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Abstract: The use of microbots in biomedicine is a powerful tool that has been an object of study in
the last few years. In the special case of using these microdevices in the human circulatory system
to remove clots or to deliver drugs, the complex nature of blood flow must be taken into account
for their proper design. The dynamic performance, defined in this context as the quantification
of the disturbance of the flow around an object (which is essentially dependent on the microbot
morphology and the rheological characteristics of the fluid) should be improved in order to diminish
the damage inside the patient body and to increase the efficiency when they swim through the
main veins or arteries. In this article, different experimental techniques (micro-Particle Image
Velocimetry, flow visualization, pressure drop measurements, etc.) are analyzed to assess their
dynamic performance when they swim through the human body immersed in complex fluid flows.
This article provides a useful guide for the characterization of the dynamic performance of microbots
and also highlights the necessity to consider the viscoelastic character of blood in their design.
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1. Introduction

It is very common to find many examples of complex fluids in our daily lives. From food,
health care products or materials for construction to human biofluids. These complex fluids are
characterized by their intermediate behavior between a solid and a liquid. In the special case
of the human biofluids, blood is a clear example of a complex fluid whose behavior is given by
a complex mixture of its components: red blood cells, platelets, white blood cells and other elements
in plasma [1,2]. The red blood cells are the most abundant component and also responsible for the
rheological behavior of whole blood. When the blood is at rest for several seconds, the red cells begin to
form rouleaux, leading to an interconnected network extending throughout the blood, thus increasing
its resistance to deformation and imparting also an elastic response to blood. These rouleaux could
be broken up by imposed shearing causing a relative decrease in the viscosity, and, therefore, a
shear-thinning behaviour [1-5]. Another characteristic of this complex behavior is the viscoelasticity
given by the relaxation time, which measures the time taken by the internal fluid structures to relax
internal stresses imposed by the flow [6].

At the microscale, flows of viscoelastic fluids can be significantly different from those of their
Newtonian counterparts. The most common dimensionless numbers that characterize these kinds of
viscoelastic fluid flows are the Reynolds number (Re), defined as the ratio between inertial and viscous
forces, Re= pVL /1, and the Weissenberg number (Wi), which is the ratio between elastic and viscous
forces, Wi= AV /L [7]. V represents the average velocity, L the characteristic length-scale and p, A and
7 are the density, relaxation time and viscosity of the fluid, respectively.
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Viscoelastic fluids are of great importance in some nanotechnological applications, for instance,
a complete rheological characterization and understanding of the flow behavior of these fluids is
crucial for the assessment of the movement of microbots immersed in complex fluids.

One of the most impressive inventions of nanotechnology is the creation of nanobots and
microbots, which are mechanical or electromechanical devices that are able to perform specific
functions at the nano- and micro-scale, respectively [8]. Nanobots (artificial machines sized down
below 10 microns) have become very popular, although nobody has yet built artificial non-biological
nanorobots, and they remain a hypothetical concept. However, microbots (sized between 10 and
1000 microns) are a reality [9] and they can be considered as “training wheels” for nanotechnology.
Microbots have been developed for several purposes like industrial applications or biomedicine [10,11].
The area of biomedicine is currently one of the most challenging and offers a huge number of
potential applications for the microbots to perform precise and delicate tasks inside the human body,
i.e., providing a mobile viewing platform enhancing a surgeon’s view, or for protecting and treating
the human body against pathogens. Microbots can provide a new method for unblocking blood clots,
performing eye surgery and delivering drugs [12-14]. This latter application is especially interesting
for the case of treatments to fight cancer, offering an alternative to the traditional chemotherapy,
increasing its effectiveness while diminishing side-effects.

