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ABSTRACT: Self-propelled drops are capable of motion witlfees
external intervention. As such, they constitute attractive entities
fundamental investigations in active soft matter, hydrodynamics, gad +
surface sciences, as well as promising systems for autont
micro uidic operations. In contrast with most of the examples rel
on organic drops or speaxmlly treated substrates, here we describe the
rst system of nonreactive water drops in air that can prope
themselves on a commercially available ordinary glass substigiesthigiss
was used as received. This is achieved by exploiting the d
adsorption behavior of commmealkyltrimethylammonium bromidg
(C,TAB) surfactants added to the drop. We precisely analyze th
motion for a broad series of surfactants camying to 18 carbon
atoms in their tail and establish how the motion characteristics (speed,
probability of motion) are tuned by both the hydrophobicity and the
concentration of the surfactant. We show that motion occurs regardlessadi¢tizut only in a speciconcentration range with
a maximum speed at around one tenth of the critical micelle concentration (CMC/10) for most of the tested surfactants. Surfactan
of intermediate hydrophobicity are shown to be the best candidates to power drops that can move at a highcspedd (1
the optimal performance being reached wiT/AB] = 800 M. We propose a mechanism where the motion originates from the
anisotropic wettability of the substrate created by the electrostatic adsorption of surfactants beneath the moving drop. Simf
drawing lines with a marker pen allows us to create guiding paths for drop motion and to achieve operations such as compl
trajectory control, programmed drop fusion, drdingg as well as drop moving vertically against gravity. This work revisits the
role of surfactants in dynamic wetting and self-propelled motion as well as brings an original strategy to build the future c©
micro uidics with lower-cost, simpler, and more autonomous portable devices that could be made available to everyone ar
everywhere.

(CMCI10)

INTRODUCTION Self-propelled drop movement was observed ereri

Miniaturization of chemical reactions has become a gredf'ds Of substrates. This could involveiid interface, for

challenge for the development of microanalysis devices dAgi@nce in a liquidiquid Leidenfrost-like systénby

microchemical reactors. However, moving small quantities gpselution of the drBpor the liquid marbleitself or by
uid is often a tricky issue because of the increasir%lrfactantadsorptlon over the liquid intetfaespecially with

predominance of interfacitension forces at smaller an alkaline ion gradiéhor a pH gradient into the liquit.”
dimensions. During the past decades, the development 3f!-Propelled drops were also reported to WO”; because of a
micro uidic technologies has allowed a precise control ovéHrfactant chemical mazhtion inside thems_el\}éslj some-

uid manipulation at the microscalelowever, these tlme%flgllowed with the expulsion of qll vesicles in the aqueous
technologies often require multiple and complex fabricatidit/lk- "~ However, management afd interfaces may sr
steps as well as necessitate precise actuation devices sudfP®s @ lack of control accuracy because of the interface
pressure generators or electrode arrays. All these requiremégf@rmability and is always a challenge for applications as it
make the approaches often costly, poorly portable, and easil:

prone to contamination. Having liquids compartmentalize8@pecial IssueAdvances in Active Materials

into drops that could move by their own along u_seede Received: December 3, 2019

pathways thus appears as an attractive solution to thesg ey February 19, 2020

limitations. Since thest reports in the early 90§, the so- Published: February 19, 2020
called self-propelled drops have constituted an attractive
example of such system.
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experimentally induces evaporation and transport issu®)

water drop

Researchers have thus actively looked for systems wh spontaneous S“rf:j;a“‘ C,TAB
drops could self-propel on solid substrates. This was typice AN I NS o \o
p prop yp , Ny, B HC—N—{CH}-CH
. . . . . €5 —
achieved by using substrates with sadlgimodied surfaces, £ v a2
) H,C

including surfaces with a wettability gradient for passive wa
drop propulsion® ** a pH gradient or with a ratchet that
allows thermal pro§ulsion for Leidenfrost droptéts.

