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Invited Paper

Rational design of light-controllable microrobots

Ada-loana Bunea*, Einstom L. Engay, Manto Chouliara, Andrew R. Baias, Jesper Gliickstad
DTU Fotonik, Dept. of Photonics Engineering, Technical University of Denmark,
DK-2800, Kgs. Lyngby, Denmark

ABSTRACT

Light Robotics is one of the newest progenies of the robotics family, bringing together advances in microfabrication and
optical manipulation with intelligent control ideas from robotics and Fourier optics. The development of light-
controllable microrobots capable of performing specific tasks at the microscale requires the ability to sculpt the two
protagonists of the story: the light and the microrobots. Complex light sculpting for optical trapping has been in focus for
over three decades, and its importance for controlling microscopic objects is well understood. Designing intricate
microrobots for the task is a more recent development facilitated by state-of-the-art microfabrication techniques, and
particularly by two-photon polymerization. The full 3D design freedom offered by two-photon polymerization opens the
door for imagination, while at the same time bringing the responsibility of rationally designing microrobots tailored to
specific tasks. In addition to shape and topology features, the surface chemistry of the microrobots can also help steer
them towards specific applications. This paper will discuss strategies for the design and fabrication of light-controllable
microrobots as a toolbox for biomedical applications.

Keywords: Light Robotics, microrobots, two-photon polymerization, optical manipulation, GPC, surface modification

1. INTRODUCTION

Recent technological advancements in micro-and nanofabrication have facilitated the development of micro- and
nanorobots with various designs, control mechanisms and purposes. Despite existing technological challenges, mobile
micro- and nanorobots have already shown great potential for a wide range of applications, especially in the biomedical
field'™. However, the gap between proof-of-concept laboratory experiments and real-life applications is rather large.
Thus, further testing and optimization is required before micro- and nanorobots could become able to carry out a variety
of tasks at the microscale and particularly in the human body. Rational design of the next generation of micro- and
nanorobots in relation to a specific application should help further progress in the field at an accelerated rate.

1.1 Control modalities for microrobots

The motion of micro- and nanorobots can be induced with the aid of microorganisms*’, or through several physical and
chemical mechanisms, which give the user variable degrees of freedom for their control.

Self-propulsion of small objects fueled by the catalytic decomposition of hydrogen peroxide was first reported in 2002°.
This lead to the development of different chemically-propelled micro- and nanomotors’ "’ that move through mechanisms
such as bubble propulsion, self-electrophoresis or self-diffusiophoresis. Since hydrogen peroxide is a rather toxic
compound, alternative fuel sources have been investigated, and enzyme-based nanomotors seem to show the most
promise'®. Chemically propelled micro-and nanomotors have been employed for different biomedical and environmental
applications'' such as biosensing'?, water purification'> or as synthetic repair systems'*. However, these chemically
powered microrobots are autonomous rather than controllable by a user.

In addition to bacteria-aided and chemical propulsion, several physical control mechanisms have been employed for
micro- and nanorobots, such as magnetic'>'®, electrostatic'”'®, thermal'®*" and optical*'**. Physical control mechanisms
offer rather precise control over the motion of the microscopic tools. Figure 1 shows a schematic representation of the
most commonly used control modalities for micro- and nanorobots.
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Figure 1. Most common motion-inducing control modalities for micro- and nanorobots.

1.2 Light as the actuator for microrobots

The use of light as actuator comes with its advantages and disadvantages. Energy transfer between the light source and
the microrobots is done without physical contact. Additionally, light can travel over extended distances in the absence of
absorbent or scattering materials. Thus, light actuation is minimally invasive for both the microrobots and their
surroundings, which is particularly interesting for biomedical applications. However, when it comes to using light as
actuator in biological samples, things become complicated due to the optical properties of the environment. Advanced
light-shaping methods might be able to overcome the challenges of optical actuation in biological samples’.

The properties of light, such as energy, polarization, pulse duration or illumination direction, can be adjusted in real time
and enable the motion control or triggering specific functions of the microrobots®. Different methods, both direct and
indirect, can be employed for actuating microrobots using light. Phototactic control of microstructures with the aid of
flagellated bacteria was achieved using UV light”. Alternatively, light-responsive materials, such as liquid crystalline
polymers, hydrogels or elastomers, can be used for fabricating microrobots, which then exhibit specific responses to light
stimuli through e.g. shape changes®. Direct control of microrobots using light can also be achieved through optical
trapping using highly-focused laser beams®'.

