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bstract

Microliter droplets that contain paramagnetic particles can be moved on superhydrophobic surfaces using magnetic fields. Paramagnetic micropar-
icles form chains at concentrations ranging from 0.1 to 10 wt% and are used to move, coalesce, and split drops of water as well as drops of biological
uids. Video analysis of dextran solution drops to investigate the effect of viscosity on drop movement on LPDE surfaces suggests that paramagnetic
article chain orientation compensates for viscosity increases from 1.2 mPa s (water) to 125 mPa s (20%, w/v – Dextran 428) in order to maintain
rop movement. Interestingly, such changes in chain orientation are not present for drops moving on silicon nanowire (Si NW) superhydrophobic
urfaces even at higher viscosities 470 mPa s (30% w/v – Dextran 428). On Si NW surfaces, drops with high viscosity can be moved even with

article concentrations as low as 0.5%. Higher particle concentrations (2%) are needed to displace drops on LPDE surfaces. This new approach
o so-called “discrete” microliter-scale fluidics has the advantages of faster and more flexible control over drop movement, manipulation, and
etection of solution components.

2007 Elsevier B.V. All rights reserved.

rops;

fi
t
o
t

e
i

eywords: Superhydrophobic surface; Paramagnetic particle; Microfluidics; D

. Introduction

The past decade and a half has given rise to much research
nd development of devices that can move very small amounts
f liquids. Terms such as microfluidics and even nanofluidics
ave been used to describe this activity. Parallel to this effort
as been a large body of work on creating superhydropho-

ic surfaces. For the most part, these two fields of study
nd development have remained nearly separate. In order to
ay the foundation to help explain why combining these two
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elds can lead to some useful new capabilities, it is instruc-
ive to introduce key ideas in these fields before describing
ur work in discrete micro-scale fluidics using magnetic con-
rol.

The physics of scale requires that micro-scale fluidic devices
xploit new approaches to fluid movement since they have an
nherently large ratio of liquid surface area to volume. Along
hese lines, interest in mimicking the water repellent properties
f lotus leaves has led to reports of superhydrophobic sur-
aces that combine hydrophobic molecular coatings with surface
oughness characterized by either well-ordered microstructures
1,2] or random fractal geometry [3]. Rough fractal surfaces
re particularly interesting due to the extremely high degree

f roughness they possess. Wenzel proposed that the effect of
oughness is to enhance the inherent wetting behavior of the
urface (by increasing the contact angle >90◦, or by decreasing
he contact angle <90◦) [4]. However, for randomly rough or
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ig. 1. Drop of liquid sitting on a randomly rough composite surface made up
f solid and air.

ractal surfaces and if the fractal behavior extends to the molec-
lar scale, fluids having different molecular dimensions would
xperience different solid–fluid interfacial areas. A thermody-
amic model for the equilibrium contact angle which takes into
ccount both the fractal nature of the surface and the relative
imensions of the different fluid molecules has been developed
5]. Depending on the relative sizes of the fluid molecules and
heir wetting tendencies, the contact angle on randomly rough
r fractal surfaces can either be higher or lower than the contact
ngle for a smooth surface. Fig. 1 shows a drop of liquid sitting
n a fractally rough composite surface made up of solid and air.

In the case of rough porous surfaces, the Cassie–Baxter equa-
ion describes the equilibrium contact angle on a composite
urface that retains pockets of air underneath the sessile drop
6]. This equation uses the ratio of projected areas of the solid
urface–liquid and air surface–liquid interfaces, respectively, to
he total projected area in order to predict the contact angle on a
ough surface using smooth surface contact angle data. While it
s possible to calculate these rations for well-defined Euclidian
urfaces, fractal surfaces are not amenable to this quantitative
reatment. Therefore, for all practical purposes this may have to
e an adjustable parameter.

Both Wenzel and Cassie–Baxter equations represent local
nergy minima in drop conformation, and it can be shown that for
andomly rough surfaces the Wenzel contact angle is always less

han or equal to the Cassie contact angle. Patankar [7] has found
hat the equilibrium drop shape with the lower value of apparent
ontact angle on rough, well-ordered surfaces will have lower

r
w
h

ig. 2. Three frames from a movie showing the difference between a hydrophobic and
anowires while the right hand side does not (a–c). The entire surface is covalently c
o the right-hand side of the sample (a and b) while they slide off the left-hand side o
sicochem. Eng. Aspects 323 (2008) 19–27

nergy. If this result can be extended to randomly rough surfaces,
he Wenzel contact angle will always represent the global energy

inimum of the system. At intrinsic contact angles of >90◦, the
pparent contact angles (Wenzel and Cassie–Baxter) increase
s a function of the roughness of the surface, as represented by
he fractal dimension, till the physical limit of an apparent 180◦
ontact angle is reached.

