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The Self-Alignment of Microparts in Solutions

Tsung-Yu Huang' and Wen-Hwa Chen'->

Abstract: A rigorous three-dimensional analysis model is established to calcu-
late the restoring force and restoring torque for the self-alignment of the micropart
with the binding site in solution using the Surface Evolver Program, which is devel-
oped for analyzing the liquid formation due to surface tension and other energies.
The motions of the micropart studied include translation, compression, yawing and
rolling, respectively.

To improve the drawbacks of the simplified models reported in the literature, the
effects of the buoyancy and hydrostatic pressure on the micropart and the hydro-
static pressure on the lubricant droplet between the micropart and binding site are
explored. The deformation and contact characteristics of the lubricant droplet be-
tween the micropart and binding site in solution are therefore elucidated accurately
in the present analysis model. Besides, the critical values of the restoring force
and restoring torque, which indicate the capability of the self-alignment of the mi-
cropart, are calculated for various volumes of lubricant droplets in different solu-
tions, respectively. It is found that the self-alignment of the micropart in water is
better than that in ethylene glycol solution and air, and the self-alignment under
translation and rolling should receive more attentions.

Keywords: Self-alignment, Interfacial Tension, Restoring Force, Restoring Torque,
Fluidic Self-assembly Technique.

1 Introduction

The development of an accurate and efficient assembly technique in micro-electro-
mechanical systems has attracted considerable interest in recent years (Elwenspoek
et al., 2010). The fluidic self-assembly technique (Talghader, 1998) utilizes solu-
tion to make microparts touch with lubricant droplets placed on the surfaces of
binding sites, as seen in Fig.1. The micropart is subjected to interfacial tension
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or capillary force to align with the binding site. This technique has numerous ad-
vantages over the traditional pick-and-place assembly - the increased accuracy and
efficiency of the self-alignment of the micropart with the binding site, the promoted
filling of holes using recirculation systems and the robust assembly of thousands to
millions of similar devices in parallel, etc. (Lienemann et al., 2003).

solution
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Figure 1: The self-alignment of microparts with binding sites in solution

Sato et al. (1999, 2003) investigated the self-alignment of various geometric shapes
of microparts with a binding site in air by a precise experiment. The hexagonal
micropart yielded a smaller alignment error than the other shapes. Further, the
overflow of a droplet close to the sides of the micropart and binding site and the
non wetted area in the corners of the micropart and binding site were observed in
the experiment. Srinivasan et al. (2001) performed the self-alignment experiment
on different shapes of microparts with a binding site using the hexadecane lubri-
cant droplet in water. The approximately circular and square microparts provided a
good alignment precision than those of the other shapes. Mastrangeli et al. (2010)
practiced an experiment on the self-alignment of a circular micropart with a corre-
sponding binding site. The conceptually simple experimental setup was designed
when the micropart underwent translation. Takei ef al. (2010) explored the self-
alignment experiment on the rotation of the microparts with various shapes. It was
noted that the gravity of the microparts and the height of the droplets affected the
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measured torque tremendously.

Numerous of the self-alignment of a micropart with a binding site in air has in-
volved simulations using the Surface Evolver Program (Brakke, 1996). Xie et al.
(2007) utilized the surface tension and contact angle to investigate the formation
of the droplet. Zhu et al. (1998) estimated the restoring force that was caused by
the misalignment for various sizes of solder volume, bump and solder pad. Kim et
al. (2004, 2005) computed the restoring force of the micropart under translation for
different droplets, such as resin droplet and molten solder droplet. It was found that
the self-alignment, even when using the resin droplet with lower surface tension,
will behave precisely. Berthier ef al. (2010) investigated the restoring force, restor-
ing torque and total potential energy when the micropart was caused by different
volumes of droplets under various motions. The size of droplet volume studied
is from 250nl to 2500nl. Chen and Huang (2010) predicted the critical restoring
force and restoring torque when the micropart underwent similar motions for much
smaller droplets with the volume about 12nl to 35nl. The contact characteristics
between the micropart and the binding site was also explored elaborately.

