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a  b  s  t  r  a  c  t

The  paper  presents  modeling  and  experimental  study  of the noise  produced  in  planar  sensitive  element
of  electrochemical  motion  sensors.  The  experimental  sample  of the  sensitive  element  has  been  produced
using  microelectronics  methods.  It has  been  manufactured  as a narrow  channel  formed  by  two  silicon
plates  with  a  set of  electrodes  placed on  one  of  the  plates.  The  channel  is  filled  with  water-based  solution
of  potassium  iodide  with  a small  amount  of  iodine.  In the end  of  the  channel  there  are  rubber  membranes
allowing  the  liquid  to  pass  through  the channel  as the  result  of inertial  forces  associated  with  external
motion.  The  liquid  motion  is  converted  into  electrical  response  by  the electrode  system.  The  self-noise  of
elf-noise
ydrodynamics
angevin method
lanar electrodes

the  sample  has  been  measured  by  comparing  its output  signals  and  output  of the  commercial  low-noise
seismometer,  recorded  side  by side  and followed  by correlation  analysis.  The  theoretical  model  uses
equations  of  hydrodynamics  and  charge  transfer  in the  concerned  system.  The  stochastic  behavior  of  the
system  is  modeled  by Langevin  method  applied  to equations  of  hydrodynamics.  The  electrode  current
noise  is  calculated  and is in  a good  agreement  with  the  experimental  data.

© 2019  Elsevier  B.V.  All  rights  reserved.
. Introduction

MET  (molecular electronic transfer) is a scientific and techno-
ogical concept which uses an electrochemical cell as a basic signal
onverting element. It has resulted in the appearance of a new
lass of highly sensitive sensors of motion parameters, first of all,
f short period and broadband seismometers, seismic accelerom-
ters and angular motion sensors [1,2]. The developed devices are
sed in seismology [3–5], structural monitoring [6], navigation [7]
roadband microseismic studies [8] and other areas.

At the same time, some of the problems associated with the
undamental nature of the processes occurring in electrochemical
onverting element still remain unsolved and that limits the possi-
ility to improve the MET  devices technical parameters and extend
heir usage. These problems include identification of nature and

odeling of the sensors self-noise.
Among other mechanisms [9–11] the convective noise [12] is
specially important for electrochemical sensors, since for many
odifications of the sensors, such as accelerometers [13], angular
otion sensors [14] and hydrophones [15], it dominates over other

∗ Corresponding author.
E-mail address: agafonov.vm@mipt.ru (V. Agafonov).

ttps://doi.org/10.1016/j.sna.2019.04.030
924-4247/© 2019 Elsevier B.V. All rights reserved.
types of noise in a wide frequency range. At the same time there is a
lack of published researches providing both the experimental anal-
ysis of MET  self-noise and theoretical modeling. Moreover, none of
the researches combine modeling and experimental study for the
same configuration of MET  cell allowing to perform direct compar-
ison of the experiments and theory, which is extremely important
for verification of the basic assumptions on the fundamental nature
of the MET  self-noise.

Theoretical studies performed in this work are based on the
speculation that the output current self-noise of transductive elec-
trochemical element of MET  sensor is conditioned by stochastic
hydrodynamic flows in the working fluid. The studied cell geome-
try corresponds to the practical planar type transductive element
with the electrode system spread on the surface, which is in contact
with highly concentrated electrolyte solution [16,17].

To describe the mechanism of random currents appearance, the
approach is based on the solution of Navier-Stokes hydrodynamics
equations, where the right-hand side contains derivatives of ran-
dom stress tensor with the known correlation functions [18,19].
The transformation of hydrodynamic flows into interelectrode elec-

tric current is described by the equation of convective diffusion
with boundary conditions, which are the conditions of constant
concentration of the active component of the working fluid on
the electrodes and the absence of electric current through non-

https://doi.org/10.1016/j.sna.2019.04.030
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2019.04.030&domain=pdf
mailto:agafonov.vm@mipt.ru
https://doi.org/10.1016/j.sna.2019.04.030
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onductive surfaces. The analysis resulted in the expression for the
ower spectral density of electrical current fluctuations, the val-
es of which at specific geometric parameters are calculated using
umerical algorithms. At low frequencies, the frequency depen-
ence of the noise power spectral density output is relatively weak,
nd then it increases reaching asymptotic dependence at the high-
st frequencies.