We have found that reaching the limit of 180◦ contact angle
e.g. the so-called “Lotus-Effect”) is important to reduce the
riction for an aqueous solution drop moving on a surface in
rder to control drop movement using an external field. The
Lotus-Effect” can be best illustrated by the sequence of frames
rom a digital movie shown in Fig. 2. In this example, half of
he slide contains a very rough surface comprising nanowires
nd the entire slide is coated with a fluorinated hydrocarbon.
n Fig. 2(a) and (b), the water drops are placed on the side of
he silicon substrate that is flat and covalently coated with a
uoronated hydrocarbon. In Fig. 2(c), the water drops have slid
ff the side of the substrate containing nanowires and a covalent
oating of fluorinated hydrocarbon.

Rather than simply having drops slide off the superhydropho-
ic surface, micro-scale fluidics requires a method to exert
ontrol over the direction and speed at which a droplet moves.
roplet motion and control in discrete micro-scale fluidics using
agnetism is the interplay between attractive forces among para-
agnetic particles in the presence of an external magnetic field

nd a superhydrophobic surface.
In order to place a water droplet on a superhydrophobic sur-

ace without it falling off, paramagnetic particles are added to
he drop and a magnetic field is applied at the location of drop
lacement. One requirement for this method is that the superhy-
rophobic surface should have advancing and receding contact
ngles near 180◦ so that the frictional resistance to movement is
ery low.

Recently, we have found that in order to move the drop we
ust move the magnetic field. Due to the low-frictional resis-

ance the drop can be moved at speeds up to 7 cm/s [8], in three
imensions [9], and other interesting additional effects such as
rop splitting and coalescence [10] can be observed. Biological
uids can have substantially higher viscosities than water. Blood
an have complex rheological behavior and is nearly four times
ed blood cell count. Plasma is about 1.8 times more viscous than
ater, depending upon protein concentration. At low-shear rates,
uman saliva can be up to five times more viscous than water

a superhydrophobic surface. The left-hand side of this silicon substrate contains
oated with a fluorinated hydrocarbon. The water drops from the needle adhere
f the sample (c).
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11]. We are interested in applying discrete magnetofluidics
or diagnostic purposes and for that reason, studying how fluid
iscosity affects drop movement is an essential issue. In addi-
ion, the sliding motion of the drops deserves some comment.
luid drops surrounded by another fluid can show multiple types
f motion depending on drop shape, size, and viscosity con-
rast. For instance, slipping, sliding, rolling, and tank-treading

otions have been described in the case of drops slowly mov-
ng under a gravity body force on inclined plates. In such a
ase, the shape of the drop is controlled by the Bond number,
0 = �ρgR2/γ , where �ρ is the density difference between both
uids, g the acceleration due to gravity, R the drop radius, and
is the liquid–air surface tension. Low-B0 values correspond to

rops with a nearly spherical shape, medium-B0 values corre-
pond to drops with a flattened contact plate (flat spot drops), and
igh-B0 values correspond to pancake shaped drops. It is known
hat flat spot and pancake drops with higher viscosity than the
urrounding fluid should perform a sliding motion [12]. In the
xperiments reported here, we are dealing with flat spot water
rops in air with a high-viscosity contrast. Therefore, sliding
otion should be expected. In this paper, we present an analysis

f drop motion that includes a combination of surface and fluid
roperties.