In this field, some research has been directed to the fabrication method of the microbot
prototypes [15,16], to their control and propulsion [17-22], and to the study of their communication
mechanisms [23-25]. It is well known that at a low-Reynolds number regime, non-reciprocal motion
is required for a self-propelling device. Taylor [26] proposed that traveling waves propagating along
a tail was the mechanism by which spermatozoa propel themselves. Later on, Berg and Anderson [27]
discovered that some bacteria, such as E. coli, swim at Reynolds numbers as low as 104 by rotating
their helical-shaped flagella. The various propulsion mechanisms of micro-organisms have inspired
a number of magnetic microrobot designs. Inspired by the design of bacterial flagella, helical swimming
microrobots with comparable dimensions to their natural counterparts have been recently developed
in Nelson’s group at ETH Zurich Country. Abbott et al. [20] compared different swimming methods
commonly used in literature utilizing magnetic fields, and they concluded that helical propellers are
likely the best overall choice for in vivo applications; Peyer et al. [15,28] extensively reviewed the
swimming mechanism of bacteria to model their motion and to fabricate artificial bacterial microbots.
Moreover, they analyzed the movement of microbots through the eye monitored by an external
microscope [13].

Other works developed at Antoine Ferreira’s group in France have been directed to investigating
the design of magnetic microbots to be released from a catheter in the arterial system. These microbots
are formed by aggregation of therapeutic magnetic microcarriers, and they studied the evolution
of their shape during navigation [29]. In addition, they proposed an automated technique based on
image processing and control algorithms for path finding, reconstruction and navigation control of
a ferromagnetic microrobot using an MRI (Magnetic Resonance Imaging) system [21]. Peer Fischer
and his co-workers analyzed the trajectories of scallop flowing through viscoelastic biofluids [30] and
also the propulsion mechanisms of optimal chiral structures [31]. Venugopalan et al. [32] developed
a system of magnetic nano voyagers that can be actuated in human blood at negligible dilutions.
Schamel et al. [33] reported the fabrication of the smallest magnetically actuated helical propellers in
complex viscoelastic media. Other investigations were focused on the computational fluid dynamics
analyzing the flow due to the motion of microbots inside fluid-filled channels akin to bodily conduits
with special emphasis on the effects of the radial position of the robot but only considering Newtonian
fluids [34,35].

In spite of all the advances in the development of microbots for their use in biomedicine,
studies about the influence of microbot morphology in the flow dynamics of viscoelastic biofluids
are yet an unexplored territory demanding further investigations. In this paper, the applicability
and classification of microbots is reviewed; however, most of this review paper is focused on the
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improving of their dynamic performance when they swim through the human circulatory system by
the discussion of different experimental techniques.

2. Microbots

2.1. Applicability

Microbots have been developed in the last decade of the 20th century. They were conceived
for several purposes and their range of applicability is huge starting from planetary exploration,
information security systems to smart manufacturing or biomedical applications. The most promising
utility is in this latter area, and, therefore, this work will be focused mainly on the development of
microbots for biomedical applications.

2.2. Classification

The classification of microbots is not straightforward, and, for simplification, it can be made based
on their fabrication and/or propulsion method. In this sense, most of the microbots can be sorted in
one of the following categories.

¢ Electrostatic microbots
As it is well known, an electric field, which is created by an electric charge, applies a force
to any other charged particles. Coulomb’s law states that the electrical force between two
charged objects is directly proportional to the product of the quantity of charge on the objects and
inversely proportional to the square of the separation distance between the two objects. This is
the principle on which some Micro Electromechanical Systems (MEMS) are based for their control
and propulsion. Specifically, electrostatic actuators have been highly explored to convert electrical
energy into mechanical deformation for the propulsion of microbots [36]. For instance, Donald
et al. [37] designed and fabricated MEMS microbots with an untethered scratch drive actuator
used for their propulsion in order to allow the microbot to move freely without wires and rails.
Other work carried out by Graule et al. [38] used electrostatic adhesion to perform robotic insets
able to perch and take off.

