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Quasi-Static Modeling of Human Limb
for Intra-Body Communications With Experiments

Sio Hang Pun, Yue Ming Gao, PengUn Mak, Mang I Vai, and Min Du

Abstract—In recent years, the increasing number of wearable
devices on human has been witnessed as a trend. These devices
can serve for many purposes: personal entertainment, communi-
cation, emergency mission, health care supervision, delivery, etc.
Sharing information among the devices scattered across the human
body requires a body area network (BAN) and body sensor network
(BSN). However, implementation of the BAN/BSN with the conven-
tional wireless technologies cannot give optimal result. It is mainly
because the high requirements of light weight, miniature, energy
efficiency, security, and less electromagnetic interference greatly
limit the resources available for the communication modules. The
newly developed intra-body communication (IBC) can alleviate
most of the mentioned problems. This technique, which employs
the human body as a communication channel, could be an innova-
tive networking method for sensors and devices on the human body.
In order to encourage the research and development of the IBC,
the authors are favorable to lay a better and more formal theoret-
ical foundation on IBC. They propose a multilayer mathematical
model using volume conductor theory for galvanic coupling IBC
on a human limb with consideration on the inhomogeneous proper-
ties of human tissue. By introducing and checking with quasi-static
approximation criteria, Maxwell’s equations are decoupled and ca-
pacitance effect is included to the governing equation for further
improvement. Finally, the accuracy and potential of the model are
examined from both in vitro and in vivo experimental results.

Index Terms—Body area network (BAN), body sensor network
(BSN), home health care system, intra-body communication (IBC),
quasi-static model, volume conductor theory.

I. INTRODUCTION

HE research and development in the fields of body area
I network (BAN) and body sensor network (BSN) have re-
cently drawn increasing attention in both academic and indus-
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trial arenas. The driving force originates from the benefit of
being able to share information between personal portable de-
vices and sensors on the body. BAN and BSN can facilitate the
development of the sophisticated instruments for public security
forces, army, and paramedics during life-threatening rescue mis-
sions. In the medical field, the health care monitoring systems
for chronic disease patients and the elderly are one of the main
focuses too. An example of a comprehensive health care sys-
tem might include all personal metabolic sensors, implantable
devices (pacemakers, drug delivery devices, etc.), physical ac-
tivity monitors, and a high performance central control unit. The
system should be capable of monitoring, assessing, logging, and
communicating with a central server for recording and perform-
ing online medical treatment during an emergency. To achieve
health care and monitoring, sensors and devices are required
to place at various locations of the human body. Then, a BAN
is built to provide connectivity to all the sensors and devices
scattered throughout the body. At the same time, the design of
the BAN should be efficient under limited resources. It is be-
cause the on-body sensors and devices generally have stringent
requirements on light weight miniaturization, energy efficiency,
and less electromagnetic interference.

To implement the physical layer of the BAN, conventional
wireless technologies are not designed for communication range
around 1-2 m. Therefore, Zimmerman proposed intra-body
communication (IBC) for transmitting information over the hu-
man body [1], [2]. The IBC can be used as a technique to network
various devices on the human body by utilizing the conducting
properties of human tissues. It is typically realized by coupling
a small amount of electric current, which is below the safety
thresholds, into the human body. The current signal then prop-
agates within the human body and is eventually picked up at a
suitable location on or in the human body.

Based on previous research [3]-[5], IBC owns the advan-
tages of low power consumption, reduced electromagnetic radi-
ation, lower interference from external electromagnetic noise,
increased security, and increased spectrum efficiency. In addi-
tion, the design of the IBC transceiver can effectively reduce the
complexity of the sensors. For wearable sensors and devices on
the body, IBC that uses the human tissue as the communication
channel is more natural and convenient.

In the implementation stage of IBC, two variations have been
developed. The capacitive coupling technique is a two-electrode
approach [6] and the galvanic coupling technique employs four
electrodes [5]. The capacitive coupling technique has a higher
channel gain [6] and data rate [7], while the galvanic coupling
technique is capable of both on-body and in-body (i.e., im-
planted) devices [8], [9].
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Transmitter

Fig. 1. Representation of IBC limb model (N = 4).

Researchers have also applied IBC to a variety of applica-
tions. For example, there are prototypes for business card ex-
change [2], ECG monitoring [3], and virtual typing system [10].
Theoretically, researchers have already examined in various
prospectives such as: researches in experiments [11], equivalent-
circuit model developments [2], and numerical simulations [12].
However, these empirical approaches can neither provide good
explanation to the IBC underlying principle nor establish design
criteria for IBC transceiver.

