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Abstract: Output performance of an implantable
enzymatic biofuel cell (EBFC) with three-
dimensional highly dense micro-electrode arrays
has been simulated with a finite element analysis
approach. The purpose of this research is to
optimize the orientation of this EBFC chip inside
a blood artery such that the mass transport of
glucose around all the micro-electrodes can be
improved and hence output performance. Based
on the analysis of horizontal and vertical position
of a chip, we propose a new chip design for the
EBFC chip. Results show that the chip is more
stable in the vertical position (VP) rather than in
horizontal position (HP). In VP, the diffusive
flux is uniform at top portions of all electrodes.
In HP, the diffusive flux is highest at the outer
electrodes while reducing almost to zero at the
central electrodes. The diffusive flux has been
drastically increased in a chip with holes in
between the electrodes on a substrate.
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1. Introduction

Enzymatic Biofuel Cells (EBFCs) might be
the possible next generation electrochemical
power sources to supply electricity to the
implantable active biomedical devices, such as
pace makers, insulin pumps, cochlear implants
etc [1-5]. The EBFCs use enzymes as catalysts to
convert chemical energy entrapped in bio-
molecules to electrical energy.

2. Computational Modeling

The 2-D computational models of a
miniature EBFC with highly dense 3-D
cylindrical micro-electrodes arrays are built to
simulate the behavior in transient conditions.
The EBFC chips are assumed to be centrally

located inside a blood artery, where the
continuous supply of glucose and oxygen from
the blood is easily accessible. On anode, the
glucose is oxidized via glucose oxidase enzyme
and generates gluconolactone. On cathode,
dissolved oxygen is reduced via laccase enzyme
and generates water by combining with electrons
and hydrogen ions. Water is the only byproduct
from this reaction, which prevents contamination
due to metals as in case of other biofuel cells.

2.1 Computational geometry
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Figure 1. Computational geometry of different
orientations of an EBFC in a) Horizontal position
(HP), and b) Vertical Position (VP)

Figure 1 shows the computational geometry
of the EBFC. Total 12 pairs of anodes and
cathodes are accommodated on a 1 mm long
SiO, insulation layer. In HP, all the electrodes
are facing the inlet and in VP, all electrodes are
facing the blood artery wall. The height of all
electrodes is 300 pm, diameter is 30 pm,
distance between two electrodes is 40 um and
the enzyme layer thickness is 10 um. The blood
vessel is assumed to be straight, rigid and having
1.5 cm diameter [6].

2.2 Boundary conditions
The boundary conditions are shown in table

1 and 2 for Navier Stokes and Electro-kinetics
application modules, respectively. The sub-
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domain properties and expressions used in the
modeling are enumerated in the appendix (Table
3).

Table 1 Boundary conditions for Navier Stokes
Application module

Boundary Condition
Anode — enzyme layer

interface & Cathode — Wall - no slip
enzyme layer interface

Enzyme layers — electrolyte Continuity

interface

Inlet of an artery Inlet pressure

Outlet of an artery Outlet — No
viscous stress
SiO, layer Insulation

Table 2 Boundary conditions for Electro-kinetic
application module.

Boundary Condition

Anode —enzyme layer
interface, & Cathode —
enzyme layer interface

Zero inward flux

Enzyme layers —

electrolyte interface Continuity

Inlet of an artery Inward flux=5

mM [7,8]
Outlet of an artery Convective flux
SiO, layer boundaries Insulation

The pressure variation at the inlet of an artery
follows a function shown in figure 2. This
function is multiplied by 50 mmHg at the inlet to
maintain normal pressure range of 80 mmHg to
120 mmHg in the artery.

Multiplying factor

F] &
Time [Sec]

Figure 2. Multiplying curve for pressure at the inlet of
an artery. (COMSOL fluid structure interaction in a
network of a blood vessel)

3. Results and discussions

3.1 Pressure and velocity distribution

Inside a blood artery, the pressure and
velocity around the EBFC chip have been
simulated and plotted as shown in figure 3.
Figure 3a and 3b shows the velocity profiles for
HP and VP, respectively. There are boundary
layers, marked by parabolic curves, are observed
at the blood artery walls and chip surfaces. The
flow pattern is parabolic inside an artery, starting
with zero velocity at vessel walls and gradually
increasing to the center of an artery. There is a
wake region (zero velocity) below the chip in a
HP (figure 3a), which cannot be seen in VP
(figure 3b). In HP, the angle of attack due to chip
in front of the glucose flow is large compared to
VP. This results in a wake region below the chip
in HP. Fluid layers stick to the chip surfaces turn
into random flows in this wake region which can
be seen from figure 3c. The small random flow
below the chip may lift up the chip. In VP
(figure 3d), there are no vortices formed below
the chip and the flow is mostly laminar.
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Figure 3. Velocity surface plot for a chip in a)
HP, b) VP, and pressure surface plot with
velocity streamlines for a chip in ¢) HP and d)
VP.



