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Abstract: The advancement of micro-robotics in recent years has permitted a vast field of active
research and application in the biomedical sector. Latest developments in microrobotics point to
some ground-breaking work using light for manufacturing as well as actuation. Optical manipulation
in three-dimensional space for living biological cells in a minimally invasive manner is crucial for
different biomedical applications. This article attempts to provide an overview of the accomplish-
ments and future possibilities of light-powered microbots. An overview of the feasibility of different
fabrication techniques and control modalities is compared, along with prospective applications
and design considerations of light-powered microbots. A variety of challenges that still prohibit
polymeric light-powered microbots from attaining their full potential are pointed out, and viable
ways to overcome such challenges are proposed. This study will help future researchers to study and
develop the next generation of light-actuated microbots by overcoming the current limitations and
challenges in fabrication, control, and design.

Keywords: microrobotics; microbots; optical tweezers; optical traps; light actuation; microfabrication;

microbot imaging

1. Introduction

The evolution of robotics over the past few decades has opened the ground for new
ways of thinking about robotics” potential activities [1]. Recent breakthroughs in micro
and nanoscale robotics have influenced biomedical applications [2-5]. Microbots are tiny
robots with features that are less than 1 mm in any dimension. The ability to operate in
confined spaces and delicate environments, such as cell manipulation, Lab on Chip (LOC)
development, etc., is one of many benefits of microbots’ smaller size. Because of how easily
and inexpensively they can be produced in large numbers given their small size, they are
often referred to as “swarms of robots”. The other benefit is that they are low-powered and
sometimes can be powered from distance without the need for an onboard active power
source, e.g., light-powered microbots, magnetically actuated microbots, etc. Despite the
existing technological challenges, untethered microbots have already shown tremendous
potential for a wide range of applications, particularly in the biomedical field [6,7]. The
developments in micro and nanofabrication have aided the evolution of miniature robotics
with a variety of designs, control systems, and functions [8-12].

Microbot motion control has evolved in a number of ways over time. When working
on a macro scale, using complicated electronics to regulate the robot’s maneuverability can
be highly effective. However, integrating complex circuits for proper control at the micron
and submicron scales is extremely difficult. Rather, microbots are frequently designed
by mimicking nature, which serves as a major source of inspiration in modern scientific
studies. Biohybrid systems, in which a living organism is used to act as a microbot,
have been used in some unique studies. From the aid of a microorganism [13-15] to
different physical propulsion such as magnetic [16,17], thermal [18,19], electrostatic [20,21],
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optical [22,23], etc., and chemical strategies such as enzyme gradient propulsion [24], self-
electrophotesis [25], etc., or acoustic actuation [26] are originated to control the microbots.
Sometimes, multiple control modalities are combined to achieve more accurate and precise
control of the microbot [27,28]. Although many control modalities are now being employed
to demonstrate the potential applications of microbots, they all have their own set of
trade-offs [29,30]. For example, the chemical mode of control requires the use of harmful
fuels such as Hydrogen Peroxides in high concentrations, which are incompatible with
real-world biomedical applications and limit their use [31-33]. Unless there is a safety
guarantee, magnetic control is also limited by the US Food and Drug Administration (FDA)
field strength limitation for clinical procedure applications [34]. Magnetic fields have
also been reported to have an impact on an organism’s physiology by increasing blood
circulation and metabolism [35].

However, to date, there is a gap between proof-of-concept laboratory trials and real-
world implementations of these technologies. Although most studies are conducted in
vitro in settings significantly different from those seen in the human body [30], the field is
very promising, and medical robotics potentials are plentiful [36-39]. In the near future,
microscale robots will be used to perform least invasive diagnostic and therapeutic activities
within the human body [40].

The use of light to control microbots has gained popularity in recent years due to
its noncontact and noninvasive properties [41,42]. Thousands of studies are being done
to determine how to make the best use of this mechanism [43—47]. Arthur Ashkin, who
worked at Bell Laboratories, was the first to employ concentrated laser beams to introduce
optical trapping in 1970 [48]. This breakthrough paved the way for today’s optical tweezers
and the development of light-powered microbots. Moreover, the use of light to control
microbots for therapeutic purposes is less difficult and more compatible with the biological
environment than other control modalities such as chemical or magnetic [29,31,33,49]. The
different control modalities for the microbot steering are illustrated in Figure 1.

Figure 1. Different control mechanisms for microbot actuation.

This review seeks to provide a comprehensive overview of the challenges and oppor-
tunities that lie with the effective use of light-actuated microbots. We have made an effort to
review the most recent developments in the study of light-controlled microbots for biomed-
ical applications. The majority of the literature included here, more than 90%, dates back
to the last two decades. The review begins with an overview of previously documented
light-powered microrobotic applications, followed by the benefits and drawbacks of this
mechanism. A brief comparison is presented between light control mechanisms with other
control modalities. Later, the design aspects of material selection, fabrication challenges,
optical manipulations, and prospective applications are discussed. The difficulties and
possibilities of real-life in vivo applications are highlighted in depth. We believe that
considerable progress can be made in the sector by combining information from several
topics of scientific study in a spontaneous manner, such as the fabrication process at the
microscale, materials selection, underlying chemistry, and potential applications proposed
or achieved.
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2. Prospective Applications

Due to material selection choices and control flexibilities, the use of focused light
beams to control microbots is gaining traction. There are multiple factors to consider to get
the most out of this technology, such as the size and shape of the microbots, the maneuver-
ability method, the functionalities of the microbot, the selection of materials based on the
purpose of use, etc. The microbot’s tailoring and maneuverability are both controlled by
concentrated high-powered light beams. The wavelength of the projected beam should be
chosen on the basis of the intended usage. Near-infrared light (NIR) is utilized for trapping,
which is undetectable to the naked eye, and the wavelength is usually between 1060 nm
and 1090 nm. NIR is used because it can provide relatively stable microparticle entrapment
while also decreasing photodamage to the trapped particles. Optical control allows for long-
range, fast, durable, precise, and dextrous microbot actuation. Microorganisms respond
to environmental cues to display impressive autonomous behaviors such as motility and
taxis. As a result, microbots should be able to implement a minimum level of intelligence.
Active particles have fundamental collective and autonomous behaviors, but they lack the
behavioral complexity of microbes. Studies also presented data about the autonomous light
actuation of microbots, although the biological application they are still in the preliminary
stage of development.

2.1. Targeted Drug Delivery

The targeted drug delivery method is one effective strategy to deliver medicine in
higher concentrations to some regions or portions of the body relative to others. This
method of drug delivery to cancerous cells or tumors has been in use for a long period of
time. An effective targeted drug delivery system must contain four fundamental needs,
such as retain, evade, target, and release [50]. Moreover, drug targeting can be further
classified into active and passive targeting. In passive targeting, also known as the en-
hanced permeation and retention (EPR) effect, drug accumulation in the vicinity of the
tumor is established through a leaky vasculature. However, with passive targeting, only
a tiny fraction (<5%) of the total administered formulation is actually delivered to the
intended target site [51]. Whereas in active targeting, there is a specific interaction between
the ligand and receptor [52,53]. The drug reaches the targeted zone through the blood
circulation system. This not only reduces the dosage of the drug, but also the adverse
effects are decimated. This form of medicinal drug delivery is demonstrated, and numerous
studies have been conducted to determine the prospective application of targeted drug
delivery [54,55]. The use of a targeted drug delivery system has already been proven to be
effective [56,57]. Researchers are now looking at using microbots to deliver drugs by func-
tioning as active drug carriers. Many studies have already demonstrated the feasibility of
using magnetic [58-61] (which could be either gradient or rotating or oscillating magnetic
field driven), motile microorganism-based [62-64], acoustic [65-67] or chemical [68,69]
actuated microbots. Whereas there are not many studies that claim the application of
light-controlled microbots in vivo for targeted drug delivery. Light-driven drug carriers
have the potential to be used as a targeted drug delivery vehicle, delivering drug payload
to specific therapeutic zones. Figure 2 shows the viability of using microbots in targeted
drug delivery. The main advantage of using light is that it is very accurate, and light is
less invasive than any other control modalities. Nonetheless, they do pose some negative
impacts on human health and the environment due to the biocompatibility problems [70].
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Figure 2. Targeted drug delivery: (a) Bacteria, such as Clostridia, and higher eukaryotic immune

cells exhibiting intrinsic tumouritaxis, (b) FDA-approved pipeline for producing CAR-T cells as a

tailored cancer therapy (left). CAR-T cells target cancer cells by identifying tumor antigens on their

surface, resulting in downstream TCR signaling such as cytotoxic perforin and granzyme responses

