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Packaging continues to be one of the most challenging steps in micro-nanofabrication, as many
emerging techniques (e.g., soft lithography) are incompatible with the standard high-precision
alignment and bonding equipment. In this paper, we present a simple-to-operate, easy-to-adapt
packaging strategy, referred to as Capillary-driven Automatic Packaging (CAP), to achieve automatic
packaging process, including the desired features of spontaneous alignment and bonding, wide
applicability to various materials, potential scalability, and direct incorporation in the layout.
Specifically, self-alignment and self-engagement of the CAP process induced by the interfacial capillary
interactions between a liquid capillary bridge and the top and bottom substrates have been
experimentally characterized and theoretically analyzed with scalable implications. High-precision
alignment (of less than 10 pm) and outstanding bonding performance (up to 300 kPa) has been reliably
obtained. In addition, a 3D microfluidic network, aligned and bonded by the CAP technique, has been
devised to demonstrate the applicability of this facile yet robust packaging technique for emerging

microfluidic and bioengineering applications.

Introduction

Packaging has always been a challenging step in micro-
fabrication, as most microdevices incorporate more than one
structural substrate.! Specifically, bonding and alignment are
two essential elements involved in any packaging process.?
Conventional bonding techniques, developed primarily for
silicon-based semiconductor manufacturing, usually experience
high temperatures (a few hundred to more than a thousand
degrees), heavy mechanical loading (greater than one bar), and/
or strong electric fields (a few hundred to a few thousand volts
across the interface), through which hermetic sealing of the
device forms as necessary.® Recently, polymeric materials have
been extensively employed to build microengineered surfaces for
a wide range of chemical and biological applications. However,
packaging for emerging microfluidics and biomedical micro-
devices confronts completely different challenges, in which bio-
compatibility, bio-functionality, reversibility, thermal and
chemical resistances, as well as macro-to-micro-interfaces
preclude many of the traditional packaging processes from being
used in traditional microelectronics. Therefore, surface chemical
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modification serves as the primary route to join two bio-func-
tional surfaces together, which relies on the formation of strong
intermolecular interactions, e.g., covalent, electrostatic, or
hydrogen bonds, between two sides,* through intimate physical
contact. For instance, polydimethylsiloxane (PDMS) has
become the most popular material selection in polymeric
microdevices for its excellent combination of mechanical (e.g.,
elastic and flexible), optical (e.g., transparent) and biological
(e.g., biocompatible and non-toxic) properties, together with its
low price and easy fabrication.® The standard packaging tech-
niques to seal microfabricated PDMS molds to various organic
and inorganic substrates include oxygen plasma activation,®
organofunctional silane treatment,” and step control of curing.®
Unfortunately, most of these are incompatible with existing high-
precision alignment processes, leaving fabrication of 3D/multi-
layer PDMS microstructures difficult and unreliable.>?

In comparison with numerous studies on interfacial bonding,
the capacity to align polymeric microstructures has neither been
adequately researched nor addressed. In the conventional silicon-
based processing, the mask aligner has still been held as the gold
standard to provide high-accuracy and high-reliability alignment
for multilayer packaging.? Whereas, several major issues, such as
high-operation and maintenance costs, limited access, inflexible
process flow, and restricted material selections, limit its potential
application as the portfolio of new functional materials rapidly
expands for micro-nanofabrication. For instance, large-scale
microfluidic integration typically requires repetitive bonding and
alignment steps of multilayer PDMS microstructures,”!® of which
the packaging process has not been reliably established. Recently,
several alternative alignment approaches have been proposed for
multilayer microstructures, including the alignment key
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structure,’ the peg-in-hole interlocking mechanism'? and the
reversibly pluggable socket design.’* As a common feature in these
dedicated designs, the geometric match of male and female
components are necessary to facilitate structural engagement (e.g.
matching pegs and holes, complementary fingers and sockets),
from which different layers can be easily and quickly positioned
and oriented with high reliability and repeatability.