Electrode$;?° etchind,” specic meltable substratésand B) L time(s) ] 1
adsorption on functionalized substtat@svere also used for g >

that purpose. However, all these systems requirec spec ‘/' b I1s 5 20] |
surfaces, limiting their range of applicability. A desired y 2 o |10 E“-:
challenging alternative is thus to get drops self-propelling o 5 > 1040
bare glass substrates. This was achieved by generating we v o 0 s
gradients through surface reactions on glass with“dranic oL

or liquid met&f drops and by subjecting oil drops to dynamic Ot e M
surfactant adsorptioi.* Although water is a solvent of choice _
for greener processes and biological investigations, to dugure 1.Self-propelled water drop on a bare glass slide. (A) A drop
knowledge, only one system with water-based drops propellf@water (left) containingr-alkyltrimethylammonium bromide

on bare glass has been reported. This was achieved throggHactant ((TAB, right) is deposited on a bare glass slide. A
spontaneous motion is observed for a range of concentrations

evaporation-induced surface ten5|on g_r(_:\dlents using t pending on the surfactant chain lengtkie hypothesize that the
component water drops of spectomposition¥. In that  seit propelied motion is powered by the electrostatic adsorption of the
case, an individual drop could not self-propel, and the motiQionic surfactant that creates a wetting gradient beneath the moving
was created only when another drop was present at its vicindyep. (B, left) The representative trajectory of alOdBop of water
leading to interesting yet complex collective behaviors. Hevgth [C,,TAB] = 800 M. Colored disks correspond to the drop

we present an advantageous system where a single water dempcenter positions, as detected by a custom-built automated drop
can genuinely self-propel on bare glass slides in air without &iagking system. The color code represents the time from deposition
external intervention. The key feature is the addition dflue)to the end of motion (green). (B, right) Instant drop spged (
cationic surfactants at a precise concentration, which up@f @ function of time for the trajectory shown on the left. After a short
electrostatic adsorption on the substrate creates an anisotr F?R:t'me’ _mc:tlor; Sta”ds with a characteristic initial speedy;nateti
wetting that eciently propels the drop. Using commen rogressively slows down.

alkyltrimethylammonium bromide surfactantsTAB) at

di erent concentrationS, we precisely analyzed the drop universal permanent black S 0.4 mm, Stabilo) to surround bare glass
movement using video recording, automated drop tracking2nes that were used as tracks for the drops. The drawn lines were left
and high-speed imaging to systematically establish how @¢might for complete drying before uset-igore &, a 2 L drop

- of water containing,;6TAB (800 M) was placed at the beginning of
drop behavior depended rG, the substrate temperature, the track and was ted regularly with addition of 0.& of a

and the environment humidity. WQ also exP'Ored ,hOW Fh?%% centrated TAB solution (2 mM). For all other experiments,
self-propelled drops could be easily supervised with minimgle Figures A, 68, 6D) or two (Figure €) 1 L drop(s) of water
equipment to perform operations such as controlle@dontaining GTAB (800 M) was (were) deposited inside the
trajectories, on-demand drop fusion, self-propelled vertiafdsired track. All experiments were performed on horizontal slides

climbing, or drop refueling for long-term motion. except forFigure 8, where the glass slide was placed against a
support to form a 8&ngle with respect to the horizontal plane.
MATERIALS AND METHODS E ect of Substrate Temperature and Environment Humid-

ity. To analyze the ect of substrate temperaturég(ire ), the

Materials. Milli-Q water (Millipore, 18.2 M-cm) was used for all  glass slide was placed on a temperature-controlled aluminum surface
experiments, and 76 m26 mm glass slides (clear white glass, cut(Dry Bath FB 15 103, Fisher Sciatiat the desired temperature.
edges, Knittel) were used as received for all experiments unl&gs waited 60 s prior to adding the drop on it. For teeteof
otherwise spe@d. Hexyltrimethylammonium bromid&sTAB, humidity Figure S the glass slides were placed inside a closed glass
CAS 2650-53-5, Sigma-Aldrich, purity >98.0%), octyltrimethylamm®etri dish containing a wet paper and let sit for 2 min to create a
nium bromide CgTAB, CAS 2083-68-3, Sigma-Aldrich, purity highly humid atmosphere. The drop was then deposited rapidly
>98.0%), decyltrimethylammonium bromidgTAB, CAS 2082- before the humidity chamber was closed again.
84-0, Sigma-Aldrich, purity >98.0%), dodecyltrimethylammonium Video Recording. Real-time videos of the drop behavior were
bromide C,,TAB, CAS 1119-94-4, Sigma-Aldrich, purity >98.0%),recorded with a digital ®x camera (5D Mark Il, Canon) equipped
tetradecyltrimethylammonium bromid®,{AB, CAS 1119-97-7,  with a 100 mm macro lens (Canon) at 29 frames per second. Camera
Sigma-Aldrich, purity >98.0%), hexadecyltrimethylammonium brgentrol and movie acquisition was remotely achieved using the EOS
mide (C,,TAB, CAS 57-09-0, Sigma-Aldrich, purity >96.0%), andUtility Software to avoid any mechanical perturbation during the
octadecyltrimethylammonium bromid&g{AB, CAS 1120-02-1, experiment. The camera was placed parallel to the glass slide using a