1.3 Optical trapping and manipulation using Generalized Phase Contrast

Generalized Phase Contrast (GPC) is a photon-efficient phase-only light shaping technique***’. GPC-based light shaping
allows simultaneous optical trapping and 3D-manipulation of up to tens of particles’. Compared to standard optical
tweezers, which make use of high numerical aperture (NA) objectives, GPC makes use of low NA objectives. This
increases the operating volume for optical trapping and manipulation and facilitates the incorporation of side-view into
the system, which we employ in our Biophotonics Workstation?’. Combining top- and side-view imaging facilitates
better monitoring and control of the microrobot motion and therefore more precise actuation.

This paper will focus on discussing strategies for the design, fabrication and functionalization of 3D-printed microrobots
that allow optical trapping and manipulation.

*adabu@fotonik.dtu.dk; phone +45 45 25 66 33; www.ppo.dk
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2. TWO-PHOTON POLYMERIZATION AS RAPID PROTOTYPING TECHNIQUE

2.1 Rapid prototyping techniques

In the past three decades, microfabrication techniques have experienced rapid growth due to the increasing need for
miniaturized components in IT, biomedicine, transport industry or telecommunications®. Among 3D micro-additive
manufacturing techniques, several classifications exist, according to e.g. the method employed, the process “dimension”,
or the materials®.

Rapid prototyping techniques rely on transforming data from computer-aided design (CAD) drawings into 3D objects
that reproduce the 3D design™. This is achieved by first digitally slicing the 3D design, followed by the transformation
of each 2D layer into a voxel matrix and layer-by-layer fabrication. Stereolithography was developed in the early
1980s’'* and became the first commercially available rapid prototyping technique in 1986, from the 3D Systems
Corporation™. Although rapid prototyping techniques were established mainly for product development, their use has
recently extended to rapid manufacturing of small series of products at industrial level.

Classic rapid prototyping techniques have a maximum resolution of several micrometers®. The only rapid prototyping
technique that is able to achieve a resolution beyond the diffraction limit is two-photon polymerization (2PP), which
enables the fabrication of features as small as 100 nm**>’. 2PP is the highest resolution available rapid prototyping
technique, but this comes at the price of increased fabrication times™®.

2.2 Two-photon polymerization: the basics

In 2PP, a near-infrared (NIR) highly-focused femtosecond-pulsed laser beam is scanned with high spatial accuracy in a
liquid photoresist transparent in NIR which contains two-photon absorption (2PA) chromophores and suitable
photoinitiators®®. Excitation of the 2PA chromophores makes them emit fluorescent light in the UV-Vis range, which
leads to the excitation of the photoinitiator and the generation of radicals that further react with nearby monomers and
oligomers, leading to their crosslinking®.

The laser beam is scanned in the xy-plane using either the raster scanning or the contour scanning method to generate a
solid photoresist layer. Subsequently, the following layers are fabricated in a similar manner after translating the beam
focus along the z-axis with the aid of the piezoelectric stage. After printing, the 3D structures obtained are developed in a
suitable solvent, which selectively removes the uncrosslinked photoresist. A schematic of 2PP is shown in Figure 2.

1: 3D-Printing
3D structure
< Printed voxel #
Liquid pk i 2:
(uncured) «— Solid structure
{cured polymer)}

Glass substrate

Figure 2. Schematic representation of 3D printing using two-photon polymerization.

For maximizing resolution while maintaining the integrity of the 3D printed structures, the printing parameters need to
be optimized. The choice of monomer, photoinitiator and 2PA chromophore influences the maximum resolution
achievable. For a given photoresist formulation, the laser power, the slicing and hatching distances and the stage
translation parameters will determine the resolution of the printed structures.
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2.3 Two-photon polymerization in our laboratory

Using a rapid prototyping technique facilitates fast design and fabrication iterations, which is essential for optimizing the
design of our microrobots. We employ a Nanoscribe Photonic Professional GT system (Nanoscribe GmbH, Germany)
for 2PP-based 3D-printing. As polymer precursor, we use Nanoscribe IPL-80, a commercial acrylic-based photoresist.

