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If CW approaches CWmax, CW is set to CWmax until the
maximal retransmission number, and frames are discarded.

A receiving node sends an ACK frame after SIFS (Short In-
ter Frame Space) time to inform the sending node the correct
reception of data frames. If the sending node does not receive
the ACK frame, it assumes that the transmission is lost and it
retransmits data frames again. The IFS time is a minimal time
interval for sending information.

2) Pure ALOHA

In the pure ALOHA protocol, nodes transmit whenever they
have data to send. Then nodes listen to positive ACK (AC-
Knowledgement) on a separate link. If timeout (collision), the
node waits a random time and then retransmits. The number of
request to send packets follows the Poisson distribution. The
probability of the collision of packets is given by

P=1-e¢2", (6)
where ) is the arrival rate of packets, 7 is the transmission time
of one packet. We assumed that X is given by

2T

A= .
(CWmin x slottime)/2

Q)

B. Proposed protocol

We propose a new protocol where the backoff time is ran-
domly generated in the interval [0, CW], where CWmin is
the number of RFD nodes. Essentially, the value of CWmin is
constant and equal to the number of RFD nodes. We assume
that leader can number FD nodes by receiving the signal from
each RFD node.

Additionally, RFD nodes are grouped into two groups in
this protocol. So that half of the RFD nodes monitors while
the other half transmits, alternatively. Consequently, CWmin
would be half the number of RDF nodes in the cluster

CWmin = %, (8

where M is the number of RFD nodes in the cluster.
We aim to control the temperature increment in a certain pe-
riod of time compared with existing protocols.

V. COMPUTER SIMULATION

A. Simulation setup

Each RFD node has two modes. In one mode the RFD node
takes health data (monitoring mode), while in the other mode
the RFD transmits to the leader (transmission mode). In this
simulation, we calculate the temperature increment only in the
leader position. Consequently, when each RFD nodes is in
monitoring mode, the temperature in the a position of the leader
does not increase, and in fact it decreases due to the cooling ef-
fect of surrounding blood flow.

Additionally, the time of transmission to the medical server
outside the body from the leader is fairly shorter as compared
with its time of reception from each RFD nodes. So, we as-
sume that almost of the thermal influence of the leader in active

mode is generated while RFD transmission mode. Therefore,
the time that the leader is affected thermal influence is approx-
imated the time of RFD transmission mode.

Assuming that the monitoring mode plus transmitting mode
is one cycle, after ten cycles the leadership is switched to an-
other FFD in order to decrease the thermal influence.

Parameters in this simulation are shown in Table 2. We com-
pare the collision rate, the transmitting efficiency and the high-
est temperature increment during certain a long period of time
for each protocol.

Table 2: Parameters and their values of mucsle and blood.

parameter value  parameter value
Bit rate 250kbps  Payload 500bit,
slot time 144us  Packet 50
SIFS time 192us CWonin 15
DIFS time  400us CWpas 1023
ACK time  352us

B. Simulation result
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Figure 5: Collision rate characteristic

In Fig. 5, the collision rate depends on the number of
RFD nodes in pure ALOHA, CSMA/CA and proposed proto-
col, respectively. The collision rate is defined as the rate of the

. number of packets collision over the number of transmission

request.

In addition, we change the number of RDF nodes in the clus-
ter from 10 to 50 at intervals of 10. As shown in Fig. 5, there
is not difference between pure ALOHA and CSMA/CA. More-
over, the change of the collision rate increases with the number
RFD nodes. On the other hand, we can control the collision rate
considerably with the proposed protocol, even if the number of
RFD nodes increases.

We consider that the reason of this result is the decrease of
the rate of overlap of minimum backoff time. This decrease is
occured by expansion of CW which is depend on the number
of RFD nodes.

Figure 6 illustrates the transmitting efficiency depending on
the number of RFD nodes in each protocol.
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Figure 6: Transmitting efficiency characteristic

The transmission efficiency is defined as the rate of the data
transmission time over the entire communication time.

As shown in Figure 6, CSMA/CA shows around 10% bet-
ter performance than pure ALOHA. Moreover, the proposed
protocol improves the performance around 20% compared to
CSMA/CA.

We consider that the factor of this result is the decrease of the
number of collision. We comprehend that the decrease make
transmitting efficiency be better.
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Figure 7: highest temperature characteristic

Finally, Figure 7 shows the highest temperature during 2000
seconds, where leaders can switch several times depending on
the number of nodes in each protocols. Why we apply the high-
est temperature during 2000 seconds is that the temperature of
leader in each situation is saturated after a time. So, we assume
that the highest temperature during 2000 seconds is approxi-
mated saturated temperature.

As shown in Figure 7, this performance is similar to Fig-
ure 6. If the transmitting efficiency is low, the period of RFD
transmission mode would be expected to be shorten. And then,
the time the leader is affected thermal influence by exposing
radiation would shorten. So we can conclude that the less per-
formance the larger the thermal influence. Therefore the pro-
posed protocol can control the thermal influence better than the
existing protocols pure ALOHA and CSMA/CA.

VI. CONCLUSIONS

In this paper, we propose a novel MAC protocol, which con-
trols the thermal influence in an implanted body area network
and confirms its performance. With future advances in technol-
ogy, we can expect the proposal can be used in specific appli-
cations for implanted body area networks.

