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Abstract  

 This paper is devoted to the evaluation of the electrochemical noise technique consisting in 

measuring the fluctuations of the electrolyte resistance (ER) between two metallic electrodes 

immerged in a conductive electrolyte to detect and characterize single particles circulating in a 

microfluidic device, without the help of optical measurements that require good visibility of the 

detection region. Numerical simulations were performed with the finite element method to study the 

influence of the dimensions of the channel and the electrodes on the ER. Measurements of the ER 

variations due to the passage of oil droplets and plugs passing between the electrodes were carried 

out. Excellent agreement was obtained between the theoretical and experimental ER transients, 

which allowed the velocity and diameter of the oil droplets to be estimated with an accuracy of a 

few percents in the case of droplet diameters ranging from 60 to 100 m. According to the 

numerical simulations and the amplitude of the background noise, oil droplets of diameter larger 

than 20-25 m can be detected in the microchannel used (cross section of 100 m  100 m and 

100 m  100 m electrodes separated by a gap of 100 m). Developments of smaller microfluidic 

devices are under progress to detect and characterize particles of a few micrometers, such as 

biological cells for example. 
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1. Introduction 

 Microfluidic systems offer some attractive advantages over standard macroscale techniques 

for advanced chemistry, material science, biology and medicine since they allow small sample 

volumes, high sensitivity, reduced analysis time and low fabrication costs [1–5]. These systems, 

with dimensions typically of tens to hundreds of micrometers, deal with continuous streams of 

fluids. In contrast, droplet-based microfluidics focuses on creating discrete droplets by mixing two 

immiscible fluids in a microfluidic channel, at a T-junction or using a flow-focusing technique, in 

order to enable rapid mixing, no reagent dispersion and high-throughput analysis [6–13]. Indeed, 

droplets with volumes ranging from femtoliters to nanoliters can be generated at high rates, up to 

10,000 droplets per second [14], each droplet serving as an individual microreactor. Applications of 

droplet-based microfluidics have been demonstrated in the past decade for single-cell analysis [15–

17], drug delivery [18,19], and diagnostics [20,21]. 

 Despite many efforts to develop specific devices for droplet generation and manipulation, 

including droplet moving, merging, mixing, sorting and trapping, the detection and characterization 

of single droplets remains a challenging task. To date, methods based on optical technologies are 

the most valuable techniques because of their numerous advantages, such as high sensitivity and 

fast response [2,14,22–26]. However, optical techniques are often bulky and expensive, and they 

require a good visibility of the detection volume so that they cannot be used in opaque media. 

Moreover, the droplets often need to be tagged with fluorescent markers. For these reasons, various 

non-optical methods have been developed [27,28], among which those using integrated 

microelectrodes for chronoamperometry [29–32], capacitive [33–35], or resistance measurements 

[36–42], are particularly interesting since they can be easily integrated with microchips. These 

techniques have been used to detect biological cells [33,37,38,41,42], water-in-oil or oil-in-water 

droplets [31,35,39], or to measure the concentration of various species within droplets [30,32,40]. 

Chronoamperometry consists in measuring the transient increases of the mass-transport limited 

current due to the passage of droplets in the diffusion layer of the working electrode, which requires 
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the use of a reference electrode and the addition of an electro-active species in the continuous phase 

or in the droplets. In contrast, impedance spectroscopy is a label-free technique that does not require 

any reference electrode or electro-active species. Sun and Morgan reviewed in 2010 the different 

approaches and technologies employed for detecting and characterizing single cells with the 

impedance technique [36]. The impedance is usually measured at a single frequency using two 

facing or coplanar electrodes [38–40], or three coplanar electrodes [37,41,42], or two pairs of facing 

electrodes, two of them on the same side of the microchannel being electrically coupled [43,44]. In 

all cases, the time records of the measured impedance parameter show transients indicating the 

passage of single cells. However, to the best of our knowledge, non-optical methods capable of 

precisely measuring a wide range of droplet size in a microchannel have not yet been developed.  

 Similar developments have been performed in electrochemistry with the electrochemical 

noise (EN) in two-phase flows consisting in measuring the fluctuations of current, potential or 

electrolyte resistance (ER) generated by the presence of a solid, liquid or gaseous phase dispersed in 

a conductive electrolyte. The EN technique is able to provide information on the elementary events 

at the origin of the fluctuations, such as the position, velocity, trajectory, and residence time of a 

particle in front of or in contact with a sensor [45,46], the composition of an oil-in-water emulsion 

[47], the detachment frequency and size of evolving bubbles [48], the activity of pitting corrosion in 

multiphase flows [49], etc. For particles flowing in a channel, the ER fluctuations give direct 

information on the changes in electrolyte conductivity due to the passage of particles between the 

electrodes. The specific technique developed in our laboratory to measure the ER fluctuations 

between two electrodes [50] has been recently used to detect and characterize single particles of 

millimetric size flowing between two facing electrodes in a macrochannel [51]. This paper presents 

the necessary developments of the technique to measure the ER fluctuations and characterize 

droplets in a microfluidic channel. 
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2. Theoretical simulations 