To verify experimentally the hypothesis of random hydrody-
amic forces as a source of convective noise and the mathematical
odel developed to describe it, an experimental sample of the

lectrochemical cell with parameters similar to those used in the
alculation has been manufactured and its noise has been measured
xperimentally. The experimental result is in good agreement with
he theoretical prediction. In particular, at frequencies from 10 to
00 Hz, the data fit well the theoretically predicted dependence of
/ω1.5. The practical value of the developed model is to identify the
hysical mechanism responsible for the occurrence of the convec-
ive noise in MET  sensor transduction element and in the ability to
se the obtained knowledge and models in the development of the
ext generation of MET  sensors.

. Methods

.1. Device physics and basic equations

The sensing element of the MET  sensor is a system of microelec-
rodes placed in a thin channel filled with a working fluid which

oves under the influence of inertial forces and is connected to
he voltage source. A number of the cell configurations have been
escribed in literature [20–24]. All reported cells comprise of two
airs of microelectrodes placed in the channel so that for any direc-
ion of inertial force, the liquid moves from the anode to the cathode
n one pair of the electrodes and from the cathode to the anode in
he other pair. The working solution is a highly concentrated aque-
us iodide salt solution (usually potassium iodide is used) with a
mall amount of molecular iodine. In aqueous solution, iodide salt
issolves into positive K+ and negative I− ions. Iodine I2 is present

n the form of tri-iodide ions I−3 . If voltage is applied between the
lectrodes, the following reversible electrochemical reaction takes
lace on the electrodes [9,25]:

I− � I−3 + 2e (1)

The reaction proceeds from left to right on the anode and in
he opposite direction on the cathode. Each elementary reaction

s associated with the transfer of two electrons across the elec-
rode surface. So, the electrical current can be determined if the
ow of tri-iodide ions across the electrode is known. This fact is
sed in convective diffusion based model of charge transfer allow-

ig. 1. The planar sensing cell sample. The entire sample is on the left, dimensions show
imensions are in microns.
ators A 293 (2019) 259–268

ing to consider the transfer of only ions I−3 type, thus simplifying
the mathematical problem. The I−3 are referred to as active ions.

The transport of tri-iodide ions (called the active component)
without electric migration is described by convective-diffusion
equation:

∂c
∂t

+ D�c  = (�v∇c) (2)

Here c denotes the ions I−3 concentration and D denotes the dif-
fusion coefficient. �v is the hydrodynamic velocity. For the Eq. (2),
a simple boundary condition of the constant concentration on the
electrodes is used in many studies [26–28].

The hydrodynamic velocity could be found from the Navier-
Stokes linearized equation and incompressibility condition:

∂�v/∂t = ���v − �p/� + �f
di� �v = 0

(3)

Here � is the viscosity, p is the pressure, �f  is the external volumetric
force. The hydrodynamic velocity is zero on all rigid surfaces.

In case the concentration c is found, the density of the current
due to electrochemical reactions (1) passing across the electrode
surface could be calculated as follows:

janode,cathode = −2Dq ∇c · n
∣∣
x ∈ anode,cathode

(4)

Finally, the electrical current passing through the electrode
could be determined by integrating (4) over the electrode surface.
Usually, the changes of the cathodic current due to hydrodynamic
velocity variations are used as a transducer output.

