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(symbols in Figure 7). Small values of § are associated with drop bouncing and large values of 8 are
associated with drop sticking. Furthermore, the mechanics motivating the parameters suggest the
data fall in one of three regimes. When T;/Ts < 1, the surface is hotter than the drop, and therefore
even when the gap air is completely saturated, it will be below saturation directly on the texture
surface so that no condensation will form, the surface will remain dry, and drops will bounce
(purple region). When T;/T; > 1, condensation would be expected to form and, if B is above a
critical value, it would sufficiently fill the microtexture and trap the drop (white region). From the
data, it appears that the critical value is around unity, although caution should be taken interpreting
this value too closely, as estimates of certain parameters, such as the characteristic microtexture
lengthscale of the Nasterium leaf, are less precise than others. Finally, our results indicate thatif g < 1,
bouncing on the Nasterium leaf occur even when T/ T; > 1 (yellow region). In our model, this region
represents drops that bounce on superhydrophobic surfaces that are filled with insufficient condensate
to transition the drop into a Wenzel state.

Figure 7. A phase plot illustrating the three condensate regimes. The experimental data from
Figure 5 is replotted in terms of the temperature ratio T;/Ts and the proposed dimensionless group p
(Equation (3)). Here, only data below the melting temperature T, is considered. When no condensate
is expected to form within the microtexture (purple region), the drop is expected to bounce, whereas,
when significant condensation is expected within the microtexture, it is expected to stick (white region).
The finite timescale of the bounce introduces a third regime (yellow region) in which condensate
develops but can be insufficient to trap the drop.

5. Conclusions

We model two potential mechanisms in which a superhydrophobic surface could trap a sufficiently
hot drop within milliseconds. The first is a mechanism by which the superhydrophobic texture can be
melted by the heat exchanged from the droplet during contact. The second is a mechanism by which
liquid evaporates from the drop and condenses within the microtexture during contact. Because both
of these mechanisms require sufficient time to develop to a scale where they adequately influence the
microtexture, we highlight the importance of the residence, or contact, time of the drop to propose
regimes in which these mechanisms—while present—are insufficient to prevent bouncing.

Of particular interest is the evaporation-condensation mechanism, as condensate can form under
the drop whenever a drop is hotter than the superhydrophobic surface and this condensate can
compromise the air pocket within the microtexture [11-13]. However, the experimental results in this
study demonstrate that drops can bounce off of a superhydrophobic surface even when condensate
is expected to form. Motivated by a balance of condensation and bouncing timescales, we propose
a dimensionless group B, (Equation (3)), whose value indicates the importance of condensation as
a trapping mechanism. When f is positive, condensate would be expected to nucleate; however,
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only for B greater than approximately 1 would trapping be expected. We anticipate that this criteria
would extend to a wide range of superhydrophobic surfaces and could be relevant to a variety of
applications, including the design of smart superhydrophobic surfaces that immediately trap drops
that exceed a critical temperature.
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Abstract: Conventional approaches to microscale actuation, such as electrostatic, have difficulty in
achieving large motion at moderate voltages. Recently, actuators relying on the active control of
capillary pressure have been demonstrated, with the pressure change caused by electrowetting on a
pair of opposing surfaces. In this work, experimental results are presented from five prototype devices
in which only a single active surface is used. The results demonstrate that pressure changes induced
in a liquid bridge in this manner can produce large deflections (15 um) of a flexible membrane.
Voltages employed in the tests were moderate (<25 V). The influence of several design variables,
such as membrane diameter and thickness, on the membrane deflection are examined. Theoretical
predictions are also presented and generally follow the experimental values. Potential sources
for the discrepancies between theory and experimental results are discussed. While deflections
obtained using a single active surface are not as large as those obtained with two active surfaces,
single-active-surface configurations offer a simple route to achieving adequate deflections for
lab-on-a-chip microsystems.

Keywords: electrowetting; actuation; capillary pressure; lab-on-a-chip

1. Introduction

For the past decade there has been strong and growing interest in the development of portable
lab-on-a-chip (LOC) devices containing tens or even hundreds of independently controlled valves [1].
Actuation of these membrane valves is typically achieved pneumatically, requiring an external pump
and a large number of pneumatic tube connections. To relieve the undesirable manufacturing, size,
weight, and power characteristics of this approach, researchers have turned to alternative actuation
technologies that permit on-chip, electronic control of LOC valves. By and large, the alternative
technologies have fallen short, either requiring large voltage/power or yielding inadequate valve
deflection (<5 um) [2-5]. The authors have recently presented results showing that large deflections of
a flexible membrane, like that appearing in LOC devices, can be achieved via a new actuation technique
based upon actively controlling capillary pressure [6]. In this paper we offer new experimental results
demonstrating that a simpler actuator design can also achieve substantial membrane deflections,
although not as large as those previously reported (>50 pm) [6]. The membranes tested herein have
similar thicknesses and diameters as those reported in the literature. However, significantly larger
membrane deflections are achieved at much lower voltages.

In both our previous work and that reported on here, membrane actuation is achieved by lowering
the capillary pressure of a liquid droplet that is in contact with the membrane. This reduction
in pressure is accomplished via electrowetting. In electrowetting, a droplet in contact with a
dielectric-covered electrode undergoes a reduction in its contact angle when a voltage is applied
between the droplet and the electrode. The change in contact angle alters the curvature of the droplet’s
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free (i.e., liquid/air) interface and results in a decrease in capillary pressure. In our previous design,
electrowetting occurred on two opposing electrodes (see Figure 1a), which we refer to as active surfaces.
In this paper, we introduce an alternative membrane actuator containing only a single active surface
(see Figure 1b). Such a configuration may offer easier integration into LOC systems since electrical
connections only need to be supplied to a single substrate.

Uncovered

Electrode Membrane Menbranc Electrode
Electrode
’—'I | Dielectric T L
1 B . | Hydrophobic
Hydrophobic | :
Film Film

E” Dieleciric

Electrode

(a) (b)

Figure 1. Capillary pressure actuation of a membrane: (a) previously investigated dual-active-surface
device, before and after application of voltage; (b) single-active-surface device examined in this paper,
before and after application of voltage. Electrowetting only occurs on the lower surface, not on the
upper electrode. This bare electrode can alternatively be placed on the lower surface without changing
actuator function.

2. Background
The change in contact angle with applied voltage during electrowetting is governed by the
Lippmann-Young equation [7]

cos(04) = cos(640) + vz (€]

&d
where ¢, is the permittivity of the dielectric film, t; is the thickness of the dielectric film, 6,4 is the
contact angle when a voltage V;; is applied across the dielectric film, 04 ¢ is the contact angle without
an electric field, and 0y is the surface tension of the gas/liquid interface. As Equation (1) indicates,
greater changes in contact angle will occur during electrowetting when the permittivity is large and
the film thickness is small.

Beyond a certain voltage Vs, known as the saturation voltage, the contact angle ceases to decrease
during electrowetting [7,8] and Equation (1) is no longer accurate. The minimum contact angle seen,
05, will be referred to as the saturation angle. The saturation phenomenon is not fully understood at
this time and several causes have been proposed [8]. The thin dielectric films used are exposed to
very high electric fields during electrowetting and there may be significant charge injection at larger
voltages, even those below the saturation voltage [8,9].

In the membrane actuator considered (Figure 1b), the droplet spans between two surfaces, one of
which carries the elastic membrane. The contact angles on the two surfaces will, in general, be different
and will vary during actuator operation. These contact angles will be denoted 64 (active) and 6p
(passive). Electrowetting occurs only on the active surface and the contact angle changes with voltage
as described above. On the passive surface, the contact angle is determined by surface and liquid
properties. Ideally, the angle on this surface, fp, does not change (fp = 6p() when electrowetting
occurs on the active surface. In practice, 8p will vary within a range as determined by the passive
surface’s contact angle hysteresis.
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The liquid bridge that spans between the surfaces will take on an axisymmetric shape that is
among the Plateau sequence of shapes [10,11]; this shape is determined by the volume of the bridge,
the distance between the surfaces (bridge height, /), and the contact angles [10]. If the radius R;
at the bridge’s waist is significantly greater than the bridge height, the profile of the axisymmetric
bridge may be accurately approximated by a circular arc [10], whose radius of curvature is denoted R5,
see Figure 2. This radius of curvature can be expressed in terms of the contact angles [10] as:

—h

= cos(64) + cos(6p) @

Ro

(A negative radius of curvature corresponds to a bridge profile that is concave.)
The Laplace equation describes the relationship between the bridge’s radii of curvature and the
capillary pressure difference (P;) across the liquid/air interface:

1 1
P, :Ugl<R71+R72> 3)

Before voltage is applied, the contact angles of the active and passive surfaces are 64 g and 6p,
respectively. From Equations (1) and (2), the capillary pressure without applied voltage is

1 cos(6 + cos(6
Pog = 0 (Ri _ cos(0a0) : ( P,O)) @)

After application of voltage to the device and the onset of electrowetting the bridge’s capillary
pressure will change to

®)

1 cos(64) + cos(0p)
Pe=ogl g~

Figure 2. Capillary bridge between surfaces indicating radii of curvature and contact angles.

(Note that the radius of the bridge’s waist, R, remains almost constant during electrowetting as
it is much larger than the bridge’s height. For this reason, Equations (4) and (5) use the same value
of Ry) Thus, the change in capillary pressure due to the application of the voltage is given by

_ %l

AP. = i {(cos(0a,0) —cos(84)) + (cos(Bp) — cos(6p))} (6)

When the contact angle on the active surface is lowered via electrowetting, the capillary pressure
of the liquid is reduced (AP: < 0). This change in the liquid’s pressure results in an inward deflection
of the flexible membrane due to its contact with the liquid. The reader will note that Equation (6)
predicts that larger changes in capillary pressure will occur for a given change in 6, if the bridge
height is made smaller.

The contact angle on the passive surface may change within the range dictated by the surface’s
contact angle hysteresis. Due to volume conservation for the bridge, if the passive surface contact line
does not advance sufficiently when electrowetting occurs on the active surface, the passive surface
contact angle will increase. This result is due to the requirement that the free interface of the liquid
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bridge must belong to the Plateau sequence of shapes. Therefore, the term (cos(6p) — cos(fp)) is
typically positive and tends to counteract the decrease in pressure caused by the change in contact
angle on the active surface. If there was no contact angle hysteresis on the passive surface, equilibrium
of the forces acting upon the passive surface’s contact line would only occur at a single angle, 6p,
no matter what angle existed on the active surface. In this (ideal) case, the change in capillary pressure
would be o

AP: = - {cos(0,0) — cos(6)} )

and the maximum possible membrane displacement would occur.

For the devices tested in this paper, the layout of components is as shown in Figure 1b. The flexible
membrane is attached to the passive surface substrate. This substrate also carries a bare gold electrode
that is in contact with the liquid bridge and is needed for completing the electrowetting circuit.
The active surface lies opposite the passive surface. When electrowetting occurs, the pressure in
the drop is reduced and the membrane is pulled toward the active surface. The reader should
note that many configurations of the components are possible. For example, in microfabricated
devices, it is desirable to avoid electrodes on both the substrates shown in Figure 1b because of the
difficulties associated with electrical interconnects. Since the location of the bare electrode has no
impact upon device performance, this can be achieved by having the substrate that contains the
active surface also carry the bare electrode. This was not done in this effort since it was simpler
to modify an existing fabrication process than to develop one to permit both electrodes on one
substrate. Another configuration of the device could have the active surface substrate carry the flexible
membrane. The bare electrode could also be on this substrate or on the accompanying passive surface.
Such configurations should have essentially the same performance as that seen in this paper.