* Magnetic microbots
A magnetic field is the magnetic effect of electric currents and magnetic materials. Magnetic fields
have been used to apply forces and torques on magnetic microrobots, providing a valuable
actuation method. The controlled magnetic fields can be generated in a variety of ways, and
Nelson et al. [9] published a review article in which they detailed the power and locomotion
of different microbots with special attention to magnetic microbots. Several works have been
developed in this area. Pawashe et al. [39] reported the control of multiple robots by an array of
electrostatic anchoring pads on the surface using also some fixed microbots to prevent translation.
Later on, Mahoney and Abbott [40] demonstrated magnetic three-degree-of-freedom closed-loop
position and two degree-of-freedom open-loop orientation control of a capsule used for endoscopy
with a single permanent magnet. Diller et al. [41] achieved the control of multiple microbots in
3D using magnetic gradient. More recently, Diller et al. [42] proposed a theoretical framework
and design for six degree-of-freedom actuation of a magnetic micro robot, and Floyd et al. [43]
developed methods for controlling multiple untethered magnetic micro-robots.

* Optically actuated microbots
It is very common to use optical tweezers to trap particles at the scale of nanometers, and, therefore,
this technique has also been being used as an actuator in microbots. However, several issues are
limiting its applicability as they are low force generated, and a high aperture lens is needed to
focus the laser, allowing only a very small workspace and the unsuitability for its use in vitro and
in vivo [44]. Hu et al. [45] developed microrobot actuation and control using optically induced
thermocapillary effects. The thermocapillary effect has been used to manipulate gas bubbles in oil
using optically induced heating. Lozano et al. [46] demonstrated experimentally the orientational
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response and phototactic motion of spherical active colloids in an inhomogeneous laser field.
Palagi et al. [47] reported that soft microrobots consisting of photoactive liquid-crystal elastomers
can be driven by structured monochromatic light to carry out specific motions.

e Catalytic microbots
The idea of catalytic microbots is to mimic the biological motors able to convert chemical into
mechanical energy [18]. Sanchez et al. [48] reported the use of catalytic microbots able to transport
cells in a controllable manner and their delivery on desired targets. Moreover, Srivastava et al. [49]
successfully used catalytic micro motors for the degradation of nitroaromatic pollutants in water,
and other authors such as Dey et al. [50] described the pH taxis of a microbot self-propelled in the
presence of an external pH gradient.

¢ Bio-hybrid microbots
These kinds of microbots are typically designed to be propelled by bacterial cells by integrating
these biological cells into synthetic components [51,52]. On the other hand, these bio-hybrid
microbots can also be designed by adding microhelices to artificially motorize biological cells, as,
for example, sperm cells [53].

3. Complex Fluids in the Human Body for Blood Flow

The elastic properties of some human fluids like blood, saliva or vitreous humor plays
an important role in their flow behavior. As it was mentioned previously, at the micro-scales
(typical scales from the human circulatory system), the elastic effects are enhanced even at low
Reynolds numbers [7,54,55]. The complex rheological behaviour of whole blood has been studied and
continues to be investigated using new technological advances [56,57]. It is important to point out
that conventional macrorheological techniques have certain limitations as they require a large amount
of material, they typically operate at low frequency, and they measure motions over relatively large
length scales (mms). On the contrary, microrheology (a branch of rheology defined as the science
of deformation and flow of materials working on micron length scales [58]) has overcome these
limitations, enabling the characterization of materials in situations wherein traditional rheometers are
difficult to use, i.e., when the material is available only in very low quantities (<1 mL).

Microrheology methods typically use embedded micron-sized probes to locally deform a sample.
It can be classified in two techniques: passive or active microrheology. The first one is based on the
observation of a thermally excited particle on order of a micron, suspended in the solution under
investigation. The second technique is based on the response of a single micro-bead to an external force
field. Both techniques directly relate the bead trajectories to the viscoelastic properties (i.e., viscoelastic
moduli G” and G”). Microrheology has important advantages in comparison with conventional
rheology: the need for small sample volumes, measurement acquisition times on the order of seconds,
and the use of small colloidal particles theoretically extends the accessible frequency range by shifting
the onset of inertial effects to the MHz regime [59]. Campo-Deano et al. [60] used microrheological
techniques to measure the viscous and elastic properties of human blood, as the conventional rheology
did not offer enough sensibility for the measurement. Nevertheless, if the probe size is much smaller
than the particle size in the fluid, the microrheological properties may be totally different from the
bulk fluid behavior. Jeong et al. [61] performed nanorheological measurements in blood using chiral
magneto-plasmonic particles. They were able to provide the dynamic viscosity of bovine blood plasma
even in the presence of red blood cells with different hematocrit level.