On the other hand, capillary-driven self-assembly technique
has been extensively explored to organize miniaturized objects
automatically (from sub-micrometre to millimetre scales) into
programmed 2D and 3D compartments.'*'> In this process, the
capillary force acts as the adhesive force on selective sites as well
as the interactive guide to position and align the small objects
spontaneously. To establish the confined region with capillary
interactions, surface wettability patterning (hydrophobic versus
hydrophilic areas) becomes necessary.’® Although it has
demonstrated use in self-organizing of millions of miniature
components in parallel, to our best knowledge, this concept has
yet to implement to align and package centimetre-scale
substrates.'”'®

In this paper, we present a simple-to-operate, easy-to-adapt
packaging strategy, referred to as Capillary-driven Automatic
Packaging (CAP), utilizing structurally directed capillary inter-
actions to establish both bottom-to-top self-alignment and self-
engagement in a single-step automatic process. Resembling to
the well developed capillary-assisted self-assembly,'” the acting
capillary interactions are enabled by an intermediate liquid layer
confined in between two parallel surfaces with identical wetting
boundaries, and position and orient the surfaces spontane-
ously.' The structurally defined wetting boundaries have been
both theoretically and experimentally investigated to achieve the
optimal self-alignment performance as the capillary force
increases linearly with the capillary length. Moreover, the
capillary bridge formed between two surfaces results in elevated
Laplace pressure (negative) for the surface self-engagement,'® as
the sandwiched liquid film gradually evaporates (and the film
thickness reduces too). As a consequence, two surfaces are
brought into intimate contact and form seamless joints through
covalent bonding of pre-activated functional groups on surfaces.
Unique advantages of CAP are summarized as follows: (1) the
aligning and bonding can be achieved spontaneously through an
evaporating capillary bridge in one single step; (2) the alignment
structure can be incorporated in the same layer of the main
structure (no additional layer or patterning is needed); (3) it can
be adopted to multilayer microstructure assembly with high
alignment resolution and excellent bonding performance; (4) the
automatic packaging process can be potentially scaled up
without using any dedicated fabrication equipment; (5) it can be
applied to various new structural materials and unconventional
fabrication techniques, as long as the bonding mechanism is
compatible with the liquid capillary bridge; and (6) neither
mechanical nor thermal treatment process is involved, which is
desired in highly sensitive chemical and biological applications.

Concept

Capillary-driven automatic packaging (CAP) utilizes interfacial
capillary interactions between the top and bottom surfaces and
the intermediate liquid layer to establish both self-alignment

and self-engagement in the packaging process, extended from the
basic principle of the capillary-driven self-assembly.'” Specifi-
cally, the capillary interactions include two force components,
capillary force (Fc) along the wetting boundaries and suction
force (Fs) from the negative Laplace pressure (A P) inside induced
by liquid menisci.'® As illustrated in Fig. 1, the lateral component
of the capillary force (Fc*) attempts to spontaneously align the
identical comb-shaped wetting patterns between two surfaces in
order to minimize liquid surface energy. And the suction force
together with the perpendicular component of the capillary force
(Fc"y would gradually bring the surfaces into intimate contact, as
the capillary bridge continuously evaporates. On contrary,
presence of the gravitational force (G) of the substrate leads to
potential misalignment as often the surface is not perfectly
perpendicular to the gravitational plane. In order to maintain
a negative adhesive pressure against the gravity on the moving
part, a bottom-to-top self-alignment scheme of the CAP process
is implemented, in which the capillary-suspended bottom
substrate is gradually driven towards the fixed top surface, as
evaporation continues. This is another clear distinction between
the CAP process and the conventional packaging methods. In
brief, the physical forces involved in the CAP process are the
capillary force, the suction force and the gravitational force of
the bottom substrate, as expressed in eqn (1), under the
assumption that the alignment-related movement is relatively
small, and therefore, the motion-induced friction is negligible'6*°

FC = ’)’D (121)

2 0
yeosd ,
h

Fs = APA =

(1b)

where the perimeter (D) and area (A4) of the hydrophilic capillary
region for self-alignment can be calculated as D = L, + 2nL., and
A = L2 + 4nwL,, accordingly (n is the number of the comb-
shaped structures), as shown in Fig. 1. (L. and w indicate the
length and width of the comb-shaped alignment structures,
respectively, and L, is the length of the baseline structure. v and
indicate the surface tension and contact angle of the intermediate
fluid, respectively, and / is the height of the capillary bridge.)