For printing, we fix the power scaling to correspond to 16 mW average power at the aperture objective and we set the
slicing and hatching distances to 200 nm and the stage velocity to 200 um-s” (optimized values). After printing, we
develop the structures by immersing the substrate in isopropanol for 20 min to ensure the removal of uncrosslinked
photoresist. With these parameters, we achieve a resolution of approximately 200 nm, as determined from scanning
electron microscopy (SEM) images (Figure 3), in good agreement with the producer specifications for the system.

Figure 3. Scanning electron microscopy image of a disk-tip microrobot fabricated using two-photon polymerization. (b) shows a
zoom-in of the tip feature. The print lines are clearly visible and thus allow an estimation of the printing resolution.

3. DESIGN OF LIGHT-CONTROLLABLE MICROROBOTS

3.1 General considerations

Sculpting the object is of particular importance for developing microrobots tailored to specific tasks at the microscale®.
Including spherical “wheels” or “handles” as part of the microrobot design facilitates optical trapping in the Mie regime
when the size of the trapped spheres is significantly larger than the wavelength of the trapping beam®’. The size and
number of such “handles” are two of the design parameters to be taken into account in the design. In addition to the
“handles”, different features can be included into the microrobot design to enable the microbot to perform a variety of
tasks at the microscale. Figure 4 shows examples of microrobot designs that allow optical trapping and manipulation.

Figure 4. Sample designs of light-controllable microrobots. (a) was employed for generating a natural convection flow in a
closed microfluidic channel*', while (b) was used as support structure for maneuvering polystyrene microspheres*.
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3.2 Microrobot designs from our laboratory

Our research group has been working on multiple microrobot designs for different applications®. For example, including
a relatively large disk as part of the design can allow the microrobot to push and align microscopic structures that cannot
be directly manipulated using light. With the aid of off-resonant plasmonic heating of a gold-coated disk, micromixing
can be enhanced in closed microchannels*'. Including a sharp tip as part of the microrobot can facilitate local mechanical
perturbation of biological samples such as mucus, lipid bilayers or even cell membranes, which should enable bursting
open a bacteria cell or perforating plant cell walls. By designing a hollow microrobot that can be heated we introduced a
syringe function for suctioning small particles from its immediate proximity and delivering the particles to a different
location®'. We have also reported wave-guided optical waveguides that have potential as single-cell tip-enhanced Raman
scattering probes***. All these applications were made possible by the rational design of the microtools in relation to the
target application. Countless other tasks at the microscale can be identified, and specialized microrobots can be tailored
to these tasks. Together, these microrobot designs form a rapidly-growing toolbox for biomedical applications which
might help shape the future of research.

4. SURFACE FUNCTIONALIZATION OF THE MICROROBOTS

The surface chemistry properties of the microrobots can be tailored in various ways to add extra functionality. The
polymer precursor determines the surface chemistry immediately after printing. Additional fabrication steps can be
included in order to modify either the entire surface or target areas of the microrobots. The following subsections will
discuss some of the possible approaches to fabricate microrobots with specific surface properties.

4.1 The choice of photoresist

A with range of both positive and negative photoresists can be employed for 2PP, with negative photoresists being the
most common®*’. Acrylic-based photoresists developed in-house*® or commercially-available*’, as well as SU-8", an
epoxy-based negative photoresist, are widely used in photolithography, including 2PP. Various other biocompatible
materials, such as Ormocer®, metal-sol-gel composites, bovine serum albumin, collagen, gelatin, fibrinogen and
biodegradable polycaprolactone-based or polyethylene glycol polymers, have been successfully 3D-printed using 2PP*°.

The choice of photoresist influences the maximum resolution of the fabrication process’' and the mechanical properties
of the obtained structures*, while also determining the chemical surface properties of the printed objects, such as
wettability and the presence of surface functional groups. The use of biocompatible materials ensures that the printed
structures can be employed for biomedical applications.

4.2 Thin film coatings

One relatively simple manner to change the surface chemistry of 3D-printed structures is through coating. This can be
achieved using a variety of materials via e.g. different thin film deposition techniques. Physical vapor deposition (PVD)
and chemical vapor deposition (CVD) techniques are commonly employed to achieve coating thicknesses from atomic
level to several tens of micrometers’>>. For selective coating of target areas of the microrobots, a mask can be 3D-
printed on top of the microrobot structures to selectively expose the areas of interest for coating®'.