Several studies have adopted the Surface Evolver Program to simulate the self-
alignment of a micropart with a binding site in solution. Lienemann et al. (2002)
evaluated the restoring force and restoring torque of the micropart under transla-
tion and yawing for various interfacial tensions between the lubricant droplet and
the solution by a simplified model ignoring the effects of buoyancy and hydrostatic
pressure on the micropart and hydrostatic pressure on the lubricant droplet. By
the same model, Greiner et al. (2002) calculated the restoring force and restor-
ing torque when the micropart underwent the same motions in water for various
volumes of hexadecane lubricant droplets. Unfortunately, due to the lack of the ge-
ometry and material data of the micropart in those works (Lienemann et al., 2002;
Greiner et al., 2002), it is not feasible to verify their results obtained. Lu et al.
(2006) employed the similar model to elucidate the deformation of the hexadecane
lubricant droplet in water. It was found that the restoring force increases with the
translation of the micropart.

To improve the drawbacks of those works (Lienemann et al., 2002; Greiner et al.,
2002; Lu et al., 2006), this work is thus to use the Surface Evolver Program to
analyze the self-alignment of the micropart with the binding site for various vol-
umes of lubricant droplets in different solutions, considering the buoyancy and hy-
drostatic pressure on the micropart and the hydrostatic pressure on the lubricant
droplet. In fact, in the implementation of fluidic self-assembly technique, the mi-
cropart may move arbitrarily and contact the lubricant droplet in solution from any
possible directions. The motion of the micropart can be viewed as a combination
of translation, compression, yawing and rolling. Thus, for practical application, the



524 Copyright © 2012 Tech Science Press ~ CMES, vol.85, no.6, pp.521-541, 2012

self-alignment of the micropart should have an over-all evaluation for all motions.
In addition, the critical values of the restoring force and restoring torque are also es-
timated. The changes in the contact line and the wetted area among the micropart,
binding site, lubricant droplet and solution are also drawn thoroughly. The results
achieved will increase the precision of the self-alignment of microparts in solutions
and will be helpful for the future development of fluidic self-assembly technique.

2 Effects of Buoyancy and Hydrostatic Pressure

The deformation of the lubricant droplet between the micropart and the binding
site in solution is influenced by the interactions of the gravity, buoyancy, hydro-
static pressure and interfacial tensions (g, Yam» Yap» Yms and ¥ps) at the interfaces
of lubricant droplet and solution Sy, lubricant droplet and micropart Sg,,,, lubricant
droplet and binding site S, micropart and solution S,,; and binding site and so-
lution Sy, respectively. As seen in Fig. 2, the micropart may undergo a motion
combined by translation Ax, compression Az, yawing A¢; and rolling motion A¢;.
Neglecting the inertial effects of viscosity and hydrodynamic interactions (Chen et
al., 2005), a quasi-static analysis is adopted herein.

The present analysis model for the self-alignment of the micropart with the binding
site in solution is presented in Fig. 3. By placing a hexadecane lubricant droplet
under a shallow surface of water, Bohringer’s experiment (Bohringer et al., 2001)
showed that the interfacial tensions (Y5, Yam/Yap and Yms/Yps) loaded at the cor-
responding interfaces (Syg, Sgm/Sap and S,,5/Sps) were 52.2, 1 and 46 dynes/cm,
respectively. By the Lu’s simplified model (Lu et al., 2006), in addition to the in-
terfacial tensions (Vygs, Yam!Yap and Yms/Yss), the additional external loadings applied
included the total gravity of the micropart and the hexadecane lubricant droplet G,
and the buoyancy of the hexadecane lubricant droplet B;. However, the buoyancy
of the micropart B,, and the hydrostatic pressures P, and P; exerted on the mi-
cropart and hexadecane lubricant droplet were not accounted for and should be
cautiously considered. In addition, it is worthwhile to mention that the interfacial
tensions Y, and Y,.s/Yps at the interfaces S, and S,,/Sps were mistakenly placed
each other in the Lu’s work and corrected in this work.