3. Materials and Methods

3.1. Fabrication of Electrowetting Surfaces

E-beam evaporation (CHA Industries, Fremont, CA, USA) was used to deposit a 100 nanometer
(nm) thick aluminum (Al) film onto borosilicate glass slides (top plate, 120 um thick) or soda-lime
glass slides (bottom plate, 1.59 mm thick). A 30.6 nm aluminum oxide (Al,O3) film was grown by
anodization (18 V) [12]. An ultrathin (50.8 nm) film of the hydrophobic fluoropolymer CYTOP-809
(Bellex International Corporation, Wilmington, DE, USA) was deposited on the oxide film via spin
coating and the slides were then baked at 160° for 1 h [13]. To complete the fabrication of the
active surface, a silicon oil mixture (Dow Corning OS-10, OS-20, and OS-30, Krayden, Inc., Denver,
CO, USA, 1:8:1 by weight), was applied to the CYTOP and then allowed to evaporate from the
surface. This treatment was found to reduce contact angle hysteresis and yield more repeatable
electrowetting [13,14]. (Contact angle hysteresis was typically 10° after treatment).

3.2. Device Components

Proof-of-concept devices were fabricated using facile, low cost techniques that permitted ease
in assembly, disassembly, retesting, and visual observation of the liquid bridge during operation.
Each device was composed of a passive top plate with a polydimethylsiloxane (PDMS) membrane,
a bottom plate with active surface, and a liquid bridge extending between them—see Figure 1b. While
dimensions vary among the devices tested, the working components occupy a region of dimensions
approximately 2 mm x 2 mm x 0.5 mm. Devices with smaller dimensions should be equally effective
according to theory [13] but were not examined in this initial investigation due to the design constraints
imposed by simple fabrication procedures and liquid bridge observation.
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3.3. Fabrication of Membranes

The elastomeric membrane in each device was fabricated using a Sylgard 184 PDMS kit
(Dow Corning, Midland, MI, USA). The base polymer and curing agent were mixed 10:1 by weight
and allowed to degas in air for 90 min. The PDMS solution was then deposited onto a poly(methyl
methacrylate (PMMA) surface and spun for 60 s at 1100-2200 RPM to achieve the desired final thickness,
typically 40 or 50 um. The coated PMMA was then baked in an oven for 1 h at 70 °C. The cured PDMS
was then cut into ~5 mm squares. A Dektak Profilometer system (Bruker, Billerica, MA, USA) was
used to measure the thickness of PDMS membrane—see Table 1 for measured values. A titanium flake
(~100 nm thick) was transferred to the center of each PDMS square to provide a reflective surface for
laser interferometric measurement of membrane displacement during testing.

Table 1. Dimensions and descriptions for the single-active-surface tests conducted.

Bridge Membrane

Test Max Voltage (V) Description
Height (um)  Radius (mm)  Thickness (um)  Radius (um)
1 93 1.36 39 510 25 1V step staircase
2 94 1.80 39 439 24 1V step staircase
3 96 1.33 50 510 25 1V step staircase
4 108 0.97 39 438 14 14 V square wave
5 111 1.23 40 441 14 14 V square wave

3.4. Fabrication of Device Bottom Plate

The bottom plate was a glass slide with an electrowetting surface fabricated as described above
(see Fabrication of Electrowetting Surfaces section).

3.5. Fabrication of Device Top Plate

The top plate (passive surface) was composed of a borosilicate glass slide with a gold electrode to
act as the cathode for electrowetting. Fabrication was achieved using the following procedure. Holes
were cut into each slide via VersaLASER VLS3.50, 50 W CO;, laser cutter (Universal Laser Systems,
Scottsdale, AZ, USA). The hole defines the perimeter of the free-standing elastomeric membrane. After
cutting and cleaning, a 10 nm thick layer of Au was deposited via e-beam evaporation, utilizing a
2.5 nm Ti adhesion layer. An ultrathin film of CYTOP was spin coated onto the Au layer, to allow the
eased motion of the conducting drop on the passive surface. The CYTOP film was applied with one
spin coat application (30 s, 2000 RPM) of either 0.5% wt. or 1% wt. CYTOP and then baked for 1 h
at 160 °C. It was found in earlier testing that such ultrathin films of CYTOP by themselves provided
essentially no resistance to the conduction of current, undergoing electrical breakdown as soon as
any voltage was applied. Thus, the presence of the CYTOP does not affect the prototype’s electrical
performance and electrode prepared in this fashion can be considered ‘bare” in spite of the CYTOP film.
The CYTOP layer was then treated with silicon oil as described above. A PDMS piece was then applied
to the top of the slide covering the hole with the reflective flake centered within the hole. The PDMS
square adhered to the glass with suitable strength and did not require any additional treatment (e.g.,
oxygen plasma bonding).

Plastic microbeads (Polyscience, Warrington, PA, USA) were deposited from solution onto the
lower surface of the top plate to act as spacers and thus establish the distance between the top and
bottom plates (i.e., bridge height) in the final assembled device. The beads deposited were (nominally)
100 um in diameter (10 um).

3.6. Device Assembly

A “flip chip” assembly process was used to form the test articles. A 0.1M Cs,SO4 aqueous solution
was prepared with deionized (DI) water and 10 uMol/L Fluorescein salt was added (chemicals from
Sigma Aldrich, St. Louis, MO, USA). A 1.2-1.5 uL droplet of the solution was deposited within the
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hole in the top plate (beneath the PDMS membrane) by micropipette (Eppendorf, Hamburg, Germany).
Variations in droplet volume will have very little effect on device performance as the capillary pressure
is not strongly dependent on R; when R > h. The top plate was then placed on the bottom plate
with tweezers. The assembled components were held in place by the attraction between a permanent
magnet placed below the bottom plate and ferromagnetic foil pieces secured around the PDMS square
on the upper surface of the top plate via tape. Due to variations in the size of beads used for spacers
(10 pm) and bow in the glass slides, the bridge height achieved after assembly could not be tightly
controlled. Therefore, the height was measured via the side view camera to determine an accurate
value for use in theoretical predictions. The side-view camera was also used to detect misalignments
between plates. Since the variation in bead diameters was much less than the distance between bead
locations, the alignment between the top and bottom plates was very good. When misalignment was
detected, the device was reassembled to eliminate it.

3.7. Device Testing

A fiber optic extrinsic Fabry-Perot interferometer (Fiber Pro2, Luna Innovations, Roanoke, VA,
USA) was employed to measure membrane displacement during testing. The fiber was centered
over the reflective flake on the PDMS membrane, brought into range, and the interferometer settings
were adjusted to maximize signal quality. The received signal typically temporarily lost quality when
displacements were large, and changes were sudden. As a result, spurious spikes sometimes would
appear in the displacement data.

The profile of the liquid bridge was imaged via a side view camera (Prosilica GC2450, Allied Vision
Technologies, Stadtroda, Germany) paired with a long-distance microscope (K2/SC, Infinity-USA,
Centennial, CO, USA) to achieve an effective magnification of ~0.7 um/px. The inclusion of a
fluorescent dye in the liquid allowed imaging of the bridge profile in spite of the close spacing between
top and bottom plates of the device. The bridge’s fluorescence was excited using a 405 nm wavelength
laser pointer and a bandpass optical filter was placed in front of the aperture of the side view camera
to attenuate light at the excitation wavelength.

Only direct current (DC) voltages were used in testing. As discussed below, the anodic oxide
dielectric films employed in our devices fail under reversed polarity [12] and preclude alternating
current (AC) operation.

4. Results

4.1. Description of Tests

We highlight the results of five tests here; for further results see [13]. For all the prototypes
discussed, bridge heights were set via the microbeads to be close to 100 pm. Membranes were
constructed in two sizes, small diameter (~440 um) and large diameter (~510 pum), and two ranges of
thickness, thin (~40 pm) and thick (~50 um). The relevant dimensions for each prototype device and
the testing conditions are described in Table 1. The measured data from these tests as well as calculated
values based upon this data are provided in Table 2. The contact angles of the liquid bridge on the
passive and active surfaces are given for the time before application of voltage (‘initial’) and for that
when the voltage first reaches its peak value (‘final’). Measurements of membrane displacements are
also provided for these times. (The values reported are calculated from an average of 10 measurements
taken after the transient has settled). The model relating capillary pressure to membrane deflection
that was used in this research is contained in the Appendix of our previous work [6]. Theoretical
values of membrane displacement were calculated using Equation (6) and are presented in Table 2.
Note that these calculations are based upon the measured values of contact angle, not angles derived
from the Lippmann-Young equation. Calculated values of the change in capillary pressure between
the “initial” state and the ‘final” state are also displayed in the table. Two values are calculated: (1) a
predicted pressure change based on the measured values of contact angle using Equation (6); and (2) a
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‘no hysteresis’ case where the pressure change is based on the measured initial and final contact angles
on the active surface and the specification that the contact angle on the passive surface does not vary
from its initial value (see Equation (7)).

Good agreement between theory and experiment occurred for most tests that were conducted.
The expected trends were also apparent in the experimental results. Thin membranes, large diameter
membranes, and higher voltages yielded larger membrane deflections. Each test is discussed in
detail below.

Table 2. Results from single-active-surface tests—contact angles on active and passive surfaces as
measured by side view camera; measured membrane deflection and theoretical value calculated from
measured angles; values of change in capillary pressure as determined from measured angles (Equation
(6)) and with a no hysteresis model (Equation (7)).

Contact Angles (°)

Maximum Membrane Deflection (um)  Calculated Capillary Pressure Change, AP, (Pa)

Test Initial Final *
040 Opp 04 0p Measured Theory  Error (%) Equation (6) Equation (7)
1 107 58 89 64 15.2 13.8 10.1 160 227
2 101 89 83 96 7.3 9.0 18.9 138 226
3 104 86 80 94 9.2 123 252 196 294
4 91 101 81 104 6.2 4.7 319 77 110
5 103 94 80 98 13.4 12.2 9.8 202 244

* Final indicates at the time when maximum voltage is first reached.

4.2. Staircase Voltage Signal Tests

In Test 1, the prototype was a device with a thin, large diameter membrane. In the test, the
voltage was increased in 1 V increments each second, stepping from 0 V up to 25 V (a ‘staircase’ signal).
Figure 3 shows the measured membrane displacement and voltage during the test. The membrane
reaches its maximum displacement, 15.2 um, when 20 V is applied. For voltage increases beyond
this value, the deflection remains essentially constant due to the onset of contact angle saturation.
The reader will note that 13 pm (85% of the final deflection) was achieved when only 14 V was applied.
The measured deflection is quite close to that predicted from the measured contact angles, exceeding
the theoretical prediction by just 10%.
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Figure 3. Test 1—Response of prototype with a thin (39 um), large diameter (510 um) membrane to
staircase voltage signal.