2.2. Experimental sample of the sensor with planar type
electrochemical converting element

A sample of the planar sensitive element has been manufac-
tured based on silicon technology by lift-off lithography method.
A silicon plate 18 × 18 mm in size has been oxidized and platinum
microelectrodes have been placed over the silicon oxide layer. The
outline of the plate with the electrodes is shown in Fig. 1. As shown
in the left part of Fig. 1, the central part is occupied by the electrode
microstructure, while the side parts are used for external leads. The
enlarged central part of the electrode structure is presented in the
right part of Fig. 1. All electrodes are 20 �m wide. The electrodes
are divided into two  groups separated by 100 �m gap.

During the production process, a 100 mm diameter plate has
been oxidized in a diffusion furnace at the depth of 0.25 �m, then

an electronic lithographer has been used to perform electron-beam
lithography over the plate, developing by immersing in a solvent
and etching scrape in oxygen plasma. Next, the method of ion-
plasma deposition has been used to apply a 60 nm platinum layer,

n in millimeters. The central workspace with microelectrodes is on the right, the
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Fig. 2. The planar cell sample views. The sample is on the left, the plate with samples is on the right.

F lanar cell: 1 - dielectric plate; 2 - planar cell; 3 - second dielectric plate. Right – the design
o n on the left; 2 – chamber filled with an electrolyte, 3 - gap with planar electrochemical
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ig. 3. Layout of the sensor with planar cell as a sensing element. Left - Unit with a p
f  the sensor with a planar cell as a sensing element. 1 – unit with planar cell show
ell;  4 - membranes.

ogether with an adhesive 7 nm sublayer of chromium. The selected
ethod has allowed to quickly produce simple patterns with a

ingle-layer topology without using expensive photomasks. The
ractical limit of the platinum film thickness in this method is up to
00 nm,  in contrast to the photolithography and the electron beam
vaporation techniques, where the platinum microstructures layer
hickness can be up to 300 nm [15]. For the purposes of this study,
hese technological limitations are not significant. The actual view
f the plates with the electrode structure is presented in Fig. 2.

Then the produced planar cell was glued on one of the two  insu-
ating plates which were arranged parallel to each other so that
he gap between the planar cell and the second plate was 1̃00 �m
Fig. 3, left). The produced unit with a glued-in planar cell was
laced in a cylindrical dielectric housing with flexible membranes
t the ends, so that the gap between the planar cell and the second
late was the only channel connecting the lower and the upper
arts of the housing volume (Fig. 3, left). The housing was filled
ith 4 mol/l KI water-based electrolyte solution with the additive

f active iodine c0 = 0.01 mol/l (Fig. 3, right).
Chemically resistant plastic with low iodine adsorption has been

sed in the manufacturing of the case. The experimental planar cell
n dielectric surfaces has been coated with silicon oxide, which
s also chemically resistant to iodine-iodide electrolyte and has
ow adsorption of the electrolyte components. Before the measure-

ents, gas bubbles have been removed from the sensor volume
sing ultrasound and dynamic adiabatic degassing. This ensures

table operation of the sensor and eliminates bubble-caused sensor
utput instability.

If vertical acceleration is applied to the described sample, the
nertial force produces liquid flow in the gap of the unit, changing
Fig. 4. Sensor assembly on a solid foundation. The calibration coil and the magnet
attached to the membrane are placed in the lower part of the assembly.

the interelectrode currents. So, the produced sample works as a
MET  sensor equipped with a planar sensing unit. Additionally, the
experimental sample has been equipped with a calibration coil and
a magnet used to study sensors response. The actual view of the

experimental MET  sensor is shown in Fig. 4.

In the experiments, four electrodes of the cell are connected to
the external electronics. The electronics produce a voltage bias of
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Fig. 5. Amplitude vs frequency 

00 mV  between the electrodes in every pair and convert the elec-
rode currents into output voltages. In the presented experiments,
n ACCA connection method [28,29] has been used, so that the
nodes are the external electrodes of the cell while the cathodes are
he internal ones. In the experiments, two electrodes from the first
roup and two electrodes from the second group have always been
sed as anode-cathode pairs. The preliminary tests have shown
hat due to the large distance between the groups of electrodes
he results almost do not depend on the specific electrodes from
he groups used in the connection, so that all the following results
re obtained for the configuration with the electrodes # 2 and #7
sed as anodes of the cell, while the electrodes #3 and #6 are used
s cathodes (Fig. 1).