In a future work, we plan to consider change of radiation for
each mode, and a different complex medium at a given specific
position of implanted nodes. Then, we can study the proposed
MAC protocol based on the conditions mentioned before.
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ABSTRACT

Recently, wireless communication devices in the field of
medical implant, such as cardiac pacemakers and capsule endo-
scopes, have been studied and developed to improve healthcare
systems. Especially it is very important to know the range and
position of each device because it will contribute to an opti-
mization of the transmission power. We adopt the time-based
approach of position estimation using ultra wideband (UWB)
signals. However, the propagation velocity inside the human
body differs in each tissue. In this paper, we propose a posi-
tion estimation method using an estimation of the propagation
velocity inside the human body. In addition, we show by com-
puter simulation that the proposal method can perform accurate
positioning with a size of medical implanted devices such as a
medicine capsule.

[. INTRODUCTION

Recently, wireless communication devices in the field of
medical implant (cardiac pacemaker and capsule endoscope
and so on) are studied extensively towards practical use. In the
future, by transmitting vital data from one device to another
implanted device in a network of medical implants, we can ob-
serve the body’s condition and to detect any possible problem
in the human body at anytime and anywhere. These can be a
great help for doctors to diagnose and to cure diseases.[1]

Considering that transmitted information of vital data is
highly important and the need for long-lasting batteries, it is
important that wireless communications of medical implanted
devices to be highly-reliable with low transmission power con-
sumption. In that regard, it is very important to know rang-
ing and position of each device, because that can help to the
optimization of the transmission power. In this paper, we em-
ploy UWB systems as the transmission signals, because those
achieve high resolution and low transmission power. Thus, we
propose a method of position estimation of medical implanted
devices inside the human body.

In free space, a type of position estimation algorithm is time-
based technique. Such a technique relies on measurements of
travel time of signals between nodes. So, range and position
can be known because the propagation velocity of microwaves
in free space is constant. On the other hand, the human body
is formed of various organs with complex structures. Further-
more, each organ has different characteristics of conductivity
and relative permittivity. So, propagation velocity inside hu-
man body is expressed as a function of the relative permittivity.
For this reason, medical implanted devices placed in different

positions cause different propagation velocities due to the EM
waves travel through different tissues or organs. As a result,
position estimation errors may occur.

In this paper, we study the position estimation of medical
implanted devices based on the propagation characteristic in-
side the human body. We use the finite-difference time-domain
(FDTD) method, which has been widely used to simulate the
propagation of electromagnetic waves in biomedical tissues,
considering the complex structure of the human body. On the
premise that images of inside human body can be obtained by
magnetic resonance imaging (MRI) and computer tomography
(CT), we divide the images into regions in order to estimate
the relative permittivity of such regions. Then, we estimate
the propagation velocity between implanted devices. Finally,
we estimate the position of medical implanted devices with a
time-based positioning approach.

This paper is organized as follows: In Section 2, position es-
timation using UWB signal is described. In Section 3, some
basic characteristics of EM wave propagation and properties of
dielectric materials which involve the human body tissue are
described. The proposed position estimation method is pre-
sented in Section 4. Simulation results are drawn in Section 5.
Finally, conclusions are delineated in Section 6.

II. POSITIONING USING ULTRA WIDEBAND SIGNALS

Locating a node in a wireless system involves the collection
of location data from radio signals traveling between the tar-
get node and a number of reference nodes. Depending on the
positioning technique, the angle of arrival (AOA), the signal
strength(SS), or time delay information can be used to deter-
mine the location of a node. The AOA technique measures
the angles between a given node and a number of reference
nodes to estimate the location, while the SS and time-based ap-
proaches estimate the distance between nodes by measuring the
energy and the travel time of the received signal, respectively.

Particularly, the accuracy of a time-based approach can be
improved by increasing the SNR or the effective signal’s band-
width. Since UWB signals have very large bandwidth, it
allows extremely accurate position estimation through time-
based techniques. The main time-based techniques are the
time of arrival (TOA) technique and the time difference of ar-
rival (TDOA) technique. In the former technique, there is syn-
chronization between a given node and the reference nodes.
Whereas in the latter technique, there is synchronization among
the reference nodes. An estimate of the arrival’s time is ob-
tained using a correlation receiver. In this approach the time
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shift of the template signal that yields the largest cross correla-
tion with the received signal gives the desired estimate. More-
over, the TOA-based scheme estimates the location of the node
using the least squares (LS) approach. The LS approach is
given by

N _
6 = min) [r—di(6)/d, )
i=1

where N is the number of reference nodes, 7; is the it TOA
measurement, d;(6) = || — ;| is the distance between the
given node and the ith reference node, with 6 and 6; denoting
their locations, respectively.[2]

In this paper, we adopt the time-based LS approach.

IT1I. RADIO PROPAGATION IN A MEDIUM

A.  Electric constant of human body tissues

A human body consists of various organs with complex
structures. Furthermore, each organ has different characteris-
tics of conductivity and permittivity.

