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Complex flow dynamics around 3D microbot proto-

Sergio Martinez-Aranda, Francisco J. Galindo-Rosales and Laura Campo-Dearno*

A new experimental setup for the study of the flow dynamics around 3D microbot prototypes
in a straight microchannel has been developed. The ultimate aim of this work is focused on the
analysis of the morphology of different microbot prototypes to get a better insight of their efficiency
when they swim through the main conduits of the human circulatory system. The setup consists
of a fused silica straight microchannel with a 3D microbot prototype fastened in the center of the
channel cross-section by an extremely thin support. Four different prototypes were considered: a
cube, a sphere and two ellipsoids with aspect ratios 1:2 and 1:4, respectively. Flow visualizations
and micro-Particle Image Velocimetry (uPI1V) measurements were performed using Newtonian
and viscoelastic blood analogue fluids. An efficiency parameter, 3, to discriminate the prototypes
in terms of flow disturbance has been proposed.

1 Introduction

Microbots are mechanical or electromechanical devices whose
components are at or close to the scale of micrometers. They have
been developed for several purposes like industrial applications or
biomedicine 1-3. During the last two decades, some of the biggest
technological advances have involved the use of theses microde-
vices in the area of biomedicine to perform precise and delicate
tasks inside the human body, with the most impacting applica-
tions being related to their use as cancer-fighting microbots#, to
carry the drugs into the body® or as oxygen-sensing microbots
to assess oxygen levels within the eye®. However, the manipula-
tion and applicability of these microdevices is a challenging task
and some technical issues must be solved’, as they are their fab-
rication method, their propulsion mechanism, navigation and/or
their dynamic efficiency when they move through the main con-
duits of the human body. This paper is focused on this latter issue,
especially due to the combined effects of the viscoelastic character
of the human biofluids and small length-scales of the flow paths.
The dimensionless numbers characterizing the viscoelastic fluid
flows are the Reynolds number (Re), defined as the ratio between
inertial and viscous forces, Re = pUL/1n, and the Weissenberg
number (Wi), which is the ratio between the relaxation time of
the fluid and the characteristic time scale of the flow, Wi =AU /L8,
where U represents the relative flow velocity, L the characteristic
length-scale and p, A and 1 are the density, relaxation time and
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viscosity of the fluid, respectively. In the human microcirculatory
system, due to the small characteristic length scales, Wi increases
as Re decreases, leading to enhanced elastic effects®, which high-
lights the importance of treating blood flow as a non-Newtonian
fluid. Blood exhibits non-Newtonian behaviour due to its complex
mixture of proteins and of suspended cellular elements in plasma,
like platelets, leucocytes and mainly erythrocytes 1911, The rheol-
ogy of blood is strongly determined by the presence of red blood
cells which are the responsible of its complex behaviour10-16, If
blood is allowed to rest for several seconds, the red blood cells
form aggregates, called rouleaux, and eventually create an inter-
connected network. When the rouleaux are broken up by shear
and strain, a relative decrease in blood viscosity appears as shear
rate is increased characteristic of shear-thinning behaviour, up to
values around 100 s—!.16-19 However, the Newtonian approxima-
tion is still valid when high shear rates and large arteries or veins
are considered. Nevertheless, as shown in recent studies2%-21, it
has became evident the influence of the non-Newtonian proper-
ties of the fluid on the translating capabilities of micro-swimmers.
Therefore, for these reasons the flow dynamics forces experienced
by robots at the micro scale immersed in a biofluid are expected
to be different from those experienced at the macroscale.

The manufacturing of microbots for their use in biomedicine en-
tails several aspects, as they are the morphology, which can varies
according to the function it has to perform; the biocompatibility
with human fluids and conducts; and the power supplied for its
movement. Most of these microbots are bio-inspired swimming
microdevices that have been modeled inspired in bacteria or sper-
matozoa movement and propulsion. In this field, some research
has been directed to the fabrication method of microbot proto-
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types. Zeeshan et al.?? reported the fabrication of an hybrid arti-
ficial bacterial flagella which reduces sedimentation and facilitate
navigation and better biocompatibility in comparison with their
metallic counterparts; Kim et al.23 fabricated and characterized
microbots based on 3D porous micro-niches as transported using
a photo curable polymer; Suter et al.24 fabricated swimming mi-
crobots made of magnetic polymer composite, which presented
negligible cytotoxicity being suitable for biomedical applications.
Other studies deal with the control motion and propulsion of
these microdevices, mainly by the application of magnetic fields.
Fountain et al.2> used magnetic fields from a single rotating per-
manent magnet for the control of magnetic helical microbots
which resulted in a viable option for wireless control of these
kind of microbots; Solovev et al.2® described the magnetic con-
trol of self-propelled microbots by an external magnetic field able
to load and manipulate micro objects made of different kinds
of materials and dispersed in a solution; Abbott et al.?’ com-
pared different swimming methods commonly used in literature
utilizing magnetic fields, they concluded that helical propellers
are likely the best overall choice for in vivo applications; Bel-

