimmer is initially oriented upstream of the flow.

active droplet experiences an electric force which, in the
thin electric double layer (or the Smoluchowski) limit, is
given by Fe = 6πϵRdζsE = 6πϵRdζsU/Lx̂ [44]. Here, for
the theoretical model the uniform E is along +x̂ unless
otherwise mentioned, ϵ is the permittivity of the aque-
ous surfactant solution, and ζs ∼ O(10) mV is the sur-
face zeta potential of the active droplet. The velocity
field solely due to Fe is approximated by superposing a
stokeslet flow field ūst [44, 47] of strength ᾱ ∼ Fe

8πµvoRd
,

in line with the experimentally observed flow fields in
Fig. 2 (b,d), as discussed above. The hydrodynamic in-
teraction of the self-propelling droplet with the ‘no-slip’
microchannel walls at ȳ = ±w̄ is addressed by image sys-
tems for each of the stokeslet (ᾱū∗

st), force-dipole (β̄ū
∗
fd),
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and source-dipole (γ̄ū∗
sd) flow fields [47, 48, 50–52]. The

translational dynamics under E is finally obtained us-
ing Faxén’s first law [44, 47, 49, 51, 52] for a spherical
squirmer with non-zero net hydrodynamic force in an
ambient velocity field given by

β̄ūfd+ γ̄ūsd+ ᾱūst+ ūf +Σwalls

(
ᾱū∗

st + β̄ū∗
fd + γ̄ū∗

sd

)
.

(1)
Here, Σ represents the image systems for both channel
walls, and ūf represents any externally imposed flow ve-
locity field.

The resulting equations of motion can be written as

˙̄x0 = cosψ + ūeo + ūep −
3

2
ūaf

[
1−

( ȳ0
w̄

)2

− 1

3w̄2

]
+ ᾱ

[
∓ 3

4(ȳ0 ± w̄)
± 1

32(ȳ0 ± w̄)3

]
+ β̄

[
± 3

8(ȳ0 ± w̄)2
± 0.078125

(ȳ0 ± w̄)4

]
sin 2ψ

+ γ̄

[
∓ 1

4(ȳ0 ± w̄)3
± 3

16(ȳ0 ± w̄)5

]
cosψ

(2)

˙̄y0 = sinψ + β̄

[
∓3(1− 3 sin2 Ψ)

8(ȳ0 ± w̄)2
± (7− 11 sin2 Ψ)

64(ȳ0 ± w̄)4

]
+ γ̄

[
∓ 1

(ȳ0 ± w̄)3
± 1

8(ȳ0 ± w̄)5

]
sinψ

(3)

In Eq. 2, ūeo = 1
v0
MeoE is the contribution from the

concomitant plug-like electroosmotic flow of the aqueous
ionic surfactant solution under E, with the electroos-
motic mobility Meo ≈ −4.4 × 10−9 m2/V·s; see Sup-
plementary Fig. S3), and ūep = 1

v0
MepE is the addi-

tional electrophoretic velocity of the charged squirmer
in response to Fe, with the associated mobility Mep =
ϵζs
µ ∼ O(10−9) m2/V·s [44]. The fourth term in Eq. 2
is the contribution from the optional imposed pressure-
driven (plane Poiseuille type) flow along −x̂ with a non-
dimensional average velocity ūaf (=0 or 0.23).

The temporal change in the swimming orientation ψ
of the charged squirmer is dictated by two effects. First,
induced by the ambient velocity field as given by ˙̂e =
Ω̄× ê, where

Ω̄ =
1

2
∇×

[
ūf +Σwalls

(
ᾱū∗

st + β̄ū∗
fd + γ̄ū∗

sd

)]
following Faxén’s second law [44, 47, 49, 51, 52]. Sec-
ond, the change in ψ due to an additional angular ve-
locity Ω̄e = ω̄(ê × x̂) which tends to align ê with the
direction of E. This is analogous to the angular velocity
theoretically estimated for active Janus particles under
an electric field [41]. For isotropic active droplets, Ω̄e

stems from the electric response of the charged surface
in presence of the activity at the interface (flux of TTAB

monomers) on application of E, when ê is not aligned
with E. Here, we approximate ω̄ = Γ|E| ∼ O(10−1)
following the theoretical estimates in [41], where the pa-
rameter Γ is dependent on ζs and activity. The equation
for ψ can be written as:

ψ̇ = −3

2
ūaf

ȳ0
w̄2

− ω̄ sinψ ∓ β̄
3

16(ȳ0 ± w̄)3
sin 2ψ

± γ̄
3

8(ȳ0 ± w̄)4
cosψ

(4)

In Eqs. 2-4, each term with ±/∓ represents two terms
due to the image systems at the bottom (first sign)
and top (second sign) walls. Eqs. 3 and 4 are solved
numerically for ȳ0(t) and ψ(t), and subsequently, Eq. 2
is numerically integrated to obtain x̄0(t).

DISCUSSION

In Fig. 4 we illustrate the predictions of the model for
a selection of initial conditions (ȳi0, ψi), external fields E
and ūaf . Panels (a) and (b) compare similar ȳi0 = −0.7,
ψi = −60◦ under the respective applied voltages of 5 and
20V. Driven by the electrically induced Ω̄e, ψ rotates
towards a steady-state value of ψ = 0 (inset in (b)) from
any initial forward angle −π/2 < ψi < π/2 (red dot-
ted arrows). Notably, the final wall distance decreases
with increasing U (see similar trends in the experimen-
tal trajectories in Fig. 1 g,h). The steady state speed v̄
increases with increasing U because of the contribution
from ūep with positive Mep (compare Figs. 4(a,b) and
the experimental data in Fig. 1(f-h)).

Panel (c) uses the same ȳi0 = −0.7, but now starting
from an orientation of ψi ≈ π, i.e. opposite to the direc-
tion of E. Driven by Ω̄e and ūep, the droplet migrates
cross-stream, and after a ‘U-turn’, again continues to ex-
hibit electrotaxis in the direction of E. This reflects the
experimental behaviour shown in Fig. 1 (d,e).

The interaction with the channel walls has a significant
influence on the aforementioned reorientation dynamics.
We demonstrate this by setting the coefficients for the
starred flow fields in Eqn. 1 to zero: in consequence, all
terms proportional to ᾱ, β̄ and γ̄ in Eqns. 2 – 4 will be
dropped. Panel (d) shows the evolution from the for-
ward and backward initial orientation plotted in (b) and
(c): without these hydrodynamic wall interactions, the
droplet crashes into the wall, while their inclusion repli-
cates the steady-state wall alignment we observe in ex-
periments.

Panels (e)–(g) investigate the effect of an imposed
Poiseuille flow in the direction of −x̂. In (e), the squirmer
is initially oriented upstream, |ψi| < π/2, and U = 0.
The squirmer undergoes an oscillatory upstream rheo-
taxis mainly due the variation in the angular velocity
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of the total ambient flow field [36]: see also the black
experimental trajectories in Fig. 3(a). This oscillatory
trajectory in the absence of E represents a stable limit
cycle in the (ψ, ȳ) phase space (black line in Fig. 4(g)).

On application of E ∝ +x̂, the squirmer transitions to
a stable trajectory along the channel-centerline, as seen
in experiment (compare Fig.4(f) and Fig. 3(a)(iii)-(v)).
Above a critical Uc depending on ūaf , a stable fixed point
emerges at ψ = ȳ = 0, and trajectories starting from
any initial upstream condition (ψi, ȳ

i
0) spiral towards it

(cream and dark red curves in Fig. 4(g)). Under these
conditions, the electro-rheotactic dynamics undergo the
reverse of the classical Hopf bifurcation with increasing U
and Uc ≈ 400–500mV (suppl. Fig. S4). The decay of the
oscillatory trajectory towards a stable fixed point is also
evident in the experimental trajectories for U ≥ 1–2V
(Fig. 3(a)), which exhibit a decrease in the amplitude
and a progressive increase in the wavelength. The decay
was not observable for lower voltages, where the channel
length is insufficient to capture the very gradual transi-
tion.

Finally, in panel (h), we apply the model to the case
where both E and uf are applied in negative −x̂, with an
initial condition of ψi = 0, ȳi0 = −0.7. For low voltage,
the droplet oscillates upstream of the imposed flow. For
high U , Ω̄e and ūep are strong enough to reorient the
squirmer downstream, but now close to the wall. These
correspond to the experimental behaviour shown in Fig.
3 (b).