We should consider the frequency band when we try to esti-
mate the position of implanted devices using UWB radios. In-
deed, the electromagnetic wave propagation in dispersive bio-
logical tissues is frequency dependent on permittivity and con-
ductivity. The Cole-Cole model describes the frequency depen-
dency of the complex permittivity as

f) = emt S0

where M is the order of the Cole-Cole model, £, is the high
frequency permittivity, 7y is the relaxation time, Aey is the pole
amplitude, oy is a measure of the broadening of dispersion,
and o is the conductivity. These parameter are different for
different body tissues. Then, the relative permittivity £, (w) is
the real part of complex permittivity, and the imaginary part
is the conductivity.[1] Figure 1 shows the relative permittivity
and conductivity of muscle and fat.
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Figure 1: Dielectric parameters of muscle and fat

Furthermore, the propagation velocity of a homogeneous tis-
sue is given by

v(w) = ﬁ; 3)

where c is the velocity of light in the free space and e, {w) is
the relative permittivity of a human tissue. So propagation ve-
locity has frequency dependency and differs by different body
tissues. A

B. Propagation of Electromagnetic Waves in Dielectric Ma-
terial

Propagation of EM waves in dielectric materials such as in
a human body, is different from propagation in the free space,
because of non-zero conductivity and higher permittivity of hu-
man body tissues. In a lossy medium, the permittivity is re-
placed by the complex permittivity. Now, we consider a plane
wave that is traveling in the positive z direction.

E = Ege 7%, 1))

where k is the wave number and = is propagated distance. Wave
number £ is also complex, therefore electric field and magnetic
field is attenuated by traveling. Wave number is generally sep-
arated into realistic component and imaginary component.

k =

ﬂ_jau (5)

a = w\/ﬁ\/é( 1+(£)2~1), (6)
g = w\//TE\/é(\/H(%)?H), ©)

where o is the
constant.[1]

attenuation constant and 3 is the phase

IV. PROPOSED METHOD OF POSITION ESTIMATION

A.  Relative permittivity of homogeneous tissue

Although relative permittivity of a human body tissue is fre- -
quency dependent, the arrival’s time is obtained by using a cor-
relation receiver. So, the relative permittivity can be rewritten

as
2
c, = (%) , ®)

where t,, is the arrival’s time, and d is the propagation dis-
tance in a homogeneous tissue.

We analyze the relative permittivity of human homogeneous
tissues using the FDTD method.[3] Figure 2 shows the relative
permittivity in function of the distance d. We take the average
relative permittivity of eight tissues, which are listed in Table
1.
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Figure 2: Distance property of relative permittivity of human
homogeneous tissues

Tissue | muscle fat blood | intestine
i 47.83 4.08 51.59 50.67
Tissue | stomach | tendon | bone | bladder
Er 56.99 37.61 | 17.09 64.63

Table 1: The average relative permittivity of human body tis-
sues

B. Proposed method of Position Estimation

We proposed a position estimation method by estimating the
propagation velocity inside of a human body. In addition to it,
we calculate the propagation time from arbitrary tag points to
node points (whose position is known) by using the estimated
propagation velocity. Finally, we estimate the position of med-
ical implanted devices using the LS approach.

The images of inside of the human body are acquired before-
hand from a MRI or CT system. Our proposed method uses
four medical implanted devices, whose locations are known,
and we call them “node” in this paper. On the other hand, there
is a medical implanted device, whose location is unknown, and
we call it "tag” in this paper.

Our proposed method is composed of two stages. It is very
difficult to estimate the real propagation velocity from all arbi-
trary tag points to node point directly. So, the real propagation
velocity is estimated by the images of inside human body ob-
tained from MRI or CT systems beforehand. So, we have large
volumes of data of the real propagation velocity. Hence, we
estimate the propagation velocity with two stages to simplify
the estimation and to reduce the amount of data.

1) First stage

The procedure of the first stage is as follows. At first, we
calculate the average relative permittivity of the region delim-
ited by four nodes. The average relative permittivity £44 and
propagation velocity vgye are calculated as

®

cave

I
Z (es) Pe(a)

[+
V<ave ’

where n is node number, I total number of tissues, e(;) is the
¢ of a homogeneous tissue listed in Table 1, and ‘py;) is a
percentage of the * tissue.[4]
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Figure 3: System model of the first stage

Secondly, we calculate the propagation time ¢! n(z,y) from
four nodes to an arbitrary point in the studied reglon usmg Vave-
The propagation time in the first stage for the nt* node ¢!

n(w,y)
is calculated as Y

An(a,y)

zy) T Vave

ta (11)

where z is x-coordinate of an arbitrary point, y is y-
coordinate of an arbitrary point, dy(z.,) is a length of a path
from an arbitrary point to the four nodes, respectively. Also, z,
1 have 1 mm of separation.

Then, we estimate the travel times ¢,, of the received signal
from the tag point to the four nodes by using a correlation re-
ceiver. In this approach, the desired estimation is given by the
time shift of the template signal that yields the largest cross
correlation with the received signal. _

Finally, we estimate the position of tag using the LS ap-
proach.

0(z,yh =

min Z [t —

where 6(z,y); is the estimate position of the first stage.

(12)

2
tneal®

2) Second stage

In the stage, we use 6(x, y)1, which is obtained from Equa-
tion 12.

Firstly, we divide the images inside of the human body into
several regions and estimate relative permittivity of a respective
region. A relative permittivity of one region is calculated as

I

Z(Et(i) Pi(i))s

i=1

(13)

€ =
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where j is a region number, ¢ is a tissue number, ¢; is an
average relative permittivity of 4" region, E4(s) is the e, of a
homogeneous tissue listed in Table 1, and p;(;) is a percentage
of the ** tissue in the j** region.