In Test 1, the contact angle on the active surface decreased by 18° between initial and final states.
The contact angle on the passive surface, however, increased by 6°. This increase results in less
curvature of the interface profile than would occur if the passive surface contact angle remained
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unchanged. As a result, 40% less change in the capillary pressure occurred in this test than would
have taken place in the ‘no hysteresis’ case. This example shows the importance of the passive surface
characteristics to achieving good performance.

Figure 4 shows the results from Test 2 where a thin membrane with a small diameter was used.
The voltage applied was a staircase signal with 1 V steps occurring every 3 s. The maximum voltage
applied was 24 V. The changes in the contact angles on the active and passive surfaces are quite similar
to those seen in Test 1. As a result, the changes in capillary pressure are also comparable. The reduced
deflection seen in Test 2 is therefore primarily due to the smaller diameter membrane employed
in this test. Membrane deflection is quite sensitive to this variable: a 14% reduction in membrane
diameter results in more than a 50% decrease in displacement.
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Figure 4. Test 2-Response of prototype with a thin (39 um), small diameter (439 jum) membrane to
staircase voltage signal.

In Test 3, the prototype examined contains a membrane with the same large diameter as used in
Test 1, but with 25% greater thickness than that test. The voltage applied was a staircase signal with a
maximum voltage of 25 V. The deflection observed in this test is 40% lower (see Figure 5) than that
seen in Test 1, primarily due to the thicker membrane used. However, the measured deflection also
significantly underperforms the theoretical value. It is likely that this is the result of contact angles
that are not as favorable as those that were measured. This circumstance can occur if the bridge is not
axisymmetric. The contact angles can vary along the contact line; the angles measured may not be
representative of the actual surface curvatures and the capillary pressure that arise from them.

The reader will note that in all three tests the displacement for the most part reaches its maximum
by 18 V. This is due to contact angle saturation.

4.3. Square Wave Voltage Signal Tests

The prototypes examined in Test 4 and Test 5 are essentially the same as that studied in Test 2;
they have a thin, small diameter membrane. The voltage applied in both tests was a square wave with
a minimum of 0 V and a maximum of 14 V. The period of the voltage signal is 6 s. Figures 6 and 7 show
the measured displacements for Tests 4 and 5, respectively. In spite of the nearly identical dimensions,
the deflection seen in Test 4 is significantly less than that in Test 5. The cause of this marked difference
can be found in the data in Table 2: the initial contact angle on the active surface was much lower in
Test 4 (91°) than in Test 5 (103°). Since the final (electrowetted) contact angle for both tests is essentially
the same (~80°), the angle change in Test 4 is much less than in Test 5. Thus, the change in capillary
pressure in Test 4 is less than half that seen in Test 5. Since the active surface is coated with CYTOP and
treated with silicon oil, we would not expect the sessile angle of the bridge to be as low as 91°. Tt is
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likely that there was some contamination in the manufacture of this surface. The result shows that this
approach to actuation is quite sensitive to variations in these surfaces. For successful application of
this actuator technology, careful attention must be paid to manufacturing processes to ensure quality
and consistency.
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Figure 5. Test 3—Response of prototype with a thick (50 um), large diameter (510 pm) membrane to
staircase voltage signal.

Note that in both Test 4 and Test 5, the contact angle on the passive surface changed very little
from its initial value during electrowetting. As a result, the capillary pressure change achieved is
not far from that which would occur in the ideal 'no hysteresis’ case. Equation (6) shows that the
value of the passive surface’s sessile contact angle has very little effect on actuator performance [10].
The important factor for performance is whether this angle remains unchanged when electrowetting
occurs on the active surface, or whether this angle increases.

As seen in Figures 6 and 7, the response time when changing membrane deflection is quite quick,
with almost all of the deflection taking place in less than 0.2 s.
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Figure 6. Test 4—Response of prototype with a thin (39 um), small diameter (438 um) membrane to
14 V square wave voltage signal.
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Figure 7. Test 5—Response of prototype with a thin (40 pm), small diameter (441 um) membrane to
14 V square wave voltage signal.

5. Discussion

As the results demonstrate, capillary pressure changes due to electrowetting are an effective means
for the generation of membrane movement in microdevices, even when electrowetting occurs on only
one surface and not that containing the membrane. The displacements obtained (5-15 pm), like those
found in a previous investigation of dual-active-surface devices [6], were significantly larger than
those earlier achieved by electrostatic actuation using much higher voltage and power [4]. This paper’s
single-active-surface results opens up a range of possible variations in actuator design. Membranes
can be attached to surfaces, either active or passive, in a variety of ways and can adjoin the droplet(s)
in many arrangements [15].

The membrane displacements obtained for single-active-surface devices are about half of those
obtained by their dual active surface counterparts [6], as predicted by theory [10]. Just as experiments
with those actuators demonstrated, significant improvements in the deflection performance of
single-active-surface devices can be achieved by decreasing bridge height. With a height of 40 um,
it should be possible to achieve 15 um of membrane displacement using only 10 V. Thus, the range
of motion desirable for LOC applications can be achieved with membranes of typical LOC diameter
and thickness.

Experimental results show that contact angle hysteresis on the passive surface is an important
factor in affecting actuation performance for single-active-surface devices. If the angle on the passive
surface increases significantly as electrowetting occurs, the change in capillary pressure will be
substantially reduced. It is therefore desirable to engineer the passive surface to have as little contact
angle hysteresis as possible. This would be a fruitful area for further research.

Although a systematic investigation of long-term actuation behavior was not carried out, several
comments on this aspect of performance during the square wave tests are warranted. There was some
decrease in motion within the first few cycles. If the voltage was less than 14 V, the displacement
behavior settled into a steady pattern with an increasing number of cycles and further degradation
was not noted. In this case, the magnitude of the displacement motion was between 60% and 80% of
the initial displacement, depending upon the test. Charge injection was detected in tests where the
voltage exceeded 16 V.
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Abstract: Droplet manipulation by light-induced isomerization was numerically demonstrated and
investigated regarding the driving mechanism. Such a non-invasive manipulation of a droplet in
a microchannel can be realized, for example, by the use of watery solution of photoresponsive
surfactant that exhibits the isomerization. Due to variable fluid properties between the cis and
trans isomers, one-side light irradiation on a liquid column in a tube would lead to some kind of
imbalance between the two ends of the liquid column and then drive droplet migration. The present
numerical simulations of air-liquid two-phase flow and its scalar transport of the isomer, considering
the variable static contact angle, agreed quantitatively with the experimental results in terms of the
migration speed. This fact supports the contention that the droplet migration is more likely to be
driven by an imbalance in the wettability, or the contact angle. The migration speed was found to be
less dependent on the liquid-column length, but proportional to the tube diameter.

Keywords: computational fluid dynamics; droplet manipulation; lab-on-a-chip; microfluidics;
non-invasive control; photochemical reaction; photoresponsible surfactant; surface tension; two-phase
flow; wettability

1. Introduction

Droplet manipulation techniques for microfluidic devices and lab-on-a-chip have attracted much
attention in various fields such as medicine, chemistry, and biology [1-5]. This is because such
an analytic operation on a micro scale increases the surface-to-volume ratio, thus obtaining many
advantages, for instance, minituarization of samples, high-speed reaction, and downsizing of devices.
Hence, several researches have devised a method of fluid driving in a micro-scale channel by changing
the surface tension and wettability, e.g., a plasma-etched polymer nanostructure that enhances the
droplet mobility [6], dielectrophoresis that employs an electric dipole moment by immersing an
electrocode in a channel [7], and EWOD (Electrowetting on Dielectric) that generates the wettability
gradient due to static electricity [8]. However, the challenges related to those methods include not
only the fabrication of the channel but also the contamination by contact and the difficultly of flexible
and selective manipulation. An alternative method using light as an external stimulus has several
advantages such as not requiring the fabrication of a channel, simple adjustment of the stimulus,
flexible and selective manipulation, and less contamination due to the non-contact [9]. In addition,
it can be utilized on a living body due to its non-invasiveness.

There exist various ways of driving liquid by light irradiation: optical tweezers [10,11],
photothermal Marangoni flow [12-15], and photoisomerization [16-23]. Optical tweezers is a method
that uses the radiation pressure of light, but its corresponding force is very small, in the order of
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pico-newtons. The use of photothermal Marangoni flows should be accompanied by heat, together
with the light irradiation. This method is flexible and selectively operable, and the resulting force is
sufficient for manipulation; however, it cannot be applied to a substance that is denatured by heat.
On the other hand, the fluid manipulation by utilizing cis-trans photoisomerization can avoid the use
of heat, although it is necessary to change the fluid properties in response to light.

As shown in Figure 1, the cis-trans photoisomerization is a property in which the cis and trans
isomers are reversibly changed by light of a specific wavelength such as ultraviolet (UV) light [24].
The isomers are represented by the same molecular formula but different molecular structures.
As the molecular structure changes, fluid properties such as the contact angle and surface tension are
varied. Here, the reaction rate constant k represents a rate at which the reactants increase or decrease in a
chemical reaction. In the photoisomerization, k represents the degree of photo-induced change between
the cis isomer and the trans isomer. Azobenzene is a representative example [25-28]. In previous studies,
droplets on a substrate were manipulated by performing photoisomerization on the substrate and
changing wettability [16-20], or on photoresponsive surfactant [20-23]. Recently, Muto et al. [23]
demonstrated the manipulation of a liquid column in a millimeter-scale glass tube. Its droplet
manipulation was done by UV-light irradiation on a one-side surface of the liquid column generating
differences in the contact angle and surface tension between both sides of the finite liquid column.
The mobility of the migrated liquid column was reported to depend on the liquid column length.
However, such an experimental demonstration might often suffer from a pinning effect that cannot be
avoided, and its flow dynamics and developments of each isomer distribution are not fully understood,
thus increasing the difficulty of experimental measurement. To the authors” knowledge, no numerical
simulation of such a liquid driving has been performed.

Ultraviolet Iight
(A =365 nm)

TN

Reversible
change

Visible light
trans isomer (A = 440 nm) cis isomer
Figure 1. Schematic diagram of the photochemical isomerization, reproduced on the basis of Ref. [23].
The cis isomer irradiated with visible light should change into the trans isomer, while the trans isomer
irradiated with ultraviolet (UV) light would change into the cis isomer. These two isomers may
exhibit different fluid properties. The rate at which the number of isomers increases or decreases by
photo-induced isomerization is expressed as a reaction rate constant k.