Summary and Outlook

We have systematically studied the effects of electric
fields and external flow on a generic experimental model
swimmer in a narrow confinement. We found a variety
of behaviours depending on initial conditions, specifically
the relative orientations of the microswimmer and the ap-
plied electric field, including electrotaxis, ‘U-turns’, tun-
able upstream oscillation, center-line motion, and wall
attachment. These at first sight disorganised dynamics
can be fully explained by a deterministic hydrodynamic
model consisting of ingredients like the squirmer motility,
hydrodynamic interaction with the confinement bound-
aries, electroosmotic and electrophoretic effects, electri-
cally induced angular velocity, and the imposed flow pro-
file. We show that the electrically induced angular veloc-
ity which tends to align the instantaneous swimming ori-
entation of the charged microswimmer with the direction
of the electric field, along with the hydrodynamic inter-
actions with the microchannel walls, play crucial roles
in turning the microswimmer initiating electrotaxis. We
find that the combined effects of the external flow and the
electric field result in a unique center-line swimming of
the active droplet, instead of a channel-wide oscillation
observed in presence of only the external flow. Using

phase portraits, we illustrate that this transformation in
the trajectories represents a reverse Hopf bifurcation for
a dynamical system.
Previously, only the electrical response of asymmet-

ric active Janus particles were shown [40, 42] and the-
oretically explained in an unbounded quiescent domain
[41]. Our study establishes the generality of the electro-
tactic behaviour of self-propelling artificial microswim-
mers, by demonstrating and explaining the phenomenon
for isotropic autophoretic microswimmers in narrow con-
finements, both in absence and presence of an external
flow. Furthermore, the fact that the electrically modu-
lated swimming behaviour of active droplets can be de-
scribed by a general hydrodynamic model shows that self-
propelling droplets are a surprisingly robust model sys-
tem, whose behaviour can be compared with and extrap-
olated to other synthetic and biological electrophoretic
microswimmers.
The electrotactic behaviour of the droplet microswim-

mers, including the ‘U-turn’, under an electric field is ap-
parently identical to the observations for microorganisms
[13]. Hence, our study demonstrates a precise imitation
of yet another kind of biological taxis by synthetic mi-
croswimmers, albeit with different underlying ‘sensory’
mechanisms.
Electro-rheotaxis offers a simple way for manoeuvring

active agents in complex geometries by just exploiting
their inherent surface charge due to the adsorption of
cationic surfactants – controlling wall attachment, cen-
terline motion, oscillation, translation etc. in a highly
robust manner, paving the way for possible micro-robotic
applications [29].
Finally, since the application of an electric field alters

the orientation and long-range hydrodynamic signature
of active droplets, electric fields can be also used to tune
their mutual interactions and collective behaviour. These
can be the scope of interesting future studies.
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MICROFLUIDIC FABRICATION

FIG. S1. Droplet production in a PDMS cross junction

Droplet generation

PDMS chips for all experimental geometries were fab-
ricated in house using standard soft lithography tech-
niques [53]. We produced monodisperse oil-in-water
emulsions in PDMS flow focussing junctions using the
protocol described in [36] (Fig. S1. The inner phase
consisted of 4-cyano-40-(2-methylbutyl)-biphenyl (CB15,
Synthon Chemicals), the outer phase of an aqueous solu-
tion of tetradecytrimethyl ammonium bromide (TTAB,
Sigma Aldrich) at 0.1wt%.

Channel setup

We performed the experiments in a quasi-two-
dimensional PDMS structure containing 12 parallel chan-
nels of length 9mm, width 100µm and height 52µm (see
S2b), corresponding to one droplet diameter in height
and two in width. To ensure identical boundary condi-
tions at all channel walls, the structure was capped with
a PDMS coated glass slide at the bottom, and bonded via
plasma treatment, following the method outlined in [36].
Two hollow plastic cylinders were subsequently attached
with PDMS above the inlet and outlet of the structure
(both punched in from above), providing fluid reservoirs
as shown in Fig. S2c).