For this reason, a complete rheological characterization of the main human fluids and a thorough
study of their flow dynamics when a microbot travels through characteristic geometries of the human
body will provide a new insight for the development of an efficient motion of these microbots based
on their optimized morphology.

The function of a human circulatory system is to transport blood around the body in which the
main organ is the heart, and other main parts of the circulatory system include the arteries, arterioles,
capillaries, venules, veins and blood. The lungs also play a major part in the pulmonary circulation
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system. There are three circulatory processes occurring simultaneously within the body. Firstly,
systemic circulation carries blood around the body, pulmonary circulation carries blood to the lungs
and coronary circulation provides the heart with its own supply of blood. For this reason, for any
potential work to be developed by the microbot, knowing the characteristics of the human circulatory
system is crucial.

4. Fluid Dynamic Performance

4.1. Factors

The dynamic performance of microbots when they move through the human body can be assessed
based on the velocity field around the microbot and the size of the wake formed behind it. When the
blood flow over the microbot is very slow, a laminar flow is expected, as the velocity gradient is small
and adjacent layers within the boundary layer slip over each other in an orderly manner. On the
other hand, at higher local velocities, the velocity gradient is likewise high and the friction between
layers causes them to trip over one another, creating vortices. As in the case of aerodynamics studies,
the frontal morphology of an object is such that the blood flow has a tendency to follow the shape,
but as the fluid flow passes the widest cross section, the boundary layer becomes thicker and when
the shape of the body departs too much from the ideal, the flow can no longer follow the shape, and
the boundary layer becomes detached from the body. The object moving through the fluid flow then
leaves a wake behind. Studies have shown that the drag force is approximately proportional to the
size of the wake [62]. For this reason, it is crucial to diminish this wake to improve the performance of
the prototype in order to get a more efficient movement, and, as a result, less injury inside the body of
the patient.

The size and shape of the object and the speed are significant factors affecting the size of this
wake. However, other very important factors are the characteristics of the fluid i.e., the viscosity and
the elasticity especially enhanced due to the small length scale and the type of flow. These factors will
be described in detail in this section.

4.1.1. Size and Shape of Microbots

The size and shape of the microbot prototypes varies according to their functionality. Most of the
existing studies have based their prototypes in real bacterias or spermatozoa in order to simulate their
movement to find the best way for the propulsion mechanism. However, in some cases, mimicking
the morphology of some living organisms to simulate the propulsion mechanism does not mean
an efficient movement in artificial microbots.

—
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Figure 1. Computational fluid dynamics simulations for a Newtonian fluid around objects with
different morphology at Re = 22.3. The flow direction is from right to left. Adapted from [63].
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As is well-known, the drag force varies with the geometry (size and shape) of the body immersed
in the fluid. Rounded or curved shapes travel through the fluid more easily. Figure 1 shows the
differences in the velocity field of a Newtonian fluid flow around different body shapes. The upper
half of each figure corresponds to the contour plots of the velocity field. Meanwhile, the bottom half
of the figure shows the stream lines of the flow. It is obvious that there is an improvement in the
flow disturbance from the bulkiest body to the most slender bodies. In the latter cases, the drag is
minimized, and, therefore, the wake behind the object is also smaller than for the bulkier models.

4.1.2. Complex Fluid Nature, Viscosity and Elasticity

Viscoelasticity makes a big difference in the fluid flow around the prototypes. They behave in
a different way depending on the flow conditions. For instance, Coelho and Pinho [64-66] studied at
the macro scale the influence of the elasticity in the critical Reynolds number for different flow
regimes. The presence of elasticity can increase the drag reduction at low Reynolds numbers.
In the shear-layer transition regime, the increase of the wake angle and pressure rise coefficient
reduced the drag coefficient and narrowed the near wake. At the micro scale, the relevance of fluid
elasticity is enhanced and elastic instabilities can be observed easily even at low or negligible Re [7,67].
Campo-Dearfio et al. [54] showed that, for a viscoelastic fluid (Boger fluid), symmetric vortices started
to form upstream of a hyperbolic contraction at a critical Re of 0.82; meanwhile, for the same micro
channel and flow conditions, for a Newtonian fluid, the critical Re at which symmetric vortices start to
form downstream of the hyperbolic contraction is higher (Re = 49.3) due to inertial effects (Figure 2).