To accurately explore the deformation of the hexadecane lubricant droplet in solu-
tion and the contact behaviors among the hexadecane lubricant droplet, solution,
micropart and binding site, a rigorous three-dimensional analysis model is estab-
lished and can be viewed in Fig. 3. In addition to the gravity of the micropart and
the hexadecane lubricant droplet G and the buoyancy of the hexadecane lubricant
droplet B, the hydrostatic pressure exerted on the hexadecane lubricant droplet Py,
the buoyancy B,, and the hydrostatic pressure P, caused by the micropart are also
considered, while the same interfacial tensions (g, Yam/Yap and Yims/Yps) are loaded
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Figure 2: The motions of the micropart in solution

525

at the interfaces Sy;, Sgn/Sap and S,,,s/Sys, respectively. Besides, the self-alignment
for the micropart is assumed to be undertaken under 3cm depth from the surface of

solution (Srinivasan et al., 2001).

3 Implementation of Surface Evolver Program

The Surface Evolver Program utilizes iterative calculation to study the formation
of the droplet shaped by the effect of the total energy composed of surface ten-
sion and other energies. In dealing with the surface of the droplet, the Surface
Evolver Program initially subdivides its surface into many small triangular facets,
and then regularizes the position of each vertex and area of the small triangu-
lar facet, and evolves the total energy toward its minimum by a gradient descent
method (Cabestany et al., 2011). In addition to tackle the surface of droplet, the
Surface Evolver Program can also handle the constraints of the problem appro-
priately, such as the prescribed volume of the droplet and the complex external

boundaries, etc.
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Figure 3: The present analysis model for the self-alignment of the micropart with
the binding site in solution

As calculated by the Surface Evolver Program, there are three types of integrals
involved, say, (1) surface integral, (2) plane integral and (3) volume integral. In
general, the energies from the surface tension are calculated by the surface integral.
The energies occurred at the plane are computed by the plane integral, which can be
transformed to line integrals by the Stokes’ theorem (Zill and Cullen, 2000). Fur-
thermore, the volume integral is applied to calculate the energies due to the gravity
and buoyancy, which can be transformed to surface integrals by the divergence the-
orem (Zill and Cullen, 2000). Such implementations are helpful in controlling the
contact angles of the droplet on the plane (Brakke, 1992).

In this work, based on the minimization of the total energy, the Surface Evolver
Program is adopted to evolve the deformation of the lubricant droplet between the
micropart and binding site in solution. By the present analysis model, the total
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energy Ej.q 1s composed of the energy induced by surface tension Eg,face rensions
the energy due to gravity Eg.iry, the energy due to buoyancy Ejoyancy and the
energy due to pressure Ep essure, SaY,

Etotal = Esurface tension T Epressure + Egravity + Ebuoyancy . (1)

In the above,

Esurface tension — / YdsdA +/ '}/dmdA +/ '}/dbdA +/ '}/msdA +/ YbsdAy
Sds Sam Sab Sins Sbs

@)
Epressure = / ( / PddA> dr+ / < / PmdA> dr, 3)
Sds Sms
Egmvi,y:/Q (—pagz) dV—i—/Q (—pmgz) dVJr/Q (—psgz) dV, 4)
d m . AY

and

Ebuoyancy: psgdV ) dz+ psgdV ) dz, )
Q4 Qm

where (Qg, pPa), (Qun, Pm) and (L, ps) denote the volumes and densities of the
lubricant droplet, micropart and solution, respectively; dr is a tiny displacement
along the normal direction of the interfacial surfaces S;; and S,,;. As mentioned
above, three types of integrals involved from Eqs. (2) to (5). The first type of
surface integral is used to compute the energies through the smooth surface of the
lubricant droplet discretized by triangular facets, as shown in the first terms of Egs.
(2) and (3). The second type of plane integral deals with the computation of the
energies occurred at the interfacial planes Sy, Sap, Sims and Sy, as appeared in the
other terms of Egs. (2) and (3). The third type of volume integral is adopted to
calculate the energies induced from the gravity and buoyancy, as shown in Egs. (4)
and (5). The negative symbol “~” in Eq.(4) represents the downward direction of
the gravity for each triangular facet as referred to the coordinate system shown in
Fig. 2. A sufficient domain € of the solution is provided such that the boundary
effect can be avoided.