(c) Direct surface coupling or combining microbots with nanoparticles as showed for nanoliposomes,

(d) Magnetic and light assisted external guidance for the microbots to reach the targeted region,

(e) Biohybrid microbots such as sperm coated with nanoparticles to target the cancer cells in the

female reproductive system for easy access, and (f) The acidic environment inside the stomach lumen

is neutralized using chemically activated microbots. Notes—RBCs: red blood cells, aq: aqueous, and

g: gaseous [71]. Reproduced under the terms of the CC-BY license.

2.2. Micro Manipulation

Light manipulation brings up new possibilities for micro assemblies. Assembly on
the microscale becomes challenging due to the negligible gravity force of the weak forces
(capillary, van der walls, etc) acting on the light-weighted object. Optical tweezers, which
use light to manipulate micro-objects, can play an important role in actuating these mi-
crotools. There has previously been research on using different types of microbots in
micromachines [72]. The feasibility of using light in micro actuation has already been
demonstrated [73-75]. The researchers were able to put together a screw through a nut
with optical handlers. This mechanism might be useful to analyze and study microscopic
organisms such as bacteria or cells because many times, it is required to attach them on
top of a coverslip without using any harmful adhesives, and this micro screw mechanism
system will provide this physical fixation without using any chemicals in an aqueous
medium. Moreover, this can be applied to microfluidic systems for micro pumping or
mixing of microfluidics. Micro assembly is very important in terms of improving device
integration, miniaturization, and pushing the limits of the minuscule world of technologies.
This approach can also be used to enhance micromechanics and microbotics where biologi-
cal cells are involved as it complies with a less invasive control modality to perform the
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operation. Figure 3 illustrates micro manipulation using an optoelectronic tweezers (OET)
system and an optica tweezers system.
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Figure 3. Micro manipulation using light actuation (i) (A—G) Fabrication of micro tools, (H-]J) Differ-
ent light patterns to manipulate the micro tools, (K-M) Performance curves for various shapes of
micro tools, (N) Three-dimensional simulation of an OET device with a purple light pattern projected
onto an a-Si:H surface. XY plots at Z = 1.1 m of simulated, (O) Electric potential distribution and
(P) Electric field distribution for a device driven at 20 Vpp (25 kHz), with heat maps indicating the
simulated electric potential and field (blue = low, red = high). The (N-P) axis dimensions are in
micrometers. Copyright (2019) National Academy of Sciences [76], and (ii) (a—d) An optical screw-
wrench system for micro-assembly using optical tweezers [73]. Reproduced under the terms of the
CC-BY license.
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2.3. Micro Force Measurements and Mechanical Characterization of Bio-Cells

Understanding the impact of mechanical characteristics on cells is very important for
studying cell mechanotransduction. In biology, a new field of study has evolved termed cell
mechanics and mechanobiology, focusing on the evaluation of the mechanical properties of
living cells [77]. Mechanical properties of cells, such as elastic modulus or shear modulus,
can help direct many cell functions, i.e., cell motion, cell division, cell adhesion, as well
as cell growth [78]. The mechanobiological forces have important implications on cell
characteristics [79] and a change in mechanical stress in cells can lead to tissue rebuilding,
e.g., an increase in bone material strength index (BMSi) [80,81], variation in the construction
of blood vessel tissue, etc. [82]. These mechanobiological forces can help with cancer
diagnosis, drug monitoring, immune status, etc. [83]. Research shows that increased
stiffness in tissues may be associated with cancer development due to the high content of
stromal collagen [84] and fibrotic lesions [85]. Mechanical characterization of biocells has
recently been measured using optical tweezers [86]. By making a nano-indentation in the
cell membrane, elastic properties of the cells, e.g., Young’s modulus, can be measured using
optical tweezers and custom-made microtools. Figure 4 depicts the characterization of the
cell membrane performed by Grexa et al. in hCMEC/D3 human microvascular cerebral
endothelial cells. Many studies have reported using microbeads with different diameters
and pushing them towards the cell membrane in the axial direction to determine Young’s
modulus [87-90]. Elastic properties can usually be determined by measuring the radius
of curvature of the probe of an atomic force microscope (AFM) and the measured force is
then calculated [87,91]. However, unlike AFM, optical tweezers can apply a much smaller
force with a greater surface area, which increases the accuracy of measurement in the softer
cells. Grexa et al. were able to apply force in the range of 1-5 pN, which is significantly
less than that of an AFM [86]. In a dense medium, it often occurs that multiple particles are
captured in a single laser trap. Measurement errors are unavoidably present when many
particles are captured with a single laser source. In biomedical applications, there are many
instances where the medium is very dense or colloidal [92].

2.4. Localized Micro Mixing of Fluids

Mixing a fluid is highly dependent on the flow in the medium. Motion in the liquid is
generated from the total energy inside the volume. Heat is one of the energies responsible
for this motion. Heat transferred to the molecules tends to flow towards the low-energized
regions from the high-energized regions. This essentially creates a convection current in
the medium. Under appropriate illumination of light in a metal plate, the conversion of
energy from light to heat can result in the conversion of energy through a process called
plasmonic absorption, which comes into consideration when heating is taking place at the
microscales. Research in thermoplasmonics is emerging since its proper development is
through photothermal microscopy and therapy. Nowadays, it is being used in local optical
heating [93], biosensing [94] or trapping [95,96]. The surface geometry of the plate plays an
important role in heating at the microscale. Localized surface-plasmon resonances (LSPRs)
respond to different wavelengths depending on the geometry of the plane of incident and
localized heating also varies [93]. The study also confirms the suitability of this heating
mechanism in photothermal cancer applications. Moreover, using this convection current,
a successful demonstration of inserting materials into microcarriers and delivering them to
a targeted site has already been performed [23]. Based on this fundamental process, it is
reported that by using light-actuated microbots, it is possible to mix fluids in microfluidic
systems [97]. To control the microbot using lights, three spherical handles are used for
stronghold, and one gold-coated disk is used in front for off-resonant plasmonic heating,
which results in natural convection to the vicinity of the gold plate. Pulsed illumination
(< 25) of the laser beam created enough convection to be noticeable. It is also compared
to how the coating of gold plays an important role in creating the convection current by
introducing thermophoretic gradients. This convection is responsible for mixing fluids in
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specific localized regions. Mixing fluids in the microfluidic system may be valuable for
understanding and controlling material transmission in microfluidic devices.
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Figure 4. (i) The polymerized microtool and sample arrangement utilized in cell characterization
studies. SEM images of the microtool from: (a) side view, (b) top view (scale bars: 5 m). It is clear
that the tip and trapping spheres are on a separate plane from the rods that connect them. The inset
in figure (b) depicts the tip of the microtool from the side (scale bar: 1 m), (¢) 3D model view of the
working of the microtool, and (d) steps involved in the maneuver of the microtool and indentation
process. (ii) (a,b) Cell membrane indentation and characterization in action, and (c) displays the
function of the trapping beam position on the tip positions from two cell indentation studies (solid
blue and solid red lines). When the red line is aligned to the blue one using an alignment technique, it
also displays the outcome of the trace alignment procedure (dashed red). The variations between the
red and blue traces during the alignment process are displayed in the inset in (c) [86]. Reproduced
under the terms of the CC-BY license.