haret et al.28

proposed a new technique for path finding, re-
construction and navigation control of a ferromagnetic microbot
propelled with magnetic forces using magnetic resonance imag-
ing; Palagi et al.2? studied a propulsion mechanism inspired in
the metachronal waves in ciliates to be applied in self-propelled
swimming microbots; Peyer et al.3%-31 reviewed extensively the
swimming mechanism of bacteria to model their motion and to
fabricate artificial bacterial microbots; Felderhof32 developed a
numerical study about the self-propulsion of a electric or mag-
netic microbot in a polar viscous fluid, and more recently, Khalil
et al.33 studied and characterized the self-propulsion of a new
microbot inspired in the propulsion system of a sperm-cell.
Works related to the improvement of the hardware architecture
to a better transmission and communication were also developed
in the last years. Sharafi et al.3* described a technique based on
binary communication scheme to communicate information from
a microbot to an external computer; Corradi et al.3> developed
one of the smallest optic systems for communication and sensing
of microbots, and Boillot et al.3¢ presented a simulation frame-
work for microbots using nano-wireless communication, among
others.

However, experimental and numerical studies related to the
characterization of the 3D fluid flow dynamics around the mi-
crobots are still missing. This analysis is of great importance to
understand the influence of the microbot’s morphology in the
flow dynamics in order to improve their efficiency when they
move through different conduits inside the human body, espe-
cially in the case of small vessels in the circulatory system, where
non-Newtonian properties of blood are enhanced. To address this
challenge, a new experimental setup has been designed, devel-
oped and validated. This setup consisted on a fused silica straight
microchannel with a 3D microbot prototype fastened in the cen-
ter of the channel cross-section by an extremely thin fused silica
filament. Four different and simplified shapes of microbots were
considered in this pioneering study following the most common
geometries adopted for the currently developed bio-inspired mi-
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Table 1 Shapes and dimensions of some experimental microbot
prototypes.

Microbot Prototype Main body shape Dimensions [um]
Mag-uBot 340 Parallelepiped 100 x 130 x 250
OctoMag*! Elliptical 250 x 500
Paramagn. sphere 4243 Spherical 100
MagPieR 4 Parallelepiped 230 x 300 x 388
Magn. sphere % Spherical 500
Micro-jet 46 Cylindrical 5x50
Porous microbot 3 Cylindr.-Parallel. 75x75x150
MagnetoSperm 33 Elliptical 30x 50
Sphere-flagella 47:47:48 Spherical 360
Parallel.-flagella 22 Parallelepiped 5x10x 20
Cylinder-flagella4® Cylindrical 400 x 800

crobots. Flow visualizations and uPIV were carried out to analyze
the microhydrodynamics of the fluid flow around the different mi-
crobot’s prototypes. Moreover, numerical simulations were per-
formed in order to study the feasibility of the experimental setup
(see Supporting Information).

2 Experimental setup

2.1 Microdevices design and fabrication

The flow conditions in the human body circulatory system present
huge variations as the distance from the heart increases, from
vessels having characteristic diameters of 2-3 mm and Re ~ 3000
close to the heart (considering the vessel diameter and the mean
flow velocity as characteristic values), with a high pulsating com-
ponent on the flow; to the smallest capillaries with characteristic
diameters about 20-30 um, Re <1 and almost constant flow37.
As mentioned previously, small length scales increase the signif-
icance of the viscoelastic nature of the human blood and, thus,
we focus on medium to small size vessels (diameter < 1 mm).
Largely, blood consists of a Newtonian fluid named plasma, in
which red blood cells measuring 5-10 um in diameter and smaller
platelets and white cells are suspended38. Therefore, in order to
avoid discrete interactions between the real environment and the
microbot device, we considered a lowest threshold of 10 times
the red blood cells size for the minimum length of the microbots.

Table 1 shows the main features of the current prototypes re-
ported in literature, together with their characteristic lengths.
Based on them, we have considered for this study four differ-
ent simplified microbot prototypes (hereafter refereed as mod-
els) having a common characteristic length-scale Ry = 50 um
and varying from blunt to slender morphology: a 100 um side
cube (CU), a 100 um diameter sphere (SP) and two 100um
minor axis ellipsoids with 200 um (E2) and 400 um (E4) ma-
jor axis respectively. The models were orientated towards the
flow direction and placed at the center of a square cross-section
straight microchannel of 700 um side length (L, = 350 um, where
L, is the characteristic length-scale of the channel). Therefore,
the ratio between model and channel characteristic length-scales
(BR =R, /L. ~0.14) is suitable to keep low-moderate blockage ef-
fects, in order to avoid an excessive influence of the channel walls
on the model dynamics 90,

The models were fastened to the top-wall of the channel square

This journal is © The Royal Society of Chemistry [year]



