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Abstract
Shrinkage of polydimethylsiloxane (PDMS) complicates alignment registration between
layers during multilayer soft lithography fabrication. This often hinders the development of
large-scale microfabricated arrayed devices. Here we report a rapid method to construct
large-area, multilayered devices with stringent alignment requirements. This technique, which
exploits a previously unrecognized aspect of sandwich mold fabrication, improves device
yield, enables highly accurate alignment over large areas of multilayered devices and does not
require strict regulation of fabrication conditions or extensive calibration processes. To
demonstrate this technique, a microfabricated Braille display was developed and
characterized. High device yield and accurate alignment within 15 μm were achieved over
three layers for an array of 108 Braille units spread over a 6.5 cm2 area, demonstrating the
fabrication of well-aligned devices with greater ease and efficiency than previously possible.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Multilayer soft lithography (MSL) is a fabrication paradigm
in which layers of patterned elastomeric polymers are
aligned, stacked and bonded to create complex three-
dimensional monolithic structures. The ability to fabricate
three-dimensional microstructures enabled the fabrication of
complex microfluidic control components [1–8], which have,
in turn, enabled the consolidation of various experimental
techniques in biology, chemistry and materials synthesis onto
a single microfabricated platform [9–13].

The most commonly used structural material in devel-
oping these microfabricated systems is polydimethylsiloxane
(PDMS), due to a number of suitable properties of this polymer
[14]. However, PDMS undergoes a small degree of shrinkage
during curing, and this shrinkage can greatly impact process
flow in rapid prototyping of array-based multilayer systems.
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The shrinkage-induced alignment registration problem arises
when layers containing dense device arrays are fabricated by
multiple methods and stacked, as is often the case in MSL.
The most frequent example occurs when cast PDMS is peeled
from a mold; features on the bulk slab no longer align with
those fabricated by spin coating onto a master.

Several approaches to this problem have been utilized,
including modifying the PDMS material [15], curing samples
at room temperature [16] and designing devices with high
tolerances to misalignment, or which have a small footprint,
to minimize the total displacement of features due to shrinkage.
Unfortunately, PDMS is not easy to chemically modify, takes
prohibitively long to completely cure at room temperature,
and can undergo a small degree of shrinkage in spite of
these measures. Designing systems with large alignment
tolerances limits the potential for miniaturization, and may
not be desirable in many applications. Designing devices over
a small footprint severely limits the ability to prototype high-
throughput systems.
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The most common solution to this fabrication problem
has been to characterize the degree of shrinkage of PDMS
and scale the master size accordingly [9]. This approach
has been successfully used to create functional large-area
microdevices [17]. However, the devices must be designed
to tolerate large misalignments, and using the iterative
characterization technique to fabricate arrayed structures
with exacting alignment requirements remains challenging.
Furthermore, the degree of shrinkage of PDMS is not
constant but dependent on several factors including cure
temperature and time, PDMS component ratios and layer
thickness [18]. These parameters introduce further issues with
the characterize-and-scale approach to the shrinkage-induced
alignment registration problem. First, curing temperatures
and environmental parameters must be strictly controlled,
in order to achieve a consistent degree of shrinkage. In a
non-cleanroom, multi-disciplinary, multi-user environment,
maintaining tight control of these curing parameters can
be difficult. As demonstrated by Lee et al [18], small
variations in temperature can cause a change in shrinkage,
which, depending on the microdevice size, will cause a
misalignment between layers. This variability leads to low
yield in fabricating multilayer devices. Second, because
the amount of shrinkage is dependent on layer thickness,
a single calibration result cannot be used in the fabrication
of multiple prototype designs. Thus, individual calibration
experiments need to be performed for each design. The
same applies to using various PDMS component ratios, as
is often done to improve adhesion in multilayer devices [1].
Third, shrinkage calibration techniques will never provide a
perfectly accurate scaling factor, and while small errors may
be acceptable for low-throughput, proof-of-concept devices,
this technique cannot be scaled up to larger-area devices with
high feature densities, without extensive time-consuming and
iterative calibration studies.

This fabrication issue lengthens the concept-to-prototype
turnaround time for MSL devices. It also effectively limits
the massive parallelization theoretically possible in such
microsystems. Furthermore, it limits miniaturization and
causes difficulties in implementing designs that have more
stringent alignment requirements in fabrication. In order
to address these concerns and provide a scalable fabrication
solution, we made use of a technique termed ‘sandwich mold
fabrication’ first described by Jo et al [19]. This exclusion
molding method has been used for a variety of purposes
[20, 21], but has remained unrecognized as an effective
solution in solving the shrinkage-induced PDMS alignment
registration issue. In this paper, we rapidly microfabricate
a precisely aligned multilayer, densely-packed, large-area,
Braille display to illustrate the advantages of this technique
in overcoming the alignment complications caused by PDMS
shrinkage.