In order to reveal the light-induced droplet-migration phenomenon due to cis-trans isomerization
in a watery solution of photoresponsive surfactant, we carried out a numerical study of in-tube
liquid columns, considering the variable contact angle and surface tension. We used a framework of
OpenFOAM® (version 2.3.1) [29], which is an open source software and has been verified by
benchmark tests for multiphase flows [30-34]. The Volume-of-Fluid (VoF) method [35] is used
as an interface-capturing method, and the Continuum-Surface-Force (CSF) model [36] is applied
to calculate the surface tension on liquid-air interfaces. In addition, we have implemented the
Continuous-Species-Transfer (CST) method [37] to express the cis/trans-isomer transports more
accurately. We discuss a validation with the experiment [23], and numerically investigate the isomer
distribution and the effects of the liquid column length and radius on the liquid-column migration.
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2. Problem Setting: A Photoisomerizable Liquid Column in a Tube

We focus on an experimental demonstration performed by Muto et al. [23] and employ a similar
problem setting for our numerical analysis. Figure 2 shows the present analysis object, which is a
liquid column given in an infinite straight tube with a constant radius R. The liquid column was
initially placed at the center of the computational domain. A UV light is assumed to be irradiated
on the right half of the domain: see Figure 2. The irradiation is started from the state of all trans
isomers in the liquid of interest; that is, the initial C.;; was 0 in the entire domain. Since the tube is on
the millimeter-scale, as tested by Muto et al. [23], the UV light is assumed not to decay throughout
the liquid [38]. In the simulation, we used a wedge mesh which consisted of a single grid cell in the
circumferential direction by assuming an axisymmetric flow with respect to the z axis. This allows us to
reduce the computational cost by keeping fine meshes in the other directions. While Muto et al. [23]
used a sufficiently-long open tube for their measurement, it is practically difficult to simulate such
a system rigorously. Two different boundary conditions in the z direction were tested in this study:
the periodic boundary condition (PBC) and the inlet/outlet boundary condition. On the tube surface,
the no-slip boundary condition was applied. The initial length of the gas phase on both sides of the
liquid column was set at Ly = 15 mm, regardless of the liquid column length L.

b

Figure 2. Coordinate system and configuration of an in-tube photoisomerizable liquid column to be
irradiated partially with UV light. (a) Bird’s eye view; (b) cross-sectional view. The liquid column
is initially located at the center of the tube domain and in the form of a simple column shape,
being surrounded by air. The length of the liquid column is denoted as L., while that of the gas
phase is Lg.

Table 1 shows the fluid properties of our present targets. Since we simulated both the air and
liquid phases simultaneously, the air properties at room temperature were given. Essentially important
properties in the present problem are the contact angle ¢ and the surface tension ¢, as explained in
Section 1. Those values vary depending on the isomer, and the liquid of our interest reveals rather
hydrophilic features with the cis-isomer: the contact angle of purely cis-isomer liquid, 8, is slightly
lower than that for the trans-isomer, O44,5. We referred to the values of 9. and 44,5 measured
experimentally by the extension/contraction method, and o;; and 04,5 measured by the pendant
drop method [39]. The reaction rate constant k for the photoisomerization was identified by "H-NMR
measurement. The concentration diffusivity D for the isomer diffusion in each fluid was chosen as a
typical value: cf., Ref. [28].

Table 1. Fluid properties: p, density; y, viscosity; D, mass concentration diffusivity; ¢, static contact
angle on the solid wall; o, surface tension; and k, reaction rate constant.

o (kg/m®) # (mPa-s) D (m?/s) 3 (°) o (mN/m) k™Y
Liquid  Air Liquid  Air Liquid Air Cis  Trans Cis  Trans
9923 1.247 0.890  0.018 107  107° 314 366 41.0 400 0.0225
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3. Numerical Procedure

3.1. Governing Equations for Fluid Motions

Although the actual system of our interest consists of incompressible liquid and compressible air
contained in a tube, we considered the air phase as incompressible for simulating the fluid behavior.
This assumption allows us to use the governing equations of incompressible and immiscible gas-liquid
two-phase flows: the equation of continuity

V-u=0 )
and the Navier-Stokes equation
p{ou+ (u-V)u} = —Vp+uViu+fs, )

which includes a surface tension force f, that works on the liquid—air interfaces based on the
Continuum-Surface-Force (CSF) model [36]. In the present study, all simulations were under the
zero-gravity condition. We used the Volume-of-Fluid (VoF) method [35], which is a well-known way
to capture an interface between two different fluids. In this method, the advection equation of the VoF
function « can be written as

o+ (u-V)a=0. (3)

The VoF function a describes the liquid fraction in each computational grid cell to determine the
two-fluid allocation. In the present air-liquid two-phase flow, we defined it as

1 : Liquid phase
a=1< 0 : Air phase 4)
(0,1) :Interface

Instead of using simply Equation (3), one may compute the following equation with an artificial
term with the aim of sharpening the liquid—air interface.

o+ (u-V)a+V-(a(l—a)u)=0. ®)

The third term on the left hand side of Equation (5) represents the artificial interface compression
term, in which the compression velocity u, is calculated, as follows:

) ©

Here, n f is the normal vector of the interface in a grid-cell control volume, ¢ is the mass flux,
S i is the area of the interface in the control volume, and C, is an adjustable coefficient. While C, can be
changed arbitrary, we decided to set C; = 0 in this study to make unavoidable spurious currents less
pronounced, as discussed in Appendix A.1.

The local density p and viscosity y at each grid cell depend on a:

¢

Sf

ur =ny min <Ca S¢

7

p=p+pg(l—a), @)

p=pma+pg (1—a). ®)

The surface tension term in Equation (2) is expressed as

fy = oxVa )
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in the CSF model [36]. The unit normal vector n and the curvature x of a local interface can be
expressed by the VoF function «, respectively, as

Va

" Val

k=-V-n. (10)

Note here that Equation (9) includes only the normal force on the liquid-air interface, neglecting
the tangential force. The normal force induces the Laplace pressure, while the Marangoni convection
may be triggered by tangential force on the interface. Compared to the normal force, the expected
tangential force would be much smaller in this study, because the difference between o and 0qs is
almost negligible relative to its absolute value, as given in Table 1.

3.2. Representation of Cis-/Trans-Isomer Liquid

Since the driving force exerted on a liquid column by the cis-trans photoisomerization is induced
by the imbalance of the surface tension and contact angle (or Laplace pressure), it is necessary to
express numerically the two different states of either the cis or trans isomer and to model the exchange
between them due to the photoisomerization. Then, let us introduce C.;;, which is defined in each
computational grid cell as the volume—fraction ratio of the cis isomer:

1 : All cis isomer
Cis=4¢ 0 . All trans isomer (11)
(0,1) : Mix of cis & trans isomers

Both the contact angle and surface tension were determined as a function of C;:
8 = B¢isCeis + Otrans (1 - Ccis) 7 (12)

0 = 0¢isCeis + Otrans (1 - ccis) . (13)

A validation test was performed on a simple droplet on the flat wall with a variable contact angle
that depends on C;;, and we confirmed a reasonable C.;;-dependence of the contact angle as well as a
response of the droplet wetting to UV-light irradiation, as presented in Appendix A.2.

3.3. Transport of the Cis/Trans Isomer with the CST Method

The transport equation of the isomer ratio C.;; can be written as follows:
3tCeis + (u- V) Ceis = DV?Ceis + R, (14)
where R is the source term due to the photochemical reaction and D is the arithmetic mean diffusivity:
D =D+ Dg (1—a) (15)

In the actual phenomenon, no transport of the isomer across the liquid-air interface should occur.
However, unavoidable spurious currents, i.e., numerically-artificial flows, in simulation may lead
to scalar transport across the interface. To suppress such a leakage of scalar (or C.;s in this study)
across the liquid-air interface, we implemented the Continuous-Species-Transfer (CST) method [37].
Then, Equation (14) is reformulated into

0tCeis + (u- V) Ceis = V- (DVCejs +P) + R, (16)

where @ is the discontinuity term and it works at the interface, as follows:
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1
©=- -0 (5 7m)
Ceis 1 Dl*Dg Dg
tar (-« /H {Ha+(1—a)/H*<D'*ﬁ>}W

The degree of suppression can be calibrated by the Henry coefficient H. We set H = 100: see also
Appendix A.1.

It should be noted that, in the present simulation, only the change from the trans to cis
photoisomerization by UV-light irradiation was expressed by

17)

R=u«n {k (l — Ccis)} 5UV/ (18)

but the opposite change from the cis to trans photoisomerization (by visible light) was not considered.

Because the latter photoisomerization would not provide any contribution to the liquid-droplet

migration under the present condition. Here, k in Equation (18) is the reaction rate constant of change

from trans to cis, and dyy is

5o = { (1) g:;light irradiation part 19)
: ers

Equation (18) expresses that the UV-photoisomerization occurs only in a liquid portion that is
irradiated with UV light, by multiplying « and dyy. Basically, C.;; = 0 should be kept in the air and/or
non-irradiated part.

4. Results

4.1. Grid Resolution: Comparative Validation with Experimental Results

Figure 3 shows our obtained migration distance z;;, normalized by the liquid column length L.,
from the initial position as a function of the irradiation time T. The instance of T = 0 corresponds to the
beginning of the simulation as well as that of the UV-light irradiation. The migration distance z,, from
the initial position zg was calculated from the axial shift of the center of gravity of the liquid column.

_ fya-zdv

[ adv %0 20)

m

According to the experimental results shown also in Figure 3, the liquid column would be
transported at a constant speed toward the UV light side (i.e., to the positive z direction). As z,,/ L.
approaches 0.5, the migration speed appears to decelerate and finally the liquid column stops moving.
Note here that z,, /L. = 0.5 corresponds to the situation that the entire liquid column has just entered
the UV area. To demonstrate such phenomena in our simulation, we first examined the required grid
resolution, or the number of grids in the axial- (N;) and radial- (N;) directions. Our parametric study
for N, = 500-2000 and N, = 25-300 revealed that a combination of (N, N;) = (512,256) was required
for the case of L, = 20 mm, as shown in Figure 3a. The linear motion in the initial stage could be
reproduced even with lower resolutions, but the migration speed was overestimated remarkably.
Furthermore, regarding the z-direction boundary condition, the periodic boundary condition (PBC)
was found to provide a better result, compared to the inlet/outlet condition.
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Figure 3. Temporal variations of the migration distance z; of the liquid column normalized by
the liquid column length L., calculated by Equation (20), and comparison with the experimental
results [23]. In the legend, ‘PBC’ represents a case with the periodic boundary condition in the
z direction. (a) L, = 20 mm, (b) L, = 30 mm. The tube radius is R = 1.25 mm.

As for a longer liquid column of L, = 30 mm, we achieved good quantitative agreement with
the experimental results, as shown in Figure 3b. Similar to the shorter case mentioned above, the
liquid column exhibited an acceleration period until T < 20 s, and it attained a constant migration
speed at T ~ 20 s. Whereas the linear motion obviously terminated before reaching z,,/L. = 0.5
in the experiment, the present simulation shows a continuous linear motion until z,, / L. reaches 0.5.
Such a deviation in this late stage of the droplet migration must be attributed to the pinning effect
that cannot be simulated with the present code. At least, in the initial stage including the linear
motion, the photoisomerization-induced droplet migration has been reasonably demonstrated by
our simulation.