It is noted that the vertices, edges and facets, discretized from the lubricant droplet,
micropart, binding site and solution at the interfacial planes Sys, Sgm, Sap, Sms and
Sps, can be concurrent, collinear and coplanar. To depict the distribution of the
contact line and the wetted area distinctly, the corners of the interface planes S,
Sap, Sms and Sy and the interface surface between the lubricant droplet and solution
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Sg4s are suggested to subdivide into much more refined facets. For example, the
former regions are subdivided into 35,177 facets and the latter one with 13,927
facets, as compared with the micropart and binding site with 48 basic facets.

When the micropart undergoes an increment of motion (Ax, Ay, Az, A@; or A¢y),
the restoring force (Fy, Fy or F;) and the restoring torque 7 can be computed by the
partial derivatives of the total energy E;.,; accordingly. For example, the horizontal
restoring force F; is computed by

o aEtotal ~ AEota1

F 6
X ax A_X I ( )
and the restoring torque 7 is calculated as
_ aEz‘otal ~ AEtotal (7)

a0 A
The increment of motions selected will affect the computed accuracy of the self-
alignment of the micropart. The increment of motions taken should be small
enough. Otherwise, the contact line may move away from the side of the micropart
and the lubricant droplet cannot rewet the micropart. This will strongly alter the
self-alignment of the micropart. The increment of translation and compression
adopted in this work is 0.01 um, and that of yawing and rolling is 0.01°.

4 Results and Discussion

By the present model established, the self-alignment of the micropart with the bind-
ing site for various volumes of lubricant droplets in different solutions is analyzed
herein. The restoring force and restoring torque, together with their critical values,
induced on the micropart in solutions under translation, compression, yawing and
rolling are computed, respectively.

4.1 The present analysis model

For comparison purpose, the self-alignment of the micropart under a translation Ax
in water, as studied by Lu et al. (2006), is first analyzed by the present analysis
model. The area of the micropart and binding site is taken the same size as that of
Lu’s work (Lu et al., 2006), say, 1000x 1000um?, with thickness 151m and density
1.1g/cm®. The hexadecane lubricant droplet with volume 20nl is placed between
the micropart and the binding site. The static height zy of the hexadecane lubricant
droplet is computed as 19.92um when the micropart falls in water.

The computed horizontal restoring force F, induced on the micropart versus the
translation Ax of the micropart in water is shown in Fig. 4. The dashed line rep-
resents the calculation by Lu ef al. (2006). The long-short dashed line is the
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Figure 4: The computed horizontal restoring force F, versus the translation Ax of
the micropart in water

present computed results by the Lu’s simplified model after correcting the mistak-
enly placed interfacial tensions Y, and 7¥,,,s/Yps- The solid line shows the horizontal
restoring force F, computed by the present analysis model. As displayed in Fig. 4,
all calculations of the horizontal restoring force F, of the micropart increase with
the translations Ax. When the translation Ax is less than around 18.7um, the hori-
zontal restoring force F, obtained by the present analysis model does not differ from
that by the corrected Lu’s simplified model. As the translation Ax exceeds about
18.7um, however, the combined effects of the buoyancy and hydrostatic pressure
exerted on the micropart and the hydrostatic pressure on the hexadecane lubricant
droplet can be viewed by the present analysis model.
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4.2 The self-alignment of microparts in different solutions

To estimate the effect of different solutions on the self-alignment of the micropart
with the binding site, in addition to air, two often used solutions, water and 40%
ethylene glycol in water, are adopted (Saeedi et al., 2007; Morris and Parviz, 2008;
Mastrangeli ef al., 2011). The density of ethylene glycol solution is 1.047 g/cm?.
The same sizes of the square micropart and binding site are also taken for study.