 The model of the microdevice is shown in Fig. 1. The electrolyte of conductivity  is 

contained in a cuboid of dimensions lx, ly, lz. Two identical metallic electrodes of dimensions dx, ly 

are mounted flush in the floor of the channel at a distance D between them. Compared to the size of 

the electrodes (dx = ly = 100 m) and the interelectrode distance (D = 100 m) used in the 

experimental section, the lx value was large enough (1 mm) to have no significant influence on the 

simulation results. The centre O of the Cartesian coordinates x, y, z corresponds to the centre of the 

cuboid. The particle is an insulating sphere of diameter dp that will flow along the x-axis in the 

experimental section. Its position is defined by the coordinates x, y, z of its centre. The vertical 

position z can also be defined as a function of the distance h to the floor of the microchannel below 

the particle: 

 z = h + dp/2 – lz/2 (1) 

 To calculate the ER between the two electrodes in the absence or in the presence of the 

particle, an electrical model was used, consisting in the application of a potential 0 = 30 mV on 

one electrode while the other was grounded, the ER being calculated from the resulting current on 

the electrodes. The potential primary distribution, which does not depend on the (electro-)chemical 

reactions occurring on the electrode and on mass transport in the solution, was calculated at any 

point between the two electrodes by integrating Laplace’s equation: 

 ²  = 0 (2) 

where  is the electrical potential in the solution, with the following boundary condition at any point 

of the insulating surfaces (sphere and boundaries of the cuboid): the normal component of the 

current is equal to 0 so that the normal component of the potential gradient ∂/∂n is equal to 0 as 

well. This was done by using the finite element method with the COMSOL Multiphysics 4.1 

software. To improve the accuracy of the simulation results, small mesh elements were used 

(maximum size of 1 m on the surfaces of the sphere and the electrodes instead of 55 m in the 

volume of the cuboid) and the maximum element growth rate was 1.3. 
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 The distribution of the current density, J, in the cuboid could then be determined according 

to the following expression:  

 J = -    (3) 

As an example, Fig. 2 presents the distribution of the current density in the presence of an insulating 

sphere. It may be noted that the current density is the highest in the inner parts of the electrodes (|x| 

slightly higher than D/2). The current lines are strongly deflected by the sphere so that high values 

of current density may be observed as well just above and below the sphere in the plane y = 0.  

 The ER between the two electrodes can be determined from the ratio 0/I, where the current 

I flowing between the electrodes is calculated by integrating the current density on the surface of 

the non-grounded electrode. Two parameters are now introduced to analyse the ER variations: R  

is the variation of the ER due to the presence of the sphere and R  is the

e

e,norm  normalized ER 

variation in percentage, defined as: 

 100
ea

e
norme, 




R

R
R  (4) 

where Rea is the ER in the absence of the sphere between the electrodes.  

 For the microchannel of dimensions lx, ly, lz, and the configuration of the electrodes used in 

the experimental part (electrode dimensions dx, ly and interelectrode distance D), R  e,norm depends 

on 4 parameters, the position (x, y, z) of the sphere centre and the sphere diameter dp. To assess the 

possibility to determine the sphere diameter in single-particle sizing experiments, the influence of x, 

y, z, and dp on the ER is presented below. 

 

2.1. Influence of the position of the insulating sphere  

 The influence of the sphere position on the ER is shown in Fig. 3 for a sphere of diameter 50 

m (half of the vertical size) located at various positions x and z in the flow channel direction (y = 

0). It can be noticed that Re starts increasing a little before the sphere enters the detection region 

(-150 m < x < 150 m), indicating that the current lines are already modified by the presence of 
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the sphere. The ER is also influenced by the vertical position of the sphere. The highest values are 

obtained when the sphere is located close to the floor of the microchannel because of the stronger 

constriction of the current lines between the sphere and the electrodes. When the distance h below 

the sphere is 1 m, the transient Re(x) presents the shape of a camel's back with two humps 

positioned at the inner edges of the electrodes (|x|  D/2). This specific shape was already obtained 

in previous publications for small spheres flowing above disk electrodes [46,52,53]. The two humps 

are due to the screening effect of the sphere in regions where the current lines are more 

concentrated. When the distance below the sphere increases, the two distinct humps disappear 

progressively and the amplitude of the resulting hump decreases. In the experiments described 

below, no transient with a camel's back shape was observed and the maximum of the Re(x) 

transients was always obtained at x = 0, indicating that the spheres passed above the electrodes at a 

vertical position close to the middle of the channel (z  0). Hence, for simplification, Re(x = 0) is 

termed Re,max even if it is not the maximum amplitude in the case of the camel's back shape. As 

shown in Fig. 3, Re,max varies from 17.8  to 32.8  when the sphere of diameter 50 m is located 

close to the top of the channel (h = 49 m) or to the floor (h = 1 m), which corresponds to 

normalized ER values Re,max,norm of 4.3% and 7.8%, respectively (Rea = 418.7 ).  

 For a sphere of bigger size (dp = 85 m) located on the axis y = 0, the ER variations are 

given in Fig. 4 as a function of the vertical position. No camel's back shape can be observed, even 

for small distance below the sphere (h = 0.5 m). Much higher values of Re,max are obtained, from 

145.8  when the sphere is close to the top of the channel (h = 14.5 m) to 183.0  when it is close 

to the floor (h = 0.5 m), which corresponds to Re,max,norm values of 34.8% and 43.7%, 

respectively. 