Sigma-Aldrich, purity >98%) were used as received. professional tripod (for all maigures excepfigure £) or a

Drop Deposition. All experiments were performed at 2D°C custom-built holder for ect of temperature and humidity studies
and 31+ 5% relative humidity unless otherwise subdtach drop  (Figures €, Figure Sp Ultrafast videos were recorded using a NX4
of studied solution was deposited on a glass slide witf22 OL1 S1 camera (IDT) mounted with a 100 mm macro lens (Canon) at the
Eppendorf micropipet. A new glass slide face was used for edidme rate indicated in the movie legénovies S6 and Rusing
experiment. the Motion Inspector software.

Drop Motion of Bare Glass Slides.A 0.8 L drop and a Image Analysis and Drop Tracking.For Figures B, 2A, and
horizontal glass slide were used for each expefiigemneg 15). 2B, the drop tracking was performed automatically using a custom-

Drop Motion on Glass Slides Decorated with TracksLines built Matlab script. Brig, after detection of the slide edge by

were manually drawn with a water-insoluble black pen (OHPethresholding, the background was subtracted prior to detecting the
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A 40 : . . dient>?? or photocontrollable azobenzene mondfyand
3 without chemical reaction (e.g., by etching the sub$trate
We tested derent commercially available glass slides from
di erent providers and found that the drop motion system-
atically occurred on some of them with a characteristic speed
that depended on the slide type, while motion was not possible
X ) . with others. Empirically, we noticed that the best candidates
0.001 0.01 c b 1 10 for self-propelled motion were hydrophilic glass slides for
) which water had an advancing contact angle in the range 5
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B) 40 — 1 15° (Figure S)L Substrates with a higher advancing contact
~ 35k 8] |05 angle refrained the drop from moving forward. Conversely,
230} when the advancing angle was too low, a strong spreading of
£l 105 the drop hampered a consistent self-propelled motion.
S 10° Interestingly, applying a localized plasma on a substrate that
i . - N # was initially too hydrophobic allowed us tondea
8 10 12 14 16 18 30 50 70 90 110 130 150 hydrophilic path with a width comparable to the drop size.

" Tee In that case, the drop was able to self-propel and progress

Figure 2.Drop speed analysis. (A, B) Experiments performed at along the pathMovie S¥, even against gravityl¢vie S}

controlled temperature of 208 °C and 31+ 5% relative humidity. = We also tested the surface of other glass-based materials such
(A) Initial speed ) as a function of surfactant concentratéh ( as common laboratory glassware with a local plasma treatment.
normalized by the corresponding critical micelle concentratiopor instance, motion was reproducibly observed on glass Petri
(CMC) for di erent carbon chain lengths £ 6 18). For each  (ishes lovie S} We thus conclude that () the self-
surfactant, we observe a maximum sjpkgjl &t the concentration propelled motion occurred only when a proper hydrophilicity

noted C.x (B) Vmax (left axis, disk symbols) a@g,, (right axis, . " . .
square symbols) as a function.dC) V.., (left axis, disk symbols) was achieved and (ii) pure water drops remained static on

and probability of motiorP(right axis, square symbols) as a function"ydrophilic bare glass slides but spontaneously self-propelled
of the substrate temperatuf@ for [C;,TAB] = 800 M. All drops ~ When a proper concentration T 8B was used. For the rest
were 0.8 L in volume. Symbols and error bars are mean¥addes  Of the study, we thus kept one type of a commercially available
on 8 and 6 replicates in (A, B) and (C), respectively. glass slide (Knittel, sefaterials and Methddan which self-
propelled motion was reproducibly observed, and we used this
substrate as received, without any plasma or other treatments.
drop using an adapted threshold and extracting the coordinates of\#& developed an automated drop tracking system which
center of mass by using thegionprogsfunction. The frame-by- allowed us to extract the speed lprof each tracked drop
frame application of this treatment allowed to us to plot the droFigure B). For given conditions, the speed lpravas
position as a function of timeigure B, left). ForFigure £ and reproducible with moderate eliences from one experiment
Figure Sfthe detection of tlh,e drop center was done frame by framgy” the other Figure SR A typical motion proceeded as

by using théManual Trackirigplugin from Image.). follows. As soon as the drop was placed in contact with the