Figure 2. Flow patterns for distilled water (Re = 49.3) and 400 ppm polyacrylamide (PAA)
solution with 1% NaCl (Re = 0.82). The flow direction is from left to right. Images adapted from
Campo-Deario et al. [54]. Copyright Journal of Non-Newtonian Fluid Mechanics, 2011.

It has also been reported that, in viscoelastic fluids, both enhancement and inhibition of swimming
of some microorganisms” speed occurs depending on the swimming strategy and the rheological
characteristics of the media. For instance, helical bacteria such as Leptospira and B. burgdorferi swims
faster in a viscoelastic fluid than in a Newtonian fluid of the same viscosity [68,69], whereas C. elegans,
which undulates its body in a planar wave, swims at a slower pace [70]. Zhu et al. [71] studied
numerically the locomotion of spherical swimmers with tangential squirming motion in a viscoelastic
fluid. They reported that the swimming speed of the viscoelastic fluid decreased in relation to the
Newtonian fluid in all the cases analyzed, and also the required power for swimming is smaller for
the viscoelastic fluid in addition to the hydrodynamic efficiency being higher than for the Newtonian
case. Experiments carried out by Dasgupta et al. [72] to measure the speed of a swimmer immersed in
Newtonian and viscoelastic fluids revealed differences between a viscoelastic fluid that has a viscosity
independent of shear rate (Boger fluid) and more complex shear-thinning viscoelastic fluids that have
multiple relaxation time scales. In the latter case, the speed was slower than in the Boger-like fluid.
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This is a controversial issue, and there is not yet a consensus with experimental studies leading to clarify
whether viscoelasticity increases or decreases swimming velocity. Riley and Lauga [73] considered the
general problem of swimming using small-amplitude periodic waves in a viscoelastic fluid described
by the classical Oldroyd-B constitutive relationship, and they showed that if all travelling waves move
in the same direction, the locomotion speed of the organism is systematically decreased. However,
if the waves travel in two opposite directions, this can lead to enhancement of the swimming speed.
Nevertheless, more investigation is still needed to check if the theoretical models are in agreement
with biological tests.

4.1.3. Steady and Unsteady Blood Flows

The blood flow is generally laminar, with a smooth and ordered fluid motion. The values of
the Reynolds number in the human circulatory system can vary until seven orders of magnitude
depending on the geometry of the vessel (Table 1), and also, in some cases when the flow emerges from
a narrow opening into a larger region in the form of a jet, the blood flow can be considered turbulent,
as happens in stenosed arteries. Although the blood flow is considered in most of the cases laminar, it
is unsteady, especially at the capillary level.

Table 1. Characteristics of different veins and arteries of the human circulatory system and the Reynolds
numbers under the peak flow conditions [9,74].

Vessel Inner Diameter (mm) Blood Velocity (mm/s) Reynolds Number
Aorta 25 400 3000
Vena cava 30 50-300 3000
Medium artery 4 100-400 500
Vein 5 3-50 150
small arteriole 0.03 1-100 0.7
Venule 0.02 <3 0.01
Capillary 0.008 <1 0.002

The pulsatile nature of the blood flow in arteries is due to the cyclic nature of the heart pump.
The heart ejects and fills with blood in alternating cycles called systole (blood is pumped out) and
diastole (no blood is pumped). Due to the different shape of the vessel of the circulatory system,
the pressure and flow have different characteristic pulsatile shapes [75]. The Womersley number is
defined as the ratio between the unsteady and viscous forces. For low values, viscous forces dominate,
velocity profiles are parabolic in shape, and the centerline velocity oscillates in phase with the driving
pressure gradient. On the other hand, for values >10, the unsteady inertial forces dominate, and the
flow presents a flat velocity profile [76].

