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The focus of this project is to find a suitable method to determine the mixing ratio in
binary fluid mixtures in continuous-flow microfluidic systems because of the
difficulties in doing so for mixtures containing compressible fluids. Refractive index
and relative static permittivity are both properties that could be suitable, but methods
measuring the refractive index scales badly for microsystems.
A microfluidic chip for measuring capacitance was placed on a PCB together with a
mixing structure with strain-relieved fluid and electrical interfaces. This PCB was built
into a rig with two piston pumps and a backpressure regulator to make
measurements of the relative static permittivity of air, ethanol, methanol, acetonitrile,
liquid and gaseous carbon dioxide, as well as of several mixtures of ethanol and
carbon dioxide using a Network Analyzer.
Several other measuring techniques were tried, but the Network Analyzer was
superior in accuracy, stability and frequency range. It produced values within 4% of
the theoretical, and the discrepancy could be explained by the approximations in the
parallel plate capacitor formula, the capacitance contributions of the external parts of
the system and surface roughness. The Network Analyzer is a good tool to determine
the mixing ratio in binary fluid mixtures in continuous-flow microfluidic systems.
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Populärvetenskaplig sammanfattning
Koffeinfritt kaffe och alkoholfritt vin är populära produkter men hur tillverkas de? Ett sätt är
att tillsätta så kallad superkritisk koldioxid, det vill säga koldioxid under väldigt högt tryck och
tillräckligt hög temperatur för att selektivt ta bort koffein- eller alkoholmolekylerna.
På grund av att koldioxid är en opolär molekyl, vilket betyder att laddningen är symmetriskt
fördelad över molekylen, och därför har begränsad upplösningskraft för polära föreningar
eller jonföreningar blandas den ofta med en liten mängd etanol eller metanol för att effektivt
lösa upp flera kemiska föreningar. För att göra detta krävs noggrann kontroll av
blandningens komposition. Problemet är att koldioxid kan tryckas ihop som en fjäder och det
kan därför vara svårt att kontrollera hur många procent etanol eller metanol en sådan
blandning innehåller.
Relativ permittivitet är ett materials förmåga att motstå elektriska fält. För att mäta det
byggdes ett chip med två parallella elektroder som skildes åt av ett väldigt litet mellanrum.
Elektroderna var omslutna med glas och kopplades till ett mätinstrument. Mellanrummet
fylldes med blandningen och mätinstrumentet mätte hur blandningen påverkades av det
elektriska fältet.
Fördelarna med den här metoden är att den arbetar med väldigt små fluidmängder, eftersom
ihåligheten i chippet rymmer mindre än en fjärdedels nanoliter (0,000 000 000 23 liter), har
en snabb responstid och kan göras väldigt känslig. Dessutom gör de små dimensionerna att
chippen klarar av väldigt höga tryck. Det är dock viktigt att bygga systemet på ett sätt som
minimerar så kallade parasitiska effekter, vilka är oönskade signaler som inte kan särskiljas
från de intressanta signalerna, då de kan bli stora relativt till de intressanta signalerna om de
inte hanteras på rätt sätt.
Som jämförelse använder den nuvarande standardmetoden ljus för att mäta
blandningskomposition. Här är parasitiska effekter inte ett problem, men metoden lämpar sig
inte för mikrosystem då ju mindre fluid som används i mätningen, desto kortare blir ljusvägen
och desto svagare blir signalen som ska mätas. Att inte använda sig av mikrosystem gör det
dessutom dyrare och farligare att bygga höga tryck, då mycket större krafter är inblandade
och strukturerna måste därför vara ordentligt förstärkta.
Sammanfattningsvis är mätning av en blandnings relativa permittivitet ett snabbt, enkelt och
billigt sätt att avgöra dess komposition, där den önskade signalen kan mätas även vid höga
tryck och för små fluidmängder.

