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Abstract—Human Body Communication (HBC) utilizes
the electrical conductivity properties of the human body
to communicate between devices in and around the body.
The increased energy-efficiency and security provided by
HBC compared to traditional radio wave based communi-
cation makes it a promising alternative to communicate
between energy constrained wearable and implantable de-
vices around the body.However, HBC requires electrical
signals to be transmitted through the body, which makes
it essential to have a thorough analysis of the safety as-
pects of such transmission. This paper looks into the com-
pliance of the current density and electric/magnetic fields
generated in different modalities of HBC with the estab-
lished safety standards. Circuit and Finite Element Method
(FEM) based simulations are carried out to quantitatively
find the compliance of current density and fields with the
established safety limits. The results show the currents and
fields in capacitive HBC are orders of magnitude smaller
than the specified limits. However, certain excitation modal-
ties in galvanic HBC can result in current densities and
fields exceeding the safety limits around the excitation
point on the body near the electrode. A study with 7 human
subjects (4 male, 3 female) is carried out over a month,
using capacitive HBC.The study monitors the change in 5
vital parameters (Heart Rate, Mean Arterial Pressure, Res-
piration Rate, Peripheral Capillary Oxygen Saturation, Tem-
perature), while wearing a HBC enabled device. Analysis of
the acquired data statistically shows no significant change
in any of the vital parameters of the subjects, confirming
the results of the simulation study.

Index Terms—Human body communication (HBC), body
coupled communication (BCC), safety standards, capaci-
tive HBC, galvanic HBC.

I. INTRODUCTION

RAPID scaling in the size and cost of semiconductor
technology has resulted in increasing usage of small

form factor wearable and implantable devices. These devices
communicate with other devices and form a network around the
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human body, known as the Body Area Network (BAN). The
traditional method of communication between these devices is
through wireless radio wave based protocols such as Bluetooth.
Human Body Communication (HBC) [1]–[9], also commonly
known as Body Coupled Communication (BCC) [10]–[12] or
Intra Body Communication (IBC) [13], is rapidly emerging
as an alternative way to communicate between these devices
around the human body, which uses the human body as the
communication medium. The key advantage provided by HBC
over radio wave communication is enhanced energy efficiency
and security of communication. The increased energy efficiency
can be obtained from utilizing the body as a broadband commu-
nication channel [1], [2], [14]. The confinement of the HBC
transmitted signal primarily within the human body provides
the enhanced physical security which is not present in wireless
radio communication, where the signal is isotropically radiated
and can be intercepted by any device within a certain range.
Both energy-efficiency and security are vital restrictions for
small form factor wearable/implantable devices with limited
battery life, making HBC even more relevant for such energy
and resource constrained [15], [16] devices. This has led to
increasing focus on the design of HBC systems both at the
circuit [10], [11], [17]–[19] and system [14], [20] level. Recent
research [2] has shown that HBC transmission can achieve
energy efficiency up to 6.3 pJ/bit making it 100X energy efficient
compared to Wireless Body Area Network (WBAN) protocols
such as Bluetooth. The enhanced security property of HBC has
also been shown in [21] showing signal confinement within 10
cms of the body.

HBC involves transmitting electrical signals through the hu-
man body. Hence, the safety aspect of HBC needs to be studied
before its widespread adoption. Although there has been mul-
tiple safety standards defined on the exposure of human body
to time varying electric/magnetic fields and electrical current,
there has been surprisingly few studies about the safety aspect
of HBC. Most studies, which look into the adverse effect of
electricity on the human body, generally deal with much higher
voltage and current levels. [22] looks into the different types of
interaction between human and computers that require electrical
signal transmission through the body and analyzes the safety
aspect of some of those studies in terms of the amount of current
being injected into the body. In this paper we investigate the
safety aspect of HBC through theoretical analysis and exper-
imental validation. The theoretical analysis of compliance of
the current and field densities are carried out through circuit
and Finite Element Method (FEM) simulations respectively.
These simulations provide a quantitative measure of the safety
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Fig. 1. Different type of HBC: (a) Capacitive HBC with single ended
excitation and termination, (b) Galvanic HBC with differential excitation
and termination.

compliance of the HBC. Furthermore, studies are carried out to
show the effect of HBC on the vitals of human subjects. The
simulation results show that the current densities and electric,
magnetic field densities induced in HBC are orders of magnitude
smaller than the safety standards. A study is carried out on a
small set of volunteers to experimentally corroborate the safety
margins obtained from the simulations. It is observed that the
subjects do not show any significant change in vital parameters
while wearing a HBC device, compared to a normal scenario.
To the best of the authors’ knowledge, this is the first study
which provides a comparison of the generated fields and current
densities within the body with the safety limits provided by the
different standards.