Self-alignment

As aforementioned, the lateral component of the capillary force
(Fc") is used to minimize the overall surface energy of the
capillary fluidic layer and to position the top and bottom
substrates through the identical comb-shaped wetting patterns
for automatic alignment. As shown in eqn (1a), the strength of
the capillary force is proportional to the length of the wetting
boundary and the surface tension of the liquid. Therefore, adding
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Fig. 1 Illustration of the principle of the capillary-driven automatic
packaging (CAP).
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or extending the comb-shaped microstructures (e.g., increasing n
or L.) would extend the overall capillary force. In the case that
the bottom surface is not completely perpendicular to the
gravity, the parallel component to the surface would drag the
substrate off from its aligned position, from which the force
balance can be expressed as:

G sin ¢ = Fc(cos g — cos 6,) (2a)
where ¢ is the tilting angle of the bottom substrate, 6, and g
represent the advancing and receding contact angles of the
menisci, respectively. As a consequence, the misalignment (Ax)
between two substrates can be quantitatively calculated as:

Ax = h(sinfs — sinfr)/(cosfs — cosfr)

— (G/F) (hsin(p /2sin <0A : 0R))

(2b)

Self-engagement

Self-engagement simply relies on the suction pressure from the
intermediate liquid layer as shown in eqn (1b). As liquid in the
capillary bridge continues evaporating, its height gradually reduces
and the negative pressure rises inside as predicted by Laplace
equation. As previously reported, the pressure inside capillary
bridges can be as high as —17 bar, which provides significant and
uniform lifting (hydrostatic nature) force for the bottom substrate
to establish close physical contact with the top for the subsequent
covalent bonding between two functionalized surfaces. Eqn (3)
shows the relationship among the three related forces:

G cos ¢ = 2Fc(sin 4 + sin 6g) + Fg 3)

It is worth noting that the Laplace pressure inside the capillary
bridge drives the bottom substrate towards the fixed top surface,
which can be considerably greater than the gravitational force.

Experimental methods
Microfabrication

In the proof-of-concept work, we have demonstrated the widely
adaptable capillary-driven automatic packaging (CAP) process
on PDMS-based microdevices due to their dominant popularity
in biological and chemical applications.'?*?** Specifically, the
fabrication process involves both replica molding (soft lithog-
raphy) of PDMS and micropatterning (photolithography) of
a photodefinable dry-film resist. The dry-film resist is selected for
its easy processability and mechanical flexibility as a master
mold. Moreover, it can be bonded to PDMS through plasma-
activated hydroxyl groups as a structural through-layer for 3D
microfluidics, which is compatible with the CAP process. The
detailed process flow of dry-film photopatterning and PDMS
molding is summarized as follows:

Dry-film micropatterning. Dry-film resist (PerMx 3000,
DuPont) has been introduced by our group previously as both
molding and structural materials in microfabrication for its direct
processability, mechanical flexibility, chemical resistivity, high
resolution, as well as optical clarity.>'>'*?* The dry-film layer with

a nominal thickness of 50 um is first laminated onto a planar
polymer support (Mylar, DuPont) at 65 °C with a moderate
pressure of 400 kPa. Subsequently, the dry-film layer is UV-
exposed through a photomask in a proximity mode at the exposure
energy of 600 mJ cm~2, followed by an immediate post-exposure
bake at 115 °C for 3 minutes (Fig. 2a). And the exposed dry film is
then developed in an ultrasonic bath with propylene glycol mon-
omethyl ether acetate (PGMEA) for 2 minutes, followed by an
isopropyl alcohol (IPA) rinsing step to remove the organic residual
from the film. The micropatterned dry-film layer can be directly
used as a master for PDMS replica molding or detached from the
support as a structural layer for polymeric microdevices.

