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Abstract—We review the many causes of motion artifacts 
in biopotential recording. We moved several electrode 
materials at several velocities in electrolytes. Artifact voltage 
ranged from 350 µV at 0.13% NaC1 concentration and 100 
mm/s to 10 µV at 1.3% concentration and 25 mm/s. We 
present a theoretical model in which adsorbed ions attach to 
the electrode. Ions in the diffusion layer move with the 
electrolyte. This separation of charge causes the artifact. A 
second source of motion artifact is cable movement. This 
causes the polarization potential of the electrodes to have a 
varying attenuation because the stray capacity of the 
electrode varies. Experimental and theoretical artifacts 
ranged from 1 to 100 µV. Artifact is reduced by using 
electrodes having large area, electrolytes having high 
concentration, amplifiers having high impedance, and 
preamplifiers located at the electrodes. 
 

Index Terms—Electrode motion artifact, biopotential 
recording, electrolytes, polarization potential, cable 
movement artifact. 

I. INTRODUCTION 
OTION artifact is an undesired signal in biomedical 
measurement caused by mechanical movement of 

one part of the system relative to another. Many 
researchers have investigated these motion artifact 
problems [1]–[3]. The goal of these investigations was to 
determine the sources of motion artifact and list practical 
recommendations for artifact reduction. One biopotential 
can cause motion artifact when measuring another 
biopotential. For example, the electromyogram (EMG) can 
cause undesirable muscle potentials when measuring the 
electrocardiogram (ECG). Mason and Likar [4] and 
Brydon [5] analyzed these types of motion artifacts and 
showed that proper placement of electrodes and restriction 
of the frequency band reduces interference from the EMG. 

A second type of motion artifact arises from the skin 
potential difference between the inside and outside of the 
skin. Pressure on the skin causes stretching of the skin and 
changes the skin potential. Tam and Webster [6] showed 
that abrasion reduces these artifacts. Burbank and Webster 
[7] showed that a puncture technique reduces the artifacts. 

A third motion artifact is caused by motion between the 
metal and the electrolyte, which might be tissue or 
electrode gel or paste. This motion alters the electrical 
double layer between the metal and the electrolyte, which 
causes an artifact voltage in this electrochemical cell. 
Several investigators [6], [8], [9] describe these artifacts. 
Some attribute them to streaming potentials [9], [10], but 
there is no analysis of these phenomena for biomedical  
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Fig. 1.  In the test setup for motion artifact measurements, a pulley raised the 
test electrode in the solution. 
 
electrodes. The experimental data show that this artifact 
can be reduced by reduction of electrolyte resistivity, 
polarization potential, and movement velocity of the 
electrode [8]. 

A fourth motion artifact is caused by cable motion. Klijn 
and Kioprogge [11], Ratz [12], and Rosseto and Vandercar 
[13] show that triboelectric noise is generated by friction 
and deformation of the cable insulator. They show that a 
preamplifier located immediately on the electrode reduces 
these artifacts. 

Gordon [14] has shown that a fifth source of motion 
artifact is storage and discharge of static electricity caused 
by either patient or nursing—personnel movement. With 
proper electrode placement technique (which includes 
some skin abrasion), this triboelectric interference can be 
reduced to a negligible level. 

In this paper, we suggest two additional models of 
motion artifact. The first model is that of the motion of the 
electrode within tissue. We will consider a simplified 
model of uniform electrode movement. These movements 
usually are found with needle microelectrodes, but 
sometimes we observe these movements in surface 
microelectrodes [9]. We present here experimental data 
and theoretical explanations of this type of motion artifact. 
We performed experiments on a biological tissue model. 
This artifact is most problematic for internal electrodes, 
which must be small and the metal moves with respect to 
the tissue. 

A second model of motion artifact deals with 
movements of an electrode–preamplifier input network. 
Cable motions change the input capacity of a preamplifier 
and generate parametric fluctuations in the input network. 
We present here theoretical and experimental data for 
these artifacts. 

II. ELECTRODE MOVEMENT IN ELECTROLYTE 
We consider here simple electrode motion in an 

electrolyte: a uniform motion parallel with the surface. 
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Fig. 2.  Solid lines show that artifact voltage increases with velocity and 
decreases with concentration for a gold electrode in concentrations of NaC1 
solution shown. Dashed line shows theoretical value from (8). 
 