 Results in Figs. 3 and 4 are obtained for a sphere located on the y axis. Fig. 5 shows the 

influence of the parameter y for a sphere of diameter 50 m positioned at x = z = 0. Small ER 

variations can be observed: the Re values are ranging between 22.0  (y = 0) to 23.3  (y =  24 
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m) and vary by 0.47% in the middle of the channel (|y| < 10 m). These small ER variations, 

compared to those due to the x and z positions of the sphere in Fig. 3, can be explained by the fact 

that the width ly of the electrodes is exactly that of the channel. As a consequence, it will be 

considered in the experimental part that the measured ER values do not depend on the y position of 

the sphere. 

 

2.2. Influence of the sphere diameter 

 The influence of the sphere diameter on the ER variations is shown in Fig. 6 for a sphere 

located at the centre of the microchannel (x = y = z = 0). In a log-log scale, Re,max varies linearly 

with the sphere diameter according to the following expression obtained with a linear correlation 

coefficient of 0.99996: 

  (d051.3
p

4
maxe, 10402.1 dR  p in m, Re,max in ) (5) 

when the sphere diameter is smaller than half the height of the channel (dp < lz/2). While this 

exponent close to 3 was already obtained in previous simulation works investigating the influence 

on the ER of spherical insulating objects close to an electrode [52,54,55] or between 2 disk 

electrodes [51], no analytical expression has been derived yet to express Re,max as a function of the 

sphere diameter in the case of non-uniform current lines between the electrodes. However, for 

uniform current lines, as in a Coulter counter, DeBlois and Bean derived an analytical expression of 

the resistance increment due to a small insulating sphere in suspension in a conductive electrolyte 

that is proportional to the volume fraction of the sphere, and, therefore, to the cube of the sphere 

diameter [56].  

 In order to derive the diameter of spheres circulating in the microchannel from the measured 

ER transients, another expression was determined by fitting the whole Re,max curve in Fig. 6: 

  (d)1001.61(10402.1 648.5
p

12051.3
p

4
maxe, ddR   p in m, Re,max in ) (6) 

This expression is valid for dp  94 m, as shown in Fig. 6. 
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2.3. Method for particle sizing 

 Fig. 7 shows the influence of the vertical position of an insulating sphere on the ER variation 

Re,max (x = y = 0) for various sphere diameters. Limits in the calculation accuracy can be seen for 

the smallest spheres: decreasing the mesh size on and close to the sphere and electrode surfaces 

would yield more precise results but it would require a prohibited calculation time. It can be seen 

that the influence of the sphere diameter is much more important than that of the vertical position. 

This is especially true as the sphere circulates close to the middle of the channel, which is often the 

case in practice. This result can be exploited to determine the size of a single sphere from the 

maximum amplitude Re,max of the measured ER variation at x = 0. Indeed, as shown in Fig. 8 in 

which the Re,max curves calculated at z = 0, z = -10 m, and z = 10 m are plotted, any Re,max 

value corresponds to dp values within a narrow range. As an example, around a dp value of 50 m, 

the estimation error on the sphere diameter is  m, which gives a relative error of 4%. This error, 

which depends slightly on the sphere diameter (4.6% for dp = 15 m and 3.7% for dp = 70 m), is 

proportional to the amplitude of the z range (2% for [-5 m, 5 m] and 7.7% for [-20 m, 20 m], 

both values given for dp = 50 m). 

 As mentioned above, for the dimensions of the microchannel and the electrodes used in the 

experimental part, the ER variation Re induced by the passage of a single spherical particle 

depends on 4 parameters, the position (x, y, z) of the particle centre and the particle diameter dp. 

However, according to Fig. 5, when the particle flows close to the middle of the channel, the 

influence of the lateral position y on Re is not significant, so that Re depends only on x, z and dp. 

The following empirical expression of Re was determined as a function of x by fitting the Re(x) 

curve calculated for z = 0 and dp = 85 m (Fig. 4): 

)||10491.51()||10574.41(
)m85,0,(

1.93753.8928
maxe,

pe
xx

R
dzxR

 


  (x in m) (7) 
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Re,max was then replaced by the expression given in Eq. 6 as a function of dp. As shown in Fig. 9, 

the following equation fits quite well the calculated Re(x, z = 0, dp) curve for various sphere 

diameters. 

)||10491.51()||10574.41(

)1001.61(10402.1
),0,(

1.93753.8928

648.5
p

12051.3
p

4

pe
xx

dd
dzxR








  (x and dp in m) (8) 

 To complete the theoretical simulations, Fig. 10 shows the influence of the sphere 

conductivity, p, on the electrolyte resistance variations. Two regions may be identified around 

point A where the sphere and electrolyte conductivities are equal (p =  = 45.5 S/m). For such 

value of p, the current lines are not modified by the presence of the sphere, which cannot be 

detected. When p decreases below , Re is positive and quickly attains its maximum value, 

Re,max, obtained for insulating spheres (Re/Re,max = 84.8% and 98.4% for  = 4.55 and 0.455 

S/m, respectively). In contrast, when p increases above , Re is negative and its absolute value 

rapidly reaches its maximum obtained for metallic spheres (Re/Re,max = 77.4% and 97.4% for  = 

455 and 4550 S/m, respectively). In that case, the ER transients are in the negative direction. It 

should be noticed that Re,max in absolute value is higher for a conductive sphere than for an 

insulating one since the current lines can flow directly inside a conductive sphere while there are 

deviated around an insulating sphere. In practice, for detecting spherical particles of given 

conductivity p, it is sufficient to choose an electrolyte of conductivity slightly different from p. 