Besides the bias source, the electronics include current-to-
oltage converter, as described in [1,12] and high resolution A-to-D
onverter. The resulting output has been converted into the differ-
nce of the cathodic current variations using the known conversion
oefficient of the electronics.

To check the cell performance, the amplitude-frequency
esponse of the sensor has been obtained with a calibration coil,
hich impacted a magnet fixed to the lower flexible membrane.
he impact was performed by preassigned harmonic current varia-
ions in the coil in the range of 0.5–1,000 Hz. The ratio of the output
urrent to the input current in the coil at the frequencies of the
nput actions has been calculated (Fig. 5). Note that according to

Fig. 6. Chart of pla
se of the experimental sample.

[30] and [31], the obtained curve coincides within the accuracy of
the coefficient with the amplitude characteristic of the acceleration
sensor WA : WI = KAWA. The pre-measured coefficient value was
5500 m

(A·s2)
. The shape of the curve is typical for the electrochemical

motion sensors [23,31].

2.3. Theoretical model

To specify a mathematical model according to the experimental
sample configuration, consider a thin plane channel with elec-
trodes deposited on one of the channel walls. Due to the large
distance between the anode-cathode pairs, consider only one pair
of anode/cathode electrodes. Both anode and cathode have the
same width b and are separated by the distance a. d denotes the
thickness of the channel. As shown in Fig. 6, let us introduce the
coordinate system which starts on the surface, containing elec-
trodes so that the anode and the cathode are placed symmetrically
relative to the coordinate starting point. Direct X along the channel,
Z is perpendicular to the channel walls, axis Y forms the right-hand
coordinate system. The cell size in Y direction will be considered
large in comparison with other sizes of the cell.
Consider Navier-Stokes and continuity equation for the incom-
pressible liquid with stochastic Langevin force in the right part of
Navier-Stokes Eq. (3) [29] fi = ∂Sij/∂xj, i, j = x, y, z. Sij is the stress
tensor. Also, take into account that in the experimental sample, the

nar MET  cell.
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hannel length is large compared to the channel. Under these terms
18,30], the flow could be assumed unidirectional along the channel
xis and ∂2vx/∂z2 >> ∂2vx/∂x2, ∂2vx/∂y2:

∂2vx/∂z2 = ∂Sxz/∂z + ∂Sxy/∂y + ∂Sxx/∂x − 1/� ∂P/∂x

∂vx/∂x = 0
(5)

The components of the stress tensors Sxz, Sxy, Sxzare uncorre-
ated between each other, and therefore, their contributions to the
ydrodynamic velocity fluctuations can be regarded independent

rom each other. As discussed in [18], the first summand in (5)
ominates in thin channels and the other terms can be disregarded.

Next, integrate Eq. (5) over x and over y. Introduce averaged

tress and velocity according to the following: �xz =
l/2∫

−l/2

dx

s/2∫
−s/2

Sxzdy,

x =
s/2∫

−s/2

vxdy

After that the averaged velocity, which satisfies the slip bound-
ry condition on the channel walls is written as:

x = 1
l�

⎛
⎝ z∫

0

�xz (	)d	 − z

d

d∫
0

�xz (	)d	

⎞
⎠ + zs�P

2l��
(d − z) (6)

Determine the pressure difference �P  across the channel from
he condition of zero integral flow across the channel cross-section.
inally, use the formula

〈
Sxz(x, y, z)Sxz(x1, y1, z1)

〉
= 2��Tı(x −

1)ı(y − y1)ı(z − z1) [30,29] and result in the following:

Vx(z)Vx(z1
〉

= 2Ts
��l

[
min(z, z1) − zz1

d
− 3

zz1
d3

(d − z)(d − z1)
]