Figure 4 shows the developing distribution of C;; in the z-r section of the domain including both
the air and liquid phases. The top panel in the figure represents the initial condition. At T = 0.01's,
the liquid—air interface is already concave due to the wettability with & < 90° and surface tension.
This implies that the timescale of surface deformation is much faster than the reaction rate of the
photoisomerization of interest. From T = 20 s, one can recognize that the isomers in the UV-light
irradiation side changed gradually from trans to cis with time, but it can also be recognized that
an axial shift of the liquid column already occurred. Figure 5 shows the temporal variation of the
distribution of C;s on the z-axis inside the liquid column, which is marked with a white dashed line
in Figure 4. The horizontal axis represents the z subtracted by the moving distance z;, of the liquid
column: z — z;,, = 0 corresponds to the center of the liquid column and the air-liquid interfaces locate
at about z — z;; = 10 mm because L. = 20 mm. As seen in the figure, C;; increases firstly on
the UV-light irradiation side because of the photoisomerization. As time progresses, the plateau of
the C,j; profile becomes high and narrow (z — z,, = 2-8 — 6-7 as T = 20 — 80), while the values
gradually start to increase also in the column that is half on the non-irradiated side. This is the result of
competition between the photoisomerization reaction and the incoming trans-isomer liquid from the
non-irradiated side. At T = 80 s, the non-zero C;; region reaches the interface on the non-irradiated
side. This is to be expected due to the fact that the liquid column starts to decelerate its migration at
about T = 80 s. From this, we may draw the conclusion that the liquid column would stop when the
cis isomer concentrations at both sides of the liquid column are comparable.

186



Micromachines 2018, 9, 533

-1.251

Figure 4. Cross-sectional views of the liquid column with a length of L. = 20 mm and the
developing distribution of the ratio of the cis isomer, C.;;, during the droplet migration driven by
photoisomerization by a partial UV-light irradiation, at time instances of 0, 0.01, 20, 40, and 80 s
(from top to bottom). The tube radius is R = 1.25 mm. Contour shows the ratio of the cis isomer:
Ceis = 1, all cis isomers; C.;; = 0, all trans isomers. Cyan solid lines indicate the liquid—air interface
positions; purple-colored backgrounds (on the right half of the domain) represent the UV-light
irradiated parts.
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Figure 5. Temporal variation of C.; along the white dashed line in Figure 4 for L, = 20 mm.

The horizontal axis represents the relative position with respect to the center of the liquid column.
The interface on the UV-light irradiation side is located at z — z;,, ~ 10 mm, and the opposite one is at
z— 2z, ~ —10 mm.

4.2. Influence of the Liquid Column Length and Tube Radius

Furthermore, the dependence of the migration motion on the column length L, was investigated.
Four column lengths of 5, 10, 20, and 30 mm were examined under the same system with a
fixed tube radius R = 1.25 mm, and the initial exposed column length was set to L./2 for all
cases. Figure 6 compares the four cases, where the profiles are plotted in a dimensional form of
millimeter versus second. From the gradient of each profile, the migration speed can be determined.
The present numerical results obviously reveal the independence of the migration speed on the
column length, at least in the initial stage of the migration. This aspect contradicts the experimental
observation [23], but this mismatch might be due to a pinning effect on an actual tube in the experiment.
With the increasing L., the migration distance is elongated further. The constant linear motion
is found to be at a speed of ~ 0.15 mm/s, irrespective of L.. This speed could be varied by changing the
fluid properties as well as the tube geometry. Further investigation on the fluid-property dependence of
the migration speed is potentially interesting for a practical application of the photoisomerization in a
droplet manipulation.
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Figure 6. Time series of the migration distance of the liquid column for different liquid column lengths,
without normalization. With R = 1.25 mm, N, = 350-600, and N, = 256.

The dependence on the tube radius was not investigated experimentally [23], so we numerically
examined it under the same fluid conditions but with various R. Figure 7 shows results for
R = 0.25-2.5 mm. The temporal evolution of the migration distance did not change qualitatively
with a different R, but the migration speed was found to vary significantly. Normalized by each
tube radius, the profiles are scaled well, as given in Figure 7b. According to the present numerical
result, we conjecture that the migration speed is roughly proportional to the tube radius. This aspect
is consistent with Muto et al. [23] with respect to their discussion on the net driving force F that was
exerted on the liquid column. They suggested a form of

F =2nR (U'Eis €08 Oy¢is — Otrans COS 19r-[ru11s) ’ (21)

where 8,_s and Oqns denote the advancing contact angle of the cis isomer and the receding one of the
trans isomer, respectively. Actually, Equation (21) does not relate to the column length L., but includes
the tube radius R, supporting also the L.-independency observed in Figure 6.
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Figure 7. Time series of the migration distance of the liquid column for different tube radii in units
of millimeter (a). In (b), the migration distance is normalized by the tube radius. With L, = 20 mm,
N, =512, and N, = 256.

Last, but not least, we would argue that the main driving force of the liquid-column migration
by photoisomerization is attributed to the difference between the static contact angles 8, and G-
In the context of Equation (21), the given condition of ¢; < ans reasonably results in F > 0.
In terms of the surface tension, o;s that is slightly larger than 0y.4,s might also contribute to the
onset of a positive F, but a comparison such as cos ¢/ cos Otrans > Ocis/ Ttrans (cf. Table 1) implies
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that the contact-angle variation would account for the imbalance between the two ends of the liquid
column. On the other hand, Muto et al. [23] declared that the migration was induced by a difference in
the surface tension rather than the contact angle, because they observed ¢,..s < Oyrans; that is,
cos Uypjs < €OS Upprans and this fact should demand o5 > pans to derive the positive F from
Equation (21). However, they still suffered from difficulties in measuring the dynamics contact
angle and surface tension and did not perform quantitative evaluation. Although our conclusion
opposes their hypothesis, the quantitative agreement in the migration speed with the experimental
result supports the present conclusion that the wettability, or the contact angle, is key to the driving
force for the present droplet manipulation.

5. Conclusions

We performed numerical simulations to investigate the liquid-column migration driven by the
cis-trans photoisomerization phenomenon that was experimentally demonstrated by Muto et al. [23].
The liquid-column migration should be induced by an imbalance in the wettability, or the contact
angle and surface tension, between the two ends of the liquid column. To track the liquid-air interface,
we employed the VoF method in conjunction with the CST model and the CSF model. In order to
express the developing distribution of the cis/trans isomer, we also defined a volume—fraction ratio of
the cis isomer, on which both the contact angle and surface tension were dependent. Neglecting
the gravity, evaporation, thermocapillary, and dynamic contact angle, our simulation successfully
demonstrated the photoisomerization-induced droplet migration and achieved good agreement
with the experimental results. Our conclusion regarding the mechanism of the present droplet
manipulation is that the driving force is caused mainly by the imbalance in the wettability, or the
contact angle, between the two ends of liquid column rather than the surface tension. Through a
numerical investigation of the cis isomer distribution, which is difficult to measure experimentally,
we confirmed that the liquid-column migration terminated when the cis isomer distribution reached the
non-irradiated region. We also found that the migration speed was less dependent on the liquid-column
length and was proportional to the tube diameter.
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Appendix A. Preliminary Tests

The present simulations were executed in a framework of a customized opensourse solver in
OpenFOAM® [29]. By tuning the solver code, we combined several schemes of the CST model
and the CSF model to obtain sharp liquid-air interfaces and to suppress scalar mass flux across the
interfaces. For those models, we should determine the optimal values of the relevant numerical
parameters. In particular, the Henry coefficient H in Equation (17) and C, in Equation (6) are crucial
parameters. As a preliminary test to examine H and C,, which provide a reasonable result for the
presently-given combination of fluids and scales, numerical simulations were carried out on a square
droplet. In addition, the solver code was extended to simulate the photoisomerization in a part
irradiated with UV light. To validate our code in terms of the modelling of the photoisomerization,
we simulated a droplet on a flat plate, where the relationship between the wetting width and the
contact angle is known theoretically. Figure A1 schematically illustrates the configurations of two
preliminary simulations, the results of which will be reported in the following subsections.
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Figure Al. (a) Square liquid droplet surrounded by gas without gravity. Initially, the cis isomer
(Cgis = 1) dominates in the entire droplet. (b) Semisphere droplet on a flat wall to be partially irradiated
with UV light that induces cis-trans photoisomerization. Initially, the trans isomer (C.s = 0) dominates
in the entire domain. In this preliminary test, the trans-isomer liquid is assumed to have a contact
angle of ¥¢4ns = 90°, and a UV-light irradiation area is limited only in the vicinity of the wall.

Appendix A.1. Scalar Transport Near the Interface

A square droplet with a length of D = 2.5 mm was given in the center of a computational domain:
see also Figure Ala. The computational domain size and the number of grids were Ly = L, = 5 mm
and Ny = Ny = 100, respectively. The surface tension was fixed at 0trqns = 40 mN/m, since no UV-light
irradiation was considered here. Other physical properties were the same as the liquid column driven
by the photoisomerization, as given in Table 1. By systematically changing the Henry coefficient to
H = 0.01, 1, and 100, and the interface compression value to C, = 0, 0.5, and 1, we investigated
the degree of leakage of C;s through the liquid—air interface and the influence of spurious currents
occurring near the interface.

Figure A2 shows the cross-sectional views of the droplet, where the interface has been deformed
into the circle shape by the surface tension. In the simulation without the CST model, we detected a
severe leakage of the cis isomer from the droplet, as shown in (b). Figure A2c also shows a significant
decrease in C,;s inside the droplet. By applying the CST model with a large Henry coefficient H = 100,
we successfully avoid an increase in C.;; outside the droplet, as visualized in (d)—(f). Non-zero C, values
may provide more suppression of variations in C,;; outside of the droplet, but the C.;; conservation
inside the droplet would obviously suffer from the spurious currents that exist near the liquid—air
interface, as shown in (e) and (f).

In order to confirm the suppression of leakage from the droplet by employing the CST model
with C; = 0 and H = 100, we define an index representing the conservation of C;s in the liquid.
The following index C is a ratio between an arbitrary time T and the initial = 0, regarding the
volume-integrated cis-isomer concentration:

[fa Ceis - adA],_;

Cog= PAE "2 1=T
“ (4 Ceis - ada],_,

(A1)

Here, A represents the area of the computational domain, since the present simulation was
performed in two-dimensional space. This ratio Co; would be time-dependent in simulations,
once a leakage of C.;; from the liquid to air phase occurs. In the ideal situation, Cc; should be
1 at any time. As shown in Figure A3, the case visualized also in Figure A2d indeed exhibits less
deviation from the unity value. According to this result, we have chosen the CST model with C, = 0
and H = 100 for the main liquid-column simulation.
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Figure A2. Contour of C distribution obtained at 0.2 s (except for a) after the release of a free square
droplet, for different values of H and C, and with/without the CST model. (a) Initial state of all cases
at0s. (b) C, = 0, H = 1, without the CST method. (¢) C, = 0, H = 0.01. (d) C, = 0, H = 100.
(e) Co = 0.5, H = 100. (f) Cy = 1, H = 100. Solid cyan line outlines the droplet shape.
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Figure A3. Comparison of the temporal variation of conservation of Cs in the liquid.

Appendix A.2. Changed Static Contact Angle by Photoisomerization

An initially-hemispherical droplet with a radius of Ry = 0.5 mm was placed on the wall,
as shown in Figure Alb. The computational domain size and the number of grids were
Ly x Ly = 3x1 mm? and N, x N, = 150 x 50, respectively. The surface tension was fixed at
Otrans = 40 mN/m without any change due to photoisomerization, but the static contract angle ranged
from Oans = 90° to 9s = 30°. The reaction rate constant in this droplet simulation was set at a
rather large value of k = 1 s~1. Other physical properties were the same as the main liquid-column
simulation, as shown in Table 1.