Data Analysis.The drop center coordinates for two consecutiveS strate. it underwent erratic deformations for a verv short la
time points were used to calculate the instant speed as a function b’1b 1t W ! : very 9

time (Figure B, right). In the rst instants, the drop contour tMme prior to starting its motion at a high speed with a well-
underwent deformations, during which the measured speed was Vég/ned shape. Once in movement, the drop speed
erratic until it reached a stable shape that corresponded to tig®ntinuously decreasedigure B, right) except in a few
beginning of the motion. We took thist 5 velocities of this stable cases where the presence of a surface defect or the slide edge
motion regime and averaged them to calculate a characteristic speedld induce an abrupt change of the speetkpro

that is referred to as the initial spegddf the drop. This procedure We systematically performed this analysis for various
was reproduced for the eiient surfactant concentrations, and we experimental conditions, extracted the initial speedd

notedC,,.x as the concentration for which the mean initial velocity . : :

was maximum (noté4,,,). The duration of motion and the distance plotted it as a function of_surfactant chaln_ .'e"@tmfid
followed by the drop were recordedag.,andd, o, respectively.  concentration ¢J normalized by the critical micelle
Each experiment was replicated 8 times unless otherwissl,speci concentration (CMC) of each tested surfactaifu(e 2).

and values were given as the mead. The probability of motion ~Remarkably, all curves displayed a similar dumbbédl pro
(P) for given conditions was calculated by dividing the numbers d¢egardless af, showing that motion was typically possible

drop that actually moved over the total number of replicates. whenC, was between 0.04 CMC and 1x CMC, with a
maximum speéad,,observed at a concentrati@p, 0.1x
RESULTS AND DISCUSSION CMC except for GTAB for whichC,,, CMC. The

Our experiment consisted of the deposition of a_Oafater probability that the drop moved was also maximal aEggnd

drop on a bare glass slide that was used as received. Wheme equaled one for most of the surfactants, while it strongly
proper concentration of an alkyltrimethylammonium bromiddropped for situations where the concentration was too low or
surfactant ((TAB, wheren was the number of carbon atoms too large Figure SB We attributed this common CMC

in the hydrophobic tail) was initially present in the drop,dependence to the role of cooperative surfactant assembly, and
spontaneous drop motion was obseri/gliie A, Movie since the optimal speed was observed at a lower value than the
SJ). To our knowledge, this is thest time that spontaneous nominal CMC, we deduced a predominant role of the
drop motion of a common aqueous solution is reported on asurfactant at the solid/water and/or water/air interface(s).
ordinary substrate which has not been spdlgi treated in  Interestingly, motion was not observed on these surfaces with
advance for drop motion to occur (e.g., using a surfa@n anionic surfactant (sodium dodecyl sulfate, SDS) for all the
wettability gradient with surface chemists?, pH gra- tested concentration€{CMC ranging from 1.% 10 ° to
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Figure 3.Drop behavior at the beginning of its motion. Timelapse images ot almp atC, = C,5cas a function of time, whdre 0
corresponds to the beginning of the motion, for various surfactant chainnengtlsp{pet tip used for drop deposition is visible in some
images. All scale bars are 3 mm.

