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Abstract: A Cyclonic Capacitive Sensor is proposed for real time multiphase composition measurement with a 
characteristic suitable for offshore installations. The sensor makes a novel use of an electrostatic technique that 
takes advantage of a non-linear distribution of phase-interfaces in a cyclonic multiphase flow stratifier. The 
novel sensor consists of a stack of ring electrodes confined into a cyclone-type phase stratifier. The capacitance 
detected at each ring electrode pair is a function of the phase volumetric fraction, the temperature and chemical 
composition dependent phase permittivities and the physical dimensions of the ring electrodes. If the number of 
electrodes is made proportional to the number of unknown parameters, a complete set of linearly independent 
equations can be established to resolve the desired parameters, mainly the composition. The robustness of such 
sensor can be improved by adding a redundant electrode pair. Analytical, numerical and experimental analyses 
are presented. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Offshore Oil&Gas, Produced water, Multiphase flow regime, Phase stratification, Hydrocyclone. 
 
 
 
1. Introduction 

 

Multiphase flows are widely present in many 
processes ranging from food to petrochemical 
industries. The multiphase composition metering is 
an emerging technology that has a high potential 
especially in the oil and gas industry. Instrumenting a 
real-time measurement of oil/gas and water fractions 
in producing well streams is the main motivation of 
this work.  

Traditionally, the multiphase composition 
measurement in the oil and gas industry is conducted 
once in many days or weeks by selecting and routing 
a single well stream from the production field into a 
test separator that separates the multiphase flow into 
single phase streams. This long-standing practice has 
been the standard for decades but becomes 

increasingly prohibitive in optimized production 
allocation systems that must react in real-time to 
changes in well stream compositions across the 
production field. As a result, real time multiphase 
meters are being developed to satisfy such demands. 

In late 90’s, Framo Engineering developed and 
field tested the first multiphase meter targeted for 
subsea installations that employed gamma-ray 
attenuation sensing and a cross-correlation to 
calculate phase fractions [1]. As multiphase meters 
must reliably operate under a range of unpredictable 
multiphase flow conditions such as plug or slug flow, 
multiphase meters including the Framo meter, often 
use a mixer to yield a homogeneous mixture essential 
for the accurate measurement. Fine multiphase 
mixtures, however, prove difficult to get separated 
without the need for additional chemicals. Recently 

http://www.sensorsportal.com/HTML/DIGEST/P_2701.htm
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Framo/Schlumberger developed a meter that employs 
a high frequency gamma-scanning at different power 
levels to mitigate the criticality of mixing [0-0]. 

In this research, a much lower complexity system 
that does not require any nuclear source or detector is 
tested. This system features a capacitive sensor array 
embedded within a cyclonic phase stratifier. In 
addition to the volumetric fraction sensing, more 
insight into individual phase properties can be 
achieved through correlation with the phase dielectric 
constants that can be extracted as a byproduct of the 
composition measurement. 
 
 
1.1. Capacitive Mixture Probes 

 
Capacitive sensors robustly operate in many 

industrial sensing applications such as level 
measurement, proximity/position sensing, product 
quality detection (e.g. synthetic yarn) and many 
others. Application of the capacitive or electrostatic 
technique to the multiphase flow measurement 
started in late 80’s and is still under development to 
effectively address wide varieties of multiphase  
flow regimes. 

Multiphase flow measurement requires the 
knowledge of flow rates of individual phases or the 
total multiphase flow rate in m3/sec or gal/min and 
the composition. The composition is defined as the 
volumetric ratio of individual phases against the total 
tested volume. In the O&G industry for example, the 
best case scenario is pumping 100 % of hydrocarbons 
and 0 % of water, which is rarely the case. However, 
the worst case scenario of pumping 100 % of 
“produced water” is also rare, therefore, ideally, the 
composition ranging from 0 % to 100 % must be 
considered. Note that the extreme 0 % or 100 % 
composition constitutes a single phase flow. The 
ratio of produced water compared to the volume of 
total liquids produced, also called “water cut”, is one 
of the most important parameters to be measured.  

In 1988, Van der Linden [0] developed an oil-
water percentage probe for water contaminated oil 
streams. The method employed an AC bridge with a 
temperature compensated oil dielectric reference. 
The signal conditioning eliminated the effects of 
parasitic capacitance by using low-impedance 
amplifiers and the probe featured good accuracy. 
However, the system was not applied to a wide range 
of oil-water percentages, the mixture was 
homogeneous, and the dielectric constant drifting 
beyond the temperature linked drifts can’t be 
detected by this method.  

A variety of capacitance sensors for determining 
volume fractions in two-phase pipelines were 
researched by Abouelwafa and Kendall [0]. In [0], 
internally and externally applied concave plate 
electrodes to a pipe were compared in sensing fluid’s 
permittivity and conductivity. However, the case of 
multiphase measurement, in which phase properties 
can drift, has not been studied so far. 

1.2. Stratified Flow Regime in Rectangular 
Measurement Chamber  

 
The initial focus is placed on stratified flows 

being established in the measurement chamber. 
Initially, we will analyze a case of a horizontal pipe 
segment of rectangular cross section illustrated in 
Fig. 1. If two parameters, the composition α = h/H 

and say 1ε  are to be determined, we need two 

linearly-independent measurements. For each 
additional parameter (unknown), it is needed one 
additional measurement that is linearly-independent 
with others. 

 
 

 
 

Fig. 1. Capacitive level measurement:  
parallel configuration. 

 
 

1.2.1. Parallel-capacitor Configuration 
 

Fig. 1 shows two parallel plate capacitors of 
dissimilar heights that operate in parallel-capacitor 
configuration 

21111 || εε CC=C  and 
22122 || εε CC=C . 

This system is often used in 3-phase level sensors. 
Despite of the linear independence of capacitances 

with α  and 1ε , the sensor can’t accommodate the 

composition variation α  from 0 % to 100 % as the 
electrode-pair 

2C  height is less than the total  

height H. Having just a small electrode height 
discrepancy would not solve such problem due to the 
increased uncertainty of the measurement and lack of 
accuracy. Also, channeling the flow through a 
rectangular pipe of different aspect ratio or varying 
the electrode width rather than height will only result 
in a set of linearly dependent measurements. 

 
 

1.2.2. Series-capacitor Configuration 
 

Concave plates clamped on a circular pipe 
described by Wael and Basel [0] do not also 

completely encompass the 0 % to 100 % range of α . 
Using a series-capacitor configuration array as 
illustrated in Fig. 2 to establish a set of linearly 
independent measurements is also associated with the 
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above mentioned problems, plus one electrode 
obstructs the flow. This situation may be solved by 
moving the plate outside and inserting a known 
dielectric plate of a certain height underneath. Also 
in series-capacitor configuration systems, large 
spacing between electrodes pose a challenge to the 
detection of small capacitances. In summary, despite 
of many drawbacks, all the above mentioned 
methods would operate in a restricted range of α . In 
fact, the concentric ring electrode system described 
in [0] may get well adapted for the measurement to 

span the full range of α . Large difficulties are 
however associated with gravity type horizontal pipe 
flow stratifier. Multiphase flows often require a long 
segment of a straight pipe that provides enough time 
for phases to settle down and get separated by 
gravity. Friction and dents on the pipe walls create 
turbulences that make the phase separation under 
rapid flow velocities of 105 ∼ [m/s] flow conditions 
even more difficult. That is why in industry, large 
size expensive separators are used to slow down the 
stream significantly. 

 
 

 
 

Fig. 2. Series capacitor configuration level measurement. 
 
 

A simple well-proven approach is to utilize the 
kinetic energy of the multiphase stream plus the 
gravity in a cyclonic phase stratifier, a cyclone in 
brief. The stream, fed tangentially into the cyclone of 
a funnel shape, spins in a helical spiral thus creating 
centrifugal forces [0] that combined with the gravity 
separate the phases by density. The heavier phase 
such as water is collected near the outer wall while 
the lighter phase such as oil drifts towards the centre. 
If a cyclone is instrumented with a capacitive sensor 
array, we obtain a simple solution for multiphase 
measurement that is less constrained. In the 
following section, we analyze the proposed system 
using analytical tools and two simplified models. 
Then we present FEM analysis of a real prototype 
followed by an experimental verification. 

 
 

2. Sensor Analysis 
 
The solution of a large group of  

problems in electrostatics is to find a potential 
distribution that satisfies Laplace equation with given 
electrode geometry and electrode voltages.  
In order to analytically derive the capacitance  

of our two electrode array, we consider the  
following assumptions:  

1. Electric fields inside the conductors are 
negligible due to small current flows, therefore, the 
conductor surface is an equipotential surface. 

2. The boundary between two dielectrics is 
considered to coincide with the equipotential surface 
therefore, a two dielectric capacitor can be dissected 
into two capacitors of single dielectric that are 
connected in series.  

3. Electrodes added in the practical system to act 
as shields or guards to control fringing flux, reduce 
unwanted stray capacitance and shield against 
unwanted pickup of external electric fields are  
not considered. 

4. Fringe capacitance and stray capacitance  
is neglected.  

5. Unwanted capacitive coupling between 
multiple electrode pairs, the crosstalk, is neglected. 

In addition to the above assumptions, we consider 
the cross-section area of the measurement chamber 
cavity being constant along the axial direction.  
This is not necessary for the function of the  
sensor, however it maintains the axial volumetric 
flow velocity constant along the cyclone  
longitudinal dimension. 

Two analytical models to verify the sensor 
feasibility are presented. In the first model, small 
segments of cylindrical electrodes are considered as 
planar parallel-plate capacitors. The objective of the 
first model is to show the non-linear distribution of 
the dielectric boundary across the array elements that 
translate into the required set of linearly-independent 
equations. In the second model, more realistic 
concentric cylindrical electrodes are considered to 
show additional nonlinearity that translates into 
increased measurement robustness. Both models are 
also geometrically adjusted such that the funnel 
shape cyclone has cylindrical electrodes. In the real 
sensor however, cone segment electrodes will be 
installed to mitigate the flow “bending” and 
discontinuity. This case is studied by FEM analysis 
at the end. 

 
 

2.1. Parallel Plate Electrode Model 
 
In the first approximation, we assume that the 

aspect ratio (
Ri− ri

ri

) is small enough to consider the 

concentric cylinder electrodes or their segments as 
parallel plate capacitors, which is being shown in 
Fig. 3. In the following analysis, since we are not 
concerned with the absolute capacitance but rather 
the relative changes across the array, the product 

Aε0  of the parallel plate capacitance is set to unity. 

The objective of this analysis is to prove the 
sensor’s working principles for which the optimized 
design of the cyclonic stratifier is not critical. It will 

be shown that for any dissimilar radii pair 21 rr ≠  

we obtain a unique solution to our problem.  
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Fig. 3. Capacitive Sensor with Parallel Plate Electrodes. 
 
 

By selecting three design parameters r1, R1 and r2 
we calculate R2 from the constant cross-section area 
condition set above as 

 

2
22 r+

π

A
=R Φ , (1) 

 
where 

 

( )22
ii rRπ=A −⋅  (2) 

 
we then calculate the electrode pair capacitance C1 
and C2 as 

 

( )
( ) 1,2

21

21

=i,
C+C

.CC
=C

ii

ii
i  (3) 

 
where 

 

ii
i

ii
i ρR

Aεε
=C,

rρ

Aεε
=C

−−
202101  (4) 

 
as seen in Fig. 4. 

This evaluates to 
 

( ) ( )iiii
i rρε+ρRε

Aεεε
=C

−− 21

210  (5) 

 

The composition α , assumed constant across the 

array, is defined as a volumetric ratio of dielectric 1ε  

to the total volume of dielectrics 1ε  plus 2ε , thus 

α=
Aε1

Aϕ
=
ρi

2− ri
2

Ri
2− ri

2 , i= 1,2

 

(6) 

 
from which we derive the formula for the dielectric 

interface radius 1ρ  (Fig. 4) in terms of α  

 

( ) 1,2222 =i,r+rRα=ρ iiii −  (7) 

 
 

 
 

Fig. 4. Cyclone's cross-section radii. 
 
 

In the water-oil mixture sensing application, the 

water cut (% of 2ε phase) is obtained as 

[ ] [ ] [ ]%%100% α=αw − .  

Both capacitances 1C  and 2C  can then be 

expressed in terms of phase permittivities 1ε  and 

2ε , and the composition α  by substituting Eq. 7 

into Eq. 5: 
 

( ) ( ) iiiii

i
rεRε+r+rRαεε

Aεεε
=C

21
222

12

210

−−−
(8) 

 
As an example, let us consider the following 

parameters and obtain the characteristics plotted 
using logarithmic scales in Fig. 5 and Fig. 6. 

 
 

 
 

Fig. 5. ( ) 121 r82.0,1,2,% ×=r=ε=i,αC=C ii
. 
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r1 = 0.01 [m] 
R1 = 0.05 [m] 
r2 = 2, 4, 8 × r1 (three multiples of r1) 

( Aε0 ) = 1 [Fm] to simplify the calculation of Ci 

( )1.5,2.51 ∈ε  range of permittivity (oil) 

802 =ε  constant permittivity (water) 

( )100%%,α∈  variable multiphase composition 

 
 

 
 

Fig. 6. ( ) 121 81,2,% r=r=i,ε,αC=C ii × . 

 
 

In a real system, the mixture percentage %α  and 

the permittivity 1ε  is derived through the following 

process. First, two capacitances 1ε  and mC2  are 

measured. Then, two contour lines ( )m
iii Cεα=α 1,  

associated with the measured capacitance m
iC  

derived as shown in Fig. 6 are derived as: 
 

( )

( ) ( )222
12

22
12

2
21

210

ii

iii
i

i
rRεε

rεεrε+Rε
C

Aεεε

=α
−−

−−−
 (9) 

 
The two characteristic curves must be linearly 

independent in order to extract the desired 

parameters α  and 1ε . In other words, the two 

contours projected into the 1εα∠  plane (Fig. 6) 

must intersect at the angle β  within a practical 

region. Fig. 7 shows this process for three 2r  radii 

cases set as multiples of 1r . The intersection angle 

β  of these curves is a function of the 1 ε  and the 

composition α  as is shown in Fig. 8 and Fig. 9. By 
analyzing these figures it can be observed that the 

intersection angle β  increases with composition α . 

At low compositions α  , the measurement 

uncertainty of α is very small as the individual 
characteristics are nearly parallel with the abscissa. 

The permittivity parameter 1ε  would however suffer 

a large uncertainty of measurement due to the small 

angle β . The practical range in the oil-gas industry 

starts at 10 % of hydrocarbons downstream and thus 

large uncertainty in measurement of 1ε  is not 

limiting. Moreover it is the composition α  which is 
the main parameter provided by currently installed 
sensors and is required by the industry.  

 
 

 
 

Fig. 7. Linear disparity as r2 increases against r1. 
 
 

 
 

Fig. 8. Model 1. The intersection angles for different 

values of α . 
 
 

 
 

Fig. 9. Model 1. The intersection angles as a function  

of composition and 1ε . 



Sensors & Transducers, Vol. 191, Issue 8, August 2015, pp. 1-11 

 6

2.2. Concentric Cylindrical Electrode Model 
 
In the second approximation, we consider the 

funnel shape cyclone be piece-wise smooth again but 
having concentric ring electrodes as shown in Fig. 10 
and Fig. 11.  

 
 

 
 

Fig. 10. Capacitive Sensor with Coaxial Plate Electrodes. 
 
 

 
 

Fig. 11. Capacitive Sensor Cross-Section Radii. 
 
 

By following the steps from the previous model, 
we will show that this model features higher degree 
of robustness with less uncertainty. 

Adopting the same conventions and indexing 
format from the previous model analysis, we 

calculate the partial capacitances 1
iC  and 2

iC  as 
 

1,2
ln

2

ln

2 202101 =i,

ρ

R
hεπε

=C,

r

ρ
hεπε

=C

i

i
i

i

i
i

 

(4') 

 

where h is the height of the electrodes. The total 
capacitances Ci evaluate to 

( )1221

210

ln

2
ε

ρrR

hεεπε
=C

ε

i

ε

i

ε

i

i −−  (5') 

 
or equivalently in terms of the composition to 
 

( )[ ]












 −
−−

2ln

2

12
22221

210

εε
r+rRαrR

hεεπε
=C

iii

ε

i

ε

i

i

(8') 

 
This capacitances are plotted in Fig. 12. The two 

contours ( )11,21,2 εα=α  associated with each 

corresponding capacitance ( )1,2C  are derived as 

 

22

221012
2

exp

ii

i
i

ε

i

ε

i

i
rR

r})
C

hεεπε
{R(r

=α
−

−−

 
(9') 

 
 

 
 

Fig. 12. ( ) 121 82.0,1,2,% r=r=ε=i,αC=C ii × . 

 
Comparing the characteristics of linear 

independence in terms of three different radii 2r  

(Fig. 13) we conclude that the ring electrode model 
(Fig. 10 and Fig. 11) features better robustness as 

larger intersection angles β  (Fig. 14 and Fig. 15 vs. 

Fig. 8 and Fig. 9) lead to less uncertainty in  
the measurement).  

 

 
 

Fig. 13. Linear disparity as 2r  increases against 1r . 
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Fig. 14. Model 2. Intersection angles  

for different values of α . 
 
 

 
 

Fig. 15. Model 2. The intersection angles as a function  

of the composition and 1ε . 
 
 

3. FEM Analysis of a Prototype 
 
The above section demonstrated that our sensor 

can achieve a level of linear independence and 

robustness by monitoring the parameter 1ε  drift. The 

robustness of this sensor can be further improved by 
adding one additional electrode. The sensor with 
three electrodes accommodates variations not only in 
the oil permittivity, but in the water permittivity as 
well. The considered model comprises of three 
conical electrodes where the top electrode 
corresponds to C1, the middle electrode to C2  
and the bottom electrode corresponds to C3, as shown 
in Fig. 16.  

In this model the three internal electrodes are 
separated by two grounded guard electrodes. They 
are mounted on the center cone, and in order to keep 
the area constant, the outer wall follows a  
hyperbolic shape.  

In order to analyze this sensor array, a FEM 
model was developed. In order to maintain the same 
cross sectional area, since the inner electrodes are 
mounted on a cone, the radii of the outer electrodes 
must satisfy the Eq. 10: 

2
2

2 140

19.5
11.25 






 ∗h

+=R  (10) 

 
 

 
 

Fig. 16. Configuration of the Internal Cone  
for a Three Electrode Sensor (units [mm]). 

 
 

In fact, there are no individual outer wall 
electrodes in this prototype model as the entire outer 
wall serves as a common electrode in the array. 

The computer model which uses FEA software, 
Femm42 [0] allows to calculate the capacitances of 
the three electrodes for different values of oil 
permittivities, water permittivities and multiphase 
composition. The capacitances of the three electrodes 

for different combinations of permittivities 1ε  and 

compositions α , for 2ε = 80, are shown in Fig. 17 

using the logarithmic scale.  
 
 

 
 

Fig. 17. Capacitance for different composition  
and permittivities. 
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3.1. Numerical Analysis 
 
In this model, when a multiphase stream flows 

through the sensor, the capacitances mC1 , mC2
, mC3

 
are acquired. The capacitance of each electrode 

m
iC can be fed into a computer program that 

generates a matrix of all of the possible combinations 
of oil permittivity, water permittivity and 
composition that will produce the same capacitance 
value. In order to compare the intersection angles 
from the previous analytical models, only the top and 
the bottom electrodes will be considered in the first 
place, specifically the case when the water 

permittivity is constant, 2ε = 80 is considered. The 

intersection angles for different compositions are 
shown in Fig. 18, and the variation of the intersection 
angle as a function of the composition in Fig. 19. 
From these plots, we conclude that a similar set of 
characteristics to the analytical models was obtained 
and therefore our prototype model can be 
implemented for experimental evaluation. 

 
 

 
 

Fig. 18. Intersection angles in the plane ε1-α. 
 
 

 
 

Fig. 19. Intersection angles as a function of composition 
for different values of ε1. 

 
 

When the three electrodes are used, for each 
capacitance value, from each electrode, multiple 

combinations of oε , wε  and α  that generate the 

same capacitance can be plotted as a single surface. 

As a result, there will be three different surfaces, one 
for each electrode. Each one of these three surfaces 
intersects the other two surfaces at various locations, 
however, the three surfaces intersect at the same 
time, in only one point, the coordinates of that point 
represents the combination of parameters for the 
mixture that was flowing during the measurement. 

As a test, the capacitance values for a mixture of 

oε = 2.9, wε = 86 andα = 1 % were processed the 

way that was described before. As it was mentioned 
before, every point over the surface generated from 
each electrode, will have the same capacitance value, 
which corresponds to the input value. These surfaces 
are shown in Fig. 20. 

 
 

 
 

Fig. 20. Surfaces with the same capacitance. 
 
 

From the projected lines redrawn in Fig. 21, it can 
be seen that the intersection occurs for the values of 

oε = 2.9 and wε = 86. 

 
 

 
 

Fig. 21. Lines with the same composition  
from different electrodes. 

 
 

4. Experimental Verification  
 
A prototype sensor was built to validate our 

technique of composition measurement. The internal 
cone was made of PVC and the surface electrodes 
were created on top of the cone by using a low 
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resistance silver-based paint with the guard 
electrodes connected to the ground. The external wall 
of the sensor was made of aluminum and also 
connected to the ground (see Fig. 22). 

 
 

 
 

Fig. 22. Exposed parts of the sensor used  
in the experimental setup. 

 
 

The individual capacitances were measured by 
using a capacitance to frequency converter. A 
Hartley oscillator, in which the oscillating frequency 
depends on two coils in series and a capacitor was 
used, since this method is immune to the changes in 
the real part of the capacitor impedance. This circuit 
shown in Fig. 23 also allows each capacitor being 
grounded at one end. The analog sine wave output of 
all oscillators was amplified and converted into a 
square wave signal for further processing. 

In order to test the sensor prototype a two phase 
flow loop was constructed. This flow loop comprises 
a horizontal separator, two gear pumps, and a 
computer with two data acquisition cards: Eagle PC-
30D card used to control the flow loop and 

Advantech PSI-1780U used for frequency 
measurement. A simplified diagram of this flow loop 
is shown in Fig. 24. The complete calibration system 
is controlled by a program written in C language.  

 
 

 
 

Fig. 23. Hartley oscillator used  
in capacitance measurement. 

 
 

 
 

Fig. 24. Flow loop for sensor testing. 
 
 

The gear pumps' rotational speed proportional to 
the analog voltage provided by the computer is 
proportional to the pump flow rate. This system 
allows to prepare mixture of a predetermined flow 
fraction of oil and water and run it through the sensor 
under test, measure the response from the sensor and 
record it. This process can be repeated for different 
phase flow fractions of oil and water from 0 % to 
100 %, allowing the characterization of the sensor 
under a wide range of flow fractions in an  
automatic way. 

 
 

5. Preliminary Experimental Results 
 

The sensor was tested with flow mixtures from 10 
to 95 % of oil in water, in 5 % increments. At the 
current state we are unable to modulate the 
permittivity of the two phases and therefore only the 
capacitive sensing principle is validated here.  

The calibration cycle was repeated 10 times and 
the measured average capacitances are compared 
with the simulated FEM data in Fig. 25.  
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Fig. 25. Comparison of simulation and experimental 
capacitance values. 

 
 

We can observe a close fit between the theory and 
practice for oil fractions above 45 % while low oil 
fractions cause a significant characteristics 
discrepancy. We attribute this behavior to poor phase 
stratification. A separate FEM analysis was 
conducted on non-stratified multiphase flows in 
which the same percentage composition can cause 
two very different results depending largely on the 
continuous or base phase. The base phase which has 
the other phase dispersed within its volume behaves 
as a 'bridge' between the electrode-pair and thus 
significantly influences the resulting capacitance. 
Analysis of the flow turbulence was also attempted 
but no conclusive results were obtained. Currently 
the stratification is derived from the cyclone's intake 
flow speed (passive concept) and the level of 
separation is flow dependent. In our second prototype 
an active propeller based cyclone (turbo-cyclone) 
will be employed to remove the flow speed 
dependency and promote equal level of stratification 
at all concentration levels. In summary the capacitive 
sensor embedded in a hydro-cyclone provides a 
simple and robust technique to measure the interface 
depth between stratified phases and thus 
composition. This characteristic can also be utilized 
in phase separation where the less dense component 
(oil) is removed from the produced water via an 
overflow tube that conveniently passes through the 
center of the inner electrode stack. 

 
 

6. Conclusions 
 

A novel Cyclonic Capacitive Sensor for 
multiphase composition measurement is proposed. 
Two analytical models and a numerical FEM model 
were studied. All models demonstrated an increased 
level of robustness in the order of model 
presentation. The three electrode sensor prototype 
allows for the robustness accounts for drifts in 
individual the permittivity of both, the oil and water. 
This type of sensor doesn't require any flow 
homogenization or previous separation of the 
multiphase flow and the preliminary results show 

good repeatability for phase fractions in a range of 
45 %-100 % of oil fractions. A large deviation from 
the model data was noticed at low percentages of oil 
fractions though. This fact is attributed to an 
incomplete separation of oil and water inside the 
sensor. Further experimentation and flow 
visualization techniques will be developed to 
overcome the current deficiencies. Equivalently the 
robustness will be assessed in terms of drifting 
permittivities besides the good repeatability. Such 
self-calibration feature is highly attractive for the 
offshore oil&gas industry where sea-bed deployed 
equipment needs to work reliably over the entire 
duration of the production cycle. 
 
 

References 
 
[1]. Framo Multiphase Flow Meters PhaseWatcher Vx, 

Framo Engineering As, April 2003, pp. 1-12. 
[2]. Ian Atkinson, et al., A New Horizon in Multiphase 

Flow Measurement, Oilfield Review, Vol. 16, Issue 4, 
2004, pp. 52-63. 

[3]. Bruno G. Pinguet, et al.,. Fundamentals of 
Multiphase Metering, Schlumberger, 2010. 

[4]. Van der Linden, Capacitive Sensors: Design and 
Applications, Wiley-IEEE Press, 1996, pp. 133 (Ch. 
9.5 Water/Oil Mixture Probe). 

[5]. M. Sami A. Abouelwafa, E. John M. Kendall, The 
Use of Capacitance Sensors for Phase Percentage 
Determination in Multiphase Pipelines, IEEE 
Transactions on Instrumentation and Measurement, 
Vol. IM-29, No. 1, March 1980, pp. 24-29. 

[6]. Wael H. Ahmed, Basel I. Ismail, Innovative 
Techniques For Two-Phase Flow Measurements, 
Recent Patents on Electrical Engineering, Vol. 1, 
No. 1, 2008, pp. 1-13. 

[7]. Salah I., Al-Mously, Ahmed Y. Ahmed, The Use of a 
Coaxial Capacitor as a Capacitance Sensor for Phase 
Percentage Determination in Multiphase Pipelines, in 
Proceedings of the 10th Mediterranean 
Electrotechnical Conference (MELECON’2000), 
Vol. 2, 2000, pp. 742-745. 

[8]. Carlos Gomez, et al., Oil-Water Separation in 
Liquid-Liquid Hydrocyclones (LLHC)- Experiment 
and Modeling, in Proceedings of the SPE Annual 
Technical Conference and Exhibition, 2001,  
pp. 1-79.  

[9]. D. C. Meeker, Finite Element Method Magnetics, 
Version 4.2, User's Manual, October, 2010. 
http://www.femm.info 

[10]. Giorpmg Lu, et al., A New-type of Sensor for 
Monitoring Oil-Water Interface level and Oil Level, 
in Proceedings of the Ninth International Conference 
on Electronic Measurements & Instruments 
(ICEMI'09), 2009, pp. 981-983.  

[11]. Jakoby Bernhard, Vellekoop Michiel J., Physical 
sensors for water-in-oil emulsions, Sensors and 
Actuators A, Vol. 110, No. 1, 2004, pp. 28–32. 

[12]. Jakoby Bernhard, Liquid condition monitoring using 
physical sensors, in Proceedings of the International 
Conference Eurosensors XXV, Athens, Greece, 4-7 
September 2011, pp. 657–664. 

[13]. Leeungculsatien, T., Lucas G. P., Measurement of 
Velocity Profiles in Multiphase Flow using a Multi-
Electrode Electromagnetic Flow Meter, in 
Proceedings of the Computing and Engineering 



Sensors & Transducers, Vol. 191, Issue 8, August 2015, pp. 1-11 

 11

Researchers' Conference (CEARC’12), University of 
Huddersfield, 2012, pp. 31-37. 

[14]. Saetre C., et al., Tomographic multiphase flow 
measurement, Applied Radiation and Isotopes, 
Vol. 70, No. 7, 2012, pp. 1080-1084. 

[15]. de Lima Avila H., et al., Water Fraction 
Measurement Using a RF Resonant Cavity Sensor, in 
Proceedings of the 19th Symposium IMEKO TC 4 
Symposium and 17th IWADC Workshop Advances in 
Instrumentation and Sensors Interoperability, 
Barcelona, Spain, 18-19 July 2013, pp. 281-285.  

[16]. Hironori Watanabe, Hidesada Tamai, Takashi Satoh, 
Mitsuhiko Shibata, Toru Mitsutake, Development of 
Capacitance Void Fraction Measurement Method  
for BWR Test, in Flow Measurement, Gustavo 
Urquiza Beltrán and Laura L. Castro Gómez (Eds.), 
Ch. 4, InTech, 2012, pp. 95-106. 
http://www.intechopen.com/books/flow-
measurement/development-of-capacitance-void-
fraction-measurement-method-for-bwr-test. 

[17]. Cárdenas R., et al., Detection of Oil in Water and 
Water in Oil Emulsions Inside a Phase Separator 
Washing Tank, in Proceedings of the 16th IEEE 
Instrumentation and Measurement Technology 
Conference (IMTC’99), 1999, pp. 332-337.  

[18]. A. F. van den Heuvel, et al., Are Multiphase Flow 
Meters ready for calibration?, in Proceedings of the 
Milestones in Metrology, Venice, Italy, 2012. 

[19]. Meribout M., et al., Interface Layers Detection in Oil 
Field Tanks: A Critical Review, in Expert Systems 
for Human, Materials and Automation, Petrică 
Vizureanu (Ed.), InTech, 2011. 
http://www.intechopen.com/books/how-to-
link/expert-systems-for-human-materials-and-
automation 

[20]. Yang W., et al., Multiphase Flow Measurement by 
Electrical Capacitance Tomography, in Proceedings 
of the IEEE International Conference on Imaging 
Systems and Techniques (IST’11), 2011. 

[21]. R. Dang, D. Zhao, L. Li, G. Yin, The Flow 
Measurement of Multiphase Flow Based on the 
Conductance Sensor, Modern Instrumentation,  
Vol. 1, No. 4, 2012, pp. 35-40.  

[22]. Thorn R., et al., Three-phase flow measurement in 
the petroleum industry, Measurement Science and 
Technology, Vol. 24, 2013, 012003. 

[23]. Thiele S., et al., Capacitance Planar Array Sensor for 
Fast Multiphase Flow Imaging, IEEE Sensors 
Journal, Vol. 9, No. 5, May 2009, pp. 533-540. 

[24]. Meribout M., et al., A Multisensor Intelligent Device 
for Real-Time Multiphase Flow Metering in Oil 
Fields, IEEE Transactions on Instrumentation and 
Measurement, Vol. 59, No. 6, June 2010,  
pp. 1507-1519. 

[25]. Rocha M. S., Simoes-Moreira J. R., Void Fraction 
Measurement and Signal Analysis from Multiple-
Electrode Impedance Sensors, Heat Transfer 
Engineering, Vol. 29, Issue 11, 2008, pp. 924-935.  

[26]. Yingwei Li, et al., Energy Demodulation Algorithm 
for Flow Velocity Measurement of Oil-Gas-Water 
Three-Phase Flow, Mathematical Problems in 
Engineering, Vol. 2014, 2014, Article ID 705323.  

[27]. Tan Chao, et al., Mass Flow Rate Measurement of 
Oil-Water Two-Phase Flow by a Long-Waist Cone 
Meter, IEEE Transactions on Instrumentation and 
Measurement, Vol. 62, No. 10, October 2013,  
pp. 2795-2804. 

___________________ 
 

2015 Copyright ©, International Frequency Sensor Association (IFSA) Publishing, S. L. All rights reserved. 
(http://www.sensorsportal.com) 

 

 

http://www.sensorsportal.com/HTML/BOOKSTORE/Digital_Sensors.htm


Sensors & Transducers, Vol. 191, Issue 8, August 2015, pp. 12-20 

 12 

   
Sensors & Transducers

© 2015 by IFSA Publishing, S. L. 
http://www.sensorsportal.com 

 
 
 
 
 

Optimization Techniques for Miniaturized Integrated 
Electrochemical Sensors 

 
* Muhammad Mujeeb-U-Rahman, Axel Scherer 
California Institute of Technology, Pasadena, CA, 91125, USA 

* Tel.: + 1 6263956949 
* E-mail: mrahman@caltech.edu 

 
 

Received: 26 June 2015   /Accepted: 30 July 2015   /Published: 31 August 2015 
 
 
Abstract: Electrochemical sensors are integral components of various integrated sensing applications. In this 
work, we provide details of optimizing electrochemical sensors for CMOS compatible integrated designs at sub-
mm size scales. The focus is on optimization of electrode materials and geometry. We provide design details for 
both working electrode and reference electrode materials for hydrogen peroxide sensing applications which 
form the basis for many metabolic sensors. We also present results on geometrical variations in designing such 
sensors and demonstrate that such considerations are very relevant for optimizing the overall sensor 
performance. We also present results for such optimized sensors on actual CMOS platforms. The methods 
presented in this work can be adopted for countless applications of electrochemical sensing platforms. Copyright 
© 2015 IFSA Publishing, S. L. 
 
Keywords: Electrochemical, Sensors, Integrated, Reference Electrode, Geometry. 
 
 
 
1. Introduction 

 
Implantable electrochemical sensors have been 

attracting considerable interest owing to their 
integration with electronic circuitry required for truly 
wireless implants [1]. These sensors can provide 
selective and sensitive results in complex 
environments; in vivo environment being a very 
relevant example. For example, glucose sensors 
utilizing electrochemical techniques have been 
shown to work for long term implanted applications 
with potential for successful human applications [2]. 
However, these sensors have typically been part of 
large (cm scale) systems. It has been shown that 
miniaturizing the overall size of the implantable 
system can be very beneficial for minimizing the 
foreign body response to such implants [3]. The 
small size is advantageous in reducing the bio-

fouling problems associated with such implants since 
it leads to minimal disturbance in the body leading to 
minimal inflammation [4]. Hence, such miniaturized 
systems can provide accurate and long-term 
measurements of analyte in complex environments 
e.g. body fluids [5].  

As the sensors are made smaller and fully 
integrated; it becomes more and more challenging to 
achieve high sensitivity, stability, and longevity. 
However, these are the important requirements for 
real-world applications. Hence, this work is focused 
on optimizing the electrochemical sensors for small 
scale (near and sub mm) applications. The techniques 
presented here can be used for many other 
applications involving electrochemical cell designs.  

The signal processing circuitry for wireless 
sensors is mostly based upon Complementary Metal 
Oxide Field Effect Transistor (CMOS) technologies. 

http://www.sensorsportal.com/HTML/DIGEST/P_2702.htm

http://www.sensorsportal.com
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In most cases, sensors are designed on separate dies 
and are then integrated with signal processing 
circuitry using bonding/assembly techniques to 
realize fully functional devices [6-7]. This leads to 
difficulty in miniaturization, increase in cost, and 
decrease in overall system performance and 
reliability [8]. CMOS technology itself provides 
excellent control and processing functions with 
extremely small footprint and power requirements 
[9]. Hence, a completely integrated electrochemical 
sensor as part of the CMOS platform itself can 
provide extreme miniaturization and cost reduction. 
Hence, the miniaturized sensors in this work are 
designed to be completely integrated with the CMOS 
platform designed for wireless sensing. 

The top metal materials available in the CMOS 
process (e.g. Al, AlCu) are not suitable for 
electrochemical sensing for longevity and sensitivity 
for relevant analyte [10]. Hence, material 
optimization techniques have to be employed to 
create sensors with long term performance. 
Moreover, no rigorous design approach is available 
to design these sensors optimally at small size scales 
intended in this work. Typically, an empirical 
approach is used with some simple sensor geometries 
to provide large enough signal [10]. This approach 
can be suitable for some applications but is 
inefficient for optimization requirements of 
implantable miniaturized sensors.  

In the next sections, we present a methodological 
approach towards optimizing the design of a fully 
integrated electrochemical sensor on CMOS 
compatible substrates. We will start with the design 
criteria, and then provide methods of material 
optimization, fabrication and design optimization. 
Finally, we present results to demonstrate the 
effectiveness of our technique.  

 
 

2. Design Criteria 
 

The underlying design criteria for our sensor are 
sensitivity and longevity for metabolic sensing 
applications. Glucose sensing for diabetic patients is 
an important relevant example. The design 
constraints include sensor size, biocompatibility and 
non-toxicity of materials, and operation time. In our 
typical application, the sensor area is restricted to a 
500 μm by 500 μm square on a CMOS chip, due to 
other system level constraints. The sensor can be 
fabricated on the top metal layer having the circuit 
underneath. This allows for direct integration of the 
sensor with the CMOS circuitry without the need of 
any complex bonding mechanisms. This improves 
sensor reliability, minimizes system size and  
allows for microfabrication of the devices in a  
batch process. 

The electrochemical sensor consists of three 
electrodes forming a complete electrical circuit 
through an external readout mechanism (e.g. a 
current meter) [11]. The electrodes are Working 
Electrode (WE), Reference Electrode (RE) and 

Counter or Auxiliary Electrode (CE). For some 
designs, the CE and RE can be combined to result in 
a two electrode system. In this work, we focus our 
attention on three electrode designs because of the 
availability of a separate RE which can provide near-
nernstian stability, thus minimizing sensor response 
variations. This also allows to decouple the design of 
RE and CE which allows for more degrees of 
optimization [11]. An integrated 3-electrode based 
electrochemical sensor is depicted in Fig. 1. 
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Fig. 1. CMOS Integrated Electrochemical Sensor. 

 
 

For proper electrochemical operation, each of the 
sensor electrodes has to be designed for its particular 
role in the sensor application. For example, the 
sensing mechanism takes place on the WE. Hence, it 
needs to be properly designed and functionalized for 
sensing the analyte of interest. The CE is designed to 
complete the electrical circuit by allowing some 
electrochemical reaction which is equal but opposite 
to the reaction at the WE. The RE should be able to 
provide a near-nernstian behavior, hence always 
resulting in same reference potential in the same 
solution [11]. 

Optimization of sensor depends on material and 
geometry optimization. In terms of electrode 
materials, the WE should be extremely conductive 
and electroactive, even in thin films. The CE material 
should allow a wide set of reactions to balance the 
WE reaction current. The RE material should be inert 
and stable for long time [11]. In terms of geometry, 
the CE should be much larger than the WE to allow 
the WE reaction current to control the current in the 
readout circuit [11]. To minimize voltage drop 
through the solution, the RE should also be as close 
to the WE as possible [11]. RE should also be 
designed to have minimal effect on diffusion of 
species to the WE and CE.  

All of the above mentioned considerations have 
to be considered in designing integrated 
electrochemical sensors. In the next sections, we will 
describe the optimization procedure for both the 
material and the geometry of the sensors. 
 
 
3. Material Optimization 
 

Selection of the electrode material is very 
important for the sensor design. The electrode 
materials are required to be very conductive and 
chemically stable for small-scale operation at 
extended life-time. At the same time, these materials 
should be electroactive and biocompatible. Noble 
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metals such as Pt, Au, Ir and their alloys have many 
favorable properties in this regard [12].  

Both Au and Pt have been used for metabolic 
sensing applications [13]. For our applications, a test 
was conducted to verify the suitability of both metals 
for our applications. Hydrogen peroxide sensing 
forms the basis of many metabolic sensing 
applications involving oxidoreductase enzymes [14]. 
Hence, we used thin film (100 nm) planar electrodes, 
both of Pt and Au, for hydrogen peroxide sensing 
using Cyclic Voltammetry (CV) from 0 to 1 V vs. 
Ag/AgCl RE at scan rate of 0.01 V/seconds in high 
peroxide concentration (50 mM). It was found that 
thin film Pt (as well as bulk Pt electrode) can retain a 
stable interface for much longer time than Au 
(contrary to bulk Au electrode) during a continuous 
CV experiment in hydrogen peroxide solutions. High 
peroxide concentration (50 mM) was used for 
accelerated testing and to emulate possibly large 
peroxide builds up during sensor off time in real 
applications. The tests were repeated for multiple 
samples after different thin film fabrication methods 
(sputtering, ebeam) were used to fabricate the test 
samples. The results were similar for all cases.  

The films after CV are shown in Fig. 2. The 
interface where the electrodes were immersed in the 
peroxide solution is clearly evident for Au electrode 
due to corrosion. However, for Pt, the material stays 
intact and the sensor response over time doesn’t 
show any significant variations. This indicates that Pt 
thin films can endure this process much better than 
Au. For bulk electrodes, both Pt and Au showed 
sustainable performance. We believe that this is due 
to the formation of a surface layer of Au based 
materials (e.g. in oxidized states) which are porous 
and hence are not effective in stopping the  
process in thin films. This means that over long time 
and with peroxide accumulation, thin layers of  
Au can dissolve, hence reducing sensor lifetime  
and repeatability. 

 
 

 
(a) 

 
(b) 

 
Fig. 2. Effect of Peroxide testing on WE materials  

(a) Au, (b) Pt. 
 
 

The CV obtained during the electrode testing 
(Fig. 3) show a similar response where Au thin film 
(in contrast to Au thick film) electrodes ‘corrode’ in 
the solution (response dies down with time) while the 
Pt electrodes (both thick and thin film) don’t corrode 
an appreciable amount (response doesn’t die down).  

 
 

(a) Thin Film Pt Electrode 
 

 
 

(b) Thin Film Au Electrode 
 

Fig. 3. Voltamograms for Hydrogen Peroxide testing  
of electrode materials (a) Pt (b) Au. 

 
 

In blood or other complex fluids, both Au and Pt 
can be poisoned by chloride ions and many other 
species (e.g. amino acids) due to surface adsorption. 
However, nanopatterned Pt has shown to have high 
stability against these blood agents [15]. Nonetheless, 
since these sensors are not used in direct contact with 
blood, but in interstitial fluid, this is a less critical 
problem [16]. For applications in blood, sensor 
electrodes will have to be coated with special 
materials for filtering (e.g. Nafion) [17].  

Reference electrodes also play a critical role 
during electrochemical sensor operation. There are 
many different reference electrode materials which 
can provide stable voltage readings in solution to 
form stable and repeatable potential differences 
between electrodes for proper sensor operation [18]. 
For solid-state integrated operation, the Ag/AgCl 
electrode is a suitable option, especially since the 
Chloride ion concentration in body stays relatively 
consistent [18]. We fabricated such electrodes by 
depositing a thin film of Ag on the RE and using 
low-power chlorine plasma to convert the top layer in 
AgCl. SEM imaging of these layers confirmed the 
formation of crystalline structure which is a good 
indicator for AgCl formation. The resulting layers are 
shown in Fig. 4. 

Although, the Ag/AgCl electrode can provide 
very stable performance, its formation needs extra 
fabrication steps and introduces a different material 
in the fabrication process. Also, formation of AgCl is 
a special process due to the surface conditioning 
requirements of the Ag electrodes.  
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(a) Ag 
 

(b) AgCl 
 

Fig. 4. SEM of Sensor Electrodes. 
 
 

As Pt is already used for the other sensor 
electrodes, use of Pt based reference electrode can 
make the fabrication process much simpler and 
reliable. For the small scale sensors with reasonably 
small currents; Pt electrodes can act as quasi-
reference electrodes. For amperometric 
measurements, such small variations of reference 
electrode are not a significant problem. Hence, bare 
noble metal (e.g. Pt) electrode can itself be used as a 
RE for some applications [18]. 

Since Pt interface potential is sensitive to pH and 
peroxide interference, it can’t provide an extremely 
stable reference potential required for some 
applications. However, it has been shown that some 
noble metals covered with their oxide also act as 
pseudo-reference electrodes (e.g. Pd/PdOx, Ir/IrOx) 
[18]. Hence, coating Pt with a suitable insulating 
layer can perform as a stable RE. For example, a 
somewhat inert layer of surface oxide can be used to 
make a Pt/PtOx RE. Such Pt based reference 
electrodes can also be used in harsh environments for 
longer durations compared to Ag/AgCl based 
electrodes. Since Pt is a noble and very inert 
material, it is not easy to oxidize it even with strong 
oxidizers such as hydrogen peroxide. In this work, Pt 
oxidation was attempted using strong oxygen plasma 
as well as using strong acidic oxidizing agents (like 
sulfuric acid) at elevated electrochemical potentials. 
Oxygen Plasma exposure in Reactive Ion Etching 
systems showed some oxidizing effects on the Pt 
surface and the electron diffraction studies showed 
some Oxygen as part of the film. The films were 
heated for long time to release any oxygen physically 
adsorbed on the surface prior to such testing. 
However, it is difficult to confirm the chemical 
nature of such thin films reliably. Nonetheless, the 
resulting RE resulted in higher electrochemical 
stability suggesting that the film had become a better 
reference electrode material than bare Pt. SEM’s of 
the films are shown in the Fig. 5. 

 
 

4. Geometrical Optimization 
 

To fulfill the sensor design constraints, some of 
geometrical optimization procedure is required. For 
large scale (macro) devices, this is not very 
significant, although still relevant, since adequate 
performance can be achieved using many different 
types of geometries.  

However for small scale devices it is very 
important to study all the factors that can affect 
sensor performance. In this work, the designs were 
mainly based upon rectangular elements as the 
CMOS process layouts only allow rectangular 
designs. There are different possible designs that can 
fit within the allowed sensor region (a 500 um by 
500 um rectangle). A combination of Finite Element 
Modeling (using COMSOL) and experimental 
verification was used to converge to the best possible 
sensor design. Some chosen designs (named by 
alphabets) are shown in Fig. 6. Here, the WE and CE 
material is Pt and the RE material is Ag  
(before Chlorination). 

 
 

 
(a) Pt 

 
(b) PtOx 

 
Fig. 5. SEM of Pt based RE materials. 

 
 

  

 
Fig. 6. Integrated Sensor Geometries. 

 
 

The designs were tested experimentally to 
compare their performance to choose the best design. 
Deductions can be made from the best design to 
formulate the criterion for the optimized geometry as 
a starting point for other applications. 
 
 
5. Fabrication 
 

Sensors were fabricated on different CMOS 
compatible substrates (insulated Si, glass, CMOS 
dies). Sensors on insulated Si were used for 
prototyping to be able to optimize the designs 

N A 

K Z 
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without the need of multiple CMOS runs. For 
CMOS, the top metal pad openings were used to 
define the electrode shapes for sensor design. 
Photolithography was used for defining electrode 
patters on the different substrates. This was followed 
by evaporation of 10/100 nm of Ti/Pt layer and 
solvent liftoff. Another lithography step was used to 
define the RE, followed by evaporation of 200 nm of 
Ag followed by solvent liftoff. A low-power 
(10 mW) Chlorine Plasma in a Unaxis RIE system 
was used to form a thin layer of AgCl on top of the 
Ag film. A typical resulting sensor is shown in 
Fig. 7. In this case, the WE and CE are covered by Pt 
and the RE is covered by Ag/AgCl.  

 
 

 
 

Fig. 7. Integrated Electrochemical Sensor. 
 
 

6. Cleaning 
 

The sensors were thoroughly rinsed with DI water 
before testing. Then, the sensors were connected to a 
CHI 7051D Potentiostat to be cleaned 
electrochemically before any further 
functionalization and testing. Cyclic Voltammetry 
scans were performed between -0.3 V to 1 V vs. 
Ag/AgCl electrode in dilute sulfuric acid solution 
(0.01M) until stable results were obtained [19]. This 
ensured that the exposed surfaces are 
electrochemically clean and reproducible. 

 
 

7. Testing and Results 
 

The prototype sensors were connected to a CH 
Instruments 7051D Potentiostat to make 
measurements. The sensing part was immersed in a 
solution inside a test beaker. The solution was spiked 
with different concentrations of test samples and the 
electrochemical data was measured (using different 
techniques including cyclic voltammetry, 
chronoamperometry, impedance spectroscopy, 
constant potential electrolysis and impedance-
potential curves). For some experiments, this was 
done on a hot plate to get measurements at body 
temperature (37oC). Phosphate Buffered Saline (PBS, 
pH=7.4) solution was used as background solution.  

Each sensor design was fabricated with both a Pt 
RE and Ag/AgCl RE as shown in Fig. 8. 

 
(a) 

 
(b) 

 
Fig. 8. (a) Design M w/Ag/AgCl RE  

(b) Design M w/Pt RE. 
 
 
The stability of the RE was tested first by 

measuring its potential relative to a commercial 
stable RE, which in our case was Ag/AgCl RE from 
CH instruments. Secondly, Cyclic Voltammetric 
measurements were performed using sensors 
utilizing either the Ag/AgCl RE or the Pt RE. Results 
indicated that Ag/AgCl RE proved more stable than 
Pt RE especially at higher reference potentials as 
seen in Fig. 9. This is due to interference from 
species reacting with Pt at such potentials, most 
notably hydrogen peroxide. However, it also shows 
that a Pt RE can still be used for less sensitive 
applications. Although, bare Ag showed a pretty 
stable response, peroxide interference had some 
effect on it. The formation of AgCl layer on top 
makes it more independent of conditions in test fluid. 
Also, since the chloride ion concentration in body 
remains pretty constant, the Ag/AgCl RE can be used 
without any special concentrated coatings (e.g. 
saturated KCl). After Chlorination, AgCl became 
quite stable and peroxide did not have any 
appreciable effect on it. Bare Pt showed more issues 
regarding stability and peroxide interference. 
Oxidation (PtOx) proved to increase stability and 
decrease peroxide interference effects as expected. 

The results from the RE tests are summarized in 
Table 1. These results indicate that altough the 
Ag/AgCl electrode is quite stable, the ‘Pt/PtOx’ 
electrode can be suitable for many applications where 
small voltage perturbations can be tolerated. 

The sensor geoemtries can be compared based 
upon their perforamcne for appropraite sensing 
applications. Hence, the geometries were compared 
using hydrogen peroxide testing to determine their 
sensitivity as it is the underlying sensing mechanism 
for most metabolic sensors employing oxidoredutace 
enzymes [14]. For a typical peroxide sensor, results 
of ameprometric experiments at 0.6 V cell potential 
(vs. Ag/AgCl RE) are shown in Fig. 10. 

Comaprison of different geometries for sensor 
response was performed using such experiments. 
Both Ag/AgCl RE and Pt RE based geometris were 
compared.The comparison of maximum sensor 
currents at 0.6 V potential between WE and RE 
(Ag/AgCl or Pt) using amperometry is shown  
in Fig. 11.  

 
 

CE 

WERE 
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Fig. 9. Comparison between integrated RE Materials. 
 
 

Table 1. Comparison of RE materials. 
 