Figure A4 shows the cross-sectional views of the droplet, where the contact angle between the
liquid—air interface and the bottom solid wall can be observed to change gradually from the given
Gtrans to Ugjs. Such a decrease in the contact angle can be interpreted as an increase in the wettability of
the liquid.
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0.0

X (mm)

Figure A4. Temporal evolution of a droplet due to the photoisomerization-induced contact-angle
change. Contour shows C.. The contact angles for C.;; = 0 and 1 are 30° and 90°, respectively.
Solid cyan line outlines the droplet shape, and the purple-colored regions represent the UV-light
irradiation area.

The droplet wet length L can be derived theoretically from the initial droplet size Ry and the
contact angle 9. By assuming that the inertia should be negligible compared to the surface tension and

viscosity, the expression of
/ T
= 2R si - A2
L osin?d 2 (¢ —sindcos ) (42)

would be valid. In the present (preliminary) system, ¢ should be changed monotonically from that
for the trans isomer to that for the cis isomer as a function of C.5, which is also time dependent in the
UV-irradiated area and can be estimated mathematically on the basis of Equation (18). In Figure A5,
the predicted evolution of the wet length is plotted with a dashed line. AtT = 15, Cs in the
light-irradiated liquid has attained C.s; = 1; that is, a state of all cis isomers in the vicinity of the
wall. After that, no expansion of the wet length occurs and the droplet maintains the contact angle of
¢ = U.s. Also shown in Figure A5 is the result obtained by the present simulation. It can be confirmed
that the present simulation reasonably demonstrates the temporal variation of the wet length, implying
the validity of our simulation code with respect to the photoisomerization and its accompanying
variation of the wettability.
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Figure A5. Temporal variation of the wet length of the droplet with the cis-trans photoisomerization

by UV-light irradiation. The red line is a numerical result, while the black dashed line is a theoretical
solution expressed by Equation (A2).
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Abstract: While capillary forces are negligible relative to gravity at the macroscale, they provide
adequate force to effectively manipulate millimeter to micro meter objects. The fluidic actuation can
be accomplished using droplets that also act as bearings. While rotary droplet bearings have been
previously demonstrated, this paper addresses the positioning accuracy of a droplet-based bearing
consisting of a droplet between a moving plate and a stationary substrate with constrained wetting
region under a normal load. Key wetting cases are analyzed using both closed form analytical
approximations and numerical simulations. The vertical force and stiffness characteristics are
analyzed in relation to the wetting boundaries of the supporting surface. Case studies of different
wetting boundaries are presented and summarized. Design strategies are presented for maximizing
load carrying capability and stiffness. These results show that controlled wetting and opposing
droplet configurations can create much higher stiffness fluidic bearings than simple droplets.

Keywords: surface tension; capillary; bearing; wetting

1. Introduction

Due to scaling relations, capillary force becomes dominant as the length scale decreases below
the millimeter scale and can dominate from micrometer to millimeter scales [1]. The relatively large
magnitude of the capillary force has been exploited to perform mechanical operations such as grasp and
release [2,3], out-of-plane self-assembly [4], and vertical actuation via electrowetting [5]. A common
gripper configuration utilizes the tensile force exerted by a capillary bridge between two wetting
surfaces. When the surfaces are non-wetting (contact angle is greater than 90°), a repelling force is
generated when the two surfaces are close together [6,7] as illustrated in Figure 1. Electrowetting,
an apparent change in surface energy or contact angle due to electrostatic forces acting on a surface,
can be used to modulate these forces [8,9].

A new class of bearing based on the capillary bridge was proposed by several groups and rotating
micromachines were demonstrated in references [10-14]. The bearing surfaces were patterned by either
surface coating and/or surface texture to control the location and shape of the droplet/surface contact.
Single droplets, multiple drops, and fluid rings have been used to support vertical loads by surface
tension. The advantages of this type of bearing are low friction, wear resistance and self-centering [10].
In addition, external force/torque can be applied either by external field to the rotating rotor [13] or
through the droplet [12,14] which could further reduce device size.

The same principle could be further extended to use droplets to support vertical loads in linear
translational motion. With electrowetting actuation, the droplets can serve as both bearing and actuator.
Moon and Kim demonstrated this concept by using electrowetting to move droplets which carried
a solid platform for biochemical analysis [15]. In their demonstration, a voltage was applied to
the electrodes on the actuation substrate which induced a shape change within the droplets. This
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propelled droplet translation and the droplets transferred the force to the solid platform. The force is
transferred to the moving element through the surface tension. The droplet interface on the actuated
object is constrained, by a defined wetting pattern created by a local coating and/or surface texture.
For an aqueous actuation droplet, the surface inside the wetting region is hydrophilic and outside it is
hydrophobic. Motion accuracy depends on maintaining a constant spatial relationship between the
droplet/solid surfaces of the droplet. For integrated EW-actuated linear motion, the electrowetting
effect actuates the droplet which is supporting the plate, so the bottom surface must be hydrophobic.

Fu Fa

A

[ Non-Wetting ] EE Wetting ]
| Non-Wetting [ Wetting —
Comp*essive Tensile

Figure 1. Tensile and compressive forces from a capillary bridge formed by two parallel surfaces.

For linear bearings, the stiffness and load carrying capacity are critical parameters. The vertical
stiffness determines the precision of the bearing in the transverse direction under varying loads.
For rotational bearings, it was noted in reference [10] that the maximum speed of the rotor was highly
dependent on the thickness of the droplet due to the viscosity of the fluid. It is important to optimize
the load and the fluid volume which have large influence on the resulting gap height. While valuable
prior work has been done on the force of capillary bridges [5,16] and their dynamics [17], these do not
consider their use as linear bearings. This paper develops static force and stiffness relations for circular
droplets supporting normal loads between two parallel plates. These provide critical information
about the load carrying capability of droplet-based bearings and the positioning accuracy at slow
speeds. Analytical approximations are compared to numerical simulation of surface forces under
varying surface constraints (wetting boundary and/or geometrical boundary). Depending on the
wetting properties of the surfaces, different stiffness and load capability can be utilized for droplet
based bearings. Based on these results, design strategies for droplet linear bearings are proposed. This
work can serve as a design guideline to implement droplet based linear bearings in electrowetting
driven application, as well as in designing droplet-based rotating machines.

2. Materials and Methods

In its simplest form, a droplet-based bearing consists of a capillary bridge formed between two
parallel surfaces. The interfacial tensions act at the triple point where the liquid, solid, and ambient
fluid meet. The angle between the liquid and solid is the contact angle. Lambert and co-workers have
shown that both the Laplace approach and interfacial energy approach are equivalent [18]. In here,
we will take the Laplace approach. Given the condition that the characteristic dimension is much less
than the capillary length \/g) (where 7 is the surface tension, p the density difference between the
droplet and the ambient, and g the acceleration due to gravity), the effect of gravity on the fluid can be
neglected. For water in an air ambient, the capillary length is approximately 2.7 mm.

As shown in Figure 2, the bottom surface is fixed and the separation distance (/) is known.
The forces acting on the top plate are the surface tension force and the pressure force. The vertical
component of the surface tension (Fr) acting on the top plate is found by integrating around the
interface. For the case of a circular droplet with constant wetting angle:

Fr = 27Rypp X 7ysin(6) 1)
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where 7 is the interfacial tension of the liquid-ambient, Rt is the radius of the contact area and 0 is
the contact angle of the liquid and top plate. The pressure force, which originates from the pressure
jump across the liquid /ambient interface can be calculated using the Laplace pressure equation:
Fp = mR%, x AP = 71R%,, x (i+i) )
P = top - top XY Ry R,
where, Ry and R; are the principle radii of the curved interface. Giving the separation distance (/)
between the plates, one principle radius can be found by geometry:

h = —Ry X (cos(8) + cos(¢)) (3)

where the contact angle with the moving and stationary plates are 6 and ¢, respectively. The pressure
can be either positive or negative depending on the contact angles. When both angles are larger than
90°, the pressure is positive, which acts to push the plates apart. When both angles are less than 90°,
the resulting negative pressure force will pull the plates together. If the radius of the capillary bridge is
much larger than the separation distance (R, >> h), the second principle radius can be approximated by
the radius of the plate contact (R = Ryp). The top radius is used as it will be assumed to be prescribed
while the other may vary with load. Then the normal force (Fy) on the top plate is as follows:

Fy = Fp — Fr = iR}, x 'y(Ri1 + R%) — 27tRyop X ysin ()

= TRopy X {_ RZ’ﬂ (cos(0) + cos(¢)) + 1 — 2sin(8) ] @

The equation is nondimensionalized by normalizing the height (h="nh/ 2Rtop) with the diameter
of the drop (D = 2Ry,p) to get the following:

Ey  —cos(6) — cos(¢)
”Dmp')/ 4xh

+0.5 —sin(0) (5)

For droplet-based bearings, the contact radius/diameter of the top surface can be controlled by
either surface coating or roughness so that inside of the wetting region, the surface is hydrophilic.
Outside of the region, the surface is hydrophobic with a contact angle greater than 90°. The key
quantities of interest are the normal load capability and stiffness of droplets with known bottom
contact angle, plate spacing, and droplet volume. In practice, the actual contact angles may not be
known a priori at the boundary. If the contact line is at the boundary between two regions with
different effective contact angles, the contact angle can assume any value between the interior and
exterior wetting angles without moving the contact line. These relationships will be used to develop
estimates of the forces, but are not suitable for calculating actual fluid reactions in many cases of
practical interest.

The reaction forces in more general cases are calculated numerically using software such as
Surface Evolver [19]. Surface Evolver calculates the total system energy by discretizing the surface
and summing a series of surface and line integrals. The equilibrium shape is found by gradient-based
energy minimization. In the simulation, a droplet with defined volume and contact angle condition on
the top and bottom plate was constrained between two planes that represented the substrate (bottom)
and moving plate (top). An example of the simulation boundaries is presented in Figure 3. The effect of
gravity was not included since the desired operating range of the droplet based bearing is substantially
less than the capillary length.

Once the equilibrium shape of the surface was found, a small displacement in the z direction
(50 pm) was applied and the energy change was calculated. The normal force was found using the
principle of virtual work (F, = dE/dz) [20,21]. Results of surface evolver calculations are compared
to the limiting closed form approximations (Equation (5)) for relevant wetting boundary conditions
below. These numerical predictions of normal forces for a range of wetting conditions and droplet/gap
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ratios will be compared to simplified assumptions based on the analytical solutions. These results will
be used to identify promising configurations for high stiffness fluidic bearings.

Figure 2. Capillary bridge between two parallel surfaces. When the top and bottom contact angles
(0 and ¢) are greater than 90°, the pressure force (Fp) pushes the top plate upwards and the surface
tension force (Fr) acts downwards to pull the plates together. The two principle radii of curvature
(R and Ry) can be are used to calculate the pressure difference across the interface and Ry is the
contact radius of the droplet to the top plate.

