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a b s t r a c t

Two different orientations of an enzymatic biofuel cell (EBFC) chip, involving highly dense and three-
dimensional cylindrical micro-electrodes arrays, have been studied with the finite element method. Mass
transport phenomenon around the micro-electrodes of an EBFC chip inside a blood artery has been sim-
ulated. The stability of the chip to its position and blood flow pattern surrounding it are also investigated.
eywords:
nzymatic biofuel cell
inite element analysis
ass transport

The comparison between horizontal position (HP) and vertical position (VP) reveals that the chip can
be more stable in VP rather than in HP. In VP, the diffusive flux and convective flux values are bigger
compared to HP, but both these fluxes are non-uniform around all electrodes in both the positions. In
addition to that in case of HP, the electrodes located at different positions on a chip receive different
amount of glucose. A novel designed chip with holes through the substrate has enhanced the diffusive
and convective flux in the HP of a chip and also all micro-electrodes on a chip receives similar amount of

hout
glucose uniformly throug

. Introduction

Since the 1950s, numerous active implantable medical devices
IMDs) [1–6], such as pacemakers, defibrillators, cochlear implants,
euro-stimulators, artificial hearts, and drug delivery systems,
ave been developed. Effective functionality of these IMDs mainly
epends on the continuous supply of electricity. Traditional power
ources for these implants are lithium primary or lithium ion sec-
ndary batteries [7,8]. Despite of abstract estimations that batteries
ould last for at least 5 years, the major complications were found

hat the battery at body temperature and at nominal load will not
ast much beyond 2 years because of all types of issues, such as
nternal short circuits, inefficient components, and encapsulation
roblems [9]. Because of the challenges associated with batteries,
esearchers recently paid considerable attention towards biofuel
ells (BFCs). The use of natural biological fuels, such as glucose or
ructose, abundantly available inside a human body; operation at
hysiological condition of pH 7, body temperature 37 ◦C and nor-
al body pressure 80–120 mmHg; and also biocompatibility make

FCs very promising to be used as implantable power sources [2].

urrently, researchers are mainly focusing on enzymatic biofuel
ell (EBFC) instead of microbial fuel cell (MFC), because enzymes
ave higher volumetric catalytic activity compared to microbes
10,11], and also ‘selective’ nature of enzymes gives an opportu-
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nity to miniaturize the device by removing expensive and bulk
membranes [3,4].

Until now, majority researches are focused on in vitro exper-
iments by mimicking physiological conditions. The additional
complex problems may arise when a BFC chip is placed inside a
blood artery. The first is with implantation process itself, which
involves a surgery for the insertion of a BFC, electrical wires and
other necessary electronics components. The second is the stabil-
ity of this chip inside an artery and how/where this chip can be fixed
such that it can survive against the blood flow. Third problem is the
clotting of the blood. This chip should be placed in such a way that
it must not obstruct the flow of blood and must not even lead to
substantial pressure drop inside an artery, which can be dangerous
to a human health. The fixation of this chip with the blood artery
also should not harm the blood vessel walls.

In order to improve mass transport around micro-electrodes by
optimizing the positioning of an EBFC chip, we have adopted the
finite element analysis (FEA) approach. While achieving this goal,
we also look into the stability of an EBFC inside a blood artery. FEA is
a powerful tool to mimic the behavior of an EBFC chip performance
inside an artery. We use COMSOL 3.5 Multiphysics software to ana-
lyze mass transport for different orientations of an EBFC chip inside
a blood artery. On the initial stage, we have analyzed only two ori-

entations: horizontal position (HP) and vertical position (VP). The
stability of the chip in these positions, diffusion and convectional
fluxes around micro-electrodes has been finely investigated. We
have proposed a novel chip design, with holes in between all elec-
trodes on the substrate, which can drastically improve the diffusion

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:wangc@fiu.edu
dx.doi.org/10.1016/j.jpowsour.2010.01.064
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where ıts is the time scaling co-efficient; c is the concentration of
species (mol m−3); D is the diffusion co-efficient (m−2 s); and R is
the reaction rate (mol m−2 s−1); and u is the velocity field (m s−1);
and (2) incompressible Navier–Stokes application module, which

Table 1
Constants and parameters for simulation modeling.