The rest of the paper is organized as follows: Section II
discusses the fundamentals of capacitive and galvanic HBC.
Section III discusses the different safety standards that is in
place for HBC. Section IV does a detailed analysis of the safety
compliance of different type of HBC in terms of current density
(circuit simulations) and field intensities (FEM simulations).
Section V provides an experimental study of the effect of HBC
on the vital parameters of subjects. Section VI discusses possible
circuit design techniques to ensure HBC safety with conclusion
in Section VII.

II. HUMAN BODY COMMUNICATION: BASICS

HBC utilizes the electrical conductivity property of the human
body to send electrical signals through it and use it as a commu-
nication medium. The signal is coupled into the body through
metal electrode(s). The signal goes through the relatively high
impedance skin layer and is primarily transmitted through the
low impedance conductive layers underneath the skin [1], [19].
At the receiver end also the signal is picked up through a single
electrode/ a pair of electrodes. Depending on the excitation and
termination modality, HBC can be primarily divided into two
categories : a) Capacitive HBC, b) Galvanic HBC.

A. Capacitive HBC

Capacitive HBC was first proposed by Zimmerman [23] as a
method of communication between devices on a Personal Area
Network (Fig. 1a). The excitation is applied through a single
electrode at the transmitter end. The human body provides only
the forward path of communication between the transmitter
and receiver. However, it is necessary to have a closed loop

path between the transmitter and receiver to enable electrical
communication. In case of capacitive HBC, the closed loop is
formed through capacitances formed by parasitic coupling of the
transmitter/receiver ground with the surrounding environment,
which acts as the earth ground. The channel loss between the
transmitter and receiver is strongly dependent on this return path
capacitance. As a result, in capacitive HBC, the channel loss
is strongly dependent on the surrounding environment of the
person. However, the loss is almost independent of the distance
between the devices on the body [1]. This makes capacitive HBC
the primary choice for long distance communication on the body
(between two arms, arm to torso etc.)

B. Galvanic HBC

Wegmueller et al. [24] proposed galvanic HBC as an alterna-
tive to capacitive HBC (Fig. 1b). In galvanic HBC, the signal is
applied to the body through a pair of electrodes in a differential
manner. The reception is also done in a differential manner at the
receiver end. Hence, the closed loop path between the transmitter
and receiver is formed through the human body in this scenario.
This makes galvanic HBC more robust to environmental varia-
tion, as the channel loss is completely dependent on the human
body parameters and not on the surrounding environmental
factors. Since the transmitter forms a closed loop through the
body in this scenario, most of the electric field is contained di-
rectly between the signal and ground electrode at the transmitter
end. A small fraction of the fringing electric field between the
transmitter electrodes actually reach the receiver end for it to
sense as a voltage differentially. The fraction of field reaching
the receiver reduces as the distance between the transmitter and
receiver increases. Consequently, the channel loss increases as
the distance between the transmitter and receiver increase. This
makes the channel loss dependent on the distance between the
transmitter and receiver in galvanic HBC [25]. Galvanic HBC
is particularly useful for short distance communication between
wearable devices (between an arm and wrist worn device) but not
suitable for HBC between wearable devices with longer channel
lengths.

In the subsequent sections we discuss about the safety stan-
dards and look into the safety margins of the two different type
of HBC.

III. SAFETY LIMITS OF HUMAN BODY COMMUNICATION

There are multiple standards specifying the safety limits on
the exposure of human body to electric/magnetic fields. We look
into the safety limits provided by three primary safety standards
in this section.

A. International Commission on Non-Ionizing Radiation
Protection (ICNIRP) Standard

In HBC systems, the impact of signal transmission through
human body and its safety limits must be carefully addressed.
The International Commission on Non-Ionizing Radiation Pro-
tection (ICNIRP) [26] provides the exposure limit of Non Ion-
izing Radiation for humans. Depending on the frequency of the
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Fig. 2. Detailed Bio-physical model of HBC [1] showing the different
biological parameters and load conditions. The different parameters are
as follows: Rs: Source Resistance, CTx: Transmitter ground to body
capacitance, CTx−gnd: Capacitance between body and ground at the
transmitter end, Cret_Tx: Return path capacitance of the transmitter,
Rband: Resistance of the coupling electrode, Cband: Capacitance of
the coupling electrode, Rskin: Skin resistance, Cskin: Skin capaci-
tance, Rbody : Tissue resistance, Cbody : Capacitance between feet and
ground, CRx−gnd: Capacitance between body and ground at the re-
ceiver end, Cret_Rx: Return path capacitance of the receiver, CRx:
Receiver ground to body capacitance, CL: Load capacitance, RL: Load
resistance.

