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ABSTRACT

In this talk I will describe our research into the use of
microfluidics for enabling reconfigurability of photonic
systems and matter itself. In the first of these systems it is well
known that optical devices which incorporate liquids as a
fundamental part of the structure can be traced at least as far
back as the 18th century where rotating pools of mercury were
proposed as a simple technique to create smooth mirrors for use
in reflecting telescopes. The development of modern
microfluidic and nanofluidic devices has enabled a present day
equivalent of such devices centered on the marriage of fluidics
and optics which we refer to as “Optofluidics.” 1 will
demonstrate here the fundamental advantages of using
microfluidics to create adaptable photonic materials and
provide a few specific examples related to fluid based optical
switches. In the second aspect I will introduce how we use
microfluidics to create dynamically programmable self-
assembling materials, or programmable matter. The uniqueness
of the approach I will demonstrate is that it uses dynamically-
switchable affinities between assembling components faci-
litating the assembly of irregular structures.

INTRODUCTION

Reconfigurable systems are those in which some or all of a
system’s physical, chemical or electrical properties can be
changed either on-command to enhance functionality or
autonomously in response to a change in external/internal
conditions. Such systems are ubiquitous in nature and have
recently been realized in a wide range of engineering
applications including self-healing polymers [1], self-
reproducing [2] and dynamically reconfigurable [3] robots,
morphing aircraft [4, 5], computing [6, 7] and adaptive space
structures [8].

To help put the advantages of these systems in context,
consider the field of electronics where the ubiquitous
reconfigurable system is the Field Programmable Gate Array
(FPGA) [9, 10]. Put simply, an FPGA is a semiconductor
device that can be reprogrammed by the user at any time post-
fabrication to perform any arbitrary set of logical functions.

Such devices have brought forth a number of technological
benefits including: Cost - in cases where relatively few pieces
are required it is much cheaper to purchase and program off-
the-shelf FPGAs than design an application specific integrated
circuit, Autonomy and Adaptability — the operation of the chip
can be repurposed or optimized on-the-fly at the whim of the
user or as a result of changes in local conditions, Robustness —
the system can compensate for local flaws that occur during
manufacturing or as a result of use, and Security - FPGAs can
be designed to self-erase the programmed circuitry making it
difficult to reverse engineer captured devices. Despite the
advantages demonstrated in electronics, in almost no other
field of chip-based technology (e.g. photonics, microfluidics)
have equivalently ubiquitous reconfigurability techniques
been developed.

Due to space limitations, here I will focus on the two areas into
which we are performing research related to reconfigurable
matter and will save my discussion of reconfigurable photonics
for the talk. The goal of the first direction below was to
develop a better experimental understanding of the fluid-
dynamical and fluid-structural processes involved in 3D cube
assembly processes. In the second direction our goal is the
development of two forms of thermorheologically enabled
programmable matter systems.

FLUID DYNAMICS OF PROGRAMMABLE MATTER

As 1 describe below, our research conducted in this area is
separated into 3 different subcategories. The first of these
describes the assembly chamber and the docking procedure we
developed based on the experimental and numerical results
obtained under earlier work [11, 12]. The second section
describes our work on developing of an optimal fluid structure
interaction system that promotes cube alignment and docking.
This was largely done by investigating different cube
topologies and finding better ways of manipulating the fluidic
conditions during assembly. We demonstrate in that section a
robust procedure for obtaining perfect docking and alignment
of cubes. The final section describes some of the quantitative
results we have obtained including the ability to dock in the
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proper upright orientation over 80% of the time and median
assembly rates of 5s/block.
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Figure 1 - Erickson Lab Programmable Matter
Apparatus for studying the Dynamics of the
Assembly Process. (Upper) Image shows overview of
assembly chamber and associated infrastructure. Note
the two circulation pumps at the bottom of the assembly
chamber. The two pumps dramatically facilitate the
generation of random motions within the tank. (Lower)
Image shows electrical infrastructure associated with
driving the solonoid valve. As will be demonstrated
below the incorperation of an solonoid valve operating at
3 hz during the attraction process enables us to obtain
proper docking.

