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Abstract—In this paper, we describe high-precision experi-
mental and numerical characterization of the positioning forces
acting on Drosophila embryos that have self-assembled onto 2-D
arrays of hydrophobic sites on a silicon substrate in water. The
forces measured using a surface micromachined optical-encoder
force sensor operating in reflection, are in good agreement with
numerical simulations based on an extended surface energy
model for the oil-based fluidic system. The positioning forces
of ellipsoidal embryos on flat sites show a linear-spring-like re-
lationship between the force and displacement on rectangular
as well as cross-shaped sites. An average detachment force of
8 9 N 1 3 N was found for the immobilized embryos on
250 m 100 m sites. The cross-shaped site has only 19.85%
of the area of the rectangular site, but provides a comparable
positioning force with a significant reduction in embryo clustering.
In contrast, the positioning forces of flat silicon chips, similar in
size to the embryos, are linear in the displacement only over a
limited range (0 40 m), and are then constant up to the
detachment force (25 0 N 3 5 N). Our measurements also
show significant hysteresis in the force vs. displacement, indicating
that variations in the surface properties play an important role in
the self-assembly process. [1286]

Index Terms—Capillary force, Drosophila embryo, force sensor,
optical encoder, self-assembly, surface energy, surface tension.

I. INTRODUCTION

FLUIDIC self-assembly [1]–[3] is an emerging microfabri-
cation technology that simplifies production of a variety of

hybrid structures, such as electrically functional three-dimen-
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sional (3-D) networks generated by polyhedra patterned with
solder dot and wires [4], [5], MEMS actuators with integrated
dielectric mirrors that are positioned with submicron alignment
precision [6], cylindrical displays fabricated by assembling
light-emitting diodes onto flexible substrates [7], integrating
optoelectronic devices on silicon VLSI for high-bandwidth
communication applications [8], and high-Q, micron-sized
helical and toroidal inductors [9]. Recently this technique has
also been shown to enable immobilization and positioning of
Drosophila (fruit fly) embryos in two-dimensional (2-D) arrays
for parallel injection of genetic material [10]. High-throughput
microinjection is essential for studying large numbers of genes
and gene combinations in the Drosophila genome (13 600
genes [11]) through RNA interference (RNAi) [12], [13]. For
automated genome-wide RNAi screens, arrays of embryos
were self-assembled and aligned with matching arrays of
microinjectors, facilitating injection of a large number of
embryos in parallel [10]. During the self-assembly process,
some degree of misalignment of the embryos is unavoidable.
The force required to penetrate the immobilized embryos [14],
as well as the embryo positioning force, are critical parame-
ters that set the limits on the alignment accuracy required to
achieve satisfactory injection yields. In this paper, we present
experimental and numerical characterization of the positioning
forces on Drosophila embryos in 2-D fluidic self-assembly
arrays of various shapes. These results will facilitate our ulti-
mate aim, which is the construction of automated systems for
genome-wide RNAi screens of Drosophila embryos.

II. FLUIDIC SELF-ASSEMBLY

The applied Drosophila embryo immobilization method is
based on fluidic assembly adopted from [6], with a modified
assembly layer combination to make it suitable for biological
samples [10]. Oxidized silicon substrates were first patterned
with rectangular and cross-shaped Cr/Au
sites. After immersing the substrates in a solution of 1 mM
octadecanethiol in ethanol, hydrophobic sites were established
by formation of self-assembled monolayers (SAMs) on the Au
surfaces, while the silicon substrate was kept hydrophilic. The
whole wafer was finally covered with a film of polychlorotri-
fluoro-ethylene based oil. The oil is known to be inert, have low
toxicity, and regularly be used to cover Drosophila embryos

1057-7157/$20.00 © 2005 IEEE



1188 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 14, NO. 5, OCTOBER 2005

