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Systematic variation of microscale structures has been employed to create a rough superhydrophobic surface with
a contact angle gradient. Droplets are propelled down these gradients, overcoming contact angle hysteresis using
energy supplied by mechanical vibration. The rough hydrophobic surfaces have been designed to maintain air traps
beneath the droplet by stabilizing its Fakir state. Dimensions and spacing of the microfabricated pillars in silicon
control the solid-liquid contact area and are varied to create a gradient in the apparent contact angle. This work
introduces the solidliquid contact area fraction as a new control variable in any scheme of manipulating droplets,
presenting theory, fabricated structures, and experimental results that validate the approach.

1. Introduction of hydrophobic alkyl silanes inside the droplet with the solid
surface. Thiele et a8 further explored such dynamic gradients
Hhrough modeling and experiments.

In recent years, there have been remarkable advances in our

Microscale bioanalysis is pregnant with assay possibilities
that are potentially useful in diagnostic applications and as researc
tools for biologists. Continuous flow systems have been the default . k
approach toward such lab-on-chip bioassay systems. Droplet-Understanding ofthe wett_w;g of textured surfate$SMahadevan
based lab-on-chip applications have become increasingly popular,ntroduced the term “Fakir®;and later QUeeused it to describe
however, because they enable spatially and temporally resolve()dmpkfgS resting on rough surfaces with air pockets trapped beneath
chemistrie® Employing surface-energy gradients to cause the 1€M:’ These trapped air pockets ensure a low seliiguid
movement of droplets has been the common theme of severalontact area fraction and significantly reduced dia3allowing
apparently disparate actuation approadiese surface-energy droplets to be moved on the surface with low amounts of erérgy.
gradients can be categorized into static or hard-coded and dynamid @Kir droplets are very stable on superhydrophobic nanorough
or “programmable”. Electrowetting is an example of a program- surfgcestht_ay areableto reslstcollapsmg underlarge pres@&res.
mable surface-energy gradiérfThere are other instances where 1 Neir stability and low resistance to flow make Fakir droplets
the gradient tracks are hard-coded but the actuation is program-attracnve candidates for any low-energy droplet manipulation

mable57 employing the Marangoni effect for droplet actuation. Scheme. Petrie et & recently reported the first efforts to
The droplet is confined to a hard-coded hydrophilic track and Manipulate these Fakir droplets, employing Chaudhary’s static
propelled along by a dynamic temperature gradient. chemical gradient approach on a nanorough surface that stabilizes

Chaudhary and Whitesidesreated a passive contact angle Fakir droplets. Lee et & have recently reported a device that
gradient by reacting silicon with the diffusing front of alkyl-  SWitches the roughness of a membrane to move a droplet.

trichlorosilane, generating a gradually varying chemical com- e demonstrate, for the first time, droplets moving down
position along the length of the surface. The highlight of the Surface-energy gradients created by systematically varying the
work was the very low hysteresis surface that ensured that theSOlid—liquid area fraction of Fakir dropletswe start with a
force of the gradient alone was sufficient to move the droplet Shortreview of the theory of wetting of rough surfaces and droplet
against gravity. Using similar chemical gradients, Daniel et al. Movement due to contact angle gradients. We combine the two
actuated the droplets harmessing alternative sources of energy t§1€0ries to propose a model that predicts conditions for the
overcome the impeding force of contact angle hysteresis. In onelnCiPient motion of droplets on roughness-controlled gradient
case, the energy released by the condensation of steam propeIIeHaCkS- Next, we outline our design approach, fabrication process,
the drops along radial energy gradiehtsshereas acoustic
vibration was employed in other cag@4!Bain et al*2introduced
dynamic gradients formed by the continuous chemical reaction
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Figure 1. Texture parametegsandr expressed in terms of design .