Improvements to the assembly chamber and procedure.

A 3D assembly experimental setup has been developed in the
Erickson Lab in order to facilitate study of cube docking and
alignment. The setup is shown in Figure 1. The assembly
chamber is similar to that which has been previously
demonstrated however we now incorporate two major
modifications which have been found to dramatically improve
the docking rate and cube alignment during docking. As can be
seen in the upper image of Figure 1 the bottom of the assembly
chamber contains two circulation pumps (essentially fishtank
circulation pumps) which provide a continuous swirl of fluid
motion around the chamber without requiring very high
input/output flow rates through the chamber. This reduced the
required cube attraction pressure drop to below 2PSI which is
something that can be easily modulated with thermorheological
valves. The second major advancement was the incorporation
of a single solenoid valve that controls the outlet flow from the
chamber through the assembled structure. As will be expanded
on in the next section, this allows for pulsation of the flow
through the sink and increases the number of collisions that a
new cube has with the previously assembled structure allowing
it to settle down into its properly docked position.

Development of an optimal fluid structure interaction
system that promotes cube alignment and docking.

The first experiments we conducted using the assembly
chamber described above are shown in Figure 2 below. These
cubes were unevenly weighted cubes which have a buoyancy
driven preferred orientation during assembly (the sliver line at
the top of the cubes shows the light end). This is done to
reduce the number of degrees of freedom during docking. The
left image in Figure 2 shows an example of an assembly event
where the cube did dock properly (with the lighted part up) and
the right image shows a case where it did not. We will expand
on this in section 2.1.3 but the orientation assembly success
rate was 84% using this lighted block technique.

Figure 2. Proper orientation by physical misalignment
during docking using initial square cubes. Right image
shows a block which has docked in the proper orientation
(sliver line up) and the left image shows one which did not.
In both cases however with purely square cubes, proper
alignment does not occur. This result is directly predicted
from simulation.

Figure 3: Cube
manufactured and tested. The cube in the top right
corner represents the final design used below.

topographies  designed,

As can be seen from Figure 2 while the orientation is correct
most times the alignment of new cubes added to the structure is
mostly not correct (a clear offset is shown in both images of the
Figure). In order to solve this problem a cube topography had
to be developed that would (1) guide the assembly into place if
docking is close (2) become stably latched to the structure upon
contact (3) be able to be rejected upon reversal of the flow.
Towards this end, several cube topographies were designed,
manufactured and tested in the assembly chamber. Solid works
files showing some of the cube designs that were tested are
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shown in Figure 3. This extensive experimentation revealed
that the cube design shown in the upper left hand corner yielded
the best results.

Generally speaking however it was found that simply
optimizing the cube topography was not enough to ensure
robust docking of the cubes onto a structure. A typical result is
shown in image 1 of Figure 4. As can be seen the cubes tended
to dock with better alignment that the square cubes shown
above but neither precise docking or latching could be
obtained. To enable this we developed a “sink-cycling”
technique which performed the final fluidic alignment after
initial docking. Briefly, after initial docking was observed
external valves on the chamber were switched so at to ensure
most of the chamber flow was directed through the structure
(rather than being used to promote chamber mixing (image 2 of
Figure 4). Simultaneously with this a solenoid valve which
controls the exit flow through the chamber was engaged at 3 hz
with a 50% duty cycle (so the attraction flow through the
structure was turned on and off 3 times a second half of the
time on and half of the time off) using a function generator. It
was found that this cycling motion (image 3 in Figure 4) served
to “bounce” the cube into the properly docked position (image
4 in Figure 4). Attracted cubes could be aligned and docked
approximately 70% of the time (i.e. 30% of cubes attracted to
the pedestal had to be rejected). This represents an important
advancement for us as it demonstrates a repeatable technique
through which docking misalignments can be corrected. We
expect that 70% alignment value could be greatly improved as
the technique is optimized.

