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Abstract— Wearable ubiquitous biomedical applications,
such as ECG monitors, can generate dynamic noise as a person
moves. However, the source of this noise is not clear. We
postulated that the dynamic ECG noise has two causes: the
change in displacement of the heart during motion and the
change in the electrical impedance of the skin-gel interface due
to motion-induced deformation of the skin-gel interface. Using a
three-dimensional electrophysiological heart model coupled
with a torso model, dynamic noise was simulated, while the
displacement of the heart was changed in the vertical and
horizontal directions, independently and while the skin-gel
interface was deformed during motion. To determine the
deformation rate of the skin and sol-gel layers, motion-induced
deformation of the two layers was simulated using a
three-dimensional finite element method.

I. INTRODUCTION

Motion—induced dynamic noise is a critical issue in
electrocardiography (ECG) devices. For wearable
ubiquitous biomedical applications, the devices are usually
designed to be worn by directly attaching an electrode patch
to the skin surface, enabling one to move freely. Therefore,
the possibility of motion-induced dynamic noise becomes
more critical [1]-[2].

One reason that motion-induced dynamic noise is an
intricate problem is that the noise occurs with great
uncertainty with various dynamic environmental changes due
to motion or an electrode movement artifact at the
skin-electrode interface, reducing the reliability of the ECG
device. It is very difficult to identify the effect of each noise
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source in the ECG signal independently because they are
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usually coupled.

Several studies have examined dynamic ECG noise [3]-[7],
although many of these focused on electronic filtering of the
dynamic noise from the ECG signal during motion. In
particular, Sameni et al. [8] studied a multichannel ECG and
noise model under dynamic conditions. They examined the
ECG signals of women with multiple pregnancies and the
temporal movement and rotation of the cardiac dipoles of the
mothers and fetuses. They did not consider more dynamic
conditions, such as walking or running.

We postulated that there were two major causes of the
motion-induced noise of a ubiquitous ECG device using a
bipolar wearable sol-gel patch electrode: the change in the
displacement of the heart while walking or running and the
change in electrical impedance at the skin-gel interface.

Although it is important to understand the dynamic ECG
noise related to heart motion, few studies have examined the
effect of heart displacement on such noise. Therefore, we
investigated the interference of the ECG waveform due to
walking or running motions using a numerical method. The
walking and running motions were modeled as vibration of
the heart at frequencies of 2~5 Hz. For the numerical
investigation, a three-dimensional heart-torso coupled
(3DHT) model was developed to map the electrical potential
on the 3D surface of a torso model, and motion-induced noise
of the ECG signal was simulated.

The change in electrical impedance at the skin-gel (skin
and sol-gel layers) interface due to motion-induced
deformation of the interface was studied during motion while
wearing a sol-gel ECG patch. There are many possible
sources of dynamic noise related to the interface between the
ECQG electrode and the skin surface, such as the change in the
half-cell potential of the sol-gel layer. We focused on the
change in deformation-induced impedance of the skin-gel
interface because motion-induced deformation of the layers
can change the mechanical-electronic coupling parameters,
such as the electrical resistance and capacitance of the
interface.

II. METHOD

A. 3D electrophysiological heart-torso coupled model and
vibrating heart motion

To build a heart model, 3D atrial tissue and ventricular
tissue models were linked using a mono-domain method. The
following partial differential equation shows the
mono-domain heart model for the reaction-diffusion form:
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where V,, is the membrane voltage, # is time; D is the diffusion
tensor of electric wave propagation; o,; and o,r are the
conductivities parallel and perpendicular to the fiber axis,
respectively; and [,, is the membrane current, which is
formulated differently according to cell type. All of the
parameters and variables of /,, in atrial and ventricular cells
are based on Nygren et al. [9] and Bueno-Orovio ef al. [10],
respectively.