. Experimental materials and methods

.1. Silicon nanowire surfaces

In order to create a superhydrophobic nanowire surface,
e use vapor–liquid–solid (VLS) growth systems to create
igh-aspect ratio Si nanowires with various diameters, spacing,
nd lengths. These Si nanostructures are easily fabricated for
ubsequent air oxidation and functionalization with molecular
oatings. Self-assembled nanodots, formed during evaporation
f a few monolayers of Au, are used as metal catalytic seeds
o grow one-dimensional nanowires on the surface and create

particular surface morphology [9]. During subsequent VLS
ynthesis, the Au dots form a eutectic liquid with Si from
hich liquid-mediated growth of single crystal Si nanowires
ccurs. The nanowire diameters are set by the Au dot diame-

ers, with one-dimensional growth occurring as the AuSi eutectic
ot rides along at the free end of the growing wire. The length
f the nanowires is easily controlled by fixing the growth time
Fig. 3). The Au dots at the end of the nanowires account for

ig. 3. SEM image sequence illustrating how the nanowire length and topology
an be tailored by varying the growth time from 1 to 8 min.

o
a
d
fi
m
w
4
w

T
D

D

1
2

sicochem. Eng. Aspects 323 (2008) 19–27 21

nly a very small area and can be chemically removed to elimi-
ate any effect they may have on interfacial properties. Finally,
he Si nanowire substrates were covalently coated with a per-
uorinated hydrocarbon in order to obtain superhydrophobic
amples.

.2. Low-density polyethylene surfaces

Superhydrophobic low-density polyethylene (LDPE) sur-
aces were prepared by adapting the method of Lu et al. [13].
riefly, LDPE was chosen as the substrate for its inherent
ydrophobicity, low cost, and flexibility. LDPE pellets were dis-
olved in xylene. After the LDPE had fully dissolved, MEK (a
onsolvent for LDPE) was added to the solvent-plastic solution
o increase surface roughness and aqueous drop contact angle
14]. The solution temperature and solvent evaporation were
ontrolled for tailored crystallization [9].

.3. Paramagnetic particles

We used carbonyl iron particles (Sigma–Aldrich Inc., St
ouis, MO) with sizes ranging from 6 to 9 �m, and high-
agnetic saturation. These particles are usually regarded as

aramagnetic or superparamagnetic, because their magnetiza-
ion curve (M–H curve) has a small or null hysteresis, little or
o magnetic remanence, and their magnetic response is linear
or applied magnetic fields of small intensity [15]. For this study,
arbonyl iron microparticles were coated with polysiloxane fol-
owing the procedure to prevent oxidation [16]. The polysiloxane
oating only slightly affected the magnetic properties of the par-
icles, reducing the magnetic saturation value of the carbonyl
ron microparticles from approximately 225 to 191 emu/g and
ncreasing the coercive field from approximately 1.3 Oe for the
ncoated microparticles to 6.5 Oe for the polysiloxane-coated
icroparticles.

.4. Drop solution

A series of experiments using aqueous solutions of Dextran
28 (i.e., molecular weight of 428,000 Da) were conducted in
rder to determine whether operating conditions needed to be
ltered in order to move viscous drops. For a given superhy-
rophobic surface and keeping drop size (10 �l) and magnetic
eld strength constant, digital videos were obtained for the

ovement of drops at 0, 5, 10, and 20% (w/v) Dextran 428 in
ater, with magnetic microparticle concentrations of 0.5, 2 and
% (w/v). Dextran dramatically increases the solution viscosity
hile keeping the aqueous surface tension relatively constant

able 1
isc rheometer viscosity measurements for Dextran 428 water solutions at 20 ◦C

extran 428 in water (%, w/v) Viscosity (mPa s)

0 1.2
5 17
0 28
0 125
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ig. 4. Schematic diagram (a) and sequence of frames from a video (d–e) show
uperhydrophobic surface; D, drop. The aligned particle clusters are seen to rot

ince it is not surface active [17]. Measurements of viscosity
sing a disc rheometer are given in Table 1. The measured values
gree with predictions of viscosity using the model of Rotureau
t al. [18], and Dextran 500 viscosity data from a manufacturer
19].

. Results and discussion

We briefly describe and summarize the capabilities of
queous drop movement and control using superhydrophobic
urfaces, paramagnetic particles and magnetic fields. Small
ater drops (volume 5–15 �l) that contain fractions of para-
agnetic particles as low as 0.1% in weight can be moved on
superhydrophobic surface at relatively high speed (7 cm/s) by
isplacing a permanent magnet. Within this volume range, drops
re not visibly affected by gravity and remain nearly spherical
hen placed on superhydrophobic surfaces. The magnetic force

equired to initiate drop movement is not affected by the drop
ize and increases upon decreasing the particle concentration.
oalescence of two drops has been demonstrated by moving a
rop that contains paramagnetic particles towards an aqueous
rop that was previously pinned to a surface defect making it

ossible to move the newly combined drop with the magnetic
eld. A drop can also be split using two permanent magnets [8].
oating the magnetic microparticles with polysiloxane in order

o prevent oxidation does not visibly affect the magnetically

a
a
i
a

ig. 5. Sequence of frames showing a pinned water drop (left-most drop in each fra
nd the resultant drop moving to the right after being depinned (d).
drop rotating due to the action of spinning the magnetic field. M, magnet; S,
unter clockwise with perspective looking down at the drop from above.