2) After docking full suction is applied at the
attraction point (convective flow turned off)

4) After several sections cube finds most stable

3) Attraction cycled by turning attraction
pressure on-and-off using solonoid valve on exit line.  point (alignment) and becomes fully docked.

Figure 4. Docking and proper alignment of cube
using suction enhancement and solonoid based sink-
cycling. Cube shown in image is the one from the upper
right corner of Figure 1.

In addition to enabling the docking the “sink-cycling”
technique was also sufficiently strong to promote latching
between the cube and the structure. The latch design can be
seen Figure 3 however in the actual implementation shown in
Figure 3 we used only 2 latches per face (so four total latching
interactions). The smaller number of latches allowed us to
maintain sufficient strength so that the structure was stable but

was still sufficient weak that reversing the flow enabled one to
reject the cube from the structure (as shown in Figure 5). This
was critically important because it demonstrates our concept
of structural error correction.

(b)t=0.25s

(c)t=0.5s
Figure 5: Time lapse images a cube being released from
the docked position: (a) initially, there is now flow in/out of
the docking pedestal at t = 0 s flow out of the pedestal is
initiated; (b) the flow rejects the block; (c) the blocks moves
out into the bulk flow.

Figure 6 below illustrates a mock up of the initial target
structures we will build with the assembly tank. By selectively
plugging some of the holes in the structures we can pre-valve
them (while the “smart cubes” are being developed) and
assembly multi-cube structures like the C & U structures shown
in the figure. We note that the latches on the structures are
sufficiently strong that they can support the weight of the
structure after the assembly fluid is drained.
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Figure 6: Docking and proper alignment of cube using
suction enhancement and solonoid based sink-cycling.
Cube shown in image is the one from the upper right corner of
Figure 1.

Initial results for docking time probabilities and
alignment successes.

In Figure 7 we show a histogram of the average docking time,
or the time between assembly events for the 3D cubes. As can
be seen the average docking time for the cubes using the
chamber above was 11s. As can also be seen in half of the 24
trials the assembly time was less than 5 seconds. Additionally,
as mentioned above, 20 out of 24 cubes docked with the proper
buoyancy corrected alignment. The amounted to a 84%
orientation efficiency.
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Figure 7: Histogram of docking times. The average
docking time for the cubes was 11s. In half of the 24 trials it
took less than 5s for docking to occur.

THERMO-RHEOLOGICAL PROGRAMMABLE

MATTER

The second area of research we are performing is on the
development of the thermo-optically programmable surfaces
and assemblies. In the below I focus on the accomplishments
related to direct optical control the mechanical properties of a
thermo-rheological fluid using the technique illustrated in
Figure 8. In the below we show the capability to dynamically
modulate the properties of the fluid from liquid to solid on time
scales of less than 1s using only low intensity light. As shown
in Figure 8 the basic premise is that light is shined on a surface
which contains a photothermal conversion layer (various types
of light absorbing layers are used below) which converts the
light to heat and locally gels up the fluid. In this section we
report the results in the context of developing a technique for
dynamically reconfigurable microfluidics. After that we report
further results relating this work to the assembly of 2D tiles. In
both this section and section 3.0 the thermorheological fluid
used in our experiments here is a 15% (w/w) aqueous solution
of Pluronic F127 (BASF) with a gelation temperature of
approximately 30 °C.

Unheated

Thermarheclogical fud i acentors ki
2 i _/ microchannels

=~ Temperature
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layer [ITO or
Mask light to heat

= Lightfram a
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Figure 8 — Overview of envisioned thermooptically
programmable materials. Left image shows
experimental arrangement and process by which optically
triggered spatial distributions in gellation (and hence
material properties) occur.  Right image shows 3D
overview of technique.
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Demonstration of thermooptically controlled flow and
localized gelling

As mentioned above, the first set of experiments we conducted
towards developing the thermooptically programmable material
described above were aimed at characterizing the optical
conditions which would lead to localized gelation. A schematic
describing the apparatus used to conduct these experiments is
shown in Fig. 9. The microfluidic chip we used consisted of an
upper part containing a patterned microchannel that is bonded
to a substrate with a coating on it that absorbs light. Analogous
to what is shown in Figure 8 by selectively illuminating the
absorbing substrate with a laser light, we are able to convert the
optical energy to thermal energy and gel the thermorheological
fluid flowing in the channel.