Secondly, we estimate the relative permittivity €, and prop-
agation velocity vy, of the paths from four nodes to 6(z, y):.

211;1(519 d)

n = 3
dall
C

Ven'

where K is a number of regions through the propagation path
from the nt” node to 6(x, y)1, di, is a length of the path through
the kt* region, and dyy; is a length of the path from n** node to
6($’ y)l .

[}

(14)
(15)

Up =

A.  Simulation model

Figure 5 shows the simulation image obtained by the FDTD
method. In addition, Figure 6 shows a simplified image of Fig-
ure 5. This two-dimensional image is a cross-section of a hu-
man body at high 137.5 cm. This model contains human body
tissues such as muscle, fat, blood, bone, stomach, intestine,
bladder, tendon. As mentioned before, we consider four nodes
at positions (171,61), (400,61), (171,240), and (400,240). On
the other hand, there is one tag device. We simulate the pro-
posed method within the region delimited by the four-nodes.
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Figure 4: (3x3) regions system model of the second stage

Then, we calculate the propagation time ti(w’y) from four

nodes to an arbitrary point using v,. The propagation time

ti(m » is calculated as
d
tvzz(a:,y) n’l():y) s (16) .

where z is x-coordinate of an arbitrary point, y is y-
coordinate of an arbitrary point, and dy(z,) is a length of a
path from an arbitrary point to four nodes, respectively. And z,
y have 1 mm of separation.

Finally, we estimate the position of tag using the LS ap-
proach.

4

6(z,y)2 = min) [ta—theyls (7
n=1

where t,, is the travel time of the received signal from tag to the

four nodes, and 8(z, y)2 is the estimate position of the second

stage.
V. SIMULATION RESULTS

This section presents simulations to demonstrate the perfor-
mance of the proposed method.

Figure 5: 2D human body model of position of 137.5cm high
of human body

300F
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Figure 6: Simplified 2D human body model of position of
137.5cm high

B.  Bandwidth of UWB signal and accuracy of position esti-
mation

Before we simulate the proposed method, we analyze the
bandwidth of UWB signals and the accuracy of position es-
timation. Generally, as bandwidth of UWB signal becomes
larger, ranging and position estimation accuracy are better,
because a large bandwidth of UWB signal provides a high-
resolution time. However, inside human body, the high-
frequency components are attenuated. So, there is a limit in the
accuracy of position estimation. We simulate a position estima-
tion accuracy for several bandwidths of UWB signals. Figure 7
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shows the simulation result. The horizontal axis shows a band-
width of a UWB pulse and the vertical axis shows the RMSE
of position estimation. In the Fig. 7, position estimation ac-
curacy is better from 1 GHz bandwidth to 4 GHz bandwidth.
However, over 4 GHz bandwidth, the position estimation accu-
racy remains the same, because received pulse is distorted by
the attenuation of high-frequency components. Based on this
result, we use UWB signals of 4 GHz bandwidth.

—e— SNR (10dB)
~a— SNR (ZOng
=~ SNR (30dB,

—— o

—

T 7 3 ) 5 6
Bandwidth [GHz]

Figure 7: Relation between RMSE and bandwidth of UWB
signal

C. Performance Evaluation of our proposed method

We evaluate the performance of our proposed method. At the
second stage, we divide the large region inside of the four nodes
into some smaller regions. The number of partitions is (3x3),
(5x5), and (7x7) for x~direction and y-direction. We compare
the proposal with the method using the average relative permit-
tivity obtained in Table 1, in order to estimate the propagation
velocity from all arbitrary tag points to a node point. The aver-
age relative permittivity inside the human body is assumed to
be 2/3 of muscle and 1/3 of fat. The proportion of the tissue
of high water content(HWC) to the low water content(LWC) is
2:1 in a human body, where the typical tissue of HWC is mus-
cle and fat for LWC.

Transmit Waveform | Gaussian Mono Pulse
Used Band Frequency 0 ~ 4.0[GHz}
Time Step 1.926[ps]
Sequence MLS(length=T7)
Pulse Interval 5000[time steps]
Number of Time Step 40000
Kind of Noise AWGN

Table 2: Simulation Specification

Figure 8 shows the result of position estimation. The hori-
zontal axis shows SNR and the vertical axis shows RMSE of
position estimation. Simulation results show that accuracy of
proposed method of positioning is around the size of medical
implanted device such as a capsule endoscopes. In addition,
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Figure 8: Comparison of positioning error

stmulation results show that when the regions are smaller, the
positioning accuracy is better.