As shown in Fig. 10, Re/Re,max is already equal to 38.2% when  = p/2 and 27.6% when  = 2 

p. 

 

3. Experimental 

3.1. Fabrication of the device 

 The device used in this work (Fig. 11) consists of an inlet to the main channel (width 50 µm, 

height 100 m) for the continuous phase (electrolyte), and several inlets to secondary channels of 
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different width (5 to 50 m) in which the dispersed phase (oil) was injected. Oil droplets generated 

at the junctions of the secondary and main channels flowed to the detection channel of larger width 

(100 m) and same height (100 m). The device configuration was chosen to generate droplets of 

various sizes in the detection channel, in which several pairs of gold electrodes of dimension dx = 

l00 m and interelectrode distance D = 100 m were positioned to measure the ER fluctuations at 

S evaporator. 

various locations. 

 Microelectrodes were fabricated on a glass substrate using a standard lift-off process. A 

borosilicate glass substrate of diameter 10.24 cm and thickness 700 m was cleaned by immersion 

in a “piranha” solution (H2SO4/H2O2 3:1) for 30 min and dehydrated on a hot plate at 200°C for 30 

min. Reversal photoresist AZ-5214 (Clariant) was spin-coated on the glass substrate at 800 rpm for 

10 s and 4,000 rpm for 30 s. The photoresist layer was soft-baked at 110 °C for 1 min and exposed 

to ultraviolet (UV) light (8 mJ/cm²) through a photomask using a EVG 620 mask aligner. A reversal 

bake was carried out at 120 °C for 2 min before a flood exposure of UV without photomask (200 

mJ/cm²). In that way, the AZ-5214 resin was used as a negative photoresist to get the negative of 

the mask pattern. The photoresist patterns were then developed in 1:1 diluted AZ developer for 30 s, 

briefly washed with deionised water, and dried under nitrogen. A gold layer of thickness 200 nm 

was deposited onto the glass substrate with a thin layer of Cr (10 nm thickness) used to promote 

adhesion between Au and glass. Both layers were deposited in a Plassys MEB 550

Finally, the cross-linked photoresist was removed with acetone in an ultrasound bath. 

 The microfluidic channels were fabricated using standard soft lithography technique. The 

mold was built using SU-8 2100 (Microchem) and photopatterned on a silicon wafer using 

photolithography. The Si wafer was cleaned with acetone, isopropyl alcohol and “piranha”. The 

silicon oxide layer was taken off in a hydrofluoric acid bath for 1 min. The SU-8 resin was spin-

coated at 500 rpm for 90 s and 3000 rpm for 30 s to form a 100 m layer. A soft bake was 

performed at 65 °C for 5 min and 95 °C for 20 min before UV light exposition through a photomask 

(250 mJ/cm²). A post-exposure bake was done at 65 °C for 5 min and 95 °C for 10 min before the 
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development in the SU-8 developer for 15 min. A pattern height of 97.8 m was measured using a 

mechanic profilometer (Dektak). Polydimethylsiloxane (PDMS) mixed with the prepolymer curing 

agent (10:1) was poured over the mold and cured at 80 °C for 1 h. The mold was then peeled off, 

 °C for 1 h to help separating H2O molecules from the glass/PDMS interface 

uring bond formation. 

ording to the secondary channel used 

and holes were punched through the PDMS at the inlets and outlet of the channel.  

 The channel was covalently bonded to the glass chips containing the micropatterned gold 

electrodes by treating both the PDMS surface and the glass substrate with oxygen plasma at a radio 

frequency power of 30 W and a chamber pressure of 300 mTorr for 1 min. The resulting platform 

was heated at 80

d

 

3.2. Droplet generation and electrochemical conditions  

 Droplets of vegetable oil (density of 0.91 g cm−3 and kinematic viscosity of 0.63 cm2 s−1) 

were generated at the T-junctions of the microfluidic device. The oil stream entered the crossflow 

junction perpendicularly to the electrolyte (sulphuric acid) stream, shearing off into discrete oil 

droplets. A surfactant (sodium dodecyl sulphate, 1%) was added to the electrolyte to facilitate 

droplet formation and transport. Indeed, the surfactant acts to stabilize the interface between the two 

immiscible phases by minimizing the interfacial tension. Both oil and electrolyte were forced into 

the system with two syringe pumps (Razel R99-E). Teflon capillary tubes with inner diameter of 0.5 

mm and outer diameter of 1.59 mm were used to connect the 5-mL syringes to the inlets of the 

microfluidic device. Droplets of various sizes were created acc

and the oil and electrolyte flow rates that varied up to 2 µL/s. 

 A digital camera (Basler acA 1300-30uc) was used to film the passage of droplets close to 

the electrodes and determine their size and position for comparison with the results obtained from 

the ER variations. However, it was quite impossible to install the camera on the lateral side of the 

microfluidic device to measure both size and vertical position of the droplets so that only the droplet 

size was measured by the camera positioned above the microfluidic device. Moreover, to analyze 

 11



the droplet images and the ER transients simultaneously recorded and be able to associate a given 

droplet image to the corresponding ER transient, only oil droplets of diameter larger than 50 m 

were generated since they flowed much more slowly in the detection channel than smaller droplets.  

 The continuous phase (electrolyte) was a 1 M H2SO4 solution prepared with deionised 

water. Its conductivity was measured before each experiment with a conductivity meter (Meterlab 

CDM230) and adjusted to the value of 45.5 S/m by adding a few droplets of sulfuric acid or water. 