To demonstrate the effect we performed “Opto-
thermorheological” valving in a T-shaped microfluidic channel
as shown in Figure 9. Initially, the flow rate through each of
the bifurcating channels was the same. On illuminating one of
the channels with laser light (405 nm, 40 mW power) through a
20X objective, we were able to reduce and eventually stop the
flow in this channel and direct all the flow into the other one as
shown in Figure 10(a). The same objective was also used to
image the sample, and the flow was visualized by seeding the
fluid with 1.5 pum silica particles (Duke Scientific). As shown
in Figure 10(b), when a non-absorbing plain glass substrate was
used, no such gellation or valving was observed. The insets in
each image of the figure show a zoomed up view of flow
velocity in the valved channel. The microfluidic channels used
here were fabricated using standard soft lithography techniques
with poly(dimethylsiloxane) (PDMS) (Ellsworth Adhesives).

L=

Channel walls

Absorbing __. «_—I— Heated fluid

substrate T

Objective
Laser
U
Camera

e R—

Figure 9 — Schematic demonstrating valving technique
with a laser and a microfluidic chip with an absorbing
substrate.

We used two different kinds of absorbing substrates for these
experiments; a plain glass substrate with gold sputter deposited
on it and a cover slip coated with indium tin oxide (ITO)
(Sigma-Aldrich) as well as a non-absorbing plain glass
substrate for control experiments. We also looked at the effect
of varying channel width on the valving and considered
channels of widths 25 and 50 um. The height of the channels
was kept constant at 25 um. The results in Figure 10(a) are for
an ITO coated substrate with a channel width of 50 um, though

we saw similar results for our other chips as well. Further
details on these experiments are provided in our recent paper
[13].

| — —_—

| No laser, symmetric flow | | Laser on, FLOW DIVERTED [ | No laser, symmetric flow |

(a) ITO coated substrate

&

[ no laser, symmetric flow [ || Laser on, NO CHANGE

B

(b) Glass substrate
Figure 10 — Demonstration of valving in a microfluidic

channel (Media 1) (a) ITO coated substrate (valving
occurs). (b) Plain glass substrate (no valving).

To characterize the temperature rise at the gellation point, in
situ temperature measurements using Rhodamine B were also
carried for different channel geometries and substrates as
described in [13]. The results here do indicate channel
temperatures on the order of the sol-gel transition temperature;
however we found that flow in the valved channel was not
completely stopped. We expect this is because the yield stress
of the gel formed in the channel is not sufficient to fully
withstand the applied pressure. We attempted to improve the
flow valving by increasing the beam power as well as changing
the beam waist by using different magnification objectives, but
found that higher beam powers and smaller beam waists
resulted in bubble formation due to evaporation while larger
beam waists resulted in too little heating and no subsequent
gelation. These temperature measurements also show that the
ITO coated substrate had higher temperatures over a wider
region of the channel compared to the gold coated substrate.
This indicates that the absorption of the ITO coated substrate is
better than that of the sputtered gold substrate at the wavelength
used in our experiments here (405 nm). We also found that the
25 pm channel with the ITO coated substrate had a higher
temperature compared to the corresponding 50 pum channel
which we expect is due to the lower thermal conductivity of the
PDMS sidewalls compared to the aqueous pluronic solution in
the channel (about 0.18 W/mK for PDMS compared to about
0.6 W/mK for water).

Directed assembly of programmable matter surfaces with
hydrodynamically switchable affinities.