2.5. Cell Manipulation and Diagnosis

Cell manipulation with light-actuated microbots is an active research field. For biomed-
ical research, it is important to isolate cells of interest for diagnosis, pathogen dynamics,
treatment, or to quantify cell characteristics. Sometimes it is essential to separate specific
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cells to study them, such as peripheral hematopoietic stem cells [98], endothelial progen-
itor cells ,[99] or circulating tumor cells [100] etc., which gives valuable information on
the progression of certain diseases and helps to find the cure. In addition to diagnosis,
many of these isolated rare cells are cultured for regenerative biomedical applications
such as mature stem or progenitor phenotypes for the construction of autologous tissue.
Many forms of cell manipulation techniques have been studied to assess the capability
of microfluidic devices in the diagnosis and treatment of diseases [101]. Manipulation of
biological cells has already been demonstrated with microrobots using different control
modalities [102-107]. Researchers have been using focused laser traps in cell manipulation
and sorting since the beginning of the invention of optical traps [108-110]. Eriksson et al.
used single beam as well as multiple beam configurations to demonstrate manipulation of
trapped biological cells within microfluidic systems without causing significant damage
to cells with high accuracy [111]. Keloth et al. demonstrated translocation of S. cerevisiae
(one type of yeast) with a moving speed of 0.41 & 0.06 mm/s using a 26.8 = 0.1 mW laser
diode [112]. Zhao et al. used a far-field Bessel beam to trap a single blood cell in a crowded
environment [113]. They have successfully demonstrated independent manipulation of
two lymphocytes with a dual trap laser, which might extend the feasibility of the method
to study the killer cells’ response to virus-infected cells.

2.6. Light For Cell Penetration

Primarily transfection of genes, drugs, and proteins into cells is carried out primarily
by chemical transfection, electroporation, sonoporation, hydrodynamic, magnetofection,
and gene guns. These techniques are employed on clusters of cells and cannot be used
when a single cell comes into consideration. Manipulation of a single cell requires high
precision and can be achieved using an optical tweezer (OT) integrated with a spatial
light modulator (SLM). Arita et al. were the first to use a cavitation bubble formed by
the breakdown of nanoparticles after being exposed to a pulsatile laser [114]. The laser-
induced breakdown of the nanoparticle led to the formation of plasma and emission of
shockwaves, subsequently vaporizing the nanoparticle and the surrounding liquid and
forming a cavitation bubble. The bubble expansion from further ablation of the nanoparticle
leads to local permeabilization of the cell membrane. Plasmids encoded with Mito-DsRed
were transfected into human embryonic kidney (HEK) cells by laser-induced breakdown of
500 nm polystyrene nanoparticles. Waleed et al. successfully transfected plasmid-coated
nanoparticles into the human breast cancer cell line, MCF-7 [115]. In this instance, they
utilized a near-infrared (NIR) femtosecond laser pulse to perforate the cellular membrane.
They successfully created a 3 ym hole in the cell membrane by subjecting the cells to a 75
mW laser for 100 ms. The transfected cell exhibited a green fluorescent protein under the
fluorescence microscope, confirming the insertion of the plasmid-coated nanoparticles into
the cell.

3. Challenges

For a light-actuated microbot, many challenges are encountered, but they can be
mainly classified into two main categories- fabrication limitations and control difficulties.
For microlevel fabrication, soft photolithography is used. The conventional method of
photolithography involves creating thin masks on top of a photoresist and then exposing,
developing, and etching. However, this limits the proper generation of a complex three-
dimensional structure, which is very necessary for biomedical applications. On the other
hand, in Direct Laser Writing (DLW), the two-photon polymerization (TPP/2PP) technique
is utilized as it gives more flexibility to the scaling of the 3D model. The 2PP method
gives good accuracy and resolution up to a few hundred nanometers [116], but with the
growing number of microbots, the time to fabricate them increases rapidly. Moreover,
for biomedical applications biocompatibility has to be ensured, otherwise, it could pose
a risk of toxicological hazards [70]. The light-actuated microrobots are used in the first
place to reduce the toxicity of high-dose drugs, but the carriers themselves can pose the
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risk of toxicological hazards. There is a limitation in the size of the microcarriers due to
the fabrication facility and the requirement of loading enough drugs to come into effect.
Moreover, if microrobots are left inside the body after their purpose is fulfilled, they could
accumulate in delicate organs, causing chronic inflammatory reactions [117]. To avoid
this, there could be some solutions such as the use of biocompatible materials, developing
retrieving techniques such as using suction tubes after the operation for reuse or removal
of the microrobots, otherwise exposing them to foreign stimuli to degrade [118], such one
method could be the irradiation of tightly focused lasers. Sometimes, it is necessary to
functionalize the surface of microbots to add features such as biosensing [119] or to carry
out specific tasks such as heating [97] the micro tools; especially in magnetically actuated
microbots, surface functionalization and selection of magnetic material are very important
when it comes to biomedical applications [3]. Proper choice of biomaterial is also critical in
designing a light-controlled microbot. The use of light to control microbots could also be
tricky. Visible light cannot be used for in vivo applications due to the penetration depth
limitations of the wavelength. Moreover, high-powered and concentrated NIR light used
in the concurrent studies poses the risk of photodamaging the cells. Keloth et al. showed
that a laser with 19 mW power irradiated for 1 min hardly affects the appearance of the
growth time of S. cerevisiae, but when the laser power is increased to 25 mW, a significant
difference in time is observed [112]. The predicament here is that if the laser power is
reduced, then the maximum velocity of the trap is reduced. This can happen because
of the increased drag force with the movement of the particles in the trap. A detailed
discussion on the wavelength dependency and fabrication challenges is given in the next
section. Some suggestions have been made to integrate alternative control systems into
one microbot design to overcome these limitations [29]. A brief comparison between these
control mechanisms is presented in Table 1.

Table 1. Comparison between different control modalities

Optical Magnetic Chemical Biological
InGaAs/GaAs/(Cr)Pt
. . tubes [121] Catalysts
Light Responcﬂye NdFeB microparticles ie, Pd/Pt/Ag . .
. Polymers [120] i.e., . Bacterium [14] Micro
Used Materials . SPIONs CrO, FePt Enzymes i.e., glucose .
IP-Dip, IP-S, IP-L, . . organisms [125]
. nanoparticles oxidase [122],
IP-Visio, etc.
urease [123],
catalase [124] NO [39]
Material Characteristics ;ngillzssiori}\fg?gr% Se Hard or soft Usually Chemically activated ~ Mainly protein, Lipids,
& metal coated surface and DNA/RNA

of a few GPa [126]

DLW (or 2PP/TPP) and

3D Laser

Fabrication Methods Photolithography Lithography [127] and - Cell culture
metal deposition
Surface Not required unless a S puttered Wlth. Responsive chemical -
. - . . . different magnetic
Functionalization special functionality outer-layer
metals
. . Metal coating makes it ~ Use of chemicals makes
. s Many biocompatible o 1iee . -
Biocompatibility . . hard to be it difficult to use in in
materials are available . . . o
biocompatible vivo applications
Possibility of side
e Blocompatlblhty. eff?CtS caused by the Responsive to Light, Similar to chemically
Sensitivity to the prevents from reacting residual metals [128] . .
. . . . . . . Oxygen Gradients, pH, actuated microbots
working medium with the biological Possible reaction etc
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4. Aspects of Design

Before designing the light-actuated microbot, there are a few factors to take into con-
sideration, such as the method of control, choice of materials, the process of fabrication,
possible workspaces, operational feedback, and so on. Based on the proper application of
the light-actuated microbots, the factors must be set accordingly. For in vivo applications,
biomaterial compatibility is an important factor of consideration, while in other operations
such as micromanipulation or mixing of microfluidics, control and load-transport mech-
anisms are more important than the biocompatibility of material [73,136,137]. Different
aspects of designing the microbots are explored in detail in the following sections.