Electrode 
Material 

Temporal Stability 
(voltage change) 

Peroxide 
Interference 

(voltage 
change) 

Ag 15 mV 120 mV 
Pt 30 mV 60 mV 

Ag/AgCl 5 mV 3 mV 
Pt/PtOx 20 mV 10 mV 

 
 

The sensors were tested using other methods as 
well to confirm these indings. Spectroscopic 

techniques including Electrochecmail Impedance 
spectroscopy and cell potential spectroscopy are very 
useful means for such confirmation [20]. These 
methods were used to confirm the results obtained 
using amerometric and voltammetric measurements 
as noted before. For the EIS experiments using the 
commerica Potentiostat, signal frequency was swept 
from 100 kHz to 0.1 mHz at a bias of 50 mV.  

 
 

 
 

Fig. 10. Hydrogen Peroxide Sensing using  
integrated Sensors. 
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Fig. 11. Comparison of Sensor Geometries for Hydrogen 
Peroxide Sensing (a) Ag/AgCl RE (b) Pt RE. 

 
 

The arrow indicates the direction of increasing 
frequency on the Nyquist plots. The results 
confirmed the same trend in electrochemical 
properties as shown in Fig. 12 (PBS) and Fig. 13 
(10 mM Peroxide). 
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Fig. 12. Electrochemical Impedance of sensor geometries 

in PBS. 
 
 

 
 

Fig. 13. Electrochemical Impedance of sensor geometries 
in 10 mM Peroxide. 

 
 

The geoemtry with WE closest to both the CE 
and RE minimizes electrochemcial impedance. This 
can be due to the easier diffusion of species between 
WE and CE during redox reactions. Also, sensors 
with Pt based RE provide more current than Ag/AgCl 
based RE. It is possible due to the thin nature of Pt 
RE compared to the Ag/AgCl RE as well as by some 
leakage currents in the Pt RE. This is also possibly 
due to the higher effective cell potential when  
Pt RE is used compared to the Ag/AgCl RE. This can 
be noted by the open circuit potential between  
the Pt electrode and the Ag/AgCl RE, as depicted 
earlier in Fig. 9. 

Electrochemical Impedance spectroscopy results 
also demonstrated that the Pt RE based sensors have 
lower electrochemical impedance compared to the 
same geometry with Ag/AgCl RE. The same cell 
potential was used for both Pt and Ag/AgCl 
electrodes. This is in accordance with earlier results 
where Pt RE based sensors resulted in more current 
than Ag/AgCl RE based sensors. This is further 
illustrated by results shown in Fig. 14. 

For the CMOS devices, amperometric tests were 
performed at 0.6 V vs. Pt RE to test the validity of 
results obtained using prototype devices. In this case, 
lower peroxide concentration was used to avoid 
damage to the underlying Al electrodes. Both 
Ag/AgCl and Pt were used as reference electrodes. 
The sensors were wire bonded to a chip carrier which 
was mounted on a PCB. The PCB was used to 
connect the sensor to an external Potentiostat (CHI 

7051D). Small droplets were used to measure the 
response of CMOS sensors to PBS and peroxide 
solutions. The results for Pt RE based sensors are 
shown in Fig. 15.  
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Fig. 14. Electrochemical Impedance of sensor  

with Ag/AgCl RE versus Pt RE. 
 
 

 
 

Fig. 15. Electrochemical response of CMOS sensors. 
 
 
These results followed the same trend in sensor 

response as the prototype sensors. Again, Sensor N 
with concentric rectangles demonstrated highest 
sensitivity. The sensor electrodes didn’t show any 
degradation over multiple tests done over few days 
for the peroxide concentrations used in this work. 
The sensors were tested after few weeks and 
demonstrated similar response, demonstrating the 
longevity of the solid state sensor interface.  

These results indicate that a sensor design with 
more peripheral area minimizes the impedance 
between sensor electrodes and hence results in 
smaller overall impedance and higher signal. Also, 
the WE size can be increased at the expense of the 
RE as it results in better overall response 
(demonstrated by a comparison between design Z 
and design N).  

To test the sensor performance for metabolic 
applications, these were functionalized using serum 
Albumin from Bovine and Glutaraldehyde as 
crosslinking agents for Glucose oxidase 
immobilization [21]. Glucose was sensed 
successfully using these functionalized sensors at 
0.6 V vs. Pt RE. The sensors for glucose sensing 
followed the same trend as for peroxide sensing as 
the fundamental sensing process for glucose sensing 
is sensing the peroxide from enzymatic reactions 
happening on the functionalized electrodes. A typical 
response is shown in Fig. 16. In this case, the  
sensor response was tested in the physiological range 
(2-20 mM) of Glucose in PBS.  
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Fig. 16. Glucose sensing using integrated sensors. 

 
 

This demonstrated that the electrode material and 
sensor design can be optimized to result in desired 
response of high output current (100’s of nA) with 
the desired small footprint and in completely 
integrated form. These design techniques can be used 
for completely wireless and integrated systems to 
achieve high performance for real world applications 
[22]. 

It is important to emphasize that further 
enhancements are possible using high surface area 
electrodes rather than simple planar electrodes. Such 
electrodes can also be fabricated using CMOS 
compatible fabrication techniques [23]. This allows 
for further miniaturization of the sensor which can 
allow for size reduction in overall system. 
Alternatively, this can be used for sensing multiple 
analyte using multiple WE within the same sensor.  

 
 

8. Conclusions 
 

In this work, we demonstrated that miniaturized 
(sub-mm) electrochemical sensors can provide 
adequate performance suitable for integration on 
CMOS compatible substrates. We showed that 
design optimization (materials and geometry) can 
improve the performance of these sensors by 
manifolds. When operating at small size scale, such 
enhancements can be crucial as the overall current is 
quite small otherwise and noise effects can be quite 
challenging. We also demonstrated that at this small 
size scale, simple noble metals (e.g. Pt) based 
electrodes can be used as suitable reference electrode 
materials. This can eliminate the need of special 
materials (e.g. Ag) and special processing  
(e.g. Chlorination), thus simplifying overall 
fabrication process and reducing cost. Furthermore, 
we verified the operation of these sensors on actual 
CMOS substrates, using both hydrogen peroxide and 
glucose sensing examples. The results indicated that 
we can indeed get performance enhancement  
using geometrical optimization techniques described 
in this work. 

 

Acknowledgments 
 

The authors would like to thank Sanofi Aventis 
for providing financial support for this work under 
the grant #D09/4502653189. Authors would also like 
to thank the Kavli Nanoscience Institute (KNI) at 
Caltech for providing the fabrication facilities for  
this work. 
 
 

References 
 
[1]. Dorothee Grieshaber, et al., Electrochemical 

Biosensors-Sensor Principles and Architectures, 
Sensors, Vol. 8, No. 3, 2008, pp. 1400-1458.  

[2]. D. A. Gough, et al., Function of an Implanted Tissue 
Glucose Sensor for More than 1 Year in Animals, 
Science Translational Medicine, Vol. 2, No. 42, 
2010, pp. 1-8.  

[3]. W. K. Ward, et al., The effect of microgeometry, 
implant thickness and polyurethane chemistry on the 
foreign body response to subcutaneous implants, 
Biomaterials, Vol. 23, 2002, pp. 4185-4192.  

[4]. W. K. Ward, A review of the foreign-body response 
to subcutaneously-implanted devices: the role of 
macrophages and cytokines in biofouling and 
fibrosis, Journal of Diabetes Science and 
Technology, Vol. 2, No. 5, 2008, pp. 768-777.  

[5]. Yoshinori Onuki, et al., A Review of the 
Biocompatibility of Implantable Devices: Current 
Challenges to Overcome Foreign Body Response, 
Journal of Diabetes Science and Technology, Vol. 2, 
No. 6, 2008, pp. 1003-1015. 

[6]. Mohammad Mahdi Ahmadi, Graham A. Jullien, A 
Wireless-Implantable Microsystem for Continuous 
Blood Glucose Monitoring, IEEE Transactions on 
Biomedical Circuits And Systems, Vol. 3, No. 3, June 
2009, pp. 169-180. 

[7]. Yu-Te Liao, et al., A 3µW CMOS Glucose Sensor 
for Wireless Contact-Lens Tear Glucose Monitoring, 
IEEE Journal of Solid-State Circuits, Vol. 47, No. 3, 
January 2012, pp. 335-344. 

[8]. Megan C. Frost, Mark E. Meyerhoff, Implantable 
chemical sensors for real-time clinical monitoring: 
progress and challenges, Current Opinion in 
Chemical Biology, Vol. 6, No. 5, 2002, pp. 633-641.  

[9]. Behzad Razavi, CMOS Analog Integrated circuits, 
Mcgraw-Hill, 2001. 

[10]. Chang Ming Li, et al., Implantable Electrochemical 
Sensors for Biomedical and Clinical Applications: 
Progress, Problems, and Future Possibilities, Curr 
Med Chem., Vol. 14, No. 8, 2007, pp. 937-951. 

[11]. Allen J. Bard, Larry R. Faulkner, Electrochemical 
Methods. Fundamentals and Applications, 2nd ed., 
John Wiley&Sons, Inc., 2001. 

[12]. Hankil Boo Sejin Park, Taek Dong Chung, 
Electrochemical non-enzymatic glucose sensors, 
Analytica Chimica Acta, Vol. 556, No. 1, 2006,  
pp. 46-57.  

[13]. Joseph Wang, Electrochemical Glucose Biosensors, 
Chemical Reviews, Vol. 108, No. 2, 2008,  
pp. 814-825.  

[14]. Katsuhiro Kojima Stefano Ferri, Koji Sode, Review 
of Glucose Oxidases and Glucose Dehydrogenases: 
A Bird’s Eye View of Glucose Sensing Enzymes, 
Journal of Diabetes Science and Technology, Vol. 5, 
No. 5, 2011, pp. 1068-1076. 



Sensors & Transducers, Vol. 191, Issue 8, August 2015, pp. 12-20 

 20 

[15]. Geng-Huang Wu, et al., Non-enzymatic 
electrochemical glucose sensor based on platinum 
nanoflowers supported on graphene oxide, Talanta, 
Vol. 105, 2013, pp. 379-385.  

[16]. Paolo Rossetti, et al., Estimating Plasma Glucose 
from Interstitial Glucose: The Issue of Calibration 
Algorithms in Commercial Continuous Glucose 
Monitoring Devices, Sensors, Vol. 10, No. 12, 2010,  
pp. 10936-10952.  

[17]. Izabela Galeska, et al., Calcification-Resistant 
Nafion/Fe3+ Assemblies for Implantable Biosensors, 
Biomacromolecules, Vol. 1, 2000, pp. 202-207.  

[18]. M. Waleed Shinwari, et al., Microfabricated 
Reference Electrodes and their Biosensing 
Applications, Sensors, Vol. 10, No. 3, 2010,  
pp. 1679-1715.  

[19]. Santhisagar Vaddiraju, et al., Design and Fabrication 
of a High-Performance Electrochemical Glucose 
Sensor, Journal of Diabetes Science and Technology, 
Vol. 5, September 2011, pp. 1044-1051. 

[20]. S. M. Park, J. S. Yoo, Electrochemical impedance 
spectroscopy for better electrochemical 
measurements, Analytical Chemistry, Vol. 75, 2003, 
pp. 455A-461A.  

[21]. Immobilization of Enzymes and Cells, Ed. by 
Gordon F. Bickerstaff, Methods in Biotechnology, 
Vol. 1, Humana Press Inc., New Jersey, 1997,  
pp.1-11. 

[22]. Muhammad Mujeeb-U-Rahman, Axel Scherer 
Meisam Honarvar Nazari, An Implantable 
Continuous Glucose Monitoring Microsystem in 
0.18 µm CMOS, in Proceedings of the VLSI 
Syposium on VLSI Circuits Digest of Technical 

Papers, Honolulu, Hawaii, USA, June 2014, pp. 1-2. 
[23]. Muhammad Mujeeb-U-Rahman, et al., Micro/Nano 

Patterned Integrated Electrochemical Sensors for 
Implantable Applications, in Proceedings of the 
Nanotech'13, Washington DC, USA, 2013. 

___________________ 
 

2015 Copyright ©, International Frequency Sensor Association (IFSA) Publishing, S. L. All rights reserved. 
(http://www.sensorsportal.com) 
 
 
 
 
 

 

http://www.sensorsportal.com/HTML/BOOKSTORE/Advance_in_Sensors_Vol_2.htm


Sensors & Transducers, Vol. 191, Issue 8, August 2015, pp. 21-27 

 21

   
Sensors & Transducers

© 2015 by IFSA Publishing, S. L. 
http://www.sensorsportal.com   

 
 
 
 

Optical and Electrical Properties of Copper Oxide  
Thin Films Synthesized by Spray Pyrolysis Technique 

 
1 S. S. Roy, 2 A. H Bhuiyan, 2 J. Podder 

1 Department of Physics, Dwarika Paul Mohila Degree College, Sreemongal-3210 
2 Department of Physics, Bangladesh University of Engineering and Technology,  

Dhaka-1000, Bangladesh 
Tel.: 88-01711983489 

E-mail: ssroy2008@yahoo.com 
 
 

Received: 14 July 2015   /Accepted: 17 August 2015   /Published: 31 August 2015 
 
 
Abstract: Copper oxide (CuO) thin films have been synthesized on to glass substrates at different temperatures 
in the range 250-450 °C by spray pyrolysis technique from aqueous solution using cupric acetate 
Cu(CH3COO)2H2O as a precursor. The structure of the deposited CuO thin films characterized by X-ray 
diffraction, the surface morphology was observed by a scanning electron microscope, the presence of elements 
was detected by energy dispersive X-ray analysis, the optical transmission spectra was recorded by ultraviolet-
visible spectroscopy and electrical resistivity was studied by Van-der Pauw method. All the CuO thin films, 
irrespective of growth temperature, showed a monoclinic structure with the main CuO (111) orientation, and the 
crystallite size was about 8.4784 Å for the thin film synthesized at 350 °C. The optical transmission of the as-
deposited film is found to decrease with the increase of substrate temperature, the optical band gap of the thin 
films varies from 1.90 to 1.60 eV and the room temperature electrical resistivity varies from 30 to18 Ohmcm 
for the films grown at different substrate temperatures. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Spray pyrolysis, CuO, Band gap, Substrate temperature. 
 

 
 

1. Introduction 
 
Copper oxide (CuO) thin film has been reported 

to exhibit p-type conduction and shows a band gap of 
1.64 and it is a monoclinic crystal structure with 
lattice parameters a = 4.6837 Å, b = 3.4226 Å,  
c = 5.1288 Å and β = 99.54o [1-3]. CuO, an important 
transition metal oxide semiconductor has been 
extensively studied for a number of applications like 
gas sensors [4-6], solar cells [7-8], lithium ion 
electrode [9], etc. Thermal preparation methods result 
in resistivities in the range 102-104 Ω-cm and electro-
deposition produces films with resistivities in the 
range 104-106 Ω-cm. [10-11]. There are various 
established ways of fabricating CuO thin films like 
spray pyrolysis technique (SPT) [9], radio frequency 
magnetron sputtering [12], spin coating [13], dip 

coating [14], SILAR [15], thermal evaporation [16], 
ctc. SPT is simple, fast, inexpensive, vacuum less 
process and is suitable for mass production among all 
of these. So, the aim is to grow CuO thin film by SPT 
and to study the effect of the subtrate temperature 
(Ts) on the physical and chemical properties of CuO 
thin films.  

 
 

2. Experimental Details 
 

CuO thin films have been synthesized by SPT 
using 0.10 mole of cupric acetate 
(Cu(CH3COO)2H2O) which was dissolved in de-
ionized 90 ml water and 10 ml ethanol. The distance 
between substrate to spray nozzle was 25 cm and air 
pressure was 1 bar. The solution was sprayed onto 
the ultrasonically cleaned glass substrates heated at 

http://www.sensorsportal.com/HTML/DIGEST/P_2703.htm
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five different Ts, namely 250, 300, 350, 400 and 
450°C. The Ts was recorded using a Cromel-alumal 
thermocouple. The flow rate of the solution during 
spraying was adjusted at about 1 ml/min and was 
kept constant throughout the experiment and the 
spray time was 5 min.  

The possible chemical reaction that takes  
place on the heated substrate to produce  

CuO thin film when the droplets of the solution 
reached the heated substrate, chemical reaction of the 
copper acetate water solution takes place under 
stimulated temperature as shown below and provides 
the formation of CuO film. Thickness of the  
thin films was determined by Fizeau fringe 
interferometric method.  

 
  OHCOOCHCHCuOOHOHCHCHOHCOOCHCu Heat

233223223 22.)(  
 

The surface morphology of the films was 
examined by a HITACHI S-3400N model scanning 
electron microscope (SEM), the elemental analysis 
was performed by an electron dispersive 
spectrometer attached to the SEM, X-ray diffraction 
(XRD) patterns were recorded by a Philips  
PW3040 X’Pert PRO X-ray diffractometer. The 
optical transmission spectra for as-deposited thin 
films were obtained in the ultraviolet UV-visible 
(UV-visible) and near infrared regions  
(300-1100 nm) using a UV-VIS spectrophotometer 
(Model: 1201V, Shimazdu). The observed 
transmittance data were recorded using an identical 
uncoated glass substrate as reference. The electrical 
property of the samples was determined in air by 
Van-der Pauw method.  
 
 

3. Results and Discussion 
 

3.1. X-ray Diffraction Analysis 
 

XRD patterns for CuO thin films synthesized at 
different Ts viz, 250, 350, and 450°C are shown in 
Fig. 1. The diffraction peaks observed at 2θ values of 
32.2, 35.5, 38.3, 39.1, 48.85 and 52.7 correspond to 
the diffraction lines produced by (110), (002), (111), 
(200), (-202), and (020) planes of the end-centered 
monoclinic structured CuO (JCPDS card  
No. 89-5895). Crystallite size of the prepared CuO 
thin film was determined from the strongest peak of 
(111) for every XRD pattern using Scherrer formula. 
The (111) surface of CuO thin film is energetically 
the most stable and the predominant crystal face 
found in polycrystalline samples. It is observed from 
Fig. 1 that the diffraction peak positions are identical 

for all the CuO thin films, obtained at different Ts, 
indicating the formation of monoclinic phase CuO in 
all the cases. Although (111) and (200) reflections are 
present, no other phases are present for Cu2O. The 
lattice constants of the CuO thin films are found to 
be: a = 4.6749 Å, b = 3.4536 Å and c = 5.1207 Å, 
and are in good agreement with the standard JCPDS 
data for monoclinic structured CuO. It is observed in 
the XRD patterns that the intensity of the peaks 
increases. For peak (111) the calculated values of  
the crystallite size for the CuO thin films are 
presented in Table 1.  

 
 

Table 1. Crystallite size for the CuO thin films  
at various Ts. 

 
Ts 250 °C 300 °C 350 °C 400 °C 450 °C 

Crystallite 
size in Å 

8.4784 9.0257 9.5743 9.6545 9.6223 

 
 

It is seen in the Table 1 the crystallite size 
increases with Ts up about 400 oC and then to 
decrease. For CuO there are many dangling bonds 
related to the copper and/or oxygen defects at the 
grain boundaries. As a result, these defects are 
favorable to the merging process to form larger CuO 
grains while increasing Ts. It implies that the 
crystallinity of the CuO thin films is improved at 
higher Ts. This may be due to gaining enough energy 
by the crystallites to orient in proper equilibrium sites 
at high Ts, resulting in the improvement of 
crystallinity and degree of orientation of the CuO thin 
films [16-18].  

 

30 35 40 45 50 55 60
0

10

20

30

40

50

60

70

80

(0
 2

 0
)(-
2 

0 
2)

(2
 0

 0
 )

(1
 1

 1
)

(0
 0

 2
)

(1
 1

 0
)

In
te

n
si

ty

2

2500 C

 30 35 40 45 50 55 60
0

10

20

30

40

50

60

70

80

(0
 2

 0
)

(-
2 

0 
2)

(2
 0

 0
 )

(1
 1

 1
)

(0
 0

 2
)

(1
 1

 0
)

In
te

ns
ity

2

3500 C

30 35 40 45 50 55 60
0

10

20

30

40

50

60

70

80

(0
 2

 0
)

(-
2 

0 
2)

(2
 0

 0
)

(1
 1

 1
)

(0
 0

 2
)

(1
 1

 0
)

In
te

n
si

ty

2

4500 C

 
Fig. 1. XRD patterns of CuO thin film synthesized at various Ts. 
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3.2. Elemental and Surface Morphological 
Analysis 

 
Fig. 2 shows EDX spectra of CuO thin film 

prepared at Ts = 350°C. The EDX analysis revealed 
the presence of copper (Cu) and oxygen (O) and 
other elements from the glass substrates which 
confirm that the CuO thin films prepared through the 
chemical oxidation route are free from impurities. 
The atomic ratio between Cu and O was found to be 
2:1. This implies that the prepared samples are made 
up of Cu and O. A careful analysis of XRD and EDX 
results reveal that the EDX signals coming from the 
glass substrate are solely responsible for the excess 
Si atomic percentage observed through the EDX 
analysis. Hence, it is confirmed that phase pure CuO 
is only formed through this facile solution phase 
chemical oxidation route by SPT. 

 
 

 
 

Fig. 2. EDX spectra of CuO thin films at Ts 350 ºC. 
 
 

SEM images were recorded to examine the 
surface morphology of the as deposited CuO thin 
films and the images are shown in Fig. 3 (a, b, c). 
The as-deposited films have islands of different sizes 
and shapes, and their distribution on the surface is 
not homogeneous. These could be the result of the 
chemical reaction during the deposition. SEM 
micrographs reveal the formation of particles with 
different shapes and sizes, it seems appropriate to 
consider that the particles which appear in SEM 
images are, in fact, grain agglomerates. 

 
 

3.3. Optical Properties  
 

3.3.1. Transmittance and Optical Band Gap 
 

The optical property of as-deposited CuO thin 
films deposited at various Ts were investigated by 
means of the transmission spectra recorded shown in 
Fig. 4 at various Ts. It is seen that the transmittance is 
high in the visible and near infrared regions and 
minimum at wavelength ~ 300 nm. An average 60 to 
80 % transmittance is observed in the wavelength 
range of 800-1100 nm and below 800 nm 
transmittance decreases gradually. The transmittance 
increases from 5 to 10 % with Ts, and shows the 

highest transmittance of about 80 % for the thin films 
grown at Ts = 350 °C. The increase in transmittance 
may be due to the transition of the CuO films from 
amorphous to polycrystalline structure. 

 
 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

Fig. 3. SEM image of CuO thin films at Ts  
(a) 250 ºC, (b) 350 ºC and (c) 400 ºC. 
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Fig. 4. Optical transmittance vs. wavelength of CuO  
thin films at various Ts. 

 
 

A relatively high transmittance value for the thin 
film deposited at 350 °C may be attributed to less 
scattering due to the decrease in the degree of 
irregularity in the grain size distribution [19]. The 
transmittance values are decreased for the next  
higher Ts. This suggests that the decrease in the 
transmittance of CuO thin films with increasing in Ts 
may lead to increase in the degenerate (metallic) 
nature of the films, which results in light absorption. 
The optical band gap for the direct band gap 
semiconductors is determined using the Tauc model 
and parabolic bands [20], (αhν)2 = A(hν-Eg), where A 
is a proportionality constant, hν is the incident 
photon energy, α is the absorption coefficient, and Eg 
is the optical band gap. Fig. 5 shows the absorption 
coefficient squared (αhν)2 as a function of, hν for the 
CuO thin films deposited at various Ts.  
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Fig. 5. Variation of (αhυ) with (hυ) for CuO  
thin films at various Ts. 

 
 

The α was found in the order of 106 m-1 which 
may be suitable for a transparent conducting film. 
The Eg of the CuO thin films is plotted in Fig. 6. It is 
seen in Fig. 7 that for the CuO thin films deposited at 
Ts = 250 °C the optical band gap is found to be 
1.90 eV and then a minimum value 1.60 eV is found 

for sample obtained at 350 °C. It can be seen that a 
band gap tuning of 0.30 eV occurs when the Ts is 
changed by about 100 °C. The value of the α and Eg 
decrease as the Ts increases gradually up to 350 °C 
where it starts to increase with further increasing of 
Ts. It may be due to the removal of defects  
and disorderness in the as-deposited film by 
increasing Ts.  
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Fig. 6. Variation of extinction coefficient  
with hυ at various Ts. 
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Fig. 7. Variation of band gap and refractive index  
with Ts. 

 
 

3.3.2. Refractive Index and Extinction 
Coefficient 

 

The variations of refractive index, n for CuO thin 
films increases with Ts, as seen in Fig. 7. The n of 
CuO thin film have been obtained 2.72 at Ts of  
250 °C and it become lowest 2.52 at Ts 350 °C, This 
value is very close to the reported values 2.65 of 
CuO thin film [21] and it is lower than that of bulk 
CuO and this low value of refractive index may 
probably due to the smaller density of the films.  

The variation of extinction coefficient, k with hυ 
is shown in Fig. 6. It is observed that the k increases 
with the increase of Ts. The rise and fall in k is 
directly related to the absorption of light. The k about 
0.1 in the range of wavelength 800-1100 nm  
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(1-1.6 eV) which is lower than that of CuO thin films 
prepared by RF magnetron sputtering [21] and is 
very close to the reported value of CuO thin films 
prepared on to ITO glass substrates from an aqueous 
electrolytic bath containing CuSO4 and tartaric acid 
[22]. The k of CuO thin films increases rapidly for 
photon energies above 1.6 eV and tends to decrease  
above 2.3 eV. 

 
 

3.4. Electrical Properties 
 

D.C. electrical resistivity measurements were 
made in air for as deposited CuO thin films from 300 
to 470 K by Van-der Pauw (four probes) method. 
Room temperature electrical resistivity of CuO thin 
films with Ts is presented in Fig. 8.  
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Fig. 8. Variation of resistivity at room temperature  

for various Ts. 
 
 

The decrease in resistivity with Ts explained in 
term of stoichiometric changes induced by oxygen 
ion vacancies and neutral defects. The resistivity of 
the prepared CuO thin films decreases as Ts 
increases. It may be due to increase in the free path 
of carrier concentration. The formation of these 
defects depends on the sticking coefficient, 
nucleation rates and the migration of impinging 
copper and oxygen species on the substrate during 
deposition. The activation energy (ΔE) is calculated 
from the slope of a curve lnσ vs. (1/T). So the 
activation energy is given by 

 

k
T

E 2
/1

ln
  (1) 

 

The temperature dependence of electrical 
conductivity (lnσ) is shown in Fig. 9 and variation of 
activation energy is shown in Fig. 10. The low value 
of activation energy may be associated with the 
localized levels hopping due to the excitation of 
carriers from donor band to the conduction band.  

A low activation energy of 0.14 eV was reported 
for sputtered CuO thin films [23]. This low value of 
activation energy was assumed due to the 
nonstoichiometry of the CuO thin film but in the 

present case the higher values of activation energy 
may suggest that the prepared sample is 
stoichiometric. For SEM and EDX observations, it is 
also found that CuO thin films are stoichiometric. 

The figure of merit is well-known as an index for 
evaluating the performance of transparent conducting 
films, and it is given by the equation F=(−ρlnT)−1 
where ρ is the electrical resistivity and T is the 
average transmittance in the wavelength range of 
800-1100 nm [24]. Fig. 11 shows the figure of merit 
values of CuO thin films deposited at various Ts.  
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Fig. 9. Variation of lnσ with respect to T-1 (K-1). 
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Fig. 10. Variation of activation energy versus Ts. 
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Fig. 11. Variation of Figure of merit versus Ts. 
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The figure of merit for the CuO thin films 
deposited at 250, 300 and 350 °C were found to be 
9.34×10−2, 10.62×10−2 and 14.24×10−2 Ω−1cm−1, 
respectively. The increase in the figure of merit of 
the CuO thin films is mainly due to the increase in 
the optical transmittance with increasing Ts. The 
experimental data suggest that a Ts of 350 °C is the 
best condition for depositing high-quality CuO films. 

 
 

4. Conclusions 
 

XRD data confirmed that the CuO thin films were 
highly oriented along the CuO (111) plane. The 
average crystallite size and the average transmittance 
of the film deposited at 350 °C were about 9.5743 Å 
and 75 % in the wavelength range of 800-1100 nm 
respectively. The decrease in electrical resistivity at 
higher Ts can be explained by the increased carrier 
concentration improved stoichometry at higher Ts. 
The optical band gap varies from 1.90 to 1.65 eV. 
The lowest value of refractive index is 2.52 at  
Ts = 350°C and the extinction coefficient increases 
with the increase of Ts of the prepared CuO then 
films. The minimum resistivity is found to be  
18 Ω-m for CuO thin film deposited at Ts = 350 °C. 
This reduction in resistivity with increase in Ts is due 
to the increase of carrier concentrations of Cu and 
lower scattering of excess conduction electrons. The 
highest figure of merit occurred for the film grown at 
350 °C with an optical transmittance about 76 % in 
the wavelength range of 800-1100 nm. The results 
suggest that high-quality CuO thin film can be 
produced when deposited at a growth temperature of 
350 °C. The obtained experimental results indicate 
the suitability of this material as transparent and 
conducting window materials in thin film solar cells 
and gas sensor devices.  
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Abstract: Generally, resource-awareness plays a key role in wireless sensor networks due the limited 
capabilities in processing, storage and communication. In this paper we present a resource-aware cooperative 
state estimation facilitated by a dynamic cluster-based protocol in a visual sensor network (VSN). The VSN 
consists of smart cameras, which process and analyze the captured data locally. We apply a state estimation 
algorithm to improve the tracking results of the cameras. To design a lightweight protocol, the final aggregation 
of the observations and state estimation are only performed by the cluster head. Our protocol is based on a 
market-based approach in which the cluster head is elected based on the available resources and a visibility 
parameter of the object gained by the cluster members. We show in simulations that our approach reduces the 
costs for state estimation and communication as compared to a fully distributed approach. As resource-
awareness is the focus of the clusterbased protocol we can accept a slight degradation of the accuracy on the 
object’s state estimation by a standard deviation of about 1.48 length units to the available ground truth. 
Copyright © 2015 IFSA Publishing, S. L.  
 
Keywords: Visual sensor network, Resource distribution, Wireless communication, Negotiation theory, 
Decentralized processing. 
 
 
 
1. Introduction 

 

In wireless sensor networks (WSNs), cooperative 
control and distributed processing opened up a wide 
research field. It is a very popular topic, e.g., in 
mobile robots, unmanned vehicles, automated 
highway systems, industrial process or environmental 
monitoring [1]. WSNs are constituted of spatially 
distributed sensor nodes to retrieve information from 
the environment and react on it. The individual 
sensor nodes in such a network communicate 
wirelessly and their actions are also autonomous with 
respect to the received information. Furthermore, the 
individual sensor nodes in a WSN are able to learn 
from its environment especially through exchanging 

locally retrieved information among themselves. A 
typical characteristic of sensor nodes used in an ad-
hoc WSN are the limited resources. They are usually 
battery powered, have a bounded communication 
range and limited onboard processing and storage 
capabilities.  

Throughout this paper, we consider only 
networks consisting of visual sensors communicating 
wirelessly. Visual sensor networks (VSNs) consist of 
autonomous low-power image sensors with storage 
and communication capabilities as well as a 
processing unit on board [2]. Thus, they have the 
ability to analyze and process the data locally. A 
typical task of a VSN is to identify and track objects 
for surveillance and identification applications.  

http://www.sensorsportal.com/HTML/DIGEST/P_2704.htm
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The object is usually described by a state, 
including the position, the velocity or other 
characteristics of the object. A VSN with overlapping 
field of views (FOVs) and thus multiple observations 
of the same target simultaneously asks for 
aggregating them to a joint, improved observation. 
To compute a global state, the individual 
observations are exchanged among the cameras and 
aggregated locally. These aggregated observations 
serve as input to state estimation algorithms. A 
typical approach for state estimation in a VSN is to 
forward the observations to a central unit. This unit 
aggregates the observations and performs a global 
state estimation algorithm. Another possibility in 
state estimation is to use a fully distributed approach. 
Each camera exchanges its observations with the 
other cameras in the VSN and performs global state 
estimation. In this paper we propose a lightweight 
resource-aware cluster-based protocol. In a modified 
market-based approach—proposed by [3]—we elect 
a cluster head responsible for state estimation 
incorporating the observations from its cluster 
members. The role of the cluster head is handed over 
to a cluster member if the available local resources 
decrease. Comparing the cluster-based to the 
centralized approach, scalability is increased and 
there is no longer the risk of a single point of failure. 
Further, in resource-aware VSNs the fully distributed 
approach stresses the camera’s capabilities in 
communication and processing due to the high 
amount of messages to be exchanged. Further, their 
observations are processed simultaneously and thus 
leading to redundant results on each camera.  

This paper provides two scientific contributions 
with a focus on resource-awareness: (i) Utilized by 
the market-based approach we perform dynamic 
cluster management including cluster head election 
and handover. (ii) With evaluations in a simulation 
environment we show the advantages in terms of 
resource awareness of the proposed cluster-based 
protocol over the fully distributed approach. A state 
estimation algorithm is incorporated for both 
approaches.  

The paper is organized as follows: Section 2 
presents the related work to state estimation and 
clustering methods in VSNs. In Section 3 we define 
the system model for the cluster-based approach. 
Further, Section 4 describes the underlying market-
based approach as well as the state-space model. 
Section 5 shows the cluster-based protocol and the 
incorporation of the state estimation algorithm. In 
Section 6 we evaluate the proposed protocol and 
discuss the simulation results. Finally, Section 7 
concludes the paper and gives an outlook on future 
work. 

 
 

2. Related Work 
 

In our approach we focus on related work 
concerning cooperative state estimation and 
clustering methods in VSNs. Cooperative state 

estimation is a well-known research topic in VSNs to 
optimize an object state. There already exist 
approaches for fully distributed systems having an 
underlying linear state-space model [4]. Several 
authors in [5], [6] and [7] propose the distributed 
Kalman-Consensus Filter (KCF) for distributed state 
estimation in camera networks. For a non-linear state 
space model, there exist other filters like the 
Extended Kalman Filter, the Particle Filter or the 
newly approached Cubature Kalman Filter. In [8] we 
made a comparison between these three filters for 
distributed state estimation in VSNs. The best trade-
off in terms of computational complexity and 
estimation accuracy when modeling non-linear states 
is achieved with the Cubature Kalman Filter.  

Nevertheless, in a VSN the limited resources of 
the cameras need to be managed accordingly. One 
approach to reduce the participating nodes and thus 
save resources is clustering. The literature describes 
two main strategies for clustering: (i) In a static 
cluster the nodes are assigned offline to a specific 
cluster and do not change over the network’s lifetime 
[9], [10]. (ii) In a dynamic approach clustering is 
triggered by arising events in the network as in [11], 
[12], [13] and [14]. In [13] and [14] they use the term 
grouping instead of clustering. Nevertheless, their 
task is to form clusters having a qualifying 
parameter. In [14] this qualifying parameter describes 
the extrinsic parameters of a PTZ-camera to examine 
the cameras coverage over the object of interest. 
Thus, they focus on distribute tracking performance 
among the cameras. Further, in [11] and [14] it is 
necessary to exchange various messages among the 
cluster members, e.g. to log-in/logoff from the 
cluster. Also the coverage problem plays a role in 
VSNs for air space surveillance as in [15] and [16], 
although the clustering process is directed via a 
central unit. Especially for resource management of 
the nodes in VSNs there are several ideas: In [17] 
they propose a handoff algorithm with adaptive 
resource management that automatically and 
dynamically allocates resources to objects with 
different priority ranks. Their resource management 
approach is to decrease the frame rate. Similarly it is 
done in [18], focusing on coverage as well. In [19] a 
cluster head selects cluster members to deliver 
tracking responsibilities. Further, in [20] they 
propose HEED (hybrid, energy-efficient distributed 
clustering approach) for sensor networks. They select 
the cluster head based on the residual energy of the 
node as well as neighbor proximity. Nevertheless, the 
termination of the clustering approach is dependent 
on the number of neighbors. A similar approach is 
realized in [21]. Nevertheless, the communication 
overhead produced by this clustering protocol is 
quite high and its usage for battery-powered devices 
questionable.  

In contrast to the existing research directions, our 
objective is to establish a resource-aware approach 
for smart cameras in VSNs. We adapt a market based 
approach proposed in [3] to design a dynamic 
cluster-based protocol focusing on available 
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resources and a visibility parameter in order to elect a 
single camera for state estimation. Contrary to [6], 
we reduce the overhead for communication by 
designing a lightweight cluster-based protocol with a 
minimal number of messages to be exchanged and 
thus, spare a node’s resources. Additionally, to the 
work in [22], this article covers the relaxation of the 
assumption on object re-identification. 

 
 

3. System Model 
 
In this paper we consider a VSN of a fixed set of 

calibrated smart cameras ci ∈ C as illustrated in  
Fig. 1. The task of the VSN is to monitor the given 
environment and thus to identify and track one or 
more specific objects ok ∈ O. We assume a perfect 
object re-identification. Thus, each ci ∈ C is aware of 
the object’s global identifier. As these cameras are 
calibrated, they are able to calculate the object’s 
position on the ground plane by applying a 
homography on the object’s image plane coordinates. 
The object position is referred to as observation. 
Since the cameras in Fig. 1 have overlapping FOVs, 
they have the ability to track a specific object ok 
simultaneously. This enables cooperative work in the 
VSN. Cooperation is achieved by exchanging their 
individual observations and processing them 
accordingly.  

 
 

 
 

Fig. 1. VSN with spatially distributed smart cameras 
performing multiple object tracking. 

 
 
The objective of this paper is to present a 

resourceaware protocol for cooperative state 
estimation in a VSN by forming dynamic clusters—
one per object in the scene. A cluster is a subset of all 
cameras in the network Ck ⊂ C, whereby a camera 

k
ic  is a cluster member of the cluster Ck, if the 

camera has the object ok in its FOV. Thus, this 
cluster is given as  

 

(1) 

 

and k
hc  represents the cluster head of Ck.  

The dynamics of the clustering is illustrated in 
Fig. 2. The individual figures show subsequent time 
slots of a specific cluster Ck. The camera marked 

with an x is the cluster head k
hc  with the 

responsibility to estimate the state for the specific 
object ok. All cameras with gray colored FOVs 
indicate the presence of the object in their FOV. 
Cameras without an x, but with a colored FOV, 
denote the cluster members. 

 
 

4. Resource-Aware State Estimation  
 
In our approach the cluster head is responsible for 

the collection of the object’s observations from all 
cluster members and to perform cooperative state 
estimation on them. For its election we propose a 
market-based approach based on the work of [3]. In 
this approach the tracking responsibility for a 
specific object is autonomously distributed among 
the cameras in the network. This market-based 
approach is used to elect a single camera as cluster 
head out of all cluster members. Contrary to the 
approach in [3], all cluster members continuously 
track the objects in their FOV. 

 
 

4.1. Market-based Dynamic Clustering 
 
Within the market-based approach we have two 

different interacting components: a camera owning 
the object and cameras bidding for the object. In our 

case the owner is the cluster head k
hc  ∈ Ck with the 

responsibility for auction initiation. The bidders are 

the cluster members k
ic  ∈ Ck and have the task to bid 

for an object.  
The primary step of the market-based approach is 

to initiate an auction by the owner for a specific 
object ok. The auction initiation is necessary to elect 
the owner for the object ok in the next round. The 
possibilities for auction initiation are described in 

Section 4.1.2. Subsequently, the cluster members k
ic  

track the object in their FOV. With a set of 

parameters they bid with a utility k
iα  for the object 

at the owner’s side. The composition of the utility 
k
iα  is discussed in Section 4.1.1.  

In market-based clustering each camera (cluster 

head k
hc  as well as cluster member k

ic ) tries to 

maximize its local utility i which is given by 
 

 
(2) 

 

The parameter p describes all payments made and 
the parameter r all received payments in this 
iteration. According to the Vickrey auction 
mechanism [23], the state estimation responsibility is 
transferred to the highest bidder, but at the price by 
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the 2nd highest bidder. This strategy imposes to bid 
truthful valuations from the camera side instead of 
speculations. If i  can be increased by selling ok, the 
owner chooses the highest bidder to be the next 
owner of the object ok and thus to become the next 

cluster head k
hc . The estimation process and thus, the 

dynamic cluster “follow“ the object’s trajectory 
through the network, as illustrated in Fig. 2. 

 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

 
 

(d) 
 

Fig. 2. Dynamic clustering in a VSN. Fig. 2a to Fig. 2d 
show the clustering in specific time steps. 

 
 

4.1.1. Utility Definition 
 

The utility k
iα  is used as value to bid for an 

object ok in the FOV, if an auction is initiated by the 

current cluster head k
hc . The utility is an election 

criterion that can be defined with different 
parameters. In our approach, the utility is based on 

two parameters: the available resources on the 
camera and the confidence in the tracking 
performance.  

Storage, communication and processing power 
are the most critical resources in VSNs. Especially in 
VSNs with heterogeneous camera systems the 
individual distribution of resources can express how 
many tasks can be fulfilled by a specific camera. The 
available resources are indicated with Rtotal;i, 
normalized in the range ;0 1total iR≤ ≤ , and can 

describe any resources the designer perceives to pay 
attention to. As already mentioned, we typically pay 
attention to exchanging, processing and storing the 
observations retrieved by the visual sensor. The task 
of sensing is ignored in the resource model, due to its 
continuous execution. The resources totally available 
are described with 

 

 

(3) 

 
The parameter λ = [λ0; ... ;λ3] with λr = 1 

indicates the weights of the resources we pay 
attention to. The individual resources are denoted 

with i) k
WLr  as the workload for each object ok in 

terms of processing power, ii) rE,i as the total energy 
available on the node, iii) rMEM,i as the total memory 
available on the node and iv) rCOMM,i as the amount of 
communication performed. Each parameter is a 
normalized value between 0 and 1. For the cluster-
based protocol presented in Section 5 and the 
corresponding evaluation in Section 6 we use the 
parameter rE,i, solely. Therefore, we set the parameter 
λ1 = 1, all others are 0. Thus, we only consider the 
total energy available on each camera ci as we focus 
on battery powered smart cameras.  

The other parameter used for calculating the 
utility is the local confidence in the tracking 
performance of the camera on the object ok. The 

confidence, denoted with k
iζ , can be obtained in 

various ways. One approach is to derive the 
confidence out of the matched features when 
comparing the tracked object to a given model. 

Another possibility is to use k
iζ  as a visibility 

parameter described as a binary value [0;1]. A 1 
indicates that the object ok can be detected in the 
FOV of camera ci. With a 0 we express that the 

object is not detected. Thus, k
iζ  can be considered as 

membership function being a part of the cluster or 

not. The utility k
iα  is then defined as 

 

 (4) 
 

The utility k
iα  is only positive, and thus a valid 

bid, if the object ok is visible to camera ci. 
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4.1.2. Auction Initiation 
 

The cluster head initiates an auction for the 
election of the cluster head for the next time step. 
The election is necessary, to select a camera with 
sufficient resources and confidence of the tracking 
performance. If the cluster head sells the 
responsibility for object ok, we hand over the object 
ID together with the actual state as initial state for the 
processing by the new cluster head. If the cluster 
head can maximize its own utility by keeping ok it 
remains the cluster head for the next time step as 
well.  

Selecting a proper time for the handover is 
essential to limit the communication overhead 
produced by the market-based approach itself. As can 
be seen in Figs. 2a to 2d a new cluster head is elected 
after an auction initiation. We identified three 
possibilities, when an auction can be initiated:  

(i) k
hα  == 0: The utility of k

hc  is equal to zero—the 

worst case with no available resources at all or the 
object is no longer in the camera’s FOV. (ii) 

k
h thrα α< : The utility of k

hc  is smaller than a given 

threshold. (iii) We continuously initiate an auction at 

regular intervals to examine k k
h iα α< , hence, the 

utility of k
hc  is smaller than the utility of a cluster 

member k
ic  .  

For the cluster-based protocol presented in 
Section 5 and the corresponding evaluation in 
Section 6 we apply the auction initiation point ii. 

 
 

4.2. State-Space Model 
 

The objective of a VSN is to detect and track 
objects. As we assume overlapping FOVs in the VSN 
we can perform cooperative state estimation on the 
object’s state. In our approach we choose a 
continuous state, describing the position and the 
velocity of the object moving in the VSN. Equation 5 
describes the state s consisting of position (x,y) and 
velocity ( ,x y  ) of an object ok determined by camera 

ci at time step t. 
 

 (5) 
 

The state is modeled in a linear state-space 
model. As an approach for cooperative state 
estimation Song et al. [6] designed a Kalman 
Consensus model for fully distributed processing in 
VSNs. Their approach serves as reference system in 
Section 6. Furthermore, we apply the Kalman 
Consensus Filter of [6] in the cluster-based protocol. 

 
 

5. The Cluster-Based Protocol 
 

In our cluster-based protocol (cp. Algorithm 1) 
the camera can take on either of the following two 
roles for each object in its FOV.  

Cluster Head k
hc . The cluster head is an elected 

camera in the VSN. It has the task of collecting the 
observations and the bids from the cluster members. 
Further, it performs a state estimation algorithm and 
initiates an auction to trigger cluster head election if 
necessary.  

Cluster Member k
ic . First, a cluster member 

waits for a defined timeout to receive a request for 
auction initiation. After receiving the request, the 
cluster member provides the cluster head its 
observation and bid to a corresponding object. If no 
request for auction initiation was received within the 
timeout, the camera assigns itself as cluster head. 
This procedure is denoted as the initialization phase 
of the clusterbased protocol.  

 
 

 
 
 
For each iteration of the cluster-based protocol in 

Algorithm 1, the initial task for all cameras in the 
VSN is the detection of the objects. As already 
mentioned, we assume a global identifier for each 
object known by the cameras in the VSN. With 
ObjectDetection() we can identify all objects 
ok in the FOV of a camera. The first task for each 

camera is to take over the role in role( k ) of the 
camera from the previous time step of the specific 
object ok. For all detected objects ok the camera 

retrieves its local observations k
iz  in Observation() 

and calculate the corresponding utility k
iα  .  
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If the camera is a cluster head k
hc  it initiates an 

auction by InitiateAuction(). Thereafter, it 

receives the observations k
iz  — in our case the 

object position on ground plane — as well as the 

utlity k
iα  from the cluster members with 

ReceiveInformation(). In the next routine it 
performs state estimation to optimize the object’s 
state in PerformStateEstimation() by 
integrating the received observations from the cluster 

members. Now if one of the received utilities k
iα  is 

smaller than the local utility of the cluster head k
hα , 

the cluster head performs a handover and transmits 

the current estimated state k
is  using 

Handover( k
is ) to the new cluster head k

ic  . 

Thereby, it assigns itself as cluster member.  

In case, the camera is a cluster member k
ic , it first 

waits for a defined timeout in WaitTimeout(). If 
k
ic  is able to receive a request from the cluster head 

in ReceiveRequest(), it transfers the object’s 

observation k
iz  as well as the corresponding utility 

k
iα  to the cluster head in SendInformation(). 

On the other hand, if k
ic  has not received a request, it 

assigns itself as cluster head k
hc  Further, if k

ic  

receives the message ReceiveHandover() it 

assigns itself to the cluster head k
hc  and adopts its 

tasks in the next time step. With the self-nomination 
it is possible to assign multiple cluster heads for a 
single object. Nevertheless, in the next iteration of 
the algorithm the auction initiation process elects a 
cluster head through the exchanged utilities. Thus, 
after the first bidding process the issue on multiple 
cluster heads is resolved. In this process, each self-
nominated cluster head initiates an auction, in which 
the cluster head with the highest utility keeps its role. 

 
 

5.1. Additional Settings to the Cluster-Based 
Protocol 

 
To keep the dynamic cluster head allocation as 

lightweight as possible, cluster members do not know 
each other, only the cluster head is in knowledge of 
them. Joining a cluster is straightforward. If a camera 
detects an object, it waits for a predefined timeout to 
receive a message for auction initiation by an already 
existing cluster head. Since it is able to detect and 
identify the object, it has also information about its 
state and the related utility. Leaving the cluster is 
only possible, if the camera is not able to detect the 
object in its FOV. Nevertheless, if this is the case, the 
camera shows simply no reaction on messages for 
auction initiation. Thus, the cluster head would not 
receive any further information related to the object 
by this camera. Further, a camera failure or a camera 

adding to the network would not disturb the process 
of the clustering protocol. 

 
 

5.2. State Estimation 
 
In this work we apply the Kalman Consensus 

Filter (KCF) proposed by [6] as state estimator. The 
major steps are summarized in Algorithm 2. In the 
information form of the Kalman Filter, prediction 
and update are done in one step,  

 

(6) 

 
The observations of the cameras are indicated 

with ( 1)k
iz t +  identically described as the state in 

Equation 5 with position ( ( ), y ( )k k
i ix t t ) and velocity 

( ( ), y ( )k k
i ix t t  ). Further, Ai is denoted as the state 

change for each time step t and Hi referred to as the 
observation matrix, which maps the true state space 

into the observed space. The Kalman gain k
iK  

defines how much the difference between the 
previous estimation and the actual measurement 
influences the actual estimation. Algorithm 2 
summarizes the main steps in KCF state estimation. 
As input for the state estimation in 
PerformStateEstimation() serves the 

current observation ( 1)k
iz t + , the state ( )k

is t  from 

the last time step t and the corresponding covariance 

matrix ( )k
iP t . First, the information matrix and the 

information vector are built in 
BuildInformation(). The information vector ui 
in Equation 7 is a statistical generalization of the 
observation, whereas the information matrix Ui in 
Equation 8 builds the covariance matrix expressing 
the uncertainty in the estimated values of the system 
state.  

 
 

 
 

 
(7) 

 

 
(8) 
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Within StateEstimation() the state is 

estimated as described in Equation 6. The state k
is  as 

well as the error covariance Pi are updated in 
StateUpdate() with 

 

(9) 

 

where 1 1( ) ( ( ) )k k k
i i iM t P t U− −= + . Finally we return 

k
iP  and k

is  as inputs for the iteration in the next time 

step. 
 
 

5.3. Relaxing the Assumption on Object Re-
Identification 

 
In the underlying approach a perfect object 

reidentification is assumed. As it is well-known, the 
task of object re-identification is a tremendous 
challenge in image processing in terms of 
computation cost and re-identification accuracy. Re-
identifying the same object, especially in multi-
object tracking scenarios, with a classification 
accuracy of 100% is extremely difficult, if not 
impossible to realize. Typical examples are that the 
target objects get lost due to overlap with other 
moving or static objects, changes in illumination, 
incidences of light or extremely fast moving targets. 
The error in re-identification also directly infects the 
credibility of the underlying observations on the 
object. To overcome and smooth errors generated 
through the loss of objects in reidentification, we 
focus on compensating the errors made in vision, 
especially in re-identification.  

By utilizing mathematics, object re-identification 
can be described as a static classification issue. The 
classification is formed related to set theory 
expressing a class by describing an arbitrary attribute   

 with  
 

, (10) 
 

where y can only take two labels for object ok [24]. 
Thus it forms a binary problem whether the object ok 

has the attribute of being correctly identified— 
positive—or not—negative. This gives us two 
attributes . Thus, mapping this statement 
on sets, the object ok can belong only to one class 
with  

 

, (11) 
 

where A and B are two sets or classes, respectively. If 
an object ok is identified, it belongs to class A with 

. If it is not identified, it belongs to class 
B with . Being positively or negatively 
identified are also known as true positives and true 
negatives. The downside includes also false positives 
— wrongly identified objects —and false negatives 

— wrongly not-identified objects. These types are 
summarized in Table 1. Within the literature, this 
2×2 matrix is known as contingency table comparing 
two nominal variables—the actual class and the 
decisions of the classificator.  