Prescribed wetting
boundaries with
defined contact
angles

Figure 3. An example of the simulation boundaries. Inside the red lines, the surface energy is defined
by low contact angle (10°). Outside the red lines, high surface energy is defined by large contact angle
(110°-165°).

3. Results

An effective fluid bearing must be able to support the normal loads applied and should also
have a high stiffness to minimize the displacement caused by changes in applied forces. While the
force and stiffness are linearly dependent on surface tension, the droplet diameter, the substrate/plate
gap, and contact line constraints will nonlinearly impact the performance of the fluid bearing. This
paper considers the impact of the droplet aspect ratio (gap height/diameter) for three different wetting
arrangements in a simple fluid bearing for different contact line constraint conditions.

3.1. Type 1—Uniform Wetting

For axisymmetric wetting, without wetting boundaries, the contact angles of the top and bottom
are the same (6 = ¢), Equation (5) reduces to:

Fy —cos(0) .
= 72 4+ 05—sin(0 6
”Dtap')/ 2xh ( ) ©)

This case is used as a bench mark for the Surface Evolver simulation. The surface tension for all
types was fixed at 0.072 N/m. The variables used are listed in Table 1.
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Table 1. Simulation parameters used.

Droplet volume 5-50 uL (5 uL increments)
Contact angle (both top and bottom) 165°,120°, 110°
Gap height 0.5-3.0 mm

The normal force at each condition was extracted and the resulting forces and the top contact
diameter were extracted from the models and the normalized values are summarized in Figure 4.
When normalized, the force for a given contact angle collapses to a single curve for all droplet volumes.
The simulation data (markers) agrees well with Equation (6) predictions (solid lines) for small values of
aspect ratio for all contact angles. Good agreement is seen at larger aspect ratios and for contact angles
closer to 90° where the assumptions in Equation (6) are most accurate. For large contact angles (165°),
Equation (6) over predicts compared to the simulation, especially at larger aspect ratios. The error
arises from using the contact radius as a principle radius of curvature and assuming cylindrical droplet
shape for calculating the diameter. However, Equation (6) gives a good approximation of forces over
the design region of greatest interest (small aspect ratios) for all contact angles evaluated.

At large aspect ratios, the droplet force is relatively insensitive to the aspect ratio, but this equates
to a low stiffness. However, when the aspect ratio is less than 0.1 the slope is much higher—creating a
stiffer bearing in which position is less sensitive to applied loads. Alternatively, the higher normal
force could allow the bearing diameter to be reduced for the same force/stiffness capacity.

12
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Figure 4. Normalized force vs. normalized height, Type 1. For a symmetric capillary bridge on a non-
wetting surface, the contact angles are the same top and bottom, circular, triangle and square marks are
the simulation results for contact angles of 165°, 120° and 100°, respectively. Each data set includes
simulation results for 10 droplet volumes used (5-50 pL). The solid lines are the calculated values from
Equation (6).

For hydrophobic surfaces, the surface tension forces pull the moving plate toward the substrate—
opposite the pressure force. As the contact angle increases, the surface tension has a smaller normal
components and acts to increase the pressure increases resulting in much larger normal forces. Figure 5
shows the calculated force per unit contact area on the top plate with a 50 puL droplet at various contact
angles from Equation (6). As the contact angles increase from 100° to 165°, the force increases by a
factor of 5 or more (see Figure 5). Higher contact angles and/or smaller aspect ratios should be used to
support larger vertical loads.
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Figure 5. Force per unit area calculated from Equation (6). Each line indicates the different contact
angles used for the top and bottom surfaces. The droplet’s volume was fixed at 50 uL.

3.2. Type 2—Defined Wetting Region

In a practical bearing, the droplet contact line must be constrained relative to one of the plates
while sliding across the other. This could be done by defining a specific wetting region on one plate
while the other plate remains hydrophobic—breaking the symmetry of the droplet wetting. This
non-symmetric wetting was simulated in Surface Evolver using a hydrophilic circular region on
the top (moving) plate (contact angle = 10°) with different wetting radius (Rip = 2, 3, and 4 mm).
The remainder of the top surface and the entire bottom were non-wetting (contact angle = 165°).
Droplet volume was fixed at 50 pL. The vertical forces were extracted and then normalized by the

top contact diameter and compared to Type 1 performance for various droplet heights. The result is
presented in Figure 6.
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Figure 6. Normalized force vs. Normalized height with Type 2 wetting. The force were normalized by
the product of the surface tension, 7w and the top contact diameter. The circles are the simulation result
from Type 1 (symmetric non-wetting, contact angle: 165°), the line is the prediction from Equation (6).
The cross, square, and triangle marks are the simulation results for different wetting radius (4, 3, 2 mm)
when the droplet’s volume was fixed at 50 uL. The inset shows the wetting region on the top plate.
As the gap height betweent the plate decrease, the droplet sperad out to the non-wetting region.

At small heights, the force follows the Type 1 curve until the wetting region on the top plate
reaches the edge of the wetting region. As aspect ratio continues to increase (height grows), the force
drops dramatically relative to the Type 1 case as the bottom plate contact area decreases while the
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top contact line remains stationary. While the lower normal force in this region is undesirable, the
increased stiffness in the transition region is favorable for reducing variation in plate positioning with
applied normal forces. For a given wetting area, this also allows the bearing to operate at a higher
gap height with favorable stiffness. Larger gaps and smaller aspect ratios should reduce the drag
introduced by the fluids in a linear actuator.

3.3. Type 3—Constrained Top Wetting

Physical constraints can also be added to the edge of the wetting region to reliably constrain
the wetting boundary even beyond 180° (measured relative to the horizontal surface). This could
be accomplished using a protruding surface as illustrated in Figure 7. This effect was modeled in
Surface Evolver model by constraining the interface so that it could not move beyond the wetting
region. The resulting force increases at a much faster rate than Type 1 and 2 as seen in Figure 7.
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Figure 7. Normalized force vs. normalized height with Type 3 wetting. Results are compared to
predictions from Equation (6), the simulation result from Type 1 (symmetric non-wetting, contact angle:
165°, droplet volume 50 uL). The inset shows the wetting region and geometrical constrain on the top plate.

The Type 3 design can increase the working range of the bearing from 0.1 aspect ratio (/D) to at
least 0.25. This would be the most favorable design for droplet based bearings. High stiffness and large
force could be achieved with larger gap height when the contact line is constrained by both geometry
and wetting. As discussed earlier, the viscous drag introduced by the droplet could impose a speed
limit on the bearing. By operating at larger height, the drag would be reduced and the maximum
speed of the bearing could be increased.

4. Discussion

This analysis provides insight into droplet and wetting arrangements that will provide the most
accurate fluidic bearing in electrowetting and other applications. To achieve precise translational
motion in the x-y plane, the relative motion between the top plate and droplet interface on the substrate
needs to be minimized. Type 2 and 3 limit the relative motion by constraining the contact line on the
moving plate. For a given contact area, smaller droplet volumes would require less gap height to
resist the same normal force. Stiffness increases significantly when the top edge is better constrained
(Type 3).

For a typical application the size and weight of the plate being carried is fixed. Equation (6) indicates
droplet-based bearings favor a large diameter or small gap height. Since the pressure force scales with
the diameter squared, larger contact areas can support larger loads. However, a single droplet bearing
does not provide much stiffness in rotation about the x and y axis [22] and would add additional
uncertainty in plate placement [23]. When multiple droplets support the plate, rotations about the x and
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y-axes are resisted by the z-stiffness of the droplets. Since two droplets define a line and three droplets
define a plane, three droplets would be an appropriate minimum. However, variation in the droplet
volume could cause orientation errors which would be reduced by using additional droplets to average
out random variation. Additionally, the x and y displacement stiffness is proportional to the droplet
circumference which increases when more droplets are used.

Some case studies are used to demonstrate the tradeoffs when designing such bearing. All the
calculations are based on Equation (6) (Although the equation is only applicable to Type 1 wetting
described above, the calculated force should match closely to Type 2 and 3 at the design point where
they intersect the unconstrained droplet force line. While Equation (6) does not predict the stiffness of
Type 2 & 3 droplets, it does provide a lower bound for stiffness in these cases.

4.1. Design Case 1—Fixed Gap Height

In this first case study (Figure 8), the normal force and the gap height are held constant.
The number of droplets and the droplet volume are the variables. The calculated force should be
applicable for all types of wetting, but the calculated stiffness is for Type 1 only. From earlier analysis,
the stiffness for Type 2 and 3 wetting should be higher than the idealized condition presented here.

hi|

hi=h;
) @, |
Figure 8. Case study 1: fixed gap height (1 mm) and fixed load (1078 uN). The wetting areas (hydrophilic)
are the shaded region. This case compares single vs. multiple droplets for bearing application.

For a square glass plate (density 2200 kg/m?) with dimension of 10 x 10 x 0.5 mm, the minimal
force needed to support the weight of the plate is 1078 uN. Assuming an air ambient and water
droplets with surface tension 0.072 N/m, and 110° contact angle on a Cytop coating. At 1 mm gap
height, a single 6.8 mm diameter droplet would provide sufficient force to support the plate. However,
due to stability issues mentioned above, multiple droplets are preferred. Table 2 shows the impact on
the aspect ratio, total droplet area, and the projected length (proportional to the magnitude of an EW
actuation force) when using multiple droplets. The supporting force is calculated using Equation (6).
This is most accurate for small values of aspect ratio and contact angles near 90° and should be a good
approximation for these cases (/D < 0.3, CA = 110°). As the droplets are parallel springs, the total
stiffness is the number of droplets multiplied by the stiffness of a single droplet.

Table 2. Case study of droplet(s) supporting a fixed load at constant gap height, the contact angle is
110° top and bottom. The total supporting force is 1078 uN and the gap height is 1 mm.

#of Volume of Each Aspect Diameter of Total Stiffness ~ Minimum Total Area  Total Projected
Droplets Droplet (uL) Ratio (/D)  the Drop (mm) (N/m) Required (mm?) Length (mm)
1 36.3 0.147 6.8 1.8067 36.3 6.8
3 16.6 0.217 4.6 2.48031 49.9 13.8
5 12.6 0.25 4 3.12578 62.8 20
7 10.8 0.27 37 3.7443 75.3 25.9

The table above shows the same load could be supported by a number of possible configurations,
depending on the design goal. If the normal force per unit area were the main concern, the larger
droplet should be used. If the stiffness is the driving parameter, multiple small droplets could achieve
higher stiffness. If the actuation force from electrowetting is to be maximized, maximum allowable
number of droplet should be used due to the larger project length from multiple droplets.
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4.2. Design Case 2—Fixed Stiffness and Droplet Diameter

External disturbances such as gravity, shock and vibration will introduce positioning error. When
the gap height is small, minor displacement in the vertical direction could cause a large droplet diameter
change. This could cause the spacing between the droplets to decrease until they merge. To account for
the external disturbance, the stiffness needs to be considered. This case study (Figure 9) uses the same
loading (1078 uN) and plate area (100 mm?) as above. Instead of fixing the gap height, the bearings
are designed for a maximum displacement of the top plate of £10 um at 150% overloading. This can
be translated to a design requirement of fixed stiffness (% ﬁ—i\n’ = 162%). Other parameters such
as the surface tension and contact angle remain the same (0.072 N/m, 110°, respectively). The same
droplet diameters were used. The gap height is adjusted by varying the volume of the droplet. The
same calculation were performed using Equation (6). As seen in Table 3, the aspect ratio needs to
be much smaller than the previous case in order to meet the high stiffness requirement. All other
outcomes such as the total area required and the actuation force are unaffected due to the fixed wetting
diameter. The force approximation is suitable for all wetting conditions. However, due to the higher
stiffness of Type 2/3 wetting, the gap height could be much larger for the same stiffness when Type 2/3
wetting is employed.