1.2,Table S}, nor with drops containing a cationic surfactantlargest values o¥,,,, were obtained for surfactants of
(C,2TAB) on cationic substrateBeikt S). This shows that intermediate hydrophobicity, with the maximi.(=
the sole surfactant behavior at the air/water interface, if it ha&#.7+ 2.4 mm s!) being achieved for= 12 (C,«= 800
an e ect, was not enough to produce drop motion. Since selfM), emphasizing again the role of the dynamic adsorption of
propulsion was not observed with like-charged surfactarglrfactant at the water/substrate interface. Increasing
substrate systems, we conclude that the electrostatiesulted in a stronger hydrophobization for a given rate of
adsorption of cationic ,CAB on the negatively charged surfactant adsorption. Conversely, if for stafittn, one
glass substrate was instrumental in this process. This wmaglects hydrodynamiceets and supposes that surfactants
conrmed by varying the ionic strength inside the dropwere mainly brought by diion to the substrate, increasing
Progressively increasing the electrostatic screening by additep resulted in both lower workyy Figures &, 2B) and
salt to the drop resulted in a strong and continuous decreasestiiwer diusion and, thus, in a decrease in the surfactant
both the speed and the rang€dbr motion to occurKigure adsorption rate. These antagonigicts could explain the
S4. With [NaCl] = 1 M, corresponding to a Debye length of existence of the optimal propulsion observed for an
0.3 nm, the motion was totally inhibited. The surfactanintermediate value mfWe then xed these optimal conditions
electrostatic adsorption on the oppositely charged glag€,,TAB] = 800 M) and investigated the ext of the
substrate resulted in the exposure of hydrophobic chains satbstrate temperaturgFigure £). Increasing resulted in
the bottom of the drop. This in turn created a gradient ofa decrease in motion probability and an incredg,ito a
wettability that continuously propelled the drop toward themaximum of 72.6 22.1 mm s' at 100°C. To determine
hydrophilic areas of the substrate where surfactants had mdiether these ects could be due to a stronger evaporation
adsorbed yet. The proposed mechanism is reminiscent to thate that could change the surfactant concentration in the drop,
described for the veryst reported self-running dropsut we performed a series of experimentsexedit temperatures
with electrostatic surfactant adsorption as a fuel hydrophobader both normal (3t 5% relative humidity) and highly
izing the substrate beneath the running drop instead of lumid conditions. Interestingly, neither the speed, the
surface chemical reaction. It also ros the importance of  probability, nor the distance of motion was sigmily
the advancing contact angle on the substrate in this procesgcted by the humidity conditiodsqure S showing that
(Figure S)L A low advancing contact angle was necessary fewaporation did not have a major role in controlling the drop
the wettability gradient induced by surfactant adsorption to leansport. All these results show that the dynamic adsorption of
strong enough to ensure the drop motion, while a toeationic surfactants on the anionic glass substrate below the
hydrophilic substrate resulted in strong spreading of the drajpops created a dynamical anisotropy in wettability that
hampering its motion. The existence of a maximum speed atropelled the drop. As fuel for this self-propelled motion, the
intermediate concentration was interpreted by antagonistirfactants were consumed along the drop trajectory until
e ects of the dynamic adsorption of surfactants. For smafiotion stopped. At room temperature, the motion was
amounts of surfactant, increagipgontributed to a higher typically maintained for around 1® s at the optimal
hydrophobization of the glass substrate and therefore sarfactant concentratioB,( C,.,) (Figure S}
stronger wettability gradient that promoted drop motion. In To have better insights on this surfactant-powered self-
contrast, adding too much surfactant in the drop promoted thgropulsion, we observed the shape taken by the drop both at
fast adsorption of surfactants into mono or potentially bi- athe beginning of and during its motion. First, we looked at the
multilayered structures, resulting in reduced dynamic wettrst moments of the drop motionGt= C,,.for all studied
ability gradients. Since the CMC decreases with an increasesinfactants Higure 3. Interestingly, we systematically
surfactant hydrophobicitlyigure Sp the concentratio@,, ., observed an asymmetric retraction of the drop before its
at whichV,,,, was reached was strongly decreasing with ampposite contact line actually moved forward. Although the
increase in surfactant chain length, from 0.1 M to MO0 drop usually moved right after the contact line retraction, we
whenn increased from 6 to 18igure B). Interestingly, the  occasionally observed a delay, allowing one to clearly
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Figure 4.High-speed observation of a drop starting its motion. (A) Timelapse images lofdaop.8vith [G,TAB] = 800 M (Ca)- The
corresponding movie is displayed@se S6(B) Length of the drop shown in (A) measured in a direction pdrgli@hd perpendiculat$)
to its motion and aspect ratio/(L,) as a function of time.