The major consequence of a false negative or a 
false positive classification — or rather identification 
— of an object are illustrated in Fig. 3 and Fig. 4. 
The figures show two objects o1 and o2 to be 
identified by cameras c1, c2 and c3. Further, the 
rectangles beside these cameras indicate a list of 
objects locally identified. Firstly, Fig. 3a shows the 
correct identification of object o1 by camera c1. 
Following the proposed cluster-based protocol in  
Fig. 3b, camera c3 would receive an auction initiation 
from c1. Unfortunately the object o1 was falsely 
identified by c3 as o2. Thus, the camera c3 doesn’t 
react on the auction initiation, but rather builds a new 
cluster for the falsely identified object o1. The risk 
exists that o1’s measurements get lost as this object is 
identified as o1 and o2 within the VSN. A match of 
their identifiers is no longer possible. A second 
failure could arise as illustrated in Fig. 3b. A second 
object, namely object o2 moves into c3’s FOV during 
the auction initiation process with c1. In this case, 
object o2 is identified by c3 as o1. Thus, c3 is bidding 
for the falsely identified object o1. If it owns the 
object in the next step o1 comes up with wrong 
position information. Further, another camera in the 
VSN could be able to positively re-identify object o2. 
Thus, several previous position information details 
get lost. Moreover, the object o1 still exists in the 
VSN. This could lead to further collisions in position 
exchange when initiating an auction.  

Secondly, Fig. 4 shows an example of false 
negative identification. As we can see in Fig. 4a the 
objects o1 and o2 are prepared to enter the observation 
area of the VSN. In Fig. 4b c1 should have both 
objects in its FOV. Nevertheless, only object o2 was 
identified. 

 
 

5.3.1. Diminishing the Influence on False 
Positives 

 

As described in the previous section, the object 
identification part is considered as classification 
problem. From Table 1 we can see that only 2 
classifications produce problems: i) false positives, 
where the object is identified although its real ID is 
different, and ii) false negatives, where the object is 
not identified at all. Subsequently, we focus on 
diminishing false positives already one step before 
the identification process makes its classification.  

 
 

Table 1. Classification in terms of object re-identification. 
 

 Object’s ID is x 
Object’s ID is 

x  
Object identified True positive False positive 
Object not identified False negative True negative 



Sensors & Transducers, Vol. 191, Issue 8, August 2015, pp. 28-39 

 35

  
 

(a) 
 

 
(b) 

 

 
(c) 

 
Fig. 3. Illustration of false positive classification in the application of object re-identification.  

 

  
 

(a) 
 

(b)
 

Fig. 4. Illustration of false negative classification in the application of object re-identification. 
 
 
In the proposed cluster-based protocol, the cluster 

head initiates auctions at pre-defined intervals or as 
reaction to events. The message 
InitiateAuction(), introduced in Algorithm 1, 
is received by the cluster members as well as by 
other cameras in range. To overcome a false positive 
classification as illustrated in Fig. 3b and Fig. 3c we 
propose to hand over more information about the 
object. The message auction initiation contains the 
ID of the object ok. We expand its payload with 
information on the object position on the ground 
truth.  

 
InitiateAuction() = (IDk;x;y) (12) 

 
In case a camera receives the 

InitiateAuction() it has the object’s ID 

together with its position locally available. This 
allows to compare the retrieved with the locally 
gained values in order to match the appropriate 
object. Nevertheless, this asks for the assumption that 
the cluster head has a true positive identification. 

 
 

6. Simulation and Experimental Results 
 
We evaluate the proposed resource-aware state 

estimation with a dynamic clustering approach by 
simulation studies. For these evaluations we use a 
new VSN-Simulator [25], a graphical simulator built 
in the game engine Unity3D. The reason for 
developing a new simulator beside the existing ones, 
as presented in [14], was to create a tool that i) is 
easy in installation, use and extension of the 
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simulation environment, ii) can model multiple 
cameras, iii) having a simulator close to real-time 
performance (up to now all 2 seconds a measurement 
is made), and iv) getting a fancy looking and thus 
motivating environment with multiple GUI elements. 
The VSN-simulator provides 26 smart cameras set to 
14 emulated office rooms. Fig. 5 shows a screenshot 
of the simulator, with 3 chosen camera views and 
buttons to interact with (add objects, delete objects, 
switch tracking of objects on/off and save the 
observations). In the simulation environment the 
cameras have overlapping FOVs and the object 
identification as well as all other processing task 
concerning clustering and state estimation runs 
locally on the cameras. The corresponding scripts to 
the processing tasks were written in C#. The tracking 
of the object is realized by the so-called raycast 
method provided by Unity3D. In simple terms, if a 
camera has a sustained sight on the object, it gets the 
object’s coordinates.  

 
 

 
 

Fig. 5. A screenshot of the VSN-Simulator. 
 
 

Fig. 6 shows the scenario for the underlying 
simulation results together with the trajectory the 
object is moving on. In our evaluation we consider a 
single room of the VSN-Simulator equipped with 9 
cameras. The object is following pre-defined 
waypoints. The coordinates on the object’s trajectory 
are further denoted as ground truth. Within a 
simulation environment, the cameras need individual 
observations from the object. Thus, each camera’s 
tracking output is a random modification of the 
ground truth. In this evaluation we set the 
modification value randomly to a standard deviation 
of 3 length units. 

 
 

6.1. Performance Measure 
 

A first evaluation is referred to the accuracy of 
the object state gained by the proposed resource-
aware dynamic clustering protocol. To compare the 
clusterbased protocol with the fully distributed 
approach of [6] both were implemented to the 
simulator using C#. For this evaluation we present 
the results for t = 1, ..., 52 measurement points on the 
object’s trajectory of Fig. 6. On an average 5 of the  

9 cameras have the object in their FOV. Thus, for the 
clusterbased protocol, we have 5 participants 
(consisting of cluster head and cluster members) on 
average as well. 

 
 

 
 

Fig. 6. A screenshot of the considered scenario  
in the VSN-Simulator including the object’s trajectory. 

 
 
Fig. 7 illustrates the estimated x and y coordinates 

for a single object, comparing the fully distributed 
approach with the cluster-based protocol to the 
camera output, a random modification of the ground 
truth of the observed object. The difference of the 
estimated object’s state between the applied filters 
using the cluster-based protocol and the fully 
distributed approach is evaluated in Table 2.  

 
 

 
 

Fig. 7. Comparing the results of state estimation  
in the cluster-based protocol, the fully distributed approach 

and the camera observation. 
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Table 2. Comparison between the fully distributed  
and the clustering approach of the RMSE and the standard 

deviation s to the ground truth of the tracked object.  

 

Method 
RMSE σ 

x y x y 
Fully distributed 1.06 0.93 0.64 0.54 

Clustering 
approach 

1.71 1.88 1.24 1.08 

 
 
The state accuracy computed in a distributed 

approach achieves a higher accuracy of the actual 
object’s state. Comparing the root-mean-square 
errors (RMSE) and the standard deviation σ in x and 
y, the distributed approach was able to reduce the 
error to almost 50%. The reason is that in the 
distributed approach the cameras exchange full states 
and the error covariance matrices instead of single 
observations as with the clusterbased protocol. 

 
 

6.2. Resource Measure 
 
Further evaluations are related to the resource 

consumption of the VSN within the simulation 
environment. Therefore, we record the exchanged 
messages as well as the operations for state 
estimation applied for the cluster-based protocol and 
the fully distributed approach. Both of the following 
evaluations include the initialization phase of the 
cluster-based protocol.  

In the simulator we have the following settings 
for this evaluation: The communication channel is 
wireless and thus, we exchange the messages by 
broadcasting. We record the exchange of the 
messages for both approaches in 1 office room of  
9 cameras with overlapping FOVs (see Fig. 6). 
Further, in this evaluation we consider t =1, ..., 52 
measurement points, as for the performance measure 
in Section 6.1. As before, we have on average of 5 of 
the 9 cameras having the object in their FOV. 

 
 

6.2.1. Communication Effort 
 
Table 3 describes the messages for both 

approaches with its content. As can be seen, the total 
payload of the fully distributed approach exceeds the 
one of the cluster-based approach. The message 
payload is based on the standard C data types short 
int (2 Bytes) and float (4 Bytes). Table 4 shows the 
average number of messages exchanged for  
52 measurement points per camera. If we multiply 
the retrieved number of the individual message types 
with the payload in Bytes from Table 3, we get for 
the distributed approach 165.48 Bytes, for the 
cluster-based protocol only 14.14 Bytes on average 
per camera. 

 

Table 3. Message types in the distributed approach and the 
cluster-based protocol together with content and total 

payload size in Bytes. 
 

 
 
 

Table 4. Number of messages exchanged in the fully 
distributed and the clustering approach for 52 measurement 

points on average per camera. 
 

 
 
 

6.2.2. Computational Effort 
 
In a further analysis, we focus on comparing the 

amount of operations. Therefore, we compare the 
number of additions and multiplications between the 
two approaches. The result is shown in Table 5 
comparing the average number of additions and 
multiplications for 52 measurements per camera. 
From the simulation result of Table 5 we can see that 
the clustering approach needs a much lower number 
of operations on average. For the cluster-based 
protocol the number of operations No on average are 
given with  

 

0 ( ) (82.42 89.45)kN t t= ∗ +  (13) 
 

with t as the measurement point index. The first 
number indicates the additions, the second the 
multiplications for state estimation and the clustering 
process. In the distributed approach each camera has 
the same number of operations to execute on average 
given by 

 

0 ( ) (399.02 356.77)kN t t= ∗ +  (14) 
 

again, with t as the measurement point index. The 
first number indicates the number of additions, the 
second the number of multiplications. In the cluster-
based protocol the state estimation is calculated only 
on the cluster head. In contrast, in the fully 
distributed approach the operations are executed on 
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each participating camera. Thus, we can achieve an 
enormous reduction of processing and storage 
consumption in the cluster-based approach when 
comparing it to the fully distributed approach. 

 
 
Table 5. Number of operations for state estimation  

in the fully distributed approach and the cluster-based 
protocol for 52 measurement points on average per camera. 

 
Method Additions Multiplications 

Fully distributed 399.02 356.77 
Cluster-based 82.42 89.45 

 
 
 

7. Conclusion and Future Work 
 
In this paper we propose resource-aware state 

estimation with a cluster-based protocol for VSNs 
with limited capacities in storage, processing and 
communication. Our simulation results show that the 
achieved accuracy of the state estimation in the 
cluster-based protocol declines compared to fully 
distributed systems. Nevertheless, the achieved 
reduction of communication and storage 
consumption confirm that the cluster-based protocol 
is a highly applicable resourceaware approach for 
VSNs. Thus, a trade-off between accuracy and 
resource-awareness exists for object tracking 
applications in low-power systems. The next step is 
to integrate the validated approach into a VSN of real 
cameras. As a low-cost development platform we use 
the pandaboard1 extended with a standard web cam. 
Furthermore, an approach is presented to relax the 
assumption on perfect object reidentification that is 
typically assumed in approaches dealing with 
coordination and control. This approach can be used 
to classify the object’s state given by the tracker as 
output.  
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Abstract: Spontaneous capillary flow is an interesting solution to move fluids either in microgravity conditions, 
i.e. in space, or in microfluidic systems, for biotechnology and biology for example. In both cases, gravity is 
negligible and capillarity becomes the dominant force. Spontaneous capillary flow onset, as well as the 
dynamics of capillary flows have been recently documented in the literature for channels of different shapes, 
confined or open. However, the role of the dynamic contact angle is still unclear. This work aims at bringing a 
new light on the effect of the dynamic contact angle in the dynamics of capillary flows. Copyright © 2015 IFSA 
Publishing, S. L. 
 
Keywords: Spontaneous capillary flow (SCF), Capillarics, Capillary velocity, Dynamic and static  
contact angles. 
 
 
 

1. Introduction 
 

Capillary actuation of fluids is an interesting 
solution when the gravitational forces are small: this 
is the case in space, or in microfluidic systems, for 
biotechnology and biology for example. In both 
cases, the ratio between gravity and capillary forces 
characterized by the Bond number is very small, and 
capillarity is the dominant force. 

The onset of spontaneous capillary flow (SCF) 
and its dynamics have been widely investigated, first 
in the years 1920 s for cylindrical ducts [1-3], then 
more recently – with the development of microfluidic 
systems for biotechnology – for channels of various 
cross-sectional shapes [4-9]. 

Most of the time, the interpretation of the 
dynamics of the flow is performed successfully by 
using a constant contact angle. This point is largely 
documented in the literature [1-9]. On the other hand, 
any moving interface forms a dynamic advancing or 

receding contact angle with the solid wall. Although 
the study of the dynamic contact angle on the 
dynamics of wetting has been the subject of many 
investigations [10-18], the effect of the dynamic 
contact angle during a spontaneous capillary flow is 
still debated [19].  

In this work, we propose a correction to the 
spontaneous capillary velocity and penetration 
distance laws – a.k.a. the Lucas-Washburn-Rideal 
laws for cylindrical duct and their generalization to 
channel of arbitrary cross section, recently proposed 
by Berthier and coworkers [8] – that takes into 
account the dynamic contact angle. This correction is 
based on the calculation of the capillary number and 
the use of a dynamic contact angle correlation 
reported in the literature.  

Comparison between static and dynamic 
velocities is presented. It is concluded that the 
dynamic contact angle has an importance only on the 
few first millimeters of the channel. The length scale 

http://www.sensorsportal.com/HTML/DIGEST/P_2705.htm
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of the device is then of utmost importance. A non-
dimensional number characterizing the importance of 
the dynamic contact angle is proposed.  

 
 

2. Theoretical Approach 
 
Let us consider a closed channel of uniform cross 

section and arbitrary shape (Fig. 1).  
 
 

w
d

(A) (B)

 
 

Fig. 1. Sketch of a rectangular (A), 
and cylindrical channel (B). 

 
 

It has been shown that the capillary force  
writes [6-7]  

 
θγ cosWcap pF = , (1) 

 
where γ is the surface tension between the liquid and 
air, and pW and θ are the wetted perimeter and the 
dynamic contact angles in a cross-section of the 
channel respectively. 

From a dynamic standpoint, the velocity of the 
capillary flow can be determined using a balance 
between capillary forces and friction with the wall 
[1-3]. In the case of a uniform cross section, the 
friction force is  

 

( ) ( )tzptzdldsF W

S

drag τττ =












== 

Γ
, (2) 

 
where τ is the local wall friction, S is the wetted 
surface between the origin and the front end of the 
liquid flow, Γ  is the wetted contour of the cross-
section, τ is the averaged wall friction in a cross-

section, i.e.  
 

( )
Γ

= dlpW ττ 1  (3) 

 
and z is the distance of the interface from inlet which 
depends on the time t. 

 
The force balance on the fluid flow is then 
 

( )
dragcap FF

dt

mVd −= , (4) 

 
where m is the increasing mass of the fluid in the 

channel and V is the average velocity. The mass of 
fluid in the channel is proportional to the penetration 
distance, and can be written as 
 

cStzm )(ρ= , (5) 
 
where Sc is the cross-section area and ρ is the 
volumic mass of the fluid. Remarking that 
 

dt

dz
V = , (6) 

 
substitution of (5) and (6) in (4) yields the 
differential equation 
 

zLcosp
dt

zd

2

1
S W2

22

c τθγρ −=  (7) 

 
In order to solve this differential equation, one 

needs the determination of the average friction. The 
Reynolds number of the fluid being small, the flow is 
laminar. For a Newtonian fluid, the friction τ then 
depends on the geometry of the channel and on the 
average velocity V. Locally, the wall fiction is 
 

λ
μμτ V

n

v
=

∂
∂

= , (8) 

 
where λ is the local friction length, μ is the dynamic 
viscosity and n is the coordinates perpendicular to the 
wall (Fig. 2). 

 
 

λ

n

z
V

 
 

Fig. 2. Definition of the friction factor  
from the velocity profile. 

 
 

Conceptually, the friction can be averaged in a 
whole cross-section 

 

λ
μ

λ
μττ V

dl
V

p
dl

p ww

=== 
ΓΓ

11 , (9) 

 
where  
 

dl
pW λλ

111

Γ

=  (10) 
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is by definition the average friction length. Note that 
the derivation of (9) assumes a constant value of the 
viscosity, which is the case of Newtonian fluids. The 
case of non-Newtonian fluids is more complex and 
will be the subject of further work.  

Substitution of (9) in (7) yields the  
differential equation 

 

td

zd

2

p
cosp

dt

zd

2

1
S

2
W

W2

22

c λ
μθγρ −=  (11) 

 
It can be shown that, most of the time in capillary 

microsystems, inertia can be neglected because the 
Reynolds number is small, i.e. 

 

)1(
wV

Re Ο
ν

≤= , (12) 

 
where w is the characteristic dimension of the 
channel, v the kinematic viscosity, and O(1) means 
“order of 1”. Another approach for the neglecting of 
inertia can be followed: Equation (11) is a 
differential equation in z2. Noting 
 

( )cW SpA ρλμ=  (13) 
 
and  
 

( )cW S/cosp2B ρθγ= , (14) 
 
and using the intermediate variables Z=z2 and 
U=dZ/dt, Equation (11) can be integrated twice and 
we find 
 

( )[ ]tAeCtB
A

z −−+= 1
12 , (15) 

 
where the condition C=B/A stems from the initial 
conditions The second term at the right hand side of 
(15) corresponds to inertia. Note that the value of A 
is usually high, because pW and λ are of the same 

order ( λ is a fraction of pW), and  
 

( )cSA ρμ≈  (16) 
 

For water flowing in a 100 µm × 100 µm channel, 
one finds A>100. The second term on the right side 
of (15) is negligible, after the time t~2/A. The critical 
time corresponding to the negligibility of inertia is of 
the order of 1/100 seconds.  

Neglecting inertia, we can either use (11)  
or (15), and a closed-form expression for the travel 
distance z is  

 

θ
μ
λγ

cos
22

=
dt

dz
 (17) 

 
The solution of (17) is 

tz λθ
μ
γ

2cos=  (18) 

 

The travel distance varies as the square root of the 
time, in accordance with the Lucas-Washburn-Rideal 
(LWR) law for capillary flows inside cylinders [1-3]. 
The liquid velocity can be readily derived from (18) 
 

t
V

2
cos

λθ
μ
γ=  (19) 

 
Under this form, the fluid velocity is the product 

of the square root of a “physical” velocity μγ  – 

related to the physical properties of the materials – 
by the square root of a “geometrical” velocity 

t2λ , and by the cosine of the dynamic contact 

angle. Note that the friction length λ  is purely a 
geometrical data (in the case of Newtonian fluids). 

The value of λ  can be derived from numerous 
published tables [8]. 

On the other hand, because Vzdtdz 22 =  relation 

(17) immediately produces a relation between the 
velocity and the travel distance  

 

z
V

1
cosθ

μ
λγ=  (20) 

 
 

3. Dynamic Contact Angle 
 

In the literature, many studies concerning the 
dynamic contact angle of moving interfaces have 
been reported. Hoffmann was one of the first to study 
the advancing contact angle of droplets on solid 
surfaces [10]. He observed the increase of the 
dynamic advancing contact angle with the increase of 
the interface velocity. Soon after, a correlation based 
on the capillary number was proposed. This 
correlation is now known as the Hoffmann-Tanner-
Voinov law. 

The dynamic of the moving leading interface of 
capillary flows has been studied more recently. Not 
surprisingly, it has been shown that the dynamic 
contact angle also depends on the capillary  
number [13-19].  

In our case, the capillary number for the flow can 
be easily derived from relation (20). Let us recall that 
the capillary number is the ratio of the viscous forces 
to the surface tension forces 

 

γ
μ V

Ca =  (21) 

 
Substitution of (20) in (21) yields 
 

z
Ca

λθcos=  (22) 
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Relation (22) determines the capillary number — 

in the case of SCF — as the product of the ratio zλ  

by the cosine of the wetting angle. Relation (22) 
shows that the capillary number is proportional to the 

non-dimensional ratio zλ . We underline here the 

importance of the average friction length λ , which 
is a geometrical property of the cross section related 
to the topology of the cross section perimeter. 

Let us now recall some empirical models for the 
estimation of the dynamic contact angle [13-19]. 
Noting θ0 the static contact angle and θ the dynamic 
contact angle, Bracke and colleagues [17] proposed 
the formula 

 

( ) 2

1

00 Cacos12coscos θθθ +−= , (23) 

 
formula which is very close to that of Seebergh and 
coworkers [18]. 
 

( ) 54.0
00 Cacos124.2coscos θθθ +−=  (24) 

 
Relations (23) and (24) show that the dynamic 

advancing contact angle θ is always larger than the 
static contact (Young) angle θ0  

If we substitute the expression (22) determining 
the capillary number into relation (23), we find the 
expression of the dynamic contact angle 

 

( )
z

λθθθθ coscos12coscos 00 +−=  (25) 

 
The cosine of the dynamic contact angle  

appears on both sides of (25) so that (25) is an 
implicit relation.  

Far from the channel inlet ( zλ  <<1), we can 

substitute to (25) the explicit formula 
 

( )
z

λθθθθ 000 coscos12coscos +−=  (26) 

 

Note that, in the inlet region ( zλ  >1), the real 

expression of the contact angle derived from (25) by 
the resolution of a second order polynomial is 
 

( )
( ) 











+

+
−++

=

1
z

cos1

cos
1

z
cos12

coscos

2
0

02
0

0

λθ
θλθ

θθ

(27) 

 
Relations (26) and (27) are plotted in Fig. 3, for a 

flat rectangular channel (aspect ratio 7): the explicit 
formulation is legitimate except near the channel 
inlet (z=0).  

 
 

Fig. 3. Variation of the dynamic contact angle as a function 
of the travel distance z, for seven values of the static 
contact angle {20, 30, 40, 50, 60, 70, 80} degrees. The 
dotted lines correspond to the implicit solution (27) while 
the continuous lines correspond to the explicit relation (26). 

 
 

Substituting back (26) in the velocity expression 
(20) we find the expression for the capillary velocity 
 

( )











+−=

zz
V

λθθθλ
μ
γ

000 coscos12cos  (28) 

 
Noting 

 

( ) statstat VVV −=ε  (29) 

 
the relative error due to the use of the static contact 
angle instead of the dynamic contact angle, where  
 

z

1
cosV 0stat θ

μ
λγ=  (30) 

 
we find  
 

( ) 2

1

0

0

cos

cos1
2 







+=−=
zV

VV

stat

stat λ
θ
θε  (31) 

 
In fact, near z=0, it is relation (27) that should be 

used instead of (26). A Taylor expansion of (27) for 
z=0 yields 
 

( ) ( ) 0
2cos1

cos
cos12

coscos

2
0

02
0

0

=









+
−++

=

λθ
θλθ

θθ

z

z

 (32) 

 
showing that the dynamic angle is π/2 for z=0. 
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4. Modeling and Experiments 
 

Relation (31) is plotted in Fig. 4 for 6d=λ  – 

which corresponds to a flattened rectangle cross 
section with w>>h, where w is the channel width and 
h its height – and a static contact angle of 45°. The 
relative error is small after a few centimeters in the 
channel. It is however not negligible in the first  
few millimeters. 

 
 

 
 

Fig. 4. Relative error on the velocity ( 6h=λ , θ=45°). 
 
 

Let us now re-analyze the case of water  
flowing in a rectangular channel composed of COC 
walls and a thin plastic cover (aspect ratio 0.3), 
described in [8]. 

We find that the best fit with a static contact 
angle is 49°, while it is approximately 47° using the 
dynamic formulation (Fig. 5). 
 

 

5. Discussion and Conclusion 
 

The effect of dynamic contact angle in 
spontaneous capillary flows (SCFs) is still 
controversial in the literature. Many papers report 
that the dynamic contact is not very different from 
the static contact angle [8, 20-22]; on the opposite 
some papers point out its importance [23-24].  

 
 

 
 

Fig. 5. Comparison between experiments and model for the 
travel distance in a rectangular channel: left, travel distance 
vs. time; right, travel distance vs. square root of time. The 
green dots correspond to the experimental results, the 
yellow continuous line to the model with a static contact 
angle and the red crosses to the model with the dynamic 
contact angle. 

This work shows that all depends on the value of 
the capillary number, and defines a new expression 
for the capillary number based on the channel 
geometry and the wetting angle 

 

z
cosCa

λθ=  (33) 

 
This expression of the capillary number shows 

that when the ratio between the average friction 
length and the penetration distance is small, the 
effect of the dynamic contact angle can be neglected. 
For closed channels, using the expression of the 
friction lerngth derived in [8], one can rewrite (33) as 

 

z

D

Ref

8
cosCa Hθ= , (34) 

 
where DH is the hydraulic diameter and fRe the 
Fanning coefficient [25-29]. For example, for a 
cylinder of radius R, the friction length is 
 

4

R=λ  (35) 

 
and the capillary number is 
 

z

R

4

cos
Ca

θ=  (36) 

 
Assuming that the capillary effect can be 

neglected as soon as Ca < 5 ⋅ 10-3, i.e., and assuming 
a static contact angle of 45°, and an average dynamic 
contact angle of 67° (median distance between 90° 
and 45°) one finds that if  
 

R20zR40 >>  (37) 
 
the dynamic contact angle can be neglected. This 
limit is close to that found by Kim and Lee: 5 mm for 
a cylinder of 200 µm diameter [24]. 

It is concluded that the importance of the 
dynamic contract angle strongly depends on the 
characteristic length of the microfluidic device. The 
dynamic contact angle is not negligible for very short 
capillary channels; conversely it is negligible for 
long channels. 
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Abstract: The conductivity of a designed electrochemical DNA biosensor was improved using gold and or 
silver nanoparticles. A gold electrode modified with a conductive nanocomposite of poly(3,4-ethylene 
dioxythiophen)–poly (styrenesulfonate) (Pedot-Pss) and gold or silver nano particles enhanced the conductivity 
of the electrode surface area. Bare and modified gold electrode surfaces were characterized using cyclic 
voltammetry (CV) technique in ethylenediaminetetraacetic acid (TE) supporting electrolyte. Immobilization of a 
20-mer DNA probe was achieved by covalent attachment of the amine group of the capture probe to a 
carboxylic group of an activated 3,3’-dithiodipropionic acid layer using EDC/NHSS for Hybridization. The 
effect of hybridization temperature and time was optimized and the sensor demonstrated specific detection for 
the target concentration ranged between 1.0×10−15 M to 1.0×10−9 M with a detection limit of 9.70 × 10−19 M. 
Control experiments verified the specificity of the biosensor in the presence of mismatched DNA sequence. The 
DNA hybridization was monitored using a new ruthenium complex [Ru(dppz)2(qtpy)Cl2;  
dppz = dipyrido [3,2–a:2’,3’-c] phenazine; qtpy=2,2’,-4,4”.4’4”’-quarterpyridyl redox indicator.  
Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Biosensor, Pedot-Pss, DNA, Nanocomposite, Ruthenium complex. 
 
 
 
1. Introduction 

 

The new ruthenium complex 
[Ru(dppz)2(qtpy)]Cl2 has emerged as a novel redox 
marker for the selective detection of DNA probe 
(ssDNA) in solution via electrochemical sensor. 
Interaction of ruthenium complex with DNA has 
been studied by Photophysical techniques [1]. The 
ruthenium complex has a high affinity to DNA 
intercalation due to its interacting properties that 

include its extended aromatic heterocyclic surface 
that extrude from its central core [2-3]. 
Fundamentally, conducting polymers have emerged 
as potential candidates for biosensors [4], and in this 
development Gerard, et al., have reviewed the 
literature on applications of conducting polymers to 
biosensors [5]. However, this study was designed to 
investigate the effect of gold and or silver 
nanoparticles in improving signal enhancement of 
PEDOT-PSS modified gold electrode in DNA 
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biosensing. The use of nano-material was considered 
for its advantageous properties, such as hydrophilic, 
excellent biocompatibility, unique characteristics in 
the conjugation with biological recognition elements 
and multiplex capacity for signal transducer [6]. 
Ideally, nano-materials in DNA biosensors are used 
as substrates for DNA attachment and as signal 
amplifiers for hybridization [7]. Consequently, a 
considerable amount of literature that described 
electrode modification using nanoparticles and 
conducting polymers has been published. 
Conductivity of PEDOT-PSS aqueous solution film 
containing gold nanoparticles are reported to have 
improved with the addition of a liquid or solid 
organic compound, such as methyl sulfoxide 
(DMSO), glycerol, or sorbitol [8]. One observer has 
already drawn attention that the mechanism 
responsible for this increase in conductivity has been 
controversial [9]. Occasionally, carboxyl groups are 
incorporated in the attachment of these polymers 
when a particular electrochemical effect is needed 
such as that of DNA biosensing. 

 
 

2. Methodology 
 
2.1. Reagents and Solvents 

 
Synthesized new ruthenium complex of 

[Ru(dppz)2 (qtpy)Cl2; dppz = dipyrido [3,2-a: 2‘, 3‘ - 
c] phenzine; qpty = 2, 2‘, - 4, 4“. 4‘, 4“‘ - 
quaterpyridyl was obtained from the Department of 
Chemistry, Faculty of Science, Universiti Putra 
Malaysia. It was synthesized by Haslina Ahmad 
according to the literature [2] with slight 
experimental modification. All reagents and solvents 
were purchased from a standard company in 
Malaysia and are used without further purification. 
Deionized water from a Millipore Milli-Qpurifier 
was used throughout the experiments. 

 
 

2.2. Preparation of Solutions 
 

Stock solution of 25 μM ruthenium complex 
[Ru(dppz)2(qtpy)]Cl2 = [Ru(dppz)]2+was prepared in 
a mixture of 50 mM Tris-HCl, 20 mM NaCl (volume 
90 %) and methanol (volume 10 %). A washing 
buffer and supporting electrolyte of 10mM Tris-HCl 
containing 1 mM EDTA (TE) (pH 7.15) were 
prepared. Another supporting electrolyte of a 5 mM 
Potassium Hexacyano ferrateIII (K3Fe(CN)6) was 
prepared in 10 mM Tris-HCl containing 1 mM 
EDTA TE (pH 7.15). An activation solution of 5 mM  
N-hydroxysulfosuccinimide (NHSS) sodium salt in a 
mixture of 2 mM 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide (EDC) was prepared in deionized 
water. More solution of 10 mM Tris-HCl containing 
1 mM EDTA (TE) (pH 8.0) was prepared for the 
dilution of DNA oligonucleotide. Another solution of 
1.0 mM K3Fe(CN)6 was prepared for the 
characterization of electrode active surface area and a 

3 mM solution of 3, 3‘-dithiopropionic acid (DPA) 
was formed in absolute ethanol as a linker between 
the modified electrode and probe DNA. 

Oligomers 20-mers probe DNA modified at the 5' 
end with an amino (NH2) group (5'-NH2-CCT GCT 
GCG TTC TTCTTC AT-3'), 20-mers complementary 
target (5'-ATG AAG AAG AAC GCA GCA GG-3') 
and 20-mers single-mismatch (5'-ATG AAG AAG 
TAC GCA GCA GG-3') sequences were synthesized 
by First Based Laboratories Sdn Bhd, Selangor, 
Malaysia. DNA-oligonucleotide (100 μM) stock 
solutions and other dilute concentrations 1×10−9M to 
1×10−15M of the DNA were prepared in 
trisaminomethane-HCl containing EDTA buffer 
solution (pH 8.0) and kept frozen. The DNA solution 
was defrosted when needed and returned 
immediately frozen when not in use. All other 
reagents used are of analytical grade. 
 
 
2.3. Apparatus and Electrodes 

 
Voltammetric measurements were obtained using 

μAutolab (Ecochemie, The Netherlands) Potentiostat 
incorporated with a General-Purpose Electrochemical 
System (GPES 4.9, Eco Chemie) software. The 
electrochemical cell was a three electrodes system of 
a Metrohm gold electrode as the working electrode, 
platinum wire as counter electrode, and 
Ag/AgCl/KCl (3.0M) as a reference electrode. 
 
 
2.4. Pretreatment of Gold Electrode  

 
The bare gold electrode (bare AuE) was polished 

using alumina slurry and sonicated in deionized 
water to remove stacked particles. It was then dipped 
in a concentrated sulphuric acid for 10 min and 
rinsed with a copious amount of deionized water. 
The electrode was further sonicated in absolute 
ethanol for 5 minutes, rinsed with deionized water 
and then in TE washing buffer respectively. It was 
subsequently dried under nitrogen gas (N-gas) flow 
for 10 min and kept for further drying at 25 °C  
for 45 min. 
 
 
2.5. Gold Electrode Modification with 

PEDOT-PSS, PEDOT-PSS/AgNps and 
PEDOT-PSS/AuNps  

 
The pretreated bare gold electrode (AuE) was 

drop coated on the gold electrode and exposed to 
oven dry at 70 °C for 15 h. This was to obtain a cured 
film of PEDOT-PSS on the gold electrode surface. 
The film surface was rinsed with deionized water and 
TE washing buffer to remove the unbound remnants 
on the film surface of the gold electrode. It was dried 
gently under N-gas flow for 10 min and further dried 
for 45 min at 25 °C. The PEDOT-PSS/AuE modified 
electrode was then obtained. 
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Some prepared PEDOT-PSS containing AgNPs 
solution was drop coated on pretreated bare gold 
electrode and the curring procedure performed as 
with PEDOT-PSS modification protocol. Then 
AgNPs/PEDOT-PSS/AuE modified electrode  
was obtained. 

Another gold electrode modification with 
PEDOT-PSS and gold nanoparticles was obtained by 
immersing PEDOT-PSS modified gold electrode in a 
colloidal gold nanoparticles solution and allowed for 
24 h to achieve a nanocomposite film on the surface 
of the PEDOT-PSS modified gold electrode. The 
film surface was rinsed with deionized water and TE 
washing buffer respectively to remove the unbound 
gold nanoparticles from the film surface. It was dried 
gently under N-gas flow for 10 min and further dried 
for 45 min at 25 °C. 
 
 
2.6. Electrochemical Characterization for the 

Active Surface Area of Bare and 
Modified Gold Electrodes  

 
Cyclic voltammetry (CV) experiments were 

performed in a solution of 1.0 mM K3Fe(CN)6 
prepared in double distilled water. The CV 
voltammograms of bare AuE, gold electrode 
modified with PEDOT-PSS, gold electrode modified 
with PEDOT-PSS/AuNPs, and gold electrode 
modified with PEDOT-PSS/AgNPs were carried out 
at scanned potential between -0.3 V to 0.7 V varying 
the scan rates using 50, 100, 150, 200, 250, 300 and 
350 mV/s. The sensitivity effect of each modification 
was observed based on the peak current responses 
from the different scan rate. 
 
 
2.7. Immobilization of Probe DNA on 

PEDOT-PSS with Gold Nanocomposite 
Modified Electrode  

 
Layer of 3,3‘-dithiopropionic acid (DPA) was 

formed on the AuNPs/PEDOT-PSS/AuE modified 
electrode surface by submerging the modified gold 
electrode into an ethanolic solution of 3 mM DPA 
and allowed for 45 min. The unbound DPA was 
removed by washing the layer with an absolute 
ethanol, rinsed with Millipore water and TE washing 
buffer respectively. The drying process was carried 
out in N-gas gentle flow for 10 min. 

The layered DPA modified electrode 
(AuNPs/PEDOT-PSS/AuE) was activated by 
immersing in solution containing a mixture of 2 mM 
EDC and 5 mM NHSS for 1 hr. This was to activate 
the carboxylic group of the DPA for easy bonding 
with the amine group of the probe DNA sequence 
related to G. boninense as shown in Fig. 1. It was 
rinsed with TE washing buffer and dried via  
10 minutes gentle flow of N-gas and further dried at 
25 °C for 45 min. The 30 μL of 100 μM probe DNA 
aseptically accumulated on the EDC-activated 

modified electrode surface for at least 12 hrs at room 
temperature. It was then washed with a washing TE-
buffer solution to remove any unbound ssDNA. The 
probe-captured electrode was then denoted as 
ssDNA/AuNPs/PEDOT-PSS/AuE. The CV and DPV 
measurements were carried out utilizing the 
ruthenium [Ru(dppz)]2+ metal complex, using TE 
containingK3Fe(CN)6supporting electrolyte. 

 
 

 
 

Fig. 1. Schematic representation of electrode modification 
and covalentattachment of DNA probe  

for hybridization events. 
 
 

2.8. Effect of Hybridization Temperature  
and Time  

 
Probe-modified electrode was hybridized with the 

complementary target DNA sequence related to G. 
boninense, by accumulating 30 μL of 100 μM target 
DNA containing 625 μmole ruthenium complex. The 
target DNA was heated (denatured) in a water bath at 
temperature of 35 °C, 45 °C and 55 °C each in 
25 min, 45 min, and 55 min respectively. The 
respective denatured target DNA was casted on the 
probe-modified electrode with addition of 625 μmole 
ruthenium indicator, and then cooled gradually at 
room temperature for annealing. The electrode 
surface was then rinsed with TE washing buffer to 
remove any unbound target DNA and dried for 
5 minutes under gentle flow of N-gas and further 
dried at 25 °C for 45 min. The protocol allowed the 
specific target sequence of the DNA to hybridize 
with the probe ssDNA and formed a double strand of 
the DNA (dsDNA) on the surface of the  
gold electrode. 

The effects of the hybridization temperature and 
time was optimized on ssDNA/AuNPs/PEDOT-
PSS/AuE sensor using CV voltammogram utilizing 
K3Fe(CN)6 contained in TE supporting electrolytes 
with the ruthenium [Ru(dppz)]2+ complex as 
hybridization monitoring indicator. 
 
 
2.9. Selectivity Study  

 
A 30 μL of 100 μM target DNA was collected in 

a vial and heated in a water bath at 45 °C for 35 min 
to denature. It was quickly castes on the probe-
modified electrode surface, and a 625 μmole 
ruthenium indicator was added, and then allowed to 
anneal for 90 min. The electrode surface was then 
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rinsed with TE washing buffer to remove any 
unbound target DNA. The hybridized DNA on the 
probe DNA modified electrode was dried for 5 min 
in a gentle flow of N-gas and further dried at 25 °C 
for 45 min. The protocol allowed for the specific 
target sequence of the DNA related to G. boninense 
to hybridize with the probe DNA. The hybridized 
DNA to the probe DNA was labeled dsDNA / 
AuNPs / PEDOT-PSS / AuE. Similar procedure was 
also followed to test the hybridization of mismatch 
target DNA sequence. 

The CV voltammograms are obtained  
for the hybri dization responses. The hybridizations 
were monitor ed using the ruthenium  
complex [Ru(dppz)]2+ as the hybridization redox 
indicators in the K3Fe(CN)6 con taining TE 
supporting electrolytes. 
 
 
2.10. Effect of Target DNA Concentrations  

 
The probe-modified electrode surface of 

ssDNA/AuNPs/PEDOT-PSS/AuE was hybridized 
with different prepared complementary target DNA 
sequences related to G. boninense. The target DNA 
concentrations were prepared in TE dilution buffer 
(pH 8.0) in the range 1.00 × 10-9 M to 1.00 × 10-15 M. 
Hybridization protocol was carried out by 
accumulating 30 μL of the target concentration and 
subsequent addition of 625 μmole ruthenium 
[Ru(dppz)]2+ complex to the probe DNA. The 
hybridization was performed on probe DNA under 
temperature and time of 45 °C and 35 minutes, and 
then cooled gradually to room temperature for 
annealing. The electrode surface was then rinsed with 
the TE washing buffer to remove the unbound DNA 
and dried for 5 min under gentle flow of N-gas and 
further dried at 25 °C for 45 min. 

The DPV measurements were performed for the 
hybridization responses of the prepared different 
concentrations in the K3Fe(CN)6 containing TE 
supporting electrolytes. The DNA hybridizations 
were monitored via the ruthenium metal complex 
[Ru(dppz)]2+. 
 
 
3. Results and Discussion 
 
3.1. Electrochemical Characterization of 

Bare and Modified Gold Electrode 
Active Surface Area 

 
Cyclic voltammograms of bare, PEDOT-PSS / 

AuE, AuNPs / PEDOT-PSS / AuE, AgNPs / 
PEDOT-PSS / AuE modified gold electrodes in 
1.0 mM K3Fe(CN)6 are shown in Fig. 2(ai-di). Peak 
current obtained is proportional to the square root of 
the scan rate, suggesting a sensitive diffusion - 
control electro chemical process [10]. Active surface 
area of the bare and modified electrodes can be 

calculated according to the Randles-Sevcik  
formula [11]. 

 
3 1 1

5 2 2 2(2.19 10 )pi X n AD CV= , (1) 

 

where n is the number of electron participating in the 
redox reaction, A is the surface area of the electrode 
(cm2), D is the diffusion coefficient of the molecules 
in the solution (cm2s-1), C is the concentration of 
K3Fe(CN)6 (M) and v is the scan rate (V s-1). From 
the slope of the plot of ipc versus v1/2 (Fig. 2), the 
sensitive active surface area of the electrodes can be 
calculated. 

For bare AuE, the active surface area was 
calculated to be 0.052 cm2. There was a decrease in 
the effective surface area to 0.047 cm2 when bare 
AuE was modified with PEDOT-PSS. In further 
modification with gold nanoparticles, the effective 
surface area increased to 0.104 cm2 whereas the 
modification with silver nanoparticles had increased 
the active surface area to 0.093 cm2. Therefore, 
further investigations are carried out using 
AuNPs/PEDOT-PSS/AuE modified electrode. 

 
 

 
 

Fig. 2. Cyclic voltammograms and current versus square 
root of scan rates (50, 100, 150, 200, 250, 300, 350) mV/s 
of (a) bare AuE (b) PEDOT-PSS/AuE (c) AuNPs/PEDOT-

PSS/AuE (d) AgNPs/PEDOT-PSS/AuE modifications  
in a 1.0 mM K3Fe(CN)6. 
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3.2. Effect of Hybridization Temperature  
and Time 

 

The efficiency of hybridization response is 
dependent on the hybridization temperature and time, 
these parameters are optimized by cyclic 
voltammetry (CV) technique. The plots of time 
versus current of the CV oxidation peaks  
[replicates (n=3)] are shown in Fig. 3. The developed 
biosensor show higher hybridization current at 45 °C 
and 35 min. 

Based on the results obtained in Fig. 3, the 
optimum hybridization conditions are at 45 °C and 
35 min, and are therefore chosen for further 
hybridization analysis. 

 
 

 
 

Fig. 3. Reduction peaks for hybridization  
of dsDNA/AuNPs/PEDOT-PSS/AuE in 5 mM K3Fe(CN)6 

containingTE with [Ru(dppz)]2+ for target DNA  
of 100 μM concentration. 

 
 

3.3. Selectivity of the Developed Sensor 
 

The selectivity of the developed DNA biosensor 
AuNPs/PEDOT-PSS/AuE was examined based on 
the electrochemical transduction of the probe 
ssDNA/AuNPs/PEDOT-PSS/AuE hybridized with 
target DNA sequence related to G.boninense. The 
hybridization events are monitored using 
ruthenium[Ru(dppz)]2+ complex at optimized 
hybridization temperature of 45 °C and time 35 min. 
The CV hybridization selectivity responses between 
capture probes, complementary and mismatch Target 
DNA sequences related to G. boninense, at 100 μM 
concentrations are shown in Fig. 4. 

 
 

 
 

Fig. 4. CV Selectivity of reduction peaks for hybridization 
of dsDNA/AuNPs/PEDOT-PSS/AuE in 5 mM K3Fe(CN)6 

containing TE with [Ru(dppz)]2+. 

3.4. Effect of Different Concentrations  
of Target DNA 

 

Differential pulse voltammogram (DPV) 
technique was used to detect different concentrations 
of target DNA sequence to examine the sensitivity of 
the developed biosensors AuNPs/PEDOT-PSS/AuE. 
The DNA hybridization was monitored by ruthenium 
[Ru (dppz)]2+ complex as indicator, results are shown 
in Fig. 5. The hybridization conditions applied are 
45°C and 35 min hybridization temperature and time. 
It is observed that the DPV peak current increases 
with the increased target DNA concentration. 
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Fig. 5. DPV of dsDNA/AuNPs/PEDOT-PSS/AuE in 5 mM 
K3Fe(CN)6 containing TE with [Ru( dppz)]2+ of different 

target DNA concentrations (ranged 1.0 × 10-15 M  
to 1.0 × 10-9 M) at scan rate 100 mV/s. 

 
 

Consequently, the variations of the DPV peaks 
current observed before and after hybridization are 
linearly related with logarithmic value of  
target DNA concentrations in the range of 1 × 10-9 M 
to 1 × 10-15 M. The correlation between the DPV 
peak current and the target DNA concentrations are 
clearly explained from a plot of peak current  
versus log[concentration] of the target DNA shown 
in Fig. 6.  

 
 

 
 

Fig. 6. Linear plot of current against log[con.] of the target 
DNA of dsDNA / AuNPs / PEDOT-PS / AuE in 5 mM 

K3Fe (CN)6 containing TE with [Ru (dppz)]2+ of different 
target DNA concentrations (ranged 1.0 × 10-15 M  

to 1.0 × 10- 9 M) at scanrate 100 mV/s. 
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The detection limit (LoD) of the sensor was 
calculated as 9.70 × 10-19 mol L-1 from a well-known 
equation (3.3 σ/S), where σ is the standard deviation 
of the blank measurements (n=5) and S is the slope 
of the linear regression equation of the plot of current 
versus log[target DNA]. 

 
 

4. Conclusions 
 

The application of nanoparticles with PEDOT-
PSS improves the conductivity of modified gold 
electrode for Ganoderma boninense DNA detection. 
The selectivity of the developed biosensor has 
allowed for the recognition of labeled DNA and 
could differentiate between ssDNA and dsDNA of 
fully complemented and mismatched target DNA 
sequences. The new ruthenium ruthenium  
[Ru (dppz)2 (qtpy) Cl2; dppz =dipyrido [3, 2-a:2‘, 3‘ - 
c] phenazine; dpty = 2, 2‘, -4, 4“. 4‘, 4“‘ – 
quaterpyridyl complex was found to be a good 
candidate as DNA intercalating indicator. 
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Abstract: Colorimetric detection of glucose in sample liquids such as human plasma is made by using 
enzymatic reactions. Either glucose oxidase (GOX) or glucose dehydrogenase (GDH) can be used to convert 
glucose. In the multi reactional scheme, the first enzymatic reaction is determinant. We focused here on the 
study of the enzyme GDH together with the enzymatic cofactor NAD (nicotinamide adenine dinucleotide). This 
reaction falls in the category of ternary enzymatic reactions. Such reactions depend on four parameters. A 
method to determine these four parameters is presented in this work, based on a comparison between a series of 
experiments and the theory. The best values of the parameters are indicated. Copyright © 2015 IFSA  
Publishing, S. L. 
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1. Introduction 

 

Nowadays, blood glucose self-monitoring is 
widely spread on the market and is routinely used by 
people suffering from diabetes. However, the 
accuracy of such tests can still be improved.  

Historically, the first detection method employed 
was reflectance photometry [1-2]. In the 1980’s, the 
first strips using electrochemical detection were 
launched [3]. For both methods—colorimetry and 
electrochemistry—glucose detection in human blood 
is achieved by the means of enzymatic reactions. 

Either glucose oxidase (GOX) [4] or glucose 
dehydrogenase (GDH) [5] can be used to convert 
glucose and generates an appropriated signal. An 

important remark at this point is that, in a multi 
reactional scheme the first enzymatic reaction  
is determinant. 

We focused here on the study of the enzyme 
GDH together with the enzymatic cofactor NAD 
(nicotinamide adenine dinucleotide). The reaction 
can be written as 

 

GDHNADHlactoneGlucono

GDHNADeGluD

++−
↔++−− cosβ

 (1) 

 
This reaction falls in the category of ternary 

enzymatic reactions (Fig. 1). In a first reactional step, 
the coenzyme NAD (nicotinamide adenine 
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dinucleotide) binds to the GDH (glutamate 
dehydrogenase) and in a second step, the β-glucose 
binds to the enzymatic complex. The reaction then 
occurs, and the product (glucono-lactone) is released 
together with the NADH (nicotinamide adenine 
dinucleotide dehydrogenase). The GDH is not 
affected by the reaction: its concentration stays 
constant during the reaction.  

 
 

enzyme
A

 
Fig. 1. Principle of enzymatic ternary reaction:  

A=β-glucose, B=NAD, P=NADH,  
Q= glucono-lactone. 

 
 
Ternary reaction models—also called bi-substrate 

models, because one enzyme and one coenzyme 
intervene - depend on four parameters [6-9].  

In order to optimize the reaction, these 
parameters must be determined. A method to 
determine these four parameters is presented in this 
work. The determination of the four reaction 
parameters stems from a comparison between a 
series of experiments and the theory. The best values 
of the parameters are indicated.  

 
 

2. Theory 
 
The theory of ternary enzymatic reaction is well 

documented in the literature. It is derived from the 
Michaelis-Menten law for enzymatic reactions. The 
derivation of the ternary reaction velocity is not 
straightforward: it can be found in the book of Stan 
Tsai [10]. In our particular case, the reaction is 
ordered (not the ping-pong type of reaction) and its 
velocity is given by 
 

[ ]
[ ][ ]

[ ][ ] [ ] [ ] MBSAMAMB

00

KKKBKABA

BA

EKV

+++

= ...

, (2) 

 
where [E] is the concentration of enzyme (GDH), 
[E0] is the initial enzyme concentration; [A] is the  
β-D-glucose concentration, [B] the NAD 
concentration, and the coefficients K’s are the 
Michaelis-Menten constants. In (2), KMA is the 
Michaelis coefficient for [A] when [B] is saturating, 
and KMB is the Michaelis coefficient for [B] when [A] 
is saturating. KSA is the affinity of [A] for the free 
enzyme (GDH). 

Dividing by [B] the numerator and denominator 
of (2) yields 
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In our case the NAD concentration is fixed and 

equal to [B0] = 0.4 mM. Relation (3) generalizes the 
Michaelis-Menten law: if we note 
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relation (3) reduces to the Michaelis-Menten law.  

For the concentration [B] the reaction can be 
simply characterized by the two Michaelis-Menten 
constants Vmax and KM. But the knowledge of the four 
ternary reaction constant bares a larger generality. 

Reaction kinetics (3) is valid if both 
concentrations [A] and [B] are such that [A] >> [E0] 
and [B] >> [E0], which is our case for  
reaction (1) and which has been reproduced in the 
experimental set-up.  

 
 

3. Model 
 
Relation (3) has three unknowns V, [A] and [B], 

and four parameters K0, KMA, KMB and KSA. However, 
a solution for the kinetics of the product [Q] 
(glucono-lactone) can be derived, from the 
determination of the consumption of [A] 
(β-glucose) [11].  

 
By definition the reaction velocity is 
 

[ ]
dt

Ad
V =  (6) 

 
Using the law of mass action [6-7], we can write 
 

[ ] [ ] [ ] [ ]AABB +−= 00  (7) 
 
Relation (3) can then be cast in the form of a 

differential equation in [A], with the initial values 
[E0], [B0] 
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Equation (8) is of the form:  
 

[ ]( )
[ ]( )AQ

AP
cste

dt

Ad

2

2][ −= , (9) 

 
where P2 and Q2 are two second order polynomials.  

We have programmed the integration of (9) with 
the software MATLAB, and used a conventional 
Runge-Kutta approach to solve for the  
NAD concentration. 