VI. CONCLUSIONS

In this paper, we analyze the propagation of UWB signals
inside of human body tissues with the FDTD method. Es-
pecially, we focused on the time-based position estimation of
medical implanted devices inside human body using an estima-
tion of the propagation velocity. Firstly, we analyze the relative
permittivity of human homogeneous tissues. In addition, we
analyze the relationship between the RMSE of position esti-
mation and bandwidth of UWB signals. As a result, we show
that UWB signals of 4 GHz bandwidth have a beneficial ef-
fect on the position estimation of medical implanted devices.
Moreover, we have proposed the position estimation method of
medical implanted devices using estimation of the propagation
velocity inside of the human body. Simulation results show
that the proposed method gives a positioning accuracy around
the size of medical implanted devices such as capsule endo-
scopes. In addition, simulation results show that if the regions
are smaller, the positioning accuracy is better. We estimate the
propagation velocity inside human body without prior informa-
tion of human body images.
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A Study on Position Estimation in an Implanted Sensor Network
KAWASAKI MAKOTO TAI KAZUNARI HARADA HIROKI KOHNO RYUII

Division of Physics, Electrical and Computer Engineering, Graduate School of Engineering, Yokohama
National University

Recently, wireless communication devices in the field of medical implant, such as cardiac pacemakers and capsule
endoscopes, have been studied and developed to improve healthcare systems. Especially it is very important to know a range
and a position of each device because it will contribute to optimization of transmission power. We adopt the time-based
approach of a position estimation using UWB (Ultra Wideband) signals. However, radio propagation velocity inside of the
human body differs in each homogenous tissue. In this paper, we propose the position estimation method using an
estimation of a propagation velocity inside of the human body. In addition, we show by computer simulation that the
proposed method can perform accurate positioning with the size of medical implanted devices such as capsule endoscopes.

Keywords: positioning, inside human body, UWB, relative permittivity, propagation velocity
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THE PERFORMANCES OF AN ENZYME-BASED
MICROFLUIDIC BIOFUEL CELLS USING

VITAMIN K;-MEDIATED GLUCOSE OXIDATION

M. Togo, A. Takamura, T. Asai, H. Kaji, T. Abe and M. Nishizawa
Department of Bioengineering and Robotics, Graduate School of Engineering,
Tohoku University, Sendai 980-8579, Japan

ABSTRACT

This paper reports performances of an enzyme-based microfluidic biofuel cell under
several controlled flow conditions. A reference and counter electrode-containing
microfluidic biofuel cell enables to evaluation an individual performance of anode and
cathode, separately. By using this system, we studied the optimum design of microfluidic
biofuel cell. :

Keywords: biofuel cell, enzyme, vitamin Kj, microfluidics

1. INTRODUCTION

Enzyme-based biofuel cells would be formatted into microfluidic systems as power
sources for independent power-on-chip and implantable devices because such cells can
have a simple structural design.(non-compartmentalized) and can operate under mild
conditions. Such systems are also useful when evaluating the electrochemical stability or
activity of an experimental biofuel cell, because the fuel flow rate, which can affect the
cell’s performance, can be regulated. We, therefore, constructed a microfluidic-type
biofuel cell system containing an Ag|AgCl reference electrode and a Pt counter electrode.

(a) Top view (c) Side view and reaction schemes
PDMS Flow Channel ' Yo
[cathode] [4node]
Channel height: 100 um or 1000 um
glucose gluconolactone
i 1T I Y .
- T Syringe Pump NI?DH D‘ @
3 ) | HO ©O2 @
> ' KB - i 3
= Electrode-patterned Glass Slide BOD VK
Reservoir pa ~ w‘:‘x @ @
s ) m— |

(b) Picture of the experimental cell |

5= 20mm Ls[ 71 I AglAgCI Pt

GDH: glucose dehydrogenase
Dp: diaphorase

VKa: vitamin K3

BOD: bilirubin oxidase

KB: ketjen black

Figure 1. Schematic illustration(a), picture (B) and reaction schemes(c) of microfluidic biofuel cell.
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2. EXPERIMENTAL

A schematic illustration and a picture of the present microfluidic biofuel cell are shown
in Figure 1. Because this experimental system is equipped with an Ag|AgCl reference
electrode and a Pt counter electrode in addition to glucose anode and an O, cathode, we can
evaluate electrochemical reaction of an anode and a cathode separately as well as total cell
performance. Figure 1(c) shows reaction scheme of the enzyme-catalyzed glucose
oxidation[1, 2] and O, reduction at anode and cathode electrodes. By using vitamin K as
an electron mediator, our fuel cell becomes harmless for environment.

3. RESULTS AND DISCUSSION

Figure 2 shows the current density of O, reduction at enzyme cathodes (poised at 0V vs.
Ag|AgCl) as a function of electrode area, studied in 1000 um and 100 um height fluidic
channels. The O, reduction current density decreased with increasing electrode area and
with decreasing the channel height probably due to the growth of O, depletion zone
comparable to the channel height. It is suggested, however, that the “fuel utilization” can
be improved in a narrower microchannel. Figure 3 shows the cell and electrode
performance with different positioning of electrodes: the upstream cathode (e) and
downstream cathode (o). As described above, our microfluidic biofuel cell system contains
reference electrode and counter electrode, we can evaluate performance of anode and
cathode, separately. At higher current region (> 20 pA), the current of biofuel cell with
upstream cathode was higher than that with downstream cathode. The analogy in V-I
shapes of the biofuel cell and the anode indicates the anode reaction kinetically limits the
total performance of the cell. The upstream cathode reaction eliminated O,, that slightly
oxidize the anode constituents from the vicinity of downstream anode, and improved
anode’s and total cell’s performances.