Constant Value

Universal gas constant 8.314 J mol−1 K−1

Body temperature 300 K
Faraday’s constant 96,485 C mol−1
Fig. 1. Schematic of an EBFC reaction mechanism.

n between micro-electrodes. Its comparison with the conventional
P chip design is also elucidated in this paper.

. Theory

.1. EBFC redox reaction mechanism

Fig. 1 depicts the mechanism of an EBFC with glucose oxidase
mmobilized on anode and laccase immobilized on cathode. The
BFC utilizes the chemical energy, entrapped into bio-molecules
e.g. glucose, sucrose, etc.), and convert it to electricity. The
edox reaction occurs catalytically by enzymes, immobilized onto
lectrodes. Glucose oxidase (GOx) reacts with glucose (C6H12O6)
nd produces gluconolactone (C6H10O6) and hydrogen peroxide
2,12,13]. The hydrogen peroxide is oxidized on anode and gen-
rates electron and hydrogen ions. The electrons travel through
node to cathode via external load and produce electric current.
n cathode, dissolved oxygen is reduced via laccase and generates
ater by combining electrons and hydrogen ions. Water is the only

yproduct from this reaction, which provides clean energy.

.2. Michaelis–Menten enzyme kinetics

In this study, glucose is the only substrate considered and
ence the simulation study is restricted to single substrate enzyme
inetics theory. The Michaelis–Menten [14] kinetic model of a
ingle-substrate reaction is the basis for most single-substrate
nzyme kinetics:

0 = Vmax × [S]
KM + [S]

(1)

here [S] is substrate concentration, V0 is the reaction rate of
nzymes, and Vmax is the enzyme’s maximum reaction rate.

. Computational modeling

In order to simulate the behavior of an EBFC inside an artery,
ainly two physics have been coupled: (1) the pressure and veloc-

ty of glucose flow inside an artery, and (2) total flux of glucose
round the micro-electrodes.
.1. Computational domain

The schematic of a prototype model of an EBFC chip, having
hree dimensional, highly dense micro-electrode arrays is shown
urces 195 (2010) 4685–4694

in Fig. 2a. General dimensions of the chip which can be easily fab-
ricated by C-MEMS fabrication technologies are considered in the
simulation geometry [15]. Height of all electrodes is 300 �m, diam-
eter is 30 �m, distance between two electrodes (well width) is
40 �m and enzyme layer thickness is 10 �m. With these electrode
dimensions and foot print area of 2 mm−2, 12 pairs of electrodes can
be accommodated in one row on a chip. Two-dimensional view of
an EBFC chip is considered as simulation geometry. Current collec-
tors are assumed to be placed at the bottom of all electrodes and on
the insulation layer. This EBFC chip is assumed to be centrally placed
inside a blood artery with diameter of 1.5 cm [16]. In the proposed
design (Fig. 2b), holes are provided on the SiO2 layer in between all
anodes and cathodes. The diameter of holes in our design is 20 �m,
but it can be varied depending upon the well width.

3.2. Computational cases

In this paper, two cases have been considered. In the first case,
the comparison has been made between the chips with distinct
orientations—HP (Fig. 2c) and VP (Fig. 2d), inside an artery. In the
second case, the comparison has been made between chips with
and without holes in HP. In both these figures, IN represents the
inlet of an artery and OUT represents the outlet of an artery. In
the HP, all the electrodes on a chip are facing towards inlet of an
artery, while in VP, all the electrodes are facing the artery wall. For
the initial stage studies of the orientations, these can be very good
approximate positions of a chip inside an artery. The X-axis and
Y-axis are shown in the figures, to cleary mention the position of
electrodes while analyzing and discussing the graphs. In both HP
and VP (0,0) is the center of the chip at the top surface of a SiO2
layer. The ±X-axis is going from center of a chip to the right and
left artery walls, respectively, and ±Y-axis is going from bottom of
an electrode to the inlet and outlet of an artery, respectively. The
blood artery walls are assumed to be rigid and straight.