Finally, the product (glucono-lactone) 
concentration [Q] is given by  
 

[ ] [ ] [ ]AAQ −= 0  (10) 
 
 
4. Experiments 

 
A series of six kinetics using increasing 

concentrations of β-D-glucose has been performed 
(Fig. 2). Briefly, final concentrations of β-D-glucose, 
ranging from 0 mM to 25 mM, were incubated 
together with NAD and glucose dehydrogenase 
(Pseudomonas sp from Sigma Aldrich) at final 
concentrations of 0.4 mM and 0.5 U/mL respectively, 
using a 25 mM Tris, 192 mM Glycine buffer pH 8.05 
at 37 °C. For each β-D-glucose concentration, the 
reactions have been done in triplicates. Kinetics were 
obtained by following the OD (optical density) at 
340 nm, corresponding to NADH spectrum.  

In a Michaelis-Menten type of reaction, the 
reaction is characterized by the affinity of the 
substrate (β-D-glucose) for the enzyme (kM) and the 
enzyme turn over (kcat), which represent a global 
view of the reaction.  
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Fig. 2. Reaction kinetics for different concentration of β-D-

glucose {2, 3, 6, 10, 15, 20 mM} in Tris/Glycine buffer. 
 
 
On the basis of the Lineweaver-Burk plot 

(Fig. 3), the affinity of the β-D-glucose for the 
enzyme can be determined: kM = 9.0 mM. In addition, 
the enzyme turn over has the value kcat = 89 s-1.  
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Fig. 3. Lineweaver-Burke plot used for the determination 
of kM and kcat. The slope of the linear fit is kM/Vmax, and the 
intercept with the vertical axis is 1/Vmax. The notation [A] 

stands for the β-D-glucose concentration. 
 
 

The ratio kcat / kM, reflecting enzyme efficiency, 
equals to 9.8 × 103 M-1⋅s-1. These results are in the 
same order of magnitude with that obtained in 
previous works at pH 8.0, performed on wild type 
and mutants of GDH isolated from Bacillus 
megaterium, known to be specific for glucose 
determination in body fluids [12]. In these studies,  
kM values ranged from 2.7 to 55 mM and kcat values 
are comprised between 23 and 430 s-1 [13-15]. 
Depending on the mutants, the enzyme  
efficiency previously reported varies from 3.6 × 103  
to 42.8 × 103 M-1⋅s-1.  

The results that we obtain for the enzyme 
efficiency using GDH from Pseudomonas sp 
compare well with the previous ones reported on the 
various forms of GDH from Bacillus megaterium. 
 
 

5. Determination of the Reaction 
Parameters 

 

In reality, the reaction is a Michaelis-Menten 
ternary reaction. In order to characterize the reaction 
in details, we follow a double reciprocal plot 
approach. The velocities V are calculated from the 
kinetic curves of Fig. 2. In a {1/[A], 1/V} coordinates 
plot, the experimental data points are satisfactorily 
aligned (Fig. 4). 

The four bi-substrate Michaelis-Menten 
parameters (K0, KMA, KMB and KSA) can be determined 
by comparison with experimental results.  

A linear fit with the experimental results produces 
the values of the four reaction constants (Fig. 5). The 
fitted values of the four bi-substrate  
reaction constants are: K0=1⋅105 s-1, KMA=1 mM,  
KMB = 2.9 mM, KSA=12 mM. 

Reporting these values in (4) and  
(5), with [B]=0.4 mM, we find  
KM,app = 10.7 mM, and Vmax,app = 0.003 mM/s,  
and kcat,app=Vmax,app/[E0]=222 s-1. The values of 
apparent KM and kcat deduced from the ternary model 
are in the same range as the corresponding 
experimental Michaelis-Menten kinetic constants. 
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Fig. 4. Representation of the experimental velocities  

in a Lineweaver-Burke diagram. 
 
 

 
 

Fig. 5. Fit of the theoretical model on the experimental 
results in the double Lineweaver-Burke diagram. 

 
 

Reversing the approach, and reporting the fitted 
parameters in relation (3), we obtain a very 
satisfactory comparison of the kinetics between 
experiments and model (Fig. 6), confirming  
the approach. 

 
 

 
 

Fig. 6. Kinetics comparison between model and 
experiments: continuous lines correspond to the 

experimental measures and the dots to the model. 

6. Colorimetric Detection 
 

In fact, reaction (1) is the first step of a two stages 
reaction process. The second enzymatic reaction uses 
a tetrazolium salt and creates a colored product 
(formazan). This reaction can be symbolically  
written as  
 

DiaphoraseFormazanNAD

DiaphoraseMTTNADH

++→
++  (11) 

 

The reaction uses another enzyme called 
diaphorase together with a yellow colored salt 
(MTT). In general the dye needs to fulfill several 
characteristics. First of all, it has to be reduced by 
NADH, in order to regenerate the NAD. Secondly, 
its reduced form should present some optical 
properties compatible with the biological sample 
which is subjected to the detection test. Typically, if 
one wants to perform a colorimetric detection using 
whole blood, the absorption properties of the dye to 
be used should be very different from that of 
hemoglobin, i.e. above 600 nm. The tetrazolium salt 
MTT and its reduced form MTT-formazan [16] 
satisfy those two characteristics. The formazan 
produced by the reaction has a strong violet color 
indicating that the reactions have taken place. 

The second enzymatic reaction has a very rapid 
kinetics. The whole process is then limited by the 
first reaction. Interestingly, the NAD is restored by 
the second reaction. Hence, one can consider that the 
set of the two reactions is performed with a nearly 
constant NAD concentration. Remembering that in 
relation (3) [B] is the NAD concentration, a constant 
NAD concentration results in a Michaelis-Menten 
kinetics defined by 
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where [F] denotes the formazan concentration and  
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Using the data found in the preceding section  
for the different constants, we end up with the  
value kM ~ 11 mM.  

Fig. 7 shows the characteristic Michaelian 
reactions for five different typical concentrations of 
β-D-glucose. As expected, the asymptote of the 
signal occurs later for higher concentrations.  
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Fig. 7. Michaelis-Menten kinetics for the two coupled 
reactions (assuming that the second reaction is 

instantaneous); the initial glucose concentrations  
are 1, 2, 5, 10 and 15 mM (from bottom to top). 

 
 

7. Conclusions 
 

In this work, we propose a method for the 
determination of the kinetic coefficients for the β-D-
glucose-NAD-GDH enzymatic ternary reaction, 
based on the comparison between the theory of bi-
substrate enzymatic reaction and experiments.  

In order to determine the four constants of the 
reaction, we place ourselves in a double reciprocal 
plot approach {1/[A], 1/V} where the kinetic curves 
are linear. Such an approach facilitates the fit of the 
constants. A reverse reconstruction reproduces the 
kinetic signals. 

The knowledge of the coefficients of the reaction 
is essential to optimize glucose detection systems. 
Moreover, the method can be generalized to other bi-
substrate reactions.  
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Abstract: Interest in single-photon detectors has recently sharply increased. The most developed single-photon 
detectors are currently based on superconductors. Following the theory, thermoelectric single-photon detectors 
can compete with superconducting detectors. The operational principle of thermoelectric detector is based on 
photon absorption by absorber as a result of which a temperature gradient is generated across the sensor. In this 
work we present the results of computer modeling of heat distribution processes after absorption of a photon of 
1 keV - 1 eV energy in different areas of the absorber for different geometries of tungsten absorber and cerium 
hexaboride sensor. The time dependence of the temperature difference between the ends of the thermoelectric 
sensor and electric potential appearing across the sensor are calculated. The results of calculations show that it is 
realistic to detect single photons from IR to X-ray and determine their energy. Count rates up to hundreds 
gigahertz can be achieved. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Sensor, Absorber, Thermoelectric, Single-photon detector, Photon energy, Count rate. 
 
 
 
1. Introduction 

 

Intensive development of science and engineering 
requires new generations of devices for precise 
measurements. Interest in single-photon detectors 
(SPDs) has recently increased dramatically, due to 
many novel applications in various research fields, 
such as quantum communication, quantum 
cryptography, space astronomy, chemical analysis, 
particle physics, medical applications, traditional and 
quantum-enabled metrology and others [1]. The most 
developed SPDs are currently based on 
superconductors [2]. Over the last fifteen years 
superconducting nanowire single-photon detectors 
(SNSPD) are actively investigated because of their 
high system detection efficiency, low dark count rate, 
high counting rate and timing resolution [3]. 
Following the theory, thermoelectric detectors 

(TSPD) can compete with superconducting detectors 
[4] and thermoelectric nanowire single-photon 
detector (TNSPD) with superconducting nanowire 
single-photon detectors [5].  

Sensitivity of thermoelectric devices to single 
photons is determined by the signal/noise ratio, the 
consideration of which gives acceptable energy 
resolution. Thus, to provide the energy resolution of 
1 eV at a single-photon absorption, the thermoelectric 
material must have a Seebeck coefficient of 
~ 100 μV/K. Materials with a higher Seebeck 
coefficient are abundant, but the point is that in order 
to achieve the required signal/noise ratio, the detector 
must operate at very low temperatures. One of the 
well-known low temperature thermoelectric materials 
is the gold with iron impurities. However, in our 
opinion, cerium hexaboride (CeB6) is more promising 
[6-7]. 
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2. Methodology 
 
2.1. Thermoelectric Single-photon Detector 

 
The operational principle of TSPD is based on 

photon absorption by absorber as a result of which a 
temperature gradient is generated across the sensor. 
Photon detection becomes possible by measuring the 
potential, emerging between the two absorbers. The 
scheme of the TSPD sensitive element is given on 
Fig. 1. Such a sensor does not require either a 
separate power unit or a bias voltage. Therefore, it 
does not need additional leads for electronic circuitry 
either, and a matrix detector built on them will have a 
very simple engineering and electronic structure. 
Materials which can be used to prepare the absorber 
and the sensor and the achievable count rates and 
energy resolution are given in publications [4-6]. A 
conclusion is done according which the 
thermoelectric detector may possess an energy 
resolution of 0.1 eV and a gigahertz level count rate. 

 
 

 
 

Fig. 1. The detection pixel of TSPD. 
 
 

In this work we present the results of computer 
modeling of the TNSPD. We observe the processes 
of heat distribution after absorption of a photon of 
1 eV (IR), 10 eV (UV), 100 eV (hard UV) and 
1 keV (X-rays) energy in different areas of the 
absorber (points N, M and F in Fig. 1) for different 
geometries of tungsten absorbers and CeB6 sensor. 
Fig. 1 also shows the directions of coordinate axes: x 
is parallel to the axis of symmetry of the sensor 
(corresponding to the length of geometric shapes), y 
is perpendicular to x (width), z is perpendicular to x, y 
and to the substrate surface (height). 

 
 

2.2. Computing Technique 
 

The calculations were based on the heat 
conduction equation. For simplicity of calculations in 
a first approximation, the phonon contribution to the 
heat capacity is not taken into account. The time 
dependence of the temperature difference between 
the ends of the thermoelectric bridge (ΔT) and 
electric potential (ΔU) appearing across the sensor 
are calculated. The calculations were carried out by 
the matrix method for differential equations [7]. The 
operating temperature of the detector was taken to be 
9 K. The materials used have the parameters 
presented in Table 1 [8-11]. 

Table 1. Parameters of used materials at 9 K. 
 

Parameters Unit W CeB6 
Density, ρ kg/m3 19250 4800 
Specific heat capacity, c J/kg⋅K 0.0026 0.196 
Electronic contribution to 
specific heat capacity, γ J /kg⋅K2 0.022 0.813 

Thermal conductivity, λ W/m⋅K 9680 0.94 
Seebeck coefficient, S μV/K - 150 

 
 

The modeling of thermal processes occurring in 
the absorption of a photon is as follows. The entire 
volume of the absorber and the bridge was broken 
down into a cell of the size Δx, Δy and Δz. These 
dimensions were typically of the order of 0.1 μm. 
Obviously, the greater the number of cells will 
provide the more accurate the calculation, but more 
time consuming.  

The thermal processes were modeled according to 
the following algorithm.  
• For all cells the initial temperature was set to 9 K. 

The cell where the photon is absorbed was chosen 
in the absorber.  

• According to the formula ΔT = E/Vρc, where E is 
the energy of the absorbed photon and V is the 
cell volume, the initial temperature of the cell 
T0 = 9 K + ΔT was calculated.  

• The temperature of all the cells for each time 
point tn was determined. 

• As can be seen in Fig. 1, the sensor is composed 
of two absorbers of the same size. 
As shown in [12], photons with an energy of 

1 keV are absorbed with a ~ 100 % probability in a 
1.5 μm thick tungsten, photons with an energy of 
100 eV - in a 0.5 μm thick tungsten. We can also 
calculate that photons with 10 eV and 1 eV energy 
are almost completely absorbed in the tungsten 
absorber with a thickness of 0.1 μm. And this 
thickness values for absorbers and the thermoelectric 
sensor is used in calculations. 

One of the main characteristics of thermoelectric 
sensors is the time of the heat flow through the 
metal–insulator boundary (τK), which is called the 
Kapitza boundary [4]. This time is calculated by  
the formula  

 

,*/* 3
0 abcabcK ATCr=τ  (1) 

 
where Aabs is the contact surface area, and at low 
temperatures r0 ~ 20 K4 cm2/W. If we substitute in 
this equation the heat capacity of tungsten at the 
temperature of 9 K (Table 1), we obtain the 
corresponding values of τK = 1.04, 5.2, 15.6, 31.2 and 
52 ps for the absorber thickness value of 0.1, 0.5, 1.5, 
3, and 5 μm, respectively. These are times that limit 
the transfer of heat of an absorbed photon from one 
absorber to another absorber through the 
thermoelectric bridge. Only for these time intervals a 
voltage will arise between the absorbers, by 
measuring which we can register the fact of photon 
absorption. We will try to find out below how 
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feasible it is and what voltage may arise between the 
absorbers during the absorption photons with 1 keV - 
1 eV energy. 

 
 

3. Results 
 

3.1. Registration of Photons with Energy  
of 100 eV 

 

The equation of heat distribution from a limited 
volume in a three-dimensional model was solved for 
various geometries of the thermoelectric sensor with 
boundary conditions of absence of heat transfer to the 
medium and a slight loss of the heat to the substrate. 
Table 2 shows the calculation numbers (capital letters 
correspond to the absorber areas with impingent 

photons), data on the absorber and the sensor size  
(x, y, z), photon energy E, maximum temperature 
difference ΔTmax at the ends of the bridge, the time 
t(ΔTmax) in which this maximum is reached, the 
voltage ΔUmax (calculated using the Seebeck 
coefficient value S = 150 μV/K at 9 K), the time of 
the gradient fall to the background values t(ΔTmax/10) 
and the detector count rate R = 1/t(ΔTmax/10).  

Data of Table 2 will be discussed in parallel with 
the consideration of the time dependence of the 
temperature difference at the ends of the 
thermoelectric bridge ∆Т(t). In Fig. 2 and Fig. 3, 
these dependences are given for the absorbers with 
the dimensions of 10×10×0.5 μm3 and  
10×0.5×0.5 μm3 respectively. The insets show the 
numbers of calculations and the size of the bridge.  

 

Table 2. Sensor geometry, ∆Tmax, ∆U max and count rate (R) for E=100 eV photon. 
 

No. 
W absorber 
size, (μm) 

CeB6 sensor 
size, (μm) 

E, 
(eV) 

∆Tmax, 
(10−4 K) 

∆Umax, 
(nV) 

t(∆Tmax), 
(ps) 

t(∆Tmax/10), 
(ps) 

R, 
(GHz) 

1M 10×10×0.5 1×1×0.5 100 0.842 12.6 104.1 >5000 <0.2 
2M 10×10×0.5 0.1×1×0.5 100 0.839 12.58 75.6 >5000 <0.2 
3M 10×10×0.5 0.01×1×0.5 100 0.697 10.5 15 >5000 <0.2 
4M 10×10×0.5 0.01×5×0.5 100 0.602 9 13.8 422 2.4 
5M 10×10×0.5 0.01×10×0.5 100 0.47 7 13.2 242 4.2 
6М 10×10×0.5 0.1×10×0.5 100 0.828 12.4 32.4 >2000 <0.5 
7M 10×0.5×0.5 0.01×0.5×0.5 100 8.79 131.9 11.7 254 3.9 
8M 10×0.5×0.5 0.1×0.5×0.5 100 15.6 234 32.4 >2000 <0.5 
9M 10×0.5×0.5 1×0.5×0.5 100 15.9 238 39 >2000 <0.5 
10M 5×0.5×0.5 0.1×0.5×0.5 100 31.3 469 15 >5000 <0.2 
11N 5×0.5×0.5 0.1×0.5×0.5 100 136 2040 0.3 >2000 <0.5 
12F 5×0.5×0.5 0.1×0.5×0.5 100 31.2 468 21.6 >5000 <0.2 
13M 5×0.5×0.5 0.1×0.5×0.5 110 34.4 516 14.1 >5000 <0.2
14M 5×0.5×0.5 0.1×0.5×0.5 90 28.1 421.5 12.3 >5000 <0.2

 

 
Fig. 2. ΔТ(t) dependence for case of W absorber  

with the size of 10×10×0.5 μm3, photon E = 100 eV. 

 
Fig. 3. Т(t) dependence for a case of W absorber  

with the size of 10×0.5×0.5 μm3, photon E = 100 eV. 
 
 

As can be seen in Fig. 2, for the bridge length of 
1, 0.1 μm and a width of 1 μm (1M, 2M) the decline 
of ΔT after reaching a maximum is very slow. If we 
extend the bridge to the width of the absorber 10 μm 
(6M), it decreases the ΔТmax value and the decline in 
ΔT is faster. However, a decrease in the length of the 
bridge to 0.01 μm (3 M – 5 M) has a more significant 
impact on the variation of these parameters.  

The most encouraging is the curve corresponding 
to the calculation 5M. At the same time, according to 

both Table 2 and Fig. 2 data, for the absorber size of 
10×10×0.5 μm3 values ΔT less than 10-4 K are 
achieved. Reducing the volume of the absorber  
20 times leads to a significant increase in the 
achievable ΔТmax values. Fig. 3 shows plots of ΔТ(t) 
for three values of the bridge length – 1, 0.1 and 
0.01 μm. And once again we see that the decrease in 
the length of the bridge leads, as might be expected, 
to some reduction of ΔTmax and acceleration in the 
decline of ΔT after the maximum. 
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Let us further reduce the volume of the absorber 
two times and consider the influence on the ΔТ(t) of 
the location of the photon thermalization zone 
(Fig. 1) and of changes in the photon energy by 10 %. 
Fig. 4 and Fig. 5 show the results of these 
calculations for the bridge lengths of 0.1 (Table 2) 
and 0.01 μm (Table 3) respectively.  

We first note the similarity of calculations 
presented in Fig. 4 and Fig. 5. 

 
 

 
 

Fig. 4. ΔТ(t) dependence for a case of W absorber with the 
size of 5×0.5×0.5 μm3, CeB6 sensor - 0.1×0.5×0.5 μm3. 

 
 

Significantly differ the ΔТ(t) curves for the 
calculations labeled M, N and F. At the length of the 

bridge of 0.1 μm this difference is leveled  
for t > 20 ps, whereas for the bridge length of 
0.01 μm the difference holds longer. If the photon 
energy is different by 10 eV (calculations 10M, 13M 
and 14M), the ΔTmax differs by ~ 3.2×10–4 K. With 
the value of the Seebeck coefficient of 150 μV/K, this 
provides the build-up of a ~ 50 nV voltage – a 
quantity that can be detected without the use of 
special electronics, distinguishing photons with 
energy of 100 ± 10 eV.  

 
 

 
 

Fig. 5. Т(t) dependence for case of W absorber with the 
size of 5×0.5×0.5 μm3, CeB6 sensor - 0.01×0.5×0.5 μm3. 

 
 

Table 3. Sensor geometry, ∆Tmax, ∆Umax, t(∆Tmax /10), and count rate R for E=1 eV – 1 keV photon. 
 

No. 
W absorber 
size, (μm) 

CeB6 sensor 
size, (μm) 

E, 
(eV) 

∆Tmax, 
(10−4 K) 

∆Umax, 
(nV) 

t(∆Tmax), 
(ps) 

t(∆Tmax/10), 
(ps) 

R, 
(GHz) 

15M 5×0.5×0.5 0.01×0.5×0.5 100 21.1 316.5 3.6 101.1 9.89 
15Ma 5×0.5×0.5 0.01×0.5×0.5 10 2.11 31.65 3.9 101.1 9.89 
15Mb 5×0.5×0.1 0.01×0.5×0.1 10 11 165 3.12 100 10 
15c 5×0.5×0.5 0.01×0.5×0.5 1 0.211 3.165 3.9 101.1 9.89 
15d 5×0.5×0.1 0.01×0.5×0.1 1 1.07 16 3.81 101.43 9.86 
16N 5×0.5×0.5 0.01×0.5×0.5 100 337 5055 0.033 3.5 286 
16Na 5×0.5×0.5 0.01×0.5×0.5 10 34 510 0.03 3.38 286 
16Nb 5×0.5×0.1 0.01×0.5×0.1 10 78 1170 0.096 9.819 101.8 
16Nc 5×0.5×0.5 0.01×0.5×0.5 1 3.37 50 0.033 3.42 292.4 
16Nd 5×0.5×0.1 0.01×0.5×0.1 1 7.8 117 0.114 9.819 101.8 
17F 5×0.5×0.5 0.01×0.5×0.5 100 18.1 271.5 10.2 111.6 8.96 
17Fa 5×0.5×0.5 0.01×0.5×0.5 10 1.81 27 10.8 111.6 8.96 
17Fb 5×0.5×0.1 0.01×0.5×0.1 10 9.1 137 10.92 112.2 8.9 
17Fc 5×0.5×0.5 0.01×0.5×0.5 1 0.181 2.7 10.8 111.6 8.96 
17Fd 5×0.5×0.1 0.01×0.5×0.1 1 0.91 13.7 10.92 112.2 8.9 
18M 5×0.5×0.5 0.01×0.5×0.5 110 23.2 348 3.6 101.1 9.89 
19M 5×0.5×0.5 0.01×0.5×0.5 90 19 285 3.6 101.1 9.89 
23M 5×5×1.5 0.01×5×1.5 1000 8.54 130 2.1 51.3 19.5 
26N 5×5×1.5 0.01×5×1.5 1000 19.8 230 0.6 26.7 37.5 
27F 5×5×1.5 0.01×5×1.5 1000 8.7 130 3.9 52.8 18.9 
28M 5×5×1.5 0.01×5×1.5 1100 9.36 140 2.1 51 19.6 
29M 5×5×1.5 0.01×5×1.5 900 7.68 120 2.1 49.7 20.1 

 
 
3.2. Registration of Photons with an Energy 

of 1 eV, 10 eV and 1 keV 
 

In Fig. 6 ΔТ(t) dependences are given for the 
absorbers with dimensions 5×5×1.5 μm3 for 

absorption of photon with an energy of 1 keV. The 
∆Т(t) curves significantly differ for calculations 
labeled M, N and F. From comparison of curves 23M 
and 27F it is seen that photon absorption in a region 
far from the thermoelectric bridge of the absorber, 
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relative to photon absorption in the center, leads to a 
slight increase of ∆Тmax and increase of t(∆Тmax). Let 
us note that calculations of 23M and 27F were done 
for similar values of the absorber and bridge 
dimensions. Calculation 26N were also done for 
similar dimensions of the absorber and of the bridge; 
the letter N corresponds to photon absorption in 
vicinity of the thermoelectric bridge. In this case the 
time dependence of ∆T has a different profile. As it 
can be seen from Fig. 6, the curve 26N attains 
significantly higher values of ∆T in a shorter time 
interval. The difference between 23M and 26N 
disappears at t >50 ps.  

 
 

 
 

Fig. 6. Т(t) dependence for case of W absorber with the 
size of 5×5×1.5 μm3, CeB6 sensor - 0.01×5×1.5 μm3. 

 
 

If the photon energy differs by 100 eV, the ΔTmax 
differs by 7.7 mK (28M, 29M - Table 3). With the 
value of the Seebeck coefficient of 150 μV/K for 
CeB6 at 9 K, this provides the build-up of a ~ 10 nV 
voltage. If we can measure with a high  
confidence the voltage of 1 nV, then we can be 
similarly confident in distinguishing photons of 
1000±10 eV energies. 

The calculation results of 15Ma-15Md are 
presented in Fig. 7. From comparison of 15Ma, 15Mc 
(z=0.5 μm) and 15Mb, 15Md (z=0.1μm) curves it is 
seen that photon absorption in detection pixel with a 
smaller thickness leads to the significant increase of 
∆T value. As can be judged from the data of Table 3, 
even in the absorption of 1 eV photons, the value of 
the voltage more than 10 nV is obtained. We can say 
that a photon with this energy can be registered and 
its energy can be determined. 

Let's compare the values of the time in which 
ΔTmax is reached (presented in Table 2 and Table 3) 
with the values of the time of the heat flow through 
the Kapitza boundary (τK), given in Section 2.2. The 
values of t(ΔTmax) calculations in Table 2 are greater 
than τK = 5.2 ps (for the absorber thickness 0.5 μm). 
It means that the maximum value ΔTmax for the 
geometries of absorber and sensor discussed in this 
table will not be achieved. The heat will move to the 
dielectric substrate. An exception is the calculation 
for the case when a photon is absorbed in immediate 
proximity from the sensor (11N), but it is a particular 

case the possibility of which is small. Thus, we can 
say that such detector can detect a single photon 
absorption fact, but maximum values of ΔTmax and 
ΔUmax will not be achieved.  

 
 

 
 

Fig. 7. ∆T(t) dependence for 10 eV and 1 eV photon 
absorption in case of different thickness (z)  

of detection pixel. 
 
 

The situation is completely different for the 
calculations presented in Table 3. For all the 
calculations corresponding to the thicknesses of the 
absorber 0.5 μm and 1.5 μm the values of t(ΔTmax) 
are less than values of τK=5.2 ps and τK=15.6 ps, 
respectively. In Table 3 only calculations marked 17F 
don’t correspond to this rule. Comparison of values 
of the parameters t(ΔTmax/10) and τK shows that in 
some cases the counting rate will be determined by 
the first, in other cases – by the second parameter. 
For those sizes of absorber and sensor for which 
τK<t(ΔTmax/10), the counting rate will be equal to ~ 
180 GHz for the thickness of the absorber 0.5 μm, 
and about 60 GHz for the thickness of 1.5 μm. 
 
 

4. Conclusions 
 

According to the results of calculations can be 
stated that detection of single photons from IR to  
X-ray and the possibility to define their energy by 
accuracy no less than 10 % is realistic. It is possible 
without additional amplification of the obtained 
signals for their registration while providing count 
rates exceeding 100 GHz! 

If the thermoelectric bridge of CeB6 possesses a 
Seebeck coefficient of S = 150 μV/K, which 
corresponds to the average value reported in the 
literature, then as can be seen in the Table 2 and  
Table 3, the resulting voltage can reach microvolts.  

The obtained characteristics are encouraging, they 
ensure the competitiveness of the thermoelectric 
detector with the superconducting single-photon 
detectors described in the literature. The simplicity of 
the thermoelectric sensor design, the lack of stringent 
requirements for maintaining the operating 
temperature and the relatively high operating 
temperature (twice higher than the boiling point of 
liquid helium) are additional advantages of the 
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thermoelectric detectors based on CeB6. 
The results included in this work were presented 

earlier, particularly in the conferences “Nano 2014” 
and “TechConnect World Innovation 2015” [13-14]. 
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Abstract: In recent years photonic devices have emerged as a powerful tool for developing novel, high-
sensitivity sensors. In particular, tremendous progress has been reported in developing photonic temperature 
sensors using a wide variety of materials including optical fiber and on-chip silicon photonic devices. We 
recently reported on ultra high sensitivity temperature sensor based on silicon ring resonator structure that has a 
noise floor of 80 µK. Here we have systematically examined the impact of structural parameters on the 
performance of silicon ring resonator photonic thermometers. Our results suggest that consistently high 
performance temperature sensors are obtained from the zone of stability (waveguide width > 600 nm,  
air gap ≈ 130 nm and ring radius > 10 μm) such that quality factors are consistent ≈ 104 and the temperature 
sensitivity is in the 70 pm/K to 80 pm/K range. The zone of stability identified in this work is a useful starting 
point for future testing of inter-changeability wafer-scale produced sensors.  
Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 
 

In recent years there has been considerable 
interest in developing photonic sensors that leverage 
advances in frequency metrology in order to enable 
generational improvements in sensing capabilities 
while reducing the cost of sensor ownership. 
Considerable effort has been expended in developing 
novel photonic (bio) chemical sensors to enable 
reliable, cost-effective, pervasive monitoring of 
environmental and health specific variables including 
glucose [1], pH [2] and temperature [2-4]. 

In general, photonic sensors exploit changes in a 
material’s properties, such as the thermo-optic effect 
to enable sensitive measurements. For example, 
synthetic sapphire’s intrinsically high thermo-optic 
effect has be exploited to enable highly sensitive 
temperature measurement by measuring microwave 
frequency shifts of resonant whispering gallery 

modes [5-6]. An optical analog of this, using infrared 
light to probe silicon ring resonator devices has 
demonstrated that such devices respond rapidly to 
small temperature variations [7] and can be used to 
detect temperature differences as small as 80 µK 
while being insensitive to changes in humidity [4]. 
Alternative optical devices include fiber Bragg 
gratings (FBG) which have been demonstrated to 
exhibit temperature dependent shifts in resonant 
wavelength of 10 pm/K [8-11]. 

Development of mass producible, high 
performance thermometers requires that we identify a 
parameter space where devices can be reproducibly 
fabricated to produce high quality-factors (Q-factors) 
and high temperature response. This requires 
identifying structural parameters where the device is 
relatively insensitive to small fabrication errors that 
are likely to be encountered with CMOS 
(complementary metal-oxide semiconductor) 

http://www.sensorsportal.com/HTML/DIGEST/P_2709.htm
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compatible manufacturing technology. Here we have 
carried out a systematic survey of structural 
parameters of a ring resonator device to optimize it’s 
performance. Our results point to a zone of stability 
[12] (waveguide width, w > 600 nm, air gap, 
g ≈ 130 nm and ring radius, r > 10 μm) in the 
parameter space where we consistently obtain quality 
factors of ≈ 104 and the temperature sensitivity is in 
the 70 pm/K to 80 pm/K range[13].  

 
 

2. Experimental 
 
The photonic device consists of a ring resonator 

coupled to a straight-probe waveguide. The cross-
section is designed to ensure single-mode 
propagation of the transverse-electric (TE) light (the 
electric field in the slab plane) at the telecom 
wavelength (1550 nm) and air gap for evanescent 
coupling between the resonators and the probing 
waveguide. The photonic chip was fabricated using 
standard CMOS technology on silicon on insulator 
(SOI) wafer with a 220 nm thick layer of silicon on 
top of a 2 μm thick buried oxide layer to isolate the 
optical mode and prevents loss to the substrate. The 
fabrication of the silicon devices was performed in 
two batches by IMEC and LETI (Laboratoire 
d’Electronique et de Technologie de l’Information, 
France) facilities, respectively.  

In our experiments, a tunable single-mode diode 
laser (New Focus, TLB-6700)a was used to probe the 
ring resonator (Fig. 1).  

 
 

 
 

Fig. 1. Schematic of experimental setup. 
 
 
A small amount of laser power was immediately 

picked up from the laser output for wavelength 
monitoring (HighFinesse WS/7) while the rest, after 
passing through the photonic device, was detected by 
a large sensing-area power meter (Newport, model 
1936-R). The photonic chip itself is mounted on a  

                                                 
a Certain equipment or materials are identified in this paper in 
order to specify the experimental procedure adequately. Such 
identification is not intended to imply endorsement by the National 
Institute of Standards and Technology, nor is it intended to imply 
that the materials or equipment identified are necessarily the best 
available. 

3-axis stage in a two-stage temperature controlled 
enclosure. Input from a platinum resistance 
thermometer from each stage is fed to its respective 
proportional-integral-derivative controller that drives 
a thermoelectric cooler (Laird Technologies) 
maintaining a fixed temperature to within 20 mK. In 
this study, temperature-dependent measurements 
were carried out at 22 °C, 24 °C, 27 °C and 29 °C. 
We have previously demonstrated that the 1 µm thick 
protective oxide layer deposited on the device makes 
it insensitive to changes in humidity. 
 
 
3. Results and Discussion 
 

We systematically varied the waveguide width 
(w = 480 nm, 600 nm, 610 nm), air gap (g = 100nm, 
115 nm, 130 nm, 145 nm, 165 nm) and ring radius 
(r = 9 μm, 10 μm, 11 μm and 12 μm) over  
100 devices to examine the impact of structural 
parameters on device performance. Variation in 
waveguide width is expected to impact the effective 
refractive index of the mode and hence the 
temperature sensitivity of the device; air gap impacts 
the coupling losses (κ) which impacts the Q-factors 
of the resonant modes, meanwhile, the ring resonator 
radius (r) is expected to primarily impact the FSR. In 
our initial survey of the 100 devices, we identified  
40 devices where at least one resonance was 
observed over the range of 1520 nm to 1565 nm. 
None of the devices with waveguide with of 480 nm 
show any resonances in this range indicating a failure 
to couple light between the waveguide and ring 
resonator. For the 40 viable devices at least one FSR 
was measured at three different temperatures.  

As shown in Fig. 2, the FSR values vary inversely 
with r while Q-factors show an asymptotic 
dependence on g with highest Q values observed 
when g ≥ 115 nm. Temperature sensitivity (Δλ/ΔT) 
decreases linearly with r, and asymptotically with g. 
The largest temperature sensitivity is observed at 
g = 100 nm, however, the Q-factors are only 103. The 
reduced mode Q-factors likely derive in part from 
slight fabrication errors e.g. the gap distance between 
waveguide and ring may deviate slightly from 
100 nm or the walls of waveguide and ring may slope 
downwards, effectively narrowing the air gap. When 
air gaps >100 nm the quality factor increases to 104 
but ∆λ/∆T is limited to ≈60 pm/K to 80 pm/K. These 
results suggest device with g > 115 nm and radius  
≥ 10 µm delivers consistent performance. 

In the second batch (Fig. 3) we focused down on 
the zone of stability and systematically varied the 
waveguide width (w = 450 nm, 510 nm, 610 nm), air 
gap (g = 120 nm, 125 nm, 130 nm, 135 nm, 140 nm, 
and 150 nm) and ring radius (r = 11 µm, 13 µm, 
15 µm and 20 µm) over 10 devices to further 
examine the impact of structural parameters on 
device performance. In agreement with theory and 
previous experiments we find that FSR decreases 
with increasing r. As expected, we find that 
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temperature sensitivity of these devices is nearly 
consistent regardless of g or r and varies by 8 % as w 
is increased from 450 nm to 610 nm. The dependence 

of temperature sensitivity on w arises from more of 
the mode being confined inside the larger  
silicon waveguide.  

 

 
 

Fig. 2. Impact of structural parameters on (a) Q-factors (b) temperature sensitivity and (c) FSR indicate a zone of stability 
where consistently high Q-factors and temperature sensitivity is obtained. 

 
 

 

 
Fig. 3. (A) As expected, the measured FSR decreases linearly with increasing ring radius. (B) The temperature response 

shows an 8% increase with waveguide size. (C) Resonator Q-factors increase proportionally with waveguide width (black 
squares), but maximized for devices with air gap of centered around 130 nm. 

 
 
In agreement with our previous survey of ring 

resonator structures, we find that devices with 
g > 100 nm and w > 600 nm show Q-factors ≈ 104. 
An examination of the entire dataset however, 
reveals that Q-factors increase proportionally with w 
and r with Q-values being generally stable over the 
range examined. The positive correlation with 
increasing w and r suggests the Q-factors are being 
limited by scattering losses. As w gets smaller, less 
of the mode is confined within the core of the 

waveguide thus exposing more of the mode to the 
waveguide surface. Surface roughness due to 
fabrication processes can lead to increased scattering 
losses. Similarly, increasing the ring radius reduces 
the bending losses which would increase observed  
Q-factors. Overall, our results indicate that the zone 
of stability allows us to fabricate consistently high 
performance devices. The size of the zone could be 
further expanded by limiting scattering loses at the 
surfaces and bending loses in the ring resonator.  
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4. Summary 
 
We have systematically characterized the impact 

of structural parameters on ring resonator 
thermometer’s performance. Our results indicate that 
consistently high performance temperature sensors 
may be obtained from the zone of stability 
(w > 600 nm, g ≈ 130 nm and r >10 µm), where the 
surface scattering and bending loses are minimized.  

The zone could be further expanded by 
developing fabrication procedures that minimize 
surface scattering loses. The zone of stability will 
serve as an ideal starting point for future studies of 
device inter-changeability in wafer scale production. 
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Abstract: The fundamental limitations of resistance-based thermometry and the desire to reduce sensor 
ownership cost have produced considerable interest in the development of photonics-based temperature sensors 
as an alternative to resistance thermometers. Photonic temperature sensors have the potential to leverage 
advances in frequency metrology to provide cost effective measurement solutions. We report on the fabrication 
and characterization of photonic-based nanoscale thermometers. Two types of temperature sensors, described in 
this work, a silicon photonic Bragg grating cavity and photonic crystal cavity devices, were fabricated using 
silicon-on-insulator CMOS-technology. The devices have built-in Fabry-Perot cavities, resonance’s wavelength 
of which shifts systematically with temperature. The sensitivity of photonic nanoscale thermometers can be 
tuned by a top-cladding material. When cladded with a poly (methyl methacrylate) thin layer, the sensitivity is 
≈ 70 pm/°C, on the other hand, cladding with a silicon dioxide layer gives an improved sensitivity 
of ≈ 80 pm/°C. The described photonic thermometers have a temperature sensitivity that is at least seven to eight 
times better, compared to the sensitivity of conventional fiber Bragg grating sensors. We demonstrate that 
silicon photonic nanoscale thermometers are a viable temperature sensing solution. Copyright © 2015 IFSA 
Publishing, S. L. 
 
Keywords: Photonic thermometer, Photonic crystal cavity, Waveguide Bragg grating. 
 
 
 

1. Introduction 
 
Though today’s resistance thermometers can 

routinely measure temperatures with uncertainties of 
10 mK, they are sensitive to environmental variables 
such mechanical shock and humidity, which cause 
the sensor resistance to drift over time requiring 
expensive, time consuming calibrations [1]. These 
fundamental limitations of resistance thermometry, 
as well as the desire to reduce sensor ownership cost 
has produced considerable interest in the 
development of photonic temperature sensors as an 
alternative to resistance thermometers. The list of 
proposed alternative solutions ranges macroscale 
functionalized dyes [2], hydrogels [3], fiber Bragg 
grating sensors [2, 4, 5], and microscale silicon 

photonic devices [6–9]. In this study we present our 
results on fabrication and characterization of our first 
generation silicon photonic thermometers: a silicon 
waveguide Bragg grating cavity (Si WBGC) and 
silicon photonic crystal cavity (Si PhCC) sensors.  

Previously [10] we demonstrated the performance 
of Si WBGC and Si PhCC thermometers cladded 
with a poly (methyl methacrylate) (PMMA)1 layer. In 
this work we expand our recent results [11] on 
                                                 
1 Disclaimer: Certain commercial fabrication facility, equipment, 
materials or computational software are identified in this paper in 
order to specify device fabrication, the experimental procedure and 
data analysis adequately. Such identification is not intended to 
imply endorsement by the National Institute of Standards and 
Technology, nor is it intended to imply that the facility, 
equipment, material or software identified are necessarily the best 
available. 
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investigation the sensors’ performance, when they 
are cladded with a silicon dioxide (SiO2) layer. Both 
types of SiO2 – cladded photonic thermometers, 
Si WBGC and Si PhCC, over the range from 20 °C to 
120 °C show a systematic upshift of the resonance 
wavelength of ≈ 82 pm/°C as temperature increases. 
For comparison, when cladded with PMMA, the 
sensors show the sensitivity of only ≈ 70 pm/°C [10]. 
An increased sensitivity due to SiO2 – cladding is at 
least a factor of eight better compared to 
conventional FBG-based thermometers [2, 4, 5]. 

 
 

2. Results and Discussion 
 
2.1. Device Fabrication, Measurement Setup 
 

The operating principle of silicon photonics-
based temperature sensors is based on temperature 
dependence of silicon’s refractive index, which is 
determined by a high thermo-optic coefficient of 
silicon [12]. The temperature-driven variations of 
silicon refractive index induce a nearly linear shift of 
the photonic device’s transmission and/or reflection 
spectra towards longer (or shorter) wavelengths, 
when the sensor is being heated (or cooled). On the 
other hand, a temperature-induced wavelength shift, 
and thus the temperature itself, can be measured very 
precisely using recent advances in frequency 
metrology. 

The temperature sensors described in this work 
are silicon photonic devices that have a built-in 
Fabry-Perot (F-P) cavity, with resonance peak 
corresponding to the telecom frequency range (from 
≈ 1300 nm to ≈ 1700 nm). The photonic devices were 
fabricated at the National Institute of Standards and 
Technology (NIST), the Center of Nanoscale Science 
and Technology (CNST), using silicon-on-insulator 
(SOI) CMOS-technology via electron beam 
lithography followed by a selective inductive coupled 
plasma reactive ion etch (ICP RIE) of 220 nm-thick 
topmost silicon layer of the SOI wafer. After ICP 
RIE etch the devices were top-cladded with 700 nm-
thick PMMA or 800 nm-thick SiO2 protective layer.  

The photonic thermometers are characterized 
using a custom built measurement setup (Fig. 1).  

 
 

 
 

Fig. 1. Schematic diagram of the measurement setup  
for characterizing photonics-based thermometers. 

 

In this setup a C-band laser (New Focus TLB-
6700 series) is swept over the sensor resonance. Ten 
percent of laser power was immediately picked up 
from the laser output for wavelength monitoring 
(HighFinesse WS/7) while the rest, after passing 
through the photonic device, was detected by a large 
sensing-area power meter (Newport, model 1936-R). 
Light was coupled into and out of the waveguide 
using on-surface focusing grating couplers [13]. 

 
 

2.2. Performance of Photonic Temperature 
Sensors 

 

The first type of thermometers, Si WBGC, is 
based on a silicon nanowaveguide with a cross-
section of 510 nm × 220 nm that sits on top of 3 μm-
thick buried oxide layer (BOX) of the SOI substrate 
(Fig. 2a). The central part of the sensor is a 327 nm-
long F-P cavity surrounded on its opposite sides by 
two Bragg mirrors, which are made via a periodic 
modulation of the silicon nanowaveguide’s effective 
refractive index. The refractive index modulation is 
achieved by changing the width of the 
nanowaveguide in a periodic square-wave form with 
60 nm modulation amplitude and a period of 330 nm. 

 
 

 
 

Fig. 2. (a) SEM image of Si WBGC thermometer before 
top-cladding. (b) Transmission spectrum of SiO2 – cladded 

Si WBGC thermometer measured at 20 °C. 
 
 

The characteristic transmission spectrum of 
Si WBGC, cladded with 800 nm-thick layer of SiO2, 
is shown on Fig. 2b. It features a roughly 14 nm-wide 
stopband centered around 1546 nm at 20°C and an F-
P cavity resonance peak (with a peak width of 
FWHM ≈ 500 pm and a quality factor of Q ≈ 3100) 
located at the stopband’s center. The stopband’s 
width and center, as well as FWHM of the resonance 
peak are mainly determined by the Bragg grating 
mirrors’ design parameters. As we changed the 
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temperature from 20 °C to 120 °C the whole 
transmission spectrum of Si WBGC, including the 
sharp F-P cavity resonance peak, shifts linearly 
towards higher wavelengths (Fig. 3a) at a rate of 
δλ/δT ≈ 82 pm/°C (Fig. 3b). 

 
 

 
 

Fig. 3. (a) Transmission spectra of resonance peak of 
SiO2 – cladded Si WBGC thermometer measured at 
different temperatures: color curves from left to right 
correspond to T = (20, 40, 60, 80, and 100) °C, 
respectively. (b) Temperature dependence of the resonance 
peak’s position. 

 
 

The second type of thermometers, a silicon 
photonic crystal cavity (Si PhCC) shown on Fig. 4a 
is similar to Si WBGC. This is also an F-P cavity-
type photonic device operating around the telecom 
frequency range. The Si PhCC consists of an 
800 nm-wide silicon nanowaveguide and an F-P 
cavity located at the sensor’s center. Two Bragg 
mirrors located on the opposite sides of the F-P 
cavity are one-dimensional photonic crystals, 
consisting of a pattern of subwavelength holes in a 
silicon nanowaveguide with diameters that vary 
gradually from 170 nm to 200 nm. Our design 
follows the deterministic approach of Refs. [14-15], 
in which the Si PhCC features a zero-length F-P 
cavity and two adjacent photonic crystal modulated 
Bragg mirrors with a Gaussian field attenuation that 
maximizes the Q of the cavity. For Si PhCC sensor 
shown on Fig. 4a the light is coupled into the F-P 
cavity via an evanescent coupling from a 510 nm-
wide bus-nanowaveguide placed within ≈ 300 nm 
from the Si PhCC active area. As for Si WBGC 
sensors, Si PhCC devices were cladded with 800 nm 
of a silicon dioxide layer.  

Fig. 4b shows a transmission spectrum of  
SiO2 – cladded Si PhCC sensor measured at 20 °C. 
It features three resonance peaks, marked A, B and 

C, which correspond to the fundamental, the first and 
the second F-P cavity modes, respectively. 

 
 

 
 

Fig. 4. (a) SEM image of Si PhCC thermometer before the 
top-cladding. (b) Transmission spectrum of SiO2 – cladded 
Si PhCC thermometer measured at 20 °C. Fundamental, 1st, 
and 2nd modes are marked by A, B and C, respectively. 

 
 

The peaks are much narrower compared to the 
resonance peak of Si WBGC: for the 1st mode the 
peak width is ≈ 60 pm and Q ≈ 26000 (Fig. 5a). As 
temperature is varied the whole spectrum shifts. 
Shown on Fig. 5a are the spectra of the 1st mode 
resonance peak measured at temperatures ranging 
from 20 °C to 120 °C. The corresponding thermal 
sensitivity of the Si PhCC is ≈ 83 pm/°C (Fig. 5b), 
similar to the sensitivity of the Si WBGC device. 

Photonic sensors described above where top-
cladded with a silicon dioxide layer. We also 
investigated the performance of devices cladded with 
a PMMA layer. Fig. 6 shows a Si PhCC sensor and 
its temperature sensitivity performance, when it is 
top-cladded with a 700 nm-thick PMMA layer. The 
design of this sensor is similar to the one shown on 
Fig. 4a, except that the light is coupled not 
evanesently, but directly through a feeding 
nanowaveguide. The inset on Fig. 6b shows a 
fundamental mode resonace peak measured at 
different temperatures between 20°C and 40°C. 
Although this device is of a higher quality factor  
(Q ≈ 30600) compared to the previously described 
sensors, it sensitivity is reduced (δλ/δT ≈ 68 pm/°C) 
due to a negative thermo-optic coefficient of  
PMMA [10, 16–18].  

Although a PMMA-cladding can be done very 
fast via a spin-coating, the working temperature 
range is limited by PMMA’s glass transition 
temperature (≈ 85°C) [10].  
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Fig. 5. (a) Transmission spectra of the resonance peak of 
SiO2 – cladded Si PhCC corresponding to the first mode of 
the F-P cavity measured at different temperatures from 
20°C to 120°C. (b) Temperature dependence of the first 
mode F-P cavity resonance peak’s position. 

 
 

 
 

Fig. 6. (a) SEM image of Si PhCC thermometer before top-
cladding. Inset zooms in the central part of the sensor. 
(b) Temperature dependence of the wavelength position of 
the resonance peak corresponding to the fundamental mode 
of the F-P cavity of the PMMA-cladded Si PhCC sensor. 
Inset shows the transmission spectra of the resonance peak 
corresponding to the fundamental mode measured at 
T = (20, 25, 30, 35 and 40)°C. 

 
 

3. Summary 
 

In this work we present our results on the 
fabrication and characterization of two types of  
F-P cavity-based photonic nanothermometers, 
Si WBGC and Si PhCC. The thermal response of 
these sensors was measured in the temperature range 

from 20 °C to 120 °C. Compared to a PMMA-
cladding, the silicon dioxide cladding increases the 
thermometers’ sensitivity (δλ/δT) from ≈ 68 pm/°C 
to ≈ 82 pm/°C. This represents at least a factor of 
eight improvement over the sensitivity of 
conventional fiber Bragg sensors [2, 4-5]. In 
addition, SiO2 – cladding extends the allowed 
temperature range, when compared to PMMA-
cladded photonic sensors, which upper allowed 
temperature (≈ 85 °C for PMMA used in Ref. [10]) is 
limited by PMMA’s glass transition temperature. 
While both types of F-P cavity-based sensors, 
Si WBGC and Si PhCC, show a similar thermal 
sensitivity, the Si PhCC thermometer has several 
advantages. It not only has a smaller footprint, but 
also has a resonance peak, which is narrower by 
about a factor of 10. This in turn reduces the 
combined measurement uncertainty by a factor of 
ten. We expect that a careful design of the Si PhCC 
would give an even higher Q, further increasing the 
device’s temperature resolution and improving 
measurement uncertainty. While our devices have 
similar temperature sensitivity as the previously 
reported ring resonator [6–9], unlike the ring 
resonator these sensors allow for unambiguous 
determination of the fundamental mode. The inability 
to unambiguously identify ring resonator modes 
limits the temperature measurement range to one free 
spectral range (typically ∆T ≈ 50 K to 170 K). 
Removing this ambiguity increases the temperature 
range of photonic temperature devices to potentially 
cover the temperature range from 4 K to 1300 K. In 
summary, we demonstrated that both types of silicon 
photonic thermometers can be a future replacement 
of resistance-based thermometers. 
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Abstract: Keeping good conductivity at high stretching strain is one of the main requirements for the 
fabrication of flexible electronic devices. The elastic nature of siloxane-based elastomers enables many 
innovative designs in wearable sensor devices and non-invasive insertion instruments, including skin-like tactile 
sensors. Over the last few years, polydimethylsiloxane (PDMS) thin films have been widely used as the 
substrates in the fabrication of flexible electronic devices due to their good elasticity and outstanding 
biocompatibility. However, these kind of thin films usually suffer poor resistance to tearing and insufficient 
compliance to curved surfaces, which limits their applications. Currently no three-dimensionally mountable 
tactile sensor arrays have been reported commercially available. In this work, we developed a kind of 
mechanically compliant skin-like conductive thin film by patterning silver nano wire traces in strip-style on 
Dragon Skin® (DS) substrates instead of PDMS. High cross-link quality was achieved then. To further improve 
the conductivity, a thin gold layer was coated onto the silver nanowires (AgNWs) strips. Four different gold 
deposition routines have been designed and investigated by using different E-beam and spin coating processing 
methods. Owning to the intrinsically outstanding physical property of the Dragon Skin material and the uniform 
embedment built in the gold deposition processes, the DS/AgNWs thin films showed convincible advantages 
over PDMS/AgNWs thin films in both mechanical capability and conductive stability. Through experimental 
tests, the DS/AgNWs electrode thin films were proven to be able to maintain high conductivity following 
repeated linear deformations. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Flexible electronic devices, Stretchability, Conductivity, Dragon Skin, AgNWs. 
 