(7)

Now consider the convective transfer of the active solution
omponent (2). Seek the solution in the approximation of a small
ydrodynamic velocity:

 = c0 + cst + c1 (8)

ere c0 denotes the equilibrium concentration of the active compo-
ent, cstdenotes the concentration deviation from the equilibrium
oncentration in stationary liquid in the presence of only diffusion
arriers transfer, c1 denotes the convective additive to the concen-
ration, linear in hydrodynamic velocity. The terms proportional to
igher powers of the hydrodynamic velocity have been omitted.
ue to the cell geometry cst does not depend on y coordinate and
e can look at the averaged c1 over y direction.

Then after the Fourier transform by x coordinate, obtain the
ollowing system:

∂2
cst/∂z2 − k2cst = 0

∂2
c1/∂z2 − (k2 + iω/D)c1 = L(k, z)

L(k, z) = −iVx(z)kcst(k, z)/D

(9)

The solution of (9) can be shown as follows:

st(k, z) = cosh k(d − z)
sinh kd

j0(k)
2Dqk

(10)

c1(k, z) = j1(k)
2Dq


cosh 
(d − z)
sinh 
d

+ 1



z∫
L(k, �)sinh(
z − 
�)d�−
0

− cosh 
z


 sinh(
d)

d∫
0

L(k, �) cosh(
d − 
�)d�

(11)
ators A 293 (2019) 259–268 263

Here 
2 = k2 − iω
D , Re
 > 0. j0,1(k) = 1

2�

∫
Sel

j0,1()e−ikd.  Here

j0,1()is the electrical current density on the electrodes. Index 0
corresponds to the stationary current and index 1 corresponds to
the additive to the electrical current density linear in the velocity:
j0,1(x) = −2Dq ∂c0,1/∂z

∣∣
z=0

.Sel index below the integral sign means
integration over the surface of all the electrodes of the transduc-
ing system. To find the unknown distributions of the densities of
the electric currentsj0,1(), take z = 0 in (10), (11) and perform the
inverse Fourier transform:

1
2�

1
2Dq

+∞∫
−∞

dk

∫
Sel

cosh kd

sinh kd

j0()
k
eik(x−)d =

{
−c0, xεcathode

c0, xεanode
(12)

+∞∫
−∞

dk

∫
Sel

j1()



cosh(
d)
sinh(
d)

eik(x−)d = i

D

+∞∫
−∞

dk
1


 sinh(
d) sinh kd
x  ∈ Se

×
∫
Sel

j0()eik(x−)d

d∫
0

Vx(�) cosh k(d − �) cosh 
(d − �)d�

(13)

Due to the symmetry of the system consider j0(−) = −j0(),
j1(−) = j1() and go over to dimensionless numbers: d̃ = d/b;

ã = a/b;x̃, ̃, �̃ = x, , �/b;k̃ = kb; 
̃ =
√
k̃2 − i ω̃; ω̃ = b2ω/D, j̃(x̃) =

j(x)a/�Dqc0,Ṽx = Vxb/D. Then the Eq. (12) result in the following:

2
�ã

+∞∫
0

cosh k̃d̃

sinh k̃d̃

sin k̃x̃

k̃

ã/2+1∫
ã/2

j̃0(̃) · sin k̃̃ · d̃dk̃ = −1 (14)

∞∫
0

cos k̃x̃


̃

cosh(
̃d̃)

sinh(
̃d̃)
dk̃

1+ã/2∫
ã/2

j̃1(̃) cos k̃̃d̃ =

=

+∞∫
0

dk̃
cos k̃x̃


̃ sinh(
̃d̃) sinh k̃d̃

1+ã/2∫
ã/2

j̃0(̃) sin k̃̃d̃

d̃∫
0

Ṽx(�̃) cosh k̃(d̃ − �̃) cosh 
̃(d̃ − �̃)d�̃

(15)

