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ABSTRACT
Optical tweezers are a powerful platform for nano- and micro-assembly, as they provide a non-contact and
biologically friendly method for the three-dimensional manipulation of objects over a range of sizes and of
varying material properties. Three-dimensional micro- and nano-scale structures that are composed of multiple
materials often achieve improved performance over single-material designs. In the case of optical devices, the
inclusion of both metallic and dielectric media allows for the possibility of achieving functionality which is
otherwise inaccessible. Although there are many methods for fabricating small-scale three-dimensional optical
devices, the majority of these approaches only deal with a single material or type of material. Thus, in order to
create structures that consist of multiple materials, it is typically necessary to use a combination of methods over
the course of several steps. Here we show that optical tweezers are a promising technology for the assembly of
heterogeneous optical structures in a single process. We demonstrate our approach by fabricating structures using
core-shell nanoparticles with metallic shells and dielectric cores as building blocks. To the best of our knowledge,
these structures represent the first nanoscale, multi-material devices built using the optical tweezer platform.
Furthermore, we discuss several relevant metrics regarding the assembly process such as object translation speeds,
placement accuracy, and overall rates of fabrication. Currently, we have achieved lateral speeds up to 0.2 mm/s
and placement repeatability down to 50 nm. We suggest future applications of this fabrication method and
discuss the next steps in its evolution.
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1. INTRODUCTION
Three dimensional (3D) fabrication is a fast-growing field in which scientists have used a diverse array of approaches to realize nano- and micro-scale structures. Among these techniques, the most common include twophoton lithography (TPL), direct ink writing (DIW), and self-assembly (SA).1–5 TPL has excellent advantages
in printing speed and resolution, typically achieving millimeter per second scan speeds and sub-100 nm feature
size.6 However, TPL is inherently material-limited as the physical process can only take place in polymer resins.
It is possible to incorporate other materials, but this typically requires one or more additional processing steps
using other techniques, offsetting the speed and efficiency of the original approach. In the case of DIW, a variety
of inks can be prepared so long as the necessary rheologic conditions of DIW are met, as has been demonstrated
for materials ranging from semiconductor quantum dots to conductive polymers.7 While this permits the fabrication of multimaterial structures using a single processing method, resolution is generally restricted to several
hundred nanometers.2 For SA, there is no inherent limit placed on building block size, as self-assembly can
be performed on the atomic or molecular levels.5 In addition, SA can use diverse materials ranging from plasmonic particles8, 9 to liquid polymers.10 Self-assembly, however, is typically limited to structures of close-packed
building blocks, often in a periodic design. In order to simultaneously achieve resolution better than 100 nm,
multimaterial capability, and arbitrary 3D placement of building blocks, we employ an optical tweezers (OT)
based assembly approach.
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The modern optical tweezers were first experimentally realized by Ashkin in 1986.11 In the decades since,
OT have been extensively used in the precise measurement and observation of biomechanical forces and displacements.12 A smaller proportion of researchers have investigated optical tweezers as a platform for 3D assembly,
but these studies are primarily restricted to using large micron-sized dielectric objects as building blocks.13–19
In contrast, we aim to implement optical tweezers as an assembly platform for 3D micro- and nano-structures
consisting of nanoscale building blocks with diverse material properties. We characterize key metrics of our
system including lateral transport speeds and positional repeatability. Finally, we exhibit a simple structure
built from gold-shelled nanoparticles20 to demonstrate the potential of this platform.

2. MATERIALS AND METHODS
2.1 Optical Assembly
The critical components used in the optical tweezers setup for this study include a 1064 nanometer 30 Watt
Nd:YAG fiber laser (Spectra-Physics VGEN-C-30) and near-infrared 100×/NA1.1 water-immersion objective
(Nikon, MRL07920). In order to achieve relative motion between the optically trapped object and the assembly
chamber, we use a 3-axis slip-stick stage (SmarAct, SLC-1740) in conjunction with a microscope objective
nanopositioner (Piezoconcept, FOC100) which provides 100 µm of smooth motion along the z-axis. A halogen
lamp (Amscope, HL250-A) is used to illuminate the sample chamber and a CMOS camera (IDS, UI-3480LE-MGL) is used to image the assembly process.

Figure 1. Left: Image of the optical tweezers system with laser beam path indicated in red and white light illumination
path indicated in yellow. The trapping laser has λ = 1064nm and is focused into the sample chamber with the 100×
objective lens. The white light is arranged in the Kohler illumination setup in order to provide uniform illumination to
the sample while ensuring the source does not focus in the imaging system focal plane. Right: Optical tweezers custom
user interface written in National Instruments’ LabVIEW. The interface allows the user to control the major components
of the system and provides the ability to manually or semi-automatically assemble desired structures.