Fig. 3. Current density in the skin adjacent to the device, calculated
from circuit model.

field, different physical quantities are used to set the restriction
of exposure. For frequencies in 1 Hz–10 MHz range, current
density provides the restriction to prevent effects on central
nervous system. In the 100 MHz–10 GHz range restrictions are
provided on Specific energy Absorption Rate (SAR) to prevent
heat stress on the body. Between the 10 GHz–300 GHz frequency
range, power density is restricted to prevent heating in body
tissue or near the skin surface. The limits on these restrictions
are shown in graphical form in Fig. 3. As can be seen from the
plots, the most stringent requirement on current density is in the
4 Hz–1 KHz frequency range due to the low threshold current
required for nerve stimulation at this frequency range. In addition
to the whole body SAR requirement of 0.08 W/Kg, the restriction
of localized SAR in head and trunk is 2 W/Kg and limbs are
4 W/Kg. Apart from these, reference level for time varying
contact current, when the human body comes in contact with
an object of different electrical potential, are provided in order
to avoid shock and burn hazards. For frequency of<2.5 KHz the

maximum contact current is 0.5 mA, whereas for 2.5–100 KHz
the limit is 0.2 f (f = frequency in KHz) and for >100 KHz the
limit is 20 mA.

B. Institute of Electrical and Electronics Engineers
(IEEE) Standard

The IEEE standard also provides guidelines for Basic Restric-
tions (BR) and Maximum Possible Exposure (MPE) limits of the
human body to time varying electric, magnetic fields and contact
currents in the 3kHz to 300 GHz frequency range. Separate
restriction limits are provided for sinusoidal and pulsed electric
fields and contact currents, as well as for fields and signals
with multiple frequency components. Most of this limits show
close correspondence to the ICNIRP guidelines discussed in the
previous subsection. The standard also looks into multiple previ-
ous studies which has explored different cancer and non-cancer
related effects of these radiations. It looks into studies which
takes care of the established thermal effects of RF frequencies
above 100 kHz and electrostimulation effect below 100 kHz. A
review of non-cancer studies about the effect of these fields on
thermoregulation, neurochemistry, neuropathology teratogenic-
ity, reproduction, development, auditory pathology, membrane
biochemistry is provided with most of them showing minimal
or no effects. Cancer related studies on DNA damage, cell cycle
elongation, cell toxicity, gene and protein expression and activity
also does not show any clear or consistent role of RF radiation on
human cancer. It also provides recommendations such as usage
of bi-phasic signal to avoid harmful electro-chemical action on
the electrode, skin interface.

C. The National Institute for Occupational Safety and
Health (NIOSH) Standard

While the previous two standards primarily looks into the
effect of current density and field intensities of lower values on
the human body, the NIOSH standards looks into the effect of
high voltage and current on the human body. Electric current
chooses the path of least resistance within the body, and dissi-
pates heat during the passage, which can cause thermal damage
to tissue along the path of current. The skin provides the highest
resistance to flow of current. Skin resistance, when dry, is about
300 times greater than the resistance of internal organs. This
high resistance of skin is lowered in several ways: by cuts and
abrasions, by immersion in water, by breakdown of outer layer
of skin by high voltages >600 Volts, thereby allowing large
amount of current to pass and cause greater damage. The tissues
that sustain highest damage from electrical injury are nerve,
muscle, bone and skin. Nerves sustain direct damage from the
passage of electricity, with proprioceptive nerves being the most
susceptible. The passage of current can also overstimulate the
nervous system, and cause varying degrees of damage to internal
organs.

The physiological effect of electric injury is determined by
the magnitude of the current passing through the human body.
Higher voltage generally causes greater acute injury to the hu-
man body, however, the reverse can be true as well. High-voltage
(∼103 Volts) arcing can often throw the victim off by blast effect,
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Fig. 4. Capacitive HBC: Electric field distribution along (a) a cross-section plane of the dummy model of Fig. 5 and (b) a cross-section of the
arm and the device as shown in Fig. 5b, (c) simplified channel model. Galvanic HBC: Electric field distributions (d) across the body and (e) near
the device, (f) simplified channel model. All simulations for these field distributions were carried out at 400 kHz, for a 1 V p-p sinusoidal excitation
voltage.

thereby limiting contact and hence extent of injury; whereas a
much lower voltage 60-Hz AC current can cause an involuntary
muscle contraction with protracted gripping, prolonging contact
and leading to far more severe injury. The outcome of electrical
injuries, whatever the mode of causation, is heavily dependent
on the speed of initiation of initial resuscitative measures.