Self-assembly [14, 15] has been used to create structures at the
micro- and nanoscales using techniques such as chemical
bonding [16-18], fluid and surface tension based attraction [19-
23], geometric interactions [24, 25] and magnetic fields [26,
27] as the assembly driving mechanism. Most of these self-
assembly processes create either highly regular structures such
as colloidal crystals [28], or small scale complex structures
comprised of, for example, DNA polymers[29]. Recently
Chung et al.[23] have developed a guided fluidic self-assembly
process that allows for the assembly of relatively large irregular
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structures. Using this technique, the authors were able to
design the assembling components on-the-fly and transport
them on a railed network to the assembly site. While this
technique is very flexible in the shape of the components, their
motion is confined by the pre-defined rail networks on which
these components move.
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Figure 11 - Schematic demonstrating the use of
dynamically tunable affinities to create arbitrary,
programmable and reconfigurable structures. (a) shows
the attraction of a sub-element moving stochastically in the
fluid to the substrate. The sub-elements are unpowered
while in the fluid, but once they are attached to the substrate
they can draw power to switch their affinities. (b), (c) depict
the building of an arbitrary target structure by dynamically
switching the affinities within the structure and controlling the
local attraction basin around the structure. (d) shows the
final assembled structure. (e) shows reconfiguration of the
assembled structure by switching affinities. (f) shows error
correction to reject an incorrectly assembled component.
INSET: Inset shows image of flow valving using a
thermorheological fluid (a) off state (b) on state.

A hurdle to exploiting the potential of self-assembly is the
inability of current techniques to assemble complex structures
comprising large numbers of particles in non-regular, non-
predefined geometries. One of the reasons for this is the use of
static interactions, or affinities between the assembling
components to drive the assembly process. For example, in
nucleic-acid driven assembly, the final structure is governed by
the predefined base-pair sequence [16, 30]. As a result, the
assembling components and their affinities need to be
specifically designed a priori for a given target structure. Since
each affinity sequence corresponds to a specific target structure,
assembled structures are also not generally reconfigurable.
Similar ~ arguments can be made for  many
hydrophobic/hydrophilic[20, 21, 31] and geometric/surface
tension interactions[24, 25]. One way to address the above
issues is to develop a means to dynamically (i.e. during
assembly) tune affinities between assembling components. The
concept of affinity switching has been demonstrated at the
centimeter scale using mechanical and magnetic switching [32-
36]. These methods however are difficult to implement at the
microscale due to fabrication constraints and energy
limitations.

The 3™ area of research we are pursuing is related to the
development of programmable matter surfaces which exploit
hydrodynamically tunable affinity switching. This builds on
the initial silicon tile work we have recently published [12, 37].
Our process for affinity switching is shown in the schematic in
Figure 11. In the process, locally restricting the flow near one
face of the structure limits the probability of another component

being attracted to that face. Hence that part of the structure has
no affinity for an approaching component, while other parts of
the structure are still positive affinity regions. Figure 11 shows
the use of affinity switching by flow modulation to create
irregular structures, reconfigure structures and carry out error
correction. Each of these moves was demonstrated using 2D
silicon tiles in the previous report. We note that this affinity
switching process is the same as the technique currently being
used in 3D and the results obtained here are equivalently
transferable to that work.
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Figure 12 — Thermorheological control of assembly
process for both (a) Far-field directed assembly and
(b) near field directed assembly.

Here we report the development of the technique for
manufacturing the tiles with embedded microchannels and to
come up with a technique for assembling an arbitrary structure
from them. The basic assembly strategy we intend to follow is
shown in Figure 12 and provides one of the main motivations
for pursuing the opto-thermorheologically modulated material
system described above. As shown in Figure 12 we intend here
to use a DMD system to direct both the far field directed
assembly (left image) of the tiles and perform the near field
affinity tuning (right image). As is shown through global
heating of the fluid we can create temporary “tracks” through
which the tile motion of the assembly elements can be guided
and through local heating in the embedded channels we can
perform the affinity tuning. Although we plan to initially focus
on demonstrating this in 2D, this technique could also be
extended to 3D assembly.