The assembly chamber consists of three layers which provide a sealed environment for the assembly process.
The base layer of the sample chamber is a standard glass microscope slide with drilled holes that serve as inlets
for the various building block solutions used in structure assembly. The second layer is a thin polycarbonate film
(∼150 µm) that is laser-cut to the desired geometry and the third layer is a 50 µm triple-zero glass coverslip.
The interface between layers is filled with low viscosity ultraviolet curable adhesive which is cured to form a
stable, sealed chamber. The microscope slide also serves as the substrate for the assembly and is functionalized
with a biotinylated silane, thereby providing a layer to which avidin-coated particles can bind.
The various building blocks are introduced to the assembly chamber at isolated inlet ports to prevent mixing
or binding of the different objects. The building blocks are carefully flowed into the chamber using a syringe pump
and microfluidic tubing system, after which the inlet holes are sealed using a flat thin layer of polydimethylsiloxane
(PDMS) film. In this study, we use three distinct types of objects for the assembly process, two of which are
used in the structure assembly and one of which is used in the stage calibration procedure. The two objects
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Figure 2. Left: Collapsed top view (top) and exploded perspective view (bottom) of the chamber used for optical tweezers
assembly. The bottom layer is a glass microscope slide, the middle two layers are laser-cut polycarbonate films, and the
top-most layer is a No. 000 glass coverslip. Right: Illustration of the avidin-biotin binding complex. Individual objects
are coated with either avidin (NeutrAvidin), shown in blue, or biotin, shown in green, and bind specifically when they
come into contact. We also functionalize our glass substrate with biotin, which allows us to build up 3D structures by
alternating objects with avidin and biotin coatings.

used in the structure are biotin-coated nanoshells and NeutrAvidin-coated europium chelate nanospheres. The
nanoshells (Nanocomposix, BioReady) and europium chelate nanosphere (Bangs Laboratories, FCEU003) are
obtained commercially with carboxylate coatings and the desired functionalizations are performed using standard
carbodiimide coupling protocols. The final object used for the calibration procedure is a commercially obtained
1 µm diameter polystyrene sphere with streptavidin coating (Bangs Laboratories, CP01004).
The calibration procedure uses a fixed 1 µm sphere on the chamber surface to overcome any errors in the
accuracy of the positioning system due to factors such as stage repeatability and system vibrations. Prior to
the start of the assembly process, the calibration bead is placed on the surface and an initial reference position
is defined. The calibration is repeated preceding each object placement and the global coordinate system is
updated appropriately if there is any deviation between the current and reference calibration results. The
calibration process performs an axial scan of the calibration bead for z-axis positioning information and uses a
cross-correlation in the lateral plane to establish x- and y-axis positional changes.

2.2 Translation Speeds
The lateral translation speeds of various objects are visually assessed by monitoring trap stability at increasing
stage velocity over the course of several trials. We performed this experiment for a variety of objects that
included 100 nm diameter spheres of gold and silver (NanoComposix, NanoXact) and polystyrene spheres of
160 nm diameter (Bangs Laboratories, PS02006), 500 nm diameter (Bangs Laboratories, CFDG003), 1000 nm
diameter (Bangs Laboratories, CP01004), 2000 nm diameter (Bangs Laboratories, PS05001), and 5000 nm
diameter (Magsphere, PS005UM).21 We quantified maximum trapping speed as a function of laser power by
finding the fastest speed for which the object remained in the optical trap for at least 80% of trials, for a
minimum of 5 trials. The polystyrene spheres are translated a distance of 1 mm at peak velocity, while the
metallic nanospheres are translated a distance of 0.1 mm at peak velocity.
We compare our experimental results to theoretical calculations performed using both the dipole approximation and the T-matrix method.21, 22 We use the dipole, or Rayleigh, approximation to calculate optical forces for
the nanoparticles in our study, while using the T-matrix method to calculate optical forces for the larger dielectric spheres to which the dipole approximation no longer applies. In order to predict the maximum translation
speeds, we must balance the optical forces with the frictional forces exerted on the object as it travels through
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the liquid medium. As we are in the laminar flow regime, we can calculate frictional forces, Fdrag , using Stokes’
Law:
Fdrag = 6πηav

(1)

where η is the dynamic viscosity of the surrounding medium, a is the object radius, and v is the object velocity.
In the low trapping power regime where any heating effects are negligible, we know that the optical force is
proportional to trapping power and hence, the maximum object speed must also be proportional to power.
Therefore, we expect a linear relationship between laser power and maximum translation speed at low powers.

2.3 System Repeatability
The lateral positional repeatability of the assembly process is determined by assembling grids of streptavidin
functionalized 1 µm polystyrene spheres on a biotinylated glass substrate. The grid is designed with center-tocenter spacing of 3 µm and contains 9 spheres in a 3×3 pattern. In order to quantify the positioning accuracy,
we find the sphere center positions and optimize an overlaying grid of points to coincide with the true positions.
This optimization process allows us to account for variations in the magnification and in-plane rotation angle of
the experimentally built grid, which are highly sensitive to the properties of the imaging system. The positioning
accuracy is then calculated as the mean square error, σM SE , of the sphere locations relative to the optimized
grid point locations:

σM SE

v
uN
uX
= t [(xei − xoi )2 + (yie − yio )2 ]

(2)

i

where (xei , yie ) are the experimental coordinates of the ith sphere and (xoi , yio ) are the corresponding coordinates
of the optimized grid.