During the experiments, a pair of gold electrodes were polarized in the sulfuric acid solution by 

applying a 0 mV potential difference between them with a home-made potentiostat. As a 

consequence, both electrodes were at their equilibrium potential and no DC current was flowing 

across them. In that conditions, the ER measurements were not influenced by mass- or charge-

transfer at the electrodes.The other electrodes were disconnected and no electrode reference was 

sed in this work. 

pedance at high-freque

u

 

3.3. Technique for measuring ER fluctuations in microsystems 

 The fluctuations of the ER between the two electrodes were measured using a home-made 

device [50,51] (Fig. 12). A sinusoidal voltage vhf of amplitude 50 mV and frequency f100 = 100 kHz 

was superimposed on the applied voltage, which led to a current response of amplitude vhf / |Z100|, 

where |Z100| is the modulus of the electrochemical impedance of the pair of electrodes. In contrast to 

electrochemical systems with large electrodes for which the impedance Z100 is reduced to the ER, 

the surface area of the electrodes in microsystems is small and the effect of the electrochemical 

double layer cannot be ignored. In that case, the im ncy, ZHF(f), is reduced to 

Re in series with the double layer capacitance Cdl: fjCRfZ 21)( eHF  . The lower the electrode 

surface, the e lower the time constant R  Cdl, and the higher the absolute value of the phase angle at 

100 kHz, )21arctan(|| dle100 CRf . As an example, Fig. 13 shows the Nyquist plot of the 

impedance of a pair of electrodes measured using a potentiostat Gamry Ref600 with an excitation 

signal of amplitude 10 mV rms. It can be seen that the influence of the double layer capacitance is 
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100 = -77.2°) and that measurements at frequencies above 1 MHz are 

necessary to reach the ER. Since our home-made potentiostat was not able to work at such high 

frequencies, it was necessary to design a new method to measure the ER fluctuations using the 

different sampling 

equencies. The output voltage signal, v|Z|100
, obeys the following expression: 

 

applied voltage signal at 100 kHz. 

 The current I + ihf flowing between the two electrodes was measured across the resistor R, 

amplified by a gain G1 and the DC component of the voltage signal was removed by a capacitor 

(Fig. 12). After amplification by a gain G2, the spontaneous current fluctuations, I, were 

eliminated with a high-pass filter cutting off at 17 kHz and the sine wave signal was rectified by a 

diode and low-pass filtered at a cut-off frequency of 10 kHz. The DC component of the output 

signal, v|Z|100
, was measured and its fluctuations were acquired, after DC-offset removal, 

amplification with a gain G3 = -10, and analog low-pass filtering to prevent aliasing, with a real-

time data acquisition system (Concurrent Computer, Maxion 9100) at 

fr

d
ZZ

100
|| ||100

bv 
1

 (9) 

th nd the 

variations of |Z|100 could be derived from the measured variations v|Z|100
 with the equation: 

in which the parameters b and d could be determined through a calibration procedure consisting in 

replacing the electrochemical cell by pure resistors. From Eq. 9, the mean value of |Z|100 could be 

calculated from e mean value of v|Z|100
 measured during the electrochemical experiments a

 meas
3

100 Gb
 (10) 

2
100)(

v
Z

Z 

obtained by differentiating Eq. 9 for |Z|100 variations of small amplitude.  

 The last step in the measurement procedure is the calculation of the ER variations, Re, 

from the measured variations of |Z|100. As shown in Fig. 13, an increase in the ER corresponds to a 

shift of the impedance at 100 kHz from point A to point A'. For small ER variations compared to 
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the impedance modulus at 100 kHz, the phase angle 100 varies very little so that the segment AB 

can be considered as orthogonal to BA', the length of which is equal to |Z|100. As a consequence, it 

is straightforward to write Re as a function of |Z| : 

 

100

100
e cos

 In order to validate the measurement procedure, experiments with a dummy cell (Fig. 14) 

showing the same behaviour at high frequency were performed. The dummy cell consisted of a 

resistance R

100


Z
R  (11) 

n be 

onsidered valid for measuring the ER fluctuations due to the passage of oil droplets in the 

 

e = 500 , in series with a resistance Rt = 700 k in parallel with a capacitance Cdl = 

1.2 nF. Re represents the electrolyte resistance, Rt the charge transfer resistance and Cdl the double 

layer capacitance. To simulate a change in ER, another resistance, re = 200 , and an electronic 

switch (Littlefuse Inc., HE 3621 Q0510) in parallel, were added in series with Re. The switch was 

connected to a square signal generator to control its periodic opening and closing (frequency of 10.2 

Hz) so that the high-frequency resistance of the dummy cell changed periodically between Re and 

Re + re. It should be noted that the value of re represents a large fluctuation of ER (40%) but a 

relatively small change compared to |Z|100 (14.3%). Fig. 14b shows the high-frequency part of the 

impedance of the dummy cell measured when the switch was closed. At 100 kHz, the modulus and 

phase are equal to 1398  and 68.47° (cos 100 = 0.367), respectively. The ER measurements were 

then performed when the switch was automatically turned on and off. Fig. 15a shows the periodic 

change with time of |Z|100 calculated from the measured v|Z|100
 signal with Eq. 10 (the base value of 

