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Abstract—A model of an integrated microfluidic device was
fabricated in the MESA+ cleanroom of University of Twente. This
device contains several sensors embedded in it, one of them being
the relative permittivity sensor. The sensor’s behaviour can be
understood by performing simulations of it. An optimized design
was proposed from the simulation results. After performing the
simulations, the behaviour of the sensor was verified. The results
of the measurements shows that the sensor did not perform
as predicted by the simulations thus several suggestions are
presented.

I. INTRODUCTION

The relative permittivity of a material is a unique property

which arises when the substance is subjected to an external

electric field. A sensor based on such property can be exploited

for different application. For example, being able to detect the

relative permittivity in a blood sample allows the user to detect

glucose concentrations[1]. Other applications include detecting

composition and concentrations of medicine in an infusion

pump or intravenous drip and measuring energy content of

fuel sources[3].

A team of researchers in the University of Twente[2,3,4]

fabricated a microdevice that integrates different sensors as

shown in Figure 1. This device allows real-time measurements

of fluids while they are flowing through the system. There are

two types of relative permitivitty sensors found in this device.

The first type had been characterized and measurements were

obtained. The second type was fabricated, however, it has not

been fully characterized yet[3].

In the scope of this paper, the permittivity sensor described

above is the subject of investigation. Relevant theories were

researched upon, which are then used for the basis of several

models for the simulations. Several sensor parameters are

altered to see the behaviour of the system. After a proper

simulation model is established, the device is tested using

different fluids available. The data are then graphed and the

results are discussed.

II. THEORY AND DESIGN

A. Permittivity

When a substance is exposed to an external electric field, it

will be polarized and creates an electric field that counters the

external field. The higher the magnitude of the permittivity,

the easier it is to polarize the given substance. The relative

Fig. 1. The sensor chip with the corresponding labels [2]

permittivity (denoted by εr) is the ratio between the permit-

tivity of the substance and vacuum permittivity (denoted by ε0)

and is also known as the dielectric constant [5]. The relative

permittivity of a substance can be extracted by measuring

the capacitance between two electrodes placed on either side

of that substance. Instantaneous polarization increases the

capacitance between the two electrodes.

Permittivity varies with frequency and temperatures, how-

ever the values can be treated as constants when the substance

is tested under low frequencies and steady state. Relative

permittivity has a complex numerical value, with real part

representing the dielectric constant of the substance and the

imaginary part representing the loss factor. The loss factor

exists due to the dielectric absorbing the external electric field

since work is required to displace the charges. This imaginary

part can be assumed negligible when the dielectric is subjected

under low frequencies but it is noticeable in the gigahertz

frequency range [6].

B. Polarization

There are three kinds of polarization that can occur in a

fluid that is exposed to an external electric field. The first one

is known as electron polarization. For this type, the electrons

are displaced from their usual position, creating a temporary

dipole moment; it has the largest contribution to the value of

the output from the sensor. The second type is the atomic

polarization which is because of the relative change in the

average position of the nuclei within the material — the

effect of this type is small. The third type is the orientation
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that the chip is an isolated environment while in simulation

2 the chip is subjected to air, making simulation 2 closer to

reality. The values computed in simulation 1 is similar with

that of the analytical calculations, especially when dealing with

materials with low εr. Hence it is justified to proceed to the

second design.

Fig. 4. Graphical representation of all the calculations performed for the
first design

TABLE I
SENSOR DIMENSIONS USED THROUGHOUT THE SIMULATIONS

Variable Value (µm)

roof width 201.2
roof thickness 3
channel width 106.8

channel thickness 1
channel height 46.4

finger separation 10
finger thickness 3

finger length 137.5
system length (1st design) 1000
system length (2nd design) 2000

thickness of gold layer 0.2

B. Second design

For the second design, the chip is extruded to 2 mm and

interdigitated fingers are added on top of the channel roof.

The fingers are made of gold with a thickness of 200 nm. The

dimensions used for this stage are listed in Table I. Throughout

this second design, all the values are fixed except for the finger

length and the finger separation. These alterations are done in

the later stages.

The design is then simulated with material sweep twice —

one simulation with the bottom electrode grounded and one

with the bottom electrode floating. The positive terminal is

set to +1.0 V and the negative terminal is set to -1.0 V as

presented in Figure 3. The number of fingers used for this

simulation is 238. The program automatically calculates the

total capacitance and the result is shown in Figure 5. From

this figure, it is evident that the values from the grounded

simulations are only higher by a negligible margin than the

ones from floating simulations, implying that the sensor output

does not depend on grounding of the chip. This is in agreement

with what was mentioned by the literature about this sensor

[3].

Fig. 5. The capacitance measured with and without grounding

A problem that users of Comsol will face when creating

such complex systems is that the program does not show how

it calculates the capacitance. When using Comsol’s automatic

calculation of the capacitance while varying the number of

fingers, graphs such as in Figure 6 is produced. This result is

not reliable as there can be two values of εr for each value of

capacitance.

The setup that will be used during the measurements is

presented in Figure 12. In this setup, one of the terminals

of the sensor is connected to a gain-phase analyzer and the

other to the charge amplifier. Further details about this setup

is covered in the next section. During the measurements ideally

only C1 is needed, therefore two methods are presented for

tackling this problem.