Fig. 1. (a) A 7� 12 array of Drosophila embryos positioned on a fluidic self-assembly positioning chip. Immobilization gold site size: 250 �m�100�m, pitch:
1000�m� 1000�m. (b) Magnified view of a Drosophila embryo positioned and immobilized on the site through a thin film of polychlorotrifluoro-ethylene oil.

during injection experiments and hatching to prevent dehydra-
tion of the embryos. The wafer is then immersed in water. As
a result, embryos were immobilized only at the oil-covered
sites. Embryos that had not been immobilized were removed
by a gentle rinse. Fig. 1 shows an array of embryos positioned
on a SAM chip with a 7 12 array of rectangular gold sites
with dimensions and a large pitch period
of to reduce embryo clustering. For the
fluidic self assembly arrays to achieve high alignment yield,
the immobilization force and potential energy profile must be
optimized.

III. MODELING AND SIMULATION OF FLUIDIC SELF-ASSEMBLY

We present a model and computational tools for efficient
analysis and simulation of fluidic self-assembly of biolog-
ical samples. A model will enhance the understanding of
the underlying physics of the self-assembly process, while
reliable simulation tools can significantly reduce the number
of trial-and-error experimental reiterations required to opti-
mize the binding site shape. Böhringer et al. [15] proposed a
surface-energy model for self-assembly of flat silicon parts.
However, this model is not applicable to the present study
because it is based on the assumptions 1) that the micropart
and binding site have the same hydrophobic coating, 2) that
the adhesion oil layer between the self-assembled part and the
binding site is negligible, and 3) that all surfaces are rigid and
flat. We extend Böhringer’s model to systems with different
surface properties and ellipsoidal self-assembled parts. Fig. 2
shows the comparison of modeling for fluidic self-assembly of
rigid, flat microparts and soft, curved Drosophila embryos. The
difference in surface energy, , of the extended model can be
represented by

(1)

where is the surface tension between the media x and y.
represents the area change on the interface of the media

x and y during the assembly process. Initially, the SAM site is
fully covered by oil, and the oil and the embryo are separated by
water. After assembly, the embryo is in contact with oil, leading
to a reduction of the areas that are in contact with water; thus

and are negative. Part of the oil

volume migrates from the edges of the site to the surface of
embryo, and some parts of the sites may be exposed to water,
i.e., DASAM-H2O is positive . In thermodynamic
equilibrium, the surface tensions are balanced at the contact line
of water and oil on the solid surface [16]

(2)

Therefore, the surface tension difference,
and , in (1) can be

obtained by contact angle measurements, giving the
surface tension, [6]. The measured
average contact angle and calculated interfacial tension are
shown in Table I. It is worth noting that the interfacial energies
between hydrophobic surfaces and oil are relatively small, i.e.,

and .
The three-interface system comprises a flat binding site, the

ellipsoidal surface of the embryo and the meniscus of the oil,
which is not in contact with the site or embryo. The edges of
the oil meniscus are constrained to the hydrophobic binding site
and embryo surface. The lower edges of oil are constrained on
the binding site at , as shown in Fig. 3. The complete as-
sembly is immersed in water, so the water-site interface must be
taken into account. Let be the SAM site area,
the area of the SAM-oil interface, and the area of
the SAM-water interface. The surface energy of the SAM site is

(3)

where c is a constant that can be ignored since we are only con-
cerned with energy differences. By Stokes’ theorem, the area
integral in (3) can be transformed into an edge integral around
the oil edge on the SAM site

(4)

where , and can be neglected in (4).
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Fig. 2. Comparison of fluidic self-assembly models for: (a) a flat micropart and (b) a curved biological samples, such as a Drosophila embryo.

TABLE I
AVERAGE CONTACT ANGLE AND INTERFACIAL ENERGY OF THE DROSOPHILA EMBRYO SELF-ASSEMBLY SYSTEM

The upper faces of the oil, the interfacial area between the oil
and the embryo, are constrained on the ellipsoidal wall of the
embryo at . The surface ten-
sion energy is calculated by direct integration over the embryo
area covered by oil

(5)
where is much less than and the con-
stant c can be ignored.