Nevertheless, an steady flow could be an acceptable approximation for some experimental and
numerical works. In addition, the fluid structure interaction (FSI) is commonly not taken into account
for simplification. More information about the steady and unsteady hemodynamic flows can be found
in Campo-Deafio et al. [57].

4.2. Experimental Technigues

For the study of the dynamic performance of microbots immersed in viscoelastic biofluids,
it is common to use simplified microbot prototypes based on living organisms as real bacteria or
spermatozoa. For instance, Martinez-Aranda et al. [77] used different prototype morphology starting
from square size to most blender geometries as ellipsoids with different aspect ratios. One example of
these prototypes is shown in Figure 3, and the image represents an ellipsoid 1:2 in a straight fused
silica microchannel.



Appl. Sci. 2016, 6, 410 8 of 16

Figure 3. Scanning Electron Microscopy images of a simplified 3D microbot prototype in a microchannel.

Flow visualizations, pressure drop measurements, pu-PIV, and birefringence analysis are the most
suitable experimental techniques to be developed in a micro hydrodynamic tunnel for the assessment of
the dynamic performance of microbots. For improving the microbot morphology in order to increment
its dynamic performance, and to minimize the impact of its presence inside the patient’s body; it is
important to relate theoretically the drag force, velocity field and pressure drop with the rheological
nature of the fluid and the morphology of the microdevice.

4.2.1. Flow Visualization

In order to perform flow visualization, the flow streak-line photography technique is a method in
which the fluid is seeded with suitable tracer particles, and long-exposure photographs are taken in
order to characterize the Lagrangian path of a fluid element particle. With this methodology, an analysis
of the path line can be done to assess the length of the wake formed behind the prototype. An example
of this type of measurement can be found in Figure 4, where an emerging wake appears. The length of
this wake can be calculated using image processing analysis.

Figure 4. Example of the formation of a wake in a Newtonian fluid around an ellipsoid. The flow
direction is from left to right.

42.2. u-PIV

u-PIV is a flow diagnostic technique that quantifies the velocity field in microfluidic devices [78,79].
This technique measures the local velocity components from the trajectories of tracer particles in an
interrogation region over a known time. In these kinds of measurements, the microchannel is placed
on the imaging stage of an inverted confocal microscope equipped with objective lenses. The confocal
microscope is able to deliver extremely thin images by true means of depth-wise optical slicing, and
allows the gathering of 3D reconstructed information from the line of sight depth-wise resolved
imaging without the need for physical slicing of specimens. A CCD (Charge-Coupled Device) camera
connected to the microscope is used to acquire the images. A double-pulsed 532 nm wavelength
Nd:YAG laser system is normally used for volume illumination and 0.5-2 pm diameter fluorescent
particles at a concentration of ~20-300 ppm for the solids fraction are used as tracer particles.
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An epifluorescent filter cube will also be used to prevent the laser light from reaching the sensor
of the camera, then receiving only the light emitted by the fluorescent particles. The time lapse between
two consecutive frames is adjusted depending on the flow rate in order to ensure that the frame by
frame particle displacement is optimal for subsequent analysis using an adaptive cross-correlation PIV
algorithm with interrogation areas typically ranging from 16 x 16 pixels to 32 x 64 pixels, depending on
the lens used. For each experiment, a minimum of 100 image pairs should be recorded and processed to
perform an averaged cross-correlation analysis using a specific software in order to obtain the velocity
field in the test section.

Images in Figure 5 show the velocity vectors of the fluid flow around an ellipsoid of 1:2 for
a Newtonian (up) and for a viscoelastic (down) fluid. The differences between these two kind of fluids
are clear. In the case of the fluid with elasticity and shear-thinning, the wake is sharper than for the
Newtonian case at the same Re, which is in agreement with the region where the highest normal
stresses are expected [77].
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Figure 5. Velocity vector for a fluid flow at the same Re. Newtonian fluid (up) and viscoelastic
fluid (down). Adapted from [80].