Abbreviations
BPR
CAD
DUT
GPIB
LCZ meter
PCB
PEEK
PI
RC filter
RF
R-square
SCF
SEM
SFE
SMA
USB

Backpressure regulating valve
Computer-aided design
Device under test
General purpose interface bus
Inductance-, capacitance-, and resistance measuring tool
Printed circuit board
Polyetheretherketone
Polyimide
An electric circuit composed of a resistor and a capacitor
Radio frequency
Coefficient of determination
Supercritical fluid
Scanning electron microscope
Supercritical fluid extraction
Subminiature version A, coaxial RF connector
Universal Serial Bus

Symbols
ε
Ω
A
C
d
f
L
n
R
S11
V
X
Z

Permittivity. Can have subscripts r (relative static) or 0 (free space)
Ohm, SI derived unit of electrical resistance
Area
Capacitance
Gap distance between plates
Frequency. Can have subscript c (cutoff)
Inductance
Refractive index
Resistance
Reflection coefficient
Voltage. Can have subscripts PP (peak-to-peak), rms (root mean square) or
in (supply)
Reactance. Can have subscripts L (inductive) or C (capacitive)
Impedance
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1 Introduction
1.1 Background
A supercritical fluid (SCF) is a substance which is under such high pressure and temperature
that the phase boundary between gas and liquid has disappeared. This phenomenon has
been extensively documented in other studies [1, 2, 3]. SCFs have properties of both gases
and liquids, most importantly compressibility, the ability to dissolve materials and the lack of
surface tension within the fluid [1]. The combined temperature and pressure point at which
this occurs is called the critical point, and close to this critical point, small changes in
temperature or pressure causes large changes in the density and dissolving power of the
SCF, allowing for fine tuning of its properties [1]. This is useful but can be difficult to control
in large-scale systems and without good sensors.
Supercritical carbon dioxide (scCO2) is a very important industrial SCF with a moderate
critical point of 304.2 K and 73.7 bar [1]. It can be used for supercritical fluid extraction (SFE)
with high diffusivity and easily tunable solvent strength while being cheap, essentially
nontoxic and environmentally friendly, making it a good replacement for other solvents [1, 2].
In SFE, scCO2 separates one component, the extractant, from a chemical compound. For
example, in decaffeination, the scCO2 diffuses into the coffee beans, after which the caffeine
solutes into the scCO2. When the scCO2 is removed from the beans, the caffeine follows.
Since the diffusivity of scCO2 is high and it’s properties are tuneable [1, 2] with good
precision, the selectivity of SFE is good. However, since scCO2 is nonpolar and has a limited
dissolving power for ionic and polar compounds, co-solvents like methanol and ethanol can
be added to further increase the range of materials which can be extracted [2, 3]. Since
scCO2 is compressible, meaning that it does not maintain a constant volume when
pressurized, it is difficult to determine and regulate the mixing ratio between scCO 2 and
ethanol in continuous-flow systems. This is a well-known issue and one of the reasons this
project was done. It is difficult to get the precise flow rates desired, especially in
microsystems which rely on very small flows. Methods have been suggested, such as
comparisons between experimental visualisations of the bubble point of the mixture and
experimental literature data [1], but for this project a more quantitative method was sought.
The goal of this project is to find suitable methods to accurately determine the mixing ratio of
binary solvent mixtures in a continuous-flow microfluidic system. Several different methods
will be examined.
To safely achieve the high pressures required for SCFs, microfluidic chips will be used. The
forces exerted by pressure are dependent on the surface area where the pressure is
applied. This means that when scaling down pressurized equipment, the forces decrease,
but the pressure remains constant, making it possible to reach higher pressures [4, 5]. In
addition, using small chips ensures small working and dead volumes. The small chips are
easier to integrate into analytical systems, easier to handle, and safer for high-pressure
fluids than larger chips or other systems.
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1.2 Theory
A suitable property for determining the mixing ratio between fluids needs to be distinctive
and easily measurable in the forms of matter present in the mixture. Since the mixture in this
case can include liquids, gases and/or SCFs, solid-state properties such as the elasticity,
ductility and hardness (among others) are irrelevant. Since the fluids are essentially nonmagnetic, such methods are also discarded.
The property needs to be one that can be measured without altering the composition of the
mixture, either directly or by altering the temperature or pressure of a SCF, which can lead to
changes in density which can lead to local changes in composition. This includes methods
such as mechanical waves, compressibility and thermal conductivity, as well as certain
chemical properties.
Hence, a property of matter that is distinctive in a liquid, gas or SCF, which is easily and
measurable in situ without changing the local temperature, pressure or chemical composition
of the mixture is required. Two such properties are refractive index, which can be measured
with for example a Mach-Zehnder interferometer [6], and relative static permittivity, which
can be determined by measuring capacitance.