Fig. 2 Scanning electron microcope images of the four models fabricated. From left to right: cube, sphere, ellipsoid 1:2 and ellipsoid 1:4 prototypes.
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Fig. 1 Sketch of the micro-hydrotunnel and the experimental setup.

by means of a thin filament. This cylindrical support is 300 um
long and has a diameter of 20 um. The support diameter selec-
tion was made based on previous fluid-structure interaction (FSI)
simulations performed with a blood-like Newtonian steady flow
and fully-elastic solid material assumption, in order to determine
the optimal diameter able to satisfy two criteria: on one hand, re-
sisting the forces exerted by the flow and avoiding fluctuations on
the model position while the fluid circulates; on the other hand,
minimizing the disturbance of the flow around the model. Sup-
port collapse probability was determined by means of the Tresca,
Von-Mises, Rankine and Mohr-Coulomb fracture criteria. A min-
imum diameter of 20 um was needed to ensure reaching Re =
150 in the microchannels without the support collapse for the
most unfavorable case (results not shown here). The disturbance
on the flow caused by the presence of this support is bellow 10%
of the mean velocity in the channel, as it is thoroughly discussed

This journal is © The Royal Society of Chemistry [year]

in Supporting Information.

Fig. 1 depicts a scheme of the micro-hydrotunnel and the whole
experimental setup. Straight microchannel was 63 mm long. In
order to allow the flow becomes fully developed before reach-
ing the test section and, thus, avoid any entry effects, the models
were placed at a distace of 18 mm from the beginning of the
straight channel. The distance from the center of the model to
the end of the straight channel was 45 mm, long enough to al-
low the flow become fully developed again and avoid exit effects.
Moreover, especial contraction-expansion sections were added at
the beginning and at the end of the straight channel to provide a
smoother flow transition at the inlet and outlet of the microchan-
nel, respectively, as it is typically done at the inlet of the macro-
scale hydro-aerodynamics tunnels>!.

The bottom side of the microdevice was sealed with a poly-
dimethylsiloxane (PDMS) slide of ~1 mm thickness. Moreover,
PDMS blocks of ~5 mm thickness were also used to cover the in-
let and outlet holes and hold the dispensing tips connecting the
tubes. The microbot prototype, the support and the microchannel
were fabricated all together from a unique bulk piece of fused sil-
ica, ensuring mechanical continuity. A new technology, recently
developed by Femtoprint, S.A and based on the application of an
ultra-fast low power femtosecond laser to the fused silica sub-
strate, was used to fabricate these devices. Focused inside the
glass, this laser locally modifies the refractive index of the ma-
terial and increases the etching rate, resulting on a 3D micro-
pattern without a mask process. Then this micro-pattern is de-
veloped by a chemical wet etching process, creating the model,
filament and microchannel wall surfaces all together in the same
bulk substrate slide. Fig. 2 shows Scanning Electron Microscope
(SEM) images of the four models fabricated. Accuracy on dimen-
sions is lower than 1 um for the model and the filament. Model
surface roughness was ~200 nm depth.

2.2 Rheology of blood analogue fluids and flow regimens

Newtonian and viscoelastic blood analogues were prepared and
used as working fluids. The Newtonian blood analogue con-
sists of an aqueous solution of 68% w/w of dimethylsulfoxide
(DMS0)>2°3 having a density of 1.135 g/cm>. The viscoelas-
tic blood analogue was formulated according to Campo-Deano
et al. 1>, consisting of a mixture of 100 ppm of xantham gum in
an aqueous solution of 52% w/w of DMSO, having a density of
1.130 g/cm?. Moreover, 50 ppm of sodium azide were added
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in order to avoid the growth of microorganisms. Densities were
measured averaging three test performed with a 10 ml pycnome-
ter at a stable room temperature of ~20 °C. The viscosity curve of
both working fluids has been measured at steady shear rates rang-
ing from 1 to 25000 s~! by using a stress controlled rotational
rheometer Anton Paar Physica MCR-301 and a 50 mm plate-plate
geometry with a gap of 100 um (Fig. 3). The Newtonian blood
analogue fluid showed a constant viscosity of 3.80 mPa-s at 20
°C. The viscoelastic solution presented shear-thinning behavior
with a plateau viscosity of 3.75 mPa-s at high shear-rates (20 °C)
and an extensional relaxation time of 1.6 ms!5. Moreover, the
viscoelastic moduli showed a liquid-like behavior (G” > G') and
gave evidence of the elastic character of the solution with a non-
negligible storage modulus (see inset Fig. 3).