To create an electrical potential map on the torso surface
from the heart model, the BE model of the human torso (Potse
et al. [11]) was used. The following equation shows the

potential Pu (7)at point r on the torso surface k:

0 ()= i IJC(r')-"_—"idV+,Z[g,(67—or)¢y(r")dﬂ,ﬂ 2)
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where 6 and 6, indicate the conductivity at the inside and
outside surfaces of k, respectively; J. is the source current
density field; 7' and »" are variables; and dQ,,. is the solid

angle subtended at » by the infinitesimal surface element
situated at 7"

The 3DHT model was built with the 3D heart and torso
models to simulate motion-induced ECG noise due to motion
of the heart, as shown in Fig. 1. Heart motion was generated at
2, 3, and 5 Hz frequencies (f=w/2m) in the vertical and
horizontal directions, assuming that the heart moves
vertically and horizontally during walking, running, or other
motions. The vibration amplitude, 4 (3), was assumed to be 3
cm in both the vertical and horizontal directions.

y=A-sin(w-t) 3)

During motion of the heart, ECG waveforms were obtained
at points a and b, 5 cm apart (Fig. 1), and the normal ECG
waveform at rest was subtracted from the ECG values with
noise to extract the motion-induced noise waveforms for each
case.

Torso model

"\ Vertical: 3cm, 2,3,5 Hz |
‘ A ]
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\
Fig. 1. The 3D heart-torso coupled model and the vibration directions of
heart motion while walking or running.

B. Lumped parameter impedance model of the skin-gel
interface

As shown in Fig. 2(a), the electrodes (two signal electrodes
with a ground at the center) of the bipolar ECG device are
connected to the skin surface using a sol-gel layer to ensure
conductivity. Flexible, soft polyethylene (PE) foam is used
with an adhesive for tight adhesion and conformal contact
between the skin surface and ECG device. Based on the
layered structure of the contact interface, the electrical
impedance of the contact interface was modeled with the
electrical lumped parameters R and C, as shown in Fig. 1(b),
where R, R,, and R; are the resistances of the skin layer,
sol-gel layer, and ECG device input, respectively, and C; and
C, are the capacitances of the two layers. The values of Ry, R,
C}, and C, can be determined using the following equations:

R= ,,5 @)

C=¢¢, 4 (5)
L

Consequently, if the specific resistance (p), relative static
permittivity (&), and electric constant (&) are invariant for the
two layers, and the contact area between the skin surface and
sol-gel layer are also nearly constant during motion, R and C
are designated only by the thickness L (d; and d,) of each
layer. Hence, the change in impedance of the skin-gel
interface can be determined by measuring the motion-induced
deformation of the layers. In the lumped parameter
impedance model (Fig. 1(b)), the following two governing
equations, (6) and (7) can be derived for the ionic current
through the layers.
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Fig. 2. (a) Cross-sectional schematic of a wearable ECG device
attached to the torso model and (b) a lumped parameter impedance
model of the skin-gel interface.
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C. FEM model for motion-induced deformation of the
skin-gel interface

To achieve the correct change in thickness (d, and d;) due
to motion-induced deformation of the skin and sol-gel layers
and apply the changed values to the lumped parameter
impedance model, a skin-gel interface that includes skin
tissue, the sol-gel layer, PE foam, and the ECG device was
modeled in three dimensions to calculate the deformation of
the layers numerically, as shown in Fig. 3.

Based on the wearing conditions of the bipolar ECG device
and the motion of the body, a 1-N compressive force was
applied perpendicularly to the center of the ECG device and a
10-mm stretch of the skin layer was assumed to take into
account skin stretch during motion. The Ogden model of the
hyperelasticity of human skin tissue was applied based on
Flynn et al. [12]. The hyperelastic properties of the sol-gel
and PE foams were approximated experimentally for the
Ogden model, as shown in the following equation:

W=Z—ﬁl(ﬂq"’+&“+%"’)—p(J—l) ®)

where 1 and o are material parameters; 4;, 4,, and 45 are the
principal stretches; p is a Lagrange multiplier representing
hydrostatic pressure; and J is the volume ratio.

From the two compressive and stretch simulations, the
dynamic deformation rates of the skin and sol-gel layers were
determined at points a and b, the centers of the two sol-gel
foams, and the deformation rates were applied to the lumped
parameter impedance model to calculate the change in
impedance at the skin-gel interface.

>
Fig. 3. 3D skin-gel interface model of the bipolar ECG measuring
device including skin tissue, sol-gel foam, PE foam, and ECG
measuring device.

III. RESULTS

NSR values of the ECG waveforms due to heart vibration
were calculated by the lumped parameter impedance model of
the skin-gel interface (Fig. 2(b)) for two different directions
of motion and three different frequencies as represented in
Tablel.