The tetradecane lubricant droplet with different volumes of 10nl, 20nl and 40nl is
chosen for analysis due to the availability of its interfacial tensions in solutions to
deal with. The interfacial tension Y,; between the tetradecane lubricant droplet and
the ethylene glycol solution (water) is found as 33.8 dynes/cm (50.2 dynes/cm),
while the interfacial tension 7¥,,s (Vps) between the micropart (binding site) and the
ethylene glycol solution is 29.26 dynes/cm. The surface tension of the tetradecane
lubricant droplet is 26.5 dynes/cm, and the interfacial tension Y, (Y4») between
the tetradecane lubricant droplet and the micropart (binding site) is less than 1
dynes/cm (Inaba and Sato, 1996; Yang et al., 2003; Karniadakis ef al., 2005; Neu-
mann et al., 2011).

The static heights zg computed in air are 9.99um, 19.98um and 39.96um for the
tetradecane lubricant droplet with volumes of 10nl, 20nl and 40nl, respectively.
It is worthwhile to mention that the influence of the solution (air, ethylene glycol
solution or water) used on the calculation of the static height zy can be ignored.

4.2.1 Translation

Based on the present analysis model, this work further investigates the influence of
different solutions with different volumes of lubricant droplets on the self-alignment
of the micropart under translation. Fig. 5 shows the present computed horizontal
restoring force F, versus the translation Ax of the micropart in air, ethylene gly-
col solution and water for various volumes of tetradecane lubricant droplets, re-
spectively. As seen in Fig. 5, the dashed lines represent the computed horizontal
restoring force F, versus the translation Ax in air, the long-short dashed lines show
that in ethylene glycol solution and that in water is indicated by the solid lines.
The respective computation reveals that the maximum or critical horizontal restor-
ing forces occur at the critical translations Ax, (30.9um, 49.1um and 115.1um),
(44.2um, 85.1um and 186.3um) and (47.7um, 94.6um and 210.5um), for differ-
ent volumes of the tetradecane lubricant droplets in air, ethylene glycol solution
and water.

As displayed in Fig. 5, it is noted that the horizontal restoring force F, computed
by the same volume of the tetradecane lubricant droplet in water is larger than that
in ethylene glycol solution and then in air. The critical translation Ax. increases
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Figure 5: The computed horizontal restoring force F, versus the translation Ax
of the micropart for various volumes of tetradecane lubricant droplets in different

solutions

with the volume of the tetradecane lubricant droplet. When the micropart translates
less than its critical translation Ax., the micropart will self-align to its initial place
as the translation Ax is removed. As the translation Ax of the micropart exceeds
its critical translation Ax., however, the self-alignment of the micropart is altered.
Further, as would be expected, the horizontal restoring force increases moderately
with the translation Ax for larger volume of the tetradecane lubricant droplet. As
demonstrated in Table 1, the critical translations Ax, for the tetradecane lubricant
droplet in water are also greater than those in ethylene glycol solution and air.
Hence, among those three situations, the best capability for the self-alignment of
the micropart under translation is performed in water, the second is in ethylene
glycol solution and the worst is in air.