3.3. Subdomain materials and properties

Here, the electrodes are consisted of an array of glassy carbon
electrodes on a silicon substrate with oxide layer as insulator layer.
For simplicity, GOx is considered on all electrodes uniformly. The
constant parameters related to simulation are shown in Table 1.

3.4. Governing equations and boundary conditions

We use (1) the diffusion and convection application module,
which solves Fick’s law:

ıts
∂c

∂t
+ ∇ · (−D∇c) = R − u · ∇c (non-conservative) (2)
Diffusion co-efficient of glucose 7e−10 m2 s−1 [17–19]
Michaelis–Menten constant for GOx 0.383 mM [20]
Maximum reaction rate of GOx 0.731 mM min−1 [20]
Blood density 1060 kg m−3 [21]
Blood viscosity 0.005 Pa s [22]
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above and below the chip may exert downward force on a chip
ig. 2. (a) Schematic diagram of a prototype EBFC chip, with anodes and cathodes al
chematic of a proposed design of a chip with holes in the substrate: isometric view
howing orientation of a chip inside an artery in: (c) horizontal position (HP) and (d

olves Navier–Stokes pressure/velocity and continuity equations:

∂u

∂t
− ∇ · [�(∇u + (∇u)T )] + �(u.∇)u + ∇p = F (3)

here � is the dynamic viscosity (Pa s); � is the density of a fluid
kg m−3); u is the velocity field (m s−1); p is the pressure (Pa); and
is a volume force field such as gravity. Boundary conditions for
iffusion and convection module, and Navier–Stokes application
odule are shown in Table 2.
The pressure variation in each cardiac cycle is considered with a

imple trigonometry function (fluid structure interaction in a net-
ork of blood vessels model, COMSOL Multiphysics), plotted in

ig. 3, to maintain normal systolic/diastolic pressure variation of
20/80 mmHg in the artery [24,25]. The glucose amount flowing in

he artery will also change at the inlet according to contraction and
xtraction of blood artery. To show the effect of varying amount of
lucose, the MFC is multiplied with glucose concentration at the
rtery inlet to consider continuously varying glucose flux.

able 2
oundary conditions for diffusion and convection and Navier–Stokes application
odules.

Boundary Condition

(1) Diffusion and convection application module
Anode–enzyme layer interface and
cathode–enzyme layer interface

Zero inward flux

Enzyme layers–bulk interface Continuity
Inlet of an artery Inward flux = 5 mM [23]
Outlet of an artery Convective flux
SiO2 layer boundaries Insulation

(2) Navier–Stokes application module
Anode–enzyme layer interface and
cathode–enzyme layer interface

Wall–no slip

Enzyme layers–bulk interface Continuity
Inlet of an artery Inlet pressure
Outlet of an artery Outlet—no viscous stress
SiO2 layer Insulation
ely arranged. The transparent layers around electrodes show the enzyme layers. (b)
) and top view (right) with anodes and cathodes collectors. Simulation geometries
ical position (VP).

4. Results and discussions

4.1. Comparison between two orientations

In this section, case I for the comparison between an EBFC chip
in HP and VP has been inferred.

4.1.1. Pressure and velocity distribution around an EBFC
Pressure distribution around the chip is shown in Fig. 4a for

HP and in Fig. 4b for VP. In Fig. 4a, there is a broad region of high
pressure (approximately 112.51 mmHg) above the chip and low
pressure (112.47 mmHg) below the chip. There is an abrupt change
in the pressure above and below the chip and this pressure gradient
which may push down a chip from its position. In Fig. 4b, with the
chip placed vertically, the pressure is highest at only front corners of
the chip, while almost uniform around all electrodes. The pressure

Fig. 3. Trigonometry function for pressure variation.
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s 112.56 mmHg at the front corners and 112.48 mmHg around all
ther electrodes. The wide high pressure region in the HP of a chip is
ue to a higher angle of attack due to chip in a way of glucose flow.
he whole foot print area of the chip is exposed to the incoming
ow of glucose in case of HP. In case of VP, the angle of attack is
ery small because only one side of the top most electrodes on a
hip is exposed to the incoming flow of glucose.