In this paper, the authors propose a multilayer mathemati-
cal model based on the volume conductor theory that considers
the inhomogeneous properties of human tissues to some extent,
for galvanic coupling IBC on a human limb in Section II. By
introducing and checking with quasi-static approximation crite-
ria, Maxwell’s equations are decoupled and capacitance effect
is introduced to the governing equation for improvement. In
Sections III and 1V, in vitro and in vivo experiments are de-
scribed and the results are compared with our model, respec-
tively. Section V gives result discussion and conclusion is made
in Section VI.

II. MATHEMATICAL MODEL

Focusing on the galvanic coupling IBC on the upper human
arm, which is a convenient site for experiment realization, the
model of limb is approximated by a multilayer concentric cylin-
der. This simplification is analogous to the research of Fujii
et al. [13], Wegmueller et al. [14], Sasamori et al. [15], and Oh
etal. [16]. To elevate the integrity of the model, we have included
both permittivities (¢1, . . . , €5 ) and conductivities (o1, ...,0xN)
with the geometry illustrated in Fig. 1, where /h depicts the length
of the limb, and r1, . . ., vy represent the radii of various tissues.

Since the galvanic coupling type IBC generally operated at
low frequency, the full-wave formulation of Maxwell’s equa-
tions was not necessary nor easy to solve. Therefore, we could
apply the quasi-static approximation to simplify the IBC prob-
lem. In accordance with [17]-[19], we first checked the quasi-
static criteria (1)—(4) for potentially decoupling Maxwell’s
equations

Neglect Propagation Effects kRmax < 1 (1)

Y€« )
g

Neglect Capacitance Effects

Neglect Inductive Effects (kRmay ) <1 (3)

Neglect Leakage to outside air ? <1 4)
N
where
o
k2 = CAJQ,UG (1 + jbdﬁ) (5)

and R, .« 1s the maximum length corresponding to the overall
dimension of human, w is the angular frequency, € and o are the
permittivity and conductivity of tissues, € is the permittivity of
free space, o is the conductivity of the outmost tissue layer,
and p is the permeability of tissues.

The quasi-static approximation criteria are listed in Table I
and calculated using the conductivities and the permittivities
of bone, muscle, fat, and skin. The electrical properties of the
tissues are derived from the parametric models of Gabriel et al.
[20] who summarized measurements from in vivo experiments
on the human body and autopsies of cadavers and animals.

From the table, it is found that except for the capacitance
effect of dry skin and wet skin, all other effects are negligible
up to 1 MHz. This suggests that the capacitance effect cannot be
neglected in the IBC problem within this frequency range. Thus,
by including the permittivities of human tissue as suggested by
Plonsey and Heppner [17] and applying the quasi-static approxi-
mation mentioned in [21], the governing equation for each layer
of our multilayer model becomes

V'UEq(S)VVZO SZI,...,N (6)

ORq(s) = Os + Jwers€n (7

where V' represents the potential within the human limb.

The transmission signal of the IBC is then expressed as J,,
and the electrode shape can also be introduced into the model
by defining

ov
O-Ean (7“ = TN7¢7 Z) = Jn, ((ba Z) (8)

where J,, (¢, z) depicts the normal component of the current
density applied to the limb through the side surfaces.

To complete the model, (9) and (10) are required to define
the reference potentials of the formulation. Furthermore, for
multilayer model, (11) and (12) are necessary for defining the
electromagnetic continuity properties across adjacent layers

V(r,g,2=0)=0 )
V(r,¢,z=h)=0 (10)
Ins (6, 2) = Just1 (9, 2) (11)
Vi (,2) = Vis1 (0, 2) (12)