0.8
11 —®— 1000 mm height { | — Veatl
=&— 100 mm height —-= Ecatmode
> g -—- Eanode
@ o8}
a \ 20'4"3:2:?9‘:~_“
6 06} N\ {1 & =
E !\ . % S
% N 2 a
2 04r > e w ol a .*
B ~
o ~e P
X o2t J | m‘.'__,,...-'z:ﬂ-o
e
0 1 1 I I 0.4 : 1 1 1
0.1 0.2 0.3 0.4 05 0.6 o 10 20
Electrode Area / cm’ 1/ pA

Figure 2. O, reduction current density versus
electrode area (electrode length) with channel
height of 1000 um or 100 um. The 0.1 M NaCl
containing-phosphate buffer (pH 7) at room
temperature was flowed at 10 cm min™.

Figure 3. E(V)-I curve of microfluidic biofuel
cell, anode and cathode operating under 10 mM
glucose 1 mM NAD', 0.1 M NaCl containing
phosphate buffer (pH 7) at room temperature,
with a flow rate of 10 cm min’. Chennel
height: 1000 pm. Upstream cathode (®) and
downstream cathode ().
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Figure 4 shows the illustration and the  Side view of microchannel
performance of microfluidic biofuel cells
constructed by sandwiching a silicone r —
spacer of 100 um or 1000 um thickness E‘> 1000 um or 100 pm E>
between two electrode-patterned glass
slides. Operation with the 100 pm-height
channel (A) shows smaller cell current
and power than those with the 1000 pm-
height channel (e) because of depletion
of fuel in the narrower flow channel. The
maximum cell current (I,.c) of the 1000
pm-height cell (44 pA) was almost twice
of that shown in Figure 3(e) (24 pA),
corresponding to the increased electrode
area. Although the I, in 100 pm-height
channel didn’t become double due to the
influence of highly developed depletion
zone, the volume density of the current
and power obtained in a 100 pym height I/ pA
channel was bigger than that in a 1000  Figure 4.  Schematic illustration (top) and
um-height channel (data not shown). performance (bottom) of microfluidic biofuel cell

operating under 10 mM glucose, 1 mM NAD®, 0.1
M NaCl-containing phosphate buffer (pH 7) at
room temperature, with a flow rate of 10 cm min™.
Channel height: 100 pm (A) and 1000 pm ().
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4. CONCLUSIONS

We assembled a microfluidic biofuel cell equipped with reference and counter electrode
to evaluate the anode’s and cathode’s performances individually. It is important to
consider depletion zone of fuel and oxidant in order to develop a high performance
microfluidic biofuel cell. The depletion zone was easily developed within a microfluidic
channel, and thus the prereduction of O, by upstream cathode can improve anode
performance. Also, the power density and fuel utilization was higher in case narrower
channel.
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Abstract

An enzyme-based glucose/O, biofuel cell was constructed within a microfluidic channel to study the influence of electrode configuration and
fluidic channel height on cell performance. The cell was composed of a bilirubin oxidase (BOD)-adsorbed O, cathode and a glucose anode prepared
by co-immobilization of glucose dehydrogenase (GDH), diaphorase (Dp) and VK3-pendant poly-L-lysine. The consumption of O, at the upstream
cathode protected the downstream anode from interfering O, molecules, and consequently improved the cell perfformance (maximum cell current)
ca. 10% for the present cell. The cell performance was also affected by the channel height. The output current and power of a 0.1 mm-height cell
was significantly less than those of a 1 mm-height cell because of the depletion of O,, as determined by the shape of the E—/ curve at the cathode.
On the other hand, the volume density of current and power was several times higher for the narrower cell.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Biofuel cell; Vitamin K3; Diaphorase; Glucose dehydrogenase; Microfluidics

1. Introduction

Various kinds of miniature devices for ubiquitous power sup-
plies have been developed in recent years [1-5]. The enzymatic
biofuel cell is one option for such a device because it works under
mild conditions: room temperature, neutral pH and atmospheric
pressure [6-21] that increase freedom of construction includ-
ing miniaturization. The enzymatic biofuel cells are composed
of a couple; an anode and cathode, modified with an enzyme
catalyst and usually an electron transfer mediator, and they gen-
erate electric power from an aerobic solution containing biofuel
such as glucose. The dissolved molecular O; is the substrate
of the cathodic enzyme reaction and also acts as the interfer-
ing substance for anode reactions. It is experimentally known
that the dissolved O, can intercept electrons from the anode
(enzymes and/or mediators) and consequently lower the exter-
nally delivered power. For example, Heller’s group has reported
that the power density of their biofuel cell in O;-saturated solu-
tion was 30% lower than that in air because of the undesirable
electron transfer from glucose oxidase (GOD) to the dissolved

* Corresponding author. Tel.: +81 22 217 7003; fax: +81 22 217 3586.
E-mail address: nishizawa@biomems.mech.tohoku.ac jp (M. Nishizawa).