1.2.1 Refractive index
The refractive index is a dimensionless number that describes how light propagates through
different media. This can be measured through interferometry, splitting a beam of light into
two, leading one through the material under study, and the other through a reference path.
The beams are then recombined, and the phase difference between them is measured and
converted into the line-average refractive index of the mixture [6]. Calibration through careful
positioning of all components, including beam-splitters, mirrors, lasers and detectors, is
critical for this method, unless an integrated solution is used.

1.2.2 Relative permittivity & capacitance
Relative permittivity is a material parameter related to a materials ability to store energy
when an external electric field is applied, and consists of a real part, related to the energy
stored within the material, and a complex part related to the losses of energy in the material
[7]. A material which can store energy in this way is called a dielectric, and the relative static
permittivity is sometimes called the dielectric constant. The reason for these losses range
from ionic conduction and dipole orientation, but each mechanism has a critical frequency
where the losses peak, after which they start dropping off. For example, ionic conduction is a
prominent effect at low frequencies, but drops off rapidly in the MHz range, as shown in
figure 1. These losses can be represented as a conductance in parallel or a resistor in series
with the capacitor [7]. Solvents can be contaminated with ions which cause these effects.
The relative permittivity is the relative permittivity at DC, and can be determined by
measuring the capacitance of a material contained between two parallel conducting plates.
In an ideal capacitor, where the plates are perfectly parallel, infinitely large and have zero
thickness, and the space between them is filled with a dielectric material, capacitance relates
to relative static permittivity by
2

𝐶 = 𝜀𝑟 𝜀0 𝐴/𝑑

(1)

where C is the capacitance in F, εr is the relative static permittivity, ε0 is the permittivity of
free space and A/d is the area of overlap between the two parallel plates in meters, A,
divided by the distance between them in meters, d [8, 9]. The relative static permittivity for
some important fluids is shown in table 1.
(1) is an approximation, since the plates are not of infinite size and zero thickness, and are
not truly parallel [8]. This will cause edge effects, additional bulk capacitance and tilt effects
that alter the measurements. In addition, surface roughness of the electrodes can alter the
average A/d. Therefore, it is good to use materials and production methods that produce
smooth surfaces.

Figure 1. An illustration of the frequency response of various dielectric mechanisms in terms
of the real (ε’) and imaginary (ε’’) parts of the relative permittivity [10].
Table 1. Relative static permittivity for various fluids at room temperature [11, 12].
Fluid

Ethanol

Methanol

Acetonitrile

Air

gCO2 (gas)

liqCO2 (liquid)

εr

24.5

32.7

37.5

~1

1.09 (@55 bar) 1.62 (@76 bar)

Capacitance can be measured directly with good accuracy using a range of different
devices, or indirectly by measuring the voltage over the capacitor when it is connected in
series with a resistor at a single or multiple frequencies. The measured voltage is either the
3

root mean square voltage or the peak-to-peak voltage [13], depending on the method and
measuring device being used.

1.2.3 RC filter
An RC filter is an electric circuit consisting of a resistor and a capacitor in series, connected
to an AC voltage source. If the resistance of the resistor is known, but the capacitance of the
capacitor is not, there are a number of ways to determine the unknown capacitance.
Impedance is the relationship between current and voltage in an AC circuit containing
resistors, inductors and/or capacitors. Inductive reactance is the part of the impedance
caused by inductors, and increases with increasing frequency. Capacitive reactance is
caused by capacitors, and decreases with increasing frequency [14]. Resistance is constant
with regards to frequency.

𝑋𝐿 = 2𝜋𝑓𝐿
𝑋𝐶 = (2𝜋𝑓𝐶)−1

(2)
(3)

Where XL is the inductive reactance in Ω, L is the inductance in H, XC is the capacitive
reactance in Ω and f is the frequency in Hz.
When applying an AC voltage to an electrical circuit consisting of a resistor and capacitor in
series, it will divide itself over the two components, and the voltage over the capacitor as a
function of frequency is [15]

𝑉𝐶 =

𝑋𝐶
𝑅+𝑋𝐶

𝑉𝑖𝑛 =

1
𝑅/𝑋𝐶 +1

𝑉𝑖𝑛 =

1

𝑉
2𝜋𝑅𝐶𝑓+1 𝑖𝑛

(4)

where VC is the voltage over the capacitor in V, Vin is the supply voltage in V and R is the
resistance in Ω. The unknown C can be determined from (4)