2. Experimental methods

2.1. Fabrication of mold masters

SU-8 photoresist (Microchem, Newton, MA) was patterned
onto 3′′ × 2′′ glass slides (Fisher Scientific, Ottawa, ON,

(a)

(c)

(b)

Figure 1. Schematic of the sandwich mold fabrication process [19].
(a) Liquid PDMS is sandwiched between the microfabricated mold
and a plastic film. (b) The sandwich is then placed in a multilayer
stack of rigid metal plates, foam pads and a glass slide. The stack is
clamped, and cured at elevated temperatures. (c) The stack is then
disassembled and the plastic film and patterned PDMS layer is
peeled away from the microfabricated mold.

Canada) using parameters outlined by the manufacturers.
Single and multi-layer masters were fabricated with heights
ranging from 40 to 350 μm. After standard processing,
the masters were hard baked at 80 ◦C for three days, and
treated with the silanization agent (tridecafluoro-1,1,2,2-tetra-
hydrooctyl)-1-trichlorosilane (United Chemical Technologies,
Bristol, PA), under vacuum conditions [22], to facilitate mold
release of the patterned PDMS layers.

2.2. Materials

The sandwich mold fabrication process requires a 3′′ C-clamp
and two 3.5′′ × 2.5′′ metal plates. Transparencies for inkjet
printers (Grand & Toy, Toronto, ON, Canada) were cut to an
appropriate size and used as the plastic backing film. Foam
pads (Silver Dollar, Toronto, ON, Canada) were purchased
from a craft supply store, and cut to size. A 3′′ × 2′′ microscope
slide was silanized and used as a flat compressive surface.

2.3. Sandwich mold fabrication

Sylgard 184 PDMS (Dow Corning, purchased through
A.E.Blake Sales Ltd, Toronto, ON, Canada) was mixed in
a standard 10:1 curing ratio and poured onto an SU-8 master.
The uncured PDMS was then spread by tilting the master and
degassed in a vacuum chamber. As per figure 1, the master
was then placed on a foam pad on a metal plate. The plastic
film was carefully placed on top of the PDMS so as to avoid
trapping air bubbles. A silanized glass slide was then placed
on top of the sandwich, followed by a second foam pad and a
second metal plate. It was necessary to silanize this glass slide
to enable easy removal from any PDMS that was squeezed
out of the sandwich. The sandwich was then compressed in a
C-clamp and cured at 80 ◦C for at least 4 h. Following curing,
the sandwich stack was removed from the oven, disassembled
and the transparency was carefully peeled from the master.
The cured PDMS adheres preferentially to the transparency
and can be trimmed to size. This procedure was repeated for
each layer.
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2.4. PDMS bonding

PDMS surface modification was achieved using a corona
discharge treater (Electro-Technic Products, Chicago, IL) [23].
For the base layer, a cleaned glass substrate and the PDMS
layer were plasma treated, placed in conformal contact and
baked on a hot-plate at 80 ◦C for 20 min. Once cooled, the
plastic backing film was peeled from the bonded structure, an
easy process due to the permanent bond between the PDMS
layer and the underlying substrate. The strength of this bond
also prevented any warping or deformation of layers due
to thermal stresses generated during fabrication. A similar
process was followed when adding additional layers of PDMS;
layers were aligned, plasma treated and bonded, before peeling
away the plastic backing film.

2.5. Alignment of multiple layers

Alignment between multiple layers was achieved using a
home-made alignment system, in which a micromanipulator
(Siskiyou, Mission Viejo, CA) was fitted with an arm and
a vacuum chuck, and was used to manually position a layer
over the substrate. The substrates were mounted on a rotary
platform (Newmark, Grants Pass, OR) to correct rotational
errors. Alignment between the two layers was monitored
using a Navitar 12× zoom system (Navitar, Rochester, NY),
which provides a large depth of field at high magnifications.
The PDMS layers were plasma treated, aligned manually and
then carefully brought into contact with each other. While
methanol has been used as a surfactant between PDMS layers
during alignment, it has also been shown to swell PDMS to a
small extent [24]. This could interfere with the fine alignment
accuracy, and hence was not used. The structure was then
placed on a hot plate at 80 ◦C for 20 min to complete the
bonding process.