4.2.3. Pressure Drop Measurements

Pressure drop measurements will be also important in order to study the impact of the presence
of the microbot in the channel walls during the flow. Figure 6 shows the numerical results of CFD
simulations using Newtonian and viscoelastic model (Simplified-Phan-Thien-Tanner model, sPTT)
for blood flow. It is clear that the pressure drop is higher for the viscoelastic case in relation to the
Newtonian prediction for all the microbot prototypes studied.
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Figure 6. Normalized static pressure drop distribution along the x-direction for different prototypes
(cube, sphere, ellipsoid 1:2 and ellipsoid 1:4) for Newtonian and viscoelastic fluid. Inset: increment
of the pressure drop for a viscoelastic fluid with respect to the Newtonian case as a function of Re.
Adapted from [81].

Most of the micro pressure sensors normally used in microfluidics are capacitive and piezoresistive
sensors, although there are also other types of sensors such as optical and resonant devices or
microphones and hydroplanes, but their use is very scarce. These commercial differential pressure
sensors should be previously calibrated using a static column of water. A 12V DC power supply is
used to power the pressure sensors that were also connected to a computer via a data acquisition
card in order to record the output data using LabView software (National Instruments Corporation,
Austin, Texas, U.S.). The transient response of the pressure sensors is continuously recorded until a
steady-state is reached.

4.2.4. Optical Birefringence

In the case of transparent polymers, birefringence is directly proportional to stress, and
thus birefringence measurement provides an excellent method to obtain stress fields [6].
Optical birefringence generates a contour map of stresses; in order to obtain an optical birefringence
pattern, the flowing sample is illuminated with monochromatic light. A 4 mW helium-neon laser
is positioned such that the beam passes orthogonally through the walls of the flow cell and the
observation area. The laser beam is detected by the cooled CCD camera, which is focussed on the
stagnation point area. The polarizer and analyser are placed on either side of the flow cell with their
axes at 45° to the flow axis, and at 90° to each other to minimize the signal received by the CCD camera.
A A/4 plate is inserted between the polarizer and analyser to compensate for residual birefringence in
the walls of the channel. The A/4 plate is rotated to achieve the minimum signal, and the polarizer
and analyser are readjusted iteratively to achieve extinction of the beam. Twenty-five ms images are
normally captured for a range of flow rates. When the flow is stopped, a 25 ms background image
was captured. The background image was subtracted from the images captured under flow to reveal
the birefringent signal. This is done within 1 s to provide the best possible background image for
subtraction. The intensity of the detected signal was calibrated by placing a A/30 compensator in the
optical line. The change in the signal intensity is measured as the compensator is rotated to produce a
range of retardation values. The retardation, R, is related to the birefringence, An, by R= An [, where |



Appl. Sci. 2016, 6,410 11 of 16

is the path-length through the birefringent material. Then, from A, it is possible to obtain the normal
stress and the shear stress actuating on the walls prototypes [82].

The stress-optic law states that the index of refraction tensor is proportional to the stress tensor
according to Equations (1) and (2):

1 .
o = EAnszn(Zcx), 1)
1
011 — 0 = EAncos(Zoc), (2)

where C is the stress-optic coefficient that is independent of molecular weight, polydispersity, and also
is independent of polymer concentration over a wide range of compositions [83,84].

4.3. Comparison of Experimental Techniques

The experimental techniques mentioned above have been widely used in the study of the flow
dynamics in micro channels; however, they have inherent advantages and disadvantages that are
worthy of mentioning and analyzing.

Flow visualization is able to provide a quick and qualitative assessment of a flow field, that is,
it allows identification of the flow distribution and flow regimes by the analysis of the streamlines
without any post processing and time consumption. It is also an excellent tool to support the
quantitative results provided by other techniques like u-PIV. p-PIV is used for the assessment of
the velocity field. There are also other techniques such as micro Laser Doppler Velocimetry (u-LDV)
and hot-wire anemometry to measure flows; however, they only provide the velocity at a point and not
the two-dimensional or even three-dimensional vector fields as u-PIV does. Therefore, it has several
advantages as the capability of measuring flows in 3D or the high degree of accuracy. On the other
hand, disadvantages worth mentioning are that it requires a proper selection of seeding particles and
the high cost of its setup. For these two techniques (flow visualization and p-PIV), the capture of fast
transient phenomena on a microscale requires the use of a high speed camera.