4.1. Manipulation of Microrobots

The momentum property of light is often overlooked during its use. However, it can
be very useful for the manipulation of microparticles due to momentum transfer from the
scattering incident photons. This basic property of light has a significant implication. It
extends the reach of robotics to the microworld with high accuracy and precision. Using
the same principle of photon momentum, there are several ways of controlling microrobots.
One of the very widely used trapping mechanisms is the optical tweezer. There are also
some other types of manipulation methods using light, such as optoelectronic tweezers
(OET), self-propelled micro-swimmers, or even independent autonomous actuation of the
microbots as well.

4.1.1. Optical Tweezers (OT)

Optical tweezers are the oldest and widely used method for micromanipulation using
lights. Pioneered by Arthur Ashkin in the early 1970s [48], this remarkable invention
received a Nobel Prize in 2018. In an optical tweezer, a trap can be formed by focusing a
laser beam in an inverted microscope with the help of an objective lens of high numerical
aperture (NA). The dielectric microparticle needs to have a refractive index different from
the medium in which it stays. With the incident laser beam, it will experience a force due
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to the momentum transfer from the refracted beams. Two forces will appear here with the
incident photons. One pushes the particle away, also known as the scattering force, and
the other one ensures the balance of the particle in the cross direction. Now, if the size of
the particle is larger than the wavelength (a >> A) of the laser beam, Mie scattering takes
place, and then simple ray optics is enough to compute the optical forces. Gaussian laser
beams tend to have an intensity profile with higher intensity in the middle of the beam and
get dimmed along the cross direction. Now;, as light beams hit the dielectric particle, the
momentum of the refracted light balances the sideways movement of the particle but at the
same time, as some light gets absorbed by the particle, there is a net momentum transfer
to the particle from the incident photons. This momentum transfer results in a net force
pushing the dielectric particle away. To overcome this unstable situation, an objective with
high NA is used. This mechanism sharply focuses the trapping laser beam, which then gets
refracted through the dielectric particle, resulting in a momentum change or force in the
opposite direction of the scattering component of the previous force. Now, this ensures the
stability of trapping along the beam.

However, if the particle is smaller than the wavelength of the laser beam (a < A), then
the scattering force component and the gradient force components can be calculated by
assuming the particle is a point dipole using the following equations:

_ Ipony
Fscatt = —c 5 1
o= 1287°a% ((m?2—1 )
T 3Af m2+2

Here , Ij is the intensity of incident light, ¢ is the scattering cross section of the sphere,
i is the index of refraction of the medium, c is the speed of light in vacuum, m is the ratio
(n p/ nm), and A is the wavelength of the incident beam.
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proportional to the intensity gradient and points up the gradient when m > 1.

However, when the wavelength of the laser is similar to the dimension of the particle
(a = 0.1 — 10A), then neither of the two above-mentioned calculations are accepted, rather,
a more complete theory is required to describe the forces. Most of the trapping laser beams
use a wavelength of 1000 nm, as a result, many of the trapping particles of interest fall in
this region (yeast, bacteria, or fabricated microbots at the micron scale). In this particular
range, the theoretical calculations of the trapping force do not provide the physical intuition
of optical trapping. To trap multiple particles in a single setup, a Spatial Light Modulator
(SLM) is used to reflect the incident laser spot into a pattern before it enters the objective.
SLM can create multiple patterns using Liquid Crystal on Silicon (LCoS) technology. In
LCoS, multiple liquid crystal layers are sandwiched in between a cover glass/transparent
ITO (Indium Tin Oxide) and an electrode layer. The electrode layer consists of multiple
pixels and when a voltage is applied between the ITO and the electrode layer, the liquid
crystal layers orient them accordingly to the direction of the electric field. This provides
SLM the capability of creating a pattern only by reflecting light in the SLM panel [138].

Figure 5 shows the working principle of conventional optical tweezers along with
the schematic and portable modular optical tweezers. Traditional OT systems employ
an inverted microscope with a bulky design that is adequate for in vitro applications but
lacks the practicality of in vivo considerations. A recent study has introduced all-fiber
modular optical tweezers (AFMOTs), which can optically trap biological cells with reliability
and freely move on a sample substrate [133]. They have successfully demonstrated the
separation of the nontumorigenic breast epithelial cell line (MCF10A) from its cancerous
PTEN mutants (MCF10 PTEN-/-). This technology has the potential to pave the way for a
feasible and practical targeted drug delivery system in vivo. They even demonstrated the

) « is the polarizability of the sphere. The gradient force is
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trapping of red blood cells in a living mouse. This takes the applicability of the actuation of
small particles within the body using light one step further.
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Figure 5. (i) Manipulation with Optical tweezers (a) working principle: momentum of light pushing
a microparticle towards the center of the laser beam and (b) basic setup of a conventional optical
tweezers system, (ii) all-fiber modular optical tweezers with same basic working principle but in a
compact dimension, and (iii) 3D trapping capabilities of AFMOT (a) fiber schematic, (b) single, (c)
multiple trapped microparticle (polystyrene beads, size: 15 um), and (d) trapped fibroblast cell [133].
Reproduced under the terms of the CC-BY license.

4.1.2. Optoelectronic Tweezers (OET)

Optoelectronic tweezers (OET) can sometimes be more useful than optical tweezers.
Although both mechanisms use light for the manipulation of small particles, the underlying
technique is more distinctive from that of an optical tweezer [76]. An OET device consists
of several layers of elements. The top layer consists of an ITO transparent electrode; then
there is a photoconductive electrode layer made out of amorphous silicon (a-Si:H) [139]. In
an OET, light is projected into the device using the help of a digital projector and a digital
micromirror device (DMD), then it passes through an objective lens directed towards the
a-Si:H layer, where it creates the image of the projected light. With an AC electric bias, the
pattern turns into a temporary electrode that creates a nonuniform electric field, which
exerts a force on the dielectric particle through the process known as dielectrophoresis
(DEP). If the dielectric particle is less polarizable than the surrounding media, then where
the light illuminates in the substrate, the particle gets repelled, and where there is no
illumination, the particle does not feel any forces. What makes OET particularly distinctive
from optical tweezers is that optical tweezers use highly focused light beams (intensity
> 10° W/cm?) to trap the particle, which could damage the biocells during long expo-
sures. Whereas, in OET, to create virtual electrodes, a lower intensive light source (around
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1 W/cm?) is enough. Even a commercial digital projector can be used as the light source in
OET. OET does not require a coherent light source for trapping as optical tweezers because
the light is only used to create the virtual electrodes, which create the DEP effect from the
biased A.C. electric field. The photoconductive substrate a-Si:H is well conductive when
illuminated and nonconductive when there is no illumination. Because of the use of a-5i:H
(which is abundantly used in solar cells), the setup of OET is inexpensive compared to the
optical tweezers system. However, this technique of creating a trap is not fully utilized in
biomedical applications directly, but the separation of biological cells and, consequently,
the medical diagnosis are proposed [139,140].