500  has been eliminated for a clearer reading of the figure) and Fig. 15b presents the 

corresponding Re variations derived with Eq. 11. If the over-oscillations due to the presence of the 

analog anti-aliasing filter are ignored, the amplitude of the |Z|100 steps is 73.45 , which gives a 

Re value of 200.14  very close to the re value. The measurement procedure could the

c

microchannel. 
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4. Results and discussion 

 Fig. 16 shows the image of an oil droplet of 86 m in diameter before its passage in front of 

the electrodes (dark ribbons) and the corresponding experimental Re(t) transient (black curve). The 

theoretical (red curve) fitted with Eq. 8 by replacing x with v(t - t0), where v is the velocity of the 

droplet and t0 the time instant at which the sphere passes at the position x = 0, is given as well. The 

excellent agreement between the experimental and theoretical curves is an indication that the 

droplet flowed horizontally close to the centre of the channel (z  0). Moreover, transients with a 

flat top as in Fig. 4, indicating that the droplet approached very near to the electrodes (h < 1 m), 

were never measured. From the adjusted parameters (t0 = 23.843 s, dp = 86.51 m, and v = 279.1 

m s-1), it can be concluded that the estimation of the droplet diameter from the ER variations is 

precise (error of 0.6%). The droplet velocity, which could be assumed to be constant in front of the 

electrodes because of the perfect symmetry of the Re transients, could also be obtained from the ER 

measurements. This allows the Reynolds number of the hydrodynamic flow to be derived. The 

ollowing equation: 

 

f



where 




vd
Re

pe
 (12) 

.0 g m-1 s-1), gives a low Reynolds number (Re = 0.026), as usual for fluid flows in 

icroc

e and  are the density and dynamic viscosity of the electrolyte, respectively (e = 1.065 

g cm-3 and  = 1

m hannels. 

 Experiments with various droplet sizes were performed successively. Fig. 17 shows a 

comparison of the droplet diameters estimated by image analysis and ER measurements. The 

diameter of the droplet was calculated as the average of 12 values measured in different radial 

directions on the droplet image. The slope close to one with a deviation of 0.39 m from the x-axis 

origin confirms the good agreement between the two techniques. Large oil droplets were generated 

preferably in this work because they were slower than small droplets and it was then easier to 

correlate the images of the droplet to the corresponding ER transient. Nevertheless, the EN 
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technique is able to detect smaller droplets. Indeed, the standard deviation of the background noise 

in Fig. 16 is 1.9 , and a careful examination of the figure shows that the noise was in great part 

due to the mains (50 Hz and harmonics). Digital low-pass filtering of the signal to avoid mains 

interference allows the standard deviation to be decreased down to 0.74  (this could have also 

been obtained by improving the shielding of the experimental set-up). This value corresponds to a 

droplet diameter of 17 m, so, roughly speaking, only droplets of diameter larger than 20-25 m 

can be detected with the microdevice used. Detection and sizing of smaller droplets require using a 

icrocm hannel and electrodes of smaller dimensions. 

 Considering the duration time of about 1 s for the ER transient shown in Fig. 16b, the 

droplet frequency that can be detected is close to 1 Hz, which is much lower than that obtained by 

optical techniques (typically 1 kHz). However, the detection frequency can be increased by several 

orders of magnitude. Indeed, the experimental set-up in this work is based on the use of a sinusoidal 

signal at 100 kHz so that the maximum droplet frequency the system can detect is given by the 

maximum sampling frequency (presently 15 kHz) and the number of data points employed to 

correctly define the shape of the electrolyte resistance transients due to the passage of single 

droplets. For example, 10 points give a transient duration of 0.67 ms and a maximum droplet 

frequency of 1.5 kHz, which may still be lower than that obtained with specific optical techniques, 

but with the advantage for the present method to be operable in opaque microfluidic devices. Of 

course, higher droplet frequency could be obtained by increasing the frequency of the sinusoidal 

signal. However, such high values of droplet detection frequency cannot be obtained using the 

present microdevice since a limitation comes from the flow rate in the channel. According to Figs. 3, 

4, and 9, the length of the detection region is roughly equal to D + 2 dx so that the distance L 

between two successive droplets must be higher than D + 2 dx for a correct analysis of single 

droplets. As a consequence, the droplet generation frequency, fg, is lower than v / (D + 2 dx), where 

v is the droplet velocity. A fg value of 1 kHz would necessitate a fast droplet velocity of 30 cm s-1 

(corresponding to a Reynolds number of 16 for an oil droplet of 50 m in diameter) that cannot be 
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obtained in microchannels. However, limiting the droplet velocity to 1 cm s-1 and decreasing the 

length of the detection region to 10 m would lead to a droplet generation frequency of 1 kHz and 

g during the time tup of the 

transient is equal to Lp - D - 2 dx, so that the plug velocity is given by: 

 

the single droplets generated could be detected with the present equipment. 