s=1,....,N—1.
By solving the mathematical model with (6), (7), (9), and
(10), an analytical potential solution for the IBC limb model
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TABLE 1
VERIFICATION OF THE QUASI-STATIC CRITERIA
Frequency | Conductivity Relative Capacitance | Inductive | Propagation | Leakage
(Hz) o(S/m) permittivity e, effect effect effect to air
Bone 1k 2.00e-2 2.70e3 7.50e-3 6.26e-6 2.50e-3
10k 2.00e-2 5.20e2 1.45e-2 6.22e-5 7.89%¢-3 n/a
100k 2.1e-2 2.30e2 6.09¢e-2 6.22e-4 2.49e-2
IM 2.4e-2 1.40e2 3.24e-1 5.12e-3 7.15e-2
Muscle 1k 3.20e-1 4.30e5 7.47e-2 9.34e-5 9.67e-3
10k 3.40e-1 2.60e4 4.25e-2 1.03e-3 3.20e-2 n/a
100k 3.60e-1 8.10e3 1.25e-1 9.94e-3 9.97e-2
M 5.00e-1 1.80e3 2.00e-1 1.26e-1 3.55e-1
Fat 1k 2.24e-2 241e4 5.98e-2 6.65¢e-6 2.58e-3
10k 2.38e-2 1.09e3 2.53e-2 7.33e-5 8.56e-3 n/a
100k 2.44e-2 9.2%1 2.11e-2 7.54e-4 2.75e-2
IM 2.51e-2 2.72el 6.03e-2 7.44e-3 8.62e-2
Dry skin 1k 2.00e-4 1.14e3 3.16e-1 4.32e-8 2.08e-4 2.78e-4
10k 2.04e-4 1.13e3 3.09 1.34e-6 1.16e-3 2.72e-3
100k 4.51e-4 1.12¢3 1.38el 1.82e-4 1.35e-2 1.23e-2
M 1.32e-2 9.91e2 4.16 1.32e-2 1.15e-1 4.20e-3
Wet skin 1k 6.60e-4 3.20e4 2.69 3.57e-7 5.94e-4 8.42e-5
10k 2.90e-3 2.90e4 5.56 4.17e-5 6.46e-3 1.92e-4
100k 6.60e-2 1.50e4 1.26 5.48e-4 2.34e-2 8.42e-5
IM 2.20e-1 1.80e3 4.55e-1 3.78e-2 1.95e-1 2.53e-4
can be expressed as where
[o.¢] [o.¢] r
(’/‘ Cb, Z:l Z: -Esrnnln (T)Cos(n(b) ky, = % (16)
2w, forn =20
+ Fonnly (T) sin(n¢) n = { m, otherwise a7
o Vs = OEq(s) = Os + jwers€o (18)
+ Gemn K, <h> cos(no)
/ / (¢, 2)sin ( ) cos(ng)dzde (19)

+ H, o K, (mhw> sin(nqﬁ)} sin ("‘;:z) (13)

where I,, is the modified Bessel function of the first kind of
order n and K, is the modified Bessel function of the second
kind of order n.

Enforcement of (8), (11), and (12), and the constants F,,,,
Fomn> Gsmn,and Hgpp,,, in (13) can then be found by using (14)
and (15). Since V is finite at r = 0, Gy,,,, and Hy,,, are equal
to zero for the innermost tissue
i ENmn

GN mn

EN—lm n

GNflmn (14)

oo of

L Elmn - L 0 -

FNmn ) i T
HNmn,
FN—lm n

HN—lmn, (15)

L Flmn, - —0—

/ / (0,2 sm( )sm(n¢)dzd¢ (20)

A and B are shown at the bottom of the next page, and [x]'
indicates the first derivative of the argument.

III. In Vitro EXPERIMENT

An in vitro experiment, which is designed to suppress the un-
certainties arising from the variations of the human body in in
vivo experiment, is conducted to validate the proposed mathe-
matical model. Inspired by the work of Hackisuka ef al. in [22],
Shinagawa et al. in [23], and Fujii ef al. in [13] and [24], a
two-layer phantom with 150 mm (radius of the inner layer is
100 mm) in radius and 500 mm in length is constructed (as
shown in Fig. 2). The conductivity and relative permittivity of
the material of the outer layer (composition: agar 1 g, sucrose
1 g, and water 0.1 L) are 0.01 S/m and 96, respectively. While,
for the inner layer (composition: agar 1 g, potassium dihydro-
gen phosphate 0.02 g, and water 0.1 L) are 0.034 S/m and 93,
respectively.

To build the two-layer phantom for the in vitro experiment,
first, the mixture of the outer layer material was boiled and
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Fig. 2.

Experiment setup for the in vitro experiment.

poured into the mold. After the outer layer was completely
solidified, the melted inner layer material was added. Then,
two 10-mm-width ring-type transmitter electrodes were placed
on the lateral surface of the phantom cylinder, located 50 and
70 mm away from the end of the cylinder. This implies that the
electrical signal applied to the phantom is

—J, if50 mm < z < 60 mm
Jo(p,z)=4¢ J, if70mm < z < 80 mm
0, Otherwise

0<¢p<2m. (1)

By applying the electrical signal (30 kHz sinusoidal wave) to
the transmitter electrodes, the voltage within the phantom was
spatially measured and compared with the calculated results
from the proposed mathematical model. Fig. 3 shows the results
both on the surface and 70 mm deep in the phantom along the z-
direction. In comparison with the measurement and calculation

= 100
—— Calculated value at r=150mm

#  Measurement at r=150mm
—— Calculated value at r=80mm

v Measurement at r=E0mm 4
Error at r=150mm
_——Error at r=80mm

0.6

0.4

Voltage (V)
Error (%)

-0.6 4

T I T T T T T
150 200 250 300 350 400 450
z (mm)

500

Fig.3. Comparison of the measured and the calculated results in the z-direction
of the phantom.