The velocity profiles are depicted in Fig. 4c and d, for the HP and
P of a chip inside an artery, respectively. In both these profiles,

t can be observed that there are zero velocity layers—‘boundary
ayers’ near the solid surfaces, such as blood vessel wall and chip
urfaces. The glucose right next to the solid edges sticks to the sur-
aces due to frictional interaction of glucose with surfaces. In both
he cases the glucose is ideally following parabolic pattern of flow.
he fluid velocity is higher at the center of the artery in both the
ases while the glucose layers nearer to the solid walls slow down
radually, and come to a complete stop exactly at the walls. These
oundary layers start forming at the beginning of the flow, and
hen gradually and slowly becoming thicker. The velocity values

imulated here are also comparable with other simulation results
26,27].

In addition, the surface plot of Navier–Stokes pressure along
ith the velocity streamlines for the HP and VP of a chip is achieved

ig. 4. Simulation profiles of Navier–Stokes pressure distribution around (a) HP and (b) V
c) for the HP and (d) for the VP of a chip inside blood artery. Surface plot of Navier–Stoke
chip, and (f) for VP of a chip inside blood artery.
urces 195 (2010) 4685–4694

as shown in Fig. 4e and f, respectively. In HP of a chip (Fig. 4c and
e), the flow around the chip is unsteady as the direction and speed
of glucose is different at each point in the flow. In VP of a chip
(Fig. 4d and f), the flow is more steady as the direction and speed
of a flow remains constant at any point in the space (although not
same velocity at all points in the fluid). In case of an HP, small vor-
tices are formed under the chip, which is not the case in VP. The
reason for the formation of small turbulences under the chip in HP
is due to boundary layers separation, as shown in Fig. 4e. There
is an abrupt change in the direction of a flow due to the object in
way of glucose, but the glucose layers, just next to the chip sur-
faces, are unable to make a sudden change in their flow direction,
and stay with the solid surfaces. Therefore, the boundary layers get
detached from the chip, and a region of low pressure turbulence
forms under the chip. This results in the wide wake region, with
zero velocity, below the chip, which can be observed. This wake
region causes the pressure drag on the chip which may eventually
lift up the chip. Fig. 4f shows the velocity profile around the vertical
positioned chip. Unlike the HP, the wide wake region surrounding

the chip is not formed. Here the flow is steady without any turbu-
lence compared to the flow in HP. All the streamlines are almost
parallel i.e. the flow is laminar. The sudden pressure change above
and below the chip, and ‘wake’ region formation below the chip,

P of a chip. Surface plot of Navier–Stokes velocity distribution around electrodes:
s pressure and streamlines for velocity distribution around electrodes: (e) for HP of
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ig. 5. Surface plot with streamlines for diffusive flux of glucose around micro-ele
lectrodes to up to 300 �m height is shown for (c) HP and (d) VP. Diffusive flux at t
P and (f) VP.

ender instability to the chip in horizontal position. For this reason,
he extra care must be incorporated while fastening the chip in hor-
zontal such that it does not flow away from its original position in
he artery.

.1.2. Glucose flux around an EBFC electrodes

The diffusive flux, convective flux and total flux surround-

ng micro-electrodes in the blood artery have been analyzed for
oth horizontal and vertical positions in order to understand

n which position maximum glucose can reach to all micro-
lectrodes.
s for (a) HP and (b) VP. Diffusive flux, in between all 24 electrodes from bottom of
all the electrodes from left most to right most electrodes for 0–10 s is shown in (e)

