Volume shrinking in Micro-Fluidic Self-Assembly
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Abstract First, the glue G) is supplied to the binding site

(B), covering most of it due to surface tensiopg <
Self assembly in the fluidic phase is a technique excel-1mJm?). For the assembly, the entire system is im-

lently suited for the parallel assembly of millions of micro- mersed in wateM{, s = 52mJm?, iy = 46 mJm?).

parts, as it is necessary for pixel displays. Then the micro-parts are poured onto the substrate. As

In this work, we investigate the effect of volume shrink- Soon as their hydrophobic face touches the lubricant,
ing during the hardening of the glue and discuss the im- they are pulled to the binding site and aligned by cap-
plications for the design of the assembled micro-parts.  illary forces. Xiong, et al. [1] used triethyleneglycol

We simulate the response of the micro-part position dimethacrylate (TEGDMA) as glue (Fig. 2).
to an inhomogeneous polymerization process and provide ) o
guidelines to the material choice for the glue. _ _
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For the production of pixel displays, it is often desir-
able to combine numerous materials and processes. In-
compatibilies often impede a monolithic integration. Hy-
brid integration processes allow for processing each com-
ponent in a separate step and assembling them later on a While the exact angular position of simple light emit-
common substrate. ting diodes is rather insignificant, it becomes crucial when

Micro-fluidic self-assembly is a promising candidate mirrors or directed light beams like LASERs are involved.
for this need. The fluidic system consists of a binding site  In fluidic self-assembly processes, the parallel align-
with a hydrophobic self-assembled monolayer (SAM), the ment of the micro-part is ensured by the surface tension
micro-part featuring also a hydrophobic face and the glue of the glue, if the parameters are correctly chosen such
monomer, which furthermore functions as lubricant (see that symmetry is enforced [2].

Figure 2. Triethyleneglycol dimethacrylate (TEGDMA).

Fig. 1). This ideal case is given as long as the glue is liquid
and the polymerization process has not started yet. As the
volume of the glue decreases during the reaction, a homo-

micropart plane of symmetry geneous hardening is required to fix this aligned state.

The nature of the polymerization requires radical
starter molecules. Breaking the starter molecule into
X two parts, two radicals form. These radicals break a dou-
ble bond in the monomer and initiate the linking of the
polymer chain.
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Figure 1. Geometry of the assembled micro-part. The part
displacements are measured in a global coordinate frame
with origin on the binding site. The system is symmetric
w. I. t. the @-axis.

The dissociation of the starting molecule is achieved by
heating and therefore at temperatures abovig&bermal
break-up occurs. But in the presence of metal, a catalytic
reaction at lower temperatures is possible.

Since the SAM is assembled on a gold film with differ-
ent other metals as adhesive layers below, an exposure of
metal to the glue is possible, resulting in an early start of
the polymerization. This is quite probable at the corners
of the pads, if the underlying layers are not protected. We
therefore assume that the polymerization starts at a bind-



ing site corner and continues spherically. Since the height
of the glue (20Qum) is small compared to its lateral ex-
tent (side length 1 mm), we approximate the sphere by a
cylinder.

2. Simulation

The simulation procedure consists of three parts:

a) Find the equilibrium state of the system

b) Increase the radius of the hardened glue cylinder

¢) Insert the elastic energy of the glue into the energy
calculation

To calculate the shape of the liquid meniscus and find
the equilibrium, we used theurface evolvesoftware by

K. A. Brakke [3]. For the simulation of solid elastic prop-
erties we useANSY34]. The elasticity parameters of the
TEGDMA glue (Young’s Modulusr = 2GPa, Poisson’s
numberv = 0.4) are estimated from literature data [5].
As a result we expressed the elastic behaviour as a simpl
spring model. To tackle the various states of glue harden
ing, we calculated a series of spring constants for different
glue cylinder radii and represented them as a polynomial
fit (see Fig. 4). This results in the following simulation
scheme:

1. Find the equilibrium shape of the completely liquid
meniscus in theurface evolver

Transfer the geometry BINSY &ind perform an elas-
tostatic analysis for different radii

Find a polynomial fit and implement it in the surface
evolver

4. Main simulation loop (steps a—c above)

2.

3.

2.1. Equilibrium meniscus shape

The shape of the meniscus is calculated by the surface

evolver. Thez position of the micro-part is adjusted by
an iterative Newton minimization of the total energy. The
first and second derivatives are calculated with finite dif-
ferences of the total energy and Lagrange multipliers. On
failure of a Newton step, a small steepest descent step is
performed and the Newton iteration is repeated.

2.2. Transfer to ANSYS

For transferring the meniscus shape\dSY Sthe ver-
tex coordinates and the mapping of area elements to ver-
tices are extracted from thgurface evolveto an APDL
(ANSYS Parametric Design Language) command file.

Since our model used in thgurface evolverconsists
only of the lateral faces of the glue (the top and bottom
areas are calculated by line integrals [6]), we add the top
and bottom areas manually. Therefore, we express the po:
sition of the top vertices in polar coordinates. After sort-
ing them by angle, we create triangles for each two subse-
guent points and the midpoint of the respective area.

After that, we cut out different glue radii (Fig. 3), make
the top area rigid, fix the bottom area and perform an elas-
tostatic analysis for compression ardirection, shear in

x direction and a moment load around the dashed axis in
Fig. 1.
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Figure 3. ANSYS simulation of hardened glue. The empty

%Iack outline shows the undeformed shape, the contours

show the z displacement.

2.3.

