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ABSTRACT: Synthetic nanostructures, such as nanoparticles and nanowires,
can serve as modular building blocks for integrated nanoscale systems. We
demonstrate a microﬂuidic approach for positioning, orienting, and assembling
such nanostructures into nanoassemblies. We use ﬂow control combined with a
cross-linking photoresist to position and immobilize nanostructures in desired
positions and orientations. Immobilized nanostructures can serve as pivots,
barriers, and guides for precise placement of subsequent nanostructures.
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Flow control is an alternate strategy for positioning
nanostructures along a surface.22,23 This approach uses ﬂuid
ﬂow in a microﬂuidic device to move structures suspended in
the ﬂuid.24 A feedback control system tracks an individual
nanostructure in real time and continuously actuates ﬂow to
correct its position, which can be controlled with 39 nm
precision.23 This precision is insensitive to the composition or
size of the structure and is determined primarily by the tracking
precision and the accuracy of the control algorithm. Flow
control can also manipulate a broad range of structures
including ﬂuorescent molecules,25,26 quantum dots,22,23,25,27
nanowires,28 and live cells.29 This versatility is vital for
assembling nanosystems composed of many diﬀerent materials
using a single manipulation platform.
Here we demonstrate the use of ﬂow control within an
aqueous photoresist for the sequential positioning and
immobilization of individual nanostructures to form nanoassemblies. We develop a toolbox of capabilities for positioning,
orienting, and immobilizing nanostructures. We use obstructions in the microﬂuidic device as pivots, barriers, and guides to
orient, separate, and combine multiple nanostructures. Once a
nanostructure is positioned and oriented, we immobilize it by
locally polymerizing the surrounding photoresist with UV
illumination. As a demonstration of the scalability of the
approach, we create nanoassemblies composed of multiple
silver nanowires.
Figure 1A shows an optical image of the ﬂow control device
used to manipulate nanostructures and create nanoassemblies.

anosystem engineering paves a pathway toward inexpensive1 and high bandwidth2 nanoelectronics, subwavelength photonics,3 ultrasensitive biological detectors,4 customizable metamaterials,5 and quantum circuits.6 These applications require controlled interactions among diﬀerent
nanostructures such as quantum dots,7 nanowires,8 and
plasmonic nanoantennas.9,10 Nanostructures can be prepared
by solution-phase chemistry with high uniformity and superb
properties. However, integrated devices require the ability to
assemble individual components in speciﬁc geometries with
nanoscale precision. On-chip assembly approaches that rely on
random deposition can assemble small-scale devices with a few
interacting components.9−11 However, these approaches suﬀer
from low device yield, especially when constructing larger
systems with many components. Deterministic assembly
methods overcome this problem by positioning preselected
nanostructures at desired locations on demand.
Deterministic assembly relies on the ability to manipulate
nanostructures with nanoscale precision. Optical tweezers can
manipulate12 and assemble13−15 nano and microscale structures
in three dimensions using optical gradient forces that are
proportional to the structure’s polarizability. Because polarizability scales with volume, optical manipulation of nanoscale
structures is challenging.16 Magnetic tweezers17 or dielectrophoretic actuation18 can also manipulate nanostructures, but
these methods apply forces that also scale with volume.
Mechanical tips have been used to drag or push nanostructures
along a surface and position them with nanoscale precision.19
This technique requires complex stabilization and control that
is highly dependent on both the material composition of the
nanostructure and the properties of the surface.20 Mechanical
forces can also damage the positioned nanostructure.21
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Figure 1. (A) Optical image of the microﬂuidic device. Channels are formed from molded PDMS placed on top of a PDMS-coated coverslip.
Reservoirs are cut from the PDMS to access the channels (here ﬁlled with a dark ﬂuid). Electrodes placed in the reservoirs actuate electroosmosis.
The expanded region corresponds to the control chamber in the center of the cross channel. Voltages applied to the four electrodes create
electroosmotic ﬂow to move a nanostructure in any desired direction within the control chamber. (B) Schematic side view of the microﬂuidic
channel depicting the ﬂuid layers that conﬁne nanostructures to the device surfaces. The microﬂuidic device is 5 μm high and the ﬂuid layer is
approximately 100 nm thick. (C) (i) Schematic of quantum dot steering between two nanostructures adhered to the device surface (ii−v) Timestamped images of the steering process. Arrows denote the direction of ﬂuid ﬂow. (D) (i) Schematic of silver nanowire steering between two
nanostructures on the surface. (ii−v) Time-stamped images of the steering process. Arrows denote direction of ﬂuid ﬂow.