For improved optical trapping and manipulation, antireflection coatings can be employed to achieve higher trapping
forces by reducing the scattering forces® . This facilitates the stable trapping of high refractive-index structures or the
use of lower numerical aperture objectives.

Nanostructured gold coatings can be used to trigger localized heating upon illumination via resonant or off-resonant
plasmonic effects. Additionally, including a gold layer as part of the microrobot structure allows further
functionalization, which will be discussed in the following subsection.

4.3 Immobilization of (bio)molecules

Covalent binding of (bio)molecules on the microrobots’ surface can be achieved through chemical reactions between
reactive functional groups through well established methods that make use of various coupling reagents’"*. Introducing
carboxyl or amino functional groups on the microrobots’ surface facilitates the immobilization of a wide range of
molecules, from relatively small fluorescent dyes to large proteins. Some approaches for surface functionalization are
briefly discussed in the following subsections and schematically shown in Figure 5.
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4.3.1. Plasma treatment. Plasma treatment of polymer surfaces can be performed in vacuum, in the presence of pure
gases (e.g. oxygen, nitrogen, ammonia, carbon dioxide, water vapor or noble gases) or in the presence of gaseous
mixtures (e.g. air)”. Depending on the atmosphere, power and duration, plasma treatment can lead to different changes
in the treated polymer surfaces®. Mild plasma treatment is often used for surface cleaning, as it efficiently removes
organic surface contaminants. Stronger plasma treatment is used for surface etching, either to ensure the removal of thin
residual photoresist layers or to increase surface roughness. Surface deposition of siloxanes through plasma treatment
was also reported®’.

Plasma treatment leads to surface chemistry and surface energy changes. This facilitates control over the wettability and
adhesion properties of the surface. Furthermore, the use of plasma treatment in an atmosphere containing heteroatoms
such as nitrogen or oxygen leads to the introduction of functional groups on the surface, such as amino, carboxyl,
carbonyl or hydroxyl. However, plasma treatment effects are transitory, so thorough characterization of the surface is
essential before performing additional modification steps. X-ray photoelectron spectroscopy (XPS) is the most
commonly used technique to investigate plasma treated surfaces and confirm the presence of functional groups.

4.3.2. Photolinker-mediated immobilization. Photoactivatable heterobifunctional crosslinkers (photolinkers) can be
employed to attach biomolecules on polymeric surfaces®. Due to the light-dependent nature of functionalization with
photolinker molecules, a pattern can be defined on the surface in similar manner to photolithographic patterning of
polymers®. Compared to plasma treatment, the use of photolinkers offers improved control over the density and
distribution of functional groups on the surface.

4.3.3. Self-assembly of thiols. Alkanethiols, compounds with the general chemical structure HS(CH,),X, can self-
assemble from solution onto clean gold surfaces, due to the predilection of the sulfur atom for gold®. The self-assembled
monolayers (SAMs) formed are densely packed, well ordered, and with the functional group X exposed at the SAM-air
or SAM-liquid interface. The properties of the modified surface can be tailored by varying the chain length of the thiol,
n, or the functional group X®. To allow further modification of the surface, amino or carboxyl terminal groups are
commonly used. Furthermore, mixed SAMs can be generated by using a solution containing a mixture of thiols. Mixed
SAMs can facilitate the immobilization of two different molecules in a subsequent surface modification step.
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Figure 5. Approaches for introducing functional groups on the microrobot surface: a) plasma treatment; b) UV-assisted
grafting of anthraquinone amine photolinkers; c) self-assembly of thiols on gold-coated substrates.

5. CONCLUSIONS

Recent advances in the fabrication and actuation of micro- and nanorobots allow them to perform a variety of tasks at the
microscale. Among these tools, light-controlled robots are particularly interesting for biomedical research due to the non-
invasive nature of light as the actuator. Rational design of light-controllable microrobots for specific tasks requires
careful consideration of their shape, size, and surface properties. Combining existing knowledge from microfabrication,
polymer chemistry and surface engineering creates limitless design possibilities, which need to be intelligently exploited
in order to achieve the best outcome regarding a given task.
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We believe that an interdisciplinary approach combining expertise from micro- and nano-engineering, photonics,
chemistry and robotics is needed in order to develop the next generation of light-controlled microrobots and enhance the
abilities of such tools.
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