 
 
1. Introduction 

 

Imitating human sense by electronic methods is a 
popular topic in past few years, plenty of research 
works about flexible electronic devices have been 

done for this. Artificial sensors with human like 
sensory capability are one of these devices and will 
bring in large amounts of heightened artificial 
intelligence. For example, endowing robots with 
tactile sensors may greatly extend their application 
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range to some interactive tasks like caring for kids 
and elders; applying skin-like sensors on embedded 
medical devices will provide an unprecedented level 
of diagnostic and detection capability. Compared to 
the sense of heat [1], light [2], sound [3] and taste [4], 
the sense of touch is more difficult to mimic, since it 
requires a kind of relatively large-sized, high spatial 
resolution, high sensitivity, and fast response tactile 
sensing array [5], while any of these prerequisites has 
yet to be fulfilled. Tactile sensors should have the 
property to accommodate movements while keep 
their sensing functionalities [6], which requires at 
least 30 % stretchability [7]. Among various potential 
solutions, one promising strategy is to make artificial 
skin with intrinsic flexible, biocompatible substrate 
and stretchable conductors [8]. There are quite a few 
candidates for stretchable conductors. Conducting 
polymers used to be one of the most popular options, 
however, the lack of simple methods to obtain low 
cost conductive polymer make them unfavorable 
afterwards [9]; carbon nanotube [10] and graphene 
films [11] have high intrinsic conductivity and can be 
produced with low cost, but they suffered from large 
tube to tube junction resistance [12]. Most recent 
studies showed that electrode based AgNWs is one of 
the most suitable conductors for flexible sensor 
structures as the interpenetrating networks of AgNWs 
fits the crosslinked polymer substrates very well [13].  
Hu, et al., demonstrated AgNW/polymer matrix 
electrodes, however they only get a small increase of 
sheet resistance after multiple times of stretches [14]. 
For the flexible substrates, currently 
polydimethylsiloxane (PDMS) is undoubtedly the 
most favorable choice in deformable sensor 
fabrication, owing to its good biocompatibility, 
flexibility and good processability, most kinds of 
conductors mentioned above can be embedded in 
PDMS structure and work in mechanically 
deformable forms [15-16]. However, versatility as it 
is, PDMS based sensors are not complaint enough to 
mount on three dimension curved surfaces or 
deforming cylindrical surfaces. Yang, et al., designed 
a highly twistable 8×8 sensor with PDMS substrate 
and it showed better three-dimensional stretchability 
than any other PDMS based sensors [17], but the 
structure is a little too thick to be implemented on 
diagnostic medical equipment, and the uniformity of 
the sensing elements is deteriorated after a few twists. 
Basically, it’s proved that PDMS substrate can 
provide sufficient planer stretchability [18-19], but 
it’s not good enough to work for fully conformable 
requirements owing to its considerable rigidity and 
low toughness [20]. In this case, components with 
higher intrinsic flexibility should be developed and 
investigated to further enhance the sustainable 
capability of the conductive layer's of a flexible 
electrical devices [21].  

In our current research, a high performance 
silicone rubber, named Dragon Skin (DS) by 
Smooth-On Inc®, was firstly used as the substrate to 
fabricate stretchable electrode thin films. The 
conductivity was achieved through patterning 

AgNWs in strip-style on the DS substrates. For 
stretchability comparison, both PDMS/AgNWs thin 
films and Dragon Skin/AgNWs thin films have been 
fabricated. To further improve their conductivity, two 
types of Physical Vapor Deposition (PVD) processes, 
sputtering and electronic beam evaporation, were 
applied to coat a gold layer on the electrode strips. In 
addition, the adhesion effects of different interlayers 
(Titanium and Chrome) between the gold trace layer 
and the AgNWs surface were studied as well. Once 
assembled, the DS/AgNWs electrode thin films 
would be subjected to fatigue testing, to  
further evaluate their ability to perform well in  
real applications. 
 
 

2. Fabrication 
 

The following steps have been used to fabricate 
the proposed PDMS/AgNWs and the DS/AgNWs 
stretchable electrode thin films:  

Step #1: Some liquid PDMS (Dow Corning 
Sylgard 184, ratio of base to cross-linker is 10:1 by 
mass) was dispersed on 5 inch silicon wafers by spin 
coating (spin parameters are shown in Table 1), and 
was thermally cured in an oven at 65 oC for 12 hours 
to make molds for AgNWs networks of  
the electrodes.  

 
 

Table 1. Parameters for spin coating in Steps #1 and #4. 
 

Process 
Steps 

Parameters 
Acceleration Speed Time 

Spread 200 rpm/s 800 rpm 10 s 
Spin 250 rpm/s 1000 rpm 30 s 

 
 

Step #2: AgNWs (Blue Nano, 10 mg/ml) were 
dried in these PDMS mold on the silicon wafers by a 
syringe, forming the eight parallel strips of AgNWs 
networks (Fig. 1a). 

Step #3: As the AgNWs dried, the PDMS mold 
was removed (Fig. 1b) and the remaining AgNWs 
strips are patterned. 

Step #4: Some liquid PDMS was mixed, degassed 
and poured over the AgNWs strips, and dispersed by 
spin coating again (Fig. 1d). The same procedure was 
repeated when we made the thin films with Dragon 
Skin as the substrates. 

Step #5: Finally, the whole structure was 
thermally cured for 12 hours, after this, the PDMS 
(Dragon Skin) electrode thin film was peeled off 
from the silicon wafer carefully (Fig. 1e).  

 
 

3. Resistance Measurement and Stretch-
ability Comparison 
 
Following the fabrication process, the stretchable 

electrode thin films were catogized into 4 groups for 
further metallization.  
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(a) 
 

 
(b) 

 

 
(c) 

 

 
 

(d) 
 

(e) 
 

(f) 
 

Fig. 1. (a) Patterning AgNWs conductive strips in a removable PDMS mold; (b) The parallel patterned AgNWs strips;  
(c) Mixed PDMS (or DS) dispersed on AgNWs by spin coating in a glove box; (d) Thin and uniform electrode thin film after 

spin coating; (e) The electrode thin film was peeled off from a silicon wafer; (f) The DS based electrode thin film can be 
stretched over 150 %. 

 
 

A sputtering system from AJA International, Inc. 
and an evaporation system from CHA Industries, Inc. 
were utilized to coat a thin gold layer on different 
groups of the AgNWs conducting strips. Titanium 
(Ti) and chrome (Cr) were applied as the adhesion 
layer for the deposition of gold layer respectively. Ti 
and Cr have been commonly used in assembling 
different kinds of metal powders with silicon-rubber 
thin films to form a multilayer structure in electrical 
contact relays, as an adhesion/diffusion media  
[22-23]. They can also introduce considerably 
adhesion improvement for gold powers. The applied 
parameters in our process are shown in Table 2.  

A 10 nm interlayer was achieved in each of the 
sample groups, and a 50 nm gold layer was coated in 
succession as shown in Fig. 2a. The measurements 
for stretchable electrodes were shown in Fig. 2b and 
Fig. 2c. Resistances of each group are listed in 
Table 3. At least 16 different conducting strips have 
been measured for each PVD process to get the 
reliable values. 

From the data shown in Table 3, it’s noted that 
the resistance of group #2 strips, which were coated 
with a 50 nm gold thin layer with chrome as 
interlayer by E-beam, is the smallest among all the 
strips with and without PVD processing. 

 
 

Table 2. Parameters for different PVD processes. 
 

No.
PVD  

Process 
Metalized 

layer 

Parameters 

Chamber 
Pressure 

Depo-
sition 
Rate 

Total 
Time

#1
E-beam 

evaporation

Ti(10 nm)+
Au(50 nm) 1.5×10-6  

Tor 
0.2 nm/s 300 s 

#2
Cr(10 nm)+
Au(50 nm)

#3
Sputtering 

Ti(10 nm)+
Au(50 nm) 1.0×10-5  

Tor 
0.25 nm/s 240 s 

#4
Cr(10 nm)+
Au(50 nm)
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(a) 
 

 
(b) 

 

 
(c) 

 

 
 

(d) 
 

(e) 
 

(f) 
 

Fig. 2. (a) Stretchable electrodes flipped under a mask on a sample holder for PVD processes; (b) Resistance of a 60 mm 
AgNWs conducting strip is about 11 Ω; (c) Resistance of a 80 mm AgNWs/Cr/Au (E-beam deposited) conducting strip is 

below 6 Ω; (d) A tennis ball is wrapped by an AgNWs/PDMS electrode thin film; (e) A tennis ball is tightly wrapped by an 
AgNWs/DS electrode thin film; (f) The AgNWs/DS electrode thin film can keep low resistance under large 3D deformation. 

 
 

Table 3. Resistances of the stretchable electrodes 
after different metallization routines. 

 

No. Conductor Strip 
Resistance 
(Ω/1mm) 

#0 AgNWs 0.178 
#1 AgNWs/Ti/Au by E-beam 0.125 
#2 AgNWs/Cr/Au by E-beam 0.084 

#3 
AgNWs/Ti/Au by 
sputtering 

0.157 

#4 
AgNWs/Cr/Au by 
sputtering 

0.103 

 
 

There are mainly two reasons explaining this. 
One is that the chrome has higher inter-diffusion rate 
with AgNWs, and provides better adhesion force for 
the AgNWs to contact with each other in  
these samples. 

Another reason is that the E-beam evaporation 
permits more direct energy transfer to the source 
during heating than sputtering; due to the higher 
vacuum degree achieved, the E-beam can get purer 
evaporated material to the substrate, thus the 

electrode processed by E-beam shows better 
conductivity than those by sputtering.  

From Fig. 2d and Fig. 2e, it is also observed that 
although the PDMS-based electrode substrate is thin, 
it could not be conformably mounted to a curved 
surface and the two sides of the PDMS/AgNWs thin 
film tilt up on the tennis ball, while the DS-based 
electrode thin film could be wrapped around a tennis 
ball tightly and conformably. In Fig. 2f, a 80 mm 
long AgNWs/DS electrode thin film can be wrapped 
around a tennis ball (r = 33 mm) with elongation of 
nearly 160 % and still keep a resistance of 
2.2 Ω/1 mm, which is on the top level of any kinds of 
stretchable electrodes under large deformation. 

 
 

4. Fatigue Test 
 

In the actual application, the stretchable thin films 
with conductive strips will be used in a working 
condition with repeated stretching and relaxing 
motions. Thus fatigue the property of this kind of 
thin films is one of the important factors which will 
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influence its applicability. In the following, the tests 
to demonstrate the capability of the thin films to 
withstand repeated deformation were carried out. Its 
conductivity after the repeated motion was measured 
to evaluate its anti-fatigue property.  

The experimental setup is shown in Fig. 3. The 
main testing component is a piece of DS/AgNWs 
thin film with 8 conductive strips. One side of the 
thin film was clamped to the end-effector of an 
EPSON robot and the other side was fixed to the 
table using a table mounted clamp. The end-effector 
of the robot was then controlled to move repeatedly 
to generate repeated stretching and relaxing motion. 

 
 

 
 

Fig. 3. Fatigue test setup. 
 
 

After the DS/AgNWs electrode thin film was 
stretched and relaxed for certain times, such as 
1 time, 3 times, 5 times and 100 times, it was taken 
off from the robot and mounted to a tensile testing 
stage for measurements as shown in Fig. 4. On this 
stage, the resistances of the conductive strips on the 
thin film were measured at certain strain rates from 
0 % to 70 %, such as 5 %, 10 %, 15 %, etc.  
The results measured in resistances per mm were 
shown in Fig. 5.  

From results shown in Fig. 5, a linear relationship 
between the increase of the resistance per millimeter 
and the increase of the strain rate can be observed. It 
can also be observed that the more times the thin film 
was stretched, the bigger the thin film’s resistance 
was. There was an average overall  
of 12.5 % increase in resistance from the first to third 
stretching, 14.9 % increase after the 5th stretching, 
and 24.8 % following the 100th stretching. After 
around 100 times stretching, the resistance of the thin 
film did not increase any more. This is to say that the 
DS/AgNWs electrodes can withstand repeated 
stretching and maintain high conductivity when 
working in a reasonable range of strain (0 % - 70 %).  

 
 

Fig. 4. Resistance measured under different strain rates 
using a tensile testing stage. 

 
 

 
 

Fig. 5. Resistance of an AgNW/Dragon Skin stretchable 
conductive strip as a function of tensile strain  

at different stretching cycles. 
 
 

5. Conclusions 
 

Flexible thin films with high conductivity and 
good stretchability will facilitate the design and 
fabrication of flexible electronic devices, such as 
skin-like sensors. In this paper, a new type of high 
stretchable silicone, Dragon Skin, together with 
AgNWs has been used to fabricate conducting 
electrode thin films. The thin films with the electrode 
strips have showed better conformability to curved 
surfaces and higher capability to withstand large 3D 
deformation than the commonly used PDMS flexible 
electrode thin films. To further study the conductivity 
of the stretchable electrodes, a comparison of 
different surface deposition routines was conducted, 
i.e. gold powder deposition using E-beam deposition 
and spin coating methods. The results indicate that 
by coating a thin gold film with chrome as interlayer 

Conductive thin film
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by electronic-beam evaporation, the DS/AgNWs 
electrode thin films can achieve better conductivity 
under stretching than those with or without surface 
depositions. Fatigue tests were also carried out on the 
DS/AgNWs electrode thin films. It was found that 
the repeated deformations caused limited increases in 
the electrode resistance. This makes the Dragon 
Skin/AgNWs electrode thin films a promising 
component for flexible electronic devices.  
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Abstract: Multipiezoprofilometer proposed, advanced on the basis preliminary developments and inventions of 
the authors. Production of this measuring complex represents innovative interest. There is experience in 
implementing piezo-profilometer type «Profile» on the enterprises of Ukraine and abroad. 

The proposed technology provides continuous control, operative determination of optimum parameters 
initial roughness, micro-hardness and deviations form’ or location’ of work surfaces. Given technology allows 
considerably increasing accuracy of measurements and at the same time significantly reduce the cost price 
piezo-profilometers to ensure their mass introduction. She also solves problems universality roughness 
measurement (without additional devices) of flat, cylindrical, convex, concave, curvilinear or spherical surfaces 
up to 3...5 mm in diameter, well as ‒ continuity the offline mode more than 8 hours without additional charging 
accumulators. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Micro- and nanotechnology, Micro-mechanics, Multi-sensing, Measurement technology, Electronic 
measurement systems, Algorithms signal processing, Computer software. 
 
 
 
1. Introduction 

 

The high cost of modern devices diagnosis of 
quality surfaces industrial wares (profilographs-
profilometers and micro-nano-firmly-mers) does not 
allow provide continuous operational control of said 
surface at each workplace, where they manufactured 
(are processed). 

In addition, for provide control of many hard to 
reach of flat, cylindrical, convex, concave, 
curvilinear and spherical surfaces such device's 
require additional of expensive equipment’s and of 
sensors, that makes them uncomfortable in the 

operation. This negatively affect productivity and on 
the exploitation indices of manufactured products. 

The truth, is there and relatively are inexpensive 
piezo-profilometers type «Surtronik-10» (England), 
«TR100» (China) or «Profile-03» (Ukraine). 
However, it is necessary be noted their small 
functionality and low measurement accuracy, that 
calls necessary the present work. 

The basic conception considered work is the 
creation a fundamentally new portable universal 
nanotechnological of device that allows measure not 
only roughness, but and the form deviation or 
location the controlled surfaces (diaprofilometer) and 

http://www.sensorsportal.com/HTML/DIGEST/P_2712.htm

http://www.sensorsportal.com
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microhardness (firmly-profilometer). For combining 
of these properties has been developed measuring 
complex ‒ dia-firmly-profilometer or multipiezo-
profilometer. 

Realization of this idea carried due to of 
measurement methods and constructive solutions, in 
particular, profilometrical piezosensor, which allow 
an order of magnitude (up to 10 times) reduce the 
cost fabrication created by of devices compared with 
a similar high-tech (nanotech), but costly 
commercially produced by equipment. 
 
 
2. Description of Technology 

 
In the framework of considered work one of the 

main stages to achieve the above-mentioned 
objective is create of the profilometrical smart-
piezosensor fundamentally new design type «plug 
and produce», depicted in Fig. 1. Unlike existing in 
the world he allows measure any curvilinear surfaces 
(along the route of the measurement), improve 
accuracy and stability of the measurement results 
without precise adjustment of moto-bloc profilometer 
on controlled parts with different diameters, as well 
as simplify the configuration profilometer after 
replacing the sensor which is not demanding 
additional calibration electronics. 

 
 

 
 

Fig. 1. Profilometrical smart-piezosensor. 
1 ‒ body; 2 ‒ swinging mainstay; 3 ‒ piezo-element; 

4 ‒ foam rubber; 5 ‒ spring; 6 ‒ screw and 7 ‒ nut М1,6. 
 
 

In addition, the words «smart», as well as «plug 
and produce" mean the creation mathematical support 
(of algorithms and computer codes) for processing 
signals coming from profilometrical piezosensor. It 
will facilitate the development and implementation of 
new energo-resourcesaving computer-technologies 
optimum machining any materials and wares. 
Namely: through the opportunity to define and 
specifing of productional regimes and also their 
sequence, which depending on current status of 
technological equipment, tuning of machine-tools, 
etc., would assure required by a technical document 
(by drawings), quality of the processed surfaces on 
condition minimum reserves of sizes unprocessed 
details and time of their machining. 

Summing up necessary to note, that the 

considered technology allows, essentially, 
rehabilitate the possibility wide use of compact and 
inexpensive profilo-metrical piezo-sensors. This was 
made possible primarily by providing them technical 
advantages much more of expensive magneto-
induction of sensors (namely the possibility of «zero 
correction» regarding the middle line of the measured 
profile), through of which latest are so far out of 
competition. 

That is, offered by us principally new 
patentability the design piezoelectric transducer and 
connected to it the node-basing motoblok’ of 
modernized device will allow renew piezo-
profilometers competition on world market. 
 
 
2.1. Novelty of Innovation 

 
The advantages of the proposed technology are 

obtained by thanks following distinguishing technical 
characteristics of methods and facilities, which are 
used in ours devices.  

• The combination of the styli of profile 
piezoelectric measurement method with magneto-
induction mechanical method move the sensor, 
what creates such advantages offered by devices: 

‒ the maximum miniaturization and  
autonomy at most precise enforcing similarity 
principle of parameters profile’s and to 
electrical oscillations; 
‒ do not require a power supply (batteries) 
motodrive [2]. 

• Profilo-piezosensor with swinging mainstay 
and by the drive of type clockwork for: 

‒ control of the curvilinear surfaces arbitrarily 
oriented in space; 
‒ maximally indifference to external factors 
denormalizing and of wear; 
‒ diminishing of size along the route of 
measuring before of size commensurable with 
length of this route. 

• Devices for the exact tuning on any diameter 
with the subsequent measuring of these diameters 
and form’s deviations in a wide range on the 
elements of circle by the method of harmonic 
analysis Fourier 12 of profile’s areas, which allow 
without additional of expensive external the 
devices control the not only the flat open, but also 
various enclosed surfaces. 
• System of tuning piezosensor which enables: 

‒ control of microhardness on the basis of the 
simplified method Olivera-Pharr; 
‒ extension of ranges to measuring of the 
controlled parameters at the simultaneous by 
general increase of exactness and stability are 
corresponding of the measurements. 

• Mathematical signal processing profilo-
metrical piezo-sensors using the period-gram-
analysis with stepwise-change of discreteness 
computation, which makes it possible,  
in particular: 
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‒ getting of array data which maximally  
answer by real ordinates of the profile of 
investigated surface; 
‒ operative change number of measured 
parameters. 

 
 

3. Area of Application 
 
Area of application the proposed scientific-

technical products are any companies and 
organizations across all industries, where there is a 
grinding, polishing or other, including 
nanotechnological machining the surfaces, example, 
for their hardening. 

Supposed demand (market capacity) in created 
technological facilities, and, consequently, volumes 
their production (suggestions), in accordance with 
existing techno-economic substantiations (approved 
by authoritative customers), to 300 devices on every 
large enterprise. 

Considering latter, as well knowing the middle 
term of work mini-profilometers, it is possible to 
define the demand volumes on them in any region. 

The created facilities will be apply both in 
Ukraine and abroad, in particular, in the European 
countries, USA, Canada, CIS, China, India etc. 
Considering that in Ukraine no enterprise which fully 
makes profilometers or profilographs, segment of the 
proper market which can be occupied in Ukraine, 
reach almost 100 %. 

According information from a representative of 
the U.S. Center for the development of advanced 
technology of the University Iowa State in Des 
Moines (USA) Anatoli Frishman [1], and also 
according what was said by Joseph Brifman, founder 
and owner of the Ukraine Research and Development 
Enterprise (URDE) [5], our IP is a subject of special 
attention several U.S. industrial companies. 

That is, offered devices have a unique commercial 
value, because are the object of serial realization  
of numerous row of devices, which are new 
perspective direction in technology machine- and 
instrument making. 

Thus, the organization of mass production of a 
number modifications domestic piezo-profilemeters, 
of adapted for all industries in all workplaces where 
there is processing of the controlled surfaces, allows 
create new production capacity or ‒ resumption 
profitable production on any existing  
instrument-making enterprises, example of such as 
for SE «Kharkov Instrument Plant the Taras  
Shevchenko» or State Research-Production 
Association «Komunar». 

Generally, according to reviews, responses and 
proposals, in the introduction of our devices are 
interested on the highest state level, in particular, the 
State Committee for Standardization, Ministry of 
Industrial Policy, Ministry of Economy and State 
Agency of Ukraine for Investments and Innovations. 
 

3.1. Alternative Range of Application 
 

The results of this innovation will be used to 
create profilo-metrical method analysis and 
measuring device the averaged microparticles of 
from 1 to 500 microns ‒ express-analyzer of 
dispersity for evaluate the distribution of the 
equivalent diameters of the granules of powder 
materials and disperse systems (grinding products) a 
variety of materials, with aim operative control and 
management technological processes, for example, in 
public catering, pharmaceutical, building, thermal 
power generation, chemical, metallurgy, processing 
enterprises and other branches industry [3]. 

This allow, for example, dozens of times to 
reduce the cost of the corresponding dispersion 
analyzer compared with price by modern of similar 
devices. 
 
 

4. Competitors and Advantages 
 

Currently profilographs-profilometers, including 
their sensors, serially produced only highly 
developed countries, usually European (Germany, 
England, Switzerland, etc.) and are appreciated very 
expensive, because for their development has been 
spent a lot of time and money, which are estimated 
millionths sums. 

In the other countries, in connection with absence 
of own production of profilographs-profilometers, the 
competitive landscape is formed, mainly, from the 
different sort of firms-mediators, which offer and to 
is introduced the relevant foreign products. For 
example, in Russia these are such firms, as «Presita», 
«Galika AG», LLC «Tehintest» (Moscow), IMC 
«Miсro», MCMDI «Master-Service» (Saint-
Petersburg) et al., and in Ukraine ‒ LTD «Koda» and 
SMPE «Mikrotech» (Kharkov). 

Thus, basic competitors on this question are 
firms: Taylor-Hobson (England), Hommelwerke 
(Germany), Tesa, Swisstool (Switzerland), Philips 
(Holland), Federal, Bendix (The USA), Mitutoyo 
(Japan), TIME Group Inc (China). 
 
 

4.1. Advantages over Analogues 
 

On the aggregate of basic techno-economic 
indexes existing in the world analogues are  
inferior to our innovative products due its  
following parameters. 
Technical parameters: 
‒ Do not require a power supply of  
moto-drive; 
‒ Have continuous autonomous mode of work more 
than 8 hours without the additional charging or 
replacement accumulators of electronic block; 
‒ Are contain devices for the exact tuning on any 
diameter with the subsequent measuring of these 
diameters and form’s deviations in a wide range; 
‒ Have a size along the route of measuring, 
commensurable with length of this route; 
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‒ Maximally are indifferent to external factors 
denormalizing and wear; 
‒ Allow without additional of expensive external 
devices, to control not only the flat open but also 
various difficult for access surface, such as cervix of 
crankshafts, rotors of turbo-machines, and also 
internal surfaces pipes, cylinders and other openings, 
of big and little (to 1.5 mm) diameters, ring grooves 
of pistons, etc; 
‒ Provide a checking feature arbitrarily oriented in 
space of curvilinear surfaces (along the route of 
measuring) with the minimum radius of curvature to  
3 mm, including from below controlled details 
without her rotation, for example, of shoulder-blades 
turbines, of balls or running-ditches bearings; 
‒ Have possibility operative change of number 
controlled parameters, including to due to monitoring 
of the microhardness and the deviation location  
of surface. 
Economic parameters: 
‒ Cost is almost half as much of the weighted price 

the base complete similar production of oversea 
producers, thus profitability of production our 
devices can reach 100 %; 
‒ Wide use of our devices which not need in 
additional complete set separate expensive external 
devices (a entablement, vernier racks and so on) will 
allow to solve practically all listed below tasks (see 
Section 6 «Technical Effect and Affordability»), 
which occur almost on every enterprise, and gain 
from this significant economic impact. 
 For more evident comparison of considered 
technology with the most famous in the world 
analogues, created Matrix of competitiveness, as 
shown in Table 1. 

Thus, the proposed project and the technology 
inevitably will bring about an operative and complex 
estimation roughness, micro-hardness and form’s 
deviations or location various work surfaces 
industrial of wares on place their making, 
exploitation or repairing by one multifunctional 
device ‒ dia-firmly-profilometer.  

 
 

Table 1. Matrix of competitiveness. 
 

Technical or economic 
indexes for comparison 

Innovative 
product 

PROFILE 
Ukraine 

Analogue 
№1 

HOMMEL 
TESTER 
Germany 

Analogue 
№2 
SUR 

TRONIC 
England 

Analogue 
№3 

POCKET 
SURF 

The USA 

Analogue 
№4 

SURF 
TEST 
Japan 

Results 

1 2 3 4 5 6 7 

Roughness Ra(Rz), μm 
0.05...12 
(0.1...50) 

0.02...20 
(0.1...100) 

0.05...10 
(0.5...100) 

0.03...6.35 
(0.2...25.3) 

0.05...40 
(0.3...160) 

According 
to DIN, 
ISO 

Microhardness Н, GPa 0,1...15 — — — — 
Profile is 
the best 

Deviation form or location, 
μm 

from 20 — — — — 
Profile is 
the best 

Size drive to a sensor along 
the route measuring, mm 

35 118 175 145 140 
Profile is 
the best 

Controlled surface in 
flatness measuring 

direct and 
curvilinear 

line 
direct line direct line direct line direct line 

Profile is 
the best 

A need in additional 
peripheral devices 

no yes yes yes yes 
Profile is 
the best 

Continuous autonomous 
mode without additional 
charging (replacement) 
accumulators, hour 

>8 2,5 3 2,5 3 
Profile is 
the best 

Cost of base complete set, 
thousands of Uah 

45 70 60 50 70 
Profile is 
the best 

Final grade for comparison 

Basic advantages analogues is possibility their microprocessors to control a large 
number of roughness parameters in a wide range. However to the present tense the 
imported analogues have such sizes and construction, which are impede control 
together with a roughness and micro-hardness or form’s deviation, or location’s 
various of work surfaces industrial of wares on place of their making, exploitation and 
repair, because for this they are needing in are separate dear peripheral devices. In 
addition, dependence drives sensor’s aforementioned analogues from power does not 
allow to use them in autonomous mode of continuous work more than 3 hours without 
recharging or replacing of accumulators. The drawback of analogues is their large 
price, that, together with a cost practically always be necessary for them 
additional separate peripheral devices, does these analogues unattainable for many 
prospective customers. 
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5. Readiness of the Technology 
 
Offered technology is on the early stage of 

production, because manufactured and inculcated so 
far only first industrial party miniprofilometer of 3rd 
modification «Profile-03», which is shown in Fig. 2. 
About this evidenced, for example, relevant act of 
introduction on SE plant «Elektrotyazhmash» [4]. 
 
 

 
 

Fig. 2. Piezoprofilemeter «Profile-03». 
 
 

Technical prototype, namely piezoprofilometer 
«Profile-03», has a certificate of state metrological 
certification. 

Currently developed microprocessor profilometer 
«Profile-04», displayed in Fig. 3, the realization of 
which necessary to complete in of part 
manufacturing piezosensor radically new design as 
well ‒ rework of the algorithm and computer 
program processing the signals read out from him: 

 
 

 
 

Fig. 3. Piezoprofilemeter «Profile-04». 
 
 

6. Technical Effect and Affordability 
 
Application of the offered technology will allow: 
• To carry out operative complex diagnostics of 

roughness, microhardness and form’s deviations 
(ovality, faceting, taper) or location’s (non-
perpendicularity) of closed and difficult for access 
surfaces of details large-size, and also other wares of 

any sizes on place of their making, exploitation  
or repair; 

• Rationally to use a production equipment, to 
economize a metal, increase the service life of 
abrasives and other cutting tools by reducing the 
processing time of every detail due to less deviations 
of sizes unprocessed a details and more rapid exact 
providing of roughness parameters, microhardness 
and deviations form or location of their surfaces are 
given’s on a drawing; 

• Give up application on the workplaces of 
samples for visual comparison of roughnesses, 
micro-nano-firmly-mers and micrometers large or 
measuring staples; 

• Get in the process of production and scientific 
researches sufficient the information volume about 
quality surfaces for making of the grounded 
recommendations on optimization and choice of 
parameters, which are characterize it is the quality 
and satisfy, in particular, by technological, 
operational, economic and other properties; 

• Reduce the number of defective parts; 
• Detect and quickly to liquidate deviations in 

tuning machine-tools for polishing and of  
other processing; 

• Increase longevity of various rubbing 
compounds as a result of continuous control of basic 
quality indexes of the working surfaces; 

• Simplify the certification of the  
produced products. 

Given the benefits received from realization of 
considered project, only a direct economic effect 
from the introduction piezo-profilometers in one 
large enterprise, for example, HTZ will equal 
6,5 million USD, i.e. 300 times larger of the direct 
economic effect from the introduction (import 
substitution) of one piezo-profilometer. 

In this case, for base of comparison price is taken 
most «cheap» series-produced German profilograph-
profilometer W5, and the digit 300 ‒ number of 
devices needed for each large enterprise, is taken 
from approved by the heads two plants: Chelyabinsk 
Tractor Plant (Russia) and HTZ and also IPMach 
NASU corresponding feasibility studies. 
 
 

7. Additional Comments 
 
The authors of proposed project simultaneously 

are and authors numerous unprotected yet by the 
patents devices and ways, including medical. 
Moreover, this devices and methods without a doubt 
are valuable inventions, and in some cases ‒ perhaps 
even are pioneering. 

In particular, it concerns a unique the invention of 
highly accurate a profilometric method analysis of 
dispersity microparticles (from 1 to 500 microns) of 
any material, allowing, for example, dozens of times 
to reduce the cost of the corresponding dispersion 
analyzer compared with price by modern of  
similar devices. 
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Commercially profitable is the invention 
shadowless lamp, having synchronously focusable 
LEDs, which can be applied, for example, in vehicles 
and in various, areas of medicine, particular  
in dentistry. 

In addition, most likely, pioneer is invention a 
medical device ‒ painless the massager of prostate, 
which, on the idea, will revolutionize in urology, 
because at a short period (depending on the time 
ensuring of every male these device) would radically 
alter in a better way on the today worldwide a sad 
statistics along incidence of prostatitis and BPH, as 
well along others accompanying diseases and to be 
related with them problems. 

To the above categories of inventions relates also 
orthopedic a simple way and corresponding to him 
«smart» corrective espanders for comfortable 
treatment of scoliosis, especially in children  
and adolescents. 

Thus, we plan use the financing from an investor 
for patenting and, possibly, licensing their 
inventions, including those referred, which  
in this application (see sub-section 2.1. «Novelty  
of Innovation»). 
 
 
8. Conclusions 

 
In this paper, first time illuminated a new 

direction of development of measurement technology 
in the field comprehensive quality control of work 
surfaces of machine elements, called by us 
«Multipiezoprofilometer». 

Already conducted practical realization of certain 
elements mentioned technology allows concluding of 
her high competitiveness relative to known  
in the world by advanced models of similar 
production presented above, in the Table 1 «Matrix  
of competitiveness». 

Thus, the full practical realization absolutely all 
mentioned in this paper significant differences of the 
proposed technology will ensure her mass application 
(as that of micrometers or calipers) due, in particular, 
significant (at times) increase the accuracy of 
measurements and of sharp (an order of magnitude) 
reduction piezoprofilometers of cost price. 
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Abstract: The hummingbird’s significant asymmetry hovering flight with energy conservation pattern is 
remarkable among all vertebrates. However, little is known to human’s neuronal network circuitry current flow 
pattern for whether or not has this privilege during slow wave sleeping (SWS). What is the advantage in order to 
avoid diseases if we have this network pattern? A memory device was developed with nanostructured 
biomimetic acetylcholinesterase (ACHE) gorge membrane on gold chips as memcapacitor 1, served as a normal 
brain network prosthesis, compared with a mutated ACHE prosthesis as device 2, for evaluation of neuronal 
network circuitry integrity in the presence of Amyloid-beta (Aβ) under the conditions of free from tracers and 
antibodies in spiked NIST SRM 965A human serum. Three categories of Reentrant Energy-Sensory images are 
presented based on infused brain pulse energies in a matrix of “Sensory Biomarkers” having frequencies over 
0.25-333 Hz at free and fixed Aβ levels, respectively. Early non-symptomatic epilepsy was indentified and 
predicted by device 2 due to Pathological High Frequency Oscillation (pHFO) and large areas of 38 µM Aβ re-
depositions. Device 1 sensitively “feels” Aβ damage because of its Frequency Oscillation (HFO) enhanced the 
hummingbird-like hovering pattern with higher reentrant energy sensitivity of 0.12 pj/bit/s/µm3 without Aβ 
compared with Aβ, 13 aj/bit/s/µm3/nM over 3.8-471 nM range over 0.003-4s. Device 1 reliably detected early 
CR dysfunction privileged to avoid epilepsy. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Hummingbird Hovering Flight Pattern, Nanobiomimetic Neuronal Memcapacitor, Circadian 
Rhythm, Spatial-Temporal Orientation, Energy-Sensory Reentrant Image, Dysfunction of Memory, Epilepsy.  
 
 
 
1. Introduction 

 

Hummingbirds suffer from low thermal inertia 
and high heat loss. Flapping flight is energetically 

expensive, and convective cooling due to wing and 
air movements could further draining the energy  
[1-3]. Energy conservation during flight is thus 
profoundly important for hummingbirds. Researchers 

http://www.sensorsportal.com/HTML/DIGEST/P_2713.htm

http://www.sensorsportal.com
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have been interested and fascinated on the unique  
8- shape hovering flight pattern and the bird’s body at 
about a 45 degree angle to the ground that 
hummingbirds have possessed for energy 
conservation. The capability of the hummingbirds 
using its smallest body size with the highest wingbeat 
frequencies among all flying vertebrates has been 
reported [1-3]. The hummingbird’s significant 
asymmetry lifting the body within a stroke cycle with 
a ratio of 75/25 between downstroke vs. the upstroke 
has enabled them to hovering-feeding in the air with 
energy conservation by forcing the resonant system of 
the wings and thorax to oscillate at different 
frequencies with an elastic restoring force [3]. 
However, if it’s visual background is moving, then 
the hovering and lifting can fail [4]. Electrical 
synapse in thalamus is known to regulate SWS for 
declarative memory consolidation [5-7]. However, 
little is known for humans about the neuronal 
network circuitry current flow for whether or not 
having the privilege of hummingbird’s 8-shepe 
hovering-flight pattern during slow wave sleeping 
(SWS). We are wondering: if the healthy people 
indeed have such a pattern synapse circuitry flow as 
the hummingbird hovering, then what is the 
advantage to avoid illness? How different patterns are 
for peoples who have diseases?  

Many diseases are rooted in circadian rhythm 
(CR) dysfunction. Severe CR dysfunction leads to 
memory loss and worsens the quality of life. There 
are 40 millions American reported to have chronic 
long-term sleep dysfunction [8]. Researchers reported 
that Amyloid-β (Aβ) overturns the acetylcholine 
(ACH) and melatonin release from a normal CR 
function to a dysfunctional CR [9-10]. Our group 
developed a sensor that mimics acetylcholinesterase 
(ACHE) active sites in the ACHE gorge and is able 
to detect ACH in fM level compared with a “mutated 
ACHE neuronal gorge” sensor, whose 14 
hydrophobic residue groups were knocked out [11]. 
Aβ’s accumulation and neurofibrillary tangle are 
identified as major pathological biomarkers linked to 
Alzheimer’s disease (AD) [12-15]. Obviously, it is 
desirable that the ACH sensor is able to detect sub 
pM Aβ, and the literature reported our latest results 
[16]. 

SWS is closely associated with declarative 
memory consolidation, and the signal is stronger in 
SWS than in wakeful time [17-19]. One of the 
neuronal safe guards to this cognitive function is the 
bidirectional invariant reentry neuronal network 
circuitry [20-22]. Many models proposed to simulate 
the closed-loop circuitry’s reentry functions, 
however, very few, if any, to really develop a 
neuronal device which can correlate the reentrant 
characteristics of “memory” and the influence of 
neuronal toxins and to visualize its function in an 
image. We thought a memristor/memcapacitor with 
biomimetic ACHE neuronal gorge functions might be 
able to face this challenge [23-24]. A review by 
Cabaret for organic memristors’ capability as 
artificial neural networks was published [25-26].  

Researchers discovered Alzheimer’s disease (AD) 
patients have lost the sense of smell due to Aβ 
inhibition of olfactory bulb activity [27-29]. Here, we 
further propose a hypothesis that memories of an 
artificial, intelligent neural network are not only 
associated with the “Sensory Biomarkers”, but also 
correlated with the primary neural network’s energy 
density in a frequency domain that could be well 
implemented by the memristor/memcapacitor’s rules 
under the inspiration of a reported work [17].  

A normal neural network circuitry constantly fires 
high frequency oscillation (HFO) (150-200 Hz) 
producing synchronization within the connection 
between hippocampus and neocortex for long term 
memory storage during Slow-Wave Sleeping (SWS), 
and where pathological high frequency oscillation 
(pHFO) (200-600 Hz) fires randomly leading to 
seizures and epilepsy [30-32]. The biggest problem in 
epilepsy research, as the Editor Noebels explained in 
the book, is that researchers are “not clear how 
abnormal synchrony is generated during pHFO. 
Clearly there is a need for additional studies that will 
differentiate normal from pathologic HFO in vitro 
and in vivo.”[30]. In this project, we attempted to 
find a method to differentiate and predict the 
presence of pHFO and HFO based on the 
memcapacitor/memristor neural network circuitry 
and use the energy-sensory mapping approaches. 
 
 
2. Experimental 

 
2.1. Fabrication and Characterization  

of the Nanostructure Self-Assembling 
Membrane (SAM) Gold 
Memristor/Memcapacitor Chip  

 
The nanostructured biomimetic “Normal ACHE 
Gorge” memcapacitor 1 and the “Mutated” 
memcapacitor 2, with the flat bridged 
conformation/nanopore and the vertical 
bridged/nanopore membranes, were freshly prepared 
and fabricated on gold chips, respectively. The 
preparations for the mixtures of solutions of dimethyl 
ß-cyclodextrin (mM-ß-DMCD), triacetyl-ß-
cyclodextrin (T-CD), polyethylene glycol diglycidyl 
ether (PEG) and poly(4-vinylpyridine) (PVP) with 
and without o-nitrophenyl acetate (o-NPA) were 
described in the literature [11, 23]. The morphology 
of the AU/SAM was characterized using an Atomic 
Force Microscope (AFM) (model Multimode 8 
ScanAsyst, Bruker, PA). Data collected in PeakForce 
Tapping Mode. Probes used were ScanAsyst-air 
probes (Bruker, PA) [11, 23]. Fig. 1(a) and Fig. 1(b) 
are the AFM flat bridge/nanopore conformational  
images.  Fig. 1 (c) illustrates the art model used for 
the 3D artificial neocortex-hippocampus 
memcapacitor 1 design. Fig. 2 (a) and Fig. 2(b) 
depict the AFM images with vertical bridge/nanopore 
and Fig. 2 (c) depicts an art model for  
memcapacitor 2.  
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 (a) (b) (c) 
 

Fig. 1. (a) and (b) Images of the AFM nanostructures, (c) Art model of the memcapacitor 1. 
 
 

     
 

 (a) (b) (c) 
 

Fig. 2. (a) and (b) AFM images in vertical bridge/pore structure, 9 (c) Art model of the mutated neuron model for device 2. 
 
 
 
2.2. The Data Acquisitions  
 

Data Acquisitions were conducted by connecting 
the memcapacitor sensor chips with an 
electrochemical station (Epsilon, BASi, IN) with the 
BASi software package in the computer. The double 
step chronopotentiometry (DSCPO) method 
measurements were under ±10 nA with data rate 
0.001 s at 0.25 Hz and 2 × 10-5 s data rate over the 
frequency range of 40 Hz -1 kHz. The cyclic 
voltammetry (CV) method measurements were taken 
at room temperature with the scan rate changing from 
1 to 1000 Hz over four levels of Aβ final 
concentrations ranging from 3.8 to 417 nM for 
memcapacitor 1 and the spiked final concentration of 
Aβ at 0, 3.8 and 76 nM were used for the energy-
sensory image study for device 1. Because the 
memcapacitor 2 is not sensitive to energy change 
caused by the Aβ concentration change over a wide 
band frequency in the energy-sensory map study, 
herein we used 38 µM Aβ concentration as a fixed 
concentration and focused on the factors of sensory, 
i.e., changes of number of cross-point and number of 
DET peak field locations along with the changes of 
frequency, especially at SWS, and find how it 
impacts on the network circuitry integrity.  
 

2.3. Mapping Aβ’s Energy-Sensory Image 
 

The Energy-Sensory Matrix. From the CV 
profiles, we constructed a Hippocampal-neocortical 
(HPC-NECOR) Biomimetic neural sensory 
prosthesis matrix as a control. The “Sensory 
Biomarkers” components were defined: locations of 
Direct Electron Transfer (DET) [17] peaks in mV 
(Y-axis), the Hysteresis switch point location in mV 
(X-axis) and Frequency in Hz (Z-axis) from  
0.25-333 Hz for the clinically useful range. The real-
time data obtained from the DSCPO method was 
converted to volumetric energy density,  
E = Cs·(ΔV)2/2 ×3600, where Cs is the specific 
volumetric capacitance, Cs= [-i·Δt/ΔV]/L, Cs is in 
F/cm3 [33-34], Δt is the time in second, ΔV is the 
voltage in V, i is the current in Amps, and L is the 
volume in cm3. The energy density data were infused 
into the sensory matrix sheet before Aβ and 
compared with that of after Aβ was spiked, and each 
matrix sheet has a fixed Aβ concentration. Origin 9.0 
software was used for statistic analysis, mapping and 
imaging.  

Because the mutated neural device is unable to 
sense the energy change caused by a change in Aβ 
concentration as shown in following section, hence 
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the four stages of epilepsy or AD progresses 
conditions were designed as followings.  

Table 1 drafted a blue print to step-by-step 
gradually reveal the factors that may induce the 
pHFO and lead to AD or epilepsy on the mutated 
ACHE device. The main factors are of sensory 
(cross-point, DET) locations, brain discharge pulse 
energy, Aβ and frequency. By this plan we attempted 
to study how the Aβ influences the numbers of pHFO 
either increase or decrease vs. frequency change and 

eventually it may lead epilepsy centers to occur in 
hippocampus.  

Table 2 drafted a blue print of the “normal ACHE 
gorge neuron” memcapacitor’s network circuitry 
transformation under the influence of Aβ 
concentration change. It may be functioning 
differently in sensing the energy change caused by 
the presence of very low concentration of Aβ in 
different frequencies, therefore our design of the 
protocols was different from that of in Table 1. 

 
 

Table 1. The Flow Chart of Hunting for pHFO at the Mutated ACHE Gorge Memcapacitor With or w/o Aβ. 
 

No 
CP* 

SWS 

CP* 
10- 

300Hz 

D* 
SWS 

D* 
10-300 Hz 

Sensory with Aβ 
Pulse 

0.25-300 Hz 
Pulse 

with Aβ* 

Y No Y No Y No 

0 1 1 1 1  X  x  N/A 

1 1 1 1 1  x X   x 
2 1 1 1 1 1 Hz 40-300 Hz x  SWS 40, 300 Hz 

3 2 
2 (10Hz) 

1 (40-300) Hz 
2 

2 (10 Hz) 
1 (40-300) Hz 

1 Hz  
10 Hz 

40-300 x  SWS   40, 300 Hz 

4 1 
2 (10, 40, 

200, 300) Hz 
1 (100) Hz 

2 
2 (10, 200,  

300) Hz 
1 (40, 100) Hz 

1-300 
Hz 

 X  SWS 40, 300 Hz 

 * Refers to 38 µM Aβ concentration.   
CP* refers to number of cross-point; D* refers to number of DETred at each of the five frequencies from 10 to 300 Hz.  

 
Table 2. The Flow Chart of Hunting for pHFO at the Normal ACHE Gorge Memcapacitor With or w/o Aβ. 

 

Case 
Number Cross-

point at SWS Each 
10-300 Hz 

Number DETred 

SWS Each 
10-300 Hz 

Sensory with Aβ 
1-300 Hz 

Pulse 0.25-300 Hz 
 

Pulse with Aβ 
 

     Yes No Yes No Yes No 

0 1 1 1 1  X  x   

1 2 1 1 1  x X   x 
*1A 2 1 2 1   x   X 

*2 1 1 1 1 X  x  SWS 40, 300 Hz 

*3 1 1 1 1 X  X  X  

*1A refers to conditions of using multiple cross-points and DETs for verify the HFO stability.*2 refers to the sensory data from the CV 
method under 3.8 nM Aβ. *3 refers to the sensory data from the CV method under 76 nM Aβ. 
 

 
2.4. Accessing Memory and Predicting of 

“Epilepsy” 
 

Evaluation of the memory devices is two-fold: 
First is the energy-sensory mapping through the HFO 
or the pHFO. Forming HFO indicates good memory 
because it promotes a flat 8-shape circuitry flow and 
network circuitry conformation, and forming pHFO 
indicates loss of memory because of the mischief 
circuitry flow direction and conformation, especially 
through the CR abnormality in the SWS; second is to 
calculate the sensitivity of the energy density per 
second using the linear regression model at a fixed 
Aβ concentration against that without Aβ. Prediction 
of “epilepsy” was accessed by identifying the 
presence of the pHFO center through the energy-
sensory map. All energy infusions for pulse 
discharged at each of different frequencies run for 
triplicates and entered the averaged data into the 
matrix sheet. 

 

3. Results and Discussions 
 

3.1. Hummingbird’s Hovering Flight Pattern  
 

Hummingbirds are the only birds smaller in size 
and hang in the air helicopter like to feed themselves 
and to hovering flight with wing motion supination 
about the long axis of the wing during upstroke, 
which is associated with a ‘figure-8’ path of the 
wingtip in lateral projection [1-3] as shown in Fig. 3. 
Significant asymmetry for lifting within a stroke 
cycle with a ratio of 75/25 between downstroke vs. 
the upstroke are observed [1-3]. 

 
 

3.2. Circadian Rhythm Profiles 
 

The CR profiles are presented in Fig. 4. Without 
spiking Aβ, Device 1’s original signal intensity at 
SWS is a hundred times stronger than the “mutated 
ACHE” neural device 2’s signal over three 
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replications. That indicates device 2, with a  
broken internal ACHE lining HPC-NECOR neuron 
network, has a pool memory during SWS and a 
dysfunctional CR. 

 
 

 
 

Fig. 3. Depicts the hummingbird hovering helicopter like 
flight in 8-shape pattern. 

 
 

3.3. The Synapse Energy Profiles  
 

Device 1: Aβ concentrations of 3.8 nM and  
76 nM had significantly reduced signal intensity at 
frequencies over 0.25 up to 1000 Hz in device 1, as 
shown in Fig. 5, when compared to results without 

spiking Aβ on the left. Profiles of 151 and 471 nM 
Aβ have similar trends (data not shown).  

Device 2: Device 2 has very small energy 
discharge magnitude compared with device 1, 
regardless of whether device 2 is with or without Aβ 
over 0.25, 40 to 250Hz, as shown in Fig. 5. Device 1 
has a several magnitude higher intensity at SWS than 
device 2.  
 
 
3.4. The Sensing Profiles 
 

Device 1: The memcapacitor 1’s hysteresis CV 
profiles are presented in Fig. 6. The intensity of the 
DET peak was reduced by a hundred times, and the 
cross-point locations were moved nonlinearly toward 
to negative field as frequency increased in the 
presence of Aβ compared to without Aβ. Various 
concentrations of Aβ reduced the DET peak intensity 
by 94-99 % in SWS frequency more than any other 
frequencies.  

Device 2: The memcapacitor 2’s hysteresis CV 
profiles are presented in Fig. 7 (left) without spiking 
Aβ over frequencies 1 Hz - 1 kHz as shown in Fig. 7 
(left) compared with Aβ in Fig. 8 (right). 
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Fig. 4. DSCPO profiles in 0.25, 40 and 250 Hz from a normal neural device 1 (blue) compared with the “mutated” neural 
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Fig. 5 (a). Device 1’s DSCPO voltage profiles over 0.25 to 1000 Hz without spiking Aβ (L);  
3.8 nM Aβ (middle) and 76 nM Aβ (right). 
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Fig. 6. (a) Sensor 1’s CV profiles without spiking Aβ, (b) CV profiles in 3.8 nM Aβ,   
(c) CV profiles with 76 nM Aβ in NIST serum over frequency 1-300. 
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Fig. 7. Sensor 2’s CV profiles without spiking Aβ over scan 
frequencies 1 to 1 kHz. Fig. 8. CV profiles with 38 µM Aβ in NIST serum. 
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At low Aβ concentrations, sensor 2 had no 
response until there was a very high concentration of 
38 µM, when it increased the DET peak intensity 
nonlinearly, and the peak moved toward negative 
potential drastically as frequency increased thus 
indicating a significant circular current exists driven 
by the toroid forces due to the broken ACHE gorge 
linen [24]; multiple cross-points occurred over the 
whole frequency range. 
 
