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Introduction
Electrocardiogram or ECG is an important clinical diagnostic 

measure which is widely known and practiced. Principally, it reflects 
the activity of the heart and cardiovascular metabolism occurring 
inside a living being in the form of electrical impulses over time. 
Usually, it is used to diagnose conditions of Cardiac Arrhythmias, 
murmurs, Pulmonary Embolism etc. [1]. For example, a 12 lead ECG 
shows alterations that may include left ventricular hypertrophy, and 
increased QRS voltages in cases of athletic populations. Ambulatory 
ECG biosensors aim for patient comfort and ease of use with efficient 
signal acquisition. This targets the infrequent cardiac arrhythmias 
which normally pass undetected in clinical situations. The ambulatory 
ECG biosensor provides continuous monitoring of the heart for 24-
48 hours while the patient is performing his or her daily activities. 
Artifacts induced in an ambulatory ECG include noise from the outside 
environment. This noise interferes with the low voltage ECG signal, 
thereby resulting in distortion in the obtained ECG pattern. Artifacts 
might occur due to the movement of electrodes on the surface of the 
skin and power line interference [2]. These artifacts can be reduced to 
a great extent using instrumentation amplifier and band pass filters 
[3]. Although many ambulatory ECG monitoring biosensors have 
been commercialised to date, a major problem is still faced due to 
patients performing motion related activities that introduce unwanted 
signal noise and makes monitoring less effective [4]. Various motion 
biosensors used to date to remove motion related noise don’t respond 
well in cases where the patient is performing vigorous exercises. In 
[5], the motion artifact has been evaluated in terms of displacement 
using optical sensors. The overall performance of these motion sensors 
accounted for 85% reduction in motion artifact. The key challenge faced 
in implementation of an ambulatory ECG system is the deterioration 
of signal due to movement of the patient, which results in skin stretch, 
causing a change in position of the electrode with respect to skin.

Skin stretch has been identified as one of the major factors 
contributing to motion artifact [5]. Skin can be considered as a current 
generator which generates a potential difference of around 30 mv 
between the inside and the outside of the skin. Stretching of skin can 
considerably reduce this potential difference by 5mv, which introduces 
motion artifact [6]. Other factors, such as electrode-skin impedance 
and potentials created due to gel movement in-between the electrode/

skin interface have a negligible effect on the disturbance produced in 
the ECG pattern.

This paper investigates the use of the non-uniform strain field 
pertaining to skin stretch of the patient to reduce ECG motion artifact. 
This differs from the existing approaches as they have been limited 
to the use uniaxial displacement [5], sensor acceleration [7] or other 
sources which do not directly measure or address skin stretch as a 
primary cause of motion artifact.

Materials and Methods
An ECG measurement was taken from a subject for 10 seconds 

using PhysioFlow® (Manatec Biomedical, Paris, France) through a 
National Instruments Data Acquisition board (NI-DAQ, Austin TX, 
USA). Standard Ag/AgCl electrodes were placed close to the radial 
artery on the dorsal sides of both forearms as shown in Figure 1a. The 
left forearm of the subject with ECG lead I was continuously moved 
back and forth during the measurement, while the other forearm with 
ECG leads II was kept stable. A poly-dimethyl-siloxane (PDMS) patch 
of dimensions 40 mm × 45 mm × 0.254 mm with similar elasticity 
to skin was adhered to the arm in vicinity of the ECG electrode 
using polyvinyl alcohol (PVA) adhesive. The movement of the patch 
during the ECG measurement was recorded using a video camera 
with resolution 1920 pixels × 1080 pixels at 25 frames per second. 
The PDMS patch has a checkerboard pattern printed on it to identify 
the corner points of the checker boxes. All the frames were filtered, 
sharpened and cropped in Photoshop CC (Adobe, San Jose, CA, USA). 
Corner points were identified using the Harris-Stephens algorithm in 
MATLAB (Mathworks, Natick, MA, USA), and track their movement 
over consequtive frames as shown in Figures 1b and 1c. The Euclidean 
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distance method was applied to match points from the initial frame 
to the next frame by considering the minimum projected distance 
between them. This was achieved by choosing the least distant to be a 
mapped pair.