PDMS replica molding. PDMS pre-polymer, a mixture of
a base and a curing agent at 10 : 1 weight ratio (SYLGARD 184,
Dow Corning), is poured and thermally cured on a micro-
patterned dry-film mold at 80 °C for 2 hours, followed by gently
peeling off the Mylar substrates without damaging the dry-film
mold, as illustrated in Fig. 2b.

Packaging

The first step of the CAP process is to create geometrically defined
capillary region on the polymeric substrates. Surface modification
becomes necessary to introduce hydroxyl groups on both the top
and bottom surfaces, which can be either achieved by wet chem-
ical or dry physical treatment.”*-*¢ In this case, wettability
contrast of capillary region is defined by selective oxygen plasma
treatment (at 90 W for 30 s) through a shadow mask made of dry
film. According to our previous investigation, the shadow mask
made of dry film photoresist provides moderate adhesion to both
soft (e.g., PDMYS) and rigid substrates (e.g. glass slides and Petri
dishes).'? After peeling the chip off from the mold, the hydrophilic
regions on PDMS are present on the uncovered surface while the
intrinsic hydrophobicity retains in the molded areas in Fig. 2c.
Contact angles of the hydrophilic and hydrophobic regions have
been measured for the characterization of the wettability

a b & Mylar
= @ Dry film
& PDMS
l «» Water
d .
N

@ Photomask
Cc
<=
e '

Fig. 2 Illustration of the CAP-enabled microdevice fabrication process,
including (a) micropatterning of a shadow mask made of dry film, (b)
PDMS replica molding, (c) selective oxygen plasma treatment through
the shadow mask, (d) DI water loading in the defined hydrophilic regions,

and finally (e) self-alignment and self-engagement steps between two
chips with identical capillary alignment patterns.
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contrast.?” Secondly, the molded PDMS substrates with defined
wettability contrast are loaded with DI water. A thin layer of
water film of about 200 pm in thickness (calculated based on eqn
S1 in the ESIY) is expected to retain on the hydrophilic areas of
substrates (Fig. 2d), according to the wetting theory.?® The top
substrate is then fixed to a horizontal plane, to which the bottom
one subsequently sticks via an automatically formed capillary
bridge, as shown in Fig. 2e. The pre-aligned sandwiched micro-
structures are held suspended over a hotplate at 90 °C or in
a vacuum desiccator to accelerate the evaporation process of the
intermediate capillary layer, which carries out the self-alignment
and self-engagement steps simultaneously.

Characterization

Characterization of self-alignment. Built-in Vernier alignment
markers (as shown in Fig. S1, ESI{) are included in the device
layout to calibrate the precision of the alignment process. A
differential grid of Vernier alignment markers allows measure-
ment of minimal misalignment of 5 pm. The structural
misalignment can be easily assessed using a standard microscope
after the CAP process.

Characterization of bonding strength. Standard blister test has
been applied to evaluate the bonding strength between two
substrates?®3® through the CAP process or using the classic
oxygen plasma bonding with direct contact. A fluidic reservoir of
5 mm in diameter and 50 pum in height is incorporated within one
substrate prior to the plasma-activated bonding. A through-hole
is punctured by a blunt needle (14 gauge, i.e., 2.1 mm in outer
diameter, 1.6 mm in inner diameter) for external micro-tube
connection. Silicone micro-tubing is inserted in the through-hole
and sealed by additional PDMS pre-polymer after the CAP
process or oxygen plasma bonding. To evaluate the bonding
strength, a programmable syringe pump is used to controllably
inject DI water into the PDMS chamber, while a digitally
recordable pressure sensor (PX26, Omega) continuously moni-
tors the hydraulic pressure inside. At the leakage point, a drastic
release of pressure can be observed in the recorded pressure
curve. Eight identical devices for the CAP process and four
indistinguishable samples for the oxygen plasma bonding are
fabricated and tested for the bonding strength, respectively.