 

3.5. Energy-Sensory Images for AD and 
Epilepsy 

 

3.5.1. The “Normal Neural Circuitry” Has a 
Hummingbird-like Hovering Synapse 
Pattern 

 
The goals of using Energy-Sensory image map 

are to predict and monitor early signs of neuronal 
related diseases, here we use AD, epilepsy and 
dysfunction CR as examples. Device 1’s energy-
sensory images without Aβ are presented in Fig. 9A 
and 9B. For the initial “neural network prosthesis” 
before the device discharges a pulse, the circuitry 
synapse networking flow is in a hummingbird-like 
hovering flight “8” shape pattern on a flat 45° surface 
without forming a HFO in Fig. 9A. The contour map 
is Fig. 9B and the optical image in Fig. 9C, that has 
strong light intensity indicating the healthiness of the 
neocortex-hyppocampus after contacted with the 
human serum. After the neural network discharged 
pulses, the HFO was formed as shown in Fig. 10A. 
The HFO is located at the “Sensory Origin” (SO) 
(cross-point 0.0 mV, DET 0.0 mV) over 60-140 Hz. 
The bright star-like image in Fig. 10C image was 
reflected at the exact spatiotemporal location as in 
Fig. 10A and 10 B and they indicate the HFO is a 
good reentrant center; not only it has the same 
circuitry flow direction as in the Fig. 9A, but it also 
enhances the brain energy and memory evidenced by 
the HFO’s appearance has no darkness created, and a 
new light synchronized with the original brain 
prosthesis light. The two light centers formed as a 
new stronger entity. It was initiated by a pulse 
discharged at SWS in the yellow circle located at the 
neocortex overlapping with the SO as shown in  
Fig. 10A from neocortical to hippocampus network 
through entorhinal cortex (EC)-subiculum-CA1-
CA3-DG flowing in a hummingbird-like hovering 
pattern with a 45° flat surface angle is seen. It has an 
agreement with the observation in Fig. 5 (top left) 
that the normal neuron device 1 has a better CR 
function than device 2 in voltage discharge intensity 
at SWS using the DSCPO method. Our next study 
was to verify whether or not the HFO center is stable 
when the numbers of DETs are changed from 1 to 2, 
while other conditions are kept same as in Fig. 10 
without Aβ. The evidence shown in Figs. 11A, 11B 
and 11C that the HFO center is stable with a 
hummingbird-like 8-shape synapse reentrant circuitry 
in a flat surface and has the similar flow 

spatiotemporal trajectory as in the original. The HFO 
was initiated by the brain network discharge pulses at 
SWS, and the memory reentrant point is at 60 Hz. 
We also produced another set of images that have the 
trajectory of the HFO as same as the reported results 
when we infused the capacitance into the matrix 
rather than energy density (data not shown). 
Therefore we have observed the true fact: the healthy 
brain ACHE gorge linen (either in the blood brain 
barrier or in the gut blood barrier) is critical to 
promote brain network circuitry bidirectional 
communication in a well defined hummingbird-like 
hovering synapse pattern in an energy conservative 
manner. The root comes from the strong bidirectional 
SWS synapse that correlates well with the occurrence 
of HFO, a “health inductive” center.  

It was well document that Aβ can be produced in 
the central neural system (CNS) and in the enteric 
nerve system (ENS), and it also can be synthesized in 
the bacteria found in the human gut microbiota, such 
as E. coli and S. typhimurium reportedly produced 
extracellular amyloid proteins [35-37]. However, we 
consider the neocortex-hyppocampal neural network 
axis is more dominate at SWS, because all motor and 
sensory related to chemical synapse are at a resting 
stage including the brain-gut-microbiota axis. The 
electrical synapse is dominated locally in the brain 
for declarative memory consolidation [17, 19, 30]. 

Figures shown from Fig. 12 to Fig. 13 
demonstrate Aβ acted not only as a biomaterial, but 
also as an agent that kills the good HFO by altering 
the network circuitry conformation from a flat 8-
shape to a vertical stereo structure; changing the 
circuitry direction by close to DET’s 0 mV; and re 
depositing Aβ in multiple areas at neocortex through 
mutated-reentrant to bend surfaces as the 
concentration increase in the order of Fig. 12 < Fig. 
13 due to the heavy damages through Aβ that has 
significantly reduced the strength of network 
discharge pulses at SWS. The memcapacitor device 1 
demonstrated its function to monitor the early CR 
dysfunction by using the energy-sensory image 
technology. As the concentration increases from 3.8 
to 76 nM Aβ, the light intensity in the images were 
greatly darkened and reduced from 60 % at 3.8 nM, a 
clinical useful concentration level, to 96 % at 76 nM. 
It indicates a brain volume loss by the 
correspondence percentage of light intensity 
diminish. For the “normal ACHE gorge neuron 
network” device 1, at 76 nM level, the brain faces 
“life-threatening” danger and yet without any 
symptom of epilepsy, because there is no pHFO 
center observed from the figures. However, the 
darkness of the images demonstrated (1) the neurons 
have significant shrinkage from both of the neocortex 
and the hippocampus in the degree of Fig. 12<  
Fig. 13, because the Fig. 13 has discharged pulses 
over the whole frequency range affected by Aβ, 
where Fig. 12 Aβ only affected the brain pulses 
discharge at SWS, that is understandable that  
Fig. 12’s situation is better than Fig. 13. The brain 
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size and volume reduce has matched with the late 
stage AD’s clinical fMRI evidences provided in 
literature [38-40]. Schuff’s group reported a multiple- 
center clinical study for AD, it discovered the 
hippocampus volume loss is proportional to the 
severity of AD progress [38]. Vijayakumar’s study 
revealed AD patients’ hippocampus volumes reduced 
by 25 % compared with the control group and led to a 
same conclusion as drawn from Schuff [38-40]. (2) 
The Aβ completely destroyed the integrity of the 
brain neuronal network circuitry in the manners of in 
the synapse flow direction, in the surface 
conformation and in the reentrant center as shown in 
Fig. 12A and Fig. 12B and Fig. 13A and Fig. 13B. 
The hummingbird-like hovering pattern was 
completely destroyed, because the Aβ caused a 3D 
vertical paramount trajectory orientation of the 
circuitry between neocortecx and hippocampus is 
seen in Fig. 12A and a vertical reentrant circuitry is 
seen in Fig. 13A too indicating Aβ fast repeat 
depositions in the neocortex is the major factor over 
the factor for developing an epilepsy. 
 
 

3.5.2. Mutated Neuronal Network Circuitry 
Has Severely Distorted Hovering Flow 
Pattern 

 

“Mutated Neural Network”. Hummingbird’s 
hovering with a “8”, such as a symbol of infinity, ∞ 
shape flight pattern would be destroyed if its visual 
background is moving [4]. Could this phenomena 
also inspires us to understand human neural network 
not only in the blood brain barrier (BBB) neocortex-
hyppocampus circuitry, but also in brain-gut-
microbiota axis circuitry? A review article revealed 
the blood gut barrier (BGB) in the brain-gut-
microbiota axis circuitry is the primary barrier to 
protect the injected food from containing toxins and 
virus into the gut blood vessels, where the BBB is the 
secondary barrier to protect the neural toxins enters 
the brain tissue [41]. M. Carabotti’s group reviewed 
the bidirectional communication network includes the 
central nervous system (CNS), both brain and spinal 
cord, the autonomic nervous system (ANS), the 
enteric nervous system (ENS) and the hypothalamic 
pituitary adrenal (HPA) axis [42]. P. Forsythe et al., 
reported the ratio between afferent neuron cells in the 
brain-gut-microbiota is 9-fold more than the efferent 
neuron cells from brain-Vagus to the gut [43], that 
includes the motor cells and the sensory cells. 
Nevertheless, at the critical SWS stage, the brain-gut-
microbiota axis is at resting and the electrical synapse 
does its work at the best for memory consolidation as 
we mentioned at the beginning, herein the neocortex-
hyppocampus axis played an important role in human 
health at SWS. How the Aβ produced from the nerve 
system impact the dynamics of pHFO in the network 
circuitry to cause neurodegeneration has not been 
explored. Following we discuss the experimental 
results based on the simple model using Aβ spiked in 
the NIST human sera onto the mutated memcapacitor 

compared without Aβ. In Fig. 9D, 9E and 9F, there 
was no pHFO exists under conditions of no Aβ 
before a brain pulse was discharged. The results 
revealed that the pHFO formed after discharged 
pulses with a more bended surface in the second row 
images as shown in Fig. 10D, 10E and 10F. One 
possible reason comes from the inner ACHE linen 
broken in device 2. The pHFO had a dark spot image 
at 250 Hz initiated by the pulse discharge at SWS, 
and the direction of signaling pattern was against the 
original network synapse flow. The contour map 
indicating an “Energy Sinking Hole” exists, that has 
an agreement with the literature [32]; From our 
results, it implied that the AD’s initiation can be as 
early as the first synapse communication between the 
brain discharge pulse upon the damaged neural 
ACHE gorge inner linen. The potential epilepsy 
center created can be seen at the (0, 0) mV sensory 
origin (SO) in the optical image. The epilepsy center 
in 200 Hz was showed up at the SO, and it explains 
the reason for AD patients losing the sense of smell; 
hence the pHFO as a “mutated reentrant center” was 
indentified. Fig. 11D, 11E and 11F are presented and 
detailed conditions see in Table 1. It was found there 
is an epilepsy center at the DET peak located at 0 mV 
and the cross-point 0 mV, and it was clearly self-
synchronized with the brain network at the sensory 
location of the cross-point at 420 mV and the DET 
location at 0 mV at 250 Hz with a small amount of 
Aβ deposited, as shown in Fig. 11 for the 
symptomatic AD or epilepsy with short-term memory 
loss, and led to dysfunctional sensory. The circuitry 
current flow surface was more bended and the 
direction was anti origin compared in Fig. 9D;  
Fig. 12D, 12E and 12F depict Aβ has more damage 
on the network circuitry than at Fig. 11D, 11E and 
11F, because the pHFO centers increased from 1 to 2 
caused the significant hippocampus neuron volume 
and size reduction as shown in Fig. 12F with the 
image light diminished by more than 90%. At this 
stage, Aβ deposition in the neocortex is dominate 
than the epilepsy. The hummingbird has been long 
gone due to the spinning of the sensory field [4], and 
our former work had proofed the vertex toroid force 
existed in the mutated ACHE gorge cavity, herein the 
bad reentrant circuitry forming perpendicular 
conformational surfaces [17]. Fig. 13D, 13E and 13 F 
depict the Aβ’s heavy impact in destroy of the 
network circuitry by introduce more pHFOs and 
more epilepsy centers. One dark spot in the contour 
map clearly shows the Aβ deposited through the 
cliff of the broken nerve neuron membrane in  
Fig. 13E. The dark spot image was in Fig. 13F. The 
number of epilepsy centers increased to 4-5 centers 
due to multiple cross-points and DETs that 
synchronized from 40-300 Hz in the hippocampus. 

A “tornado” forming force was in place bearing 
destruction capability, as a fire vertex that is 
spontaneous and difficult to put off [44-45]. It may 
be caused by the inflammations occurred inside of 
the brain neuron –gut-microbiota axis [46-47] and 
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reflected as the damaged ACHE gorge linen 
happened either in the blood brain barrier (BBB) or 
in the gut nerve blood barrier [42, 48]. More 

experiments are needed to confirm which membrane 
linen is first broken. This is the evidence of late stage 
“Epilepsy”. 

 
 

 

 

 
  

  

  
 

   

 
Fig. 9-13 (a-c). Normal Neuron” device 1: energy-sensory maps and images at appropriate stages.  
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Fig. 9-13 (d-f). The “Mutated Neuron” device 2: energy-sensory maps and images at appropriate stages. 

 
 
 

Fig. 9A, 9B and 9C depict the “Normal Neuron” 
device 1’s energy-sensory maps without Aβ and 
before the neural network discharge a pulse; Fig. 9A 
depicts the circuitry current flow electrodynamics 

with conformation and direction trajectory.  Number 
1 refers the lowest frequency and the whole range of 
the scale is from 0.25 to 300 Hz. Fig. 9B is the 
contour map in a better visualizing of the interaction 
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of the neural network; Fig. 9C depicts the optical 
image in emphasizing the neural network’s visual 
outcome and trajectory. Fig. 10A, 10B and 10C 
depict the images after the brain discharge pulse, 
without Aβ, under the prosthesis having 1 more 
cross-point location than Figs. 9; Please refer to 
Table 2. Fig. 11A, 11B and 11C depict after the brain 
discharge pulses with 1 more DET peak location than 
that of Fig 10, without Aβ for the purpose to verify 
the stability of HFO. Fig. 12A, 12B and 12C depict 
after the brain discharge pulses with 3.8 nM Aβ. 
Detail conditions, see Table 2. Fig. 13A, 13B and 
13C depict after the brain discharge pulses with 76 
nM Aβ.  For the sensory conditions are held 1 DET 
and 1 cross-point at the entire frequency range being 
influenced by 3.8 nM Aβ, but the discharge pulse 
was only influenced by Aβ at SWS, not other 
frequencies; Fig. 13A, 13B and 13C are under 76 nM 
Aβ influence including to all sensory input and pulse 
discharges compared with Fig 12. 

Fig. 9D, 9E and 9F depict the “Mutated Neuron” 
device 2’s energy-sensory maps without Aβ and 
before the neural network discharge a pulse with 1 
cross-point and 1 DET peak input for sensory;  
Fig. 10D, 10E and 10F depict the images after the 
brain discharge pulse, without Aβ, under the sensory 
have the same cross-point and same DET input as in 
Fig 9.  Fig. 11D, 11E and 11F depict after the brain 
discharge pulses under the 1 DET and 1 cross-point 
over the entire range frequencies, but 38 µM Aβ is 
only be able influence the sensory and discharge 
pulse at SWS, not other frequencies.  The sole 
purpose is to see how the pHFO impact at SWS on 
the integrity of the circuitry.  Fig. 12D, 12E and 12F 
depict after the brain discharge pulses under the 2 
DET and 2 cross-points over the frequencies see 
Table 1 for detail with 38 µM Aβ influence on the 
sensory and pulse at SWS only for the purpose to see 
how more sensory points input on the circuitry, while 
keep other conditions same as Fig. 11. Fig. 13D, 13E 
and 13F depict after the brain discharge pulses under 
the 2 DET and 2 cross-points See detail in Table 1, 
the major difference is the Aβ influenced on all 
sensory frequencies compared with Fig. 12. NIST 
sera were used. The x-axis is the cross-point location 
(mV); the y-axis is the DET peak location (mV) and 
the frequency (Hz) as Z. 

 
 

3.6. Quantitation of Re-entrant 
 

3.6.1. Linear Regression of the Reentrant  
 

Reentrant is self-reference, i.e., self pointed to it 
self [49-51]. One of the neuronal safe guards to the 
cognitive function is the bidirectional invariant 

reentry neuronal network circuitry [49-51]. Without 
Aβ, device 1 has the appropriate reentrant time frame 
to store-retrieve information having 18, 20, 26.6, 
160-fold higher Aβ reentry energy sensitivity 
compared at 3.8, 76, 151 and 471 nM, respectively, 
and the desire for a low energy per bit consumption 
in pJ/bit/µm3 was in a reversed order as shown in 
Table 3. The results were calculated by a linear 
regression model. Support data are shown in Fig. 14. 
All results are less than 0.01 pJ/bit/µm3, that is the 
goal of 2020 [52] for chips in the slope column, 
except without Aβ, which is 0.1186 pJ/bit/µm3, and 
that is a magnitude advance over current reported 
performance [52].  

 
 

Table 3. Information storage and retrieve sensitivity fitting 
by the linear least-squire equation between energy 

density vs. time (s). 
 

Aβ 
nM 

Slope 
Reentry 

Sensitivity 
(pJ/bit/µm

3)/s 

r 
Top range 
Reentry 

pJ/bit/µm3 

Bottom 
range 

Reentry 
pJ/bit/µm3 

0 
3.8 
76 

151 
471 

0.11862 
0.0067 

0.00605 
0.00446 
7.56E-4 

0.9994 
0.9999 
0.9918 
0.9926 
0.9143 

0.4716 
0.02675 
0.02434 
0.01789 
0.00302 

6.84E-6 
1.188E-4 
4.32E-6 
3.6E-6 

6.12E-7 

 
 

3.6.2. First Order Regression of the Reentrant  
 

Neural circuitry’s conductivity time delay is so 
important related to memory plasticity as the Spike 
Timing Dependence Plasticity (STDP) by the model 
of Y= A1e-t/τ when the postsynaptic neuron fires [53]. 
The delay range is in an appropriate range between 
50-140 ms, which is a key function feature for storing 
and retrieving memory information [54-55]. We have 
used a slightly modified first order model as shown in 
Fig. 15 by plotting energy density vs. frequency over 
0.25 to 333 Hz using the normal memcapacitor 1 
with various concentrations of Aβ. For without Aβ, 
the plot presented in Fig. 16. The insert plot shows 
the slow decay rate, that indicates a time delay for 
reentry, herein the long-term memory plasticity has 
demonstrated. The results of the delay time and the 
rate are presented in Table 4. As you can see from 
Table 4, as Aβ concentration increases, the τ values 
are decreased, except the 471 nM Aβ situation, that 
indicates a 2s delay that is far beyond the reasonable 
delay range, which is a “brain apoptosis”. 
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Fig. 14. Linear regression plots of energy density vs. time for with and without Aβ  
from the normal ACHE neural memcapacitor.  
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Fig. 15. First order exponential regression plots of energy density vs. frequency with various levels Aβ. 
 
 



Sensors & Transducers, Vol. 191, Issue 8, August 2015, pp. 84-99 

 96

0 50 100 150 200 250 300 350
-20

0

20

40

60

80

100

120

140

160

0 2 4 6 8 10
-20

0

20

40

60

80

100

120

140

Au/"Noraml ACHE neuron" memcapacitor in NIST serum 
without Aβ.  Reentry fitting from 0.25 to 333 Hz. 

E
ne

rg
y 

D
en

si
ty

 (μ
W

H
r/c

m
3 )

Data: Data5_H
Model: ExpGro1
Equation: y = A1*exp(x/t1) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = 0.916
R^2 =  0.99975
  
y0 0.49163 ±0.42802
A1 199.55088 ±2.61849
t1 -0.58875 ±0.01317

Frequency (Hz)

Data: Data5_B
Model: ExpGro1
Equation: y = A1*exp(x/t1) + y0
Weighting: 
y No weighting
  
Chi^2/DoF = --
R^2 =  1
  
y0 0.14999±--
A1 199.62694 ±--
t1 -0.59186 ±--

E
ne

rg
y 

D
en

si
ty

 (μ
W

H
r/c

m
3 )

Frequency (Hz)

Au/"Noraml ACHE neuron" memcapacitor in NIST serum 
without Aβ

 
 

Fig. 16. First order exponential regression plots of energy density vs. frequency without spiking Aβ.  
Insert figure is the enlargement plot.  

 
 

Table 4. Information storage and retrieve rate by fitting the 
first-order non-linear regression between energy density vs. 

frequency over 0.25 to 333 Hz. 
 

Aβ in NIST 
serum (nM) 

Y0 

Reentry 
rate 
(Hz) 

τ 
(s) 

γ2 

0 1.17 1.72 0.58 0.9998 
3.8 0.033 1.92 0.52 0.9998 
76 0.006 2.84 0.35 0.9999 

151 0.0053 2.77 0.36 0.9999 
471 5.4e-4 0.5 2.04 1.0 

 
 

3.7. The Quantum Electromagnetism  
for the Toroidal Structured 
Memcapacitor 

 

3.7.1. Self-Interference of the Toroidal Bose–
Einstein Condensate  

 
We reported in our prior work that the nature of 

the memcapacitor 1 has an uniform nanogap in the 
biomimetic ACHE gorge membrane between the 
vertical bridge and the horizontal bar as shown in 
Fig. 1 compared with memcapacitor 2 has a various 
nanogap distance several-fold large than the device 1. 
The key structural difference between the two is the 
synapse gap. For electric synapse is one tenth of that 
of chemical synapse [5]. For device 1, the 3D lattice 
between the flat bridge and the top rim of the surface 
of the pores are gaps of 40-56 nm; yet the device 2 
has gaps between 6-121 nm as shown in Fig. 2. The 
ACHE gorge has a dipole hollow cylinder tunnel. Its 
length is about 2.5 nm and the cylinder wall thickness 
is 2.05 nm with the wall consists of 4 layers reported 
in literature [56-57]. We demonstrated our 
memcapacitors not only have the dipole hollow 

cylinder tunnels in a layered toroidals, but have the 
slits in the cylinder walls with device 1 of a fixed 
length of slits, and device 2 with various lengths of 
slits, that device 1 has communication between 
dipolar circular electron-relay in an orderly manner, 
but device 2 has a vertex acceleration [24]. From the 
view point of interference on toroidal Bose–Einstein 
condensate reported in recent literature [58], that 
revealed the self-interference of the circular 
condensate is possible only in the absence of the 
persistent current with rings in various diameters 
expansion freely vs. time for the emergence of 
toroidal matter-wave interference. Memcapacitor 1 
shows no such self-interference and evidenced by no 
epilepsy centers observed, that indicates the toroidal 
wall is not leaking (BBB is not broken); the 
memcapacitor 2 has a perturbed circular current and 
absence of a persistent current, i.e., the BBB is 
broken and leaking, herein we observed the self-
interference as shown from Fig. 11D, 11E and 11F to 
Fig. 13D, 13E and 13F. This might be the first 
experimental demonstration from our work, that a 
leaking linen of a toroidal membrane circular current 
has a self-interference consequence when interacted 
with Aβ. On other hand, even device 1 has no leaking 
current event, but the Aβ accumulated enough to be 
able to block the slits as seen in Fig. 13A, 13B and 
13C, forming total darkened field, that indicates the 
normal status of a healthy network circuitry is 
broken. 

Our prior work [17] and this report both revealed 
that the brain cancer and Aβ are dark matters 
characterized in the images. The Aβ dark matter’s 
character is to drain the host energy by forming the 
pHFO energy sinking hole, for whether or not the 
dark matter shown in the image is solely belong to 
Aβ’s fibril, it needs a further study.  
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4. Conclusion 
 

Early forming a Hummingbird-like hovering 
neural network circuitry pattern with reentrant 
privileged spatiotemporal energy-sensory orientation 
to avoid “epilepsy” based on the normal ACHE 
neuronal memcapacitor prosthesis is demonstrated by 
using the NIST human sera compared with an energy 
draining circuitry from a mutated ACHE neural 
prosthesis memcapacitor. The Hummingbird-like 
hovering pattern can be so easily destroyed by Aβ’s 
depositions and entanglement also explained the 
vulnerability of our nerve system including the brain-
gut-microbiota axis. Early non-symptomatic epilepsy 
was indentified and predicted by device 2 due to 
pHFO formations and large areas of Aβ re-
depositions. Our data shown early CR dysfunction is 
not due to the entrance of Aβ for device 2, but the 
damaged ACHE gorge linen itself along with a 
synapse pulse discharge at SWS, which initiated a 
pHFO spot and synchronized with the nerve neuron’s 
prosthesis. We have identified the weak spot in the 
hippocampus that positively linked to epilepsy. 
Device 1 is more aware of Aβ’s presence in an early 
stage because of its initial formed HFO with higher 
reentrant energy sensitivity of 0.12 pj/bit/s/µm3 

without Aβ compared with 13 aj/bit/s/µm3/nM over 
3.8-471 nM range over 0.003-4s. Device 1 reliably 
detected early CR dysfunction. 

Early prevention from gut leaky and BBB damage 
by protecting the gut blood barrier and BBB integrity 
is very important to promote human health and it is 
also important to promote a Hummingbird-like 
hovering neural network circuitry pattern with the 
HFO reentrant privileged memory advantage for a 
quality of life.  
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Abstract: Many diseases involve the ysregulation of acetylcholinesterase (ACHE) causing inappropriate 
production of the neurotransmitter acetylcholine (ACH). Study of how the ACH actually restores a life 
threatening neural circuitry damage will provide valuable information for study Alzhermer’s disease. An 
artificial neuronal device was developed with nanostructured biomimetic mutated ACHE gorge membrane on 
gold chips having memristor/memcapacitor’s characteristics, served as a model for damaged brain circuitry 
prosthesis, compared before and after ACH treatments, for in vitro evaluation of the memory restoration in the 
presence of Amyloid-beta (A) under the conditions of free from tracers and antibodies in NIST human serum. 
The results are presented in three categories in “Energy-Sensory” images. Before ACH treatments, images 
showed four stages of circuitry damages from non symptomatic to life threatening. After a 15 nM ACH 
treatment, the circuitry was restored due to the ACH removed Pathological High Frequency Oscillation (pHFO) 
center during Slow- Waving Sleeping (SWS). After the prosthesis increased hydrophobicity, the High 
Frequency Oscillation (HFO) was created. Results were compared between the recovered and the “normal 
brain”: 0.14 vs. 0.47 pJ/bit/µm3 for long-term and 14.0 vs.7.0 aJ/bit/µm3 for short-term memory restoration, 
respectively.  The ratio of Rmax/Rmin value is 6.3-fold higher after the treatment of ACH compared without the 
treatment in the presence of A and the reentry sensitivity increased by 613.8-fold. Copyright © 2015 IFSA 
Publishing, S. L. 
 
Keywords: Nanobiomimetic neuronal memcapacitor, Circadian rhythm, Reentrant-recursive, Spatial-temporal 
orientation, 3D energy-sensory reentrant map, Memory recovery, Acetylcholine (ACH). 
 
 
 
1. Introduction 

 

Many diseases are rooted with circadian rhythm 
(CR) dysfunction. The severe CR dysfunction leads 
to memory loss and a worsening of the quality of life. 

At least 40 million Americans each year suffer from 
chronic long term sleep problems [1]. Slow-wave 
sleep (SWS) is known to be closely associated with 
declarative memory consolidation at 0.1-4 Hz, and 
the electroencephalography (EEG) signal is stronger 

http://www.sensorsportal.com/HTML/DIGEST/P_2714.htm
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for normal human sleep in SWS than in wakeful time 
[2-4]. However, the neurodegenerative brains have 
weak signals at SWS [2-4]. Researchers reported that 
abnormal amyloid- (A) concentrations in 
Alzheimer’s disease (AD) interfere with the 
neurotransmitter acetylcholine (ACH) and melatonin 
release and it reduced ACH level by 30% compared 
with a normal brain [5-6]. Our group developed a 
sensor that mimics acetylcholinesterase (ACHE) 
active sites in the ACHE gorge and was able to detect 
ACH in fM level compared with a “mutated ACHE 
neuronal gorge” sensor, whose 14 hydrophobic 
residue groups were knocked out [7]; A’s 
accumulation and neurofibrillary tangle were 
identified as major pathological biomarkers linked to 
Alzheimer’s disease (AD) [8-11]. Obviously, it 
would be beneficial if a sub pM A could be 
detectable without using enzyme-linked 
immunosorbent assays (ELISAs), because that has 
been associated with long assay time and high 
imprecision of about 20-30% CV% values as 
reported in literature [12]. Recently, our ACH 
sensors have demonstrated the capability for 
detection of sub pM A with imprecision values 
between 3.2 vs. 6.0 % for the chronoamperometry 
(CA) and double step chronopotentiometry (DSCPO) 
methods, respectively using fresh human capillary 
blood specimens spiked with A with recoveries of 
100.151.2 % and 98.61.1 % for the CA and the 
DSCPO method, respectively. By using spiked NIST 
SRM 965A human serum, the results of Detection of 
Limits (DOL) are 5.010-11M/cm2 vs.  
7.010-13 M/cm3 over the linear range at 0.04-151 nM 
vs. 3.8-471 nM,  for the CA and DSCPO method, 
respectively, while the methods were antibody-free 
and tracer-free [13]. Reports show the ACHE has 
been overly expressed in cancer and AD, and 
pharmaceutical companies developed drugs to inhibit 
the ACHE expressions in order to increase the level 
of ACH [14-15]. Therefore, the purpose of the 
research is to test the hypothesis that ACH may 
restore the broken hippocampus-neocortical neuronal 
circuitry by using a biomimetic ACHE gorge 
memcapacitor/memristor device in vitro during SWS. 
Our next goal is to verify the relationship between a 
normal high frequency oscillation (HFO) in 
hippocampus-neocortical neuronal circuitry and the 
Pathological High Frequency Oscillation (pHFO) 
after the ACH added into the A-spiked human 
serum communicates with our neuronal network 
device. A normal neural network circuitry constantly 
fires HFO in 80-200 Hz producing synchronization 
for long-term memory storage during SWS, where 
pHFO fires randomly leading to seizures and 
epilepsy (200-600 Hz) [16-18]. Results of our prior 
work using a mutated ACHE neural network device 
revealed the pHFO formation earlier than A 
presence in the serum due to the damaged ACHE 
cylinder linen, and it has difficulties to sense the 
energy change caused by A concentration change. 
At a late stage of AD, the A concentration is too 

high to sub µM and µM.  From our prior work, it 
revealed the A acted as an agent, not only changing 
the network circuitry conformation, but mutating the 
reentry synapse direction causing pHFO formation 
and synchronized with the formation for multiple 
epilepsy centers causing memory loss displayed 
through the Energy-Sensory dynamic map [19]. The 
scope of this research is focused on the ACH 
applications on the memristor/memcapacitor device 
before and after the presence of A and to verify the 
hypothesis that applying ACH at SWS might be the 
key step to repair A’s damage. 
 
 
2. Experimental 

 
2.1. Fabrication and Characterization of the 

Nanostructure Self-Assembling 
Membrane (SAM) Gold 
Memristor/Memcapacitor Chip 

 
The nanostructured biomimetic “Normal ACHE 

Gorge” memcapacitor 1 and the “Mutated” 
memcapacitor 2 with the flat bridged 
conformation/nanopore and the vertical 
bridged/nanopore membranes were freshly prepared 
and fabricated on gold chips, respectively. The 
preparation of the mixture solutions of dimethyl  
ß-cyclodextrin (mM-ß-DMCD), triacetyl-ß-
cyclodextrin (T-CD), polyethylene glycol diglycidyl 
ether (PEG) and poly(4-vinylpyridine) (PVP) with 
and without o-nitrophenyl acetate (o-NPA) were 
described in the literature [7, 13]. The morphology of 
the AU/SAM was characterized using an Atomic 
Force Microscope (AFM) (model Multimode 8 
ScanAsyst, Bruker, PA). Data collected in PeakForce 
Tapping Mode. Probes used were ScanAsyst-air 
probes (Bruker, PA) [7, 13]. Fig. 1 (a) and (b) is the 
AFM images with vertical bridge/nanopore 
conformation and Fig. 1(c) depicts a model of an 
artificial neocortex-hippocampus memcapacitor 
design. 

 
 

2.2. The Data Acquisitions 
 

Data Acquisitions were conducted by connecting 
the memcapacitor sensor chips with an 
electrochemical station (Epsilon, BASi, IN) with the 
BASi software package in the computer. The double 
step chronopotentiometry (DSCPO) method 
measurements were under 10 nA with data rate 
0.001 s at 0.25 Hz and 210-5s data rate over the 
frequency range of 40 Hz - 1 kHz. The cyclic 
voltammetry (CV) method measurements were at 
room temperature with the scan rate changed from  
1 to 1000 Hz for without A and with 38 µM A 
concentrations, respectively. In the presence of  
15 nM ACH and 38 µM A concentrations in serum, 
the CV data were recorded at a scan rate 1 Hz. 
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(a) (b) (c) 
 

Fig. 1. (a, b) AFM images in vertical bridge/nanopore structure, (c) Art model of the mutated neuron device. 
 
 

Because the mutated neural device is unable to 
sense the energy change caused by a change in A 
concentration as shown in following section, hence 
the four stages of epilepsy or AD progresses 
conditions were designed as following: 

Table 1 drafted a blue print to step-by-step 
gradually reveal the factors that may induce the 
pHFO and lead to AD or epilepsy. The main factors 

are of sensory (cross-point, DET) locations, brain 
discharge pulse energy, A and frequency. By this 
plan we attempted to study how the A influences 
the numbers of pHFO either increase or decrease vs. 
frequency change and eventually it lead to epilepsy 
centers to occur in hippocampus. 

 
 

Table 1. The Flow Chart of Hunting for pHFO at the mutated ACHE gorge memcapacitor with or w/oA. 
 

No. 
CP* 
SWS 

CP* 
10-300 Hz 

D* 
SWS 

D* 
10-300 Hz 

S* with 
A 

S* 
A 

P* 
 

P* 
 

P* 
A 

P* 
A 

     Y N Y N Y N 
0 1 1 1 1  X  x  N/A 
1 1 1 1 1  x X   x 

2 1 1 1 1 1 Hz 
40-300 

Hz 
x  SWS 40, 300 Hz 

3 2 
2 (10 Hz) 
1 (40-300) 

2 
2 (10 Hz) 
1 (40-300) 

1 Hz 
10 Hz 

40-300 
Hz 

x  SWS 40, 300 Hz 

4A 
 

1 
2 (10, 40, 200, 

300 Hz 
1 (100) Hz 

2 
2 (10, 200, 300) 

Hz 
1 (40, 100) Hz 

1-300 
Hz 

 x  SWS 40, 300 Hz 

4B 1 
2(10,40,300) Hz 
1(100, 200) Hz 

2 
2 (10) Hz; 

1 (40-300) Hz 
1-300 

Hz 
 x  x  

 
CP*: number of cross-point; P* refers to pulse discharge over the entire frequencies? D*: number of DETred peaks; S*:  
number of Sensory. 38 µM A in NIST sera. Y: Yes; N: No. All ranges labeled as S* with A (yes, No) over the range  
1-300Hz unless specially marked. In the last two columns P* after A influence (yes, No) referes to the pulse discharge 
ranges over 0.25-300 Hz unless specially marked. 

 
 

2.3. Mapping A’s Energy-Sensory Image 
 

The Energy-Sensory Matrix. From the CV 
profiles constructed a Hippocampal-neocortical 
(HPC-NECOR) Biomimetic neural sensory motif 
matrix as a control. The “Sensory Biomarkers” 
components were defined: locations of Direct 
Electron Transfer (DET) peaks in mV (Y-axis), the 
Hysteresis switch point location in mV (X-axis) and 
Frequency in Hz (Z-axis). The real-time data 
obtained from the DSCPO method was converted to 
volumetric energy density, E = Cs· (V)2/23600, Cs: 
specific volumetric capacitance Cs= [-i·t/V]/L, Cs 
is in F/cm3 [20-21], the t is time change in second, 
V is voltage change in V. i is current in Amps, L is 
volume in cm3. The averaged data were obtained 

from triplicate runs for the voltage vs. time DSCPO 
method and then the raw data was converted to 
energy density data, after that the averaged energy 
density data were infused into the sensory matrix 
before A and compared with that of after A was 
spiked, and each matrix has a fixed A concentration. 
Origin 9.0 software was used for statistic analysis, 
mapping and image. 
 
 
2.4. Assessing ACH’s Repairing Function 
 

Evaluations of ACH’s restoration of neuronal 
network circuitry damage is in two-fold: first is to 
analyze the energy-sensory map and see the pHFO 
situation before and after ACH applied; second is to 
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calculate the sensitivity of the energy density per 
second change using the linear regression model at a 
38 µM A concentration against that without A 
over 0.25-250 Hz using DSCPO method. The ACH 
experiments were also run for triplicates. 

 
 

3. Results and Discussions 
 

3.1. The Memcapacitor’s Characteristics 
 

A total charge of a memcapacitor is a function of 
a state dependent of capacitance and the potential 
across it [23-24]. 

 

q(t) = C(f{x},V, t), V(t)   (1) 
 

where q(t) is the total charge on the capacitor, and C 
is the capacitance, f{x} is the state variables, V(t) is 
the potential across it. 

Special features of memcapacitors in negative and 
diverging capacitance received attention in the 
memristor/mamcapacitor society [23, 25]. Martinez-
Rincon’s group published an article emphasizing the 
utility of negative and diverging capacitance in 
computing: “The resulting memcapacitor exhibits not 
only hysteretic charge-voltage and capacitance-
voltage curves but also both negative and diverging 
capacitance within certain ranges of the field, due to 
its simplicity and unusual capacitance features. We 
expect it to find use in both analog and digital 
applications.” [25]. Our group developed the first 
nanomemcapcitor with negative and diverging 
capacitance made of non metal oxide materials and 
reached a superior performance in plasticity, 
elasticity, stability and high power and energy 
density without environmental pollution and current 
leaking [26-27]. The damaged ACHE cylinder shape 
gorge memristor/memcapacitor device has very low 
net voltage discharge magnitude in SWS compared at 
other frequencies indicating the CR dysfunction 
regardless with or without A over 0.25, 40 to  
250 Hz shown in Fig. 2. Our former work revealed 
that a “normal ACHE gorge” memcapacitor device 
has several magnitude higher voltage intensities at 
SWS than this device [19] and that indicates there is 
a lack of memory consolidation. Fig. 2 shows the 
device is not sensitive to energy change in the 
presence of A. A drags the energy toward a more 
negative field. In the middle panel of Fig. 2, the 
phase lag and change frequency occurred from 40 Hz 
to 160 Hz indicating the neural network synapse is 
abnormal. 

The memcapacitor’s characteristics of the 
mutated ACHE gorge neural device are depicted in 
Fig. 3 in comparison of the charge vs. frequency 
change and current density vs. frequency change of 
the DET peak over 1 to 500 Hz evaluated based on 
the results from the CV method presented in Fig. 7 
using NIST human sera with glucose level 2 (about 
70 mg/dL) without spiking A. The non linear charge 
change behaviors of the DETred peak vs. frequency 

change were observed, and it was agreed with the 
memcapacitors’ behavior in literature [23-25]. 

Fig. 4 further studied a mutated ACHE gorge 
“neuron” memcapacitor’s performance at 1 Hz 
(SWS) and 100 Hz in charge density vs. applied 
potential compared with the “normal ACHE gorge 
neuron” memcapacitor using NIST sera at 1 and  
100 Hz, respectively. The normal ACHE neuronal 
sensor has orders of magnitudes higher charge 
density at SWS frequency than it does at 100 Hz 
frequency shown in Fig. 4C vs. 4A that has an 
agreement with the normal human brain function, 
that the higher brain pulse discharge energy was 
associated at SWS frequency than at other 
frequencies in order to promote the long term 
declarative memory consolidation [7, 28-31]. It is 
well accepted fact reported by research groups that 
humans who lack quality SWS (Delta wave of  
0.1-4 Hz) most likely will suffer with many illnesses, 
such as diabetes mellitus, seizures (Epilepsy), 
Alzheimer’s, Parkinson’s, brain injury and autism  
[7, 28-31]. Normal SWS waves have the highest 
amplitude compared with all other brain waves, 
because during the deep stage 3 or 4 sleeping, brain 
conducts consolidation of declarative memory 
through hippocampus to neocortical networking axis 
[7, 28-31]. The key features are the DET sensory 
peaks having the higher signal intensity at SWS 
along with the cross-point locations at origin (0, 0) 
compared with the mutated ACHE neuronal sensor 
that has no DET peak at 1 Hz indicating the mutated 
brain severally lost memory function during SWS 
memory consolidation as shown in Fig. 4D. At 100 
Hz, the mutated sensor has a contrast trend compared 
with the normal brain sensor as shown in Fig. 4B, 
that the mutated sensor has an abnormal cross-point 
voltage location indicates that the reversible 
membrane potential might be compromised plus an 
abnormal DET peak at gamma frequency, that may 
initiate an induction center at SWS for forming 
pHFO [26,19]. Researchers discovered Alzheimer’s 
disease (AD) patients have lost the sense of smell due 
to A inhibition of olfactory bulb activity [32-34]. In 
our work, Fig. 4C demonstrated a normal ACHE 
linen gorge memcapacitor has high long term 
memory with the high sensory DET peak and a pass 
origin cross-point switch to fully support the 
reversible membrane potential compared with the 
mutated memcapacitor having the knock out 
hydrophobic groups that lost memory due to lack of 
DET sensory peak at SWS at the situation before 
spiking A. The flat bridge surface with nano porous 
AFM image structures of the normal ACHE neuron 
memcapacitor were reported in our former works  
[7, 35-36]. 

 
 

3.2. ACH Repairs Dysfunction CR 
 

ACH restoration of dysfunctional CR at SWS was 
demonstrated in Fig. 5 regardless of whether 
conditions are with or without A with the DSCPO 
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voltage sensing method. With ACH, the device 
discharges highest voltage at SWS compared to that 
at 40 and 250 Hz. All curves were averaged from 
triplicates runs. Electric synapse strength enhanced 

by orders of magnitude, it means the memory was 
restored. The inversed trend is reflected in Fig. 6 CV 
curves as we had expected. 
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Fig. 2. Depict the mutated ACHE memcapacitor’s voltage profiles using serum with 38 µM A (red line)  
and without A (black line) at 0.25, 40 and 250 Hz, for Fig. 2A Fig. 2B and Fig. 2C, respectively. 
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Fig. 3. Depicts the memcapacitor’s characteristics of charge vs. frequency (black square) and current density vs. 
frequency (blue circles) of DET peak before discharge pulses without spiking A using NIST human sera with certified  

level 2 glucose. 
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Fig. 4. Depicts memcapacitor’s characteristics of charge density vs. applied potential curves of a “normal ACHE gorge” 
neuronal device (black curve A) compared with the “Mutated ACHE gorge” neuronal device (red curve B) in NIST level 2 
human sera without spiking A at 100 Hz and in 1 Hz as curve in Fig. 4C (black) and curve in Fig. 4D (red), respectively. 
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Fig. 5. Depicts ACH repairs dysfunction CR at SWS using the voltage sensing method. The blue line refers to serum only 
without A and no ACH; the red line refers to in the presence of 38 µM A and the black line refers to after a 15 nM ACH 

presence in the above A serum in 0.25 Hz (Top), 40 Hz (Bottom, L) and 250 Hz (Bottom, R). 
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Fig. 6. CV profiles with the same color labeling as in Fig. 5. 
 
 

3.3. The Memristor’s Characteristics 
 

Nanostructured Memristors are devices made of 
fine nanolayers that have the capability to mimic 
neuronal synapse with a characteristic of hysteresis 
loop of switch in bidirectional in the i-V curve [23, 
37-40]. Memristors have various resistance depend 
on the past states through which the system has 
evolved [25, 37-39]. A memristor is a semiconductor 
whose resistance varies as a function of flux and 
charge. This allows it to “remember” what has passed 
through the circuit. The hysteresis pinch loop is the 
characteristics [22-23]. 
 

I(t) = G(f{x},V, t) V(t),                       (2) 
 

where I is the current, that is the function of a non-
linear conductance G; V(t) is the voltage crossed on 
the device, t is the time and f{x} is the state variable 
[23]. The memristor’s characteristics hysteresis CV 
profiles are presented in Fig. 7 without spiking A 
over frequencies 1 Hz - 1 kHz as shown in Fig. 7 
against that of with A in Fig. 8. A unprecedentedly 
increased the current density on DETred peak at high 
frequency than that at low frequency compared 
without spiking A, that along with multiple cross-
points and multiple DET peaks initiation has 
provided an evidence to further confirm there may be 
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a circular current forming in the bipolar damaged or 
mutated cylinder ACHE gorge after the inner linen 
was intentionally knocked off. Because we 
hypothesized that the first place facing the attack and 
insult from various destroy forces causing diseases is 
at the bipolar ACHE gorge linen [2, 41].  Most 
significant movements of the DET peak towards the 
negative sink electric field were also observed in the 
magnitude around 0.6 V at 200 and 300 Hz, 
respectively; at lower frequency it reduced to 0.35 V 
at 40 Hz, indicates protein A indeed accelerates the 
toroid force in vertex spin to further sink the host 
energy [41]. It is the first time that we demonstrate 
A’s damage is far beyond a simple post chemical 
synapse can explain in an uncontrollable epilepsy 
episode. Our results are agreed with the clinical 
observations and possible hypothesis cited in 
literature [16]. 
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Fig. 7. CV profiles of the mutated ACHE memcapacitor 
without spiking A using human sera over scan frequencies 

1 to 1 kHz. 
 
 

3.4. Energy-Sensory Images 
 
3.4.1. “Mutated Neural Network” 

 
“Mutated Neural Network” prosthesis was used 

for study of the various stages of “epilepsy” 
development caused by A, because epilepsy activity 
associated with AD is a well known clinical symptom 
[30]. Four stages of AD or epilepsy are presented in  
8 groups of figures from Fig. 9 to Fig. 16. Each group 
consists of three panels of figures from A to B to C. 
The epilepsies are a spectrum of brain disorders 
impacted by or presented in a wide range of diseases, 
such as diabetes, cancer, traumatic brain injury, brain 
tube deficiency, Alzheimer’s, asthma, heart failure, 
Parkinson’s and depression. The degrees of severity 
are varying, and children who are younger than 18 

years old account for 16% of the 2.9 million active 
epilepsy patients in 2013 in the US.  
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Fig. 8. CV profiles with 38 µM A. 
 
 

There is an urgent unmet need to predict epilepsy 
in order to develop devices that are able to reliably 
predict and monitor seizures and help to avoid life-
threading episode. Our “mutated ACHE gorge” 
neural device is able to provide the first-hand 
information regarding the prognosis of epilepsy in 
different stages when the neural toxin occurrences, 
such as A in high concentration interacts with the 
mutated neural circuitry prosthesis in an electric 
field. Like a human brain, it would not function 
unless the sensories and motor neurons send and 
receive brain pulses. After we built the mutated 
neuronal mimicking device, then the sensory brain 
prosthesis was built by the CV data with only one 
cross-point and one DETred peak locations at each of 
the frequencies from 1 to 300 Hz without A; there 
was no brain synapse pulse discharged. Three 
categories of maps are presented in 3D Energy- 
Sensory map before energy infusion without A, as 
shown in Fig. 9A, there was no pHFO to be 
observed. Fig. 9B is the contour map, the Fig. 9C 
shows the original “damaged neuron” device optical 
image, and Figs. 9 present the AD or Epilepsy in 
“Stage Zero”. The epilepsy or AD “stage 1” sensory 
prosthesis was built by the CV data with only one 
cross-point and one DETred peak locations at each of 
the frequencies from 1 to 300 Hz without A; the 
brain pulse discharges energy values at 0.25, 40 and 
250Hz were infused in the matrix without A, and it 
was defined as “Stage One” for epilepsy and AD. It 
was presented in Fig. 10. The pHFO center can be 
seen in all three figures Figs. 10A, 10B and 10C after 
discharged pulses and without A. The network 
circuitry surface has more bended curvature than  
Fig. 9A, and the direction of the synapse flows 
against that of the original direction of the network 
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current flow and it was initiated by the brain 
spontaneous pulse discharge (energy infusion) at 
SWS, as shown in Fig. 10B with the pHFO shown as 
a dark mark in the contour map indicating an 
“Energy Sink Hole” exists, that has an agreement 
with the literature [42]; From our results, it implied 
that the AD’s initiation can be as early as the first 
post synapse communication between the brain 
discharge pulse upon the damaged neural ACHE 
gorge inner linen prosthsis. The potential epilepsy 
center created can be seen at the (0, 0) mV sensory 
origin (SO) in the optical image in Fig. 10C. It paved 
a road for reentrant of A at pHFO, and this 
nonsymptomatic stage was defined as “Stage One” 
for epilepsy or AD. 

The second stage was under the conditions: the 
neural network circuitry made by the sensory 
biomarker CV data from 40-300 Hz was without A, 
but the biomarker’s CV data at 1 Hz was with A, so 
it was same for the discharge energy pulses been 
influenced by A at 0.25 Hz, but pulses discharged at  
40 Hz and 250 Hz without A. It indicates A only 
invades the neocortex, not entered the hyppocampus. 
It was found an epilepsy center location was at the 
DET peak located at 0 mV and the cross-point 0 mV, 
and it was clearly self-synchronized with the brain 
network at the sensory location of the cross-point at 
420 mV and the DET location at 0 mV at 250 Hz 
with a small amount of A deposited, as shown in 
Fig. 11 for the symptomatic AD or epilepsy with 
short-term memory loss, and led to dysfunctional 
sensory. The circuitry current flow surface was more 
bended and the direction was anti original compared 
in Fig. 9A, and Fig. 11A has an identified reentrant 
spot, and the energy sinking hole was the pHFO spot 
labeled in Fig. 11B. The CA1 sector has been 
identified as an extremely vulnerable spot to 
traumatic insult; however the explicit mechanism is 
unknown according to literature [42-43]. Using the 
mutated ACHE gorge neural prosthesis, the 
vulnerable spot was identified and one epilepsy 
center was labeled in the contour map as well as in 
Fig. 11C in the light image. 

The third stage The discharge pulse energies 
infused in the matrix were under the similar 
conditions as in stage 2, but the sensory “prosthesis” 
matrix made from the CV data of sensory biomarkers 
used 2 cross-points and 2 DETred peaks at 1 and  
10 Hz, respectively according to the CV curves in 
Fig. 10. This means A is able to influence the 
formation of sensory biomarkers, hence the stage 3 
AD or epilepsy has increased pHFO centers with 
larger A depositions, therefore the prosthesis’s 
original light intensity was greatly reduced, which led 
to a deep darkened brain image with the light 
intensity reduced by more than 90%, it means the 
volume of the hippocampus brain was reduced by 
90% as shown in Fig. 12A, 12B and 12C. This stage 
is at the A deposition in neocortex, while the 
epilepsy is not dominate. A formed new sensory 

biomarkers, that is crucial in promoting AD towards 
worsening conditions. 

The “Epilepsy IV” is a “life threatening stage”. 
Stage 4A and 4B are in parallel situations. The key 
difference between stage 3 and 4A is the A 
impacted sensory biomarkers over the entire 1-300 
Hz for stage 4A, but stage 3 it only impacted at SWS 
and 10 Hz. The manner of discharge pulses are same 
as stage 3, see Table 1. The A’s accumulation in 
cortex is no longer a predominate factor, rather than 
transformed to the epilepsy as a dominate factor at 
hippocampus with an evidence of forming 4 epilepsy 
centers and multiple pHFO centers as shown in Fig. 
13B and Fig. 13C. A noteworthy event happened, 
that the 3 pHFOs were in alignment at cross-point 0 
mV and one of the pHFO was alignment at DET 0 
mV forming a channel that led to epilepsy 
synchronized over 40-300 Hz in the hippocampus. 
An “eye of tornado” in the center of the channel as a 
dark spot as seen due to the overheated epilepsy-
causing the edema of hippocampus, which is in 
agreement with the clinical acute epilepsy stage 
reported with hyppocampus edema and hyper-intense 
initially, then late atrophies [44] as shown in Fig. 
13B. Fig. 13A shows the circuitry surface 
conformation as a standing beast and the synapse 
current flow direction consists of three clockwise 
flow circles and one counter clock flow circle, and 
the flow circles in neocortex is perpendicular to that 
of the hippocampus that a “tornado” like force was in 
place bearing destruction capability, as a fire vertex 
that is spontaneous and difficult to put off [45-46]. 
We had identified this force as a toroid destruction 
force, and it may be caused by the inflammations 
occurred inside of the brain neuron –gut-microbiota 
axis [47-48] and reflected as the damaged ACHE 
gorge linen happened either in the blood brain barrier 
(BBB) or in the gut nerve blood barrier [49-50]. 
Alzheimer’s patients reportedly found the abnormal 
gut microbiota and damaged BBB [51-52]. ACHE 
regulates the brain neuron and the vagus nerve cells 
that communicate bidirectional with the brain and 
though the gut nerve cells to the gut microbiome [47-
48]. The end stage AD patients who suffer symptoms 
of epilepsy, involunteering mussel contraction have 
matched the stage 4A. Stage 4B is similar for the 
network sensory matrix as in Stage 4A, i.e., all 
sensory biomarkers’ CV data obtained with A over 
1-300 Hz; but the energy infused entered the matrix 
by pulse discharge through the entire range of 
frequencies was with A. Fig. 14A shows the 
synapse circuitry with two anti clockwise circles at 
point #1 to point #4, and point #4 to point #7 forming 
surfaces almost paralleled to the neocortex, however 
at the reentrant point of point #7 at 40 Hz as the 
reentrant point connected to a flow surface to #13 
which is perpendicular to the early formed circles. 
The synapse flows from 40 Hz at #7 to #13 at 300 Hz 
is in a manner of helix has given to the epilepsy a 
new level of fire vertex with the epilepsy center #1, 
#2 and #3 in 300 Hz in the hippocampus with severe 
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edema and the two more epilepsy centers are mobile 
in 100-200 Hz. It had an agreement with the clinical 
observations that the epilepsy hurts the hippocampus 
more severe than to hurt the neocortex [44] as shown 
in Fig. 14B and 14C. 
 