4.1.2.1. Diffusive flux profile. Diffusive flux defines the amount of
glucose flowing through the small area during a small time inter-
val, and it is driven by concentration gradient solely. The diffusion
in between micro-electrodes has been minutely inspected in Fig. 5,
where Fig. 5a and b shows the simulation profiles for diffusive flux
along with the streamlines around micro-electrodes in HP and VP,
respectively. In the insets of both the figures, it is seen that the

diffusive flux is very less in between electrodes compared to the
surrounding bulk regions. In HP, it is observed that the diffusive
flux is less near the central electrodes and increasing while going
towards outer electrodes. However, the diffusive flux is almost
same on top of all electrodes in VP. In both the position cases, the
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iffusive flux is following laminar pattern. Fig. 5a and b has been
raphically represented in Fig. 5c–f, where Fig. 5c and e is for HP and
ig. 5d and f is for VP. The diffusive flux from bottom of an electrode
o top of an electrode is investigated in HP and VP as shown in Fig. 5c
nd d, respectively. The diffusive flux in HP (Fig. 5c) shows that
ill the 200 �m height of electrodes the glucose flux is negligible,
hile it is increasing afterwards and becoming almost 0.1 × 10−5

−5 −2 −1
o 6 × 10 mmol m s at the top. The flux is not uniform from
entral to outer electrodes. The electrodes located at the circum-
erence of a chip are having more flux compared to those located
n the center of the chip. The variation of the diffusive flux distri-
ution around inner to outer electrodes is high in HP. This is also

ig. 6. Surface plot with streamlines for convective flux of glucose around micro-electrod
f electrodes to up to 300 �m height is shown for (c) HP and (d) VP, convective flux at top
f) VP.
urces 195 (2010) 4685–4694

evident from Fig. 5e, which shows the diffusive flux at the top of all
electrodes in HP. The value of extreme left and right electrodes is
1.5 × 10−5 mmol m−2 s−1, while at the center it is almost negligible.
In Fig. 5d, the graph shows the diffusive flux of glucose around all
electrodes from top to bottom, in VP. Here, it is observed that the
flux is almost negligible in between electrodes up to 200 �m height
and after that it is increasing to almost 2000–3000 mmol m−2 s−1.

In this position, the diffusive flux is higher at the topmost electrodes
and decreases to the bottommost electrodes. This is also noticed in
Fig. 5f, where the diffusive flux at the top of all electrodes is shown
in VP. At bottommost electrodes on a chip is having lesser diffusive
flux compared to topmost electrode. The diffusive flux is almost

es for (a) HP and (b) VP, convective flux in between all 24 electrodes from bottom
of all the electrodes from leftmost to right most electrodes for 0–10 s in (e) HP and
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Fig. 7. Total fluxes in between micro-electrodes for (a) HP

000 mmol m−2 s−1 at the bottommost and then gradually increas-
ng to 4000 mmol m−2 s−1 at the topmost electrode on the chip. In
oth Fig. 5c and d, the inset figures show the variation of diffusive
ux for up to 10 s. The flux is not constant at every instance, but it

s oscillating as shown in inset figures. The diffusive flux profiles in
hese figures are considered at the time, when the flux reaches its

aximum value. The ripples in the diffusive flux in Fig. 5e and f are

bserved, because the flux is higher exactly at the top of electrodes
hile lesser in the vicinity between any two electrodes. In compar-

son of HP and VP, the diffusive flux is 8 orders larger in case of VP
han in HP.

able 3
omparison of diffusive flux and convective flux in the EBFC chip with and without the h

Property Proposed design (with holes)

Diffusive flux streamlines surrounding
the chip in the artery

Fig. 8a: All the streamlines for d
parallel. The flow is taken place
holes in between micro-electro

Diffusive flux near the holes Fig. 8a: There is a sharp increas
diffusive flux (venture effect) in
the holes the diameter is reduc
the velocity of the flow increas
the diffusive flux increases.

Diffusive flux in between
micro-electrodes

Fig. 8c: The diffusive flux has b
improved in between micro-el
diffusive flux is about 3500 mm
top to bottom of all electrodes.

Diffusive flux uniformity Fig. 8e: The diffusive flux is uni
electrodes. That means all the e
similar amount of glucose at ev

Convective flux surrounding chip Fig. 8b: There is a random flow
due to small vortices.