A. Experiment 
Fig. 1 shows the test setup for measuring motion  

 

artifacts. We placed the test electrode and the Ag/AgCl 
reference electrode in NaCl solution at 25 °C. We chose 
concentrations by weight of 0.13%, 0.8%, and 1.3% 
because these span physiological concentrations. An 
electric motor and pulley provided a uniform movement of 
the test electrode. The linear speeds of electrode motion 
were 25 mm/s, 50 mm/s, and 100 mm/s. The amplifier had 
an input impedance of 2 M  and a frequency response of 
0.3 to 150 Hz. We used a variety of metal electrodes, each 
with  a  surface  area  of  1  cm2.  Fig.  2  shows  how  the  
maximal artifact of gold electrodes increases with 
movement velocity and decreases with concentration. 
Fig. 2 also shows a typical recording of motion artifact 
with time. Table I shows measurements of motion artifact 
for different metal electrodes. 

We next consider the process of artifact generation for a 
gold electrode. 

B. Theory 
The Gouy-Chapman-Stern model of the electrical 

double layer is too complex for our use. Thus we show in 
Fig. 3 a simplified model of electrode motion in 
electrolyte. The electrical double layer consists of two 
parts. The first part is the Helmholtz electrical double 
layer, which contains adsorbed ions that cannot participate 
in thermal motion in liquid and "attach" to the electrode 
surface. This layer stays attached to the electrode surface 
when it moves past the electrolyte. The second part is the 
diffusion layer, which consists of ions that have weak 
electrochemical connections to the electrode surface and 
participate in thermal motion. These ions remain in the 
electrolyte when the electrode moves, but these ions form 
part of the double layer capacitor and result in artifact 
generation. The velocity of fluid layers decreases as the 
layers are further from the moving surface. To simplify the 
analysis we assume that the electrode is moving so that the 
area exposed per unit time is K  mm2/s. The charge 
density  a on the metal electrode does not change during 
this motion. The low-frequency time constant of the input 
network of the amplifier is 500 ms, which is longer than 
the 100 ms time of the experiment. Consider the change of 
charge of the diffusion layer under the electrode. On the 
one hand, part of this diffusion layer will remain in the 
electrolyte. It is shown on Fig. 3 as 1Q   

 

 
Fig. 3.  The metal electrode moves to the right, carrying with it the 
Helmholtz layer. The diffusion layer remains behind in the electrolyte. 
 

TABLE I 
 MAXIMAL MOTION ARTIFACT OF DIFFERENT ELECTRODE MATERIALS IN 

0.13% NACL SOLUTION AT 50 MM/S. 
 

Electrode material Artifact, µV 
Gold 200 
Steel 350 
Nickel 280 
Molybdenum 300 
Titanium 250 
Silver 600 
Carbon 750 
Ag/AgCl 100 

 
and it equals 

1 1( )   Q t Kt  (1) 

where  is the surface charge density of charge (C/m2) on 
the electrode in its original position over the diffusion 
layer and K  is the area exposed per unit time (m2/s). 

On the other hand, there is the process of dielectric 
relaxation of the charge in the electrolyte. This process 
restores the charge equilibrium. Consider this process in 
detail. Let a small unit area dS  of electrode surface with 
charge density 1  appear over the electrolyte. Then the 
current density j  arises in the electrolyte to restore the 
equilibrium. The charge density in the diffusion layer 

2 ( )t  will change in the following manner 

1 2
2

0 0

( )   ( )   
t t

t j t dt dt  (2) 

Here we have used ( )  ( )j t E t (the differential form of 
Ohm’s law) and 1 2( )   [  -  ( )] /E t t  (Gauss’s law).  
is the conductivity of the electrolyte, and  is the 
dielectric permittivity of the electrolyte. 

The solution of (2) is  

2 1( ) [ exp( / )]t l t  (3) 

where / , the dielectric relaxation time constant. 
Fig. 3 shows the situation at time 1t . Storage of the charge 
in the diffusion layer continues at different times for 
different areas of ndS . For example, for the small unit area 

ndS  this time is 1t ,  but  for  the  same  area  1dS  it is 0. 
Therefore, a charge density distribution exists in the 
electrolyte at time 1t . In general, this distribution is 

2 1 1 1( , )  {1 exp[( ) / ]}t S Kt S K  (4) 

To get the entire charge in the diffusion layer at time 1t , 
we must integrate (4) over S  

1s

2 1 1 10
Q (t ) = {1 exp[( ) / ]}Kt S K ds  (5) 

where 1 1S Kt . Then 2 1 1 1 1( ) [1- exp(- 1/ )]Q t S K t . 
We have arbitrarily chosen time 1t . Thus we can apply this 
solution at any time t . Therefore, 

2 1 1( ) [1 exp( / )]tQ t K K t  (6) 

Using (1) and (6), we obtain the following equation for the 
change of charge in the double layer 
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Fig. 4.  Block diagram of the setup for measuring the time constant. 
 