The oil bridge (meniscus) consists of surface area exposed
to water. This part of the surface may be moved freely without
constraints. The surface tension energy of the oil bridge is also
calculated by direct integration over the interfacial area between
the oil and water

(6)

The restoring force applied on the embryo is the negative rate
of change of total surface energy with respect to displacement
of the rigid body. The principle of virtual work and the central
finite difference method are employed to estimate the restoring
force while the embryo is moved from its central stable position

(7)

The surface of oil is first evolved to an equilibrium state with
minimum energy. A very small linear movement, , is then ap-
plied to the embryo relative to the SAM pad in both positive and
negative directions. The energy difference of and

is of order , so it is not necessary to re-evolve
the surface. Instead, the pressure is used to compensate for the
slight volume change.

(8)
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Fig. 3. (a) Simulated equilibrium shape of the oil bridge interfaces between Drosophila embryo and the 400�m�250 �m SAM binding site. (b) Geometry and
dimensions of the embryo and fluidic self-assembly site used in simulation and experiments.

where is the surface energy recalculated after
the displacement.

We programmed this model with (3)–(8) into Surface
Evolver, a finite element software developed by Brakke [17].
An equilibrium shape of the interfaces was calculated, as
shown in the example of Fig. 3(a) for embryo binding sites of

.
Fig. 3(b) shows the geometry and dimensions of the SAM

site as well as an “ideal” Drosophila embryo. The ideal embryo
has an ellipsoidal shape with the major axis, , of 400 , and
minor axes, and , of 200 . Two rectangular (

and ) and one cross site (
and ) were investigated in the present study. Binding
sites that are small compared to the embryo’s size were chosen
to avoid multiple embryos on single sites. The oil gap is the
distance between the bottom of the embryo and the site. This
gap is difficult to measure precisely under the microscope, as
indicated in Fig. 1(b). However, the simulation in Fig. 4 shows
that both the positioning energy and force are weak functions of
the oil gap within a 10 range.

IV. FORCE MEASUREMENTS

We reported earlier measurements of the adhesion force of
embryos on bonding sites performed by observing the volu-
metric flow rate required for detaching the embryos [10]. This
method yields measurement results with a large force variance
( 60% of the mean value). Here we use a more accurate mea-
surement tool, which allows us to characterize the self-assembly

Fig. 4. Simulated positioning (a) energy and (b) force profiles of Drosophila
embryos on SAM binding site with different oil gaps.

force and its displacement dependence in detail. The fabrication
and calibration process of the encoder force sensor is presented
in detail at [14]. Silicon nitride is selected as the grating
material due to the need for stress-optimized films of good op-
tical quality. The optical transmission through the dual gratings
was measured to be approximately 83% at the operating wave-
length of 633 nm. The gratings therefore have only weak am-
plitude modulation, and the transmission encoder can be con-
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Fig. 5. SEM of (a) optical encoder force sensor integrated with the force probe. (b) Dual-grating sensing structure: the index grating on the top and the scale
gratings underneath. Grating pitch is 20 �m (c) magnified view of the vertical separation (2 �m) between index grating and scale grating. Critical Point Drying
(CPD) was performed to avoid unintended adhesion of the released index grating to the substrate.

Fig. 6. Force measurement using MEMS optical encoder in reflection. The two extreme cases of (a) maximum diffraction and (b) maximum reflection are shown.

sidered to consist of pure phase gratings. Fig. 5 shows scanning
electron micrographs (SEMs) of the integrated optical encoder
force sensor with the force probe. Both gratings of the encoder
had the pitch period of 20 , and their vertical separation was
2 . Critical Point Drying (CPD, the Automegasamdri-915B
Critical Point tool, Tousimis, Rockville, MD)1 was performed to
avoid unintended adhesion of the released index grating to the
substrate.