The shape of the contact line and the wetted area among the micropart, binding site,
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Table 1: The critical movements for various volumes of the tetradecane lubricant
droplets in solutions

V (nl) droplet Ax. (um) | Az, (um) | Adic (°) | Adae ()

air 30.9 0.13 4.68 1.1

10 ethylene glycol 44.2 0.14 5.80 1.1
water 47.7 0.15 6.03 1.1

air 49.1 0.52 8.01 2.2

20 ethylene glycol 85.1 0.54 9.79 22
water 94.6 0.57 10.23 2.2

air 115.1 1.98 13.57 4.4

40 ethylene glycol 186.3 2.01 17.54 4.4
water 210.5 2.07 18.26 4.4

tetradecane lubricant droplet and solution will also affect the accuracy of alignment,
and are worthy to study. Fig. 6 presents the three-dimensional deformation of the
tetradecane lubricant droplet in water with volume Vw of 40nl at the critical trans-
lation Ax.=210.5um. For clarity, the side view and top view are also displayed.
To start with, the contact lines on the bottom plane of the micropart and the up-
per plane of the binding site coincide with the side boundaries of the micropart
and binding site, and the whole areas of the micropart and binding site are wetted.
As the micropart translates, however, the overlapped wetted area of the micropart
and binding site decreases, and the suspended volume of the tetradecane lubricant
droplet near the right-hand side of the micropart becomes larger. As a result, the
contact line and wetted area on the upper plane of the binding site detached from
the left-hand side and its neighborhood of the binding site. This will lead to the de-
crease of the computed horizontal restoring force as the micropart translates further.

4.2.2 Compression

The self-alignment of the micropart with the binding site when the micropart is
subjected to compression is then investigated. As presented in Fig. 7, the dashed
lines represent the computed vertical restoring force F, versus the compression Az
in air, and the long-short dashed lines in ethylene glycol solution and the solid lines
in water. Each calculation indicates that the critical vertical restoring forces occur
at the critical compressions Az, (0.13um, 0.52um and 1.98um), (0.14um, 0.54um
and 2.01um) and (0.15um, 0.57um and 2.07um), which are at most (1.3%, 2.6%
and 4.9%), (1.4%, 2.7% and 5.0%) and (1.5%, 2.9% and 5.2%) of the static height
7o for the tetradecane lubricant droplets with various volumes in air, ethylene glycol
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Figure 6: The three-dimensional deformation of the tetradecane lubricant droplet
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solution and water, respectively.

As seen in Fig. 7, the vertical restoring force F, calculated at the same volume of the
tetradecane lubricant droplet in water is greater than that in ethylene glycol solution
and then in air. As the compression Az increases, the computed vertical restoring
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Figure 7: The computed vertical restoring force F, versus the compression Az of

the micropart for various volumes of tetradecane lubricant droplets in different so-
lutions

force F, increases because the contact angle increases. The critical compression
Az, also increases with the volume of the tetradecane lubricant droplet. When the
compression Az exceeds its critical value, the tetradecane lubricant droplet will
overflow the side boundaries of the micropart, which leads a drastic drop of the
vertical restoring force F,. Consequently, the micropart cannot self-align to its
initial place anymore even when the compression Az is eliminated.

As revealed in Table 1, the critical compressions Az. under the same volume of
the tetradecane lubricant droplet in water, ethylene glycol solution and air do not
differ much, although the computed vertical restoring force F, for the tetradecane
lubricant droplet in water is still larger than that in ethylene glycol solution and air.
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Figure 8: The computed restoring torque T versus the yawing A¢; of the micropart
for various volumes of tetradecane lubricant droplets in different solutions

4.2.3 Yawing

This work further studies the restoring torque T versus the yawing angle A¢; of
the micropart for the tetradecane lubricant droplets with various volumes in air,
ethylene glycol solution and water. As displayed in Fig. 8, the dashed, long-short
dashed and solid lines represent the computed restoring torque T under the yawing
A¢; in air, ethylene glycol solution and water, respectively. The computed results
show that the critical restoring torques 7 occur at the critical yawing angles A¢;.
(4.68°, 8.01° and 13.57°), (5.80%, 9.79° and 17.54") and (6.03°, 10.23° and 18.26°),
for different volumes of the tetradecane lubricant droplets in air, ethylene glycol
solution and water.