0.22 4 =
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Fig.4. Comparison of the measured and the calculated results in the r-direction

of the phantom.

results, the maximum error is less than 10%. Measurements
along the r-direction on z = 110 mm and z = 280 mm are
also shown in Fig. 4. The experiment results are close to the
calculation results and fall within 10% error.

N [Ln (k)] v an [ (K )] 0 0 0
I, (kmrs) K, (km TS) -1, (km rs) -K, (kmrs) 0
A= Vs+1 [In km Ts)] Vs+1 [Kn (km Ts )]/ —s [I'n (km rs)]/ —Vs [Kn(km ’rs)]/ 0
O 0 In kmrl) Kn(kmrl) _In(kmrl)
0 0 Yolln (kmr1)] YlBn (kmr1)] =i [Ln (k1))
forn =0...00
WAL (ki r3)] A7 [ Ko (k)] 0 0 0
In (km Ts) Kn (km'rs) _In (kmrs) _Kn (km’l"s) 0
_ ’Yerl[In (kmrs)]l 'Verl[Kn (km'rs)]l _’78 [In (kmrs)]/ _,yS [K’ﬂ (km’f's)]/ 0
0 0 O I’n (km I ) Kn (km 1 ) _In (k;m a1 )
0 0 0 V2 [In(kmrl)], 72 [Kn (kmﬁ)]/ 71 [In(kmrl)]/

forn=1...00
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Receiver
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Trasmitter
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\

Fig. 5. Placement of the electrodes in the experiment (not to scale).

In our in vitro experiment, the major sources of error came
from the imperfect manufacturing of the phantom and mea-
surement error. From observation, it was apparent that a slight
deformation of the phantom occurs due to the weight of the
constituted materials and due to dehydration on the surface. In
addition, precise positioning of the measuring probe into the
phantom is difficult to achieve, and therefore, error can be ex-
pected when comparing experimental result with calculation.

IV. In Vivo EXPERIMENT

For further evaluation, in vivo experiments were also con-
ducted to compare the calculations with the mathematical
model. A healthy 26-year-old male subject was chosen and
the geometrical data of subject’s upper arm were 250 mm in
length and 65 mm in diameter on average. Stimulating electrodes
(40 mm x 40 mm) were chosen to apply the transmitted signal
into the human body and retrieve the signal. The transmitter
electrodes were placed 50 mm away from the elbow and later-
ally oriented on the upper limb. The receiver electrodes were
attached 60 mm away from the edge of the transmitter elec-
trodes. The detailed arrangement can be found in Fig. 5.

The calculation of the voltage distribution was obtained in
(13). First, constants in the equation were obtained by evaluating
(19) and (20) with the transmitted signal. In the case of our IBC
arrangement, J,, is defined as

J, if —0.615 < ¢ < 0.615
—J, if7—0.615< ¢ <7+0.615
0, Otherwise

(b, 2) =

50 mm < z < 90 mm
(22)

where J is the normal component of the current density.

In this research, four layers of tissue, namely, bone, muscle,
fat, and skin are considered. Eventually, the distribution of volt-
age is computed and the channel gain can, then, be evaluated.
In Fig. 6, the calculated results for the model with and with-
out the capacitance effect are plotted. In comparison with the
model neglecting the capacitance effect, the model considering

= = Day 1 measurement result
- Day 2 measurement result
-------- Day 3 measurement result
—— Calculation result with capacitance effect
Calculation result without capacitance effect

=20 -

=25 -

£
]
O
60 4 T T T
1000 10000 100000 1000000
Frequency (Hz)
Fig. 6. Results of the measurement data and the calculations.

the capacitance effect has a higher gain below 100 kHz, while
the two models have similar gains at high frequencies. This ob-
servation is matched with the quasi-static criteria check for wet
skin in Table I, where the capacitance effect of wet skin is less
significant at high frequency, such as 1 MHz.