𝑉𝐶 =

1
2𝜋𝑅𝐶𝑓+1

𝑉𝑖𝑛 → 𝐶 =

(𝑉𝑖𝑛 −𝑉𝐶 )
2𝜋𝑅𝑓𝑉𝐶

(5)

Filters of this kind have a characteristic cutoff frequency which is another way to determine
an unknown capacitance, and is defined as the frequency at which the signal is down to half
of its signal power, or √1/2 ≈ 0.71 of its signal voltage [16]. This cutoff frequency of a firstorder RC filter depends on resistance and capacitance and described by [17]

𝑓𝑐 =

1
2𝜋𝑅𝐶

(6)

Where fc is the cutoff frequency.
Both (5) and (6) can be combined with (1) to determine the static relative permittivity εr
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𝐶=
𝐶=

(𝑉𝑖𝑛 −𝑉𝐶 )
2𝜋𝑅𝑓𝑉𝐶
1
2𝜋𝑅𝑓𝑐

= 𝜀𝑟 𝜀0 𝐴/𝑑 → 𝜀𝑟 =

= 𝜀𝑟 𝜀0 𝐴/𝑑 → 𝜀𝑟 =

𝑑(𝑉𝑖𝑛 −𝑉𝐶 )
2𝜋𝑅𝑓𝜀0 𝐴𝑉𝐶
𝑑

2𝜋𝑅𝑓𝑐 𝜀0 𝐴

(7)
(8)

RC filters can be visualized through logarithmic frequency-amplitude plots called Bode plots.
Figure 2 shown an example of an RC filter with the voltage over the capacitor as output to
the left and a Bode plot on the right. At low frequencies, the capacitive reactance is large
and so most of the supply voltage will be applied to the capacitor, according to (4). As the
frequency increases, the capacitive reactance and therefore the voltage over the capacitor
decreases, resulting in a low pass filter, meaning that the lower frequency signals pass
through, but the high frequency signals are filtered out.

Figure 2. RC low pass filter to the left, consisting of a Function Generator, a Resistor, a
Capacitor and an OSCilloscope, and a Bode plot of a low pass filter on the right.

2 Method
Optical methods are commonly used when dealing with macroscopic quantities of fluid, but
are not as well suited for microfluidic systems. This is because as the optical path length
decreases, the signal they produce becomes smaller and smaller. Therefore the relative
permittivity method was used.

2.1 Equipment
2.1.1 LCZ meter
An inductance, capacitance and impedance (LCZ) meter (3322, Keithley) is a measuring
device that applies an AC signal with an amplitude of 50 mVrms or 1 Vrms and a frequency
between 100 Hz and 100 kHz to the device under test (DUT), and calculates and displays its
response [18]. It can measure inductance, capacitance, resistance and impedance, as well
as display a number of other quantities including conductance and quality factor.
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2.1.2 C meter
A high resolution C meter (version 3, RH Electronics) is a device for measuring small
capacitances, down to pF. It uses a PIC16F628 comparator oscillator, which is an RC
oscillator that switches between two voltage levels which are determined by the 1.5 kΩ
resistors shown in figure 3 labelled 1k5. This system is reasonably unaffected by small
changes in the 5 V supply voltage [19].

Figure 3. Circuit diagram of the C meter [19].
The oscillation period, and therefore also operating frequency, is set entirely by RT, which is
known, and CT, which is the capacitance of the DUT, which can both be seen in figure 3.
The oscillation period is calculated by counting the periods over 2 million counts of the PIC
timer, around 500 ms, and taking the average. This average period is then converted into the
capacitance of the DUT using a scaling factor [19].