Fig. 6. Total capacitance estimated by Comsol

For the first method, two simulations are needed. In the first

simulation, the left terminal is fed with +1.0 V and the right

terminal is grounded, rendering C3 inactive. The total capac-

itance at this stage is C1+C2. In the second simulation, both

terminals are fed with +1.0 V. This forces the voltage across

C1 to be 0.0 V. The total capacitance now is C2+C3. Thus

C1 can easily be calculated analytically. In both simulations

a parametric sweep of εr with step size of 5 is applied. The

separation between the fingers is reduced to allow more room
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for additional fingers to the design. The result of this method

is shown in Figure 7.

For the second method, only one simulation is necessary.

The positive left is fed with +1.0 V and the right terminal

with +0.5 V. Comsol generated two values of charges, which

correspond to the charges at the nodes. C1 is yielded by

finding the charge difference and utilizing equation (1) and the

resulting graph is shown in Figure 8. This figure also displays

the difference between the two methods for 167 fingers. This

difference is negligible thus both methods are analogous.

Fig. 7. Determining C1 with the 1st method

Fig. 8. Determining C1 with the 2nd method

Futhermore, the sensor dimensions are varied. From the

previous data, the relationship between C1 and the number of

fingers as well as finger spacing can be easily found as seen in

Figure 9 and Figure 10 respectively. Figure 9 displays a linear

relationship which matches with the expectation based on

equation (3). Figure 10 shows an inverse relationship, which

is also expected by equation (3).

Then the finger length is modified. For this simulation, 278

fingers and εr of 5 are chosen. The finger length is modified

in the range of 82.5-157.5 µm with steps of 5 µm. This

is presented in Figure 11. Equation (3) estimates that the

capacitance will increase linearly with respect to the finger

length and that is confirmed with what is observed in Figure

11.

Fig. 9. Capacitance vs number of fingers for εr = 11

Fig. 10. Capacitance vs separation of fingers for εr = 11

IV. EXPERIMENTAL PROCEDURE AND RESULTS

The circuit diagram for the measurement set up is shown in

Figure 12. From this figure, Cf and the operational amplifier

constitute the charge amplifier. A charge amplifier converts

charge to voltage, and it has a stated capacitance of 4.7 pF.

The system is connected to output and input of HP 4914A gain

phase analyzer, which has several modes available for data

gathering. Throughout the experiments, the mode chosen is the

gain-phase mode, which produce the output in a logarithmic

Fig. 11. Capacitance vs finger length for εr = 5
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Fig. 15. Cx versus permittivity obtained from the experiments

into the fluid and the capacitance will reduce. If the device

used for the readout is not precise enough, those values will be

too small to be detected. The same goes with the finger length.

The longer the fingers, the lesser the field can penetrate into

the fluid. On the contrary, the shorter the fingers, the more the

field can penetrate the fluid with the trade off of small readout

values.

The characterization part of this project concerns the per-

formance of the device under test. Before doing the mea-

surements with the sensor, a calibration method was outlined

and confirmed. This setup was shown to be suitable for

low capacitance values. The chosen frequency sweep is such

that the loss factor discussed earlier would not affect the

measurements. The frequency response of the charge amplifier

is dominant in frequencies lower than 200 KHz as seen in

Figures 13 and 14. There were several unforeseen outcomes

that arose. The capacitance values observed in Figure 15 were

smaller than anticipated and the behaviour resembles that of

Figure 6 instead of Figure 8. This implies that the output

signal is not dependant on C1 only but it measures the total

capacitance instead. Contradictory to the theory, the value of

the capacitance using water is measured to be lower than that

of air. The trend goes down after isopropanol was tested, while

Figure 6 predicts that it will decrease gradually when εr is

above 30. A possible reason for the decreasing capacitance for

large εr is due to the increasing capacitance to the grounded

silicon substrate. To have a comprehensive idea of the trend,

the sensor should be tested with other fluids that have εr

between 30 and 80. Examples of such fluids are - glycerol

(εr = 42.5), acetamide (εr = 59.2) and ethylene glycol (εr =

37) [12].

VI. CONCLUSIONS

The objective of this project is to propose a model of a

fabricated integrated εr and characterize it. Based on the image

drawn out from an SEM, a 2D was made which was then

translated into a 3D model. The software Comsol Multiphysics

5.3a was utilized. This model was tested and two methods

were proposed to extract the desired quantity, C1, to be

measured. The model operated as desired.

The sensor was characterized using the proposed setup

consisting of a charge amplifier, gain-phase analyzer, a DC

voltage source and the sensor itself. A method for calibration

was then devised which required general capacitors. From that

result, it is clear that the frequency response of the charge

amplifier played a role in low frequency values. Afterwards,

measurements with the sensor were conducted. The results

were not promising as it deviates from the expectation by a

large margin. Therefore, further studies will need to be done.

The device was prone to breaking quite easily. A method to

solely extract the value of C1 during the experimental process

will need be considered. Additionally, the device should be

tested with other fluids to grasp the full behaviour it.
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