It must be noticed that reproducing the rheological behavior of
blood is a very challenging issue 1°. These working fluids are con-
sidered blood analogues in the sense that they are able to repro-
duce the viscosity curve and the elastic character of the whole
human blood as a bulk. On one hand, in the case of the Newto-
nian fluid, the similarity lies in the fact that it is able to reproduce
the viscosity at high shear rates. The absent of elasticity makes
this blood analogue useful for large vessels, where the elastic ef-
fects are negligible. On the other hand, the viscoelastic fluid is
able to mimic the shear-thinning behavior and the elastic charac-
ter of whole blood 1®, making it more suitable for small vessels.
In spite of the fact that none of them are able to capture other
complex characteristic of the real blood, like the thixotropy>*
the Fihraeus-Lindqvist effect®>, they are considered as suitable
blood analogues for microfluidic studies. >°

The Reynolds number characterizing the flow in the microchan-
nel is defined as Re, = p - Uy, - 2L /N, Where p is the blood ana-
logue fluid density, 1. is the constant viscosity and the plateau
shear-viscosity at high shear-rates for the Newtonian and the vis-
coelastic fluids respectively, and U,, is the mean velocity in the
microchannel. The flow rates Q considered ranged from 0.025
ul/s to 250 ul/s, leading to a Re, interval from ~0.01 up to ~100
(characteristic of the flow regime in the human circulatory system
at small-medium vessels37) for both the Newtonian and the vis-
coelastic blood analogue fluids. The mean velocities U,, = Q/Ar
in the microchannel were 48 um/s < U, < 480 mm/s, being Ay
the channel cross-section area. For the viscoelastic blood ana-
logue, the characteristic Weissenberg number, Wi, is localy de-
fined for the contraction on the microchannel cross-section cre-
ated by the model at its center position (X = 0) as:

UC ontr

=A-7; with y= (@D

Lcontr
where A is the extensional relaxation time of the viscoelastic
blood analogue and 7 the characteristic shear-rate in the con-
traction, being Uopr ~ Uy, ﬁ the averaged velocity at the

— %) the scaled length

ratio for the "flow past a confined cylinder" problem>’. The flow
rate range tested in the experiments led to a shear-rate interval
1.28 s=! <7< 12800 s~! at the model cross-section and a local
Weissenberg number ranging from 0.002 to 21 (see Fig 3). All the

cross-section X = 0 and Lconr = Ry - (

4] 1-14

Human blood

KN i * G'Blood
1077 o  Newtonian blood analogue 0 > Bl ) N

1 &  Viscoelastic blood analogue . ;’] V:COellﬂs"C oo ©

] sC ; _ coe i

1 ——=—Minimum torque line & oodanalogue o oo %
o ooo°°°2§g§€¢9‘“

1 R 00%7 0%,

J N .
o 102 oo G" Blood

© G" Viscoelastic
blood analogue

I

I

-

)

3
N 0 10 100 1000
1024 | o [rad/s]

] n\n |
AN
7 I
B |

I
1 I

I

I

o

Viscosity [Pa - s]

\

“Nooo nﬁiii ﬁ{'ﬂ%ﬁ‘ $490 0 com 3 0 ae "

] \ |
Wi =0.002 N\

Wi= 021 Wi=21

Re.=0.01 \\ Re,=1.02 Re.=102.2
10° T T T Y T T T T T T T
1 10 100 1000 10000

Shear rate [s™']

Fig. 3 Shear viscosity of the blood analogue fluids at 20 °C. Inset graph
shows the lost and storage moduli for the viscoelastic blood analogue
adapted from Campo-Deano et al.!>. Data for human blood at 37 °C are
also depicted, with error bars representing the standard deviation of the
average values between F1 and M3 samples (see Valant et al.>®)

experiments were carried out at a controlled room temperature of
20 °C.

2.3 Experimental techniques

The flow rate was controlled by means of a neMESYS low pres-
sure syringe pump (Cetoni GmbH). Depending on the flow rate,
different glass syringes (Hamilton® 100 ul - 10 ml volume, and
Fortuna® 20 ml volume) were used to ensure pulsation-free dos-
ing. The pump controlled the inlet flow rate, while the outlet
was left open to the atmosphere to balance the flow. Tygon®
tubes with an inner diameter (i.d.) of 1.02 mm and precision dis-
pensing tips 0.86 mm i.d. (Nordson Corporation) were used to
connect the syringe output to the microdevice inlet hole through
the 5 mm thickness PDMS block and, in the same way, the outlet
hole to an atmospheric fluid reservoir.

The flow dynamics in the microchannel were characterized
experimentally using uPIV following the procedure detailed by
Oliveira et al.>. This is a well established technique for measur-
ing spatially resolved velocity fields at small length scales associ-
ated with microfluidic devices®%-61, The microchannel was placed
on the imaging stage of an inverted microscope (Leica DMI 5000
M) equipped with 10x and 20x magnification objective lenses (Le-
ica HCX PL-Floutar, numerical aperture NA = 0.30 and NA = 0.4,
respectively). A CCD camera (Dantec Dynamics FlowSense EO-
4M) 2048 x 2048 pixels connected to the microscope was used
to acquire the images at the mid-plane (Y = 0), as well as at
different planes below the mid-plane (0 um <Y < +70 um). A
double-pulsed 532 nm wavelength Nd:YAG laser system was used
for volume illumination and 1 um diameter fluorescent particles
(FluoSphere®, carboxylate-modified nile red, Ex/Em = 535/575
nm) at a concentration of ~20 ppm for the solids fraction were
used as tracer particles. An epifluorescent filter cube was used
to prevent the laser light from reaching the sensor of the CCD
camera, which receives only the light emitted by the fluorescent
particles.