4.1.3. Electrothermoplasmonic Nanotweezers

In conventional optical tweezers, a high-resolution trapping is difficult to achieve
because of the diffraction-limited trapping potential well. Moreover, a high laser power is
required to form a stiff trap that can be transported over long distances. To overcome this,
plasmonic tweezers came into action. In plasmonic tweezers, surface plasmons are used to
create confined hotspots that allow for more precise trapping of diverse nanostructures and
materials. This review of plasmonic tweezers has discussed the birth of technology and the
uses and limitations of the system [141]. Plasmonic nanotweezers systems can produce a
highly confined and stronger electromagnetic field in the region of nanoantennas. This al-
lows one to generate strong optical gradient force, and the intensified electromagnetic field
provides a high optical gradient force and confined trapping potential. This allows stable
trapping for the nano-level particles. However, this technique has its drawbacks. The trap-
ping largely depends on Brownian diffusion, which can be sluggish for some applications.
There is also the possibility of losing dynamic control. Ndukaife et al. proposed a novel
nanotweezer technique called Hybrid Electrothermoplasmonic Nanotweezer (HENT) [142].
In a HENT, the plasmonic nanoantenna’s intrinsic photo-induced heating is paired with an
external AC electric field to produce on-demand large-scale microfluidic flow. The induced
microfluidic flow allows suspended nanoparticles to be delivered quickly to a lit plasmonic
nanoantenna, and the trapping of nanoparticles takes place in a matter of seconds.

4.1.4. Trapping Multiple Particles

The maneuvering of microrobots using light may necessitate multiple particle trap-
ping. Microrobots are frequently designed with multiple handles to provide better control.
Multiple traps can be set using different methods, such as the inclusion of scanning mir-
rors [143], acousto-optic modulators [144], or a spatial light modulator (SLM) [145]. The
former two are essentially beam-splitting time-sharing systems in which a single beam is
quickly scanned over numerous targeted areas, resulting in multiple traps. SLM essentially
divides the incident beam of light into a pattern of multiple traps [146]. A liquid crystal
on silicon (LCoS)-based SLM reflects the light beam according to the computer-generated
hologram (CGH) displayed on the panel. This not only provides for dexterity in trap
position control, but also allows for simultaneous control of multiple traps. Rotation on
its own axis is a critical component of many traps. The entrapped sphere can be rotated
on its axis by transferring angular momentum. This is often accomplished by rotating an
interference pattern [147] or a fixed aperture in the optical line [148]. The spin angular
momentum content of several optical traps can be generated and controlled using a single
SLM unit [145]. More advanced beam-steering and multiple trap-generating systems use
acousto-optic deflectors (AODs) to modulate the optical trap. Multiple traps and beam
steering are depicted in Figure 6.
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Figure 6. Multiple particle trapping using a spatial light modulator (SLM) (i) (A) Two birefringent
vaterite crystals rotated individually in a holographic optical tweezers image sequence (B) change
in polarization state causes a change in particle orientation [145]. Copyright 2008 Optical Society
of America. (ii) (a) greyscale depiction of the phase pattern directed on the SLM to generate a 4
by 4 optical trap and (b) efficient capture of 16 particles (2 pm in diameter). (iii) dynamic rotation
of eight polystyrene beads (2 pm in diameter) trapped in phase-contrast optical traps. Outer six
particles revolve 1/8 of a full rotation clockwise, whereas the inner two particles rotate nearly one
full rotation counterclockwise [149]. Copyright 2002 Optical Society of America. In accordance with
the BOAI terms.

4.1.5. Passive Trapping Manipulation

Optical manipulation can be done in a passive manner without actually trapping
the particles. In conventional optical trapping, if the particle is small enough, the optical
forces become dominant and as a consequence of momentum balance, a trap can be formed.
However, without making it a static trap and making spatial variations in the optical
field, a microscopic particle can be manipulated without being trapped. By utilizing the
light's momentum, it can generate lift or push a thin layer of foil which is analogous to the
hydrodynamic thrust [150].

4.2. Fabrication Process

Photolithography is usually used to fabricate microbots. The 2PP method of nanoprint-
ing was first introduced in 1998 [151]. Many times the 2PP is called by different names
such as two-photon-absorbed photopolymerization [151], two-photon induced polymeriza-
tion [152], two-photon lithography [153], sometimes 3D laser lithography or DLW [154].
In the 2PP fabrication process, a tightly focused near-infrared laser beam is projected to
the photoresist. The motion and trajectory of the beam are controlled and the photoresist
gets exposed to the focused laser beam accordingly. The smallest focus point of the laser
is called a voxel or volumetric pixel. This process builds the input structure inside the
photoresist layer by layer, which can essentially create a 3D structure from these 2D layers.
Figure 7 describes the DLW process and advanced fabrication techniques. After directly
writing the structure, the photoresist needs to be developed. To develop the printed 3D
structure, propylene glycol monomethyl ether acetate (PGMEA) and isopropyl alcohol
(IPA) are usually used. A brief comparison between the different fabrication techniques is
presented in Table 2.



Appl. Sci. 2022,12,11013

15 of 32

3D CAD Model Slicing Hatching 3D printing Final part
. e
® , B & »
éxjf _
! Slicing Hatching -
" distance distance Substrate

a UV light b Wight(ifitones | € . ‘
(single tone, wavelength) and wavelengths) Conventional DLW Dip-in Laser Lithography (DiLL)

Photoresist
l Substrate W
Immersion oil

1
Quartz-chrome mas| fs pulsed-laser
- pi Miprogmpe
Photoresist —— objective [P
3D
Substrate
After developing”
Cured area in
the negative tone
resist d Shape change
sD External 40

After developing

:

stimuli
il

(ii)

Figure 7. Different printing processes of microbots using light: (i) Steps involved in a direct laser
writing fabrication process. The design process begins with a 3D CAD model (STL format) integrated
into the 2PP system programming software. After converting the file to the 2PP specialized format, it
is divided into multiple layers (depending on the desired resolution and structure size), followed
by a hatching process to fill in the majority of the structure. Finally, the 3D model is a near-exact
of the initial CAD design. (ii) (a) traditional 2D photolithography, which produces 2D structures
with the same heights, (b) gray-tone photolithography, which produces non-freestanding 2.5D
structures with different heights, (c) two-photon polymerization approach with two different possible
writing methods (DLW and Dip-in Laser Lithography DiLL) to fabricate 3D tiny structures, and
(d) 4D lithography, which produces 3D structures made of materials that respond to an external
stimulus [155]. Reproduced under the terms of the CC-BY license.

4.2.1. Material Selection

Being the main constituent of the substrate to be manufactured, it is crucial that the
material be biocompatible, biodegradable, and have suitable mechanical, physical and
chemical properties. Photopolymer inks are widely used for laser printing into complex
3D structures. Monomers, oligomers, and macromers undergo photopolymerization,
underlining the core of the photochemical reaction process. Predefined 3D structures are
created as the initiators in ink absorb laser energy, subsequently initiating layer-by-layer
polymerization. IP-resist photoresists are used in applications that require high precision
and structural integrity. Easy handling features along with submicrometer resolution make
this group of resins very desirable for the fabrication of microbots. There are a wide variety
of resins available, IP-PDMS, IP-n162, IP-Visio, IP-Q, IP-S, IP-Dip, IP-G, and IP-L [156]. Each
resin has its own specialty, with possible applications of all resins hovering around material
science, cell and tissue engineering, microfluidics, drug delivery, and microbots. Hwang
et al. used the negative tone photoresist IP-G for fabricating multifunctional Janus helical
microswimmers, with the resin providing autofluorescence and magnetic properties [157].
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The latter was incorporated using the shadowing of the metallization process using electron
beam evaporations. The ability of the microswimmers to respond to both fluorescence and
weak magnetic fields could be useful in theranostic applications.