There have been a few previous studies exploring the safety
aspect of HBC. [27] explores the safety aspect of galvanic HBC.
In this paper, the authors use empirical arm models to find the
safe operable range of galvanic HBC, subject to field intensity
and Specific Absorption Rate (SAR) restrictions. The authors
of [28] uses COMSOL to build a 3D numerical arm model and
solve equations to get the current densities at 3 different frequen-
cies (100 kHz, 1 MHz, 10 MHz) for different body conditions
(wet skin/dry skin) and excitation electrode areas. The authors
conclude that for low frequency operation at 100 kHz the current
density exceeds the safety limits. The authors in [29] analyses
the thermal distribution in tissues through numerical methods
for galvanic HBC by varying the amount of power transmitted
and the number of co-located transmitters and conclude that the
temperature increase due to galvanic HBC stays way below the
safety limit of 1 ◦C.

In the subsequent sections we will carry out circuit and FEM
based simulations to compare the induced current and field den-
sities with the safety limit established by the standards discussed
in this section.

IV. THEORETICAL SAFETY ANALYSIS

We carry out theoretical studies through circuit and FEM
modeling and simulations to analyze the safety compliance of
HBC in terms of current and field constraints respectively. This
section looks into the setup for both these analysis and provide
a quantitative measure of safety.

A. Bio-Physical Model of HBC

We use an experimentally validated Bio-Physical model [1] of
the human body to find a reasonable estimate of the current and
field densities within the body and analyze the safety aspect. The
model consists of different human body biological parameters

Fig. 5. (a) Dummy human model consisting of two crossed cylinders
with muscle interior and 4mm thick skin shell. The cross-section plane
shown is used for E field plots in Fig. 4a and Fig. 4d. (b) Excitation struc-
ture for capacitive HBC. A potential difference is maintained between a
copper disc of 2 cm radius attached to skin and a floating copper ground
plate. The cross-section plane is for E field plot in Fig. 4b. (c) Excitation
structure for galvanic HBC. A potential difference is maintained between
two copper discs of 1 cm radius, placed 2 cm apart on the skin. The
cross-section plane is for E field plot in Fig. 4e.

along with the different parasitic capacitance for capacitive
HBC. The load conditions are also included in the circuit models,
although they do not play a critical role in determining the
current density or field intensity within the body, The details
of the Bio-Physical model along with the component values in
a tabular form can be found in [1] and is provided in Fig. 2. In
this paper we use a relatively simplified version of the complete
Bio-Physical model, consisting of the components required to
explain the field distribution and current density within the body.

B. Current Density Limits: Circuit Simulation

Theoretical simulations are carried out for both capacitive
and galvanic HBC to find the current density within the body
resulting from voltage excitation provided to the skin. A Bio-
Physical model [1] of the human body is used for simulation
purposes. An AC analysis of the circuit provides us with the
current being injected into the body across different frequencies.
This is then compared with the safety limit provided by the
guidelines.
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Fig. 6. Field plots along different cross section planes of the detailed human model shown in Fig. 7 at 400 kHz, 1 V p-p sinusoidal excitation
voltage. Capacitive HBC: (a) E field across the body, (b) E field near the device, (c) H field across the body, and (d) H field near the device.
Galvanic HBC: (e) E field across the body, (f) E field near the device, (g) H field across the body, and (h) H field near the device.

Fig. 7. (a) Detailed human model for FEM simulations: VHP-Female
v2.2 from NEVA Electromagnetics LLC, with cross-section plane for E
and H field plots of Fig. 6a, 6c, 6e and 6g. (b) excitation method for
capacitive HBC and cross section plane for obtaining field plots of Fig. 6b
and 6d, and (c) excitation method for galvanic HBC and cross section
plane for obtaining field plots of Fig. 6f and 6h.

As seen from the detailed Bio-Physical model in Fig. 2 and
the simplified versions in Fig. 4c, f, the return path in capacitive
HBC is closed by the parasitic capacitances between the ground
plane of the transmitter, receiver devices and the surrounding
environment. The impedance of this parasitic capacitance is the

primary limitation in the amount of current flowing through
the body for capacitive HBC. The value of this capacitance is in
the order of a few picofarads, Hence, the impedance provided
by the return path is few MΩ for frequencies less than the MHz
range. This limits the current to a few µA for capacitive HBC,
The maximum current density will be close to the electrodes
used for excitation. Taking a cross sectional area equal to the
size of the electrode (4 cm2) close to it, the current density is
plotted across different frequency, as shown in Fig. 3, for an
excitation voltage of 1 V. It can be seen that the current density
is orders of magnitude smaller than the safety limits suggested
by the ICNIRP guidelines for the general public. This shows that
capacitive HBC complies with the safety limit.