1 = [1 exp( / )]Q K t  (7) 

The sign of Q  will  depend  on  the  sign  of  the  
distribution of charges between the metal electrode and the 
electrolyte. Metal electrode–diffusion layer capacity is 
represented by 1 0 1/C S  where 0S  is the area of the 
electrode,  is the electrochemical potential (a portion of 
the entire voltage drop at the electrode–electrolyte 
junction). Assuming C  is constant and using (7), we can 
get an expression for the artifact voltage  

1 1 0

1 0

/ · / ( )
[ / ][1 exp( / )]

aV Q C Q S
K S t

 (8) 

We now estimate the values of the parameters included 
in (8). , the electrochemical potential, is usually 
determined experimentally. For gold in 0.1% NaCl 
solution, 1  is about 10 mV. Notice that the magnitude of 

1  depends on different impurities in the electrolyte, and 
therefore this parameter can only be approximately 
estimated. It is difficult to estimate the time constant . 
Equation (3) shows that = /  but this formula holds 
only for ideal solutions and does not take into account 
complex processes of ion electrical shielding, action of 
impurities, etc. Therefore, it is more reasonable to use the 
experimental value of  for our calculations. 

Fig. 4 shows the block diagram of our experimental 
setup for measuring the time constant . We place both 
the reference (large area Ag/AgCl) electrode and the test 
(gold) electrode in a low concentration solution. In such a 
solution the diffusion layer is the dominant impedance of 
the electrode. A small square wave signal of about 1 mV 
drives the electrolytic cell. We sense the output signal from 
a small resistor =10R  , which does not affect the time 
constant or corner frequency of this network. For a gold 
electrode in salt water, =3.2  ms at 0.13% concentration, 

2.6  ms at 0.8% concentration, and 1.6  ms at 1.3% 
concentration. These experimental estimates show that the 
charge-restoration process is a fairly fast phenomenon 
compared to the rate of mechanical motion. Equation (8) 
shows that the motion artifact achieves a maximal value at 
time equal to about 3 ; then it stays at the maximal level 
during the motion and decreases to zero in the same time 
after the motion stops. This conforms to the experimental 
plot shown in Fig. 2. The dashed line in Fig. 2 shows the 
theoretical dependence of motion artifact amplitude on 
velocity for 0.13% salt concentration. The theory and 
experiment both increase with concentration, but 
discrepancies exist at low and high concentrations. 
Discrepancies arise from estimations of electrochemical 
characteristics such as electrochemical potential 1  and 
time constant , and also from complications of solution 
behavior at high concentrations. 

Öman  and  Öberg  [8]  performed  similar  experiments  

 
Fig. 5.  Simplified equivalent circuit of electrode–amplifier interconnection. 
capacity. 

pV , polarized voltage between electrodes. eR , electrode 
resistance.

eC , electrode capacity. 
oC , parasitic cable and amplifier 

capacity.
1R , amplifier input resistance. 

 

 
Fig. 6.  Time diagrams. (a) parasitic capacity ( )oC t , (b) output artifact 
voltage. 
 
using Ag/AgCl electrodes and found the same pattern of 
artifact dependence on electrolyte concentration and 
motion velocity, but they found that the magnitude of 
artifact is much lower than for noble metal electrodes. 

In some applications, these artifacts can be comparable 
with the desired signals. For example, consider the 
measurement of the electrocortical activity of the brain 
through an open hole in the skull using gold needle 
electrodes  with  an  area  of  about  1  mm2. We chose a 
velocity to expose about 1 mm2/s because mechanical 
pulsation of the brain exposes this typical area per unit 
time. This produces motion artifacts of 30 V. This is 
comparable with useful signals ranging from 10 to 300 

V. Therefore, to reduce this artifact, we should use larger 
area electrodes or a nonpolarized Ag/AgCl electrode 
having a small time constant . 