The time lapse between two consecutive frames was adjusted
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Fig. 4 Raw data from three independent measurements, their average (second row on the right) and their smoothed velocity field (third row) for the

case of the sphere with the viscoelastic blood analogue at Re.=1.

depending on the flow rate in order to ensure that the frame-by-
frame particle displacement was optimal for subsequent analysis
using an adaptive cross-correlation PIV algorithm with interroga-
tion areas ranging from 16x32 pixels to 32x 64 pixels, depending
on the lens used. For each experiment, a minimum of 100 image
pairs were recorded and processed to perform an averaged cross-
correlation analysis using the Dynamic Studio software (version
2.30.47, Dantec Dynamics) in order to obtain the velocity field in
the test section. The post-processing of these velocity data was
performed by means of in-built Matlab® codes. Each test was re-
peated at least three times. Final velocity results for each case
were averaged from the experimental data set for each flow con-
dition and then slightly smoothed using a fast robust version of
the method introduced by Garcia®%63. This method is based on
the discrete cosine transform (DCT), allowing robust smoothing
of equally spaced data in two dimensions by means of the penal-
ized least squares approach. Figure 4 shows an example of raw
data from three independent measurements, their average and
their smoothed velocity field for the case of the sphere with the
viscoelastic blood analogue at Re.=1.

3 Experimental results and discussion

The first difference observed between the viscoelastic and New-
tonian blood analogue flows was in the fully developed veloc-
ity profiles u(z) at the mid-plane upstream of the model section

This journal is © The Royal Society of Chemistry [year]

(data not shown here). For low Reynolds numbers in the channel
(Re. < 0.51), the fully developed profile became more flattened
as the flow rate increased, and the maximum streamwise velocity
at center of the cross-stream section was significantly lower than
that for the Newtonian case Uy, = max(u) /U, = 2.0962 in square
cross-section microchannels®, which is the typical velocity pro-
file produced by the shear thinning behavior. The maximum devi-
ation of the viscoelastic fully developed flow velocity at the center
of the channel with respect to the Newtonian case was about 15%
U, at Re. = 0.51. As the Re. increased further, the viscoelastic
fully developed flow profile tends to agree with the Newtonian
case, as the second Newtonian plateau in the viscosity curve, N,
was progressively reached and both fluids almost exhibit a similar
constant viscosity (see Fig. 3). For Re, > 25.6, the difference of
the velocity in the centerline of the microchannel was lower than
1.5% U,,.

Fig. 5 and Fig. 6 depict the streamwise velocity u contours
at the microchannel mid-plane (¥ = 0) with both the Newto-
nian (dotted lines) and viscoelastic (solid lines) blood analogues.
For Re. < 1.02 velocity contours up and downstream of the mod-
els were practically symmetric for the Newtonian analogue fluid,
confirming that the flow was at Stokes regime and inertial ef-
fects were negligible. As Re. increased further than 1.02, iner-
tial effects appeared and wakes became longer, losing symmetry
with respect to the upstream velocity field. Generally, the larger
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the flow rate in the channel, the longer the wake downstream
became for all the models, which is the typical effect of iner-
tia regardless of the fluid nature. Nevertheless, the viscoelastic
blood analogue showed asymmetric velocity contours upstream
and downstream of all the models even at low Re.. The stream-
wise velocity contours behind the models for the viscoelastic flow
were much sharper at the center of the channel than for the New-
tonian case, especially at reduced flow rates. It is known that in
the "viscoelastic flow past a confined cylinder" problem, the most
remarkable elastic effect occurs at the wake behind the cylinder
where the "stretching" of the fluid downstream of the rear stag-
nation point creates a high normal stress component®-67. These
sharp shapes observed for the streamwise velocity u contours at
the model wake with the viscoelastic blood analogue fluid seem
to be in agreement with the region where the highest normal
stresses are expected.