Convective flux in between electrodes Fig. 8d: From bottom to up to 2
electrode that velocity is decre
to 70 mmol m−2 s−1 and it stay
70 mmol m−2 s−1 up to 275 �m
then increasing until the top of

Convective flux at top of all electrodes Fig. 8f: The convective flux at t
electrodes is not exactly same
electrodes. It is increasing from
electrodes to outer electrodes.

Total flux in between electrodes Fig. 9a: Total flux remains abou
3500–4000 mmol m−2 s−1 in be
electrodes.

Total flux at top of all electrodes Fig. 9b: Total flux is uniform fo
b) VP. Insets provide the total flux on top of all electrodes.

4.1.2.2. Convective flux. When a chip is placed in the artery where
the fluid is having its own convection, then the mass transfer is
not only dominated by concentration gradient but it also depends
on the convection of the moving fluid surrounding it. In this study,
the convective flux, i.e. convective mass transfer has been driven
by velocity of the glucose generated due to heart pumping. The
forced convection of an incompressible glucose (blood in reality)

flow in the artery majorly affects the mass transport around the
micro-electrodes in this situation. The surface plots of convective
flux with streamlines are shown for HP and VP in Fig. 6a and b,
respectively. It is clearly evident that the convective flux patterns

oles.

Prototype design (without holes)

iffusive flux are
through the

des.

Fig. 5a: All the streamlines are diverging at the
top of the electrodes and is diverted to the side
of a chip.

e in the
the holes. At

ing and hence
es. Therefore,

Fig. 5a: There is no hole and hence there is no
sharp increase in the diffusive flux.

een drastically
ectrodes. The
ol m−2 s−1 from

Fig. 5c: The diffusive flux is negligible up to
200 �m height and then it is approximately
0–6 × 10−5 mmol m−2 s−1, which is
significantly less compared to the proposed
design.

form around all
lectrodes get
ery instance.

Fig. 5e: The diffusive flux is non-uniform with
negligible flux at the central electrodes, while
increasing towards outer electrodes. All the
electrodes gets different amount of glucose
flux.

below the chip Fig. 5b: There is a random flow below the chip.

5 �m height of
asing from 175
s at almost
height and
electrodes.

Fig. 5d: Convective flux is negligible in
between electrodes up to 275 �m heights and
then increasing up to 500–1000 mmol m−2 s−1.

he top of all
for all

central

Fig. 5f: The uniformity at the top of all
micro-electrodes is same as proposed design.

t
tween all

Fig. 7a: Total flux is negligible in between all
electrodes up to 275 �m height of electrodes
and then increasing. It varies from 0 to
1200 mmol m−2 s−1 for central to outermost
electrodes.

r all electrodes. Fig. 7a: Total flux is not uniform on top of all
electrodes. Highest on top of circumferential
electrodes and decreases towards central
electrodes.
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ig. 8. Surface plot with streamlines for (a) diffusive flux and (b) convective flux
nd (d) convective flux in between all 24 electrodes from bottom of electrodes to u
eftmost to right most electrodes for 0–10 s.

ollow the velocity profile. The comprehensive graphical analysis
as been given in Fig. 6c and d, for HP and VP, respectively. In
oth the graphs, it is evident that the convective flux is very less

n between micro-electrodes for up to 250 �m of height and then
t is increasing. That means the glucose has negligible convective

otion in between electrodes. In HP, the convective flux at the top

s around 1200 mmol m−2 s−1 on extreme ends electrodes, while
t is reducing and becoming negligible at the central electrodes.
he glucose tries to flow away from both sides of a chip. In VP,
he flux is decreasing from topmost electrode to bottommost elec-
rodes on the chip. The flux at the bottommost electrode is about
cose around micro-electrodes with holes through the substrate. (c) Diffusive flux
00 �m height; (e) diffusive and (f) convective flux at top of all the electrodes from

300 mmol m−2 s−1, while that at the topmost electrode is around
900 mmol m−2 s−1. This is also evident from Fig. 6e and f, respec-
tively for HP and VP. At any instance, the flux is non-uniform in HP
as well as VP.