% EDAB. It also contains 0.5 wt % of a water-soluble
photoinitiator.34 The photoresist polymerizes when exposed to
UV light to immobilize nanostructures within the locally
exposed region.22 We polymerize the photoresist using a 375
nm UV laser focused through the bottom glass coverslip.
We perform all measurements using an inverted microscope
system. An oil-immersion objective with an NA of 1.45 images
nanostructures suspended in the control chamber, while an
EMCCD camera acquires images at a 10 Hz frame rate. The
control algorithm uses the acquired images to calculate the
centroid position of the nanostructure and to adjust the
voltages applied to the microﬂuidic device accordingly. We
image nonﬂuorescent nanostructures using white-light illumination. Fluorescent nanostructures are imaged by exciting with
a 532 nm laser source and focusing the collected emission to
the camera.
We ﬁrst demonstrate steering of colloidal quantum dots and
silver nanowires. We use commercially available CdSe/ZnS
quantum dots (Ocean Nanotech) and silver nanowires that we
synthesize by reducing AgNO3 with ethylene glycol, using a
procedure modiﬁed from ref 35. The quantum dots are mixed
in with the ﬂuid while silver nanowires are locally deposited
onto the device surface prior to ﬁlling. Some of the deposited
nanowires detach from the surface and become suspended
when the device is ﬁlled with ﬂuid. Figures 1C and 1D are
series of optical images showing manipulation of a single
quantum dot and a single silver nanowire, respectively (see
Supporting Information Videos si_002 and si_003). Figure 1C
shows a single quantum dot steered between a quantum dot
and a silver nanowire that are immobilized to the surface.

The device consists of two orthogonal microﬂuidic channels
that intersect to form a control chamber (indicated by the red
box). We mold channels in polydimethylsiloxane (PDMS) and
place them on top of a PDMS-coated coverslip. The control
chamber is approximately 100 μm in diameter and 5 μm in
height. Electrodes placed in the four channel reservoirs actuate
electroosmotic ﬂow30 within the control chamber along the
four cardinal directions (North, South, East, and West).29 We
actuate ﬂow to move a suspended nanostructure in any desired
direction by applying a combination of these four voltages, as
illustrated in the red zoom-out box. To achieve nanoscale
positioning, we use feedback control, which tracks the position
of a suspended nanostructure in real time using an image
centroiding algorithm.31 The measured position serves as an
input to a feedback controller that creates correcting ﬂow to
move to and maintain the nanostructure at a desired location.29
Flow control positions nanostructures along the plane of the
chip surface. To prevent nanostructures from diﬀusing out-ofplane, we use a specialized ﬂuid chemistry (previously reported
in ref 22) that conﬁnes them to within 100 nm of the surface of
the device, as depicted in Figure 1B. The control ﬂuid is an
aqueous solution containing a partially miscible acrylic
monomer resin (SR-9035, Sartomer). We manipulate nanostructures in-plane on either the top or bottom of the device.
The ﬂuid also contains a rheology modiﬁer (Acrysol RM-825,
Rohm and Haas Co.)32 that increases viscosity to reduce
Brownian motion, as well as a zwitterionic betaine surfactant
(EDAB)33 that improves electroosmotic actuation along the
PDMS surfaces. The ﬂuid is composed of 40−52.5% by volume
monomer resin, 1.31−0.83 wt % rheology modiﬁer and 0.30 wt
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Figure 2. (A) Time-stamped images illustrating rotation of a silver nanowire using a nanoscale pivot. (B) Time-stamped images illustrating rotation
of a gold nanowire using a nanoscale pivot. (C) Time-stamped images illustrating rotation of a silver nanowire using a polymerized pivot created by
UV exposure. The green crosshairs denote the location of the UV focal spot. In all ﬁgures, the arrows denote direction of nanostructure translation
and rotation and green circles indicate the location of the pivot.

Figure 3. (A) Orienting a silver nanowire by immobilizing one end. (i) The nanowire is positioned so that its end is at the focus (green crosshair) of
the UV laser. (ii) Local UV exposure immobilizes one end of the nanowire. (iii,iv) The nanowire is rotated about the immobilized end and held at a
vertical orientation. (v) The stage is translated so that the UV focus is at the free end of the nanowire. (vi) A second UV exposure immobilizes the
second end of the nanowire. (vii,viii.) Subsequent actuation of ﬂuid ﬂow conﬁrms that the nanowire is immobilized, as is seen from the motion of a
second silver nanowire (blue). (B) Composite image from several frames of a silver nanowire rotating 360° about its immobilized end.