As presented in Fig. 8, the critical yawing angle A¢;. of the micropart increases
with the volume of the tetradecane lubricant droplet. As mentioned previously, the
computed restoring torque T increases with the yawing A¢;, until the computed
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restoring torque 7 reaches its maximum. The three-dimensional deformation of the
tetradecane lubricant droplet in water with volume Vw of 40nl under the critical
yawing angle A¢;=18.26" is demonstrated in Fig. 9. The tetradecane lubricant
droplet is suspended at the corners of the micropart. When the micropart rotates
over the critical yawing angle A¢,, the contact line will detach from four corners
of the binding site and the micropart cannot self-align to its initial place while the
yawing angle A¢; is withdrawn. Further, the restoring torque 7 increases moder-
ately with the yawing A¢; for greater volume of the tetradecane lubricant droplet.
Again, as shown in Table 1, the critical yawing angles A¢;. of the micropart in
water do not have much difference from those in ethylene glycol solution and air,
and the critical restoring torque computed by the same volume of the tetradecane
lubricant droplet in water is larger than that in ethylene glycol solution and air.

4.2.4 Rolling

The computed restoring torque 7 versus the rolling angle A¢, for the tetradecane
lubricant droplets with various volumes in air, ethylene glycol solution and water
is analyzed finally. As displayed in Fig. 10, the dashed, long-short dashed and
solid lines represent the computed restoring torque 7 under the rolling angle A¢, in
air, ethylene glycol solution and water, respectively. Because the static heights z,
under the same volume of the tetradecane lubricant droplet are similar, the critical
rolling angles A¢,. obtained in air, ethylene glycol solution and water are almost the
same. As seen in Table 1, the critical rolling angles A, increases with the volume
of the tetradecane lubricant droplet. The critical restoring torques are respectively
calculated at the critical rolling angles A¢,. 1.1°, 2.2° and 4.4° for the tetradecane
lubricant droplets with different volumes in air, ethylene glycol solution and water.
As the rolling angle A¢, increases, the restoring torque 7 also increases until the
micropart touches the binding site. The results indicate that, when the micropart
hasn’t touched the binding site yet, the micropart will self-align to its initial place
due to its restoring torque 7 as the rolling angle A¢» is removed. It is also mentioned
that the restoring torque 7 for the tetradecane lubricant droplet in water is greater
than that in ethylene glycol solution or air.

After comparing the self-alignment of the micropart under the motions of transla-
tion, compression, yawing and rolling in air, ethylene glycol solution and water,
obviously, the translation and the rolling of the micropart are two major motions
that most affect the accuracy of the self-alignment of the micropart. With regard
to the capability of the self-alignment of the micropart, the restoring force and the
restoring torque induced on the micropart for the tetradecane lubricant droplet in
water are larger than those in ethylene glycol solution and air. Therefore, the ca-
pability of the self-alignment of the micropart with the binding site in water is the
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Figure 9: The three-dimensional deformation of the tetradecane lubricant droplet
in water

best, the second is in ethylene glycol solution and the worst is in air.

5 Concluding Remarks

By the Surface Evolver Program, a rigorous three-dimensional analysis model has
been successfully established in this work for the self-alignment of the micropart
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Figure 10: The computed restoring torque 7 versus the yawing A, of the micropart
for various volumes of tetradecane lubricant droplets in different solutions

with the binding site in different solutions using various volumes of lubricant droplets.
In addition to the effects of the gravity and interfacial tensions, the buoyancy and
hydrostatic pressure exerted on the micropart and the hydrostatic pressure on the
lubricant droplet are accurately considered in the present analysis model. The crit-
ical restoring force and restoring torque induced on the micropart, together with
their critical movements, are computed under the motions of translation, compres-
sion, yawing and rolling, respectively. It is concluded that, for the self-alignment
of the micropart with the binding site, the translation and the rolling are the most
influenced motions and the water is the best solution as compared with ethylene
glycol solution and air. Besides, based on the results achieved in this work, rele-
vant experimental works are recommended for the future development of the fluidic
self-assembly technique.
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