In case of galvanic HBC, the signal is applied differentially
between two electrodes, both connected to the body. Hence there
is a closed loop formed between the signal and ground terminal
(Fig. 4f), through the body. The skin provides the impedance
between the signal and the ground electrode and is in the order
of few tens of KΩ. Hence, the amount of current injected into
the body is significantly higher compared to capacitive HBC.
As shown in Fig. 4e, most of the current is primarily contained
within the surface of the skin. Hence, the cross sectional area of
the current transmission is taken considering the thickness of the
skin (4 mm maximum). The plot of current density is shown in
Fig. 3, for an excitation voltage of 1 V applied through excitation
at the wrist with a distance of 2 cm between the electrodes.
This shows that applying signals to the wrist, as done in several
previous studies, can result in localized current densities, which
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is significantly higher than the recommended general public
safety limit, at the skin close to the signal electrode. To ensure
safety compliance in case of galvanic HBC, a current limiting
circuit can be used at the output of HBC devices to ensure that
the current injected into the body is within the recommended
safety limits for general public exposure.

C. Field Limits: FEM Simulations

To understand the E and H field distributions in and around the
human body for both capacitive and galvanic HBC, simulations
were performed in Ansys High-Frequency Structure Simulator
(HFSS), which is an FEM based EM solver. First, simulations are
carried out using a simplified model consisting of two crossed
cylinders as shown in Fig. 5 to develop an idea of the expected
field distributions for both capacitive and galvanic HBC. The
dielectric properties of this model is assigned as that of an
average human muscle, and it is given a 4mm thick skin shell.
Dielectric and conductive properties of human body tissues
found by Gabriel et al. [30] is used for all EM simulations
in this section. The simplified model enables us to explain
the field distribution intuitively from the voltage drop obtained
through circuit models and provide a connection between the
field and circuit simulations; this will later be backed by detailed
full-body simulations derived from the model shown in Fig. 7.
For capacitive HBC, the excitation is provided by a single
disc shaped conductor attached to the skin, and an alternating
potential difference is maintained between this and another disc
shaped plate hanging in the air that is supposed to serve as the
ground plate of the device (Fig. 5b). As shown in the simplified
circuit representation of this modality in Fig. 4c, derived from
Fig. 2, the signal return path from the subjects body to the
device ground plate is formed via parasitic capacitance to earth
ground. The impedance of this capacitance is high compared to
the resistance provided by human muscle, and the potential drop
inside the subjects body should be negligible. This in turn implies
that the electric field inside the body should be low, which is
confirmed from the E Field plots from the simulation (Fig. 4a
and Fig. 4b). For galvanic HBC, the excitation is provided by two
disc shaped conductors placed 2 cm apart on the skin (Fig. 5c),
and an alternating potential difference is maintained between
the two. This results into a high potential difference at the
skin over a short distance, resulting into a high local electric
field inside the subjects body, especially at the skin (Fig. 4e).
For both capacitive and galvanic styles of excitation, a voltage
source is used in HFSS. A voltage source is preferred over a
lumped port style excitation, because the results from a lumped
port has possibilities of getting affected by port impedance and
reflections at the excitation point depending on the model design,
whereas a voltage source in HFSS basically represents an ideal
voltage source, maintaining an alternating potential difference
of 1 V between the points of excitation, no mater what the design
is. This provides us with a more fundamental platform to study
field and current patterns in HBC.

This basic simulation setup is now carried over to a detailed
model of human body, to find out values of E and H fields
that different body parts would experience for a certain HBC

Fig. 8. Maximum RMS E fields at different parts of the body from
simulations of the detailed human model of Fig. 7 with 1 V p-p sinusoidal
excitation for (a) capacitive HBC, and (b) galvanic HBC. For galvanic
HBC, the fields at the skin adjacent to the device is above the ICNIRP
limit.

Fig. 9. Maximum RMS H fields at different parts of the body from
simulations of the detailed human model of Fig. 7 with 1 V p-p sinusoidal
excitation for (a) capacitive HBC, and (b) galvanic HBC. For galvanic
HBC, the fields at the skin adjacent to the device is above the ICNIRP
limit at frequencies over 10 MHz.

operating voltage. The human body model used for all the
simulations was obtained from NEVA Electromagnetics LLC.
The specific model used is the VHP-Female v2.2, which was
generated from a 162 cm tall, 60 year old female subject [31].
The HFSS simulation setup used is shown in Fig. 7. Similar to
the simulations of the cylindrical dummy model, the excitations
were provided by a single disc and a floating ground plate in
capacitive HBC (Fig. 7b), and two spaced disc in case of galvanic
HBC (Fig. 7c). As mentioned before, the dielectric properties of
the body tissues were adapted from the works of Gabriel et al.
[30]; we did not use the material properties that came packaged
with the HFSS version of the NEVA EM model, as the HFSS
model did not incorporate tissue properties for frequencies less
than 10 MHz. The field plots resulting from simulations of the
detailed model shown in Fig. 6 suggest the same key points
noted in the simulations of the dummy, i.e. lower fields inside
the body for capacitive HBC compared to galvanic, and high
local fields near the device, notably in the skin, for galvanic
HBC. Simulations were performed for multiple frequencies in
the 100 kHz−1 GHz range, and maximum RMS E and H field
values were recorded at the skin patch below the device, as
well as a few vital organs such as brain, heart and the spinal
cord. The comparison of these values with the ICNIRP limit
for general public exposure is shown in Fig. 8 and Fig. 9. It
is evident that for 1 V excitation, the fields at brain, heart or
spinal cord remain well below the ICNIRP threshold for both

Authorized licensed use limited to: Purdue University. Downloaded on June 11,2021 at 17:14:52 UTC from IEEE Xplore.  Restrictions apply. 