4.1.2.3. Total flux. Total flux is the combination of a diffusive flux

and a convective flux. Fig. 7 depicts the total flux data for (a)
HP and (b) VP of a chip. In HP, flux is negligible up to almost
275 �m height of electrodes and then increasing at the top.
Total flux is highest at the top of outer most electrodes (about
1200 mmol m−2 s−1) and then reducing to the central electrodes
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Fig. 9. For a proposed design of a chip with holes in substrate. (a) Total

approximately 0 mmol m−2 s−1). In case of VP, the flux is almost
niform on top of all electrodes, with negligible value in between
lectrodes up to 200 �m height and then gradually increasing to
bout 2000–3500 mmol m−2 s−1 at the top of all electrodes.

.2. Comparison of a novel design with the prototype design in HP

Here, in the case II, the new design with the holes (Fig. 2b)
n between all micro-electrodes has been inspected precisely and
ompared with the prototype design (Fig. 2a). The diffusive flux
Fig. 8a, c, e) and convective flux (Fig. 8b, d, f) profiles for the
ew design are compared with diffusive flux (Fig. 5a, c, e) and
onvective flux (Fig. 7a, c, e) profiles of the prototype model,
espectively. The streamlines present the lines of motions of glu-
ose at a particular instance. The comparison between a chip with
oles (proposed design) and without holes (prototype design) is
escribed in Table 3.

From Table 3, it is inferred that the total flux (combined diffusive
nd convective flux) has been improved in between all micro-
lectrodes in terms of values and their uniformity for the chip with
he holes. This enhanced mass transport around micro-electrodes
s significantly important for an EBFC performance. This proposed
esign can also be advantageous to prevent blood clotting. Human
lood is mainly consisted of red blood cells and white blood cells.
he sizes of all these cells such as red blood cells (6 �m), lymphocyte
7–8 �m), neutrophil (10–12 �m), eosinophil (10–12 �m), basophil
12–15 �m), and monocytes (14–17 �m) are mostly smaller than
0 �m, the size of the holes provided in the chip [28]. So these cells
an pass through the holes in between micro-electrodes without
locking the way in between micro-electrodes. These holes can be
ade bigger depending on the requirement. The improved con-

ection in between micro-electrodes may also be forceful enough
o eliminate the bubble formation. However, the biomechanical
rocess and hemodynamic process are more complex than convec-
ion and diffusion, especially on the micro-scale level. Cell growth
nd clotting phenomenon are related to many aspects, such as:
iocompatibility, bending of blood artery, platelet and protein com-
onents. More detailed research needs to be done with biologists in
rder to obtain more sufficient and helpful information and further
each the applicable level of the EBFCs.

. Conclusions
From the comparison between HP and VP of a chip without
oles, we can conclude that the chip can be more stable in the ver-
ical position as there is no external drag forces due to turbulences
urrounded the chip. The diffusion in between micro-electrodes is

[
[

[
[

between all micro-electrodes and (b) total flux on top of all electrodes.

negligible in horizontal position and it is better in vertical posi-
tion of a chip. In HP, the flux distribution is very different for each
electrode from center to edge. The diffusive flux and convective flux
are higher for micro-electrodes located on the circumference of the
horizontally positioned chip. At the central electrodes, these fluxes
are negligible. In VP, these fluxes are uniform for all electrodes
although negligible in between electrodes. In VP, there will not be
limitation of increasing the foot print area. In HP, an increase in foot
print area will allow thicker boundary layers to be formed, which
can obstruct the blood flow. From the comparison between a pro-
totype design without holes and a proposed design with holes, we
can conclude that the diffusive flux and convective flux have been
drastically improved in a chip with holes. The uniformity of these
fluxes has also been improved with all micro-electrodes receiving
similar diffusive and convective flux. The overall flux has been dras-
tically improved in HP with holes compared to a chip without holes
in both horizontal and vertical position.
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