ontrolled drop movement [10]. Other superhydrophobic sur-
aces such as those obtained by LDPE crystallisation have been
lso studied. Plastic superhydrophobic surfaces can be made
n 3D shapes and can be made more economically thus making
hem potentially very attractive alternatives to Silicon nanowires
urfaces [9].

.1. Drop movement and drop microfluidics basic
perations

.1.1. Spinning
Drops can also be spun using a tightly rotating magnetic field

n its axis and the commensurate generation of circular motion
ithin the drop may be useful for mixing (see Fig. 4).

.1.2. Pinning
Drops containing paramagnetic particles can be placed and

oved on Si nanowire superhydrophobic surfaces, but in order
o place drops that do not contain magnetic particles a surface
efect must be present. The surface defect can be created by
hysical damage or damage to the hydrophobic chemical coat-
ng. Physical damage can be created using a sharp point such as

small needle, while the chemical coat can be removed using
laser pulse. In either case, the abrupt change in contact angle

n the damaged region pins a water drop that is dropped from
bove this region. In Fig. 5(a)–(c), the movement of a water drop

me) and a drop moving towards it (a and b), at the moment of coalescence (c)
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magnetic dipolar interaction, aggregate into clusters that follow
the magnetic field lines [23]. When the magnet is displaced, the
clusters slide inside the drop following the motion of the magnet
until they arrive at the contact line. Fig. 7 shows the force bal-

Fig. 7. Forces involved in magnetic drop movement. A picture from a movie (a)
shows a water drop moving to the right, with magnetic microparticle clusters
ig. 6. Sequence of frames from a video showing the movement of a water d
rop slides across the surface since the polystyrene particle does not appear to
uperhydrophobic surface.

ontaining paramagnetic particles towards a water drop held by
inning and the subsequent coalescence of the drops is shown
o illustrate this capability.

.1.3. Depinning
While drops without paramagnetic particles that are pinned

ue to a surface defect cannot be moved, when combined with
drop containing paramagnetic particles or when a drop with

aramagnetic particles is placed on a surface defect, a magnetic
eld can be used to force the drop out of the defect. The utility
f this action is that two types of drops can be combined and
hen the combined drop can be moved for further processing.
hus, for example, an aqueous solution to be analyzed can be
ombined with other drops sequentially for sample pretreatment
easons and subsequently moved to another location for analysis.
epinning takes place with only a very small amount of water

eft behind on the defect. Visual evidence leads us to believe
hat the amount of water left on the defect depends on the size
f the defect. Such depinning action with essentially all of the
iquid being removed from the pinned location has not been
reviously described in the literature using any type of force. We
ave indications that this surprising action is performed using
he surface tension of the drop as a “lever” and the paramagnetic
articles as a “fulcrum” (see Fig. 5(d)).

.1.4. Coalescence and splitting
Completing the full range of digital microfluidics is the action

f splitting a water drop using two magnetic fields [8]. This
ction can be used in concert with drop combination in order to
erform sample pretreatment, dilution, and/or parallel analyses
n a single original sample drop. Another reason to split drops
s to create smaller drops for analysis. In a recent paper [20],
e show that electrodes can be used to measure dopamine and
lucose within the drops because drops can be combined and
plit. Depinning from the electrode can also be accomplished.

.1.5. Sliding
Another important area of investigation is to determine how
rops move across superhydrophobic surface. Mahadevan and
omeau use scaling arguments to show why nonwetting viscous
roplets can roll down an inclined superhydrophobic surface
21]. Richard and Quere [22] explain why for small nonwetting

c
i
c
i
θ

ith an expanded polystyrene particle on top (a–c) on a Si NW surface. The
with respect to the drop as it goes from the left (a) to the right (c) side of the

roplets, the smaller the droplet the higher the drop velocity.
oth groups distill the basic forces at play when drops move at
constant velocity as the driving force (in their case gravity)

ersus viscous dissipation. We have done several preliminary
xperiments to detect whether the drops in our system “slide” or
roll”. When a small piece of expanded polystyrene is placed on
op of a water drop, it remains virtually motionless as the drop
oves across the superhydrophobic nanowire surface. Thus we

onclude that the water drop slides along the surface due to the
ombined effects of a superhydrophobic surface and the very
ow amount of contact area between the rounded water drop and
he nanowire surface (see Fig. 6).