distinguish the two processésoyie Sk This retraction  the rear of the drop, probably by autopholgctd” *° while
shares analogy with the so-called autophobat where  for the comet-like drops, the back contact line was pulled by
surfactants brought by the aater interface at the contact the moving drop and moved once its receding contact angle
line can induce a retraction of the contacf{if@ This was  was reached. Interestingly, with the surfactant of intermediate
probably a key ingredient to create the initial wettabilithydrophobicity f = 12) both shapes were observed, i.e.,
gradient to propel the drop away from the surfactant-enrichedescent-like f&€; < C,,.xand comet-like fdCs > C ax
part of the substrate. Observed with a high-speed camera, th&/e then xed the drop composition at which the highest
initial drop motion revealed a characteristic drop shapspeed was obtained at°Z5 (n = 12; C,,= 800 M) and
oscillation, in agreement with autophobic feeding of the droghallenged its operability for usemdd, portable, and low-
rear by new surfactants and spreading at the front on tlw®st microuidic operations, by privileging simple and heavy-
hydrophilic substraté&igure 4Movies S6S7). instrument-free strategies. As for the movement study analysis,
Although the initial motion started by a similar dropexperiments were performed with the bare glass slides used as
retraction into a crescent shapeeréint morphologies were received without any cleaning or chemical treatment (plasma,
observed during motion depending on the drop compositiosilanization, etc.). When the drop was placed on the glass slide,
(Figure %. All drops displayed an asymmetric shape with & could move in any direction except that self-crossing
trajectories were forbidden due to the presence of adsorbed
surfactant left after the moving drop. To control the trajectory
of the moving drop in a user-ded manner, we simply drew
lines by hand with a permanent marker pen on the substrate
and deposited the drop in the space between the drawn lines.
Because the advancing contact angle at the hydrophobic ink
location (103& 3°) became much larger than the typical range
allowing for self-propulsion (85°, Figure S), the lines
behaved as barriers that drops could not cross, resulting in an
e cient directed motionF{gure §. Using parallel straight
lines thus resulted in the perfectly straight trajectory of the
drop between the lines. When the drop was deposited in the
middle of the drawn track, it could start its motion in both
directions but once the movement was initiated, the drop kept
moving in the same direction as long as enough surfactant fuel
U f{fas available and until it reached the stop line at the end of the
of the ;elf—propelled drop. Representative images df_ai_mﬁ atv track. wh it st d. When the d nitiallv ol d at
for variousC/CMC and n values. Conditions are thosé&iglre A rack, wnere it stopped. en the drop was initially placed a
when drop motion was observed. the vicinity of a stop line, one direction became forbidden and
the drop systematically moved away from the stop line,
resulting in the perfect control of both the trajectory and the
similar front progressing on the naked glass, but they hdaitectionality of the motionF{gure &, Movie S3 This
strikingly dierent meniscus shapes at their back. The movingpntrol was also €ient on almost vertical substrates, allowing
drops could be roughly categorized into two maire cient climbing of the drop on substrates inclined with an
morphologies, i.e., drops with a crescent-like shape for tapgle around 85Figure 8, Movie SY By simply placing
most hydrophobic surfactants (14) and comet-like drops one drop at the vicinity of each stop line of the same track, the
for the more hydrophilic surfactants ( 10). For the control of trajectory and directionality of each drop toward
crescent-like morphology, the contact line kept retracting aach other allowed us to program their fusion in a reliable

Figure 5.Surfactant chain length- and concentration-dependent sha
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Figure 6.User-dened, low-cost drop operations. P Timelapse images of IL water drops containing {TAB] = 800 M (C,,.) placed on

a glass with lines previously hand-drawn with a permanent marker pen. (A) A single drop following a straight pathway on a horizontal substre
(Movie S& (B) A single drop climbing along a quasi-vertical substi@te (SY. (C) The programmed fusion of two drops on a horizontal
substrate Nlovie S1p (D) A single drop following a curved pathway on a horizontal subgivate §1). (E) Recorded position (disk

symbols) every 4.8 s of al2drop initially containing [GTAB] = 800 M and relled with 0.6 L of C,;,TAB (2 mM) when indicated with a

pink circle {lovie S1R The color of the disk symbol indicates the time after the drop deposition.