parametera (gap length)b (pillar size), and (pillar height), where -w mmemEEEs
¢ isthe fraction of the pillar top area over the total horizontal surface Figure 3. Schematic showing energy levels of the Fakir and Wenzel
area and is the fraction of the total surface area over the total states. The choice of texture parameters makes the Fakir state
horizontal surface area. The valpidetermines the apparent contact metastable in this example. The energy of the intermediate state is
anglefr as given by eq 3. The valuecorrelates with the relative  calculated by assuming nearly complete penetration of the droplet;
stability of a droplet in the Fakir state as opposed to the Wenzel only a thin film of air separates the liquichir and solid-air interfaces
state. at the bottoms of the valleys. A Fakir droplet needs to overcome the
energy barrieEparierr = Eis — Er to move to the Wenzel state.

p— 1 mm

Fakir state, the base of the droplet essentially contacts a composite
surface of pillar tops and air. The apparent contact afigien

a composite surface is determined using the Cad®axter
relation given in eq 2

(a) (b) CoSlcg = ) ¢; COS), )

Figure 2. Droplets of volume L on a Teflon-coated silicon — \yherey, is the surface area fraction afigs the intrinsic contact
surface with¢ = 0.05 andr = 1.4 in (a) the Wenzel state with a angle of materia) with water

footprint diameter of 1.96 mn@ = 118 (expected, 1128 and . . -
(b) the Fakir state with a footprint diameter of 1 méis,= 156.6 For a sessile Fakir droplet, a surface area fracfiqfigure

(expected, 164%. Air pockets are visible between pillars underthe 1) of its base rests on pillar tops that have an intrinsic contact
Fakir-state droplet. In our experiments as shown in these figures, angle of6;; the remaining surface area fraction of {1¢) is

pinning of the droplet edge caused significant deviations from the freely suspended and is in contact with air with a contact angle
predicted equilibrium value. of 18Cr. Substituting these values, the apparent contact angle in

) ) the Fakir state, a special case of Cas8axter contact, is readily
and experimental setup. Finally, we present results and observe%omputeép,ls to yield eq 3.

trends and compare them with the theoretical predictions based

on our model. We conclude by pointing out the implications of cosf = ¢(cosh, + 1) — 1 ©)
this work and resulting directions that emerge as worthwhile
pursuits. Anglestr from eq 3 anddy from eq 1 areequilibriumvalues

of the apparent contact angle in the two states. Equilibrium angles
2. Theory and Model of the droplet are expected when themeagmpending movement.

We begin by reviewing the theory of wetting of rough surfaces. Even under these conditions, there are significant fluctuations
Then we develop a model of the forces acting on the droplet of the measured contact angle, also called contact angle
resting on a roughness-controlled contact angle gradient. Next,hysteresig® when the two energy levels are close. Contact-
we use this model to estimate the minimum slope required for angle hysteresis is defined as the difference between the cosines
the droplet to move without the need for external forces. of maximum advancing and minimum receding angles that a

2.1. Review of the Wetting of Rough SurfacesConsider a droplet makes with a surface. Hysteresis results from the pinning
rough surface realized by creating pillars of controlled geometry of the three-phase contact line to the solid surface and is attributed
on a smooth surface. Here the roughness is characterized by to physical and chemical inhomogeneitf&sVe also notice by
the ratio of rough to planar surface area, as explained in Figurecomparingfr from eq 3 anddy from eq 1 that the Fakir state
1. The basic effect of surface roughness on wetting is modeledhas a lower energy relative to the Wenzel state (i.e. 69ps
by Wenzel's relation (eq 1), which relates the apparent contact cosk) if the following inequality proposed by Bico et & (eq
angledy of a droplet on a rough surface wittre 1 to Young's 4) holds true.
intrinsic contact angl#;.25

cosf, < ?:; (4)

In the Wenzel state, the droplet is conformal with the A droplet. at a given location on a surface does not spontane-
topography, as seen in Figure 2a. The droplet can also sit on theously transit from one state to the other _bec_ause of the presence
pillar tops with air pockets trapped beneath it, as shown in Figure Of @n energy barrier. This energy barrier is analogous to the