Furthermore, these sharp shapes also became more distinguish-
able as the flow rate in the channel increased, until the Re,
reached the value 10.2 (Wi = 2.1), at which the most marked
peaks in the wake velocity contours were observed behind all the
models. Then, as the Re. increased further, the differences be-
tween Newtonian and viscoelastic velocities seem to reduce and
contours practically agree at Re. = 51.1 (Wi = 10). However,
at the highest Reynolds number explored here (Re, = 102.2; Wi
= 21), differences on the velocity contours appeared again, ex-
cept for the E2 model, which showed the maximum similarity
between Newtonian and viscoelastic behavior at the highest Re,,
leading to think that this model undergoes lower normal stresses
at its wake as the flow rate in the channel increases. Additionally,
for the Newtonian blood analogue fluid, two steady symmetrical
recirculation vortex caused by inertia appeared downstream of
the CU model at Re, = 51.1 (increasing in length as the Re. in-
creased) and the SP model at Re, = 102.2, see Fig. 7 bottom part.
The two ellipsoidal models did not show any kind of recirculation
zone downstream with the Newtonian blood analogue, even at
the highest Reynolds number. However, these vortex behind CU
and SP models did not appear for the viscoelastic blood analogue
fluid at any Re. and the velocity streamlines always remained at-
tached to the model rear surface (Fig. 7 top part). Song et al.%8
reported that shear-thinning effect on a Poiseuille flow past a con-
fined sphere tends to increase the length of the inertial recircula-
tion zones behind the model with respect to the Newtonian case.
Therefore, the suppression of these inertial vortex downstream of
the CU and SP models for the viscoelastic blood analogue may be
directly related to the fluid elasticity®®, which is enhanced by the
micro-scale dimensions of the immersed body.

Focusing the analysis on the velocity evolution at the chan-
nel centerline downstream of the model rear stagnation point,
generally the viscoelastic blood analogue flow also presented
longer wakes in comparison to the Newtonian case and the ax-
ial velocity u profiles were shifted downstream for the viscoelas-
tic blood analogue, especially at low Re. (Fig. 8[a]). The nor-
malized streamwise velocity difference between viscoelastic and
Newtonian cases along the wake centerline, Au, was defined as
Au = %, where u,;;. and up.,; are the streamwise veloc-
ities for the viscoelastic and Newtonian blood analogue fluids,
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experimental uPIV data for Newtonian (bottom part) and viscoelastic
(top part) blood analogue fluid flows around the cube and sphere
models.

respectively, at the same point. Fig. 8[b] depicts the Au pro-
files for the CU model, showing the other models a similar be-
havior. In general for all the prototypes, Au profiles at the rear
wake centerline showed a positive zone (higher velocities for the
viscoelastic fluid than for the Newtonian case) near to the model
surface (x,, < 4-R;) and then a marked negative Au zone (lower
velocities for the viscoelastic fluid than for the Newtonian case)
farther away from the rear stagnation point. We defined A, as
the maximum value of the positive normalized velocity difference
zone and Au,,;, as the minimum of the negative zone. Inset in Fig.
8[b] shows the values of Au,u,, (open symbols) and Auyy;, (closed
symbols) for all the models as a function of the local Wi at the
model contraction.

At low Reynolds numbers (Re, < 1.02 and Wi < 0.21), the neg-
ative zone of Au was much more marked than the positive one,
leading to shift downstream the axial velocity patterns, as it was
mentioned previously. At these low inertia regimes, the positive
zone even disappeared for most of the cases and Au,;, and Auygx
values did not present clear tendencies. However, Au behavior
appears to have a critical threshold for Wi = 1.0 (Fig. 8[b]). For
Wi > 1.0 (Re, > 5.11), a clear tendency appears in both negative
and positive Au zones. The negative zone begins to decrease pro-
gressively and its minimum Au,,;, became less marked and it was
reached farther away to the model rear stagnation. For the two
highest Reynolds number in the channel (Re. = 51.1 and 102.2),
the negative Au zone almost disappeared. Furthermore, the pos-
itive zone near to the model rear stagnation point was clearly
more distinguishable at high flow rates, increasing its length and
its maximum value Au,,,, monotonously as the Wi increases.

Zheng et al.”% studied separately inertia, shear-thinning and
elasticity effects on a sphere immersed in a cylindrical Poiseuille
flow. On one hand, they reported that when inertia effects are
negligible, the modification of the axial velocity field behind the
sphere due to the shear-thinning effects is mainly found in the
region near the rear stagnation points and it consists of shifting
the velocity profile toward the sphere surface, i.e. Au> 0. On
the other hand, Zheng et al.” also reported that elasticity effects

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Experimental Newtonian (dotted lines) and viscoelastic (solid lines) streamwise velocity u contours [mm/s] at the measurement plane ¥ = 0 for
the CU and SP models at different Re. and Wi.

tend to decrease the acceleration of the fluid behind the sphere, these observed negative Au zones dominating the wake center-
i.e. Au < 0, and thus to translate the flow patterns in the down- line profile at low Re, may be mainly caused by the elasticity of
stream direction even if inertial effects are presented. Therefore, the blood analogue more than by the shear-thinning effects. Al-
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though the fluid elasticity was almost insignificant considering
macro-scale conditions, the micro-scale characteristic length of
the model caused an enhancement of the elasticity effects under-
gone by the fluid. As the flow rate increased (Re, > 5.11 and