Results and discussion
Self-alignment

(a) Influence of capillary force. As aforementioned, capillary
force plays a dominant role in the self-alignment of the CAP
process, which is proportional to the length of the wetting
boundary of the capillary region (eqn (1a)). As shown in Fig. 1,
the periodic comb-shaped microstructures have been attached to
the capillary region to extend the linear border and thus the
capillary force. The self-alignment resolution has been experi-
mentally evaluated at various lengths of capillary boundary,
arranging from 1 to 6 times of that of the baseline (L,), in which
the weight of the bottom substrate is kept at the same level.
Fig. 3a summarizes the measurement results in comparison with
the theoretical analysis using various lengths of wettability-
defined capillary boundary. According to the model developed in

the Concept section (eqn (2b)), the overall misalignment is
inversely proportional to the length of capillary boundary (D).
As can be seen, the experimental data are in good agreement with
the modeled results, in which a decreasing tendency of the
misalignment has been observed as the capillary boundary length
rises. As expected, the minimum misalignment of 8.0 £+ 2.5 pm is
achieved at the longest capillary boundary, which is 6 times of the
baseline (6L,). Further increment of the capillary length would
continuously reduce misalignment at the expense of substantially
expanded dimensions of the devices. It is worth noting that
w cannot be considerably reduced due to Rayleigh instability.*!

(b) Influence of gravitational force. Gravitational force of the
suspended bottom substrate is the main cause of the misalign-
ment as illustrated in the Concept section (eqn (2a)). Alignment
performance of substrates with various weights has also been
characterized experimentally for influence of the gravitational
force, of which the ratio of weight to capillary force ranges from
0.32 to 2.56. Fig. 3b compares the experimental measurement
with theoretical predication according to eqn (2b). As expected,
the misalignment grows linearly with increasing substrate weight.
Further weight increment could result in failure of capillary
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Fig. 3 Characterization of self-alignment performance with key design
parameters: (a) the length of the capillary boundary, (b) the gravitational
force of the suspended bottom substrate, and (c) the isometric scaling (for
the scaling factor of 1, L is 1.25 mm, L, is 0.5 cm, and #n is 5, given the
substrate thickness is fixed).
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suction for the self-engagement step and leave the self-alignment
process unreliable.

(c) Scalability of self-alignment. One important feature of the
CAP process is the potential scalability. Among all three related
physical forces, suction and gravitational forces are proportional
to the surface area, given the thickness of the substrate is fixed
(normally it is the case in most microdevices). As shown in eqn
(1), the capillary force (F¢) is proportional to the perimeter of the
hydrophilic region, in which the product of n and L. plays
a dominant role. If # and L. in the design are both scaled with the
characteristic length, the capillary force can be approximated as
a linear function of the surface area as well. This would lead to
that all three force components obey the same scaling law.
According to our model (eqn (2b)), the misalignment is
proportional to the ratio of the gravitational force to the capil-
lary force. Therefore, this indicates that the structural misalign-
ment is only related to the thickness and wettability of the
sandwiched capillary bridge, which will not be affected by
isometric scaling. Fig. 3¢ summarizes alignment performance of
the substrates with various length scales experimentally, of which
the scaling factor ranges from 1 to 4, which basically proves the
scalable design of the CAP method. In general, extending the
concept to align substrates with relative large surface area (e.g.,
the standard 4 inch substrates) is potentially feasible. Further up-
scaling would encounter the instability of elongated capillary
bridges in the comb-shaped microstructures (i.e., Rayleigh
instability),?! undesired mechanical bending of soft substrates,*?
and non-uniform evaporation process, all of which would work
against the alignment precision and bonding uniformity.