2b. This configuration is referred to as the “Fakir” state. In the 2activationenergy of achemical reaction that prevents spontaneous
conversion to products (Figure 3). This energy barrier is easily

cos6b,, =r cosb, 1)

(25) de Gennes, P. G.; Brochard-Wyart, F.; €1B. Capillarity and Wetting
Phenomena: Drops, Bubbles, Pearls, M¥g Springer: New York, 2004. (26) Lafuma, A.; Quee, D. Nat. Mater.2003 2, 457—460.
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Figure 4. Droplet slice of widtidyshown moving a lengttixdown

acontact angle gradient: (a) top view and (b) side view. The previous

location of the droplet is shown in light gray. A film is left behind
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of liquid of width dy experiences a driving force parallel xp
following Brochard’ The slice occupies an interva) < x < ;.

The following equation (eq 6) represents the force balance under
the condition of incipient movement of the slice:

net,slice™

du y1/(€0s6y,, — cosb; ) dxdy= 0 (6)
Since the contact angles of the two edges are equal, there is
no pressure gradient and hence no flow at the threshold of
movement. The threshold condition represents an equilibrium
between the driving force and hysteresis force such that the net

force is zero:

lw";%“w = rv| (cosfy — cosby)dy
—_—

driving force

hysteresis, back edge hysteresis, front edge

+ (cos b — cos ) dy + (cosf — cosbyq) dy]
hysteresis force
=0 )

To model the incipient motion of the droplets, we need to
express eachtermin eq 7 as a function of surface parameters and
integrate it over the footprint of the droplet. In the absence of
rigorous theoretical models féy and6, on rough hydrophobic
surfaces, we employ the heuristic relations available from the
literature to predict the bounds of advancing and receding contact

on previous pillars as shown, and the front area of the dropletincreasesangles after having experimentally validated th&m.

by S.v, which is represented by a teal patch.

estimated’ In situations where eq 4 does not hold, the energy

To obtainé,, we follow the approach of Fort and Ro&t&°
who postulate that a thin film of liquid is left behind as shown
in Figure 4. This assumption, originally proposed for hydrophilic

barrier gives a useful bound on the energy that needs to be couplegurfaces? expectedly overestimates hysteresis, providing an

to a Fakir droplet before risking its transition to the Wenzel state.
2.2. Model for the “Slope” Required for Incipient Move-

ment. Let us examine a sessile droplet at rest on a horizontal

hydrophobic surface. The total enerdyof a droplet is the sum
of two componentsU, due to its interfaces andgy due to its
position in a force field of body forces acting on it. We consider
a small water droplet of radilR < «~1 wherep is the density,

g is the acceleration due to gravity,y is the surface tension
of the liquid, andc is the capillary length/y,,/pg. For water,
«~1is 2.7 mm, corresponding to approximatelyd0 of water

in a spherical drop. For droplets smaller than®Qgravity has

upper bound for hydrophobic surfaces, except for the fpw
regime.

To obtaind,, we consider a droplet moving forward while its
three phase contact line remains pinned, resulting in an advancing
angle instead of the equilibrium angle at the front edge. The
deviation from the equilibrium value is captured through a factor
S.v which equals co8 — cosé, and accounts for the increased
liquid—vapor interface shown in Figure 4 at the front edge. It
is also the measure of energy required for depinning. Once the
maximum advancing angle is reached, the edge gets depinned
and advances.

To estimate the driving force, we displace the whole slice by

anegligible effect on shape, and the droplet can be approximateddx and write an expression for the variation of interfacial energy

as a spherical cap. In the absence of any body fotdgss 0
and the following equation (eq 5) is true.