 Plug-like oil droplets were also characterized with the EN technique. Fig. 18 shows the 

variations of the ER due to the quasi-periodic passage of oil plugs above the electrodes. Since the 

length, Lp, of the plugs was larger than the detection region, the ER time record shows a succession 

of step-like transients with a constant maximum value when both electrodes were completely 

screened by a plug. In that case, the current was flowing across the thin film of electrolyte adhering 

to the walls of the microdevice [57]. A rough estimate of the plug velocity can be derived in two 

ways from the analysis of the durations, tup and tdown, of the upper and lower parts of the ER 

transient respectively, by assuming a cuboid shape of dimensions Lp, ly, lz for the plug. Indeed, if it 

is assumed that the front of the plug corresponds exactly to the right side of the right electrode at the 

beginning of the transient and that the back of the plug corresponds to the left side of the left 

electrode at the end of the transient, the distance traveled by the plu

up
p t

 Under the same assumptions, if D

xp 2dDL
v


  (13) 

transient B, that is during the time tup + tdown, is equal to Dp + Lp, which gives a plug 

:  

 

p denotes the distance between two successive plugs A and 

B (see Fig. 18b), the distance traveled by plug B between the beginning of transient A and the 

beginning of 

velocity of

downup tt 
pp

p
LD

v


  (14) 

 Consistently, from the values estimated from Fig. 18 (Lp = 520 m, Dp = 490 m, tup = 180 

ms, and tdown = 600 ms), the values of the plug velocity given by Eqs. 13 and 14 are very close (vp = 

1.2 mm s-1 and 1.3 mm s-1). It should be noted that the characteristic parameters of the oil plug (Lp 
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and Dp) could be estimated from Eqs. 13 and 14 if the plug velocity was previously measured, 

which could be done by working with a second pair of electrodes and measuring the time lag 

between two ER transients corresponding to the passage of a given plug above each pair of 

 in decreasing 

istance between the electrodes must be adapted to the size of the 

queous droplets investigated. 

is its ability to characterize microparticles precisely without the help of optical techniques that are 

electrodes.  

 It is important to mention that the ER transients are influenced by the presence of more than 

one droplet when the distance between two successive droplets is smaller than the detection region. 

In that case, droplet sizing is not possible from the ER time records and signal analysis has to be 

performed in the frequency domain by measuring the power spectral density of the ER signal to 

determine the frequency of passing droplets. Otherwise, another possibility consists

the width of the detection region with smaller electrodes and interelectrode distance.  

 As shown in this paper, detection and sizing of single droplets passing above the measuring 

electrodes is possible in a conductive medium. Detection of aqueous droplets in a low-conductive 

carrier solution is more involved since it relies on the modification of the current lines between the 

electrodes by the passing droplets. In that case the current lines are located very close to the 

electrodes so that it should be difficult to detect water droplets passing far above the electrodes. 

However, chronoamperometry [30-32] or impedance [39-40] measurements have already been 

performed to study water-in-oil droplets in microchannels. In that case, long oblate droplets or plugs 

covering the electrodes were used, so that variations of current or resistance could be measured. 

Obviously, the size and the d

a

 

5. Conclusions 

 This work investigates the possibility to use a specific electrochemical noise technique 

consisting in measuring the electrolyte resistance between two immerged electrodes to detect, track 

and size small particles circulating in a microfluidic channel. The main advantage of this technique 
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often used in lab-on-a-chip devices. Even if not shown in this paper, the EN technique can measure 

ER variations in the millisecond range for the detection of fast particles. 

 The influence of the size and position of the particle, as well as the dimension of the 

electrodes and the interelectrode distance, on the ER was calculated with a theoretical model using 

the finite element method. The ER measurements performed with spherical oil droplets circulating 

in the microchannel show an excellent agreement with the theoretical predicted ER values. The 

length of oil plugs and the distance between two successive plugs could also been determined from 

the ER variations, their values being in good concordance with those derived from images of the 

flow above the electrodes. 

 Single-particle sizing or particle counting is then possible with the EN technique in opaque 

microfluidic devices. For the microchannel used (characteristic dimensions of 100 m), particles of 

diameter larger than 20-25 m could be characterized with an error of a few percents that can be 

decreased if the droplets are forced to flow in the middle of the channel (z  0). Developments are 

in progress to characterize smaller particles, such as biological cells for example, which requires 

decreasing the size of the microchannel and the electrodes, and increasing the frequency at which 

the ER variations are measured. 
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Figure captions 

 

Fig. 1 Geometry of the model. (a) channel and electrodes: lx, ly, lz dimensions of the electrolyte 

volume, D interelectrode distance, dx length of the electrodes in the x direction, (b) sphere 

of diameter dp and position h above the channel floor. 

Fig. 2 Distribution of the current lines in the Oxz plane in the presence of an insulating sphere 

(blue disk) between the two electrodes (x = y = 0, z = 0,  = 45.5 S/m). 

Fig. 3 Variations of Re and Re as a function of the position of the insulating sphere along the 

flow direction Ox and its vertical position z (y = 0, dp = 50 m). 

Fig. 4 Variations of Re and Re as a function of the position of the insulating sphere along the 

flow direction Ox and its vertical position z (y = 0, dp = 85 m). 

Fig. 5 Variations of Re and Re as a function of the position of the insulating sphere along the y 

axis (x = 0, z = 0, dp = 50 m). 

Fig. 6 Variations of Re and Re,norm as a function of the diameter of the insulating sphere 

located at the centre of the channel (x = y = z = 0). 

Fig. 7 Variations of Re,max and Re,norm as a function of the vertical position and diameter of the 

insulating sphere (x = y = 0). 

Fig. 8 Estimation of the sphere diameter from the measured value of Re,max (x = y = 0). 

Fig. 9 Values of Re as a function of the position of the insulating sphere along the flow direction 

Ox for y = z = 0 and different sphere diameters. Solid red lines obey Eq. 8.  