.1.6. Drop motion model
In order to interpret our results, we determined the basic

hysics involved in drop motion. When there is no external mag-
etic field, the particles do not have a permanent magnetic dipole
oment and simply sediment to the bottom of the drop. The

ermanent magnet generates a spatially non-uniform magnetic
eld on the region were the drop is located. This magnetic field
agnetizes the paramagnetic particles that, due to the induced
limbing along the drop and increasing its advancing angle. The schematic draw-
ng (b) represents a force diagram on the surface of the moving drop; the vertical
omponent of the magnetic force will deform the drop surface at the contact line
n the direction of the superhydrophobic surface increasing the contact angle to

a = π − α.
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nce on a drop moving to the right. When the first clusters arrive
t the contact line, the competition between the capillary force
� and the magnetic force Fm makes the clusters start to climb
long the drop surface (see Fig. 7(b)). Once they reach a spe-
ific orientation and position, the clusters pull the drop surface
nd strongly distort the drop shape. There is clear evidence of
ynamically induced contact angle hysteresis, with the advanc-
ng contact angle θa being larger than the receding contact angle
r.

The magnetic force acts along the cluster axis (forming an
ngle α with the vertical direction) while the capillary force
� = (πγD)/[cos(α − αa)] acts along the normal axis to the
rop surface (forming an angle αa with the vertical direction).
ere D is the diameter of the cluster and γ is the surface

ension. The vertical component of the magnetic force will
eform the drop surface at the contact line so that the drop
urface approaches the superhydrophobic surface, increasing
he advancing contact angle θa (decreasing αa = π − θa). Con-
equently, the magnetic force generates a difference between
he contact angles at the advancing and the receding segments
f the contact line. This contact angle difference opposes the
rop motion with a retention force that can be expressed as [24]
� = 2γrJ, where r = R cos(θc − π/2) is the radius of the circle
f contact between the drop and the superhydrophobic surface
nd J = cos θa − cos θr. Thus, the total horizontal force balance
n the drop can be written as

Fm sin α − πγD

cos(α − αa)
sin αa − 2γR cos

(
θc − π

2

)

×(cos θa − cos θr) = 0 (1)

On the other hand, the vertical force balance reads:

m cos α − πγD

cos(α − αa)
cos αa = 0 (2)

If there is no difference between the advancing and receding
ontact angles, the force balances simply state that the system
s in equilibrium provided that α = αa. Instead, when a contact
ngle difference is generated, the capillary force that opposes
ontact line motion introduces a threshold that can only be over-
ome when the inclination of the clusters α, is larger than the
dvancing contact angle αa. This is precisely what would happen
hen the vertical components of magnetic and capillary force

ompensate, while the magnetic force horizontal component is
isibly higher than the corresponding capillary force compo-
ent. When this excess magnetic force horizontal component is
igher than the contact angle difference term, drop motion will
ccur. From this point of view, large values of α would be more
onvenient in order to overcome the opposing force due to the
ontact angle difference.

It may occur that the first cluster arriving at the contact line
ould not be able to overcome the capillary retention force.

hen, the magnet displacement with respect to the drop will
eep increasing making the first cluster climb along the drop
urface, thus driving more clusters to the contact line. Due to
he magnetic field spatial structure, the clusters arriving at the

a
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o
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ontact line would have a larger inclination and would yield a
omparatively stronger contribution to the horizontal component
f the magnetic force than to the vertical one. Consequently, the
dvancing contact angle would be slightly perturbed, while the
orizontal force will increase significantly and drop motion will
ccur. This is precisely what happens in the experiments, as
hown in the side view of the moving drop in Fig. 7(a), where
he contact angle difference and the inclination of the clusters
an be appreciated.