U=U, =Agys T Assv T Ay (5)

dU. The expression for the differential enerdy of the slice
follows in eq 8:

au

$b(VsL — Vsv + YLv) dzdy
N— e
film

. . —{(L—¢) é - ))d d,
When the droplet rests on a surface energy gradient, it (( vy + s =) ) dedy

experiences a driving force. Spontaneous movement down the
gradientisimpeded, however, by the opposing force due to contact
angle hysteresis. When an external force is applied to mitigate
hysteresis, the droplet moves down the surface energy gradient,
overcoming pinning. When the droplet is in motion, the viscous
drag adds to the hysteresis force to oppose the driving force. But
under the condition of incipient motion, which occurs just before
the droplet moves, viscous drag is nonexistent, and the driving
force equals the hysteresis force.

Let us consider the droplet shown in Figure 4. The height of
the droplet slice is a function of thecoordinate only. A slice

back edge

dxdy + (Spvyv) dedy 8
~————

pinning

+ ((1 — o)7Ly + o5 (vsL — ’YSV))

front edge

¢t and ¢p are values ofp at the front and back edges of the
droplet, respectively, and the interfacial energy symbgls
maintain their previously defined meanings.

(28) Roura, P.; Fort, Phys. Re. E 2001, 64, 011601.

(29) Roura, P.; Fort, J.angmuir2002 18, 566—569.

(30) Shastry, A.; Goyal, S.; Epilepsia, A.; Case, M. J.; Abbasi, S.; Ratner, B.
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Next we use Young's equation (cs= (ysv— vsu)/yLv) and
rearrange eg 8 to obtain the following expression (eq 9) for the
net force on the slic&tnetsiice

dU
Fmt,slice = _d_

-z = —’YLVI:(2¢b—1)

cos by,

7(71 + ¢s(cosb; + 1) *SLv)] dy
———
cosfy

The first term (2, — 1) equals co®y,,, where cody,, is the

receding angle of the back edge of the droplet as obtained by

Patankaf! As mentioned earlier, recent experimental study by
Shastry et at® shows that this model provides an upper bound
for ¢ > 0.1.

In the absence of models to pred&t, we substitute it with
cos6r — cosbr 5 and employ the heuristic relation proposed by
He et al®2 given in eq 10 for the advancing contact angie,
of a Fakir droplet

cosOg, = —1+ ¢c(cosb, , + 1) (10)
where#, 5 is the advancing contact angle on a smooth surface.
We then writeFeisiice, i terms of¢ and the intrinsic contact
angle®; by starting with eq 7, using the contact angle for the
Fakir droplet (eq 3), and substituting for ofs, from eq 10 and
cos 6y, from eq 9 to obtain eq 11.

= v [ (@5 — ¢)(cos6; + 1)dy

driving force

(87 — ) cosbs — (6 00581 — ¢0)) |

hysteresis force

F, net,slice

(11)

At this stage, we have expressions for the driving force and
hysteresis force on the slice as functiongpénd¢,. We need
to expresspr and gy, as functions of the position of the droplet
on the gradient. We do so by utilizing the constant slope of the
gradient tracks an approach parallel to those of Brochand
Daniel et al® Let ¢ be the value of at x., the center of the
slice that occupies an interval < x < x;. For the slicex, =
Xc — ¢ andx = xc + &, hence—(d¢/dX)2¢ = (¢p — ¢%). The
following substitutions can therefore be made.

0= 009 — Le (12)

o= 90+ (13)

We have thus expressed forces on a slice in terms of its location
on the gradient. To estimate forces on the entire droplet, we

integrate these forces over the rangg @fhich is R, the diameter
of the footprint of the droplet, noting that the slogg/dx is a
constant.

RFnetince
d

netdroplet

(31) Patankar, N. ALangmuir2003 19, 1249-1253.
(32) He, B.; Lee, J.; Patankar, N. &olloids Surf., A2004 248 101-104.
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Figure 5. Teflon-coated continuous gradient with= 115°. The
values of intrinsic advancing and receding angles used in the hysteresis
model were the measured valugs= 113’ andf; , = 16C°. (a) The

slope required for incipient motion givef at locationx; on the
gradient and the actual slope of the gradient at each posifiare
plotted for a 5uL droplet. (b) For the same gradient and droplet
volume, the magnitudes of the driving forég(x) and hysteresis
force Frys(X) as obtained from eq 16 are shown.