Along with flexibility, thermal and high mechanical stability is a crucial requirement
for a microbot. A fully cross-linked SU-8 photoresist has approximately 4-5 GPa Young's
modulus, ~200 °C Tg (glass transition temperature), and ~380 °C degradation temper-
ature [158]. For in vitro and in vivo biomedical applications, Elizabeth et al. designed a
microbot system using SU-8 and polydimethylsiloxane (PDMS), which included an unteth-
ered magnetic tumbling microbot, a rotating permanent magnet of two degrees of freedom
and an ultrasound imaging system has been designed [159]. When studying the movement
of sperm flagella in the bovine oviduct, microtubes using IP-Dip were manufactured for
maneuvering in complex biological environments [160]. These microtubes could be used to
release sperm cells at a certain location, ensuring the start of fertilization.

In addition to the above-mentioned photopolymer inks, hydrogels that can be photo-
cross-linked can be utilized for 3D printing. Gelatin methacrylate (GeIMA) hydrogels
were manufactured using a 3D bioplotter for bone tissue engineering applications [161].
The incorporation of gold nanoparticles ensured the attenuation of the substrates during
imaging. Furthermore, the GelMA hydrogel consisting of platelet-rich plasma was 3D
printed and used for the repair of osteochondral defects [162].

4.2.2. 3D Printing

Through a layer-by-layer deposition process, 3D printing (also known as “additive
manufacturing” or “rapid prototyping”) can convert computer-aided and planned virtual
3D models into actual 3D constructs/objects. Since its inception, 3D printing has piqued
the curiosity of researchers and engineers who want to learn more about the fabrication
process and the composition—structur property relationship of printed 3D objects to realize
its immense potential for use in a number of industries. 3D printing may surely assist the
field of microrobotics and progress the design and development of functional microbots in
a personalized manner owing to its special inherent advancements.

4.2.3. Solid Free Form Fabrication Techniques (Rapid Prototyping)

Metal-based additive manufacturing (MAM) techniques, such as selective laser melt-
ing (SLM) and electron beam melting (EBM), are computer-controlled fabrication processes
based on layer-wise manufacturing principles. A family of fabrication processes was devel-
oped to make engineering prototypes in the minimum lead time based on a CAD model of
the item. The creation of a 3D structure occurs in relation to the layer-by-layer stacking of
2D cross-section models. Regarding the conventional methods discussed in the previous
section, solid free-form fabrication (SFF) can be used towards obtaining specificity, i.e.,
the control of scaffold size, shape, distribution, and interconnectivity of the scaffold [163].
The SFF fabrication technique is ideal because the macroscopic and microscopic structures
can be predefined, which is uncontrollable in most of the fabricated substrates. The vital
advantage of SFF over other techniques is its ability to produce parts with highly repro-
ducible architecture and compositional variations. Ability to control matrix architecture
(size, shape, interconnectivity, branching, geometry, and orientation), yielding a biomimetic
structure by varying in design and material composition. Kai et al. demonstrated the
use of SFF in fabricating a two-level bone tumor repair biomaterial. The ability to control
the mechanical property, biological effects, and degradation kinetics of the bone tissue
engineering substrate facilitated the rapid growth of the bones of patients [164]. Although
widely used, SFF has its own drawbacks. It is expensive and, most importantly, the range
of materials that can be used will depend on the fabrication technique, thereby limiting
its potential. Various SFF techniques and their potential applications, along with their
drawbacks, are mentioned in the following Table 2.
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4.2.4. Fused Deposition Modeling (FDM)

Fused Deposition Modeling is a type of Rapid Prototyping (RP) method that deposits
thermoplastic layer by layer [165]. Initially, FDM was used to fabricate solid physical
structures, but to make scaffolds that can be used as therapeutic substrates, it is necessary
that there are pores and that the pores are interconnected [166]. Therefore, the adjustment
of the parameters in the FDM apparatus results in the production of a porous three-
dimensional scaffold. Hutmacher et al. used FDM to fabricate PCL scaffolds for the seeding
of fibroblasts. The results showed that the fibroblasts had proliferated on the scaffold,
and a large presence of extracellular matrix was observed, leading to the formation of
bridges between the pores [166]. Similarly, different cell types can be cultured in substrates
fabricated using FDM by changing the pore size and interconnectivity. Moreover, the
orientation of cells can be maintained by manipulating the hierarchical organization of the
scaffold. Recently, researchers successfully fabricated a poly(vinyl alcohol)/ B-tricalcium
phosphate composite scaffold for bone tissue engineering using FDM. The pre-determined
architecture was useful in ensuring quick bone mineralization [167]. FDM'’s advantage over
other conventional techniques makes it a viable candidate for both soft and hard tissue
engineering [168].

4.2.5. Stereolithography (SLA)

Scaffolds can be synthesized using the Stereolithography (SLA) process as described
in previous research [169,170]. CAD software is used to design the architecture of the
substrate to be fabricated. Firstly, a pre-polymer solution is prepared. Then, the digital light
processing chip is used to create dynamic photomasks that create cross-sectional images of
the 3D microstructure, which are then projected onto the prepolymer solution using a UV
light source. Polymerization occurs when the liquid pre-polymer solution is exposed to
the light source. A layer-by-layer 3D microstructure is obtained with controlled pore size
and porosity [169]. For applications in bone tissue engineering, a poly(propylene fumarate)
(PPF) scaffold was fabricated using SLA [171]. Fisher et al. developed a PPF scaffold using
the salt-leaching technique for bone healing. Although the scaffold demonstrated good
mechanical and biological properties, the lack of appropriate internal architecture led to
minimal cell proliferation and attachment [172]. The former process showcased superiority
over the latter. Previously, this RP technique was widely used in utilizing and analyzing
data obtained from CT and MRI images. A combination of medical imaging and SLA has
bought forth the possibility of producing anatomically shaped implants like vascular grafts.
Lermusiaux et al. fabricated a life-size anatomical model of an abdominal aortic aneurysm
with the aid of images obtained from the patient’s CT scan [173]. In vivo implantation
of such devices poses great difficulties, but these models help surgeons pre-plan for life-
threatening circumstances. Micro-tissue models fabricated using SLA were assembled
digitally using bubble-propelled microbots [174]. The 3D stereolithographic technique
was used to fabricate multi-material cantilevers that can mimic the native myocardium,
with potential applications in sensor development and biohybrid actuators [175]. For
superior speed in grabbing and cargo carrier, a hydrogel that could be manipulated using
near-infrared light was fabricated using N-isopropylacrylamide [176].

4.2.6. Selective Laser Sintering (SLS)

Fabrication of tissue engineering substrates using SLS is done by moving the laser
beam sinters heat-fusible powders in areas corresponding to the CAD geometry model one
layer at a time to build the solid part [177]. After each layer is finished, a new layer of loose
powder is dispersed across the surface. The powders are gradually bound together by the
laser beam into a solid mass that creates the shape of the 3D component. The particles are
loose in nonsintered areas and can be drained out of the completed portion. Scaffolds with
decreased stiffness can be made using the SLS fabrication technique for soft tissue engi-
neering. A substrate for cardiac tissue engineering was made out of poly(caprolactone); the
substrate has the right mechanical properties, as well as the needed porosity and intercon-
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nectivity levels [178]. In 2013, researchers developed a PCL-B-tricalcium phosphate scaffold
for seeding adipose-derived stem cells using SLS. Layer-by-layer additive manufacturing
process was helpful in achieving a predetermined internal architecture and mechanical
stability that was profoundly superior to conventional techniques in influencing high cell
attachment and proliferation [179].

4.2.7. Direct Laser Writing

Multi-photon polymerization (MPP) for DLW is a technique that allows nm-sized
structures to be built with a spatial resolution of fewer than 100 nm [156]. The polymeriza-
tion process can be started by nonlinear absorption within the focal volume when the beam
of an ultrafast laser is firmly focused on the volume of a transparent, photosensitive mate-
rial. DLW allows the construction of freestanding, easily assembled, fully 3D structures
by shifting the beam focus three-dimensionally inside the material. A variety of hybrid
compounds of acrylate, epoxy, and organic-inorganic hybrid compounds have been used
in the process [180].