EXPERIMENTS

Generation of electric fields in microchannels

We placed two titanium wire electrodes (length≈ 2 cm,
diameter 250 µm), each with one end in one of the reser-
voirs, extending 2–3mm into the surfactant solution at a
distance in x of (1.5± 0.1) cm, as shown in Fig. S2 (a,c).
The electric field was applied either at constant set volt-
age (with an error of ±0.15V), or using a square wave
AC signal. Since the observation area (< 500x500 µm2)
was small compared to the electrode distance and mea-
surements were recorded in the middle channels of the
geometry in Fig. S2 (a), we assume the field to be with
good accuracy homogeneous and ∥ x.

Pressure driven flow

We generated a pressure driven flow along the mi-
crochannels by filling the reservoirs up to levels differ-
ing by a height ∆h on the order of 100 micrometers. As
∆h levels out over long times, only short time experi-
ments were taken, with a duration < 240 s. From PIV
data recorded before and after one such experiment, we
found ∆v/v ≈ 0.15, and therefore assume the pressure
drop to be constant for the duration of the experiment
experiment.

Experimental protocols

For experiments, we added stock to surfactant solu-
tion at a strongly supramicellar target concentration of
7.5wt% TTAB, at a ratio of 1:60 between stock and
swimming solutions and pipetted them into the channel
structure. We started recording videomicroscopy once a
droplet had navigated into the region of interest.

Analysis

For the PIV analysis of the flow field, we added tracer
colloids (FluoSpheresTM F8812, 0.5 µm, red (580/605),
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FIG. S2. Sketch of the channel setup. (a) micrograph, top
view, (b) top view schematic, (c) side view schematic with
reservoirs and electrodes, (d) Definitions of coordinate and
field directions, top view.

Thermo Fisher) to the swimming medium at a volume
fraction of 10−3.

We mounted the microfluidic chips on an inverted mi-
croscope (Olympus IX81), with the focal plane set to
the middle of the channel structure. The electroosmotic
flow (EOF) was recorded under 40x magnification, the
droplet motion under magnifications varying from 10x to
40x. For the droplet experiments, fluorescence and bright
field microscopy were combined.

We measured the EOF and droplet flow field (PIV)
using a high-speed camera (Phantom v311) at 100 fps.
Since recording was time limited to 8.2 s owing to camera
buffer limits, we used a Canon EOS 600D DSLR camera
for long-time droplet tracking, with an image size of 1920
px × 1080 px and a framerate of 25 fps.

Particle Image Velocimetry (PIV)

We analyzed the electroosmotic and droplet-driven
flow velocities by Particle Image Velocimetry (PIV) [54]
on videomicroscopy data recorded at 100 fps, using the
open-source MATLAB module PIVlab [55]. The flow
field grid spacing was 5x5 px2 at a magnification of 40x
(Interrogation area: Pass 1: 24, pass 2: 16 and pass
3: 10), yielding a spatial resolution of approximately
2.5x2.5 µm2. Wall slip below this length scale could not
be resolved.

Droplet tracking

We tracked droplets by custom Python scripts us-
ing the openCV library [56]. Preprocessing consisted of
greyscale conversion, background correction, a Gaussian
blur to filter out the tracer colloids and a final binariza-
tion step. We extracted droplet centroids, and from these

trajectories via a frame-by-frame nearest neighbor algo-
rithm [57].

Electroosmotic flow calibration
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FIG. S3. Electroosmotic flow calibration for TTAB solution
depending on the external voltage. Data from PIV in an
experiment without droplets. Mean flow speeds (a) and flow
speed profiles across the channel width at different voltages
(b).

To calibrate the electroosmotic mobility, we recorded
the plug flow of an aqueous solution of 7.5wt% TTAB in
microchannels via PIV as described above, under increas-
ing applied voltage U . We calculated the electroosmotic
mobility, Meo ≈ −4.4×10−9 m2/Vs, via a zero intercept
linear regression fit to ueo = Meo ·U/L, with L = 1.5 cm

Reverse Hopf bifurcation during electro-rheotaxis

FIG. S4. A bifurcation diagram showing the variation of the
amplitude of the steady-state oscillatory trajectory during
electro-rheotaxis with the applied electrical voltage. Varia-
tions for two different flow rates with non-dimensional average
flow velocities- ūa

f=0.23 (red markers) and 0.5 (blue markers)
are shown here.
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