As observed from the figure 3c, for HP, there
is a sudden pressure change above and below the
chip which can eventually push down the chip.
In VP, the pressure is almost uniform around the
chip. Therefore, it is easy for a chip to be stable
in case of VP. In HP, the chip should be attached
properly and firmly so that the chip can be
sustained against the vibrations due to flow.

3.2 Glucose flux around micro-electrodes

We have analyzed diffusive flux and
convective flux in between all micro-electrodes
in horizontal as well as vertical positions. The
diffusive flux is solely dominated by
concentration gradient and reaction rate inside
the enzyme layers, while convective flux is
solely dominated by convection. Total flux is a
combination of these two.

Figure 4a and 4b demonstrate the diffusive
flux in between all microelectrodes for HP and
VP, respectively. It is inspected that the diffusion
is negligible in between electrodes for up to 200
pm height of electrodes and then it is increasing
on the top of the electrodes, in both HP and VP.
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Figure 4. Graphical plots in between all electrodes a)
diffusive flux in HP, b) diffusive flux in VP, c)
Convective flux in HP, and d) convective flux in VP.

In HP, the outermost electrodes on a chip are
having more diffusive flux at the top portions of
the electrodes compared to central electrodes.
The flux is increasing while going from inner to
towards outermost electrodes. In case of VP, the
flux is almost similar from uppermost electrodes
to bottommost electrodes on a chip.

From figure 4a and 4b, it is inferred that the
glucose diffusion in between electrodes up to
200 um height is almost negligible. The glucose
diffusion flux is approximately 4 mol.m?s™ at
the top portions of the electrodes and it is
decreasing to almost zero at the center of the
chips, in case of HP. In VP, diffusion flux at the
top portions of the electrodes is around 1.5 - 2.5
mol.m?.s™ for all electrodes.

Figure 4c and 4d illustrates the convection
profiles around micro-electrodes. There is
negligible convection in between all electrodes
in HP as well as VP of a chip below 250 um
height. The velocity of glucose flow is increasing



at top portions of the electrodes, while going
from central to outermost electrodes (figure 3a)
and hence the convection is also increasing in
HP (figure 3c).

The glucose is forced to flow away from the
chip in a HP and hence the convective flux is
higher at the extreme ends of a chip, while
reducing towards inner electrodes of a chip. In
VP, the velocity is similar on top of all
electrodes (figure 3b) and hence the convective
flux is nearly same on top of the electrode (figure
4d) with negligible convection in between
electrodes.

3.3 Optimized design

In above sections, it can be concluded that
there is a minimum glucose diffusion and
negligible convection in between electrodes. In
order to improve the performance of the EBFC,
it is necessary to improve the diffusion in
between electrodes to utilize all enzymes in
reaction and hence generate more number of
electrons to achieve the output potential.
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Figure 5. Graphical plots in between all electrodes
with holes in a substrate, a) diffusive flux, and b)
convective flux.

We here propose a new chip design for HP
with holes in the substrates. The holes size can
be varied based on the distance between two
electrodes. For example, in our design we have
considered holes with same diameter of 20 um.

The graphical representation for diffusive
flux and convective flux is shown in figure 5a
and 5b. The diffusive flux is enhanced in
between electrodes and it is uniform from top to
bottom of the electrodes. The diffusion is 4
mol.m?.s™ at top of all electrodes. If we compare
it with the design without holes, then the
diffusion has improved drastically in the new
design. The convection as shown in figure 5b has
not been improved compared to the chip without
holes. This is because such small micron spaced
holes between the electrodes cannot really
provide enough space for changing the velocity
of a flow. These holes can also be beneficial in
preventing bubbles in gas formation or any other
small particles (blood contents) to agglomerate
in between electrodes.

4. Conclusions

From the comparison of an EBFC chip inside
a Dblood artery with respect to different
orientations- HP and VP, it can be concluded
that the chip can be more stable in the VP. The
diffusive flux is uniform on top of all electrodes
in VP, while in HP, the flux is negligible in the
center of a chip, while increasing towards
outermost electrodes.

In HP, by providing holes in the substrate,
we can drastically improve the diffusion in
between the micro-electrodes.
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7. Appendix

Table 3 Boundary conditions for Electro-kinetic
application module.

Description Values
Universal gas 8.314 J.mol - K
constant

Body Temperature 300 K

Faraday’s constant 96485 C.mol™*

Diffusion co-efficient
of glucose

7e-10 m%s™ [9-11]

Michaelis Menten
constant for GOx

0.383 mM [12]

Michaelis Menten

constant for laccase 0.18 mM [13]
Number of electron
2
transfer at anode
Normal Hematocrit 42 %

value

Diffusion co-efficient

(2.13-(0.0092*Ht))*(Le

of oxygen % m?s™ [14-15]
Maximum reaction .
rate of GOx 0.731 mM.min™ [12]

Maximum reaction
rate of laccase

14.35 mM.min™* [13]

Number of electron

4




transfer at cathode

Reference potential
for anode

-0.32 V [16]

Reference potential
for cathode

0.585 V [16]

Conductivity of
glassy carbon

8000 S.m™ [17,18]

Conductivity of
glucose( blood)

10000 S.m™ [19]