Pressure drop measurements provide valuable information between different points along the
micro channel. However, very accurate measurements are still a challenge. The problems are mainly
related to the design of the micro channels where the pressure taps are located, and the presence of air
and the surface tension play an important roles in complicating the measurement process.

Flow birefringence is generally considered as a very convenient method for measuring the stress
distribution in polymer melts, and one advantage is that it can be applied without disturbing the flow
field. However, it is worthy to address that, in spite of being a valuable experimental technique, it
requires the use of birefringent materials, and this fact introduces a restriction to the fluids being used.

4.4. Performance Assessment

From the combination of some of these parameters, it is possible to calculate the drag force due
to the viscoelastic flow around the model. The drag force can be described in terms of the wall shear
stresses, due to viscous effects and normal stresses due to the pressure. Both wall shear stress and
pressure vary in magnitude and direction along the surface. Thus, it is useful to know the detailed
distribution of shear stress and pressure over the surface of the body to calculate the drag force, which
is given by the following equation (Equation (3)):

Fp :/ dF; :/ pcosedA+/ TwSinOdA. 3)
A A A

This implies that, apart from knowing the wall shear stress, it is important to know the pressure
distribution along the surface of the body. The calculation of this pressure, as it was mentioned
previously, is sometimes difficult due to the experimental limitations, and a good approximation would
be the calculation of the pressure difference before and after the object. Nevertheless, CFD simulations
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are, in this case, an excellent tool to determine the pressure surface distribution around the object, and,
subsequently, to calculate the drag force combining experimental and numerical techniques.

In order to propose a complete performance parameter, a combination of the result of these
experimental techniques is crucial. Therefore, it is expected that a low pressure drop around the
microbot, small length of the wake behind the object, low disturbance of the velocity field and low
stress field would be the key combination for the maximum efficiency.

To theoretically conceive the morphology of the prototypes to get the optimum design as a function
of the maximum performance, optimization numerical techniques, able to combine the characteristics
of the object and the fluid flow conditions, are also available to determine the morphology able to
diminish the drag and flow disturbance [85,86].

Martinez-Aranda et al. [77] also proposed an efficiency parameter that, in terms of energy dissipated
in the flow by the presence of the object, allowed for classification of better efficiency of different
microbot prototypes. Nevertheless, the drag force experienced by the prototypes was not reported.

5. Conclusions

The recent interest in the development of microbots for their use in biomedicine has been greatly
increasing in the last years. Many published studies investigating the fabrication method of these
devices, the remote control, and communication have emerged. However, none of the works in
literature have been dealing with the morphology optimization of the microbot prototypes in order
to achieve a higher dynamic performance on their movement. In this review paper, we proposed a
methodology to assess the efficiency of the movement of the microbots based on different experimental
techniques. Flow visualizations, p-PIV, pressure drop measurements and optical birefringence tests
were revealed as a good combination to evaluate the dynamic performance. The length of the wake
behind the object, the velocity field, the change of pressure due to the presence of the object and the
stress field are obtained from these techniques, respectively.

It is important to point out that this methodology constitutes a good tool for assessing the dynamic
performance of microbots; however, a more realistic methodology would significantly improve this
process. In this sense, fluid structure interactions that play an important role in the flow behavior is an
interesting contribution. Therefore, it would be important to develop more complex geometries as
patient-specific models in order to be closer to the real physiological and anatomic characteristics of
the human body.
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The following abbreviations are used in this manuscript:

Re Reynolds number

Wi Weissemberg number

G’ storage modulus

G” loss modulus

u-PIV micro-Particle Image Velocimetry
CFD Computational Fluid Dynamics
FSI Fluid Structure Interaction

o012 shear stress

011 — 0pp  first normal stress difference
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