In earlier work on characterization of the microinjection
forces penetrating Drosophila embryos [14], we used an
integrated optical-encoder force sensor with configurable
sensitivity and dynamic range. For the detachment force mea-
surements, the encoder is operated in reflection as shown in
Fig. 6. With no lateral force applied, the gratings of the encoder
are aligned. When the probe applies a force to an embryo, the
counter force displaces the index grating, which is attached
to a mechanical spring of known stiffness. The displacement
and therefore the positioning force are accurately determined
by measurement of the diffracted light intensity. If is the

1Critical Point Drying (CPD) is used for carbon dioxide (CO2) drying after
release of bulk or surface micromachined devices. CPD is an efficient method
of drying delicate samples without damaging its structure by surface tension
that occurs when changing from the liquid to the gaseous phase. The release
is usually performed by immersion of the device in hydrofluoric acid followed
by subsequent immersions in several beakers of DI water. The CPD requires
that the device be completely free of acid or water before introducing it to the
chamber. To avoid this, the device should be placed in Isopropyl Alcohol for at
least one hour.

intensity in the first diffraction order and is the displacement
of the probe, we have

(9)

(10)

(11)

where is the number of illuminated grating periods, is
the phase-delay for each grating element, is the period of the
grating with a 50% duty cycle, is the spring constant of the
force sensor, and is the embryo immobilization force.

The force measurement setup is shown in Fig. 7(a). The force
sensor was illuminated by a HeNe laser with a spot size of
60 . The power of the first-order diffracted mode was mea-
sured with a photodiode placed 5 cm above the encoder. In the
experiments, the encoder probes were aligned to be 100
above the binding sites to ensure a fixed location of the acting
point on the embryos. As shown in Fig. 7(b), the total stage dis-
placement, , is the sum of the bending of the nondehydrated
embryo membrane, , the bending of the springs of the force
sensor, , and the displacement of the embryo on the sites,

. The membrane bending is relatively small due to the weak
bonding force generated by the binding sites. Earlier results

trcfo
Highlight
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Fig. 7. (a) Positioning force measurement setup (not to scale). The optical force encoder has an 85 �m long probe, dual gratings with 20 �m pitch, 2 �m vertical
separation, and a measured spring constant of k = 1:8 N=m. (b) A simplified spring model for the positioning force measurement system. The optical response
of reflection-mode force sensor indicates the relative displacement, x , between gratings.

show that the membrane deflection can be modeled as a linear
spring with a spring constant , which means that
the maximum membrane bending is less than 9 [14]. The
membrane deformation can be regarded as small, and the equiv-
alent spring constant of the assembly layer, , can be extracted.
By properly designing the encoder spring constant, , the rela-
tive displacement, , of the two gratings can be determined by
the periodic intensity variation in the diffraction orders. There-
fore, the positioning force and the site potential energy as a func-
tion of embryo displacement can be estimated.

V. RESULTS

Fig. 8(a) shows the measured power of the first diffraction
mode as a function of displacement of the stage for embryos po-
sitioned on rectangular sites. The encoder pa-
rameters are , and . The force
sensor displacement can be calibrated from the known 20
period of the diffraction response. The significant deviation be-
tween the measurement and the calibration curve in Fig. 8(a) in-
dicates the embryo detachment from the binding site. In a series
of experiments, an average detachment force of
with 95% confidence intervals was found for the immobilized
embryos. The interface between the binding site and embryo
can be represented as an ideal spring with a spring constant
of 0.07 N/m. This is in reasonable agreement with earlier con-
trolled-fluidic detachment force measurements, but with much
smaller variance ( 14.1% vs. 60% of the mean). The mea-
sured force is integrated over the embryo displacement to get the
quadratic potential energy profile (energy well depth 845 pJ),
which is in good agreement with the simulated result, as shown
in Fig. 8(b).