 

3.5.1. Assessing Restoration of a “Damaged 
Neuron” Circuitry by the Energy-
Sensory Images 

 

The early restoration of a damaged neural network 
circuitry was treated by applied 15 nM ACH at 
“Epilepsy or AD Stage 2” in NIST serum with spiked 
A had received positive results. The sensory matrix 
was modified:  at the stage 2 at 1 Hz, the NIST 
human serum containing 38 µM A was treated with 
a final concentration of 15 nM ACH; The only 
difference from at 1 Hz was that the 2 mM o-NPA 
was used to treat the above mentioned serum in order 
to enhance the hydrophobicity in the ACHE gorge 
cavity to (1) enhance the sensory sensitivity (2) to 
stop the vortex spinning at 10 and 40 Hz; at 100-300 
Hz no treatment, used NIST serum only; the 
discharge energy pulses: at 0.25 Hz and 40 Hz with 
ACH in the presence of A; at 250 Hz was pure 
serum. Fig. 15A showed the synapse current flow 
circuitry was again in a flat “8-shape” and the ACH 
presence at SWS had initiated a formation of HFO 
located at the origin (0, 0) mV and the bad pHFO 
dark spot was removed by the good HFO as shown in 
Fig. 15B of the contour map, so the neuron network 
circuitry integrity was restored shown as the light 
intensity increased and enlightened in Fig. 15C in the 
optical image. The key recovery was through the 
establishment of the hydrophobic linen at the 
reentrant gamma frequency (40 Hz had been 
identified is the weak spot in hyppocampus) and the 
ACH’s key merit is to imitate a right direction 
synapse flow and conformation change at SWS. 
However, at a late stage 4B, even treated with the 
same procedures, the completely restoration is not 
possible as seen in Fig. 16A, B and C. Even the HFO 
was created by the treatment procedures, and the 
brain image light intensity increased, but the numbers 
of the epilepsy centers did not completely erased, it 
still remains several of them. It is very difficult to 
have a meaningful restoration at this end stage. 

Fig. 9A, 9B and 9C in the first column from the 
left depict the “Mutated Neuron” device’ s energy-
sensory maps without A and before the neural 
network discharge a pulse. It has 1 cross-point and 1 
DET peak input for sensory over 1-300 Hz tested in 
NIST human sera; Fig. 10A, 10B and 10C in the 
second column in the left depict the images after the 
brain discharge pulse, still without A, under the 
sensory have the same 1 cross-point and 1 DET input 
as in Fig 9.  Fig. 11A, 11B and 11C in the third 
column from the left depict after the brain discharge 
pulses under the 1 DET and 1 cross-point over the 
entire range frequencies with 38 µM A only be able 
influence the sensory and discharge pulse at SWS, 

not in other frequencies.  The sole purpose is to see 
how the pHFO impact at SWS on the integrity of the 
circuitry. Fig. 12A, 12B and 12C in the last column 
depict after the brain discharge pulses under the 2 
DET and 2 cross-points over the frequencies see 
Table 1 for detail with 38 µM A influence on the 
sensory and pulse at SWS only for the purpose to see 
how much impact of the sensory numbers on the 
circuitry, while keep other conditions same as in Fig. 
11. Fig. 13A, 13B and 13C depict stage 4A as shown 
in Table 1. The major difference is the A influenced 
on all sensory frequencies compared with Fig. 12. 
Fig. 14A, 14B and 14C depict stage 4B as shown in 
Table 1. The A impacted the pulse discharge over 
all frequencies, that is different from stage 4A. Fig. 
15A, 15B and 15C depict the ACH restore the 
circuitry function as an early treatment in stage 2. 
Fig. 16A, 16B and 16C depict the late treatment 
using ACH on stage 4B. The x-axis is the cross-point 
location (mV); the y-axis is the DET peak location 
(mV) and the frequency (Hz) as Z. 

 
 

3.6. Quantitation of Re-entrant 
 
3.6.1. Symbol of Re-entrant 
 

Reentrant is self-reference, i.e., self pointed to it 
self [53-55], and its symbol is shown in Fig. 17. One 
of the neuronal safe guards to the cognitive function 
is the bidirectional invariant reentry neuronal 
network circuitry [53-55]. Many models were 
proposed to simulate the closed-loop circuitry’s 
reentry functions for neuronal network study  
[53, 56-57]. 
 

 
 

Fig. 17. Depicts a symbol of re-entrant [55]. 
 
 

3.6.1. Quantitation of Re-entrant 
 

The results of linear regression of the volumetric 
energy density vs. time for the information storage 
and retrieve sensitivity with the mutated ACHE 
device before and after ACH treatments are presented 
in Table 2. The 15 nM ACH applied in the 38 µM A 
produced an equation of y = -0.075 +9.89x, r =1.0 
Sy/x = 0.055, over 0.25-250 Hz, p<0.001, over the 
energy range from 39.5 µWHr/cm3 at 0.25 Hz to 
3.7610-3 µWHr/cm3 at 250 Hz. The memory at 
neocortex-hippocampus reached 30% of the strength 
of a healthy brain for the long-term memory [19].  
The last row shows the ratio of Rmax/Rmin value is 6.3-
fold higher after the treatment with ACH compared 
without the treatment in the presence of A and the 
reentry sensitivity increased by 613.8-fold that 
indicates the approaches well hit on the expected 
target.  
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Table 2. Information storage and retrieve sensitivity from linear least-square equation fittings  
between energy density vs. time (s) 

 

ACH 
nM 

A 
µM 

Slope 
Reentry Sensitivity 

(pJ/bit/µm3)/s 
r 

Top 
range 

Reentry 
pJ/bit/µm3 

Bottom range 
Reentry 

pJ/bit/µm3 

 

1Rmax/Rmin 

0 
0 
15 

0 
38 
38 

0.0002 
0.000058 
0.0356 

0.88 
0.78 
1.00 

0.00079 
0.00088 
0.1422 

4.010-7 
5.3010-7 
1.3510-5 

1,975 
1,660 

10,533.3 

                1refers to the ratio of top maximum information reentry vs. the bottom minimum range reentry.  
 
 

4. Conclusion 
 

ACH’s role for restoring the brain network 
circuitry at SWS by removing pHFO was 
demonstrated. The short- and long-term memory of 
the mutated neuronal memcapacitor has improved 
significantly using the new approaches mentioned 
above and the “epilepsy” was stopped. This 
technology may have a potential to monitor neuronal 
diseases. The pHFO was identified and characterized 
and its function in promoting epilepsy in four stages 
was demonstrated. 
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Abstract: Cyanide is a widely used industrial chemical but is also very toxic. Cyanide binds strongly with 
hemoglobin than that of oxygen which causes histoxic hypoxia, if it is introduced into the bloodstream. This 
pairing reaction can thus be exploided for the development of a cyanide detection sensor. Our research group 
has been developing a sensor platform that can utilize different enzymatic couplings for the detections of 
metabolites and species that are of health and environmental concerns at extremely low concentrations. In this 
study, we report the detection of cyanide using our sensor platform with a biocomposite layer made up of 
polymers, nanogold sol-gel, and hemoglobin. The biocomposite is coated on the surface of anchoring materials 
such as Au, Pt, and glass carbon electrode. This ultra high sensitive biosensor can detect cyanide at 
concentration levels orders of magnitude lower than any reports found in the public domain. This report reveals 
results in twofold: at low concentration levels above 1×10-5 M and ultra-low levels of 1×10-18 M. These two 
concentration ranges represent applications for rountine cyanide monitoring and research exploration. We will 
also discuss factors that affect the sensitivity, interference, durability, and performance enhancement of this 
sensor. Due to its ability to detect cyanide at such wide range of concentrations, this cyanide sensor can have 
unique applications in homeland security, biomedical, and environmental monitoring. Copyright © 2015 IFSA 
Publishing, S. L. 
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1. Introduction 

 

Rapid advance of microelectronics and 
nanotechnology has enabled our research group to 
utilize enzyme pair-coupling to develop a platform 
for electrochemical sensing that is versatile with ultra 
high detection sensitivity [1-5]. In this study, we 

report the application of such platform for the 
detection of cyanide by using cyanide and 
hemoglobin coupling redox reaction. 

Cyanide molecule is made of a carbon atom triple 
bonded to nitrogen atom which is named the cyano 
group. The cyano group can react with several 
organic and non-organic materials, such as sodium, 

http://www.sensorsportal.com/HTML/DIGEST/P_2715.htm

http://www.sensorsportal.com


Sensors & Transducers, Vol. 191, Issue 8, August 2015, pp. 114-119 

 115

potassium, hydrogen, methyl, etc. Depending on how 
the bonding occurs and what the material it binds to, 
cyanide can exist as a colorless gas or crystal form. 
Solid cyanides such as potassium cyanide or sodium 
cyanide might or might not have a bitter almond 
smell when they are dissolved in a solution. Cyanide 
can appear in many forms: It is found in nature, 
bounded to a sugar molecule in fruits like apples and 
peaches; it is also produced by activities of fungi and 
bacteria. Due to its strong affinity to hemoglobin, 
once it enters the human body, hemoglobin in the 
body will be saturated with cyanide and the victim 
will consequentially suffocate within minutes. 

Metal cyanides have a very high aqueous 
solubility and thus cyanide also is widely used as an 
industrial solvent, such as in precious metal 
extraction and metal plating; but the acute toxicity of 
cyanide is deadly even it is consumed in a very small 

amount. In addition, recent homeland security issue 
heightens the need for a fast and accurate cyanide 
detecting device. Table 1 in the following 
summarizes the recent development in high 
performance cyanide detection. As seen in the table, 
the most sensitive cynaide ion detected was  
at 10-11 M [6].  

The goal of this study is to introduce a cyanide 
detection biosensor that is capable of detect cyanide 
concentrations down to 1×10-18 M, that is orders of 
magnitude suporier than any reports in the literature. 
The sensor was based on an electrode sensor platform 
that combined an anchoring electrode with different 
biocomposites to form a device that is capable of 
detecting various environmental pollutions  
and enzymes/metabolites [5] at unprecedented 
concentration ranges. 

 
 

Table 1. Summary of electrochemical cyanide sensing and the detection limits from recent literature. 
 

Substances 
detected 

Method Detection limit Source 

Cyanide compounds Cytochrome C biosensor with electrochemical method 4.3-9.1 µM Fuku, et al.[7] 

Cyanide groups 
Hybrid Au/CNT systems with electrochemical 
deposition and Raman spectroscopy 

Good sensitivity 
Orlanducci, et al. 
[8] 

Organophosphates 
(cyanide ions) 

Silicon-based microsensor with a Teflon nanoporous 
membrane supported on silicon 

1.5×10-11 M 
Sayyah, et al.  
[6] 

Cyanide Miniaturized silicon-based sensor system µ molar Turek, et al. [9] 

Cyanide 
Hydroxyapatite nanowires array (HANWA) biosensor 
performed by template-assisted electrode-position 

0.6 ng/ml 
Wang, et al.  
[10] 

Cyanide 
Silver doped silica nanocomposite synthesized via  
a sol-gel technique combined with a nanoparticle 
preparing method 

1.4×10-8 M 
Taheri, et al.  
[11] 

Cyanide 
Fused indoline and benzooxazine fragment 
chemosensor 

1 µ M 
Ren, et al.  
[12] 

Cyanide luminescent bacteria and PbO2 electrochemical sensor 
38.38 - 0.60 µg/mL  
for cyanide 

Liu, et al.  
[13] 

Cyanide in blood Amperometric test and an electrochemical sensor 4 µ M Lindsay, et al. [14]
Hydrogen cyanide 
gas 

Simple electrochemical method 0.66 mg/m3 Rao, et al.  
[15] 

Cyanide 
Amperometric detection of the enzymatically generated 
products 

2×10-6 M 
Wang, et al.  
[16] 

Cyanide Electrochemical minisensor 0.317 µg/L 
Siontorou, et al. 
[17] 

Hydrazine 
compounds 

Cyclic voltammetry on a nafion/ruthenium(III) 
modified glassy carbon 

1×10-7 M 
Casella, et al.  
[18] 

Cyanide A photoelectrochemical sensor 0.001 - 0.100 M Licht, et al. [19] 

Cyanide ions Simple electrochemical method 10-6 M Nikolelis, et al. 
[20] 

SCN-, SeCN- Amperometric flow sensor 

25 µM - 0.8 µM  
(at pH 2.0) for SCN-,  
and 0.1-20 µM  
(at pH 7.0) for SeCN- 

Cookeas, et al. [21]

 
 

2. Materials and Methods 
 
2.1. Materials 

 

The electrodes used in the modification were 
Gold (Au), Platinum (Pt), and glassy carbon (GCE), 
purchased from Tianjin Aida Heng Sheng Co, 
Tianjin, China. The electrodes had a diameter of 

0.2 cm. The platinum counter electrode had diameter 
of 0.1 cm and length of 0.5 cm. Cysteamine, 
melamine, bovine serum albumen (BSA), 
hemoglobin (Hb), AuCl3HCl·4H2O (Au %> 48 %), 
ethanolamine (EA), and sodium citrate were 
purchased from Sigma-Aldrich Chemical Co, St. 
Louis, MO, USA. All the other chemicals used in this 
study were of analytical grade. All experiments were 
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carried out in a deoxygenated 0.1 M phosphate buffer 
solution at pH 7.0. 

 
 

2.2. Methods 
 

The preparation of electrodes were the same as 
previously reported [2-3], except that the 
biocomposite layers were comprised of a layer of Hb 
only. To enhance the performance of the sensors, 
BSA or EA was coated as a final surface layer to 
eliminate all the possible sites that might be 
competitive or would hinder with the reactive 
bindings of Hb and cyanide. All the assessing 
solutions were conducted at pH 7.0 with 0.1 M 
phosphate buffer at room temperature (23-25 °C). 
Detection of the oxidative species was conducted 
with a Gamry 600 potentiostat. The method of 
detection of the characteristic peaks of cyanide by 
means of the enzymatic coupling was described in 
previous studies [1-3]. 

 
 

3. Results and Discussions 
 
3.1. Cyanide Detection in Extremely Low 

Concentrations (Below 1×10-14 M) 
 

As shown in Fig. 1, is a typical potentiogram of 
cyanide detection with the characteristic reductive 
peaks at -25 mV with a Pt electrode.  

 
 

 
 

Fig. 1. Potentiogram of cyanide detection  
in a pH 7.0 phosphate buffer solution with a Pt electrode 

biosensor. Note that reduction peak increases  
with concentration at -25 mV. 

 
 

Fig. 2 is the reduced results of cyanide 
concentrations from 1×10-18 M to 1×10-14 M for a Pt 
sensor electrode that was coated with BSA. BSA 
enhanced the performance of the electrode in these 
extremely low concentrations (more in a latter 
section). As it is shown in Fig. 2, a rerun of the same 
coated electrode after 31 days idling in a neutral 
buffer solution at pH 7.0 at 4°C (blue curve) gave 
about the same readings as a freshly prepared 

electrode, which demonstrates that this biosensor is 
durable, that also implies the biocomposite layer 
where the enzymatic reaction takes place remains 
active after a long period of idling. In general, we 
observed that the Hb biocomposite is rather durable 
and can last up to 2 months or more [5]. We have 
also tested an Ag electrode but the results were 
inconsistent presumably due to Ag’s low resistant to 
oxidation. 

From the prospective of acute toxicity today, 
being able to detect CN- at the extreme low level of 
1×10-18 M does not seem to be useful or practical. 
However, as research progresses, for example, such 
low concentrations of CN- in our body may be an 
indication of cancer formation and/or organ 
malfunction at the early stage, as we explore more in 
bioreactions and kinetics, especially in specific in-
situ measurements. An early diagnosis of such 
ailments would increase chances of successful 
therapy. In addition, such low concentration detection 
may be used to aid the determination of molecular 
binding/model of hemoglobin with cyanide and other 
reducing agents [22]. 
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Fig. 2. Cyanide detections from 1×10-6 M to 1×10-18 M 
with a Pt electrode at -25 mV. Data shows the 

measurements of the same Pt electrode on Day 1 and 31 
that produced similar performance. 

 
 

3.2. Cyanide Detection in Low 
Concentrations (Above 1×10-5M) 

 

Fig. 3 is the measurements of cyanide ion at 
concentrations of 1×10-6 M to 1.0×10-2 M of a Pt 
electrode sensor at about 850 mV. Note that the 
reductive measurements became oxidative in Fig. 3, 
which started at about 1×10-6 M (data not shown) if 
the identification peak at -25 mV was used, which 
indicates that the orientation of the Hb molecules at 
the reactive sites (same redox potential) are shifted to 
be favorable to oxidation. It should be mentioned that 
pH is also a factor that affects the Hb molecular 
orientations which may free up or hinder the catalytic 
redox reaction of cyanide, presumably with the same 
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hemoglobin subunits. However, the peak at -25 mV 
became less consistent if the concentrations of CN- 
were above 1×10-5 M; thus, a more consistent peak at 
850 mV was chosen as it is shown in Fig. 3, although 
peaks at about 850 mV are rather common for many 
bioenzyme pairs. Furthermore, there are times that a 
slight shift of measurement potential is observed, 
which could be a consequence of the reaction site 
shifted from one similar structural molecular subunit 
to another subunit. Noted that Hb is made up of  
4 subunits [23]. This appeared to be more obvious for 
the measurements of CN- at concentrations above 
1×10-5 M by using the Au electrode as anchoring 
material, the potential shift from about 480 mV to 
600 mV gradually from 10-5 M to 10-2 M, 
respectively. There can be different sites for the Hb 
to carry (bind) with the CN-, not just the cluster 
(ligand) with Fe. Similar argument can be said about 
the competitive binding of Hb with CO, NO, and H2S 
[24-25]. 

 
 

 
 

Fig. 3. Cyanide detections from 1×10-2 M to 1×10-6 M 
for a Pt electrode at 850 mV. 

 
 

The identity peak in Fig. 3 was selected at 
850 mV, which is different from the characteristic 
peak in Fig. 2 at -25 mV, because the peak at -25 mV 
could not be providing consistent results at 
concentrations above 1×10-5 M but worked 
fabulously well at extremely low concentrations 
mentioned above. The peak at near 850 mV appeared 
to be very common for many enzymatic reactions we 
have studied [5]. 

The concentration range illustrated above is 
important because that is the measurement range that 
industrial applications often applied. In other words, 
the acute toxicity of CN- below 1×10-5 M is not so 
obvious to humans that it is often overlooked.  
Also, CN- is an active reducing agent, it will be 
oxidized gradually with time if it is left in open air; 

therefore, CN- is not considered an immediate health 
hazard if the concentration is below 1×10-5 M. 

 
 

3.3. Performance of Electrode Sensor 
Anchored with Different Anchoring 
Metals 

 
Performance of this ultra-high sensitive electrode 

biosensor was compared by using Pt, Au, and GCE as 
anchoring material. In spite of that all said anchoring 
materials would work in our experiments, the 
preferred material ranking is Pt > Au >GCE at the 
extremely low concentrations, and Au > Pt >GCE in 
concentrations above 10-5 M. GCE in general is not a 
good choice of anchoring electrode for CN- 
measurement. It is unclear at this time what 
deterministic factor causes the performance 
difference; and different anchoring materials would 
generate various characteristic (identification) peaks 
and magnitude (current flow) for the CN- 
measurement. Table 2 shows the characteristic and 
the secondary peak of CN- measurement using 
various anchoring materials for the sensor electrode. 
Fig. 4 is the measurements of CN- at concentrations 
above 1×10-5 M for the freshly prepared electrodes 
(Day 1) with Pt, Au, and glassy carbon as anchoring 
material. Pt appeared to be giving higher signals 
(current) over the concentration range, but its 
identification peak was at about 850 mV which is a 
common region for many other redox enzymatic 
electrochemical measurements, thus is not as 
desirable as the Au electrode having the identification 
peak at about 500 mV due to lacking of uniqueness. 

 
 

 
 

Fig. 4. Measurements of cyanide ion with freshly 
prepared electrodes fabricated with different anchoring 

materials. Identification Peaks of electrodes:  
Pt measurements at 850 mV, Au at 600-480 mV,  

GCE at 505 mV. 

 
 
 
 

0

1

2

3

4

-6 -5 -4 -3 -2 -1

Pt/Day1/ BSA

log concentration (M)

0

1

2

3

4

5

6

7

-5 -4.5 -4 -3.5 -3 -2.5

Gold/Day 1
Platinum/Day1
Glass Carbon/Day 1

log concentration, M



Sensors & Transducers, Vol. 191, Issue 8, August 2015, pp. 114-119 

 118

Table 2. Identification peaks of Cyanide and their current magnitude for different materials. 
 

Anchoring 
Material 

Characteristic 
Peaks (V) 

Current 
Magnitude (µA) 

Other Peaks (V) 
Current 

Magnitude (µA) 
Platinum -0.025 (R) 4.9(1 × 10-18 M) 0.85 (O) 8(1 × 10-2 M) 

Gold 0.6-0.48 (O) 11(1 × 10-2 M) 0.46 (R) 2.5(1 × 10-14 M) 
Glassy Carbon 0.5 (O) 0.1(1 × 10-3 M) nonexisted  

(O) refers to oxidation, (R) refers to reduction. Number in parenthesis under current magnitude column is the 
concentration of CN- corresponding to the current measured. 
 

 
3.4. Performance of Electrode Sensor with 

Enhancing Surfacing Coating of BSA 
and EA 

 
Serum albumin protein such as bovine serum 

albumin (BSA) and ethanolamine (EA) can be used 
to selectively stabilize enzymes and to prevent 
adhesion of the enzymes to the reaction surface 
interface (of the biocomposite and the metal surface), 
and they do not affect other enzymes/components in 
the system that do not need to be stabilized. As a 
conquence, they enhance the overall signal of 
bioassays, for example, in digestion of DNA. Both 
BSA and EA were tried to examine the effect of 
these proteins on the resulting current signal of the 
electrode sensors. It was determined that EA posted 
no signal enhancement for the sensor electrodes on 
the potential ranges we tested, and BSA was partially 
effective. BSA did not seem to have much effect to 
the performance of the sensor at the concentration 
range above 1×10-5 M, but enhanced the 
measurements at the extremely low concentration 
range considerably. As it is shown in Fig. 5, BSA 
increased the current measurement more than 35 % 
from 1×10-18 M to1×10-15 M but tapered off at higher 
concentrations. Presumably the reaction sites within 
the Hb were saturated at above 1×10-15 M and the 
BSA was no longer effective. 
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Fig. 5. Cyanide detections from 1×10-6 M to 1×10-18 M 
with a Pt electrode with and without BSA  

enhancement at -25 mV. 
 

3.5. Detection Interferences  
 

Hemoglobin is a relatively stable enzyme 
(molecular size about 64,000 daltons) yet can 
react/catalyze with many molecules (reductants), and 
is one of the most studied molecules. Inorganic ions 
that are often encountered in biofluids and 
environmental measurements such as Cl-, NO3

-, SO4
2- 

do not created interferences unless in concentrations 
higher than 1×10-3 M [5]. 

 
 

4. Conclusions 
 

Our results indicated that this ulta-high 
performance cyanide biosensor cyanide is  
extremely sensitive, versatile, and durable. It can be 
used for measuring cyanide concentrations from 
1×10-2 M to 1×10-18 M. As always, Pt is the best 
overall anchoring material for the sensor fabrication, 
and GCE is the least favorable among the three tested 
materials. Common inorganic ions such as Cl-, NO3

-, 
SO4

2- do not creat measurement (identification) 
problems with the sensor, but reducing agents such 
as NO2-, H2O2 may generate confusions in 
identifications. Combination of peak information 
using eletrodes made by 2 different anchoring 
materials (e.g., Pt and Au) would help resolve the 
idententification uniqueness issue. Because of the 
extraordinary sensitivity and range of detection limit, 
many applications for industrial, biomedical, and 
security systems can be developed by uiltizing this 
ultra high performance sensor [26]. 
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Abstract: In the Galvin Electricity Initiative, a microgrid is defined as a “small scale version of the central 
electricity system” [1]. Renewable energy sources, such as photovoltaic (PV), are intermittent, which raises 
concern when considering their integration on a large scale [2]. Through the creation of a self-sufficient, 
wireless weather sensor network, we present a step towards forming a method to track current weather 
conditions and predict future patterns. Each node in the network relays solar irradiance, barometric pressure, 
relative humidity and temperature to a server via a transceiver. Data is collected at approximately one sample 
per second and sent back to a server where it is stored into a relational database. Deployment on the University 
of Hawaii at Manoa campus has begun as a part of the Renewable Energy and Island Sustainability (REIS) 
initiative. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Renewable energy, Sensor nodes, Wireless sensor network. 

 
 
 
1. Introduction 

 
Hawaii is highly dependent on the importation of 

energy. In 2012, 93 % of the energy Hawaii 
consumed was imported. In addition to this, a 
majority of electricity is generated from petroleum. 
In December 2014, 529 GWh of electricity were 
generated from petroleum, whereas only 102 GWh 
were created from renewable energy sources [3]. Due 
to Hawaii’s heavy reliance on imported oil, it has the 
highest electricity prices per kilowatt in the nation. In 
January 2015, residents of Hawaii paid an average of 
33.34 cents per kWh, which is over 20 cents above 
the national average [4]. In the future, our reliance on 
fossil fuels could be problematic when these sources 
become depleted. 

Using alternative energy sources, such as 
photovoltaic (PV), have become popular in Hawaii as 
the state now has the highest penetration of 
distributed solar PV in the country [9]. With large 
penetration of solar PV there is serious concern about 
the stability of the grid as PV energy generation is 
intermittent [2, 9]. Electric companies must account 
for underproduction when generation of energy is 
inadequate and overproduction when the 
consumption of energy is lower than the generation 
of it. The outdated grid in Hawaii has an unknown 
tolerance to intermittent renewable energy sources 
resulting in an inability to integrate a large number of 
these sources. To address this concern, it is 
imperative to form a method to track current weather 
and environmental conditions and predict  
future patterns. 

http://www.sensorsportal.com/HTML/DIGEST/P_2716.htm

http://www.sensorsportal.com


Sensors & Transducers, Vol. 191, Issue 8, August 2015, pp. 120-125 

 121

Through the creation of a self-sufficient weather 
sensor network, we present a step towards being able 
to predict these future patterns. The sensor nodes will 
be deployed on roofs of buildings around the 
University of Hawaii at Manoa campus. This 
network will monitor and relay reliable weather data 
for at least two years. In order to create a sensor 
network, a sensor module with low power 
consumption has been designed and built [11]. 
Currently, the next generation of sensor modules is in 
development. It communicates in a mesh-network 
configuration (relays data between sensor modules) 
and is self powered by a 15,600 mAh lithium ion 
battery pack and a 5.6 W solar panel. Each node in 
the wireless weather sensor network will relay solar 
irradiance, barometric pressure, relative humidity and 
temperature to a server via an XBee transceiver. 

Data is collected at approximately one sample per 
second (this rate can be varied); a total of up to 
86,400 samples per day can be collected and sent 
back to a server where such data is stored into a 
relational database (PostgreSQL). Data can then be 
accessed directly through the database or by means 
of a web application, which allows users to choose 
which data intervals they wish to download. 

This data will be used to study and analyze the 
behavior of renewable energy sources, specifically 
solar irradiance patterns, throughout the year. The 
analysis and weather patterns found can be used in 
the future to integrate PV in optimal places on the 
University of Hawaii at Manoa campus. 

 
 

2. Module Overview 
 

The sensor node is a low cost, low power, 
wireless module that collects weather data, including 
solar irradiance, temperature, humidity, and pressure. 
Data from each sensor is sent back to a server for 
storage and analysis. Several sensor nodes will 
eventually be deployed on rooftops of the University 
of Hawaii at Manoa campus to form an 
environmental sensor network that monitors 
environmental conditions both spatially and 
temporally throughout the campus. Fig. 1 shows the 
main components of the current sensor node. 

 
 

 
 

Fig. 1. Primary components of current sensor node: main 
board and sensor board. 

2.1. Cost Breakdown 
 

The cost of the current sensor node is $402.36. 
The removal of unnecessary components, use of a 
dedicated microcontroller as opposed to an Arduino 
and the miniaturization of the main PCB have 
reduced the cost of the sensor modules by over $100 
from the last generation. Table 1 shows the cost 
breakdown for the module not including labor. 

 
 

Table 1. Current Sensor Module Cost Breakdown 
 

Description Quantity 
Unit Cost 

(USD)
XBee Pro 63 mW 
RPSMA - Series 2 B 

1 44.95 

Relative 
humidity/temperature 
sensor 

1 9.89 

Barometric Pressure 
Sensor 

1 4.59 

Pyronometer Apogee  
SP-110 

1 169.00 

Large 6 V 5.6 W  
Solar panel Solar panel - 
3.4 Watt 

1 49.95 

Solar Panel Charging 
Chip 

1 1.49 

Lithium Ion Battery Pack 
3.7 V 15,600 mAh 

1 40.49 

Housing 1 15.00 
Mount 1 50.00 
PCB 1 7.00 
Cap, Res, switch  
and etc. 

 10.00 

 Total 402.36 

 
 

2.2. Sensors 
 

The pyranometer (solar irradiance sensor) used in 
the sensor module is the Apogee SP-110 shown in 
Fig. 2. The pyranometer is self-powered, and has a 
sensitivity of 0.20 mV per Watt m2 [5]. The current 
module has a 16 bit analog to digital convertor 
(ADC) with a 0.05 mV resolution to convert the 
analog solar irradiance signal to digital. 

 
 

 
 

Fig. 2. Apogee SP-110. 
 
 

The current module also has a Honeywell 
humidity and temperature sensor, model HIH6031, as 
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shown in Fig. 3. The sensor has a humidity accuracy 
of ±4.5 % RH, and temperature accuracy of ±1 %. 
The sensor has a 14 bit ADC and uses I2C, a 
communication protocol, to send data to the 
microcontroller [6]. 

 
 

 
 

Fig. 3. Humidity and temperature sensor. 
 
 

The barometer (pressure sensor) used in the 
current node design is the MPL115A2 from 
Freescale Semiconductor shown in Fig. 4. The sensor 
can measure from 50 kPa to 115 kPa with ±1 kPa 
accuracy [7]. 

 
 

 
 

Fig. 4. MPL115A2 barometer. 
 
 

2.3. Power 
 
In outdoor tests, the Lithium-ion battery in the 

previous sensor module design would discharge 
below the recommended 30 % of energy during the 
rainy season. The current module has a 3.7 V 
15600 mA Li-ion battery, which is twice the battery 
capacity of the previous module. The battery is 
charged by a single 6 V 5.8 W solar panel.  
The solar panel has dimensions of 7×8.5 in2. A 
MCP7381-2CAI/ML IC is used as the charger for the 
battery [8]. (Fig. 5). 

 
 

 
 

Fig. 5. Battery for previous sensor module (left), and 
battery for current sensor module (right). 

3. Housing 
 
The first prototype of the housing for the current 

node is shown in Fig. 6. The housing was fabricated 
using a 3D printer and Acrylonitrile Butadiene 
Styrene (ABS), and its dimensions are 8.5×7×5 in3. 
The housing consists of two pieces: the main box 
with the mount for the solar panel on top and the 
cover to seal the box and mount it to the tripod stand. 
Four screws on the side hold these two pieces 
together. There is an exposed area in the box for the 
sensor board. On the bottom cover for the housing, 
there is a custom mount joint where different types of 
stands can be used to mount the module. In this 
prototype of the housing, a camera tripod was used as 
the stand for the module shown in Fig. 7. 

 
 

 
 

Fig. 6. Side and bottom view of Cranberry housing. 
 
 

 
 

Fig. 7. Sensor module mounted to a camera tripod. 
 
 

4. Network 
 

Data is sent from an Arduino-based unit to the 
laboratory server over an XBee mesh network 
(extended IEEE802.15). The mesh network has self-
healing and re-routing capability, remaining robust 
through an individual network failure. This allows 
for deployments over a large area, as long as there 
are enough nodes available to re-route data packets in 
case of a failure. 

The installed XBee adapters are remotely 
configurable through an API provided by the XBee 
protocol. This includes features such as power 
control, sampling rate adjustment, and other 
parameters such as 128-bit AES encryption. 

A master coordinator module controls the 
network. Each node is given a 16-bit address, 
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resulting in the potential number of radios in a 
network to be 65,536. Each node, when configured 
as a router, can act as a bridge for any other nodes 
that are out of range of the coordinator. 

In addition to relying on XBee transceivers to 
relay data back to the laboratory data store, the 
network can also adopt a hub-and-spoke network 
model, as shown in Fig. 8, with intermediary base 
stations providing coverage through Ethernet or 
WiFi. These intermediate base stations can be easily 
configured using any Linux-capable computing 
device. A successful remote deployment 
configuration has been accomplished using the 
Raspberry Pi computing platform. 

 
 

 
 

Fig. 8. Hub-and-spoke network model for long-distance 
data relaying. 

 
 

4.1. Communication Firmware 
 
XBee transceivers provide several functionalities 

that allow for network communications. Some of the 
functionalities are basic and need to be supplemented 
depending on the needs of the user. The ability to 
transfer a single message across multiple packets is 
one such feature. 

If set up accordingly, the XBee transceiver in the 
module is capable of transmitting a message that 
exceeds its packet length limit. This is achieved by 
separating the message into multiple packets. 

Due to its implementation, this feature becomes 
unusable in a large network, or a network with 
constant traffic. Communication firmware was 
developed so that the module could still fragment a 
single message into multiple packets. This 
implementation allows for greater flexibility in terms 
of data transfer. 

If a message is fragmented and transmitted by an 
XBee transceiver, the receiving XBee will 
reconstruct the message. Since fragmentation is now 
handled by software on the module itself, 
reconstruction software was also developed to be run 
on the module. 
 
 

5. Database 
 

Collected data is stored in a high capacity Linux 
server running Redhat Enterprise 6.3 (Santiago) 
within a PostgreSQL database installation. This 
server allows for distributed access to be able to 
access data for remote analysis. Exploratory analysis 
can be performed by any group that has access to  
the server. 

Since PostgreSQL is a well documented and 
open-source database installation, most modern 
programming languages have frameworks that 
support calls to a PostgreSQL database. Therefore, 
simple visualization scripts can be written in several 
languages within a reasonable amount of code.  
Fig. 9 is an example of a data visualization using a 
Python script. 

 
 

 
 

Fig. 9. Simple data visualization using Python. 
 
 

To help facilitate data access and collaboration, a 
Representational State Transfer (REST) server was 
built to serve a simple data access Application 
Programming Interface (API). Likewise, a use-case 
for this REST server is a web-based on-demand 
visualization script written in Javascript, which is 
mobile friendly. 

Easy access to on-demand visualization and 
analysis allows for quicker iteration and verification 
of experimental data obtained from hardware testing. 
A hardware stack is shown below in Fig. 10, 
describing the various technologies that are used in 
our database configuration. 

 
 

 
 

Fig. 10. Hardware stack of the technologies. 
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6. Data Analysis 
 

We used a suite of online adaptive filtering 
algorithms; steepest descent (SD), least mean squares 
(LMS), normalized least mean squares (NLMS), and 
recursive least squares (RLS) for solar forecasting 
[10]. The data collected from the sensor nodes was 
used to perform one step prediction of solar 
irradiance with a 5-tap moving average filter. Fig. 11 
shows the data used to test the algorithms. The 
algorithm uses root mean squared error (RMSE) as a 
performance criterion and considers the rate of 
convergence of the algorithms. Fig. 12 shows the 
RMSE curve after 1000 training iterations. Another 
set of data was used on the same system that was 
obtained from the training to do cross-validation. The 
results of cross-validation RMSEs are SD 67.7, 
LMS 71.1, NLMS 71.6 and RLS 67.7. The rate of 
convergence for the algorithms ranked from highest 
to lowest is RLS, NLMS, LMS. The MSE of the 
algorithms ranked from highest to lowest is RLS, 
LMS and NLMS.  

 
 

 
 

Fig. 11. Solar irradiance (SI) data before filter with moving 
average filter, and standard normalization. 

 
 

 
 

Fig. 12. Training cost - LMS 68.7, NLMS 69.2, RLS 65.8. 
 
 

7. Future Directions 
 
The current generation of weather sensor nodes 

came about by small, incremental design changes. 

Therefore, we hope to release our next generation of 
weather sensor nodes by continuing the trend.  

The next generation of weather sensor nodes will 
be another iteration of the current generation, 
providing lower power use, greater programming 
flexibility and offering a greater range of sensors. 
This will be accomplished by adding additional 
hardware to support this capability.  

In addition to hardware and firmware 
improvements, we hope to integrate additional data 
storage and sharing improvements into the server. 
These enhanced data sharing features will allow 
researchers to better collaborate and analyze data 
collected from the weather sensor network. 
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Abstract: This paper represents the study of the effect of temperature on different capacitive humidity sensors 
used in practice. Capacitance of the humidity sensor, which is a function of concentration of water vapor, also 
depends on ambient temperature. This variation of ambient temperature causes error in the performance of 
sensor outputs and its compensation is essential. In this paper, we have used an artificial neural network to 
compensate the effect of ambient temperature error. The proposed artificial neural network technique is based 
on inverse model of the sensor. The technique is applicable for compensation of linear or nonlinear temperature 
effect of humidity sensor. It can also compensate the nonlinearity of the capacitive humidity response which is 
an issue for all most all types of humidity sensor. Our simulation studies show the sensor output and artificial 
neural network model output matches closely. Even though sensor characteristics change with temperature, the 
proposed model performs well irrespective of any change in temperature. It can be extended for the temperature 
compensation of other sensors. The maximum error for nonlinearity using the ANN technique are 0.2 % and 
temperature error of 0.08 % for temperature range between 10 °C to 60 °C of Sensor 3 and 0.01 % for 
temperature range between 25 °C to 85 °C of Sensor 4 respectively. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Capacitive humidity sensors, Temperature error, Artificial neural network, Multi layer feed forward 
network, Inverse model, Temperature Compensation, Nonlinearity. 
 
 
 

1. Introduction 
 

Sensors are widely used in industrial process, 
robotics, automobiles, avionics, and other systems to 
monitor and control the intelligent behavior of the 
system. Recently use of accurate precise and low 
power sensors has emerged in many sensor network 
applications. The control of industrial process and 
automated system would be very difficult without 
accurate sensor data. In modern measurement and 
control system humidity sensor has play an important 
role. Humidity measurement is very important tasks 
in many industrial processes for manufacturing of 
different products such as food, paper, textiles, 

semiconductors and petrochemical [1-2]. Among 
different techniques of humidity measurement, 
capacitive humidity sensors are widely used because 
they have higher sensitivity, lower power dissipation, 
ease of fabrication and very wide dynamic range than 
other humidity sensors. But the capacitance change 
of the humidity sensor is nonlinear with respect to 
the applied humidity [3]. 

Nonlinearity of humidity sensor creeps due to 
change in different environmental conditions like as 
temperature and humidity. The effect of such 
nonlinearities, the range of the sensor gets restricted 
[4-5]. Because of such nonlinear response 
characteristics and temperature dependence, problem 

http://www.sensorsportal.com/HTML/DIGEST/P_RP_0205.htm
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arises in the measurement of on-line calibration and 
digital interface for readout [6]. Nonlinear error will 
reduce the accuracy and sensitivity of the sensor 
output [7-8]. Thus variation of ambient temperature 
causes error in the accuracy of humidity 
measurement. Temperature compensation of relative 
humidity sensors are difficult to achieve by analog 
hardware technique because of drift in sensor output 
which requires retuning of components values of the 
circuit. The compensation by hardware method 
suffers from low accuracy and it has high cost. Thus 
temperature compensation through software 
techniques provides better flexibility in case of 
humidity sensors [9]. For example, if there is any 
drift in output, weights can be easily readjusted by 
software means [10]. Also, it is easy to model the 
behavior of the humidity sensor using ANN which 
can be used to predict the faultiness and drift in 
sensor calibrated output.  

The capacitance change of the humidity sensor 
due to the variation of the ambient temperature may 
be linear or nonlinear. Some work of temperature 
compensation has been reported earlier considering 
linear change only [9] and some work has been 
reported for a specific gas sensor [7] but the 
compensation of nonlinear temperature error of a 
humidity sensor is not reported so far as our 
knowledge is concerned. Also, the ANN technique 
for temperature compensation has not been 
generalized for different types of capacitive humidity 
sensors such as polymer, metal oxide or porous 
silicon based materials [11-13]. Polymer and metal 
oxide based humidity sensors are widely used for 
commercial applications. Porous silicon because of 
its IC compatibility is reported to be good candidate 
but because of drift due to aging and temperature 
dependence it is not employed for real time 
application [14-15]. 

Recently, artificial neural networks (ANNs) have 
emerged as a highly effective learning technique 
suitable to perform nonlinear, complex and dynamic 
tasks with high degree of accuracy [16-18]. Neural 
models are, therefore, much faster than 
physics/electromechanical models and have a high 
accuracy than analytical and empirical models [7]. 
Furthermore, they are easy to develop for a new 
device or technology [9]. They are adaptive, fault 
tolerant and failure of some synaptic links does not 
affect the performance very much. Due to the 
advancement of the signal processing tools, ANN 
network can be implemented using FPGA/DSP 
processors for real time monitoring of parameters.  

In this work, we have studied the temperature 
behavior of different types of capacitive humidity 
sensors available in the market, reported in literature 
and fabricated in the lab. The sensors studied are 
having sensing materials of different types such as  

1) Polymer; 
2) Aluminium oxide; 
3) Polymer based micro humidity sensor 

fabricated using MEMS technology.  
We model the temperature effect of the sensors 

and propose a scheme for temperature compensation 
of different capacitive humidity sensors using 
multilayer perceptron artificial neural network 
(ANN). ANN model can be used to estimate the 
relative humidity which is independent of 
temperature. The effectiveness of the scheme has 
been studied with computer simulation for both 
linear as well as nonlinear temperature compensation 
of humidity sensor. In addition, the ANN model can 
compensate the nonlinearity.  

 
 

2. Thermal Effects on Humidity Sensor 
 

In order to determine the effect of temperature on 
humidity sensor, we have studied four different 
sensors one from local market sensor (Sensor 1), 
second one from standard commercial Honeywell 
sensor (Sensor 2), third one from porous alumina 
sensor (Sensor 3) which is fabricated in our lab [19] 
and last one from literature based MEMS sensor 
(Sensor 4) [2]. Initially we have taken a capacitive 
humidity Sensor 1 and then experimentally tested 
this sensor in the lab. Temperature behavior has been 
studied in different ways namely  

1) Localized heating the humidity sensor by 
Peltier heating element; 

2) Using commercial temperature and humidity 
controlled chamber. 

In the humidity controlled chamber, the 
temperature effect of the sensor can be studied at 
different temperature keeping humidity constant. 

The sensor is placed on a Peltier device in a 
humidity chamber whose humidity level is kept at 
75 % RH maintained by the saturated salt solution. 
Peltier device (model: TEC03103) is used to heat the 
sensor. The sensor is connected to the precision 
Agilent LCR meter through shielded cable. The 
sensor is excited with input ac of 500 mV (rms) and 
frequency of 1 kHz. Experiment was conducted fixed 
at relative humidity of 75 %. Once it is heated 
locally, the sensor moisture molecules which were 
adsorbed at 75 % RH gradually evaporated. So the 
value of the capacitance gradually decreases. At 
around 500C almost all the moisture molecules are 
desorbed and the sensor reaches at almost dry 
condition. Fig. 1(a) shows the capacitive response the 
sensor with temperature 200C to 500C. When the 
sensor is heated beyond 500C up to 600C (maximum 
operating temperature is 500C), the values of the 
capacitances start increasing over a limited 
temperature range almost linearly. But the 
capacitance change is negligible in comparison to the 
capacitance value (nF) due to humidity change.  
Fig. 1(b) shows the capacitive response of the sensor. 
So the temperature effect is very low. Sensor 1 is not 
used for temperature compensation. 

Then we have studied the Honeywell Sensor 2 
(HCH-1000). The sensor is fabricated with polymer 
thin film [20]. The sensor is put inside a temperature 
controlled humidity chamber. 
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(a) 
 

 
 

(b) 
 

Fig. 1. (a) Capacitive response with temperature  
from 20 0C to 50 0C; (b) Capacitive response of the sensor 

from 50 0C to 60 0C. 
 
 

The temperature of the chamber can be varied up 
to 700C with an accuracy of ±10C. The humidity 
level in the chamber can be varied from 5 to 95 % 
RH with sensitivity of ±5 %. To observe the 
temperature effect, the humidity is kept constant and 
the temperature of the chamber was varied from 100C 
to 700C. The capacitive response of the Sensor 2 is 
plotted with temperature at different constant % RH 
and the results are shown in Fig. 2. The capacitance 
value in pF increases linearly with temperature. 
Experiments are also performed to determine the 
response at different RH at constant temperature. The 
capacitances also increase linearly for a particular 
temperature as shown in Fig. 3.  

Thus commercial Honeywell sensor shows 
significant temperature error but the capacitance 
change with temperature is linear. 

Then we have taken porous alumina based 
nanostructure capacitive humidity Sensor 3 which is 
fabricated in our lab [19]. The sensor is having nano 
porous dielectric γ-Al2O3 thin film fabricated by low 
cost sol-gel method. Details of sensor fabrication are 
reported in our previous work [19, 21]. 

 
 

Fig. 2. Capacitive response of the Honeywell sensor. 
 
 

 
 

Fig. 3. Humidity response of the Honeywell sensor  
at various temperatures. 

 
 

Sensor 3 is also tested in the same humidity 
chamber. Fig. 4 shows the capacitive response of the 
sensor for a particular temperature but the variation 
of capacitance is in nonlinear in nature as shown in 
Fig. 4. Also the values of the capacitance of the 
sensor increase nonlinearly as the temperature 
increases for a particular relative humidity as shown 
in Fig. 5. Temperature behavior of the sensor is 
studied at constant RH of 56.3 %. Thus variation of 
the capacitance for the Sensor 3 with ambient 
temperature is nonlinear.  

Finally we have taken a MEMS based capacitive 
humidity Sensor 4 [2] and seen that the variation of 
capacitance increases with relative humidity for a 
particular temperature but the variation is in 
nonlinear in nature as shown in Fig. 6. Also the 
values of the capacitance of the sensor increase 
nonlinearly as the temperature increases for a 
particular relative humidity as shown in Fig. 7. Thus 
the change in ambient temperature results the change 
in sensor parameters. Therefore most of the humidity 
sensors show temperature error and nonlinearity. 
Hence the compensation of this temperature 
disturbance is very important for increasing the 
accuracy of the sensor output. 
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Fig. 4. Variation of capacitance with relative humidity  
at particular temperature for Sensor 3. 

 
 
 

 
 

Fig. 5. Variation of capacitance with temperature  
for Sensor 3. 

 
 
 

 
 

Fig. 6. Variation of capacitance with relative humidity  
at different temperature of Sensor 4. 

 
 

Fig. 7. Capacitive response of the Sensor 4 at different 
relative humidity. 

 
 

3. Capacitive Humidity Sensor Model 
 

When the humidity sensor is exposed to water 
vapor, the effective permittivity of the sensor 
changes due to change in vapor concentration. The 
effective permittivity of the sensor also changes due 
to change in ambient temperature even if the absolute 
humidity is maintained constant. The capacitance of 
the humidity sensor at a particular relative humidity 
and at a reference temperature can be expressed as 

 C RH = C + ∂C RH , (1) 
 

where C0 is the sensor capacitance at temperature T0 

in dry ambient (humidity is zero), ∂C (RH) is the 
change in capacitance due to change in humidity at 
temperature T0. 

The sensor capacitance is a function of the 
applied humidity and the ambient temperature T. 
Assuming capacitance change due to change in 
temperature is small and independent of the 
humidity, for linear temperature effect, the capacitive 
humidity sensor can be represented as 
 C RH, T = C RH + ∂C T , (2) 
 

where ∂C (T) is the incremental change in 
capacitance due to incremental change in temperature 
∂T. So for linear temperature characteristics, ∂C (T) 
can be expressed as 
 ∂C T = β∂T, (3) 
 

β is the temperature coefficient of capacitance. 
Nonlinearity of the response in humidity at 

constant temperature is calculated by making the 
difference between the measurement point Cin (RH) 
and their corresponding line of least squares points 
Cl (RH), where RH is the humidity. This difference is 
expressed as a percentage compared to the full scale 
response [22]. 
 NL %FS = C CFS  (4) 

 



Sensors & Transducers, Vol. 191, Issue 8, August 2015, pp. 126-134 

 130

By using Equation (4), we modeled the 
nonlinearity by 2nd order polynomial as following: 
 % = ∗ + ∗ + , (5) 
 
where a, b, c are the coefficients. 

So at a particular temperature, capacitance of the 
sensor is expressed as: 
 = α ∗ RH 	 + β ∗ RH + 	γ (6) 
 

Similarly at a particular relative humidity, the 
capacitance of the sensor is expressed as (suppose 
second order): 
 C = ό ∗ T + ρ ∗ T + µ, (7) 
 
where α, β, γ, ό, ρ and µ are the characteristic 
parameters of the sensor obtained from curve fitting. 
 
 
4. Temperature Compensation Technique 
 

The scheme based on inverse model of the sensor 
is shown in Fig. 8. Here the humidity sensor and 
ANN are connected in cascade or the output response 
is applied to the inputs of ANN. Sensor output is fed 
as one of the inputs of the ANN and the ambient 
temperature as the other input. Output of the ANN is 
the estimated humidity in % RH. The desired output 
is the actual RH level at 25 °C which is exposed to 
the sensor for capacitance change. Even though the 
sensor characteristics change with temperature, the 
inverse model gives output, which is close to the 
humidity value at 25 °C thus independent of the 
variation of the ambient temperature. Also the ANN 
output can directly displays the temperature 
compensated relative humidity. To achieve this, the 
ANN has to be trained exhaustively with sufficient 
inputs (training parameters). The ANN is based on 
multi layer feed forward network (MLP) which 
consists of one hidden layer along with input and 
output layers as shown in Fig. 9. The hidden layer 
has an activation function of tan sigmoid and the 
output layer has linear activation function. This MLP 
is one of the most widely used ANN structures, 
which can generalize almost all types of data. The 
well-known back propagation algorithm, which is a 
generalization of the LMS (least mean square) 
algorithm, is used to train the MLP. This algorithm is 
based on error correction learning rule. The error 
signal, which is the difference between the actual and 
desired response is back propagated through the 
network from output side to input side and the 
weights in different layers are adjusted to make the 
actual response almost close to desired response. The 
simulation studies are carried out in MATLAB ANN 
toolbox environment with different activation 
functions, and hidden nodes.  

As we have seen from the response curve of 
Sensor 1, the change in capacitance with temperature 

is very small, so we have not applied ANN technique 
to compensate this sensor. We have applied the 
compensation technique for other three sensors 
where Sensor 2 has linear response and the Sensor 3 
and Sensor 4 has non linear response curve as 
described earlier. 

 
 

 
 

Fig. 8. Inverse Model of the Sensor. 
 
 

 
 

Fig. 9. General Multi-Layer Perceptron (MLP) structure. 
 
 

For getting good results initially we have simulate 
the Sensor 2, Sensor 3 and Sensor 4 using respective 
training data with different training functions. It is 
seen that minimum error has been occurred if we use 
“TRAINLM“ as a training function among all other 
functions. Comparison of simulation results of 
different training functions and parameters as shown 
in Table 1. 
 