Now substituting forFpetsice from eq 11, we obtain the
following (eq 15)

do R
Fnet,droplet = 4’7LV%(COS 01' + 1)/0 C(y)dy

driving force
R R
270 [ )y — 2oy eell — cosbi) [ dy

hysteresis force

(15)

whereC = (d¢/dX)(2 cos@; — 1 — cos6; )
The final force expression is thus obtained (eq 16).

d
Fnet,d‘roplet = 7LV£(COS 0; + 1)7TR2

Fy, driving force

C
*E’YLVWRZ —YLvee(l — cosb;4)2R (16)

Fpyst, hysteresis force

Itis important to notice tha depends on both droplet volume
V and locatiork; depends on the gradieiRis approximated by
the following equation (eq 17).
3V
a(cos’ 0, — 3cosh, + 2)

1/3

R=sin6, (17)

A plot of these force contributions as a function of position
for a typical gradient is shown in Figure 5b.

3. Design and Fabrication

3.1. Design.We have developed chemically homogeneous
but textured surfaces. A regular two-dimensional array of square
pillars created a rough surface. The dimensions of the surface,
with gap lengtha and pillar widthb, were varied spatially across
distances ranging from 4 to 8 mm to produce several texture
gradients with uniform linear changes in @salong their length
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1 N-type [100Tsilicon wafers as the substrate. Photolithography

08 ';L was performed using an AZ4620 photoresist. Next, pillars were

- 06 e etched using the standard Bosch process for deep reactive ion

: o etching (DRIE). The etch depth defined pillars of height40.

04 T = The SEM micrograph in Figure 7¢ shows etched pillars after
stripping the resist slice. The rough surfaces were then coated

with an adhesion-promoting silane and finally with Teflon

AF1600 to obtain the hydrophobic layer.

0
04 4. Setup and Experiment
0

6 —F The experimental setup is shown in Figure 8. A gradient die was
o secured to a stage using double-sided tape. The stage was glued to
08 ey the diaphragm of a speaker, which was in turn connected to a function
.1'F"'""* generator (Agilent 33120A). A square wave (typically 20 Hz, 50
o 1 2 3 4 5 6 mV) was applied to the speaker using the function generator, causing
Position on gradient (mm) the stage to vibrate vertically with a typical amplitude of 180
(a) as shown in Figure 8. Water droplets ranging from 2 ta[L@vere
. . . . deposited at the beginning of the gradient using a hand syringe. The
droplet was illuminated with a 300 W halogen lamp (Gemini high-
intensity light source) directed through an optical fiber bundle. There
was no observable evaporation of the droplet during the time it took
the droplet to move down the gradient1—8 s). A high-speed
camera (Lightning RDT, Data and Imaging Systems) recorded the
movement at 500 frames/s.

115°

165°
.18
145°f

8= 1865°

(a, b)écombination
L in gradient -

F o
~

5. Results and Discussion

We first present proof-of-principle results to validate the basic
hypothesis. We then present other salient observations. We create
plots of theoretical predictions using our model, compare them
with experimental results, and explain the trends.

. : , : 5.1. Gradients Guide DropletsVibration provided the force
1 . I s x required to overcome pinning and allowed the bases of the droplets
to “explore” their vicinity and sense the gradients. Droplets then
¢ moved down the gradients. Alternatively, we can summarize the
(b) phenomenon as texture-controlled gradients rectifying the random
Figure 6. (a) Contact angle gradient having an approximately motion of droplets caused by vibration. To ascertain that the

constant slopedcos@)/dx. The minimum and maximum contact  gradientand not the stage tilt or vibration bias directed the droplet,
angles were determined by the limits of the design space, ésing we designed a control experiment.