Table 1
NSR of the ECG waveforms due to heart vibration

Frequency (Hz) 2 3 5
3-cm vertical motion 0.44 0.22 0.44
3-cm horizontal motion 041 0.27 0.55

The ECG waveform between points a and b (Fig. 1) was
calculated from the 3DHT model during vibration motion of
the heart with a 3-cm amplitude in both the vertical and
horizontal directions at frequencies of 2, 3, and 5 Hz. Fig. 4(a)
shows the noisy ECG waveform during 3-cm vertical
vibration of the heart at 5 Hz and Fig. 4(b) shows the normal
ECG waveform at rest. In all cases, the normal ECG value at
rest with the heart beating without translational vibration was
subtracted from the noisy ECG values to extract the
motion-induced dynamic noise because the noisy ECG
includes both the signal and noise. To evaluate the noise level,
the noise-to-signal ratio (NSR) was calculated by dividing the
integral area of the noise waveform by the integral area of the
normal ECG waveform (Fig. 4(b)) with respect to the total
time. In the calculation, the negative portion of the waveform
was folded in the positive direction to calculate the ratio of the
absolute integral values of the potential. The results in Fig. 4
show that the integral area of the noisy ECG was smaller than
that of the normal ECG because the noise reduced the
magnitude of the original ECG signal due to destructive
interference. Therefore, motion-induced dynamic noise due
to heart motion not only clearly reduces the magnitude of the
original ECG signal, but also changes the shape of the P wave
and QRS complex in the normal ECG waveform.

From the 3D skin-gel interface simulation model (Fig. 3),
dynamic deformation of the skin and sol-gel layer was
simulated numerically and the deformation rate was
calculated based on the change in thickness of the two layers
at points a
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Fig. 4. (a) Dynamic noisy ECG potential for 3-cm vertical vibration motion at 5
Hz between points a and b (Fig. 1), (b) normal ECG waveform at rest, and (c)

motion-induced dynamic noise waveform.
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Fig. 5. Calculated dynamic deformation rates of the skin and sol-gel
layers during ramp loading and unloading for 2 seconds for compressive
and stretch motion, respectively.

and b (Fig. 3), as shown in Fig. 5. The results show that the
deformation was nearly the same at the two points. The
deformation of the skin layer was dominant for the
compressive condition, while the stretch results did not
produce a large change in thickness. The change in
impedance according to the deformation rate of each layer
was calculated for the compressive and stretch conditions and
applied to the ECG simulation. The results showed that the
ECG waveform under motion-induced deformation had a
very small NSR, 0.0042 and 0.0006 for the compressive and
stretch conditions, respectively, as shown in Table 2.

Table 2
NSR of the ECG waveforms due to skin-gel interface deformation
Deformation |_Skin 0.015 0.1 0.5 0.9
rate Sol-gel | 14x107 0.0055 ’ '
NSR 0.0006 0.0042 0.0214 0.0396

IV. DISCUSSION AND CONCLUSIONS

To determine the motion-induced noise level for different
vibration motions of the heart, the NSR was calculated, as
shown in Table 1 for different motion conditions of the heart.
The interference of the motion-induced noise with the normal
ECG was quite large, with an NSR > 0.41 for all cases, except
for the 3-Hz cases. Moreover, the effects of motion were
similar in both the horizontal and vertical directions. In
particular, the 3-Hz motion showed relatively low
interference. Therefore, the frequency of heart motion under
dynamic conditions is a critical factor for the generation of
motion-induced dynamic ECG noise.

In contrast, because the motion-induced noise due to
skin-gel interface deformation was very minor, it was
difficult to determine the critical range of the deformation rate
that causes dynamic noise. The deformation rate was
increased to 0.5 and 0.9 for the skin and sol-gel layers (Table
2) and the ECG was simulated with the corresponding
impedance change at the skin-gel interface with the lumped
parameter impedance model. This led to an increase in the

dynamic noise level of 0.0214 and 0.0396 NSR (Table 2).

From these results, we concluded that the dynamic ECG
noise with a wearable ECG measured within a local area is
largely dependent on heart motion and motion frequency,
while the effect of motion-induced deformation of the
skin-gel interface is extremely small.
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