Self-engagement and automatic bonding

In the proof-of-concept study, we have demonstrated the CAP
concept on the widely used PDMS microstructures. The micro-
molded PDMS surfaces are selectively activated with hydroxyl
groups through dry-film shadow masks for capillary formation
(with the water contact angle of 4.7 4+ 1.2°, in contrast to that of
intrinsic PDMS, 88.9 + 1.5°)"% and subsequently covalent
chemical bonding. Following evaporation of capillary bridge,
bonding happens spontaneously upon physical contact between
the two pre-activated substrates. The standard blister test has been
carried out to evaluate the bonding strength of the PDMS-PDMS
interface. As summarized in Fig. 4, the average bonding strength of
247.1 kPa (£39.5 kPa) is found comparable to that of the plasma-
activated PDMS bonding with direct contact, from which 271.1
kPa (+£77.8 kPa) is obtained.3® Therefore, the capillary bridge
formed during the CAP process can retain the functionality of
hydroxyl groups for following covalent bond without any addi-
tional treatment. This desired feature allows the CAP approach to
be extended to a broader category of new inorganic and organic
structural materials and emerging micro-nanofabrication tech-
niques as long as the bonding mechanism is compatible with the
liquid capillary bridge. For instance, it can be easily extended to
packaging of classic multilayer PDMS microstructures, e.g. large-
scale integrated microfluidics (a dedicated CAP-enabled process
flow is proposed for those 3D microstructures in Fig. S2 of
ESIt).>'® Besides the demonstrated applicability on PDMS and
dry-film substrates, for instance, the inorganic surfaces, like the
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Fig. 4 Characterization of the bonding strength in the capillary-driven
automatic packaging.

micropatterned silicon wafers and glass substrates, can be selec-
tively activated by the oxygen plasma treatment or wet chemistry
through photoresist micropatterns.®® Following formation of
a sandwiched capillary bridge between silicon and glass substrates,
a low temperature annealing (less than 100 °C) would be
compatible with self-engagement of the CAP process to establish
Si-O-Si bonds.?*** Another example using organic substrates
could be fabrication of polyethylene terephthalate-based (PET)
microfluidic chips. Laser-micromachined PET substrates can be
plasma-activated and subsequently bonded through C-O-C
covalent bond.*¢ This is essentially a similar case as the PDMS—
PDMS packaging. In summary, the CAP approach can be directly
extended to a wide range of functional materials and unconven-
tional fabrication processes, a highly desired feature for rapid-
growing bioengineering and microfluidic applications. General
guideline for the CAP compatible substrates only requires (a)
patternable surface wettability (either chemical or physical), and
(b) bonding can happen upon physical contact once the capillary
bridge is eliminated.

Demonstration of the multilayer CAP process for 3D
microfluidic devices

The CAP approach can be of extensive use in constructing 3D
microfluidic devices, of which the multilayer alignment is typi-
cally challenging and unreliable. Fig. 5 presents a prototype of
3D microfluidic networks, aligned and sealed using the CAP
process, consist of four sets of microchannels filled with different
colored solutions. Both the top and bottom microchannels are
fabricated by PDMS replica molding and connected through
a through-hole layer made of the plasma-activated photo-
patterned dry-film resist. Alignment between top and middle or
between middle and bottom substrates is achieved through the
capillary bridge formation confined in the hydrophilic regions
accordingly. As can be seen, the identical comb-shaped micro-
patterns through each layer guide the multilayer self-packaging
process with precise alignment and uniform bonding. The
resulted 3D microstructures enable the spatially crossover
microflow patterns.
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Fig. 5 3D microfluidic networks aligned and sealed using the CAP
process (scale bar: 1 mm).

Conclusion

In this paper, we have developed a universal self-packaging
technique, referred to as Capillary-driven Automatic Packaging
(CAP) that utilizes the interfacial capillary interactions to
establish both bottom-to-top self-alignment and self-engagement
in a single-step process. In particular, the CAP technique has
several unique features, including (a) the high-resolution self-
alignment (less than 10 pm) of centimetre-scale chips achieved by
the extended capillary length of the comb-shaped borders; (b)
excellent self-engagement and bonding performance (up to
300 kPa); (c) the capacity of multilayer microstructure assembly;
(d) wide adaptability to various structural materials; (e) spon-
taneous processing without using any dedicated equipment; and
(f) neither thermal nor mechanical treatment involved. Appli-
cability of the CAP technique has been demonstrated by a 3D
microfluidic device with complex crossover microflow patterns.
In summary, the novel CAP technique enables high-alignment
resolution and automatic loading for packaging of various
substrates and surfaces, which can be widely employed in
microdevices for point-of-care diagnosis, controlled drug
delivery, and combinatorial biological screening.
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