III. MOTION OF CONNECTING CABLES 
We have already discussed motion artifact that arises 

from triboelectric processes in the cable insulator. But 
cable motion can cause a second type of motion artifact 
caused by a change of parasitic input capacity in the 
measurement network. Fig. 5 shows a simplified 
equivalent circuit. Motion of the electrode and connecting 
cables produces changes of parasitic capacity oC  and 
parametric changes of output voltage ov  hen  arise.  For  
quantitative estimation of this artifact, Fig. 6 shows a 
timing diagram of capacitance change. We assume a linear 
approximation for the capacity change. For the circuit of 
Fig. 5 

/ /
oC o o o oi C dv dt v dC dt  (9) 

we solve this equation for each time interval. The intervals 
0 1t t  and 2 3t t  have identical solutions 
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Fig. 7.  Motion artifact dependencies on speed of capacity changes. 1 cm2 
gold electrode in 0.13% NaCl. 100eR k . Error bars show peak-to-peak 
experimental error. 
 

 
Fig. 8.  Motion artifact versus Faraday resistance of the electrode Re for 
amplifier resistance 

1R  shown. / 40odC dt  pF/s. 
 

/ /
/

( ) ( )  1 1
p e oV DR dC dt

o
o

o e

dC dt t
V t B D

C C
 (10) 

where 1 1/( )p eB V R R R , 1 1/ [p eD V R R R  
1( / ) ]o edC dt R R  for the interval 0 1t t , 

1 1 1/ [ ( / ) ]p e o eD V R R R dC dt R R  for the interval 
2 3 t t ( / 0odC dt ). 

Suppose that the cable motion has a frequency range of 
less than 1 kHz (1 ms period). Eq.(1) shows that the time 
constant of the establishment of the maximal amplitude of 
artifact is less than 10 s for the majority of applications. 
Therefore, this process is faster than mechanical 
movements, and we can consider only the amplitude of 
this artifact aV B D . During the intervals 1 2 t t  and 

3t t , ov  decays to the original level according to 
( ) ( ) exp( / )oV t B D t  (11) 

where 1 1 ( ) /( )e e o eR R C C R R . Usually 1 2  t t  
and Fig. 6(b) shows this case. 

To experimentally measure this type of artifact, we used 
an electrolytic cell like that in Fig. 1. The voltage between 
the reference Ag/AgCl electrode and the test gold electrode 
was 120 mV. To model the cable motion we used an 
alternating capacitor connected to the amplifier input. A 
rotating electric motor moved one capacitor plate to 
change the capacity with constant speed. This provided a 
linear capacity change ranging from 10 pF to 400 pF. By 
changing the speed of rotation, we modeled the rate step 

by step: 500 pF/s, 200 pF/s, 40 pF/s. Fig. 7 shows the 
theoretical and experimental plots of motion artifact 
dependencies on speed of capacity change. The theory and 
experiment both increase with speed, but discrepancies 
exist at low speed. Equation (10) shows that the maximal 
artifact depends on the ratio of the input resistance of the 
amplifier R1 and Faraday resistance of electrode eR . The 
maximum occurs when eR  and 1R  are equal. Fig. 8 shows 
these dependencies for different gold electrode areas. We 
chose 1 2R  M  because this is larger than eR  for 
typical biomedical measurements, and we are concerned 
with the area to the left of the dashed line in Fig. 8. 
Sometimes it is difficult to separate this artifact from the 
triboelectric artifact caused by cable motion. 

The dominant character of this artifact can be observed 
in microelectrode measurements. For example, the motion 
of connecting wires produces more than 50 µV of artifact 
when measuring the electroencephalogram of moving 
animals by means of implanted metal microelectrodes. The 
obvious recommendation to reduce this type of motion 
artifact is the creation of an active electrode where the 
preamplifier is located immediately on the electrode. 

IV. CONCLUSIONS 
We have shown that two types of motion artifact can 

influence biopotential measurements and should be 
considered during the development and design of 
biomedical instruments, especially for microelectrode 
measurements. There are several ways to reduce these 
interferences: 

1. The electrode conductance increases linearly with 
area. Thus increase the electrode area to decrease 
Faraday resistance and increase electrode capacity. 
This also reduces current density through the electrode, 
which could result in overpotential. 

2. Use concentrated electrolytes such as electrode gel or 
paste to provide the same effect as in 1. 

3. Create active electrodes with preamplifiers placed on 
the electrode to minimize problems of cable motion. If 
a lead wire must be between the electrode and the 
preamplifier, it should have the shield grounded or 
driven. 

4. Make the input resistance of the preamplifier much 
larger than the electrode impedance, and reduce the 
input current of the amplifier to reduce the 
overpotential. 
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