= 115 for Teflon. Pillar widths and gaps were specified to create . - .
agradient of specified length between the two end points. (b) Contour _ FOF the control experiment, two similarly sized droplets were

plot showing the possible gap length and pillar width combinations Placed on oppositely oriented gradients on the same die. When
within the constraints imposed by design and fabrication. Vertical vibrated, these Fakir droplets moved as expected, in opposite
isolines represent combinations of constéat Isocolors specify  directions down their respective gradients (Figure 9). Thus, the

combinations with constaiarier . The bold orange line signifies  proof-of-principle was established: roughness-controlled gra-
the combinations for whiCEparrierw = Ebarier.r, @S given by eq 4. dients can direct Fakir droplets.

It is desirable to maintaiiyarrierr > Eparrierw t0 €nsure that Fakir . .
droplets remain stable. barmerF - SharmerW The frame that showed the first observable displacement of

the stage marked the beginning of the experiment and was assigned

(Figure 6a). In some cases, a steeper slope was used on the lattérst = 0. The stage height along with the droplet position and
section of the gradient to mitigate the increasing hysteresis forceits height were determined in each frame using animage analysis
associated with largep values. program that we developed in Matlab. For one such run, Figure

Fabrication constraints and design requirements decided thelOa shows the position of a8 droplet on the gradient every
limits of ¢, ¢min, aNdgmax The constraints on the design space 2ms. Itillustrates different phases of the journey on the continuous
are explained in Figure 6b. The desired @psat each location gradient: acceleration, uniform velocity, deceleration, and an
along the gradient was a function of the intended gradient length eventual halt. Figure 10b shows the average over eight such runs
and slope. Actual gradient length and slope varied slightly of a 5ul droplet. Two observations were made: that the runs
depending on thea( b) combinations employed. As seen in were repeatable and that the droplets did not traverse the entire
Figure 6b, each desired contact angle can be realized using severagéngth of the gradient.
(a, b) combinations. Because the resolution of the photolithog- ~ 5.2. Droplets Stop When the “Difference in Slopes” Reaches
raphy mask was limited to 2m, the most precise values @ ( a Critical Value. On each gradient surface, we carried out several
b) are those close to whole micrometer values. The most stableruns by varying the volume of the droplets but keeping the
(a, b) combinations allowed by this resolution constraint were frequency and amplitude of vibration constant. We noticed that
selected. droplets of different volumes came to a halt at different location

3.2. Fabrication.The pillar dimensions and spacings obtained on the same gradient. To analyze this behavior, we begin by
as vectors(x) andb(x) defined the gradients. Layouts of these identifying appropriate variables and then create predicted plots
gradients were drafted using L-Edit. Transparency photomasksusing the model and finally plot the observations to make a
were printed at CAD/Art Services Inc. (Figure 7a). We used comparison.

Increasing Ey,,ic

T
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(a, b) combinations
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Deep Reactive lon Etching
(DRIE) performed using
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layers of silane and Teflon
applied to pillars to create

UV exposure through
mask transfers pattern to
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l

¢ a hydrophobic surface
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Figure 7. Fabrication process for the test surface. (a) Design of the surfaceaThjev@lues for the designed gradients were laid out using
L-Edit and printed to create transparency masks. (b) Fabrication of the surface: Photolithography with an AZ4620 resist was followed by
DRIE using the standard Bosch process. Etch depths ranged from 7to.8the wafer was cleaned, and a hydrophobic coating of Teflon

AF 1600 was applied. (c) SEM micrograph of pillars etched in silicon. Each die consisted of two parallel, oppositely oriented, 4-mm-wide
gradients 1 mm apart. The gradient tracks were surrounded by a forbidden regignwithi, to prevent droplets from leaving the gradient

track.