Fig. 10 Variations of Re and Re as a function of the conductivity of a sphere of diameter 50 m 

located at the centre of the channel (x = y = z = 0). 

Fig. 11 Schematic illustration of the microfluidic device. 

Fig. 12 Experimental setup used for measuring the ER fluctuations. 
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Fig. 13 (a) High-frequency impedance Nyquist diagram of a pair of electrodes (dx = D = 100 m) 

and (b) method for measuring the Re fluctuations. 

Fig. 14 Dummy cell (Re = 500 , re = 200 , Rt = 700 k, Cdl = 1.2 nF) used for for validating 

the Re measurements (a) and corresponding high-frequency impedance Nyquist diagram 

Fig. 15 ig. 14a (a) and corresponding 

Fig. 16 

with Eq. 

Fig. 17  from Re variations as a function of the droplet diameter 

Fig. 18 s above the L (left) and R (right) electrodes (a, b) and 

corresponding Re variations (c). 

 

(b). 

Variations of |Z|100 measured on the dummy cell in F

variations of Re (b). 

Image of an oil droplet of 86 m in diameter flowing in the microchannel (a) and 

corresponding experimental (black) and theoretical (red) Re variations calculated 

9 and the fitted parameters dp = 86.51 m, t0 = 23.843 s, and v = 279.1 m s-1 (b). 

Droplet diameter estimated

estimated from the images. 

Images of the passage of oil plug
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Fig. 1 Geometry of the model. (a) channel and electrodes: lx, ly, lz dimensions of the electrolyte 

volume, D interelectrode distance, dx length of the electrodes in the x direction, (b) sphere 

of diameter dp and position h above the channel floor. 
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Fig. 2 Distribution of the current lines in the Oxz plane in the presence of an insulating sphere 

(blue disk) between the two electrodes (x = y = 0, z = 0, dp = 50 m,  = 45.5 S/m). 
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Fig. 3 Variations of Re and Re as a function of the position of the insulating sphere along the 

flow direction Ox and its vertical position z (y = 0, dp = 50 m). 
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Fig. 4 Variations of Re and Re as a function of the position of the insulating sphere along the 

flow direction Ox and its vertical position z (y = 0, dp = 85 m). 
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Fig. 5 Variations of Re and Re as a function of the position of the insulating sphere along the y 

axis (x = 0, z = 0, dp = 50 m). 

 33



 

10 100
0.1

1

10

100


R
e,n

o
rm

  /  %R
e,

m
ax

  /
  

dp  /  µm

0.1

1

10

100

 
 

Fig. 6 Variations of Re and Re,norm as a function of the diameter of the insulating sphere 

located at the centre of the channel (x = y = z = 0). 
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Fig. 7 Variations of Re,max and Re,norm as a function of the vertical position and diameter of the 

insulating sphere (x = y = 0). 
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Fig. 8 Estimation of the sphere diameter from the measured value of Re,max (x = y = 0). 
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Fig. 9 Values of Re as a function of the position of the insulating sphere along the flow direction 

Ox for y = z = 0 and different sphere diameters. Solid red lines obey Eq. 8.  

 

 37



10-2 10-1 100 101 102 103 104 105 106

380

390

400

410

420

430

440

450


R

e   /  
electrolyte conductivity

R
e 

 / 
 

Sphere conductivity  /  S m
-1

-40

-30

-20

-10

0

10

20

30

A

 

 

Fig. 10 Variations of Re and Re as a function of the conductivity of a sphere of diameter 50 m 

located at the centre of the channel (x = y = z = 0). 
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Fig. 11 Schematic illustration of the microfluidic device. 
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Fig. 12 Experimental setup used for measuring the ER fluctuations. 
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Fig. 13 (a) High-frequency impedance Nyquist diagram of a pair of electrodes (dx = D = 100 m) 

and (b) method for measuring the Re fluctuations. 
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Fig. 14 Dummy cell (Re = 500 , re = 200 , Rt = 700 k, Cdl = 1.2 nF) used for for validating 

the Re measurements (a) and corresponding high-frequency impedance Nyquist diagram
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Fig. 15 Variations of |Z|100 measured on the dummy cell in Fig. 14a (a) and corresponding 

variations of Re (b). 

 

 43



 

(a)

 

 

22.5 23.0 23.5 24.0 24.5 25.0

0

50

100

150

200

Position  /  x

 

Time  /  s

R
e 

 / 
 

-300 -200 -100 0 100 200 300

(b)

 

 

 

Fig. 16 Image of an oil droplet of 86 m in diameter flowing in the microchannel (a) and 

corresponding experimental (black) and theoretical (red) Re variations calculated with Eq. 

9 and the fitted parameters dp = 86.51 m, t0 = 23.843 s, and v = 279.1 m s-1 (b). 

 

 44



65 70 75 80 85 90 95 100 105

65

70

75

80

85

90

95

100

105

dp,Re
 = -0.387 m + 1.017 dp,image

D
ro

p
le

t 
d

ia
m

et
er

 f
ro

m
 

R
e 

 / 
 

m

Droplet diameter from image  /  m

R2 = 0.991

 

 

Fig. 17 Droplet diameter estimated from Re variations as a function of the droplet diameter 

estimated from the images. 
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Fig. 18 Images of the passage of oil plugs above the L (left) and R (right) electrodes (a, b) and 

corresponding Re variations (c). 
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