0378-7753/$ - see tront matter © 2007 Elsevier B.V. All ﬁghls reserved.
doi:10.1016/j jpowsour.2007.12.052

07 [22-25]. Also, we have studied a glucose anode prepared
by co-immobilization of enzymes and vitamin K3 (VK3) as
an electron mediator [6,9], and reported lower performance in
the aerobic solution [6] probably caused by leakage of elec-
trons from enzymes and VK3 to O, molecules. In addition to
these energy losses due to reversible reaction with O, irre-
versible oxidative degradation of mediators and enzymes could
become serious during longer periods of operation [26]. The
simple answer to address these unfavorable reactions of O, at
the anode is to compartmentize the deoxygenized anode room
and oxygenized cathode room by a separator [17] or laminar flow
[7]. Such complicated systems, however, may not be suitable to
miniature power sources. In contrast, we have another choice
to decrease the O, flux to the enzymatic anode and that is by
electrode-arrangement in the single flow channel. The upstream
cathode may deplete O from the vicinity of the downstream
anode within a microfluidic channel.

In the work reported in this paper, we constructed an
enzyme-based microfluidic biofuel cell composed of a bilirubin
oxidase (BOD)-adsorbed O, cathode and a glucose anode pre-
pared by co-immobilization of glucose dehydrogenase (GDH),
diaphorase (Dp) and VK3-pendant poly-L-lysine. We studied the
effects of pre-electrolysis of O; at the upstream cathode on the
performance of the downstream anode both experimentally and
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Fig. 1. Schematic illustration and photograph of microfluidic biofuel cell with (A’) the close up top view of the electrodes and (A”) the cross-sectional view of a

COMSOL simulation of an O depletion layer forming along the channel.

theoretically under regulated conditions: flow velocity, electrode
length, electrode gap and channel height. Based on the results
obtained, the optimum design of a fluidic cell will be discussed
from the aspects of power and power density.

2. Experimental
2.1. Reagents

The synthesis of the redox polymer VKj3-modified poly-
L-lysine (PLL-VK3) has been described previously [6]. The
diaphorase (Dp) from Bacillus stearothermophilus (EC 1.6.99,
1090 Umg~!) was purchased from Unitika. NAD*-dependent
glucose dehydrogenase (GDH; EC 1.1.1.47, 250 Umg™!) was
donated by TOYOBO. Bilirubin oxidase (BOD) from Myrothe-
cium sp. (EC 1.3.3.5,2.45 U mg~!) was purchased from Amano
Enzyme Inc. Ketjenblack (KB; EC-600JD) was supplied by Ket-
jen Black Intemational, Inc. NAD* was used as received from
Oriental Yeast Co.

2.2. Electrodes preparation

A PLL-VK3/Dp/GDH-coated KB electrode was prepared
as previously reported [6]. A brief description of the
preparation follows. Unless otherwise indicated, the enzyme
solutions for electrode modification were prepared using 50 mM
phosphate buffered solution (pH 7.0). An 8pL PLL-VKj;
solution (4.83mM VK3) was mixed with a 2uL Dp solu-
tion (14pgpL~') and 1pL of KB dispersed water (ca.
13mgmL—1). A53 L portion of the resulting solution was put
onto a gold film electrode (surface area, 0.028 cm?) on a glass
substrate, and was left to dry in air. To create the enzymatic
bilayer, the surface of a PLL-VKj3/Dp-coated KB electrode was
coated with 1.6 pL of a solution composed of equal volumes of
a 16 pg uL.~! GDH solution and a 16 mg mL~! PLL solution.

A BOD-adsorbed KB electrode was prepared as described
below. A mixture of 3:1 weight ratio of KB and
poly(tetrafluoroethylene) (MW 5000-20,000, Wako) was dis-
persed in isopropanol (2mgmL~!), and applied to a gold
electrode (0.11 mL cm~2) followed by overnight drying in a
70°C oven. And then, BOD was adsorbed to the KB electrode by
dipping in the S mg mL~! BOD solution for 10 min and washed
with phosphate buffer solution for 10 min. The measurement was
carried out before the BOD-modified electrode dried completely
because the BOD loses its activity in the dry state [27,28].

2.3. Microfluidic biofuel cell and electrochemical
measurements

We constructed microftuidic fuel cells of the type shown in
Fig. 1. Film electrodes were patterned on the surfaces of glass
slides by photolithography and spattering, which is a lift-off
process. Both anode’s (2.8 mm width, 1 mm long) and cathode’s
(2.8 mm width, 10 mm long) Au current collectors were modi-
fied by KB and enzymes. The gap between anode and cathode
was (.5 mm. The Ag|AgCl electrode was fabricated by coating
a Pt film with Ag|AgCl ink (BAS Inc.) that was then cured at
80°C for 2h. A negative of the channel shape was prepared by
thick photoresist (SU-8 2050, Microchem) by photolithography
and transcribed to polydimethylsiloxane (PDMS; SYLPOT 184
WI/C, Dow Corning Toray) slabs, so as to producing channels of
3 mm width and 0.1 mm or 1 mm height.

All electrochemical measurements were performed in 50 mM
phosphate buffer solution (pH 7.0) containing 0.1M NaCl
at room temperature. The electrochemical properties of the
electrodes were characterized using a bipotentiostat (Electro-
chemical Analyzer, Model 600S, BAS) with three electrode
system containing an enzyme-modified electrode as the working
electrode, an Ag|AgCl (0.1 M NaCl) reference electrode and a
platinum counter electrode. The fuel cell performance was eval-
uated by measuring the cell voltage while varying the external
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resistance between 5 and 200 k2. When we evaluated the elec-
trode performance in the various O; concentration solutions, we
bubbled the reservoir solution with Ny or O,. A micro syringe
pump (Kd Scientific, Model 210) was used to make a steady
flow in the microfluidic channel. The Reynolds number of the
flow was small enough to maintain laminar flow.