2.6. Demonstration structure: array of cylinders

An array of two-layer cylinders (figure 2) was produced using
two fabrication methods: the conventional approach used in
the Quake valve process [1] and sandwich mold fabrication.
For both cases, the layers were aligned rotationally and at
the bottom left corners of the arrays. In the conventional
fabrication method, the two PDMS layers were prepared by
casting and by spin coating. The two layers were cured in an
oven at 80 ◦C for 4 h. The cast layer was peeled, aligned with
the spin-coated layer and bonded. In the sandwich technique,
two sandwich mold fabrication steps were used to produce two
patterned layers. The layers were stacked, aligned and bonded
as described. In each of the steps of this technique, the PDMS
film is never released from a rigid substrate, thereby preventing
shrinkage from occurring.

2.7. Demonstration structure: micro Braille display

Fabrication of the micro Braille array required three SU-8
mold masters. The process, illustrated in figure 3, began by
fabricating three sandwich mold films from the SU-8 masters.
The first film was bonded to a glass substrate, and the backing

Figure 2. An array of two-layer structures fabricated by
conventional and sandwich fabrication methods. The bottom left
corner of both arrays was aligned, and the resulting registration
error can then be observed across the array. No registration error
was observed for the sandwich molding process.

film was peeled away. The second sandwich film acts as a
mold for an additional layer of PDMS. To provide structural
rigidity during fabrication, this mold was affixed to a glass slide
using double-sided tape. The rigid mold was then silanized,
and an 80 μm thick layer of uncured PDMS was spin coated
onto it. This layer was partially cured in an oven for 15 min
at 80 ◦C. After removing the glass slide from the mold, it was
aligned and plasma bonded with the first sandwich film. A
second partial curing step of 15 min at 80 ◦C strengthened
the bond, and the silanized PDMS mold was peeled away
from the structure. The third sandwich mold layer was
then aligned and plasma bonded to complete the structure.
Access ports were cored into the PDMS device, and Nanoport
fittings (Upchurch Scientific, Oak Harbor, WA) were used to
connect the micro Braille display to a Schwarzer rotary pump
(Schwarzer Precision, Essen, Germany), capable of producing
positive pressures up to 6 kPa.

2.8. Measurement of pin displacements

To demonstrate functional actuation and consistent operation
of an array of precisely aligned microstructures, the distance
over which the micro Braille display pins are displaced was
measured on two 5 × 5 Braille display arrays, fabricated with
varying geometries. A Wyko optical surface profilometer
(Veeco Instruments Inc., Woodbury, NY) was used to
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Figure 3. Schematic outline of the fabrication process for the micro Braille display.

determine heights of the pins at rest and when actuated. The
results were grouped based on the geometry of each micro
Braille unit and presented as a mean displacement distance ±
standard deviation for measurements of at least three Braille
units (figure 6; see section 3).

3. Results and discussion

Cited advantages of the sandwich mold fabrication technique
include the ability to reproducibly fabricate patterned
layers of controlled thicknesses, and the ease of handling
and transferring delicate films of PDMS. Not previously
recognized, however, is the fact that throughout the fabrication
process, the PDMS is never released from a rigid substrate:
either the plastic backing film or the underlying substrate.
Because PDMS is never given the opportunity to shrink,
this method enables the fabrication of multilayered structures
without a registration problem between layers.

As a demonstration of this feature, the conventional and
sandwich mold fabrication methods were used to produce
identical multilayer structures: a rectangular array of 108
cylinders, fabricated over a 2 cm × 2.5 cm area (figure 2).
Both samples were aligned such that rotational errors were
eliminated, and the bottom left corners of the array registered
accurately.

Using the conventional fabrication process resulted in an
increasing registration error across the array, culminating in a
210 μm misalignment at the top right corner. This corresponds
to a 0.7% shrinkage of the cast layer of PDMS, which is within
the range of accepted values of PDMS shrinkage, but not for
similarly reported curing conditions [18]. This demonstrates
the variability in shrinkage seen when working in a multi-user
environment without tightly controlled fabrication conditions.
In terms of comparing this with conventional fabrication
methodologies, the demonstration of poor registration shown
here is admittedly biased, because no attempt was made
to optimize the master size to account for shrinkage, as is
often the case when using this technique. However, with
relatively lax control over processing conditions, and without

(a)

(b)

(c)

(d)

Figure 4. (a), (b) Schematic quarter-section views of each micro
Braille actuator at rest and while actuated. (c), (d) Demonstrated
functionality of the micro Braille actuator.

any time-consuming optimization or calibration procedures,
the sandwich mold fabrication produced a device with no
measurable alignment error across the array.