A number of fabrication techniques were developed and tested.
For these initial experiments we have decided to use polymer
based tiles, rather than silicon ones as was done in the previous
experiments, to facilitate the fabrication. The final procedure
we decided on is shown in Figure 13. The 3-D tile structure
was fabricated by stacking three layer consisting of lower SU-
8, HFE-processable negative tone photoresist, and top SU-8.
First, the silicon wafer was coated with OmnicoatTM at 3000
rpm and 200°C for 1 min prior to applying the SU-8 resist. The
OmniCoat™ was used as a SUS release layer. Following this,
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the 20 um thick SU-8 was spun at 4000 rpm for 30 s. The
coated wafer was exposed to 120 mJ/cm” of contact aligner
through a bottom-layer mask of the 3-D tile. After post-baking,
it was dip developing solution for 60 s, rinsed in a
IPA(isopropyl alcohol), and dried with N, gas. To improve the
adhesion between second layer (HFE-processable negative tone
photoresist) and SU-8 layer, the wafer was activated with
oxygen plasma for 1 min. Following this, HFE-processable
negative tone photoresist was coated with spin speed at 2000
rpm and baked 75°C for 2 min. Following UV exposure (84
mlJ/cm?), bake (at 70 °C), and development in HFE-7500, the
fluid layer (second layer) features were generated on the SU-8
patterned substrate. In this experiment, we have fabricated the
polymer-based 3-D tile by using the fluorous solvent to make
fluid channel in the tile. This is because fluorous solvents are
poor solvents for nonfluorinated organic materials. Among the
variety of fluorous solvents, segregated hydrofluoroethers
(HFESs) attracted our attention because of their nonflammability
noncracking, and other unfavorable physical or chemical
damage of organic materials. For the third layer, another 25
um thick SU-8 was patterned on fluid layer using the same
procedures of first SU-8. To penetrate fluids into the internal
channel of tile, the HFE-processable negative tone photoresist
of the second layer was removed by HFE-7500 solvents (3M
Company). After completion, the tiles were detached from the
wafer with 1165 photoresist stripper (Shipley Microposit) for
overnight. As can be seen from Figure 14 (which shows the
actual tiles during representative stages of the fabrication
process), we have been able to manufacture the successful 3-D
tiles based on the SU-8 polymer.

<«+—Third layer

First layer
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i Shipiey s seres
Figure 13 — Schematic showing details of fabrication
procedure developed for making the “3D” tiles with

embedded microchannels.

Top view

Top layer with SU-8 Detaching tile

Dissclving fluid layer
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Bottom layer Fluid layer Top layer Internal Fluid

channel formation

Figure l4-Images showing 3D tiles at various
stages during the fabrication procedure. (a) base
layer deposited (b) after patterning of microchannel
layer and upper substrate. (c) after hard bake of
upper substrate (d) after developing of channels.
The red cross in part (b) shows the location of the
embedded channel.

Figure 15 — Pattern for 3D Polymer tiles with
embedded microchannels and latches.

To ensure continuity of the microchannels through the tiles we
performed a series of initial dye doped fluid infusion
experiments. The results of these experiments are shown in
Figure 14. The image shows that the channels are indeed free,
clear and leak free since the due can be seen to infuse through
the structure tracking out only the microchannels. The major
challenges with the 3D tiles that we will tackle in the short term
are: increasing the channel height (the current height is only
2.5um and thus the flow through them is relatively slow),
releasing them from the substrate (we do not expect that release
will be difficult but we have not accomplished it yet) and
dispersing them in solution (we have demonstrated this with the
silicon tiles but are unsure of how the polymer tiles will be
behave). In addition to the above we have also fabricated a
series of polymer tiles with different latching mechanisms as
shown in Figure 15. We will begin experimentation with these
tiles in parallel with those to be conducted using the flow
through tiles.
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