The main goal of this research is to track skin stretch under the 
ECG electrode as a 2-dimensional strain field in order to improve the 
Signal to Noise ratio (SNR) of an ECG signal. The movement of the 
patch was quantified in terms of normal and shear strain components 
εx, εy and εxy by using the finite strain theory [8].

A step-by-step approach demonstrating the quantification of 
motion artifact from an ECG signal is given in Figure 2.

The strain values were computed from the displacements of corner 
points of the checkerboard boxes for all the video frames. Delaunay 
triangulation calculation was used to obtain triangles from the elements 
undergoing deformation with respect to the first frame. The normal 
and shear strains calculated from the finite strain theory equation in 
two dimensions (2D) were mapped at the centroids of the triangles. 
Mean values of εx, εy and εxy were calculated over the entire range of 
image frames. The maximum principal strain was calculated from these 
strain components and was used to reduce motion artifact from the 
noisy ECG signal through Extended Kalman Filtering.

Results and Discussion
The recorded motion signal was processed using image processing 

and point tracking. The motion artifact was calculated using finite strain 
equations as discussed above and can be seen in Figure 3. The video was 
recorded at 10 seconds at 25 frames per second. It can be observed from 
Figure 3 that the range of strain values lies within -0.02 to 0.07, which 
is a plausible range of strain for skin under these conditions. Signal 
fluctuations corresponding to the pseudo-periodic motion of the arm 
is also observed (Figure 3).

The vector plots representing the change in position of the 
checkerboard corners of the corresponding frame from the first frame 

of reference can be seen for frames 55, 56 and 57 in Figure 4. The 
direction of the arrows represents the direction in which the points 
have moved. The strain vectors εx, εy and εxy evaluated from the vector 
points are mapped on incentres of the Delaunay triangles for each 
frame as discussed above. Strain contour plots of the respective frames 
corresponding to the vector plots are shown in Figures 5a, 5b and 5c. 

The recorded ECG signal comprises of the true ECG signal, 
environmental noise and the motion artifact. The environmental noise 
and the noise due to interference with the mains power line can be 
filtered by using an instrumentation amplifier and a band pass filter. In 
this case, hardware filtering was provided by the PhysioFlow.

ECG measurements acquired from the subject with and without 
movement for 10 seconds are demonstrated in Figure 6. From Figure 6, 
it can be observed that the ECG voltage of the subject lies betwîn 1mv 
to 1.8 mv. Under same environmental conditions, a significant change 
in the ECG pattern can be observed between Figure 6a and 6b due to 
the effect of motion artifact.

Software processing of the collected raw signal thus becomes 
necessary to ensure a required quality of the signal within the required 
range (of frequency or time). A typical set of algorithms serves to 
remove noise and the motion artifacts, detect the heartbeats (QRS 
complex) and compress the data for efficient acquisition [9]. Although 
the important part for the ECG detection and conditioning is to obtain 
an accurate QRS pattern, the interest here is to detect the motion 
artifacts due to skin. Normal procedure for unwanted jitter and noise 
removal involves fixed frequency high pass and low pass filtering to 
concentrate the signal into the required bandwidth as seen in Figures 
6c and 6d.

Extended Kalman Filter has been implemented to denoise the ECG 
signal. A set of state space equations to model ECG were developed as 
shown in equation 1.

Figure 1: a. ECG measurement using PhysioFlow®,1b. Checkerboard corner detection,1c. Point tracking.

Figure 2: Block diagram representing the quantification of ECG motion artefact.
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Here Zk represents the ECG magnitude at time k at a sampling 
period δ, Δϴi = ϴk - ϴi mod (2π) where ϴ is a phase variable and 
summation i is taken over the number of guassian functions which can 
be used to get a desired ECG signal. Here summation i is taken over 
P,Q,R,S and T waves of the ECG signal and ϴi represents the guassian 
centre, αi denotes the guassian peak and βi represents the guassian 

width. The other parameters ω and η represent the process and 
white guassian noise respectively. Zk and ϴk hold for the state space 
equations of the Extended Kalman Filter. The dynamic ECG model is 
linearized continuously by updating the state equations with time. In 
an Extended Kalman Filtering approach, a priori information about the 
ECG dynamics is used to extract the ECG signal from the background 
noise. In this case, the strain values can be used as background noise 
or motion artifact information. Figure 7 shows ECG filtering using 
Extended Kalman Filtering where the maximum principal strain 
component (E1) evaluated from the εx, εy and εxy values was used to 
reduce motion artifact from a noisy ECG signal (Figure 7).