Measurements on the human subject were done for
three days in order to validate the calculated results of
the mathematical model. A calibrated Agilent 4395A Net-
work/Spectrum/Impedance analyzer was used to measure the
channel gain of the IBC on the upper arm of the subject with
testing frequency spanning from 1 kHz to 1 MHz. Before the
experiment, the skin of the subject was prepared to ensure good
contact with the electrodes. Additionally, the transfer charac-
teristic of the measurement setup is taken as the baseline for
later compensation. The measurement results (three days) can
be found in Fig. 6 and they are consistent except for on day 2
and at higher frequencies. From the analyses, we found that the
maximum errors between measurements and calculations with
capacitance effect were about 5 dB (at 40 kHz) for operating
frequency less than 100 kHz and about 11 dB (at 170 kHz) for
operating frequency over 100 kHz. The major causes of error
remain vague, and repeatedly slight inaccurate positioning of
the electrodes during experiments, the geometrical approxima-
tion of the limb, and variations on subject’s physiological status
are potential considerations at present. The measurement results
also show a peak for channel gain in the range of 10—40 kHz,
which suggests a possible optimum operating frequency for the
galvanic coupling IBC on human limb below 1 MHz.

V. RESULT DISCUSSION

The in vitro experiment discussed in Section III reduces the
intrinsic uncertainties when evaluating the accuracy and capa-
bility of the mathematical model. Although slight errors exist,
the comparisons between the measurement and calculation re-
sults show that the model is matched with the experiment data
not only limited to the surface of the phantom, but also the
inside of the various tissues. This highlights the inner probing
advantage of the in vitro over the in vivo experiment, in which
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measuring subcutaneous voltage is almost impossible. The ex-
periment also shows the possibility of using galvanic coupling
IBC for communicating with implantable devices, although the
attenuation is higher than those receiving electrodes situated on
the surface.

Despite the existence of various uncontrollable factors, the
importance of in vivo experiment is obvious. A comparison
between in vivo experiments and calculations can reflect how
correct the model is in reality. From the results in Fig. 6, the
model agrees with the experimental results. The gain calcu-
lated from the proposed model coincides with the measurement
results at low frequencies (less than 5 kHz) and the maximum er-
ror between the calculation and experimental results is less than
5 dB for operating frequencies below 100 kHz. For operating fre-
quencies higher than 100 kHz, the trend for the calculated result
differs slightly from the experimental results and the maximum
error is less than 10 dB. It is worth pointing out that the error
between the calculated and the measurement result is relatively
small, since the variations between three days of experiments
are in the same order of magnitude.

From the model and the experiments, we can surmise the path
of the major propagating medium of IBC. From (4) and the last
column in Table I, the calculated results show that the amount
of radiation from the tissue is small and negligible. On the other
hand, both the measured and the calculated results show that
the gain of IBC is higher than —75 dB, which is the measured
gain between the transmitter and the receiver electrodes through
air in our experimental setting. Thus, one can conclude that the
major propagation path of IBC is the human limb and negligi-
ble portion of the propagation over the air exists for operating
frequency below 1 MHz.

VI. CONCLUSION

The IBC is a potential communication methodology for the
construction of BAN and BSN in many application areas. Es-
pecially in the field of medical instrumentation, it can facilitate
efficient data exchange for on-body and in-body devices without
hindering daily movement. And, it is also a more natural and
convenient way for body-centric communication.

In this paper, the authors attempted to analyze the IBC channel
from the prospective of the electromagnetic theory and managed
to develop a mathematical model to represent the IBC signal
distribution on a upper human arm. By validating the quasi-static
criteria over the operating frequency range, it has been found that
neglecting the capacitance effect would induce significant error
whenever skin is included. Thus, the permittivities of tissues
were properly included in our corresponding analytical model.

The accuracy of the developed model was also validated with
the in vitro and the in vivo experiments. Both experimental re-
sults showed that the proposed model was good for galvanic
coupling type IBC on the human limb. For the in vitro experi-
ments, the maximum error between model and calculation was
less than 10%; while, the maximum difference between model
and in vivo experiments was less than 5 dB below 100 kHz. In
addition, the analysis of the galvanic coupling type IBC with
the electromagnetic theory also provides data to deduce that

the major IBC signal was confined within the human body and
the body channel was more efficient than the air channel for
operating frequencies under 1 MHz. Through our in vivo exper-
iments, current configuration demonstrated the feasibility of the
galvanic coupling type IBC. And, we can easily transform into
an embedded communication module for BAN/BSN.

In the next step, inclusion of the anisotropic characteristics
of the human tissue shall be investigated in order to increase
the accuracy of the model. Moreover, extending the model to
other parts of the human body and investigation on modulating
schemes are also worth studying.
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