3398 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 67, NO. 12, DECEMBER 2020

capacitive and galvanic HBC. Additionally for capacitive HBC,
the fields at the skin adjacent to the HBC device are below the
safety limit as well, whereas these local fields ride above the
threshold for galvanic HBC with fixed potential and without
any current limiting circuit at the output of the transmitter. This
indicates the need for current limiting circuits at the output of
HBC transmitters to ensure compliance of current density and
field limits under all usage scenarios.

D. Field Estimation From Circuit Model

The Bio-Physical circuit models of capacitive (Fig. 4c) and
galvanic HBC (Fig. 4f) provides an intuitive explanation to
the expected electric field and explains which mode of oper-
ation creates higher fields. As seen from the EM simulations,
the field density is highest near the skin where the signal
is injected. The voltage drop across the skin determines the
electric field density (E = V

d ). From the Bio-Physical model
of capacitive HBC (Fig. 4) the voltage drop across skin and
the field density can be obtained as in equation (1) and (3)
respectively.

Vskin,cap =
Vin ∗ Zskin

Zskin + 1
sCret

+ 1
sCfeet

+Rbody

(1)

Zskin = Rskin ‖ 1

sCskin
(2)

Eskin,cap =
Vskin,cap

tskin
(3)

The impedance of the skin is in the range of 10 s of KΩ,
varying with body conditions. The return path capacitance is
dominated by the self-capacitance of the device and is around a
few pFs [1], [32]. Only when the transmitter comes in very close
proximity of the ground plane (few cms) the distance between
the device and the external ground has an effect on the return
path capacitance . Hence, for all practical purposes, the return
path capacitance is almost independent of the distance of the
transmitter from the ground. Since the return path impedance
is significantly larger than the skin impedance for frequencies
up to 10 s of MHz range, the voltage drop across the skin is
significantly small. As a result, the generated field is also small
across the skin, whose thickness is presented as 4 mm.

The Bio-Physical model for galvanic HBC (Fig. 4f) shows
that the impedance across the transmitter is primarily dependent
on the skin impedance. The impedance provided by the internal
tissue layers are in the order of few 100 s of Ω s and smaller than
the skin impedance (10 s of K Ω). Hence, for galvanic HBC,
the voltage drop across the skin (eq. (4)) is a significant portion
of the applied voltage. So, the electric field density across the
skin (eq. (5)) for galvanic HBC is significantly higher compared
to capacitive HBC. This can be validated from the field plots
obtained through HFSS simulations in Fig. 4a and Fig. 4b.

Vskin,gal =
Vin ∗ Zskin

2Zskin +Rbody
(4)

Eskin,gal =
Vskin,gal

tskin
(5)

Fig. 10. RMS current densities at different parts of the body from
simulations of the detailed human model of Fig. 7 with 1 V p-p sinusoidal
excitation for (a) capacitive HBC, and (b) galvanic HBC. The current
density at the skin adjacent to the device is also computed using a circuit
theoretic model, and all values are compared with the ICNIRP limit for
general public exposure.

E. Current Density Limits: FEM Simulations

Similar to the electric and magnetic field limits, the current
density within the body can also be estimated from the HFSS
simulations. Fig. 10 shows the current density on different parts
of the body for a 1 V p-p sinusoidal excitation for capacitive
(Fig. 10a) and galvanic HBC (Fig. 10b). The current density
limits for capacitive HBC is significantly smaller than the safety
limits imposed by the guidelines. In case of galvanic HBC
though, the current density on the skin near the excitation point
is close to the safety limits. The current density results on the
skin obtained from circuit simulations of the bio-physical model
is also shown in Fig. 10 and corroborates the safety of capacitive
HBC in terms of current density.

V. SAFETY ANALYSIS: EXPERIMENTS

The previous sections establishes the safety of capacitive
HBC from theory, both in terms of current density and elec-
tric/magnetic field intensity, through circuit and FEM simula-
tions. The results show order of magnitude difference between
the safety limits and the simulated current density, fields com-
pared to the safety limits. To further corroborate and support the
safety of HBC, we collect the vital parameters of human subjects
and carry out a statistical analysis and provide experimental
evidence that HBC does not show any early signs of affecting
the vital parameters of subjects.