Figure 1D shows a silver nanowire steered between two silver
nanoparticles that are immobilized to the surface. In both cases,
all three nanostructures were in the same focal plane, indicating
that they were all at the surface of the device.
In previous work, we used ﬂow control to position quantum
dots with 39 nm precision.23 Here we show that ﬂow control
can position silver nanowires with signiﬁcantly better precision.
We determine this precision by holding a silver nanowire in

place and continuously monitoring its centroid position for 60
s. From the measured positions, we ﬁnd the standard deviation
of the wire position to be σp = 5 and 3 nm in the directions
perpendicular to and parallel to the wire axis. These numbers
are corrected for noise in the tracking algorithm, which we
determine by tracking a stationary wire that is immobilized on
the sample surface (see Supporting Information).
3938
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Figure 4. (A) (i) Quantum dot separation (blue from red) using a silver nanowire barrier. (ii−v) Time-stamped images of the separation. (B) (i)
Combining two quantum dots (blue to red) using a silver nanowire barrier. (ii−v) Time-stamped images. In all panels the arrows denote direction of
particle motion and green delineates the location of the barrier.

Figure 5. (A) (i) Alignment of a gold nanowire to an immobilized silver nanowire guide. (ii−v) Time-stamped images of the alignment process. (B)
(i) Silver nanowire rotation using a second immobilized silver nanowire barrier. (ii−v) Time-stamped images of the rotation. In all panels, the arrows
denote direction of ﬂuid ﬂow and object rotation and green delineates the location of the immobilized nanowire.

rotation of a 1 μm long gold nanowire about a similar pivot. We
can also create pivots as needed with UV polymerization, as
shown in row C. We create a pivot using a 1.5 s exposure of a
375 nm laser (25 W/cm2) focused to a target location (shown
by the green crosshairs), which polymerizes a region of ﬂuid on
the surface that is invisible to the camera (panels iv,v). The
silver nanowire rotates around this fabricated pivot as shown in
frames iii and iv. These polymer pivots can be created anywhere
within the device to aid in the manipulation of nanostructures.
We can directly rotate a nanowire without using obstructions
by partially immobilizing one of its ends. Figure 3A is a
sequence of images that demonstrate this process. First, we
position one end of a silver nanowire to the location of the UV
focal point (indicated by the green crosshair). A 0.5 s UV
exposure (intensity of 90 mW/cm2) loosely aﬃxes the
nanowire to the surface by partially polymerizing the
surrounding ﬂuid. The aﬃxed end acts as a pivot about
which the nanowire rotates. A subsequent UV exposure at the
second wire end permanently immobilizes the wire in place at
the desired orientation (see Supporting Information Video
si_007). An aﬃxed end allows for 360° rotation of a wire, as
shown in Figure 3B (see Supporting Information Video
si_008).

In addition to its centroid position, we also need to control
the orientation of the nanowire. Optical36 and magnetic37 ﬁelds
can rotate nanostructures to desired angles, but the applied
torque depends on the nanostructure’s polarizability or
magnetization, respectively. Flow control can rotate nanostructures independently of their material properties by taking
advantage of shear ﬂows.28 However, this type of manipulation
requires a more complex control algorithm and has only been
demonstrated previously for wires with lengths exceeding 10
μm. Here we use ﬂow control in combination with immobilized
nanostructures that serve as pivots for orienting wires. This
approach takes advantage of the conﬁnement of nanostructures
to a thin ﬂuid layer near the device surface (Figure 1B). Our
method requires only a simple control algorithm, and can
control the orientation of wires as short as 1 μm.
Nanostructures are ﬁrst deposited onto the device surface
and they immobilize before the channels are ﬁlled with ﬂuid.
Figure 2 shows several image sequences that demonstrate the
rotation of a gold or silver nanowire using an immobilized pivot
(see Supporting Information Videos si_004, si_005, and
si_006). We rotate the wire by pressing one of its ends against
the pivot and applying a perpendicular ﬂow. In row A, a silver
nanowire (3 μm long) rotates about a pivot composed of a
silver nanoparticle (indicated by a dashed circle). Row B shows
3939
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Figure 6. Optical images of silver nanowire nanoassemblies constructed using diﬀerent combinations of techniques from our fabrication toolbox.