Figure 9. Case study 2: fixed stiffness (162 N/m) and fixed droplet diameter. The wetting areas (hydrophilic)
are the shaded region. This case evaluates the impact on droplet volume and gap height when designing
for stiffness.

Table 3. Case study of droplet(s) with constant stiffness (162 N/m), the contact angle is 110° top and
bottom. The diameter of the top wetting region is the same as in case study 1.

#of Volume of Each Aspect Diameter of Height of the Minimum Total Area  Total Projected
Droplets Droplet (uL) Ratio (W/D)  the Drop (mm) Gap (mm) Required (mm?) Length (mm)
1 3.8 0.015452 6.8 0.105 36.3 6.8
3 21 0.026764 4.6 0.123 49.9 13.8
5 17 0.034553 4 0.138 62.8 20
7 1.6 0.040883 37 0.151 75.3 25.9

Another effect of the tradeoffs between design for force and stiffness can be seen in the rapid
decrease in the volume of droplets. About one order of magnitude of reduction in volume is required
for the increased stiffness. These small volumes could accentuate another error source—droplet volume
variation could impact the alignment precision in the x-y plane. This could be offset by increasing the
number of droplets to average out random variations which has the benefit of increased gap height for
the same force/stiffness values.

4.3. Opposing Droplets

For linear bearing application, the normal force and the stiffness under loading are the primary
interests. Higher force enables a larger loading capability and high stiffness would improve the rigidity
of the joint. For optimal stiffness and force in the vertical direction, the plate should have both wetting
and geometrical constraints. In addition, a preload on the droplet would force the bearing to operate
at a higher stiffness range (case 3). In the prior cases, the preload is applied by gravity which makes
the plate position sensitive to orientation. Alternatively, we propose a symmetrical droplet bearing
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which uses opposing droplets to apply a preload to the plate, the resulting force/stiffness could be
symmetrical around the middle point which could further increase the reliability of the device—either
orientation around the x—y plane is possible. The simplified case with no wetting contrast (Type 1) is
analyzed below (Figure 10).

To illustrate the force-displacement relation, calculations based on Equation (6) were performed.
The force is then normalized by the equilibrium diameter (D’) times 7y and the change in height
with respect to the middle point (dz) was divided by the equilibrium diameter (D’). The results are
presented in Figure 11. The main assumption is that the weight of the plate is counteracted by the
buoyancy force (plate density ~ ambient fluid density) and all the fluid contacts are non-wetting
(Type 1). Implementation of Type 2/3 wetting would significantly increase system stiffness but the
trends would be similar. The contact angle values used in the calculation were 165° for both top and
bottom. The maximum allowable gap height is fixed at 1, 0.5 and 0.25 mm for both top and bottom
gap (without the thickness of the middle plate, /i,y = hgostom)- The droplet volume was 50 L each.
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Figure 10. Opposing droplet configuration. Two identical droplets are used to provide support on
either side of the center plate. Both the top and bottom plates are fixed. The resulting force and stiffness
is symmetrical around the midpoint (Z = 0). The left and right illustrations shows the droplet shape
when the center plate is displaced around the balance point.
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Figure 11. Opposing droplet configuration for optimal stiffness and precise z-location. (A) the normalized
force from both the top and the bottom droplets are plotted against the normalized height (change in
height divided by the nominal droplet diameter, dh/D’), the equilibrium height is 1 mm for both top and
bottom gap. (B) Fixed gap heights with changing diameters. The contact angle used in calculation was
165° and the surface tension value used was 0.072 N/m.

As seen in Figure 11A, the top and the bottom droplets exert the same force but in opposite
directions around the center (dotted lines), the total force follows a non-linear but symmetrical curve
(solid line). When designing the bearing, the droplet contact area could be specified and the height
can be tailored to target stiffness. Due to the symmetric force, the location of the plate and/or the
stiffness in the z-direction could be fine-tuned by using either the volume of the droplet, the wetting
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pattern or the gap height, to change the preload on the bearing and further improve stiffness as seen in
Figure 11B. As the total gap height decreases the droplets are preloaded and the effective stiffness of
the droplet bearing increases.

5. Conclusions

The normal force of a capillary bridge between two parallel surfaces was analyzed using both
Laplace-based calculation and simulation. The force-deflection response of three wetting conditions—
uniform wetting, defined wetting region and constrained top-wetting were analyzed using numerical
simulation and compared to a simplified closed form approximation. This approximation is shown
to provide useful reference information for predicting key aspects of each wetting type. For all cases,
smaller gaps create higher stiffness and larger forces. The peak force and stiffness are achieved with
geometrical constraints on the top plate that enable effective contact angles above 180° at the edge of
the wetting boundary.

For ultimate precision, an opposing droplet configuration was proposed. Simplified force analysis
showed a symmetrical stiffness response due to the preloading effect. The stiffness could be further
fine-tuned by changing the total gap height. For linear droplet bearing actuated by electrowetting,
a series of design cases were presented to demonstrate the advantage of using multiple droplets to
support the same load. The larger actuation force capability of multiple droplets could improve the
speed of the actuator. When designing such actuators, the total area and the gap height should be the
driving parameters to meet required load and stiffness performance levels.
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Abstract: Anisotropic ratchet conveyors (ARCs) are a recently developed microfluidic platform that
transports liquid droplets through a passive, microfabricated surface pattern and applied orthogonal
vibrations. In this work, three new functionalities are presented for controlling droplet transport on
the ARC system. These devices can pause droplet transport (ARC gate), decide between two pathways
of droplet transport (ARC switch), and pass droplets between transport tracks (ARC delivery junction).
All devices function solely through the modification of pinning forces acting on the transported
droplet and are the first reported devices that can selectively control droplet timing and directionality
without active (e.g., thermal, electrical, or magnetic) surface components.

Keywords: droplet transport; microfluidics; vibrations; contact line oscillation; asymmetric surfaces;
anisotropic ratchet conveyor

1. Introduction

Anisotropic ratchet conveyors (ARCs) are a type of digital microfluidic (DMF) system that can
transport an individual liquid droplet or many droplets in parallel through a passive micropatterned
surface and applied orthogonal vibrations. The functionality of ARC devices comes from two primary
features: (1) an anisotropic surface pattern of periodically occurring curved structures or “rungs,”
and (2) oscillation of the contact line or “footprint” of the droplet on the substrate, induced by the
applied orthogonal vibrations [1]. The asymmetry of the surface pattern creates a difference in pinning
forces between leading and trailing edges of the droplet. The applied vibrations cycle the contact line
between wetting, de-wetting, and equilibrium phases. This combination produces a net force in the
direction of the leading edge, which essentially causes the droplet to take a step through each vibration
cycle (Figure 1) [1-3].

While ARCs do not offer the robust programmability available to electrowetting-on-dielectric
(EWOD) or dielectrophoresis (DEP)-based DMF systems [4—6], this platform provides the ability to
handle liquid droplets with a passive surface pattern and a globally applied sinusoidal vibration
(e.g., a speaker). This configuration allows for droplets to be driven with a single signal source,
which substantially simplifies the circuitry and programming required to operate an ARC system.
Like EWOD and DEP systems, the ability of ARCs to handle liquid in the form of discrete droplets
can reduce required sample volumes and reagent quantities compared to continuous flow devices.
Droplets also provide a form of ‘compartmentalization’, wherein the contents of each droplet are
individually isolated, preventing undesirable interactions between samples or reagents [4].

The simple microelectromechanical systems (MEMS)-based fabrication process allows for
high-throughput manufacturing of ARC devices, which could provide for inexpensive ARC chips with
integrated MEMS components or electronic sensors. Such a system could fill the niche for diagnostic
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or analytic applications that require more process control or measurement accuracy than paper-based
or passive microfluidic systems [7,8]. The simplicity of this system makes it a good candidate for
field-ready or point-of-contact (where the sample is first encountered in the field) tests, potentially
enabling a point-of-contact platform with improved clinical utility [9-11], or for molecular (nucleic
acid) assays that are less expensive and more easily deployable [12-14]. Furthermore, ARCs could
also provide a useful research tool, such as in applications for automating protein [15] or nucleic
acid [16] purification.

Equlllbrvum Wetting De-wetting Return to Equilibrium
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Figure 1. Principles of anisotropic ratchet conveyor (ARC) functionality. ARC systems transport
droplets through an anisotropic surface pattern composed of periodically occurring curved rungs

(black) defined by a hydrophobic background (white). This asymmetric geometry creates a difference
in pinning between leading and trailing edges of the contact line or “footprint” of the droplet (A).
Applied orthogonal vibrations induce the contact line to oscillate between wetting, de-wetting and
equilibrium states (B-D). This combination results in a net force through each vibration cycle that
transports droplets.

However, before any applications for an automated ARC platform can be realized, the functional
toolbox available to ARC systems must be expanded. Thus, we have developed three new modules for
the ARC system: (1) ARC gates that can selectively pause droplet transport, (2) ARC switches that
can select the direction of droplet transport between two paths, and (3) ARC delivery junctions that
can controllably deliver droplets on a convergent path. In electrowetting systems, these functions are
innately enabled by the position of electrodes, with respect to the droplets, being activated [4,17,18].
On ARC systems, functionality is dictated by the design of the passive surface pattern. Therefore, each
droplet function on ARC systems must be enabled with a specific design strategically placed on chip.
The following sections will demonstrate how the design of the surface pattern on these ARC modules
pairs with the applied vibrations to enable essential functions for automated liquid handling processes
on ARC systems.

2. Materials and Methods

All ARC devices used in this work are fabricated by patterning an oxidized silicon wafer with
photoresist. Exposed regions of the wafer are coated with fluorooctyltrichlorosilane (FOTS). The resist
is then stripped with acetone, revealing hydrophilic (contact angle < 5° [19]) silicon dioxide (SiO,)
rungs defined by the hydrophobic (contact angle of approximately 105° [19]) FOTS background
(Figure A1). At rest, both leading and trailing edges exhibit a contact angle near a native FOTS surface,
but the contact angles at the two edges differ during forced vibration as a result of the asymmetric
ARC pattern [20]. Images of ARC designs are captured prior to resist stripping and superimposed for
clarity, as the final ARC devices in this work are invisible to the naked eye.

For all experiments in this work, 10 uL droplets of deionized water (diH,O) were driven on ARC
substrates with sinusoidal vibrations produced by a function generator and an electromagnetic motor.
Target frequencies were applied through the programming of the function generator. The acceleration
amplitude of applied vibrations was measured with a laser-Doppler vibrometer, and images of moving
droplets were captured with a high-speed camera. Measurements of droplet edge displacement were
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