3. RESULTS AND DISCUSSION
3.1 System Metrics
We characterize both the object assembly speed and placement repeatability for our system, as shown in Fig.
3. We first investigated maximum object trapping speeds at low powers in order to verify the expected linear
behavior of the relationship between speed and power. Figure 3c shows how our linear results compare with
the theoretical calculations outlined in Sec. 2.2, by plotting the power-normalized velocities, or equivalently
the slopes of the experimental data. The theoretical curves are scaled by a common fitting factor of 4.2 (95%
confidence interval [2.8, 5.7]) which is attributed to various factors such as optical system alignment, laser power
fluctuations, and thermal effects. It is important to note that the theory curves for the metallic objects cut off
around particle diameters of 200 nm, as we only consider objects which are stably trapped in three dimensions
in the optical tweezers. We also note the greater discrepancy between theory and experiment for the metallic
nanoparticles, which we attribute to physical properties of the objects, such as non-spherical shape and surface
roughness.
Figure 3d shows the experimentally measured trapping speeds over a larger range of powers, extending beyond
the low power linear region. In the case of the larger polystyrene microspheres, maximum trapping speeds are
limited by the increasing vibrations associated with our 3-axis stage, restricting maximum speeds to around 220
µm/s. For the nanospheres, however, we reach a fundamental limit due to thermal effects. The 100 nm diameter
silver spheres, for example, show a reduction in slope at powers above around 70 mW, indicating a transition to
a region where the higher power negatively impacts trap stability, and hence reduces maximum trapping speeds.
At powers above ∼135 mW, the silver spheres can no longer be stably trapped at all, so no trapping speed can
be recorded. This laser power coincides nicely with theoretical calculations which indicate that particle surface
temperature reaches water vaporization point at this level of power.21 We note that our original calculations
for the metallic particles erroneously included an effective volume term,23 which we have omitted in this article
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Figure 3. a.) Low power optical trapping of polystyrene microspheres. b.) Low power trapping of metal and dielectric
nanospheres. c.) Power-normalized maximum velocities of all objects compared to scaled theoretical calculations. Error
bars signify 95% confidence intervals on the fitted parameters to the slopes of the experimental data. d.) Trapping speeds
of selected objects over a larger range of powers, demonstrating the fundamental limits on nanoparticle manipulation
speeds due to heating at higher powers. e.) Assembled grid of 1 µm polystyrene microspheres and overlayed optimized
grid of points designated by red x’s. Plots a.)-d.) adapted from Ref.21

and our current calculations. Overall, we are able to attain lateral translation speeds of ∼150 µm/s for 100 nm
spheres of gold and silver and ∼170 µm/s for 160 nm polystyrene spheres.
Figure 3e shows a 3×3 grid of 1 µm streptavidin-functionalized polystyrene spheres assembled on a biotinylated glass substrate. The image is taken in the optical tweezers system and analyzed in MATLAB to determine
the mean positional error of the assembled objects. The red x’s indicate the positions of an ideal grid with
uniform spacing that has been optimized to fit the experimentally assembled grid. For the grid shown, the
mean positional error is calculated to be approximately 50 nm. We use a biotinylated silane to functionalize the
glass surface, and find that lower molecular weights tend to reduce positional errors. Furthermore, we find that
the adoption of a calibration procedure also reduces positional errors, implying that the stage and mechanical
mounting of the sample must lead to accumulating positional errors over time.
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Figure 4. Left: Illustration of the assembled structure (top) with larger blue sphere corresponding to a 300 nm diameter europium chelate nanoparticle and smaller gold spheres corresponding to gold-shell/silica-core nanoparticles. The
europium chelate is coated with Neutravidin and the nanoshells are coated with biotin. Time-domain EM simulation in
CST Microwave Studios (bottom) shows that the presence of the nanoshells leads to field enhancement in the europium
chelate sphere. The structure is illuminated with a plane wave with frequency 600 THz traveling along z with linear
polarization along x. Right: Image of the assembled structure taken in the optical tweezers setup at 100× magnification
(top) and image of single europium chelate particle in the optical tweezers setup (bottom).

3.2 Structure Assembly
We assemble a simple structure of gold-shell/silica-core nanoparticles using our optical tweezers assembly setup.
Figure 4 shows a representative structure and the corresponding structure built in the optical tweezers, which
consists of a 300 nm diameter europium chelate nanoparticle with gold nanoshells bound on either side. Such a
structure can be used to enhance the fluorescence of the europium chelate spheres due to the increased electric
field magnitude resulting from the presence of the metallic nanoshells. We simulated this structure using CST
Microwave Studios at a frequency of 600 THz and found ∼ 10% field enhancement within the europium chelate
nanosphere.

4. CONCLUSIONS
Optical tweezers present a viable method for the assembly of 3D nano- and micro-structures consisting of multiple
materials. We demonstrate that our assembly platform can reach speeds of ∼150 µm/s for 100 nm metallic
nanospheres and achieve placement accuracy of sub-50 nm for 1 µm polystyrene spheres. Finally, we fabricate a
simple structure consisting of gold nanoshells to exhibit the potential of this approach.
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