Self-assembly of flat silicon pieces has been studied by
Srinivasan et al. [6] and Böhringer et al. [15], but force mea-
surements were not reported in either study. We fabricated
rectangular test silicon pieces using a
300- -thick silicon substrate and evaporated 4 nm thin
gold films (using a Hummer V Gold Sputter Coater, Refrac
Systems, AZ) on one side. The pieces with one hydrophobic
surface were pipetted onto a silicon substrate with matching
SAM immobilization sites and were initially positioned with

minimum surface energy. Unbound parts were removed using
flowing water. The differences between force vs. displacement
of self-assembly of rigid, flat structures and curved biological
samples are shown in Fig. 9. A constant restoring force of

was observed after an initial displacement of
44 and before detachment at 240 . The initial linear rise
of the force for the flat silicon pieces is similar
to the spring-like behavior of the embryo positioning. The de-
tachment force and displacement of the silicon pieces is about
2.5 times and 1.6 times, respectively, that of the embryo. Note
that the binding site of the silicon piece is 4 times larger than
that of the embryo’s binding site. Our model is also capable
of simulating the plateau-like as well as the sharp rising force
profiles of the flat microparts, as shown in Fig. 9.

On cross-shaped binding sites, measurements were carried
out with the force probe aligned along the two symmetry axes (x,
y) of the embryos, as can be seen in Fig. 10. The simulated rising
force profile fits well with the measurement up to detachment,
but does not show the sharp falling edge after detachment. This
is due to the nonbreaking oil layer assumption in the model. The
measured small residual forces after embryo detachment are
caused by the remaining oil trace being dragged over onto the
hydrophilic substrate. The detachment force in the transversal
direction (y) is about half that of the longitudinal direction (x).
This indicates that embryo microinjection using cross-shaped
binding sites should be performed at the embryo-end along the
x direction. When the microinjectors are oriented off-normal by
an angle as shown in Fig. 11, the embryo will move until the
restoring force from the adhesion layer is sufficiently large for
penetration to take place. The embryo’s movement, , can be
estimated assuming the embryo as a rigid body using

(12)

where is the force required to penetrate the embryo,
measured as [14]. For large values of , the
embryos will be pushed off the binding site before penetration
occurs. The critical values for x and y can be extracted from
Fig. 10 at approximately 110 and 50 for the x and
y directions, respectively. The corresponding critical angles for
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Fig. 8. Characterization of the positioning force on Drosophila embryos on 250 �m � 100 �m binding sites using an optical encoder force sensor. (a) First
diffraction mode power vs. probe displacement (N = 3, L = 10 �m, k = 1:8 N=m). (b) The measured potential energy of an immobilized embryo is a quadratic
function of displacement with an energy well depth of 845 pJ, in good agreement with the simulations.

off-normal incidence of the microinjectors are estimated at 9
and 4 , which indicate large angular tolerance for injectors
aligned within the x-z plane. The cross-shaped binding site
takes up only 19.85% of the area of the
rectangular site, and has a smaller detachment displacement.
However, it provides a comparable positioning force and re-
duces the chance of embryos being clustered on one binding
site. Thus the cross-shaped binding site can be used for
high-yield self-assembly within a compact chip area, while the
rectangular-shaped sites can provide a larger self-positioning
range for assembly under unexpected perturbations, for ex-
ample from noisy working environment.