Herex̃ ∈
[
ã/2; ã/2 + 1

]
. To solve the integral Eq. (15), split the elec-

trode surface into equal segments and present the current densities
as follows:

j̃0(̃) =
N∑
n=1

An(�(̃ − x̃n − 1
2N

) − �(̃ − x̃n + 1
2N

))

j̃1(̃) =
N∑
n=1

Bn(�(̃ − x̃n − 1
2N

) − �(̃ − x̃n + 1
2N

))

(16)

and consider (14), (15) for discrete values of a variable x̃ = ã/2 +
(2l − 1)/2N ≡ ã/2 + x̃l, l = 1...N. Then obtain the following system
of matrix equations:

N∑
n=1

AnMnl = −ã
Mnl =
+∞∫

0

cosh k̃d̃

sinh k̃d̃

sin k̃(
ã

2
+ x̃l) sin

k̃

2N
sin k̃(

ã

2
+ x̃n)

k̃2
dk̃

(17)



2 d Actu

t

A

B

l

Ĩ
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N∑
m=1

BmKml = Rl

Rl =
+∞∫

0

dk̃
cos k̃(

ã

2
+ x̃l)


̃ sinh(
̃d̃) sinh k̃d̃

2

k̃
sin

k̃

2N

N∑
n=1

An sin k̃
(
ã

2
+ x̃n

)
×

×
d̃∫
0

Ṽx(�̃) cosh k̃(d̃ − �̃) cosh 
̃(d̃ − �̃)d�̃

Kml =
+∞∫

0

2 cos k̃(
ã

2
+ x̃m) · cos k̃(

ã

2
+ ̃l)


̃k̃

cosh 
̃d̃

sinh 
̃d̃
sin

k̃

2N
dk̃

(18)

The solution of (17), (18) write through the matrices reciprocal
o
∣∣|M∣∣ | and

∣∣|K∣∣ |:

n = −ã
N∑
l=1

M−1
nl

(19)

m =
N∑
l=1

RlK
−1
lm

(20)

Then the total current flowing through the electrode, which is
inear in the hydrodynamic velocity, can be represented as follows:

1 =
N∑
m=1

Bm =
N∑
l=1

RlK
−1
l

(21)

here K−1
l

=
N
˙
m=1

K−1
ml

and in subsequent calculations can be

btained from the solution of:

N

l=1

KnlK
−1
l

= 1, n = 1...N (22)
For random flows, the velocity distribution is unknown, how-
ver, the correlation function (7) is known. Then the expression for
he spectral density of current fluctuations through the electrode
urface has the following form:

Fig. 7. Stationary current distri
ators A 293 (2019) 259–268

〈
I21ω

〉
=
�2q2c2

0kBTsb
4

2��la2

N∑
n,m=1

K−1
n K

−1
m Rnm

Rnm =

∞∫
0

cos k̃

(
ã

2
+ ̃n

)
dk̃


̃ sinh 
̃d̃ sinh k̃d̃

∞∫
0

cos k̃1

(
ã

2
+ ̃m

)(
G(k̃, k̃1

)
− 3

d̃
F
(
k̃, k̃1)

)
dk̃1


̃1 sinh 
̃1d̃ sinh k̃1d̃
×

×
∫
Sel

j̃0(x̃) sin k̃x̃dx̃

∫
Sel

j̃0(x̃1) sin k̃1 x̃1dx̃1

G(k̃, k̃1) = g(k̃ + 
̃, k̃1 + 
̃1) + g(k̃ + 
̃, 
̃1 − k̃1)+

+g(
̃− k̃, k̃1 + 
̃1) + g(
̃− k̃, 
̃1 − k̃1)

g(ϕ,  ) = sinh d̃(ϕ +  )
ϕ (ϕ +  )

− sinh d̃(ϕ −  )
ϕ (ϕ −  )