For the spring constants a polynomial fit of order 4
is found. Our goal was to be as exact as possible for the
moment load at low radii, because the largest deflection
is expected at the beginning of the hardening process. As
shown in Fig. 4, the errors introduced by this fit are negli-
gible.

Since we consider linear elastostatics, we can separate
the elastic energy for the three degrees of freeddiat-
eral deflection)z (perpendicular to the micropart) ag
(bending) and superpose in the following calculation.

Implementation of elastic effects
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Figure 4. Polynomial fits for spring constants.



Thez direction spring energy for a given glue radius
can then be written as

B2 =5 | kE)lz- 2(0) c
1 r r
57 | K@)k -z [ K&)n(E) dr
+3 [ K@BEE @
= CoZ + C1z+ Co )

wherek(r) = dK/dr andzy(r) is thez deflection of the
micropart when the glue radius was For x and ¢ the
same consideration applies.

For a finite integration step, we get

Co(r +Ar) wco(r)+%zé(r)[Kz(r+Ar)—Kz(r)] (3)
Colr +8r) ~ ca(r) = 20(r) [Kalr +81) —Ke(1)] (4)
Co(r +4r) = %KZ(H-Ar) (5)

The same applies for theand@ deflections.

volume for a glue radius change fram=r tor, =r +Ar
may be written as

MV, 1 /rz/g dod ©)

=—— z-rdodr.

M 1 - B r 0

Deploying the symmetry of the setup, we can write that
z:zc—r-tancp-sin(eJrg) @

wherez; is thez position of the chip corner. This yields a
volume change of

T V2
Ay = “16|2 (r5—r%)z.— 3 (r3—r3) tang
(8)
2.5. Integration step

One integration step consists of updating the spring
constants with (3)—(5), the volume with (8) and adjust-
ing the constraints to reflect the advanced glue. Vertex
averaging and equiangulation ensure a uniform grid. We
assume that the glue hardening happens on a much larger

The liquid glue is then constrained such that the timescale than fluidic relaxation, i. e. the fluid shape fol-
monomer-polymer interface lies on a cylinder and con- lows adiabatically. Thus the energy with respeckta
tributes no surface energy (Fig. 5). Since the algorithm and@is always minimal.

may increase the area of the cylinder without cost, we

always find an offset angle at the initial simulation step, 3. Results

and occasionally also at the second simulation step if the
maximum number of iterations in the first simulation step

For different volume shrink valugs we performed the

is reached. This initial angle is therefore subtracted from simulation for several Young's modu¥f by scaling the

the result, and only the difference is quoted. Because ofSPring constants appropriately. The glue radius increase
the very low elastic constants of the glue in this early step, Per simulation step is 16'm.

the error in the result is negligible.

monomer—polymer "
interface

free
interfaces

Figure 5. The monomer-polymer interface is constrained
to a cylindrical shape.

2.4. \olume shrink

We observed a tilting angle depending on both param-
eters. For high values @ we noticed a relaxation of the
angle at later integration steps (Fig. 7). The reason is the
decrease in interface area to water and therefore a smaller
surface tension force.

The results are printed in Table 1. The first line denotes
the difference between the maximum angle and the initial
angle. When the relaxation effect is greater than the ac-
curacy of the table values, the relaxed angle at integration
step 30 is printed in the second line.

High B values are unlikely to occur in polymerization;
for drying processes, however, the evaporation of the sol-
vent may impose a larger volume shrink on the glue.

4. Conclusion

We simulated the angular displacement of a micro-
part in micro-fluidic self-assembly due to inhomogeneous
hardening of the glue at a given corner. The final angle de-
pends on both the relative volume shrink of the glue and
Young’'s modulus of the hardened glue. For an extreme

During the polymerization of the glue, the volume may example, a displacement of more thahas observed.
shrink up to = 20% [7]. This means that an increase With high volume shrink, the angle might relax later. For
dV in the polymer volume reduces the monomer volume a smaller meniscus height, smaller angles can be expected
by dvm = —dVs/0.8. So the change for the monomer due to higher spring constants.



Table 1. Tilting angle (in degrees) of the micro-part as a function of Young’s modulus Y and shrinking ratio 3. Values in
parenthesis were noisy.

| B |Y/MPaH 10 | 20 | 40 | 80 | 150 | 300 | 750 ‘ 2000 |
0.2 0.0857| 0.0657| (0.0372)| (0.0411)| 0.0171| 0.0114| 0.00728| 0.00308
0.4 0.266 | 0.185 | 0.127 0.0835 | 0.0576| 0.0296| 0.0171 | 0.00568
0.6 0.655 | 0.462 | 0.336 0.232 0.157 | 0.106 | 0.0648 | 0.0277
0.7 0.991 | 0.711 | 0.504 0.356 0.240 | 0.168 | 0.0899 | 0.0430
0.710 0.0898
0.8 1.63 1.20 0.862 0.617 0.435 | 0.305 | 0.167 0.0818
1.62 1.19 0.856 0.614 0.433 | 0.304 | 0.166 0.0816
0.9 3.49 2.62 1.95 1.41 1.00 0.678 | 0.366 0.160
3.33 2.54 1.90 1.39 0.99 0.670 | 0.362 0.159
0.95 5.36 4.70 3.49 2.49 1.78 1.20 0.666 0.323
5.35 4.59 3.30 2.38 1.72 1.17 0.651 0.317

For the material system chosen by Xiong, et al., only a
negligible angular displacement was found, since Young’s
modulus is high and the volume shrink is low enough.
With a careful choice of the glue material and by introduc-
tion of an exposed metal pad at one corner, these results
could also be used as a method to produce micro-parts
with a defined tilting angle.
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