Table 2. Comparison between different fabrication techniques
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4.3. Possible Workspace

One of the most crucial aspects of light-activated microbots is where they may be used
effectively. For example, the current technology of microbot manipulation using light is
not sufficient enough to penetrate nontransparent media, which limits its workspace in
deep locations such as inside a living body. One way to overcome the problem is to use
larger wavelengths (e.g., NIR lights). The study showed that light with short wavelengths
within the visible range has a penetration depth of 0.5-2.5 mm. In this case, the reason
for less penetration is both absorption and scattering of the incident light. Depending
on the wavelength of the visible light, 15-40% incident light is reflected. With increasing
wavelength, the penetration becomes deeper and with 600-1600 nm wavelength range,
absorption of light reduces and scattering overpowers the absorption. Using light from
this wavelength range can result in a penetration depth of 8-10 mm [189]. Moreover, with
increasing wavelength, the penetration of light increases to a certain point and then drops.
The maximum penetration of tissue occurs in the wavelength region of 900-1100 nm. This
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is one of the reasons why most optical tweezers operate at a wavelength around 1000 nm
for biomedical applications, and also it reduces the chance of photodamage while ensuring
stable trapping of the microparticles. Penetration also depends on the diameter of the light
beam. A wide light beam results in greater penetration into the tissue [190]. However,
penetration of this magnitude is not enough to perform in vivo operation of microbots
inside the human body. Another study claimed that they were able to remove a blockage in
the subdermal capillaries of living mice, which is an in vivo operation [191]. Although the
possible workspace for light-actuated microbots is still limited, with the development of
the technology;, it is possible to perform the operation from in vitro to in vivo.

4.4. Wavelength Dependency and Trapping Efficiency

The wavelength dependence is very crucial when dealing with biocells. The special-
ized microbot to perform in vivo tasks must be designed considering the impact of the laser
on the cells. The penetration of light through the skin for different wavelengths is visualized
in Figure 8. Ideally, lasers of any wavelength can be used to trap microscopic particles, but
only a few wavelengths are considered to be usable because of the factors of heating and
photodamage of the cells. The first thing that comes to mind is how much heat will be
produced in how large of an area. It is found that a laser at the near-infrared wavelength
of 1064 nm can cause a temperature increase of up to 1.45 °C with a power increase of
100 mW in the sample [192]. It is also calculated that lasers of 1064 nm wavelength can
cause a temperature rise 4.5 times higher than that of a 980 nm laser. However, at the same
time, the samples are often surrounded by water and a 980 nm wavelength laser causes
3.5 times more heating than a 1064 nm laser [193]. Studies showed that high-intensity
laser beams could penetrate cells, posing a risk of photodamage [194-196]. Usually, op-
tical damage is characterized in two ways. The first is the efficiency of cloning and the
other is the regular rotation of Escherechia Coli bacteria [197]. It is reported that a trapped
wavelength of 1064 nm laser with 88 mW power in ovary cells from a Chinese Hamster
(CHO) has reduced the cloning rate by a significant amount, and only after twenty minutes
of exposure, the cloning efficiency decreased to zero percent [195]. Another study was
conducted to measure the stress response of Caenorhabditis elegans during exposure to a
high-power laser from an optical tweezer [198]. It is found that for the same laser power
and exposure period, the gene expression and calculated temperature of the test sample
depend on the wavelength of the laser. The stress response is measured by the expression
of a heat shock-responsive gene within C. elegans. Another study also tried to quantify the
damage of Escherichia coli bacteria by measuring the rotation rate of bacteria with applied
laser power, wavelength, and exposure period [197].
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Figure 8. Skin tissue penetration under different wavelengths of light. (i) As the wavelength increases,
the depth of light travel also increases. In the visible spectrum, red light penetrates the most at around
5 mm under the skin [199]. Reproduced under the terms of CC-BY license (ii) Plots illustrating the
depth into the skin as a function of wavelength at which the fluence rate approaches 90%, 50%,
10%, 1%, and 0.10% of the incident light value. The response penetration is shown for direct source
incident light of (a) 200400 nm and (b) 400-1,000 nm wavelengths. Similarly, for diffuse source light
response to penetration of wavelengths (c) 200400 nm, and (d) 400-1000 nm is depicted [200]. Dark
blue: stratum corneum layer, sapphire blue: epidermis layer, dark green: melanin layer, light green:
basal layer, dark yellow: dermis layer and light yellow: subcutaneous fat. Reproduced under the
terms of the CC-BY license.

A 980 nm laser exhibits a minimum risk of damage on a normalized scale, and both 830
nm and 1064 nm pose greater photodamage risk. Another research studied the effect of the
1064-nm laser on temperature, DNA structure, viability, and pH of CHO and human sperm
cells in both continuous wave (CW) and pulse mode trapping [201]. For CW trapping, an
average of 1 °C increase in temperature per 100 mW laser power is observed up to 400 mW.
Damage to different cell types varies depending on the exposure time, wavelength, and
power of the laser. For example, this research reveals that increasing laser power from 1
mW to 100 mW at 1 mm spot size ranged from 0.0025 °C to 0.26 °C and from 0.03 °C to
2.85 °C at depths of 15.9 and 4.9 mm in the adult and newborn brain, respectively [202].
Long-term exposure to the high-powered laser may cause physiological damage to the
cells, and long-term use might pose a fatal risk.

5. Imaging
Another Important consideration for light-actuated microbots is the imaging of the
workspace. For other control modalities, imaging may not always be required for the
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operation of the system, but when it comes to light actuation, it is necessary to monitor
the entire process using a sophisticated imaging setup. Imaging is required to pinpoint
movements and navigate the work space. Along with the camera, various light sources
and dyes are used to get a high-contrast and distinguishable image of the workspace.
Imaging could be not only optical but also other different modalities, such as magnetic
imaging, ultrasound imaging, photoacoustic imaging, radiative imaging, or a combination
of multiple imaging systems. When it comes to biomedical applications, optical imaging
in vivo is very difficult because of the penetration limitation of visible light wavelengths
and limitation of light intensity that causes physiological damage. Rather than using only
one mode of imaging, a fusion of multiple imaging techniques is often used [203,204].
Light-actuated microbots can employ these strategies to navigate better and locate the
operation site.

5.1. Optical Imaging

Before imaging with an optical system, there are some things that must be in order.
There are several advantages and disadvantages to employing an optical imaging system.
The light must travel in a straight line through all available mediums before reaching
the camera sensor or the eyes. The camera sensor, camera filter, objectives for adequate
magnification, various light sources, and dyes for acceptable picture contrast are only a
few of the critical components of an optical imaging system. Optical imaging is extremely
difficult because of so many parameters. The prospect of optical photographic imaging is
reviewed in detail by Dhawan and his team [205].

If the workspace is transparent where light can pass through, then imaging with a
camera (CCD/CMOS) camera is a viable option. Often, a camera is used for auxiliary
control and localization of the robot. Imaging systems primarily track the motion of any
particles in the workspace, which is vital in controlling and actuating the movements of
microbots. However, in in vivo application, imaging in the visible wavelength range might
not be an ideal choice, as it is nearly impossible for visible light to penetrate through the
tissue of the body. From the figure, it can be seen that only a few hundred nanometers of
penetration through the skin is possible with visible light. If we want to penetrate through
the tissue, then the wavelength of the light has to be beyond the NIR wavelength. Therefore,
Ultrasound, X-ray fluoroscopy, Photoacoustic Computed Tomography (PACT), positron
emission tomography (PET), etc. are needed to obtain decent imaging of the workspace.
Incorporating these additional features in the microbot actuation increases the complexity
along with the overall capability of the system.