2.4. Numerical simulations

To asses the shape of the depletion zone of the O in the fluidic
channel, we simulated a microfluidic biofuel cell using finite ele-
ment method software COMSOL multiphysics 3.1 (COMSOL
AB) (Fig. 1A"). The simulation was carried out by coupling
the Navier—Stokes equation, continuity equation and the mass
balance equation, assuming the flow velocity at the surface of
the wall is zero (non-slip flow) and O, concentration at the
surface of the cathode is zero. The diffusion coefficient of O3
was set to 2 x 1079 m2s~! [27], the bulk concentration of O
to 0.2mol m~3, the fluid density to 1 x 103kgm™3, fluid vis-
cosity to 1 x 10~3kgm™!s~! and the average flow velocity to
1.7 x 103 ms~!. Channel height and cathode length were set
to 1 mm and to10 mm, respectively.

3. Result and discussion

3.1. Linear sweep voltammetry of anode and cathode in a
microfluidic channel

Fig. 2a shows linear sweep voltammograms (LSVs) of glu-
cose anode (2.8mm?) in 0.3 mL min~! (10cmmin~!) flow of
Ns-bubbled phosphate buffer solution containing 10 mM glu-
cose and 1.0 mM NAD" (- - ), with a sigmoidal shape reaching
27 pA (ca. 1 mA cm~2). The glucose oxidation current depends

60

(a) KB-VKlepIGDH anode

1/ pA

120 F -
20 (b) KB-BOD cathode

1 1 i 1 1

04 -0.2 0 0.2 0.4
E/V (vs. Ag|AgCl)

Fig. 2. LSVs of (a) anode and (b) cathode in Nj-bubbled (.- ), air-saturated
(—). and O,-bubbled (- --) 50 mM phosphate butfer (pH 7) containing 0.1M
NaCl, 1 mM NAD* and 10 mM glucose at room temperature, with a flow rate
of 0.3 mL min~'. Scan rate: 2mV s~!. Channel height: 1 mm.

on the flow rate as previously reported [6]. The higher flow rate
leads to higher current. The glucose oxidation currents obtained
in air-saturated solution (—) and O;-saturated solution (- - -)
were somewhat smaller than that in N»-bubbled solution, prob-
ably because the dissolved O, competes with electron relay at
the PLL-VK3/Dp/GDH/KB electrode. In addition to this short-
term adverse effect of dissolved O, to anode, the irreversible
oxidative degradation would occur during longer operation.

The LSVs of BOD-adsorbed KB electrode (10 mm long,
28 mm?) are shown in Fig. 2b. In N;-bubbled solution (- - -),
only a small current was observed, but in air-saturated (—) and
O;-bubbled solution (- --), the Oy reduction catalytic current
clearly appeared at a potential more negative than 0.45 V. The
starting potential of O; reduction current was about 0.2 V more
positive than for the case with Pt electrode as the cathode [6].
This superior performance of a BOD-modified electrode has
been already reported by Tsujimura and Kano [8,27-30]. This
was due to the direct electron transfer of BOD. The catalytic
current reached 41 pA in air saturated solution and 120 p.A in
O2-bubbled solution. The shape of LSV was not influenced by
the additional presence of NAD™ and glucose owing to the satis-
fying reaction selectivity of KB/BOD electrode to O, reduction.
We have set the flow rate at 10 cm min~!, where the diffusion
layer of Oy grows up to a few hundred pum but does not cover
the 1 mm channel height, as theoretically discussed later.

As described above, we measured the polarization curve of
the glucose electrode and O electrode individually under oper-
ating conditions of the fuel cell by using the microfluidic biofuel
cell system that internally contains a reference electrode and a
counter electrode. In order to balance the current at anode and
cathode, we set the area of the cathode (28 mm?) ten times larger
that the anode (2.8 mm?). The combination of these electrodes
is expected to show OCV of ca. 0.8V and maximum current
of ca. 25 pA (as limited by anode) in the air-saturated glucose
solution. This expected cell performance could be obtained only
if the anode is protected from O, without decreasing O, flux to
the cathode.

3.2. O3 reduction at upstream cathode

With the aim of decreasing the O flux to the anode as sim-
ulated in Fig. 1A”, we experimentally studied the effect of
pre-reduction of O, at a cathode set upstream of the fluidic
channel. Fig. 3a shows the currents at the downstream glucose
anode versus the O, reduction current at the upstream cathode.
The glucose oxidation current (at 0V vs. Ag|AgCl) was suc-
cessfully increased by the pre-reduction of O; by up to 23 p.A,
nearly equal to that observed in the N-bubbled solution ---),
suggesting that the degree of decrease in O, flux in the vicinity
of the anode was sufficient to prevent the adverse reaction of
O3. The pre-reduction should become more significant at lower
glucose concentration or higher O, concentration due to the rel-
atively larger flux of competitive O». The O, flux downstream
was estimated by experiments using the KB/BOD electrode for
both upstream and even downstream (Fig. 3b). The O, reduction
current (at —0.4V vs. Ag|AgCl) at the downstream KB/BOD
electrode (/o, at downstream) decreased linearly with increasing