The special case of a rectangular binding site
shows the measured hysteresis effects along the long

direction of the immobilized embryos in Fig. 12(a) (circles). The
suspected causes for hysteresis are chemical contamination, sur-
face roughness and solutes in the liquid [16]. Since contamina-
tion usually causes a change of the surface properties, we added
a single line defect of the interfacial tension in the simulation
model at ( at site center) on the binding
site, as shown in Fig. 12(b). The higher interfacial tension on
the defect line modified the shape of the nearby oil meniscus, as
illustrated in the simulation inset in Fig. 12(b). Both the simu-
lated and the measured force profiles in Fig. 12(a) clearly show
the hysteresis and indicate a significant limitation on accuracy in
the self-alignment process. The simulation predicted by a simple
line defect shows different hysteresis characteristics from the
measurements. To investigate the effect of the surface defect
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Fig. 9. Force measurement of fluidic self-assembly for a test silicon piece (thickness 300 �m) positioned on a 400 �m� 250 �m binding site as shown on the
embedded picture (data points in triangles). A constant restoring force of 25 �N was observed during the majority (79%) of the movement. The force profile of
the Drosophila embryo positioned on a 100 �m� 250 �m binding site is shown by data points in circles. Simulated force profiles are plotted for comparison.

Fig. 10. Positioning force measurements along orthogonal directions on cross-shaped binding sites using encoder N = 5, L = 10 �m, k = 1:8 N=m.
The adhesion force along the y direction is about half that of the x direction.

Fig. 11. Schematics showing the critical angle (�) for off-normal incidence of
the microinjectors on Drosophila embryo self-assembled on positioning sites,
where F is the force required to penetrate the embryo, d is the embryo’s
displacement in X-direction.

position on hysteresis, we changed the line defect position from
to in the simulation and re-calcu-

lated the positioning forces, as shown in Fig. 13. As a line defect
is placed closer to the center of the binding site, oil is more likely
to cover the defect in order to reduce the area of oil exposed to
water. As a result, the defect provides much less hysteresis for
a small displacement [ in Fig. 13(a)] of the embryo.
However, if the defect occupies the edge, at a certain point of
displacement the oil snaps through and leaves the whole defect
line exposed to water. This causes larger hysteresis for larger
embryo displacement, as shown in Fig. 13(b).

VI. CONCLUSION

Massive parallel self-assembly is emerging as an efficient
and low-cost microfabrication technology for high throughput
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Fig. 12. Hysteresis of positioning forces of embryos on 400 �m� 250 �m rectangular-shaped binding sites. (a) Shows measured and simulated restoring force
profiles of immobilized embryos. (b) Shows the simple “line defect model” we use to simulate hysteresis.

Fig. 13. Simulated effect of the line defect position on the hysteresis of embryo
self-assembly positioning force: (a) line defect at x = �50�m. As a line defect
is closer to the center of the binding site, it is more favorable for the oil to cover
the defect in order to reduce the area of the oil exposed to water. As a result, it
provides much less hysteresis for a small displacement of the embryo. (b) Line
defect at x = �150 �m. If the defect occupies the edge, at a certain point of
displacement the oil snaps through and leaves the whole defect line exposed to
water. This causes larger hysteresis for larger embryo displacement.

embryo and cell manipulation. In this paper we experimentally
and numerically investigate self-assembly of Drosophila em-
bryos onto 2-D arrays on a silicon substrate. A surface energy
model of the self-assembly process of ellipsoidal samples is
described and verified by high-precision force measurements
using a micro-optical encoder, yielding results that potentially
can be used for design optimization of fluidic self-assembly for
a wide range of applications.

For Drosophila embryos self-assembled onto rectangular
sites , a nearly linear relationship is found
between the force and embryo displacement, with a spring
constant of approximately 0.07 N/m. In comparison, flat silicon
chips of dimensions similar to the embryos ,
have linear force vs. displacement characteristics only over
a limited range and after that the force is constant up to de-
tachment. For the ellipsoid-shaped embryos on cross-shaped
sites, the detachment force in the longitudinal direction is twice
that in the transversal direction. Compared to rectangular sites,
the cross-shaped sites have a smaller maximum displacement
before detachment while providing comparable positioning
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force. Significant hysteresis is also found in the force vs. dis-
placement, indicating that variation of surface properties may
be a limitation on accuracy in the self-alignment process.
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