If the camera is used with a microscope, it is critical to utilize the appropriate objective
lens with the right magnification. It is preferable if there are many magnification settings
available so that the exact position of the microbots may be located faster. Particularly for
optical trapping, an objective with a higher numerical aperture is required to focus the
collimated laser light properly.

Different light sources might also be required to illuminate the workspace to capture
a bright image. Optical trapping with an inverted microscope uses a white LED light to
illuminate the sample. For better imaging, along with the white LED, a Halogen light
source is also used to get a better contrast of the image and distinguish the microbot from
the medium of the workspace. Sometimes different dyes are used to get the best results
during imaging. Furthermore, fluorescence coating is a clever idea to image micro-robots
in operation [206,207].

5.2. Photoacoustic Imaging

Where conventional optical imaging fails, photoacoustic imaging comes into play.
The basic principle of photoacoustic imaging is that impulsive optical energy is absorbed
by the tissues and is transformed into sonic waves, which are then detected to provide
high-resolution tomographic photographs with decent optical contrasts. A recent study
performed deep tissue imaging and targeted in vivo navigation of microbots in the intestine
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of mice using Photoacoustic Computed Tomography (PACT) [208]. Irradiated NIR light is
used to release the drugs once they reaches the targeted region, and the whole process is
visualized in real-time in vivo using the PACT imaging system integrated into the micro-
robotic system. Current photoacoustic systems operate in serial or parallel configurations
with the help of ultrasonic transducers. To reduce the cost and complexity of the imaging by
using a single element ultrasonic transducer, the throughput of the imaging also decreases.
Deep penetration (48 mm) with a high data acquisition rate (50 Hz) in vivo operation
of single impulse panoramic photoacoustic computed tomography (SIP-PACT) has been
demonstrated [209-213]. A 1000-fold less scattering nature of sound compared to light
allows it to travel through biological tissues, allowing for more detailed imaging of the
system [214]. Recently, a slightly updated version of photoacoustic imaging, known as
photoacoustic topography through an ergodic relay (PATER), was introduced [215]. This
imaging technique uses a single-element ultrasonic transducer to get a result similar to
that of the multi-element one. In that study, high-speed imaging of the propagation of
the blood pulse waves inside mice is demonstrated in that study. The rendering of volu-
metric snapshots of spectrally resolved optoacoustic data in real-time paved the way for a
new fifth-dimensional optoacoustic imaging [216]. This technique of imaging has already
been demonstrated in both mice and humans. Photoacoustic imaging is favorable for
light-actuated microbots, even with a metal coating, which is often done to achieve certain
capabilities of robots. Photoacoustic imaging does not interfere with the light-controlled
navigation system, and pulsated illumination (< 10 ns) in the biological medium makes it
less invasive for extended operation.

5.3. Magnetic Imaging

Magnetic imaging is used primarily in the diagnosis of diseases to look inside the
human body. The imaging is done with highly intense fluctuating magnetic fields. The
widely used magnetic imaging system is known as Magnetic Resonance Imaging or MRI.
In MRI, the static and gradient magnetic field orients and excites the hydrogen nuclei
inside the body to construct a detailed image of the body with high accuracy. A powerful
magnetic field is utilized to align the magnetic nuclear spins, and then a radio frequency
(RF) pulse perturbs the alignment. Nuclear spins experience resonant absorption and then
return to the original state, emitting energy that can be detected and processed to generate
an NMR spectrum, when the frequency of the electromagnetic pulse is appropriately tuned
(depending on the intensity of the magnetic field) [217]. MRI is mainly used in neuroimag-
ing, cardiovascular imaging, musculoskeletal imaging, gastrointestinal imaging, etc. MRI
can sometimes be used to control microbots that are designed to operate magnetically [218].
One of the major advantages of magnetic imaging is that it can generate three-dimensional
(3D) images in real-time, which can be very useful in the maneuverability of the microbots.
In general, MRI is a very safe imaging system, but it can be devastating if the patient is
wearing pacemakers, heart rings, cochlear implants, or any other metallic implants inside
the body. The use of magnetic particle imaging (MPI) and magnetic maneuverability using
a magnetic field at the same time has been demonstrated by Sharif et al. [219]. Magnetic
imaging can be troublesome for pure light-actuated systems if ferromagnetic materials
are used in the fabrication of the microbots. The imaging system might interfere with the
proper actuation of the robots.

5.4. Ultrasonic Imaging

Ultrasound (US) imaging is commonly used in medical diagnostics, as well as in the
examination of the ovaries during pregnancy and to monitor the health of the growing
baby. Various US modes are used on the basis of their applicability. B-mode (brightness
mode) US uses multiple transducers and simultaneously scans through the body and
creates a 2D tomographic image. Other mentionable techniques are the C mode, the M
mode (motion mode), the Doppler mode, the pulse inversion mode, and the harmonic
mode. The harmonic mode provides better imaging capabilities. in harmonic mode,
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after passing through biological tissues, a transducer delivers fundamental ultrasonic
pulses into the body, and a centered, narrow beam of harmonic overtone is reflected back.
Ultrasonic imaging has been used successfully in the microrobotic operation of targeted
drug delivery [159,220]. This technique could be used to image light-actuated microbots,
since it does not interfere with the basic control mechanism of light-actuated microbots.
The disadvantage of using ultrasonic imaging is the finest feature that it can resolve. Until
now, the US has only been able to achieve millimeter-scale resolution, but some promising
research has been done to bring imaging down to the nanoscale level, which broadens
the usefulness of technology to microrobots in biomedical applications [221,222]. The
most recent advances and challenges in imaging and tracking microrobots that use known
medical ultrasound imaging technology are reviewed and summarized in this article [223].

5.5. Radiography Imaging

Radiography imaging is a technique that refers to a variety of studies that need the use
of X-ray, gamma-ray, or any other ionizing radiation technology to visualize the internal
organs of the body. Radiography has been used for a long time in medical applications, but
it is also used in manufacturing industries. In industry, radiography is used to examine the
integrity of the specimen and internal structures. All of these radiations are basically elec-
tromagnetic radiation. The wavelength determines the difference between distinct types of
electromagnetic radiation. X-ray and gamma-ray offer the shortest workable wavelengths,
which allows them to penetrate or travel through different materials, including metals. This
kind of imaging can be used to visualize microbots in the absence of biological substances.
Radiation sometimes makes it incompatible with working with biological samples for an
extended period of time.

6. Conclusions

The primary goal of this study is to provide an overview of light-powered microbots
and how they might be used in current biomedical applications. Light-actuated microbots
can be used for everything from biological medical applications to microlevel mechanical
integration with extreme accuracy and precision. Because of the large spectrum of materials
accessible, light is minimally invasive in therapeutics and is comparably safer than other
control modalities. One of the main objectives of this review is to highlight the challenges
and potential of light-powered microbots. The design aspects of microbot fabrication are
shown so that future research might overcome the challenges and limitations of the past.
The field of light robotics is still in its embryonic stage. Precision control of microbots
using light has to overcome many shortcomings, from fabrication and biocompatibility
to imaging and dexterous control for in vivo applications. Developments in the field
of light-powered microrobots should greatly benefit from interaction and collaboration
between researchers in different disciplines. Small-scale robotics combined with various
integrated control methods would provide a better solution to current challenges, given
the increasing interest in research and collaboration between different disciplines. Finally,
we believe that microbots will successfully move from fascinating laboratory equipment
to technology with social benefit in the not-too-distant future and that light will be one
of the motors driving the next generation of microbots. It is expected that in the near
future these microbots will transform medical treatment and diagnosis by making them
less invasive, lowering the dosages of the medications, and opening up a whole new world
of possibilities.
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