manner Figure €, Movie S1) Controlled curved concentration was used. Regardless, dhe optimal
trajectories were obtained as weljre ®, Movies S11 concentration resulting in the highest speed and highest
S13. In the absence of a stop line on its trajectory, the droprobability of motion was found to be around CMC/10.
kept moving by consuming surfactants that adsorbed on tiSeirfactants of intermediate hydrophobicity were shown to be
surface until the concentration became too low to sustain thike best candidates to power drop motion, with the optimal
motion. We thus explored the possibility of refueling the drogonditions (800 M of C,,TAB) resulting in a speed 085
with surfactant. To this end, we placed b @op inatrack  mm s? at room temperature. Our experiments revealed that
and let it self-propel until the motion nearly or fully stoppedihe motion was due to the anisotropic wetting created by the
Using a micropipet, we then added to the dropl0 a 2 electrostatic adsorption of surfactants at the interface between
mM solution of ;TAB and observed that the drop recoveredthe substrate and the moving drop. The surfactant transport by
a high-speed self-propulsibiy(re & Movie S1E We could  the |iquid air interface toward the substrate seemed to
successfully repeat this operation and make the drop moygntribute at the beginning of the motion through the so-
along a complex guiding track for a cumulative distance @fjjed autophobic ect as well as during the motion, especially
about 42 cm. This principle could constitute the basis of iy surfactants of high hydrophobicity. Using tracks made by
platform where drops could autonomously move over '0n§lmply drawing lines on the glass slides, viergly guided
periods of time by refueling_themselves using reservoirs gk self-propelled drop motion along usemetestraight or
concentrated surfactant solutions. curved trajectories, on both horizontal and vertical substrates,
and made drops fuse on demand. Our systenrs ffiom what
CONCLUSION has been explored so far by several aspects, leading to
We have described a new principle for the self-propelléateresting properties and performance. First, the drops
motion of a drop on a solid substrate in air. We showed thatdescribed here are water based and therefore compatible
water drop containing a cationic surfactaffAB) with a with greener organic solvent-free operations as well with the
chain length having= 6 18 carbon atoms eiently self- transport or manipulation of biological components. Moreover,
propelled on a bare glass substrate when the proper surfactaunt approach does not involve any chemical reaction nor any
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specically treated surface, making it particularly versatile ardithors

universal. Two drawbacks have to be mentioned, howeverPauline E. Galy PASTEUR, Department of Chentigtey, E
First, the performance of the transport is strongly dependent Normale Supure, PSL University, Sorbonne Universite
on the glass used. However, we have empirically found that CNRS 75005 Paris, France

glass slides ering an advancing contact dft®d 15 allow Sergii Rudiuk PASTEUR, Department of Chentstey, E

e cient transport, making it possible to select, or design, Normale Supire, PSL University, Sorbonne Universite
appropriate substrates for self-propelled motion to occur. We CNRS 75005 Paris, Framcerid.org/0000-0003-1728-
also showed that glass slides with an initially too high 1163

advancing angle could be plasma treated so that, combinedathieu Morel PASTEUR, Department of Chenustey, E
with hydrophobic barriers, controlled self-propelled motion  Normale Supeure, PSL University, Sorbonne Universite
was also obtained. The second limitation comes from the CNRS 75005 Paris, Franagrid.org/0000-0002-6284-
origin of the self-propelled mechanism. Since surfactants are 1708

deposited upon motion, (i) self-crossing trajectories cannot ll?mplete contact information is available at:
A

achieved and (ii) the drop consumes s_urfactants to move a ps:/lpubs.acs.org/10.1021/acs.langmuir.9b03727
stops when the surfactant concentration becomes too small.

The self-crossing avoidance can be seen in fact as an advarg@@¢yr Contributions

as it is a robust way to maintain the drop directionality ins R discovered the phenomenon in drops containing
guiding tracks while the surfactant consumption can bgrfactant and DNA. P.E.G. performed all the experiments.
compensated by appropriate poiriting of the drop. Finally,  Automated image analysis was developed by P.E.G. and M.M.
our results demonstrate that with broadly available and cog§:B. supervised the work. P.E.G. and D.B. analyzed the data
e ective materials of extreme simplicity, a bare glass slide anghg wrote the manuscript with contributions from all authors.

marker pen, self-propelled water drops powered by surfactagfs authors have given approval to thal version of the
can be easily tamed as autonomously moving entities capalignuscript.

of user-dened operations such as controlled trajectories, on=_ ..

demand drop fusion, and refueling. Overall, this work not or:wg%?nk ENSS for a student grant and Ph.D. funding (P.E.G.)

stimulates open questions on out-of-equilibrium transpor 9 o 9 (=)

dynamic wetting, and capillary motion but also constitutes '30t€s , o

valuable brick in the groundwork for the necessaryn€ authors declare no competingncial interest.

construction of future micnaidic devices that would be
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