− (cosh d̃ϕ − 1)(cosh d̃  − 1)

d̃ϕ2 2

F(k̃, k̃1) =
(
g(
̃+ k̃) + g(
̃− k̃)

)(
g(
̃1 + k̃1) + g(
̃1 − k̃1)

)
g(ϕ) =

(
cosh(ϕd̃) − 2sinh(ϕd̃)/ϕd̃+ 1

)
/ϕ2

(23)

Note that in the high frequency range, 
̃, 
̃1, 
̃  − k̃, 
̃1 −
k̃1can be replaced by

√
ω̃, all the expressions containing the

quotient of hyperbolic functions can be replaced by unity
in the expressions (18) and (23). After such simplifications
Rn,m∼ ω̃−5/2, K−1

n , K−1
m ∼ ω̃1/2and (23) can be approximated by

power dependence
〈
I2ω

〉
∼ ω̃−3/2.

3. Results and discussion

3.1. Calculations

The following parameters, corresponding to the experimental
sample described above, have been used in numerical calcula-
tions based on the Eqs. (16)–(23): d̃ = 5, ã = 1. All the calculations,
including inversion of the matrixes, have been performed in Matlab
software. First, the stationary current density distribution across
the cathode surface has been found from (17), (19) and the first
equation of (16). The resulting curve is given in Fig. 7.

It can be seen from the presented graph that, as expected, the
current density is maximum at the edge of the cathode facing the

anode in the anode-cathode pair. Note that the value of the cur-
rent at the opposite end of the electrode also exceeds the value at
its center, which is due to the fact that in this area active ions dif-
fuse not only from the region immediately above the cathode but

butions over the cathode.
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Fig. 8. Active ions stationary dis

lso from the space adjacent to the cathode. The distribution of the
imensionless concentration c̃  = c/c0 of active ions in the chan-
el is shown in Fig. 8. The dark blue color corresponds to the zero
oncentration, which is achieved at the cathode at 0.5 < x̃ < 1.5.

While the stationary concentration distribution is known, the
lectrical current fluctuations have been found from (24) and (23).
he frequency behavior of the dimensionless power spectral den-
ity is shown in Fig. 9.

It can be seen from the above graph that at low frequencies the
pectral current density varies rather slowly, while at high frequen-
ies it varies much faster and can be approximated by dependence
1/ ω̃1.5. Qualitatively, this behavior corresponds to the experi-
ental data on the convective type noise measurements presented

n [12], in spite of the different geometry of the studied converting
ell.

.2. Experiments

Before comparing the simulation result with the experimental
ata, note that the noise is generally caused by simultaneous con-
ribution of several physical mechanisms, such as thermal noise,
eometrical noise and noise of signal conditioning electronics [9]
nd [10]. At the same time, according to the experimental data
rom [12,13] and [14], convective noise is predominant in a sig-
ificant part of the working frequency range (from 2 to 3 Hz to
bout 100 Hz). In this range, the comparison of model data for
onvective noise and experimentally measured noise is apparently
egitimate. The coincidence of the experimentally measured noise

ith the simulation results for this frequency range will indicate
he adequacy of the assumptions and the constructed model.

To experimentally measure the noise of the sensor with a pla-
ar cell, the sensor has been placed in a protective case preventing
he occurrence of a spurious signal due to fluctuations in tempera-
ure and pressure throughout the experiment. It has been installed
ogether with a reference device (seismometer CME6011 with sen-
itivity of 2000 V/m/s in a frequency range of 0.033–50 Hz) on a
onsolidated foundation located in a basement. The signals have
een recorded for several hours during the night time and digi-
ized using a high-resolution data acquisition system. The sensor
ignal density has been transformed into spectral density in units of
cceleration by dividing the first by the frequency response func-

ion of the sensor (presented in Fig. 5) and multiplying it by the
oefficient KA:

(ω) = KA · Iout(ω)/WI (ω) (24)
ions in the elecrochemical cell.