A full numerical check of the above expressions is not pos-
ible; however, because precise values concerning the size and
he number of the clusters would be needed. This possibility is
recluded by the lens effect of the drop surface. Nevertheless,
alculations based on the actual measured values of the angular
ariables of the problem (θc ≈ 147◦, θa ≈ 160◦, θr ≈ 136◦, and
≈ 44◦) show that the order of magnitude of the magnetic force
odulus needed to balance the capillary and retention forces is
ithin the range achievable in our experimental setup.
Another interesting aspect is the role of the magnet velocity

n the initiation of the drop motion. Actually, the magnet dis-
lacement entrains the cluster structure in its motion. Before
he threshold condition for drop motion is achieved, the drop is
tanding and the clusters move through it with possibly large
elocities. In order to make some estimations, the clusters in
he experiments can be approximated as circular cylinders with
iameter D = 100 nm. These clusters may move within the stand-
ng drop at speeds up to 10 cm/s, yielding a Reynolds number
e = ρVD/μ ≈ 10. This means that fluid inertial effects may be

mportant at these high magnet speeds.

.2. Fluid viscosity and drop movement

In order to determine whether operating conditions need to be
ltered in order to move viscous drops, we conducted a series of
xperiments using aqueous solutions of Dextran 428. As seen in
able 1, the range of viscosities exceeds the range expected to be
ound in biological fluids and is sufficiently large to determine
hat influence viscosity has on drop movement. When param-

gnetic particles are added to achieve a consistent concentration
f 2 wt% for these solutions of Dextran 428, we observed no dif-
culty in moving drops with viscosities up to 125 mPa s along a
uperhydrophobic polyethylene surface. Drops with viscosities
p to approximately 460 mPa s can be moved on Si NW surfaces
sing iron particle concentrations as low as 0.5%. Fig. 8 shows
ight frames of digital videos captured for movement of drops
t 0, 5, 10 and 20% Dextran. The clusters’ lengths and distribu-
ions vary from drop to drop. However, it has been observed that
n general, for both surfaces and for the viscosity range studied,
he clusters at the front of the drop have a higher angle with
espect to the bottom of the drop than those clusters at the back
f the drop, since the back part is further from the magnet axis
Fig. 8). In each movie, drops are moved several times over the
ame surface to ensure repeatability, durability of the surface,

nd consistency in observations. In Fig. 8, video analyses of dex-
ran solution drops designed to investigate the effect of viscosity
n drop movement for LPDE surfaces suggest that paramagnetic
article chain orientation compensates for viscosity increases
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ig. 8. Still frames from eight different movies of drop movement on LDPE (a–
0% (c and g) and 20% (d and h) Dextran 428 move to the left using micro-scal
rom drop to drop, but it has been observed that in general, for both surface ty
espect to the bottom of the drop than those at the back, since the back of the dr

rom 1.2 mPa s (water drop) to 125 mPa s (20%, w/v—Dextran
28) in order to maintain drop movement. Interestingly, such
hanges in chain orientation are not present for drops moving
n Si NW surfaces even at higher viscosities of 470 mPa s (30%
/v—Dextran 428). At least five drop pictures were taken from

ach video, and all the observable clusters within each drop were
easured and averaged using the angle analysis tool included

n the ImageJ software program (NIH, USA). The most notable
ifference among the movies is a relatively subtle but detectable
hange in the maximum angle formed between an imaginary
ine parallel to the bottom of the drop and the superhydrophobic
urface, and the line made by the paramagnetic clusters when
he drop is in motion (90◦ − α in Fig. 7). This is most notable
n the 20% (w/v) dextran drop using LDPE surfaces where the
articles can climb up the drop wall until they are nearly parallel
o the plane of the superhydrophobic surface.

Since the magnet is manipulated by hand in these exper-
ments, some fluctuations in the field strength felt by the
aramagnetic particles does occur. However, it is evident that
he maximum angle formed with respect to a line orthogonal
o the surface can achieve higher values at higher viscosities
or LDPE surfaces. It is logical that drops with lower resistance
o drop movement will not experience as high an angle since
he drop would be more easily displaced, and thus the maxi-

um angle is indicative of the amount of force needed in the
irection of flow in order to maintain a constant velocity.