A. Experimental Design and Methods

1) Study Design: To ascertain the existence of any short-
term effect of HBC on the human body, a study was designed
to non-invasively measure a set of commonly used five vital
parameters from human subjects both in and without the pres-
ence of HBC devices. The study was approved by the Institute
Review Board (IRB). Seven subjects took part in the experiments
through voluntary consent. The vital parameters observed are the
Heart Rate (HR), Blood Pressure (BP), Respiratory Rate (RR),
oxygen saturation of hemoglobin (SpO2) and body temperature
(Temp) of the test subject.

2) Experimental Procedure: The volunteers were first
monitored for their baseline vital parameters for a day. On
the following three days the volunteers wore the HBC enabled
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Fig. 11. Diagram showing the experimental setup for measuring the vital parameters of human subjects. (a) Vital recordings carried out on
a test subject, wearing a HBC transmitter device, using the Mindray V12 patient monitor, (b) Details showing the equipment used for different
measurements with the patient monitor, (c) The HBC wearable device showing on the wrist of a test subject.

watch-like wearable (Fig. 11c), during which their vital param-
eters were recorded for three time slots on each day. Following
the set of measurements with the HBC device on, more baseline
measurements are carried out for the vital parameters. The time
slot distribution for these experiments are shown in Fig. 12b.
These set of measurements were carried out multiple times
almost over a month.

3) Equipment and Facilities: A medical grade patient
monitor (MindRay V12), was used for measuring the vitals.
The sensors used are ECG probes and gel electrodes, SpO2

sensor, BP cuff and Temperature probe sourced from Mindray.
The study design, preparation of subjects, experimental data
collection and results of data analysis were supervised by a
medical doctor.

4) HBC Device Design: The wearable ‘watch-like’ HBC
device (Fig. 11c) consists of a microcontoller, a LiPo battery,
a custom-made stretchable band with a copper electrode on the
underside of the band touching the human skin, all housed in
a small 3D printed round housing for easy all-day wearabil-
ity for the volunteers. The device consists of a 32-bit Cortex
M0+ ATSAMD21E18 microcontroller, which is programmed
to digitally synthesize the electrical excitation at 400 KHz with
3.3 V peak to peak amplitude. This signal is then coupled into
the body through a 2 cm × 2 cm copper electrode. For all our
experiments we carry out measurements for capacitive HBC,
as this is our preferred mode of HBC, based on the theoretical
analysis presented above. A single electrode is used to excite the
signal into the body and the ground electrode remains floating.
The HBC device is worn on the wrist of the volunteer.

5) Data Collection and Statistical Analysis: To ascertain
the effects of HBC compared to a normal scenario, baseline
data of the vital parameters of these subjects were also recorded
on separate days, before and after they had put on the HBC

Fig. 12. (a) Flow graph showing the method of vital data collection
on test subjects. Measurements are first carried out to establish the
baseline for each subject. Multiple following measurements were carried
out with the HBC device worn by the test subjects on multiple days.
Further baseline measurements are done following the completion of the
tests with the HBC wearable device. (b) Time slot distribution showing
the type of data collected (baseline vs HBC data) over the different days
of experiment.

enabled wearable. The goal of the experiments is to observe
whether wearing the HBC enabled device has an effect on
the vital parameters of the person through statistical analysis.
Fig. 11 shows the details of the experimental setup. Fig. 11a
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Fig. 13. Box and Whisker plot for the different vital parameters of the human subjects with and without wearing the HBC enabled device: (a) Heart
Rate (HR), (b) Mean Arterial Pressure (MAP), (c) Respiration Rate (RR), (d) Peripheral Capillary Oxygen Saturation (SpO2), (e) Body Temperature.
There is minimal change in the mean value and ranges of the vital parameters across the entire population in presence of signal transmission
through HBC, compared to a normal scenario, showing HBC does not affect the vitals of the body.

shows the vital monitoring being carried out on one of the
volunteers with a Mindray V12 patient monitor. The details of
the different sensors used for the vital measurements are shown
in Fig. 11b.

Each recording was made as a set of 5 data points. At the start
of each recording, the monitor is connected to the human subject
to record the vital information. Three gel electrode leads were
placed, one each at the two arms and one at the left leg, and the
tracing was chosen similar to that of a standard ECG Lead II. BP
was measured by means of an adult-sized BP cuff on the right
arm that was set to inflate at intervals of 5 mins. The temperature
probe was placed in contact with skin in the left axillary region.
SpO2 was measured by the pulse oximeter placed to clasp the tip
of the left index finger. After the connection were made and the
volunteers vitals attained steady-state, four consecutive readings
were taken off the monitor display, concurrent with the 5-minute
inflation interval of the BP cuff. Each data collection session
lasted about 15 mins. Multiple such sessions of recordings were
made throughout the day on each volunteer over five days. The
data recordings were done on 7 human subjects (4 male, 3
female) aged in the twenties and early thirties. a flow graph
showing the complete data collection procedure is shown in
Fig. 12a.