8| 1-14

Wi > 1.0), inertial effects begin to dominate the flow over shear-
thinning and elasticity effects, hence Newtonian and viscoelastic
velocity contours appeared to approach, although some differ-
ences associated to shear-thinning effects remain in the region

This journal is © The Royal Society of Chemistry [year]
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Fig. 8 [a] Normalized streamwise velocity at the rear wake centerline of
the CU model for Newtonian (open symbols) and viscoelastic (closed
symbols) blood analogue fluids. [b] Normalized streamwise velocity
difference Au at the rear wake centerline for the CU model, expressed as
percentage of the mean velocity in the microchannel (U,,). Inset depicts
maximum and minimum of the positive and negative Au zones,
respectively, as a function of the local Wi at the model section.

near to the rear stagnation point (Au > 0).

Comparison between the streamwise velocity u of the viscoelas-
tic blood analogue, normalized by the mean velocity in the chan-
nel U,,, at the rear wake (Fig. 9) shows clear differences between
the models. CU model created the most marked wake near to
the model rear stagnation point, regardless of the flow rate in
the channel. The streamwise velocity u at the channel center-
line behind the E2 model recovers the fully developed flow value
faster than the other models, even than the more slender E4 ellip-
soid. The spherical prototype showed a velocity profile interme-
diate between the CU and the E2 models, and even it appeared
to recover the fully developed profile faster than the E4 model at
the end of the wake. At low Reynolds numbers in the channel
(Rec <0.51) the flow at the plane ¥ = 0 practically has recover

This journal is © The Royal Society of Chemistry [year]

the fully developed profile at x,, = 10-R; = 500 um from the rear
stagnation point. For 1.02 < Re, < 10.2 the profile at the center-
plane remained slightly altered at x,, = 500 um, but it almost
agreed with the fully developed profile at x,, = 16-R; = 800 um
downstream of the model. For Re, > 10.2 streawise velocity did
not recover the fully develop profile even at x,, = 800 um (16-R;).
Ellipsoid 1:2 model presented the shortest wake regardless of the
mean flow velocity, although as Re. increased the velocity profile
was progressively approaching to that of the SP model.

In order to establish a quantitative comparison of the model
efficiency in terms of flow disturbance, the control-volume ap-
proach was used applied to the velocity measurements at the
channel mid-plane. The control-volume method allows the in-
tegral load on an object to be obtained from an integration of
the flow variables inside a control volume surrounding this ob-
ject’!. This non-intrusive method has been extensively used to
obtain aerodynamic forces on 2D airfoil profiles immersed in tur-
bulent unbounded air flows, as occurs in wind tunnels, from PIV
data’%74, Required flow field properties needed to apply this
method are velocity, pressure and viscous stresses on the outer
contour s of a control volume V enclosing the considered body.
In the Newtonian and unbounded case, these properties can be
evaluated from the instantaneous or time-averaged velocity field
obtained by PIV technique. Here, a new approach is proposed
to analyze the global disturbance in the channel flow caused by
the presence of the microbot in the center of the cross-section.
Considering a fixed 2D control-volume in the measurement plane
Y = 0, which contains our microbot prototype and enclosing the
whole microchannel width, and two-dimensional steady flow, the
time-mean momentum conservation equation in this control vol-
ume can be expressed in its integral form as:

/puu-ﬁds:/(fpﬁJrTAﬁ)dsfF 2)

N N

where p, p, u, T and fi are the fluid density, the pressure value, the
2D velocity vector, the stress tensor and the outward pointing nor-
mal vector, respectively, on each point of the outer contour s, and
F is 2D integral force experienced by the model in its mid-plane.
The cross-stream direction component of the vector equation sys-
tem (Eq. 2) can be unattended since it will be always balanced
due to the flow symmetry with respect to the Y-plane longitudinal
centerline.

The left hand in Eq. 2 quantifies the integral momentum deficit
for the control-volume and it is unambiguous related to the veloc-
ity field, therefore it can be directly evaluated from uPIV data.
The first term of the right hand in Eq. 2 represents the inte-
gral balance between pressure drop along the channel and the
stresses on the channel walls. For a clean section of the chan-
nel, i.e. without model (F = 0), pressure drop and X-direction
stress component on the channel walls are balanced and hence
the momentum deficit is null, resulting in the fully developed flow
regime. However, the presence of the model leads to an non-null
integral momentum deficit for the successive length-increasing
control-volumes along the wake of the microbot, considering that
all these control-volumes start at the same fixed section with fully
developed flow profile upward the model. As the control-volume
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exit moves far away from the rear stagnation point, the integral in Fig. 10[a]). The integration along the wake of the integral
momentum deficit decreases until it becomes null (wake end) and momentum deficit value allows us to propose a quantitative char-
the right hand terms of Eq. 2 are balanced once again (see scheme acterization parameter 3 of the energy dissipated by the flow to
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fully pass the microbot prototype, as defined in Eq. 3:

S:/ (/ puu-ﬁds)dxw 3
X“- Sk

end

3 represents a global criterion to compare the efficiency of the
models in terms of flow disturbance (3 has units of joules/meter).
The marker and longer the wakes are, the higher 3 becomes,
what means that a greater disturbance in the channel flow has
been caused by the model.