The signals spectral densities are shown in Fig. 10. The spec-
tral density of the studied sensor signal is shown in blue, the
spectral density of the reference seismometer is shown in red for
comparison. To calculate the noise spectral density of the sen-
sor, the algorithm of estimating sensor self-noise compared to
the reference device with known amplitude-frequency and noise
parameters has been used [31] (shown in green in Fig. 10).

Regarding the planar cell as an input current noise source,
the noise spectral density curve in electrical current units can be
obtained by dividing the acceleration power spectral density of the
sensor noise (green curve in Fig. 10) by experimentally measured
squared frequency response function and coefficient KA:〈
IN

〉2 = 〈aN〉2
∣∣WI (ω)

∣∣2
/K2
A (25)

The dependence obtained in this way  is shown in Fig. 11 (red
curve).

To compare it with the results of the modeling, move to the
dimensional values in the calculation results. To do this, it is
sufficient to multiply the power spectral density of the dimen-

sionless output shown in Fig. 9 by the factor
�2q2c2

0
kBTsb

4

2��la2 and

go from dimensionless frequencies to frequencies expressed in
Hz. In addition, the calculated value of the spectral density must
be multiplied by 2 to take into account the presence of the
second pair of electrodes in the experimental sample, which
is symmetrically located. Use the following numerical values of
the parameters of the transforming electrochemical cell: c0 =
0.01mol/l, T = 300K,s = 6mm,� = 10−6m2/s,� = 1500kg/m3,D =
2 · 10−9m2/s,b = 20mkm,l = 18mm.  The result of the calculation is
shown in Fig. 11 by the blue curve.

The sensor current noise density curve in Fig. 11 aligns well with
the theoretical dependence in the range of 2–200 Hz, which con-
firms the assumption of the convective nature of the planar cell
noise in this frequency range. At lower frequencies, the observed
experimental data differs markedly from the theoretical calcula-
tions. Apparently, this is due to the prevalence of other mechanisms
of self-noise generation in this frequency range, which agrees with
previously published empirical models and experimental data on
various types of MET  sensors self-noise [12–14].

3.3. Conclusions
To sum up, the novelty of the presented results lies in the
fact that the theoretical description of the convective noise in
electrochemical cell used as the conversion element of molec-
ular electronic motion sensors confirmed by experimental data
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Fig. 9. Electrode current self-noise power spectral density.

Fig. 10. The spectral density of the sensor signal with a planar cell (blue curve), of the reference device CME6011 (red curve), the noise component of the sensor signal with
a  planar cell (green curve). X-axis is shown in Hz, Y-axis is shown in dB relative to 1. (For interpretation of the references to colour in this figure legend, the reader is referred
to  the web version of this article).m/s2/

√
Hz

Fig. 11. The spectral density of the noise current (red curve) and a straight line of reference of the frequency dependence by the law of 1⁄f 1.5 (blue curve). X-axis is shown in
Hz.  (For interpretation of the references to colour in this figure legend, the reader is referred to the web  version of this article).
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s suggested. The theoretical model is based on the hypothesis
hat convective noise is conditioned by non-uniform variations of
ydrodynamic flows in the electrolyte, which are related to the

nfluence of random local forces. Mathematically, the stochastic
ows are described by the Navier-Stokes equation with a random

orce in the right-hand side, where the mean value is zero and the
orrelation properties are described by the Eq. (9) [21].

For the studied planar geometry of the electrochemical cell elec-
rodes, the initial system of equations can be reduced to integral
quations to calculate the electric current – both steady and alter-
ating. The result of the calculations is the frequency dependence
f the PSD of the electric current fluctuations.

The electrochemical cells samples and seismic sensors based on
hem have been produced. The cells geometry has corresponded to
he parameters used in the calculations. The experimental curves
he noise of the electrochemical cell output current have been mea-
ured and have proved to be in good agreement with the theoretical
ata.

The good agreement between the experimental data and the
odeling results can be regarded as proof of the validity of the

ssumed hypothesis about the nature of the studied type of noise.
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