Figure 3: A plot of normal and shear strain components with time.

Figure 4: PDMS patch adhered to the arm and displacement vectors from the first frame.
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Future Work
Other than Extended Kalman Filtering as implemented in this paper, 

several other techniques can be used for motion artifact elimination. 
The other techniques employed for modern signal processing are 
through wavelet transform and Independent Component Analysis 
(ICA). The wavelet transform is a proven tool for efficient filtering 

of signals and can prove much useful in bio-signal processing as 
well [10-12]. It involves the decomposition of the signal, followed by 
its thresholding and then the proper reconstruction [13]. One of the 
works [14] used different wavelets to reduce motion artifacts from 
corrupted PPG signals. The wavelets used included the Daubechies, bi-
orthogonal, symlet, Coiflet etc. out of which the Daubechies produced 
the best performance. Even the amount of variety available through 

 
 
 

Figure 5a: Contour plots showing change in normal strainεx with change in displacement.

Figure 5b: Contour plots showing change in normal strainεywith change in displacement.
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Figure 5c: Contour plots showing change in shear strainεxy with change in displacement.

Figure 6: a. ECG with motion artifacts b. ECG without motion artifacts c. Filtering of ECG signal (a) d. Filtering of ECGsignal (b).
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different wavelets, the wavelet transform has a limited application 
which was pointed out in [15] through the analysis of corrupted PPG 
signals.

ICA separates the signal with multiple variants into components 
by assuming that the components are statistically independent [16-18]. 
For bio-signal such as ECG, ICA has been found to be increasingly used 
since it does not require any prior knowledge of the system [19,20].

Adaptive filtering is also one of the most dominant filtering 
techniques, especially for the treatment of bio-signals [21]. 
Thakur and Zhu, applied it in fetal ECG recording, cancelling the 
cardiogenic interference signal from that obtained from Impedance 
Plethysmography (IPG), noise reduction from muscles, cancelling the 
60 Hz power supply interference and ECG motion artifact reduction 
[22]. Many previous works have stated the use of adaptive techniques 
like adaptive neural networks [23] and fuzzy based adaptive non-linear 
filters [24] to check the ECG motion artifacts.

Generally, adaptive filtering is realized by the subtraction of 
the noise from the received signal in an adaptive manner. The noise 
essentially is the unwanted component, here being the skin motion 
artifacts. As could be understood, the technique employs two input 
architecture, one being the overall ECG signal, and the other being the 
noise source. As seen in Figure 8, the adaptive filter estimates the noise 
from its source sensor which is then subtracted from the first input [5].

Conclusion
This paper aims at introducing a novel technique for the removal of 

skin stretch induced motion artifacts from ECG signals. This approach 
to simulate the strain values reflecting skin stretch is accomplished 
by acquiring a video recording of a moving PDMS patch glued to 
the subject’s arm during the ECG measurement. This was followed 
by the superposition of the strain vectors εx, εy and εxy pertaining 
to skin stretch. To account for deformation measurements, a pre-
determined checkerboard pattern was marked on the film to fulfil the 
best fit triangular geometry and to aid in motion tracking. Vector plots 
representing the displacements of corner points of the checkerboard 
from the first frame were obtained over the period of 10 seconds. A 
simple yet effective method of point tracking was employed and no 
corner point was lost while tracking. The quality of the frames was 
improved using Adobe Photoshop CC and the region of interest was 
cropped in MATLAB. Vector plots corresponding to displacement 
from the first frame were found to be in good agreement with the strain 
field contour mapping of their respective frames.

The objective of evaluating normal and shear strains was 
accomplished by mathematically relating them to the displacement of 
an infinitesimal particle due to skin stretch. A strain field pertaining 
to the movement of the arm was obtained over a period of 10 seconds. 
This was accounted for the motion information and was removed from 
the measured ECG using Extended Kalman Filter. 

 
 
 
 

Figure 7: ECG with motion artifacts and filtered ECG using extended Kalman filter.

Figure 8: Signal processing using adaptive filtering.
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