For drop movement, typical values of Reynolds, Capillary,
nd Bond numbers are 10, 1.4 × 10−4, and 0.14, respectively.

hese relatively low values indicate that the flow is in the Stoke-
ian regime, the shape of the drop is relatively unchanged during
rop movement, and inertial effects are negligible. When the
rop is moving at constant velocity, the horizontal component

a
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d Si NW (e–h) surfaces. Water (a and e) and aqueous drops with 5% (b and f),
ics controlled by magnetic fields. The clusters’ lengths and distributions varies
d all viscosities, the clusters at the front of the drop have a higher angle with

further from the magnet axis.

f the magnetic force should balance the capillary, retention,
nd friction forces. Frictional driving force can be estimated as
generalized Stokesian flow resistance as Fh = 6πηVβ with η

s the fluid viscosity, V the drop velocity, and β is a geomet-
ic factor [25,26]. Thus, for constant drop velocity and magnetic
eld strength the particle chain angle α with respect to the drop’s
ertical axis should be proportional to the liquid viscosity. If the
iscosity is too high, then drop movement may not be possi-
le for a given paramagnetic particle concentration and hence a
igher concentration is needed to overcome frictional resistance.

Fig. 9 shows the trend of α as a function of aqueous solu-
ion viscosity measured for different superhydrophobic LDPE
urfaces. The graph illustrates the general trend that the angle
ncreases with the viscosity of drops. However the trend does
ot appear to be linear for high viscosities. Deviations from lin-
arity at high viscosities are thought to be primarily due to the
ifficulty of controlling the number of chains formed in the drop
s well as the inherent heterogeneity of the surfaces. It is also
hown that drops with higher viscosity are able to move when
dding higher concentration of particles.

For superhydrophobic surfaces with advancing and reced-
ng contact angles near 180◦, it is difficult to characterize small
ifferences in their contact zone due to subtle morphological
ifferences among substrates (assuming that the surface chem-
stry is uniform) as well as changes in the contact zone as a
unction of magnetic particle concentration and field strength.
owever, by keeping all other variables constant the differ-

nces in the slope of chain angle versus viscosity may offer an

lternate method of characterizing superhydrophobic surfaces.
he steeper the slope of α versus drop viscosity, the more fric-

ional resistance is present for a superhydrophobic surface. Thus
sing micro-scale drop movement via magnetic control with
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Fig. 9. Plot of the angle α between the clusters axis and the drop’s vertical axis as a function of drop viscosity on a LDPE (a) and a Si NW (b) superhydrophobic
surfaces. The percentage of iron microparticles is 2, 4 and 10 wt% for the LDPE surface and 0.5, 2 and 4% for the Si NW surface. Data points correspond to the
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verage of the angles of all the observable clusters in at least five drop pictures
o the standard deviation. Data points with no error bars correspond to the angle

rops of different viscosities could prove to be a useful method
o identify the better morphologies that reduce resistance to
ow.

Although Subramaninan and co-workers [25,26] derive an
nalytical form of the hydrodynamic resistance for a drop
preading on a flat surface, it is not readily applicable to
uperhydrophobic surfaces. The contact area of drops on super-
ydrophobic surfaces depends upon the shape of the liquid in
ontact with the rough surface. Given the distortion of the drop
y the paramagnetic particles and the low-contact area due to the
igh degree of roughness, it is difficult to ascertain what fraction
f the surface will actually be in contact with liquid. More-
ver, the geometric parameter will change in our system when
aramagnetic particle concentrations are varied as well as when
ther parameters are changed such as magnetic field strength and
urface morphology. Instead, observations of drop motion for
ifferent drop viscosities will help experimentally determine the
eometric parameter, albeit lumped with the effective magnetic
orce driving drop motion.

. Conclusions

Combining the small resistance to drop movement inher-
nt to superhydrophobic surfaces with magnetic control of
articles leads to a new micro-scale drop fluidic method. Fluori-
ated silicon nanowires surfaces and low-density polyethylene
icrocrystalline surfaces are two examples of superhydropho-

ic surfaces that can reduce resistance to drop movement to the
xtent needed for drop movement. Using paramagnetic particles
f high-magnetic saturation permits relatively low concentra-
ions such as 0.1 wt% to be sufficient for magnetic control of
rops. An interesting compensation for liquid viscosity observed
n this method entails aligning the induced magnetic force com-
onent along the direction of flow in order to increase the

et force in that direction. Results with LDPE superhydropho-
ic surfaces confirm theoretical predictions that paramagnetic
article cluster angle is proportional to drop viscosity. Silicon
anowire superhydrophobic surfaces show little effect of vis-
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same viscosity and iron microparticle composition; the error bars correspond
e representative cluster on a single picture.

osity on particle cluster angle presumably due to their much
ower resistance to drop movement.
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