By aﬃxing the end of the silver nanowire we can achieve
precise control of its orientation using feedback. The angle of
the silver nanowire is measured by performing a least-squares ﬁt
of the image to a line.28 This information is fed back to the
controller that continually adjusts ﬂow to hold the wire
orientation at the desired angle. We quantify the orientational
precision by monitoring the angle of a wire held by feedback for
1 min. The angular standard deviation, correcting for
ﬂuctuations in the tracking algorithm, was measured to be σθ
= 0.4° (see Supporting Information).
To determine the precision with which we can immobilize,
we repeat the full procedure illustrated in Figure 3A for 15
silver nanowires. For each nanowire, we immobilize one end,
rotate the wire to N−S orientation, and then immobilize the
second end. We measure the ﬁnal orientation of all 15 wires
and calculate the diﬀerences in angle from the desired
orientation. The measured diﬀerences have a standard deviation
of 0.53°. This standard deviation is close to the measured
precision of the control algorithm, which suggests that the
immobilization step contributes only a small additional error.
Immobilized nanowires can further enhance manipulation by
acting as barriers to separate, combine, and orient moving
nanostructures. Figure 4 shows how an immobilized silver
nanowire can be used to separate and combine quantum dots
(see Supporting Information Videos si_009 and si_010). The
silver nanowire and quantum dots are imaged simultaneously
using a combination of white light and 532 nm excitation.
Figure 4A shows two quantum dots being separated using an
immobilized silver nanowire (delineated in green) as a barrier.
The ﬁgure shows a sequence of time-stamped images, along
with an illustration of the approach. Separation uses the end of
the nanowire to wedge one quantum dot (circled in blue) apart
from the second (circled in red). Figure 4B shows the reverse
process, in which we combine two quantum dots by pushing
them against a common nanowire barrier. Once combined, the
quantum dots can be steered together and positioned to a
desired location. These same approaches can be applied to
other types of nanostructures.
Figure 5 demonstrates nanostructure orientation using silver
nanowire guides and barriers. In Figure 5A, ﬂow is used to align
a gold nanowire with a silver nanowire (see Supporting
Information Video si_011 and si_012). The silver nanowire
serves as a guide to orient the gold nanowire in the parallel
direction. Once together, the silver nanowire guides the gold
nanowire along its surface (panels iv−v). Immobilized
nanowires can also orient mobile nanowires at various relative
angles. Figure 5B demonstrates orientation of one silver
nanowire using a second immobilized silver nanowire as a
barrier. We create a component of the ﬂuid ﬂow normal to the
barrier to exert a force that holds one end of the mobile silver
nanowire in place by static friction. A parallel ﬂow component

rotates it in either direction. Static friction provides ample
footing for rotation angles as large as 40° to normal.
As a ﬁnal demonstration, we use a combination of the
techniques from our toolbox to fabricate nanoassemblies from
individual silver nanowires, as shown in Figure 6. For each
structure, we ﬁrst immobilize a nanowire either along the E−W
direction (panels A and D) or N−S direction (panels B, C, and
E) using the technique outlined in Figure 3A. We assemble the
subsequent nanowires in panels A−D by ﬁrst coarsely orienting
and placing them near the correct location (the technique in
Figure 2, but using the immobilized nanowire ends as pivots).
We then achieve ﬁner orientation by tacking down one end of
the nanowire and rotating the other. Once oriented, we
immobilize the second nanowire end. The nanoassembly
pictured in Figure 6E uses the technique shown in Figure 5B
to orient a second nanowire perpendicular to the ﬁrst. We
orient subsequent nanowires using the “v”-shaped footholds
created by the ﬁrst two and immobilize them with UV. (See
Supporting Information Video si_013 for the assembly in
Figure 6E.) Additionally, when required, we use immobilized
barriers to separate unwanted nanowires from a desired
nanowire (using the technique described in Figure 4A) to
perform assembly with these isolated nanostructures.
In conclusion, we have demonstrated a microﬂuidic approach
for creating nanoassemblies on chip with nanoscale precision.
We used ﬂow control and an engineered photoresist to position
and immobilize a variety of individual nanostructures on a 2D
surface. We created a variety of nanoassemblies using
combinations of these various capabilities. The ability to
assemble metallic nanowires and quantum dots could ﬁnd
application for developing subwavelength interferometers3 and
resonators,38 single-photon sources,39 and nonlinear quantum
devices.6 Although this work focused on manipulation of
nanophotonic structures, ﬂow control can be used to
manipulate a much broader spectrum of objects that include
cells, magnetic nanoparticles, and molecules, using a single
manipulation platform. Our results could therefore ﬁnd
applications in the study of interacting optical, biological,
chemical, and magnetic systems and potentially provide new
methods to bridge the gap between these various ﬁelds.
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