Therefore, we computed the X-component of the integral mo-
mentum deficit from the measured pPIV fields at the channel
mid-plane. All the 2D control-volumes started at a fully devel-
oped flow section upward the model. The ending section moved
successively from the rear stagnation point to a section down-
stream of the model at which the streamwise velocity u at the
channel centerline had recovered a 80% of the fully developed
flow value for each case. Then this integral momentum deficit
was numerically integrated along the X-direction in order to ob-
tain the efficiency parameter 3. The momentum in the channel
flow increases in the same order of magnitude than u? grows,
hence in order to improve the visualization of the results through
the whole velocity range tested, values of 3 have been scaled by
Re2 and shown in Fig. 10.

Firstly, comparison of models for the viscoelastic blood ana-
logue fluid (Fig. 10[b]) indicates that the CU model presents the
worst dynamic efficiency (in terms of the flow disturbance) at low
Reynolds numbers in the channel, as it was expected. Further-
more, the SP and E2 models show again a quite similar behavior,
especially at high Re., but the E2 model develops slightly lower
values of 3. For these three models, a change in the tendencies
appears at Re. ~ 0.51 (Wi = 0.1), coinciding with the critical Re,
for the shear-thinning effects on the fully developed flow profile
in the channel. The larger ellipsoidal model E4 suffers a quick de-
terioration of its efficiency as the Re. increases, probably caused
by its much higher surface which may lead to the enhancement
of the stresses in the near region of the viscoelastic fluid. Even at
Re. >5.11 (Wi > 1.0), the E4 model shows worse 3 values than
the CU model. Therefore, it seems that the E2 model shows again
the best efficiency for viscoelastic blood analogue, regardless of
the flow rate in the channel. Regarding to the Newtonian blood
analogue (inset in Fig. 10[b]), all the rounded models, i.e. SP, E2
and E4, showed very closed 3 values at low flow rates in the mi-
crochannel. The result for the SP model shows a good agreement
with the numerical prediction for the untethered model (open cir-
cles). The CU model showed much higher 3 values than all the
other models, indicating it was the worst model in terms of chan-
nel flow alteration, at reduced flow rates in the channel. At higher
flow rates, the 3 value for the E4 model increases as in the case of
the viscoelastic flow, even reaching the values for the CU model.
Finally, the critical threshold for the 3 /Re? tendency observed for
the viscoelastic blood analogue at Re, = 0.51 seems to disappear,
confirming that it may be related to the non-Newtonian behavior
of the fluid.

This journal is © The Royal Society of Chemistry [year]
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CFD simulations.

4 Conclusions

A new micro-hydrotunnel for the study of the complex fluid flow
dynamics around 3D microbot prototypes has been successfully
designed, implemented and validated. uPIV measurements and
the proposed efficiency parameter 3, which represents a value of
the energy dissipated in the flow by the presence of the microbot
in the center of the channel, allowed us to clearly discriminate
the prototypes in terms of the flow disturbance.

Results showed that, even when the elasticity of the blood ana-
logue fluid is very low (A = 1.6 ms), its influence in the fluid
velocity field around the microbot is clearly marked, especially at
non-inertia conditions. With regards to the model performance,
the best efficiency corresponds to the ellipsoid 1:2 in both blood
analogue flows, Newtonian and viscoelastic. On the contrary, the
cube model presented a larger disturbance of the flow, especially
when inertia effects are negligible (low flow rates). The particu-
lar case of the ellipsoid 1:4 must be highlighted due to its unsat-
isfactory efficiency at high Re.. Probably, this performance dete-
rioration for the E4 model may be associated to its much higher
surface in comparison to the spherical or the shorter ellipsoidal
models.

This study provides a useful tool for selecting the best mi-
crobot’s morphology depending on its foreseen application, as the
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Re, varies from a medium size artery to capillaries. For example,
for a removing clots application, the cubic or larger ellipsoidal
shapes could be the best choice hence they create a higher dis-
turbance on the flow conditions and, thus, may dissolve the clot
easily. On the contrary, for drug delivery close to sensitive zones
of the circulatory system (as could be an aneurysm), spherical
or shorter ellipsoidal shapes would help to reduce risks since the
disturbance induced in the vessel flow will be limited.

In future works it is expected to obtain the drag forces exerted
on the prototypes. This is a non-trivial measurement as the shear
stresses originated by the viscoelastic fluid are difficult to obtain.
These study will be performed by means of birefringence tech-
niques which are able to generate a contour map of stresses.
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