To demonstrate a functional application of this technique,
we developed a miniaturized Braille display. Commercially
available refreshable Braille displays have been used as
actuators in microfluidic devices as a simple, quick, robust
and inexpensive alternative to on-chip valve components. The
Braille display has been used to actuate valves, pump fluid
[25] and to apply mechanical stimuli to adherent cells [26].
The platform developed in this study further miniaturizes the
Braille display system and can be used as a modular base for
various end-user defined applications in complex microfluidic
control.

The working principle of the Braille unit is demonstrated
in figure 4. The three-layer structure consists of a lower
actuation cavity beneath a microfabricated Braille pin. The
pin is raised by applying a positive pressure to the actuation
cavity (figure 4). A third structural layer provides a mounting
platform to support microfluidic channels or membranes.
Because of the small spacing between the pin edge and this
structural support, each Braille structure requires alignment
accuracies of better than 15 μm to operate. Figure 5
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Figure 5. Top–down view of a section of the micro Braille display,
demonstrating stringent alignment requirements of the array. The
small misalignments observable away from the center of the image
are due to perspective distortion artifacts inherent in using a
standard imaging lens.

Figure 6. Actuation heights of the micro Braille pins for a pressure
of 60 mbar, for cavity radii varying from 250 to 700 μm.

displays a top–down view of the structure and demonstrates
accurate layer alignment and the stringent tolerances required.
For this application, the size of each actuation cavity was
increased across the array, to produce Braille pins with varying
actuation characteristics. Figure 6 demonstrates the changing
actuation heights of the pins as a result of the change in
device dimensions across the array, for an applied pressure
of 6 kPa. The results indicate the ability to create vertical
displacements ranging from 2 μm to 84 μm using a single
pressure source, demonstrating functional actuation of an array
of microstructures which require a high degree of alignment
accuracy to operate. To further demonstrate the scalability
of the sandwich mold fabrication technique, we increased
the number of devices per chip and successfully fabricated
an aligned array of 108 Braille units over a 1′′ × 2′′ area
(figure 7).

With no observable registration errors across the large
array, we believe that the scalability of this technique
is limited only by the size of masters that can be
fabricated. The technique is robust to variations in fabrication
conditions, a situation common in most multi-disciplinary

Figure 7. A 9 × 12 array of micro Braille actuators, across a
6.5 cm2 area.

labs. Furthermore, besides solving the shrinkage issue, the
plastic backing films act as support structures for the PDMS
layers during alignment, eliminating handling problems
caused by the deformability and thermal expansion of PDMS.

There are a few limitations to this technique. First,
although the sandwich mold fabrication process effectively
eliminates shrinkage across a large area, significantly reduces
calibration time for each designed device and improves
functional device yield, it does require additional fabrication
steps. Given the high degree of alignment accuracy and the
high device yield that results from using this technique, we feel
that this is an acceptable compromise during the conceptual
prototyping phase of device development. However, it may
be a concern during large-scale production of such devices.
Second, the sandwich mold fabrication technique occasionally
fails to completely clear PDMS from the master features,
resulting in a thin film of PDMS, rather than a clear via. This
happens more often with SU-8 masters greater than 100 μm in
thickness, due to variations in height across the master. Often,
this variability can be incorporated into the device design, such
that a thin film of residual PDMS does not impact the device
function, as in valve structures. However, if a clear via is
essential, it may be necessary to use a needle to manually
remove any remaining PDMS. This is a labour intensive
process, and not suited for large devices. An alternative
solution would be to modify the perforated membrane process
outlined by Luo et al [27], or to use a photopolymerizable
PDMS as demonstrated by Carlborg et al [28].

4. Conclusion

This paper reports the use of a method to overcome
the shrinkage-induced alignment registration problem in
prototyping multilayer PDMS microsystems. The sandwich
fabrication method originally reported by Jo et al [19] enables
rapid fabrication of dense, large-area, well-aligned structures
in MSL, without strict regulation of fabrication conditions
or extensive calibration processes. Because PDMS layers are
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never released from a rigid substrate throughout the procedure,
polymer shrinkage does not occur, and hence the registration
error between layers is eliminated. This aspect of the technique
can significantly reduce the turnaround time in prototype
development of well-aligned, high-throughput, multi-layered
devices, and has been shown to be successful in rapidly
fabricating a functional array of microstructures with stringent
alignment requirements.
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