 
4.1. Temperature Compensation of Sensor 2 
 

The data for training the network have been 
obtained with the help of actual experimental data of 
the sensor. Fig. 10 shows the Sensor 2 output 
capacitances that were obtained experimentally  
at a reference temperature of 25 °C for different 
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values of relative humidity (20 % - 95 %). Using  
Equations (1) – (3), different set of data are generated 
at other temperatures from 10 °C to 70 °C with 

interval of 5 °C. The temperature coefficient of 
capacitance is β, which is around 0.17 pF/0C. 

 
 

Table 1. Comparison of simulation results of different training functions. 
 

 
 
 

 
 

Fig. 10. Experimental values of the Sensor 2 with different 
percentage of relative humidity at 250C. 

 
 

The number of nodes in hidden layer is decided 
heuristically. ANN structure with different hidden 
nodes is trained with training data. The number of 
nodes, which give minimum error, has been selected 
as the optimum structure for temperature 
compensation To train the ANN, the normalized 
temperature and normalized sensor output are taken 
as the input patterns and the normalized relative 
humidity is taken as the desired output of the ANN 
network. Response of the inverse model is shown in 
Fig. 11. It is seen that estimated relative humidity 
using inverse ANN model closely represents the 
actual relative humidity. The ANN model has also 

been tested for different temperature at a constant 
relative humidity. Fig. 12 shows the variation of 
relative humidity for both the uncompensated and 
compensated sensor when the temperature of the 
ambient varies.  

 
 

 
 

Fig. 11. Response of the inverse model of Sensor 2. 
 
 

It is observed that for the compensated sensor, 
relative humidity (20 %) remains almost equal to its 
reference temperature value though the ambient 
temperature varies over the specified range but for 
uncompensated sensor relative humidity varies 
widely with temperature. The maximum temperature 
error in the range between 10 °C to 70 °C was 
12.45 % before compensation and 0.01 % after 
compensation. 
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Fig. 12. Variation of percentage of relative humidity  
for compensated as well as uncompensated Sensor 2. 

 
 

4.2. Temperature Compensation of Sensor 3 
 

The non linear response characteristic of the 
humidity sensor for an entire dynamic range of 
measurement is modeled based on power series 
expansion. The response of the sensor may be 
expressed as Y = a0 + a1x + a2x2 +…, where Y is the 
change in sensor capacitance and x is the applied 
humidity. The unknown coefficients an,  
n = 0, 1, 2, 3, …, represent the characteristic 
parameter of the humidity sensor. In this case from 
Fig. 5, we have seen that the capacitive response of 
the porous alumina sensor is non linear in nature. 
Analysis of the result show that the fitted curve 
equations for 3rd order polynomial (most suitable) of 
the sensor at 25 °C is expressed by 
 C = 0.0005RH 0.0338RH + 1.13RH + 44 (8) 
 

Again the variation of capacitance with 
temperature at a constant relative humidity 
(56.3 % RH) of a porous alumina sensor is non linear 
in nature as shown in Fig. 6. From this curve, we can 
find the nonlinearity factor (βNL) as 
 = 	_

×100 %, (9) 
 

where Clinear is the corresponding value of the 
capacitance from the linear curve, Cnonlinear is the 
value of the corresponding capacitance from 
nonlinear curve and Tlinear is the value of the 
corresponding temperature from linear curve. The 
response curve is piecewise linearized in two linear 
segments. The variation of capacitance with 
temperature from 10 °C to 60 °C can be plotted as 
shown in Fig. 13. 

Nonlinear Capacitance change with temperature 
is divided into two linear segments as shown in 
Fig. 14. Segment 1, temperature range is between  
10 °C – 30 °C (green line of the Fig. 14) and  
Segment 2, temperature range is between  
30 °C – 60 °C (red line of the Fig. 14). Each segment 
has linear equation which can be used to generate 
data for temperature compensation. 

 
 

Fig. 13. Capacitance vs. temperature from 10 °C to 60 °C. 
 
 

 
 

Fig. 14. Capacitance vs temperature with two  
linear segments. 

 
 

The equation for Segment 1 and Segment 2 are 
given as: 
 C1 = 0.162T + 87.70 (10) 
 C2 = O. 429T + 80.01 (11) 
 

Data for training the network have been obtained 
by using Equations (8), (10) and (11). Inverse model 
for temperature compensation has been developed. 
The optimum MLP structure of the inverse model has 
been obtained heuristically. The suitable MLP 
structure is 3-8-1. Here the normalized temperature 
and normalized capacitance are taken as the input 
patterns and the normalized relative humidity is 
taken as the desired output of the ANN network. 
Fig. 15 shows a comparison of the actual humidity 
with the estimated humidity from the ANN output.  

It is seen that estimated relative humidity using 
inverse ANN model closely represent the actual 
relative humidity. The maximum nonlinearity with 
desired linear fit is 0.2 %. The inverse model directly 
displays humidity. 

Similarly, this ANN model has also been tested 
for different temperatures at constant relative 
humidity. From Fig. 16, it is observed that for the 
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compensated sensor, relative humidity around (56 %) 
remains almost equal to its reference temperature 
though the ambient temperature varies over the 
specified range. The humidity value without 
temperature compensation is also shown in the same 
plot. It shows that without compensation, humidity 
value changes with change in ambient temperature. 
The maximum error between 10 °C to 60 °C 
temperature range was 5.69 % before compensation 
and 0.08 % after compensation. 

 
 

 
 

Fig. 15. Comparison between calibrated humidity  
with measured humidity of Sensor 3. 

 
 

 
 

Fig. 16. Variation of percentage of relative humidity  
for compensated as well as uncompensated alumina sensor. 
 
 

4.3. Temperature Compensation of Sensor 4 
 

In this case capacitive response is non-linear in 
nature as shown in Fig. 7. Similar experiments have 
done using inverse model of sensor as shown in 
Fig. 9. From the simulation results it is seen that 
minimum error achieved with different number of 
nodes in the hidden layers is 9 so the MLP structure 
should be 3-9-1. Fig. 17 shows a comparison of 
calibrated humidity with the measured humidity for 
the sensor. The maximum nonlinearity with desired 
linear fit is 0.2 %. Similar in previous one ANN 
model has been tested for different temperatures at 
almost constant relative humidity. From Fig. 18 it is 
observed that for the compensated sensor relative 
humidity around (50 %) remains almost equal to its 

reference temperature though the ambient 
temperature varies over the specified range. The 
maximum error between 25 °C to 85 °C temperature 
range was 16.7 % before compensation and 0.01 % 
after compensation. 

 
 

 
 

Fig. 17. Comparison of calibrated humidity with measured 
humidity of Sensor 4. 

 
 

 
 

Fig. 18. Variation of percentage of relative humidity  
for compensated as well as uncompensated Sensor 2. 

 
 
5. Conclusions 
 

In this work, we have investigated the effect of 
ambient temperature for different types of capacitive 
humidity sensors. The proposed ANN techniques 
based on inverse model of the sensor can eliminate 
the effect of temperature as well as nonlinearity of 
any humidity sensor over a wide temperature range. 
Even though sensor characteristics change with 
temperature, the proposed model performs quite 
satisfactory irrespective of ambient temperature 
variation. Thus we conclude that our ANN technique 
is the generalization of all kind of compensation of 
temperature characteristics whether it is linear or 
nonlinear including the non linearity of the sensor 
response curve with an accuracy of 0.2 %. Future 
work involves the hardware implementation of the 
compensating ANN inverse model using micro 
controller for real time humidity display. 
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Abstract: In industrial applications multi-channel data acquisition and logging is of prime importance for 
process monitoring and control. In such situations linearization of the non-linear responses obtained from multi-
channel data acquisition systems is of prime importance for precise monitoring and control. Although various 
techniques have been developed for sensor linearization, real time multi channel linearization approaches are 
rare. This paper describes FPGA (Field Programmable Gate Array) implementation of different linearization 
techniques for multi-channel nonlinear sensor characteristics. The proposed multi-channel linearization 
techniques are implemented in real time using - piecewise linearization (PWL), look up table (LUT) based 
linearization, linearization by interpolation (LI) and artificial neural network (ANN) based linearization 
methods. We have discussed the different aspects of these linearization techniques and the trade-off between 
accuracy and implementation area in FPGA. The comparative analysis was performed by using identical 
thermistors connected to 8 channels for linearization and the performance of each method was analyzed. The 
performance of different techniques of linearization is estimated on the basis of logic utilization, linearization 
accuracy, execution time, noise immunity and speed of operation. Fixed point arithmetic has been used for data 
representation in the FPGA implementation.Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Multi channel, Sensor linearization, FPGA, ANN, Piecewise linearization, Linear interpolation and 
look up table. 
 
 
 

1. Introduction 
 

Sensors are the primary elements of any 
instrumentation system. Many of the sensors 
available for measurement of various physical 
quantities have nonlinear input-output characteristics. 
In many industrial applications multi-channel data 
acquisition and logging becomes essential for process 
monitoring and control. In such situations 
linearization of the non-linear responses obtained 
from multi-channel data acquisition systems is of 
prime importance for precise monitoring and control. 
Therefore it is necessary to process the output of the 
sensor with nonlinear characteristic to have a linear 

input-output relation for an accurate representation of 
a physical variable. In general, the prior developed 
techniques of sensor linearization can be broadly 
classified into two categories - hardware based 
linearization and software or PC based linearization 
[1]. 

Till date, a large number of techniques have been 
proposed on sensor linearization. For ease of 
explanation and discussion, we categorize these 
sensor linearization techniques in following ways: 

1) Analog circuit and ADC based; 
2) Microcontroller based; 
3) VLSI and FPGA based; 
4) Software based. 

http://www.sensorsportal.com/HTML/DIGEST/P_RP_0206.htm

http://www.sensorsportal.com
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1.1. Analog Circuit and ADC Based 
 
In [2], a transducer linearization method using 

ratiometric property of analog to digital converter 
(ADC) was proposed. In this technique the maximum 
relative deviation of nonlinearity is found as 0.5 kPa 
in a range of 100 kPa. In a similar type of work in 
[3], a nonlinear ADC with digitally selectable 
quantizing characteristics was proposed for 
linearization of nonlinear analog signals. In [4], a 
programmable nonlinear ADC was proposed that 
uses an optimal size of ROM to realize the nonlinear 
characteristics. In [5] a nonlinear ADC circuit based 
on switched capacitor architecture was proposed that 
uses piecewise linear approximation of the nonlinear 
conversion characteristics. The maximum nonlinear 
deviation was found as 0.0937 l/hr (1LSB in the 
range of 0-24 l/hr). In [6], a four constant curve fit 
was proposed and a temperature to frequency 
converter circuit was developed to employ the 
proposed fit. The peak absolute error of linearization 
is found to be 0.5 K. In [7], linearization of an NTC 
thermistor based on  
555 timer circuit with frequency and analog output 
was proposed. In this method, the maximum 
percentage nonlinearity error claimed is ±1 % and 
±1.7 % in two different ranges. In [8], functional link 
artificial neural network (FLANN) based 
linearization is proposed using a plug-in module type 
of digital circuit, where the maximum full scale error 
is claimed as ±2 %. 

 
 

1.2. Microcontroller Based 
 
In [9], an optimal method of sensor linearization 

using look up table in small embedded system was 
proposed. In this work a theory was also proposed for 
finding the minimum allowable size of a look up 
table without affecting the precision. However, this 
method is limited to LUT entries with only integer 
part, hence precision is also limited. In [10], a 
microcontroller based multiple sensor linearization 
using ANN has been proposed. The maximum 
approximation error of tanh function was predicted as 
less than 1%.  

 
 

1.3. VLSI and FPGA Based 
 
In another approach a MOS VLSI model was 

proposed for linearization of second and third order 
sensor models [11]. The circuit uses a simple 
continuous time analog signal processing cell that 
allows single chip fabrication. But in higher order 
linearization using MOS transconductance model, 
there is a problem of error due to amplifier dynamics 
and system stability due to the feedback.  
The maximum frequency of operation in this method 
is 1 kHz. 

In an FPGA based sensor linearization and 
compensation of nonlinearity due to the 

environmental affect using ANN [12], the maximum 
full scale error is observed to be ±1.5 %. The method 
in [13], proposes a low cost microcontroller for 
linearization of a distance sensor by look up table 
(LUT), piece-wise linear interpolation and 
extrapolation (PWLI/E), fuzzy and ANN. The 
nonlinearity error analysis of this work shows a 
maximum relative error of more than 0.3 in Fuzzy 
approach, 0.15 in ANN and 0.10 in PWLI. 

In earlier works, of the authors of this paper  
[14-15], FPGA implementation of thermistor 
linearization was presented, where a nonlinear 
thermistor characteristic for a temperature range 
of 0 – 100oC was linearized in FPGA. However the 
data format used in FPGA was IEEE 745 32 bit 
format which consumes higher logical area. 
Moreover the methods were suggested for real time 
applications of a single channel. In this work we have 
used fixed point format for data representation in 
FPGA which reduces logical area of implementation 
and the performance of the system was examined 
using real time signal.  

 
 

1.4. Software Based 
 
In software based approach researchers developed 

several algorithms for transducer linearization. In 
[16], a graphical approach was proposed that uses a 
numerical method of iteration to obtain a linear 
solution. This method offers flexibility of online 
choice and replacement of thermistor over an 
extended range of operation. In [17], a method for 
function approximation in microcomputer memory 
implementing the inverse characteristics of the sensor 
for smart sensor system (SSS) was proposed. In [18], 
simulation of thermistor linearization using a two 
layer ANN was proposed. Some other software based 
sensor linearizations were- multi layer perceptron 
(MLP) ANN in [19-20], sensor calibration and 
compensation by adaptive linear element based 
neural network in [21], temperature compensation of 
a pressure sensor using BP neural network in [22]. 

From the above discussions it can be summarized 
that in a computer based linearization technique, 
different algorithms like interpolation, piecewise 
linearization, look up table, ANN etc. can easily be 
implemented using different software tools like 
MATLAB or programming language like C/C++. 
However, software modeled linearization methods 
are sequential with significant effects to time 
response for multichannel. In hardware or circuit 
level linearization techniques, both analog and digital 
methods are possible. There are applications where 
both digital and analog linearizations are combined in 
hybrid mode [23]. 

Sensor linearization can be achieved by different 
types of digital implementations such as - 
microcontroller based implementation, DSP based 
implementations and FPGA based implementation. 
Microcontroller and DSP based implementations are 
sequential and hence do not preserve the parallel 
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structure which is a vital requirement for high speed 
multi-input-multi-output (MIMO) systems. For 
example, DSP based or microcontroller based 
implementation of ANNs do not preserve the parallel 
architecture of the networks. On the other hand, 
FPGA devices offer a great flexibility in 
reconfiguration simultaneously maintaining the 
parallelism where required. 

The use of ANN for sensor compensation and 
linearity correction is proposed in many literatures. 
ANN provides an efficient tool for mapping 
nonlinear input-output relations of sensor signals. 
Various ANN based linearization techniques are 
available such as - functional link artificial neural 
network (FLANN) based linearization [8]; ANN 
based sensor linearization and compensation of 
nonlinearity due to the environmental effect [12]; low 
cost microcontroller for ANN based linearization of a 
distance sensor [13]; simulation of thermistor 
linearization using a two layer ANN [18]; sensor 
linearization based on MLP ANN [19]; sensor 
calibration and compensation by adaptive linear 
element based neural network [21] and temperature 
compensation of a pressure sensor using BP neural 
network [22]. 

FPGAs are basically integrated circuits designed 
and configured by the user, which contains a matrix 
of configurable logic blocks and a hierarchy of 
reconfigurable interconnects that allow the blocks to 
be connected together as per the requirements of the 
user. The FPGA implementations of ANNs are 
discussed in many literatures [24-39]. A fully digital 
MLP ANN implemented with two XC3042 FPGAs 
and a 1 k × 8 EPROM was presented in [25-26]. In 
[27], authors discussed the FPGA implementation of 
ANN and showed that the high speed operation in 
real time applications of ANN could be achieved 
only if the networks were implemented using parallel 
hardware architecture. In [28], parameterized neuron 
was developed in FPGA. In [29], a neural network 
topology was described that implements the bit-serial 
architecture by reducing the requirement of hardware 
complexity. Earlier, researchers thought that the size 
of an ANN importantly determines the performance 
of ANN, however, recently a large number of 
researchers believe that the network architecture is 
responsible for determining the performance of the 
network [30-31]. In [32], a layer multiplexing 
technique for feedforward NN was proposed that 
reduces the requirement of hardware in ANN. In 
[33], the use of FPGAs in industrial control 
applications and neural network based FPGA systems 
were highlighted. In [34], generalized 
backpropagation multilayer perceptron architecture 
was described for online applications. 

From the above literature survey it is observed 
that ANN has been implemented in FPGA for 
different applications – industrial control, vector 
control drive etc., however very little effort has been 
made for ANN implementation in FPGA for sensor 
linearization except in [16]. In [16], ANN has been 
used for sensor linearization and compensation of 

nonlinearity due to the environmental effect and the 
maximum full scale error is found to be ±1.5 %. 
However, FPGA based linearization by piecewise 
segmentation, linear interpolation and look-up table 
is not available in the literature so far. 

Although microcontroller based linearization is 
cost effective than FPGA for a single channel 
application, FPGA based linearization is promising 
for multichannel sensor linearization. Although 
microcontroller can be interfaced to multichannel 
ADCs the computational bandwidth cannot be 
optimally utilized compared to FPGA. This is 
because, FPGA can be utilized in parallel hardware 
architecture. Therefore, FPGA based sensor 
linearization will be a better solution in multi-channel 
sensor array applications. In multi-channel sensor 
arrays applications different types (monotype or 
multi-type) of sensors are installed in different 
locations of an application and FPGA 
implementation becomes a simple task by routing the 
sensor outputs through an ADC to identical FPGA 
‘blocks’ in hardware. Fig. 1 shows a proposed 
scheme for multichannel implementation of 
linearization in FPGA where the FPGA can be 
configured with parallel architecture of linearization 
blocks for parallel computation of sensor 
linearization. 

In this work we have implemented multi channel 
linearization of sensors using the following 
techniques in FPGA, (1) Piecewise linearization, (2) 
Look up table (LUT) based linearization, (3) 
Linearization by interpolation and (4) Artificial 
Neural Network (ANN) based linearization. 

For implementation of linearization technique in 
FPGA we have used a total of 8 channels, however 
due to overflow of FPGA LUTs the channel 
allocation has been done as - Piecewise linearization 
(8 channels), Linear Interpolation (8 channels), Look 
up Table (3 channels) and ANN (4 channels). 
Thermistors have been connected to all the 
8 channels to acquire signals for linearization while a 
load cell has been used to analyze the speed of 
operation of the linearization techniques. This is 
because fast variation of temperature cannot be 
obtained from a thermistor while the load cell shows 
a fast response on loading and unloading. 

The paper is organized as follows; Section-2 
presents a background of linearization. In Section-3, 
We have discussed the FPGA implementation of 
linearization methods and results and discussion are 
presented in each subsection and the work is 
concluded in Section-4. 

 
 

2. Background 
 
A sensor or sensor system generally converts the 

physical quantities into an electrical signal, 
preferably into voltage signal. The basic linearization 
theory states that if 	 = 	 ( ) is a nonlinear function 
that describes the relationship between input variable 

 and its corresponding nonlinear output  shown in 
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Fig. 2, then the relationship between sensor output  
and output of the linearization unit  must be an 
inverse function such that, 

 	 = 	 ( ) 	= 	 ( ( )) 	= 	  (1) 
 

Here we have linearized output voltage ( ) of the 
voltage divider circuit resulting a linear output. To 
linearize the nonlinear function 	 = 	 ( )  the 
linearization unit has been configured digitally such 
that = , i.e. ( ( )) 	= 	 ( ( )) 	= 	 .For 
online implementation of the proposed techniques,  
8 identical thermistors (with 	 	= 	10	 Ω  and 
thermistor constant = 	3750	 ) have been 
connected with voltage divider circuits. 

The output of the voltage divider circuits are then 
connected to all the 8 channels of the ADC. Fig. 3 
shows the thermistor circuit connected to an 8-bit, 8 
channel ADC (ADC0808) interfaced with Spartan-III 
XC3S400 FPGA. In the thermistor circuit a fixed 
resistance value of 1	 Ω  (tolerance-0.005 %, 
temperature coefficient of 0.2 ppm/ºC and thermal 
stability less than 1 sec) is used which provides 
output voltage in the range from 0.1569	V −	3.2079	V for a temperature range of 0 – 100 oC. The 
voltage source in the thermistor circuit is +5 V 
powered by a precision voltage source (ST4076) with 
a ripple noise specification of less than 1 mV (rms) 
and load regulation of ±0.05 %.  

 
 

 
 

Fig. 1. Multiple sensor signal linearization in FPGA. 
 
 

 
Fig. 2. Basic Linearization Process. 

 
Fig. 3. Primary measurement circuit. 
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We have also implemented the finite state 
machines in FPGA to drive the ADC, DACs and 
LCD. DAC AD7541 provides analog version of the 
linearized output. Fig. 1 shows the block diagrams of 
the linearization unit. The Spartan-III XC3S400 
FPGA was synthesized and configured using  
Xinilx ISE 11. 

 
 

3. FPGA Implementation 
 

As discussed we have implemented four different 
techniques of sensor linearization in which methods 
are described in details in the following subsections. 
 
 

3.1. Piecewise Linearization (PWL) 
 

In piecewise linearization method, the nonlinear 
sensor characteristic is divided into a certain number 
of linear segments. Each of the segments within its 
linear range is fitted to a known linear equation 
having a slope (m) and a bias (c). The number of 
segments in the nonlinear characteristic is dependent 
on accuracy of the linearization required and the 
length of operating range. However, the characteristic 
equation for each linear segment depends on the 
nonlinear characteristics of the sensor for the 
operating range. Considering n numbers of segments 
in the non-linear thermistor characteristics, each 

segment of the characteristic equation can be 
expressed by a straight line equation for which the 
slopes (m) and intercepts (c) are different. The 
equations of the straight line segments can be 
determined either graphically or using the 
coordinates of the two end points of the segments. 
The equation of the straight line can be written as – 

 , = , 	+ 	 , (2) 
 
where subscript  indicates the segment number and ,  and ,  indicate the values in ( − 1)  to 

 range. Here, initially we have considered 
20 segments for linearization of the nonlinear output 
voltage obtained from the thermistor measurement 
circuit and the corresponding linearized temperature 
values are obtained by using the following equations 
 , = , 	+ 	  , = , 	+ 	  

… , = , 	+ 	  

(3) 

 
Before configuring the linearization algorithm in 

FPGA the slopes (mn) and biases (cn) given by 
Equation (3) are calculated. Table 1 shows the 
piecewise linear equations for 20 segments that we 
have used in this work. The same have been repeated 
for 	 = 	30and 	 = 	40.  

 
 

Table 1. Piecewise Linear Equations of Thermistor Characteristics for the Temperature Range of 0-100oC 
with 20 Segments. 

 
Temperature Range, (oC) Output Voltage Range, (V) Linear Equations 

[0-5] [0.1569-0.2019] = 123.852 	– 	19.631	
[5-10] [0.2019-0.2567] = 103.8084 	− 15.6448	

[10-15] [0.2567-0.3230] = 87.9795 	− 11.7344	
[15-20] [0.3230-0.4018] = 75.4031 	− 7.9128	
[20-25] [0.4018-0.4945] = 65.3598 	− 4.1949	
[25-30] [0.4945-0.6021] = 57.3075 − 0.5982	
[30-35] [0.6021-0.7251] = 50.835 + 2.8577	
[35-40] [0.7251-0.8637] = 45.6279 + 6.1501	
[40-45] [0.8637-1.0178] = 41.445 + 9.2532	
[45-50] [1.0178-1.1866] = 38.1001 + 12.1383	
[50-55] [1.1866-1.3686] = 35.4491 + 14.7727	
[55-60] [1.3686-1.5619] = 33.33806 + 17.12	
[60-65] [1.5619-1.7644] = 31.8081 + 19.1399	
[65-70] [1.7644-1.9732] = 30.6654 + 20.7875	
[70-75] [1.9732-2.1856] = 29.9016 + 22.0133	
[75-80] [2.1856-2.3987] = 29.4786 + 22.7628	
[80-85] [2.3987-2.6098] = 29.3687 + 22.9762	
[85-90] [2.6098-2.8164] = 29.5523 + 22.5884	
[90-95] [2.8164-3.0163] = 30.017 + 21.5284	
[95-100] [3.0163-3.2079] = 30.7563 + 19.719 

 
 

3.1.1. FPGA Implementation of PWL 
 

Fig. 4 illustrates the piecewise linearization 
algorithm in FPGA. Here, the output voltages ( ) 

from the multi-channel voltage divider circuits are 
fed to an ADC and the digital versions of  are 
compared online with previously stored voltage 
ranges ( , ). The comparator generates slopes  
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and bias  for the nth range of input data. The 
corresponding slope ( ) is multiplied with input 
voltage which is then added with the corresponding 
bias  to get the linear temperature value  given by 
a straight line equation. 

 , 	= 	 , 	+ 	  
 

of the ith piecewise linear segment. The linearized 
outputs obtained from the FPGA system are 
processed through the DACs to obtain the  
analog outputs. 

 
 

 
 

Fig. 4. Block Diagram of piecewise linearization. 
 
 

3.1.2. Data Representation  
 
In FPGA devices, arithmetic operations are 

performed using either floating point or fixed point 
arithmetic. For higher degree of accuracy and 
precision; floating point arithmetic such as IEEE 754 
std. 32 bit and 64 bit are used. However, the floating 
point arithmetic is complex as compared to  
fixed point arithmetic and consumes higher 
implementation area in FPGA.  

Fixed point arithmetic is a trade-off between 
conventional integer arithmetic and floating point and 
therefore we have adopted fixed point arithmetic 
operation for implementation of linear interpolation 
in FPGA. The major advantage of fixed point 
arithmetic is that it follows the same basic 
mathematical rule for addition, subtraction, 
multiplication and division that is applicable for 
conventional binary numbers. For this reason  
fixed point arithmetic can easily be implemented in 
FPGA with minimum resource consumption and 
minimum complexity. 

In this work we have used different bit lengths for 
input voltage ( ), slope (mn), bias (cn) and output 
(Ti). The input data  is represented using 2.10 
fixed point format, i.e. MSB is the sign bit, two bits 
for the integer (I) and ten fractional places (F) as 
shown below- 

SII.FFFFFFFFFF 
This format is suitable to represent the voltage 

levels ranging from 0 V to 3.9 V which is sufficient 
for this work. The format also provides a data 
precision of 2-10 which is 9.7656×10-4 in this case. 
For illustration, let us consider a voltage level of 
‘1.35V’ for representation in 2.10  fixed point 
format. Here the number is positive, therefore = 0 
and the integer part ‘1’ is represented using 2 bit 

binary as ‘01’. The fractional part ‘0.35’, is 
multiplied by 1024 (210) and then converted to 
binary, i. e., 0.35 × 1024 = 358.4~ 358. The 10 bit 
binary equivalent of ‘358’ is ‘0101100110’. 
Therefore the number ‘1.35’ can be represented in 2.10 fixed point formats as ‘010101100110’. 

The slope (mn) and bias (cn) are also represented 
in the same 2.10  format and output temperatures 
(Ti) are represented in 8.8  fixed point format for 
getting higher ranges. 

 
 

3.1.3. Results of PWL 
 
In this work we have implemented piecewise 

linearization of an array of 8 nonlinear thermistors in 
FPGA for three different numbers of piecewise 
segments, i.e. 20, 30 and 40. We have used 
performance measures- root mean square error 
(RMSE), mean absolute deviation (MAD) and 
standard deviation (SD) for evaluation of 
performance with varied number of segments. The 
experiment is performed with real time signals. The 
thermistors connected to the voltage divider circuits 
are placed in temperature controlled chamber. The 
temperature is varied from 0 – 100oC. The outputs of 
the voltage divider circuits and the outputs of DACs 
after linearization are recorded using LabVIEW 
based data acquisition system (NI DAQ USB 6351). 
Outputs of the voltage divider circuits and FPGA 
outputs are compared with the output of a K-type 
thermocouple by using LabVIEW based standard 
temperature measurement system.  

Fig. 5 shows the full scale percentage error for  
8 channels with 40 segments of each channel and 
Fig. 6 shows the full scale percentage error for 
channel 1 with = 20, = 30 and = 40. Table 2 
shows RMSE, MAD, SD, Maximum full scale error 
for all 8 channels with 40 segments. In a similar way, 
RMSE, MAD, SD, Maximum full scale error was 
calculated for linearization with 20 and 30 piecewise 
segments. Table 3 presents a comparative analysis for 
different number of segments for one channel. A 
maximum full scale (FS) error of 2.5064 % and 
1.5027 % are observed with 20 and 40 piecewise 
linear segments respectively. 

The figure shows a 45.24 % reduction in RMSE 
due to the increase in number of linearization 
segments from 20 to 40. However, 4 % to 7 % 
increase in LUT area utilization is observed when the 
number of segment is increased from 20 to 40. The 
device uses 290 elements of 4-input LUTs with 20 
segments with maximum FS error of 2.5064 %; 
whereas with 556 elements of 4-input LUTs for  
40 segments it results a 1.5027 % maximum FS error, 
i.e. the maximum error is reduced by 40 % by 
increasing the number of linear segments from 20  
to 40. 

It is important to know that how much noise has 
been contributed by the linearization process since 
the overall performance of the proposed method does 
not depend only on the linearity error, but also on the 
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noise contributed by the electronics such as 
fluctuation of electron (Johnson-Nyquist noise) due 
to the thermal agitation of the carrier electrons or 
noise due to nonlinear temperature dependent 
mobility in MOS transistors. The noise analysis of 
the sensor signals has been done by performing Fast 
Fourier Transform (FFT) on the sensor output signal 
and the linearized signal. FFT of zero level signals, 
viz. zero level sensor and zero level FPGA outputs 

are also shown in Fig. 7 which indicates that the 
FPGA contributes very less noise to the sensor 
output.  

The FFT of the linearized output shown in Fig. 8 
reveals that the thermistor and the measuring circuit 
produces low frequency or 1/  noise where the noise 
density decreases at higher frequency. 
 

 
 

 
 

Fig. 5.Full scale percentage error in piecewise linearization with 40 segments for 8 channels from 0oC to 100oC. 
 
 

 
 

Fig. 6.Full scale percentage error in piecewise linearization with 20, 30, 40 segments for a single (CH1) channel  
from 0 oC to 100 oC. 
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Table 2. Error analysis of PWL in FPGA for 8 Channels 
with = 	40. 

 

Channel RMSE MAD SD 
Maximum 
FS error, 

(%) 
1 0.6238 0.5030 0.6237 1.5027 
2 0.6562 0.5382 0.6560 1.5896 
3 0.6270 0.5157 0.6259 1.4576 
4 0.6523 0.5308 0.6516 1.5262 
5 0.7004 0.5638 0.7004 1.5799 
6 0.5646 0.4595 0.5647 1.3904 
7 0.6446 0.5168  .6449 1.6245 
8 0.6997 0.5655 0.6991 1.6950 

Table 3. Comparative error analysis of PWL in FPGA  
for channel-1 with different number of piecewise segments. 

 
Number of segments 20 30 40 

RMSE 1.1391 0.8438 0.6238 
MAD 0.9266 0.6903 0.503 

SD 1.14 0.8445 0.6237 
Maximum FS  

error  
(%) 

2.5064 1.956 1.5027 

No. of 4 input  
LUTs 

(out of 7168) 

290 
(4 %) 

433 
(6 %) 

556 
(7 %) 

 

 

 
 

Fig. 7. FFT of zero level signal for sensor output and FPGA output. 
 
 

 
 

Fig. 8. FFT of sensor output and FPGA output in PWL. 
 
 

It is observed that the noise density in the sensor 
output and the FPGA output has very little difference. 
However spectral leakages are observed in the 
linearized output which is due to random fluctuations 
of the mobility carriers in the electronics. The white  
noise density level of the signal is found in the order 
of 4 mV/Hz. 

 
 

3.2. Linearization by Interpolation (LI) 
 

Interpolation is a method to estimate unknown 
values by interpolating known data. In piecewise 
linear interpolation method, a set of known data 
points of the nonlinear sensor characteristic is 
considered. Any two subsequent points of the known 
data form a straight line in which the unknown data 
points can be interpolated. The number of known 
data points which are equally separated from the 
subsequent one is dependent on the accuracy of the 
linearization required and the length of operating 
range. Let us consider two known point a( , ; , ) 

and b( , ; , ) in the nonlinear thermistor 
characteristics shown in Fig. 9.  

For any value of  within the range  
[ , ; , ] the unknown value Ti can be determined or 
interpolated by using the straight line equation given 
as 

 = , + , − , − ,, − ,  (4) 

 
The concatenation of linear interpolants between 

each pair of data points of the data set ( , ; , ); 
( , ; , ), … ( , ; , ) form a continuous curve as 
shown in Fig. 9. 

Initially the interpolation technique for 
linearization of the nonlinear thermistor is simulated 
in MATLAB. The data points and corresponding 
equations are shown in Table 4. In this work we have 
implemented the interpolation method in FPGA for 
20, 30 and 40 sets of data points. 
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Fig. 9. Interpolation technique. 
 
 

Table 4. Interpolation of Thermistor Characteristics for the Temperature Range of 0oC - 100oC with 20 Data Points. 
 

Data Points Linearized Temperature Equation (0.1585,0) − (0.1989,5)	 = 123.852 – 	19.631	(0.1989,5) − (0.247,10)	 = 103.8084 − 15.6448	(0.247,10) − (0.3039,15)	 = 87.9795 − 11.7344	(0.3039,15) − (0.3702,20)	 = 75.4031 − 7.9128	(0.3702,20) − (0.4467,25)	 = 65.3598 − 4.1949	(0.4467,25) − (0.5339,30)	 = 57.3075 − 0.5982	(0.5339,30) − (0.6323,35)	 = 50.835 + 2.8577	(0.6323,35) − (0.7419,40)	 = 45.6279 + 6.1501	(0.7419,40) − (0.8625,45)	 = 41.445 + 9.2532	(0.8625,45) − (0.9937,50)	 = 38.1001 + 12.1383	(0.9937,50) − (1.1348,55)	 = 35.4491 + 14.7727	(1.1348,55) − (1.2846,60)	 = 33.33806 + 17.12	(1.2846,60) − (1.4418,65)	 = 31.8081 + 19.1399	(1.4418,65) − (1.6048,70)	 = 30.6654 + 20.7875	(1.6048,70) − (1.772,75)	 = 29.9016 + 22.0133	(1.772,75) − (1.9417,80)	 = 29.4786 + 22.7628	(1.9417,80) − (2.1119,85)	 = 29.3687 + 22.9762	(2.1119,85) − (2.2811,90)	 = 29.5523 + 22.5884	(2.2811,90) − (2.4477,95)	 = 30.017 + 21.5284	(2.4477,95) − (2.6102,100)	 = 30.7563 + 19.719	
 

 
3.2.1. FPGA Implementation of LI 

 
The linear interpolation methodology is 

represented in Fig. 10. Here the range selector unit 
generates , , , , , and ,  for the 
corresponding value of .  

 
 

 
 

Fig. 10. Linearization by interpolation in FPGA. 
 

For any voltage, e.g. 0.2 V, which is in the range 
of the data points (0.1989; 5) to (0.2470; 10); the 
corresponding temperature can be determined by 
interpolation as – 

 = 5 + (10 − 5) (0.2 − 0.1989)(0.2470 − 0.1989) = 5.118	℃ (5) 

 

Similar to the data representation as in PWL, we 
have used 4.8  bit format to represent input ( ) 
voltage and 8.8 bit format to represent output ( ) 
and intermediate data to implement LI in FPGA. 

 
 

3.2.2. Results of LI 
 

The FS error in linearization by interpolation with = 40 is shown in Fig. 11. Table 5 shows RMSE, 
MAD, SD, Maximum full scale error for all  
8 channels with 40 segments. Table 6 shows the 
comparison of RMSE, MAD and SD respectively for 
different number of data points. A maximum FS error 
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of 2.6329% is observed with 20 data points while it is 
found to be 0.6237% for 40 data points. A RMSE of 
1.1793 is observed for 20 data points, while it is 
0.6238 for 40 data points. Thus a 47.1 % reduction in 
RMSE is observed by increasing the number of data 
points from 20 to 40. 

 
 

 
 

Fig. 11.Full scale percentage error in linearization using 
interpolation with 40 segments for 8 channels  

from 0 oC to 100 oC. 

It is also observed that for 20 data points, FPGA 
device uses 290 elements of 4-input LUTs; while it is 
433 and 566 for 30 and 40 data points respectively, 
i.e. 4 %, 6 % and 8 % for 20, 30 and 40 data points 
respectively. An improvement in accuracy can be 
observed when data points are increased from  
20 to 40. Also, the LUT address size increases from 
9 bits to 10 bits as the number of data points 
increases from 20 to 40. 

 
 

Table 5.Error analysis of LI in FPGA for 8 channels  
with n=40. 

 

Channel RMSE MAD SD 
Maximum 
FS error 

(%) 
1 0.7040 0.5755 0.7040 1.6308 
2 0.5780 0.4758 0.5784 1.3946 
3 0.5959 0.4833 0.5963 1.4736 
4 0.6321 0.5165 0.6326 1.4750 
5 0.6444 0.5245 0.6441 1.5671 
6 0.6696 0.5443 0.6702 1.4817 
7 0.7095 0.5788 0.7084 1.5907 
8 0.5788 0.4632 0.5781 1.4335 

 
 

Table 6.Comparative error analysis of LI in FPGA  
for Channel-1 with different Number of data points. 

 
Number of segments 20 30 40 
RMSE 1.1793 0.8262 0.6238 
MAD 0.9621 0.679 0.503 
SD 1.1784 0.8268 0.6237 
Maximum FS error (%) 2.6329 2.0191 1.5027 
No. of 4 input LUTs 
(out of 7168) 

290 (4 %) 433 (6 %) 556 (7 %)

 
 
The FFT analysis in Fig. 12 shows that the FPGA 

system has incorporated with higher spectral leakage 
however the white noise level is same as that  
of PWL method. 

 

 
 

Fig. 12. FFT of sensor output and FPGA output in LI. 

 
 

3.3. Look up Table (LUT) Based 
Linearization 

 

A look up table (LUT) provides an interpretation 
between input-output values for any nonlinear 

system. They are used to realize a wide variety of 
nonlinear functions [9]. Thus a LUT can be used for 
mapping the input-output characteristics of the 
thermistor. Here, the outputs of the voltage divider 
circuit and the corresponding temperatures are stored 
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in memory in a tabular form. The output of the ADC 
is applied as input to the linearization unit online, that 
addresses the corresponding linearized temperature. 

 
 

3.3.1. FPGA Implementation of LUT Based 
Linearization 

 

LUTs can be implemented in simplest controllers, 
but it requires much higher program memory. 

Typically  is implemented in FPGA using the 
block RAMs of the device; however add-on memory 
devices like flash memory can be used to implement 
complex nonlinear functions with higher degree of 
nonlinearity and with higher precision. In this case  
in Fig. 2 is 8 bit data from ADC and used as pointer 
to the memory locations. The FPGA architecture for 
implementation of a LUT linearization can be 
realized as shown in Fig. 13. The 8 bit ADC output 
which can address a maximum of 256 (28) data is 
used as pointer to the memory locations of LUT 
where ( ) is stored. 

 
 

 
 

Fig. 13. Look up table based linearization. 
 
 

3.3.2. Data Representation  
 

In this method, the 8-bit ADC outputs ( ) 
address the LUT data in FPGA. The LUT output data 
( ) are represented using 8.8  fixed point format. 
For a maximum temperature range of 100oC, the 8 bit 
fractional part provides a resolution of 2-8 i.e.  

3.9×10-3oC, while the microcontroller based LUT in 
[9] would provide only a resolution of 100× 2-3oC, 
i.e. 3oC. In this work we have used 128 and 256 LUT 
data for the temperature range of 0oC - 100oC. 

 
 

3.3.3. Results of LUT Based Linearization 
 

The errors in linearization for different numbers 
of LUT data elements are shown in Fig. 14. It is 
observed that in case of 128 data elements maximum 
FS error is 1.5214%, while it is 1.1427 % in case 256 
LUT data elements. Similarly RMSE, MAD and SD 
are shown in Table 7. The results indicates a 27% 
reduction in RMSE when the number of LUT data 
elements are increased from 128 to 256 and this 
increase in LUT data elements consumes  
14% to 35% more logic area. It may be mentioned 
that unlike PWL and LI, in LUT based technique, 
linearization units were implemented for only 3 and 2 
channels with 128 and 256 LUT data respectively in 
Spartan-III XC3S400 FPGA. However, number of 
channels can be increased by using high capacity 
FPGAs. 

 
 

Table 7.Comparative error analysis of LUT based 
Linearization in FPGA for Channel-1  

with different LUT sizes. 
 

Number of LUT DATA 128 256 
RMSE 0.6477 0.4692 
MAD 0.3172 0.2311 
SD 0.3794 0.2742 
Maximum FS error (%) 1.5214 1.2427 
No. of 4 input LUTs 
(out of 7168) 

975  
(14 %) 

2500  
(35 %) 

 
 

The FFT of the sensor output and FPGA output of 
LUT based linearization are shown in Fig. 15. In this 
case the spectral density of noise is found to be 
higher than that of PWL and LI. 

 
 

 
 

Fig. 14. Full scale percentage error in LUT based linearization for (a) 128 and (b) 256 LUT data  
from 0 oC to 100 oC. 
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Fig. 15. FFT of sensor output and FPGA output in LUT. 
 
 

3.4. ANN Based Linearization 
 

There are different architectures of ANN for 
mapping nonlinear input-output functions. Based on 
the degree of nonlinearity of the original function, 
there may be different numbers of layers or different 
numbers of neurons in hidden layer. N. J. Medrano-
Marques and B. Martin-del-Brio in [19] proposed an 
optimized architecture of ANN for linearization of 
thermistor. The network is a MLP neural network 
consisting only two neurons in hidden layer and one 
neuron in output layer as shown in Fig. 16. They 
have simulated the network for implementation in 
low cost processors like microcontrollers. In this 
work, an array of 4 such ANN structures has been 
implemented in FPGA for the 4 channels of sensor 
signals. 

 
 

 
 

Fig. 16. An artificial neural network for sensor 
linearization. 

 
 

We have taken the activation function of the 
hidden layer neurons as a hyper tangent activation 
function given by- 

 

( ) = tanh( ) = , 

 
whereas the output neuron has linear activation 
function. The network is initially trained in 
MATLAB using input-output data set given in 
Equation (3). The weight and bias of the ANN are 
determined during training by simulating the network 
in MATLAB. The training parameters obtained are 
shown in Table 8. 

 
 

Table 8.Matlab simulation results of ANN  
for Linearization Channel-1. 

 

Network Type MLP Feed Forward Netwrok 

Activation 
Function 

Neuron1  Neuron2 Neuron3 ( )= ℎ( ) ( )= ℎ	( ) ( ) =  

Training 
Algorithm 

Back Propagation 

Training data size 600 

Learning rate 2.0 

Goal 10-6
 

Epochs 1000 

Weights 
1 2	 13	 23

-0.026 1.284 -87.348 159.44 

Bias 
1 2	 3	

1.195 2.733 -85.909 

 
 

3.4.1. FPGA Implementation of a Neuron 
 

The processing element of an ANN is the neuron 
which can be expressed by an equation of the form, = ∑( + ), where ,  and  represent input, 
weight and bias respectively. Fig. 17 shows the 
FPGA implementation of a neuron which includes, 
multiplier, adder and activation function. 

 
 

 
 

Fig. 17.Block Diagram of FPGA implementation of a neuron. 
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3.4.2. Implementation of Activation Function 
in FPGA 

 
Efficient implementation of the nonlinear 

activation function on an FPGA is a difficult task 
faced by designers as it is not suitable for direct 
implementation [35-36]. In most cases 
computationally simplified alternatives of nonlinear 
activation function are used [37-38]. In this work we 
have used Piece- Wise Linear Approximation (PWL) 
method for implementation of the ℎ( ) activation 
function for neurons 1 and 2. The hyper tangent 
curve has been segmented into 10 linear segments as 
shown in Fig. 18. The piecewise linear equations for 
each segment are shown in Table 9. The Number of 
linear pieces can be increased to achieve the 
precision of the activation function at the cost of 
memory and computational complexity [39]. 

 
 

 
 

Fig. 18. Piecewise linear approximation  
of 	 = 	 ℎ( ) function. 

 
 

Table 9.Approximation of 	 = 	 ℎ( ) 
function in FPGA. 

 
Range Equation 

[-5,-4.1] = 0.000 − 0.997
[-4,-3.1] = 0.003 − 0.985
[-3,-2.1] = 0.026 − 0.918
[-2,-1.1] = 0.177 − 0.626
[-1,-0.1] = 0.739 − 0.064

[0,1] = 0.768 + 0.044
[1,2] = 0.177 + 0.626
[2,3] = 0.026 + 0.918
[3,4] = 0.003 + 0.985
[4,5] = 0.000 + 0.997 

 
 
In ANN based linearization in FPGA input 

voltage (V ) is represented using S4.8 bit fixed point 
format, while temperature ( ), weight ( ) and bias 
( ) are represented using 8.8 bit fixed point format. 

 
 

3.4.2. Results of FPGA Implementation  
of ANN for Linearization 

 
ANNs have been implemented in FPGA for 

linearization of the nonlinear thermistors for the 

range 0 oC to 100 oC as discussed above. The 
networks implemented here are a MLP networks in 
which 600 data sets are used to train each of the 
networks with back propagation algorithm. The result 
in Fig. 19 shows that ANN can perform linearization 
with better accuracy as compared to the other 
methods discussed above.  

 
 

 
 

Fig. 19. Full scale percentage error of ANN based 
linearization for 4 channels from 0 oC. 

 
 

As shown in Table 10,a maximum FS error of 
1.241 % is observed in ANN based linearization with 
average logic utilization of 19 % per channel and 89 
% for 4 channels.  

 
 

Table 10. Error analysis of ANN based linearization  
in FPGA for 4 channels. 

 

Channel RMSE MAD SD 
Maximum 
FS error 

(%)
1 0.4805 0.2376 0.2857 1.1901 
2 0.4549 0.2195 0.2707 1.1981 
3 0.4958 0.2357 0.2811 1.1914 
4 0.4751 0.224 0.2709 1.2410 

 
 

The FFT of the sensor output and FPGA output in 
Fig. 20 of ANN based linearization shows that the 
noise voltage fluctuation is less severe than that of 
LUT based linearization and similar to LI, however 
higher than that of PWL based linearization. 

Apart from analyzing the error incorporated in 
linearization process, we have also tested the 
dynamic response of the linearization unit. Since 
temperature variation in a thermistor itself is a slow 
process, therefore to test the speed of operation of the 
linearization unit we have used a load cell of capacity 
100 kg as input sensor that is interfaced with FPGA 
through the ADC. The signal obtained from the 
Wheatstone bridge configured load cell has been 
linearized by using LUT based linearization 
technique. The response obtained from the load cell 
were mapped to the linearized output using a LUT of 
150 data points in the full scale rang of 100 kg of the 
load cell. A random load up to 90 kg was applied and 
unloaded to test the speed of operation of the FPGA. 
Fig. 21 shows the load cell response and FPGA 
output for loading and unloading for a time duration 
of 8 sec. From the Fig. 21 for testing speed of 
operation of the FPGA system, it is observed that the 
sharp loading and unloading of load cell is processed 
by FPGA with a very little amount of time delay 
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error. Further, for quantification of the speed of 
response of the FPGA system, a fast varying analog 
input has been applied to the ADC and the FPGA 
processed output in LUT based linearization through 
the DAC has been recorded as shown in Fig. 22. 
With an ADC conversion time of 100 µs per channel 
(for a clock frequency of 200 kHz), DAC settling 
time of about 150 ns and FPGA execution time of 
90 ns, the maximum speed of linearization per 

channel was estimated as 100.24 µs (100 µs + 150 ns 
+ 90 ns). For 8 channels this figure will be 801.29 µs 
(100 µs×8 + 150 ns×8 + 90 ns). This gives a 
maximum frequency of 9.976 kHz for a single 
channel while 1.248 kHz for 8 channels. 

A linearity plot for the four types of linearization 
methods is also shown in Fig. 23 along with the 
nonlinear thermistor response. 

 
 

 
 

Fig. 20. FFT of sensor output and FPGA output in ANN based linearization. 
 
 

 
 
Fig. 21. Signals showing fast variation of load applied to a load cell and corresponding FPGA based linearized (LUT) output 

 
 

 
 

Fig. 22. Signals showing fast variation of an analog signal and corresponding FPGA based linearized (LUT) output. 
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Fig. 23.Linearity plot for all 4 methods of linearization in FPGA. 
 

 
4. Conclusions 

 

In this work we have implemented the four 
different techniques of thermistor linearization in 
FPGA for simultaneous 8-channel sensor 
linearization. We have tested the techniques using 
real time signals from thermistors using LabVIEW 
data acquisition system. The performance of each of 
the linearization scheme has been estimated 
considering mainly accuracy, speed of operation and 
cost of implementation. In the result sections of each 
implementation, we have shown full scale percentage 
error, RMSE, MAD and SD by comparing with 
different numbers of data sets.  

A comparative result of all the four methods of 
linearization is shown in Table 11. It is observed that 
ANN is showing better accuracy, while LUTs 
consumes highest logic area of FPGA device. The 
piecewise linearization and interpolation consumes 
almost same logic area in FPGA, but in case of linear 
interpolation the execution time of the linearization 
block is higher than that of PWL. While in case of 
ANN based implementation, the logic area utilization 
is almost 19 % as compared to 7 % in case of PWL 
and LI. It can be estimated that for same amount of 
full scale error of 1.19 % in ANN; PWL and LI 
would utilize logic area of about 8 % and LUT based 
linearization would utilize 36 %.  

 
 

Table 11.Comparison of four methods of linearization  
in FPGA. 

 
 PWL LI LUT ANN 

RMSE 0.6238 0.6238 0.4692 0.4805 
MAD 0.503 0.503 0.2311 0.2376 

SD 0.6237 0.6237 0.2742 0.2857 
Execution 

Time 
120 ns 125 ns 90 ns 140 ns 

FPGA 
LUTsused 

(%) 
7 % 7 % 35 % 19 % 

FS error 
(max) 

1.5 % 1.5 % 1.24 % 1.19 % 

 

Thus PWL and LI are better option for this case. 
Further, the implementation complexity is higher in 
case of ANN and the accuracy of the method is 
dependent on several steps of implementations - e.g. 
accuracy of activation function. However cost of 
implementation is less in case of ANN as compared 
to LUT. The FPGA implementation using LUT is the 
simplest method to map the nonlinear thermistor 
characteristics in comparison to the other three 
methods. From the point of execution time PWL, LI, 
LUT outperforms ANN based linearization 
technique. On the other hand, in spite of lower 
performance functions, ANN can be improved 
considerably due to its learning capability for higher 
degree of nonlinearity. 

The FPGA based linearization system has been 
tested with fast varying analog inputs from load cell 
and analog inputs. It has been observed that the 
FPGA based linearization can handle the fast varying 
signals also. It is estimated that the system can 
linearize analog signals with a maximum frequency 
of 9.976 kHz for a single channel while 1.248 kHz 
for 8 channel operation. 

The proposed FPGA based linearization 
techniques are suitable for systems with multiple 
sensor inputs as FPGA devices are suitable for multi-
channel operation with parallel architecture with high 
speed signal processing capability. 
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