For each vital parameter, baseline readings were pooled to-
gether, and readings with HBC device on were pooled together.
The range and 95% confidence interval of each subject was con-
structed from the data, both in the baseline state and Intra-HBC
state, for each vital parameter. This allowed us to look for any
significant change due to HBC in each individual subject. The
Two-Sample t-test was used for this purpose. The p-values are
also calculated to understand the statistical significance of the
change in parameters, if any, as a result of wearing an HBC
enabled device.

B. Results

The statistical analysis is done through Paired t-test of baseline
data and the data with HBC wearable on, for each vital parame-
ter. We carry out the t-test on both the individual and population
vitals data. Individual t-tests are run to gather more statistical
information, which can be limited from the population tests due
to the relatively small population size. Hence, baseline and HBC
measurements are carried out on individual test subjects multi-
ple number of times to have sufficient statistical significance.

TABLE I
P VALUES FOR T TESTS OF INDIVIDUAL SUBJECTS

TABLE II
MEAN DIFFERENCE FOR T TESTS OF INDIVIDUAL SUBJECTS

The p values obtained from individual t-test results are shown in
Table I. It can be seen that the p values for all vital parameters for
each individual is>0.05, indicating that HBC does not introduce
any significant statistical change in the vital parameters of the
subjects. The mean values of the vital parameters also show
minimal change between the baseline scenario and with the HBC
device on the test subject as shown in Table II. Fig. 14 shows the
box and whisker plot for the HR, MAP, SpO2 and temperature
measurements of two individual test subjects, showing small
difference in the mean values and the ranges. Similarly the
population box and whisker plots (Fig. 13) for all the different
vital parameters show that there is little change in the mean and
range of the parameters between the states when the subject is
wearing the HBC enabled device and when he/ she is not wearing
it.

For looking at the changes in parameter in the entire popu-
lation, the Paired t-test was used with the two variables being
the Baseline mean and the Intra-HBC mean for each of the 7
subjects. Five such paired t-tests were done for the five vital
parameters under consideration. The p values and the mean
differences obtained from these tests also does not show any
statistically significant change.
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Fig. 14. Box and Whisker plot of HR, MAP, SpO2, Body Temperature
of two test subjects. Similar to the population ranges, the individual plots
also do not show any significant change in the mean value and ranges
of the vitals.Subject 1 is a male subject and subject 2 is female.

VI. DISCUSSIONS

The different safety standards reviewed in this paper shows
that the restriction limitations come from the limit on current
density, Specific Absorption Rate and maximum field exposure.
Certain design practices can be adopted to ensure safety com-
pliance of the HBC devices even under varying conditions of
the human body when nominal conditions are not satisfied. For
example, the impedance provided by the human body can vary
significantly (by orders of magnitude) in presence of sweat or a
wound in the skin. This can lead to varying amount of current
flowing through the body depending on the physical condition,
which can lead to currents exceeding the safety limit being
injected into the body. From circuit design point of view any
HBC device can be designed with a current limiter circuit at
the output to ensure the injected current into the body is within
the safety limits even under varying physiological condition.
Such design practices need to be followed while designing HBC
circuits and systems to ensure compliance with the safety limits
at all frequencies and different mode of operation of the device.

VII. CONCLUSION

HBC is a promising alternative to wireless radio wave based
communication of devices around the body, due to its enhanced
security and energy efficiency. However, the safety aspect of
HBC needs to be carefully evaluated as it involves injecting
electrical current into the body, This paper, for the first time,
provides a thorough analysis of the safety compliance of differ-
ent types of HBC by FEM, circuit simulations and carries out a
small experimental study to observe any effect of HBC on the
vital parameters of the human body. The simulations show that
the current density and field intensities in capacitive HBC are
significantly smaller compared to the safety standards. Statistical
analysis of the vital parameters of human subjects involved in the
experimental study show statistically insignificant change due
to wearing a HBC device, supporting the simulation results. On
the other hand, galvanic HBC with differential excitation at the
wrist can result in localized current densities and field intensities
(around the electrode), which are significantly higher than the
safety limits and should be avoided. This small non-clinical
study didn’t show any early sign of the effect of HBC on the
vitals of the subjects and the simulations showed large margin of

safety. In future longer clinical studies can be done before HBC
is adopted as a widely used product. Future studies about the
safety aspect of HBC can employ invasive procedures on a wider
population to see the effect of electrical signals on extracellular
fluids, nerves, muscles and neuromuscular junctions.
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