Function generator
Light source

High speed camera
(a)

04
Time (s)

(b)

Figure 8. (a) Droplet surface vibrated by a speaker powered by a function generator set at 20 Hz with a 50 mV amplitude. A Gemini
high-intensity light source illuminates the droplet. A DRS camera records the movies at 500 fps. (b) Variation of the footpriptof a 5
droplet for the square wave excitation of the speaker shown in part a.

=

to plot the slope required for a/d droplet to begin to move

on the continuous gradient shown in Figure 5. The actual slope
is also plotted; it is evident that the droplet cannot move without
the mitigating help of vibration. For the purpose of this discussion,
we call the difference between the slope required for incipient
movement and the actual slope at a given location as the
“difference of slopes” or simply the “gap”. The gap for a droplet
at a location on a gradient is a measure of the additional force
required to make it move. We use our model to create Figure
11a, which is a plot of gap versus location on the gradient for
different droplet volumes. As the gap increases, more force will
be required to make the droplet move. Alternately, if we apply
a constant force to the droplet, then the droplet will stop when

Figure 9. Droplets on oppositely oriented gradients on the same
die, when vibrated, traveling in opposite directions down their
respective gradients. The droplets were similar in volume (left, 7.67
uL; right, 6.35uL).

For a given droplet size, the driving force that it experiences
is determined by the slope and the random force due to vibration.

the gap increases to an “upper-limit” value. It can be seen that
the curves corresponding to different volumes reach the specific
upper limit of 0.68 at different locations. We argue that this
“upper-limit” value of 0.68 is a measure of the force applied to
the droplets due to vibration. We hypothesize that vibration
supplies droplets with sufficient force to overcome a critical gap
value of less than 0.68; therefore, the points of intersection in

Hysteresis, which is dependent on the surface structure, determine&igure 11a denote the locations on the gradient where the droplets

the impeding force. We employ the model developed in eq 16

of various volumes come to a halt. Strictly, the force balance is
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Figure 10. (a) Position of the center of a 4.9& droplet plotted as a function of time. Black diamonds mark the movie frames shown at

the right as the droplet moves down the 6.24-mm-long gradient. A black ruler above and below the images indicates the length and location
of the gradient in the images. (b) Average position of various droplets on the gradient plotted as a function of time. We plot data for the
part of the gradient that all droplets have in common (i.e., after the first 1.45 mm of the gradient).
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Figure 11. (a) Difference between the slope required for incipient motion and the actual value of the gradient (gap) as a fuption of

for the continuous gradient. A larger gap implies that a larger additional force is required to move the droplet. Smaller droplets had larger
gaps at each location; they reached the critical value for the ydg/dx = 0.68) earlier in the gradient than did larger droplets. (b) Solid

line showing the predicted stop location (where the gap first increased to the critical value of 0.68) plotted as a function of droplet volume.
Experimentally observed stop locations of the droplets, measured at the center of the droplet, are plotted as red points. The gray regions indicate
the effective end of the gradient (i.e., if the center of the droplet were positioned in these regions, then from eq 17 it is evident that part
of the droplet base could cross the end of the gradient).

valid at the point where the droplet just begins to decelerate. We  While this work introduces hard-coded gradients where droplets
make simplifying assumptions that the force balance is valid at are propelled by vibration, it also lays the foundation for
the stopping location, neglecting the drag force and the distancecompletely programmable gradients. Electrically controlled
over which the droplet decelerates to a halt. gradients steep enough to overcome hysteresis would move with
To test our hypothesis, we plot a curve using these predictedthe droplet to control it. Electrowetting could be the choice of
“stop” locations of the various sized droplets as a function of technology to dynamically control the sotidiquid area of Fakir
their volume, as shown in Figure 11b. We plotthe experimentally droplets3® eventually leading to completely programmable
obtained stop positions for droplets of several volumes. As evident CMOS-compatible microfluidic platforms.
from Figure 11b, the good fit validates the capability of our
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