2.1.3 Network Analyzer
The Radio Frequency (RF) Vector Network Analyzer (N9923A FieldFox, Keysight) is an
instrument designed to measure the scattering parameters, which are used to describe how
a device modifies a signal [20]. The S11 scattering parameter describes the amount of
reflection caused by a DUT and the result of an S11 measurement can be displayed in the
form of a Smith chart, which contains information about the series impedance of the DUT,
normalized with 50 Ω, as well its capacitance or inductance for a range of frequencies from 2
MHz to 6 GHz. An example of a Smith chart is shown in figure 4, in which the impedance of
the system for a range of frequencies will be shown as a continuous line in the diagram. In
the top right-hand corner, the impedance and capacitance or inductance for the frequency at
the marker (M1) is shown.
The MATLAB code used to get values from the Network Analyzer during all measurements
made with it is shown in Appendix 2. The capacitance is calculated by taking the impedance
of the DUT in polar form and the frequency from the Network Analyzer into MATLAB,
transforming the impedance into rectangular form, removing the 50 Ω normalization and
calculating the capacitance using (3)
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𝑍𝑅,𝜃 = 𝑅𝑐𝑜𝑠(𝜃) + 𝑗𝑅𝑠𝑖𝑛(𝜃)
𝑋𝐶 = 𝑖𝑚(

𝑍+1
𝑍−1

) ⋅ 50 = (2𝜋𝑓𝐶)−1

(9)
(10)

Where R and θ represent the impedance in polar form and j is the imaginary number.
As dielectric loss is represented as a resistor in series with the ideal capacitor, removing the
real part of the impedance with (10) removes the complex part of the relative static
permittivity.

Figure 4. Smith chart with DUT impedance and capacitance in the top right-hand corner in
yellow for the frequency the marker (M1) is at, 2 MHz. Start and stop frequencies, 2 MHz
and 25 MHz in the bottom left and right corners, respectively.

2.1.4 Function generator
A 2-channel arbitrary function generator (AFG3022C, Tektronix) can generate a waveform,
for example a sine wave, with an amplitude of up to 10 VPP and a frequency of up to 25 MHz
[21]. It also has a sweep function that repeatedly generates waveforms of different
frequencies from a start value to a stop value, either linearly or logarithmically, over a period
of time.

2.1.5 Oscilloscope
A digital oscilloscope (GDS-1022, GW Instek) is a device that displays voltage as a function
of time, either statically or dynamically [22].
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2.1.6 Syringe pumps
Two syringe pumps (PHD 2000, Harvard Apparatus) were used to develop the method for
low-pressure measurements. The setup is shown in figure 5, and was used in
measurements of up to 2 bar.

Figure 5. Syringe pump setup. T-junction fitting, A, connected to two syringes fastened in
syringe pumps with 1/16” Halar (ECTFE) tubing (4020, IDEX) and to the fluid interface of the
chip with a PEEK tube reinforced capillary.

2.1.7 Piston pumps
The high-pressure setup consisted of two piston pumps (ISCO DM100, Teledyne), one filled
with CO2 and the other with a different fluid such as ethanol or methanol, various filters and
a backpressure regulating valve (BPR) for building pressure, which is shown in the
schematic in figure 6. This setup could switch fluids without moving the chip, and was used
in measurements of up to 90 bar. In addition, a microscope was placed over the chip so
manual inspections of the mixture could be made during measurements.
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Figure 6. Piston pump schematic. Pumps in the bottom left-hand corner, chips with fluid
connections in the middle, and the BPR to the right. Electrical interface between the chip and
the Network Analyzer shown in grey lines.

2.2 Construction
High-pressure tolerant microfluidic glass chips (chips) with outer dimensions 14.94 x 14.94 x
2.18 mm and with a built-in parallel plate capacitor were available at the start of the project.
This capacitor consisted of two parallel rings, with dimensions shown in green to the right in
figure 7, separated by a 20 μm deep fluid channel. Each ring was connected to a 1.06 mm
wide, 0.85 mm long pad shown at the far right of figure 7 and at C in figure 8 located in a
cavity shown at B in figure 8 by a 60 μm wide, 3.2 mm long conductive strip. The rings, pad
and strip were made using sputtered thin films, and consisted of 100 nm Pt on top of 20 nm
Ti. These chips were used to develop the method.
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Figure 7. Computer-aided design (CAD) drawing of the chip used to develop the method.
Dimensions in mm. Thin film in green and fluid channel in red. Two identical pieces of the
structure in the middle is created, and the two halves bonded together, resulting in a
symmetrical structure.
The fluid channel of the chips consisted of a ring-shaped cavity with dimensions shown in
red to the left in figure 7 and at A in figure 8, connected to the edges of the glass by 120 μm
wide fluid channels above and below the rings in figure 7. Into these channels, polyimide
coated silica capillaries (Polymicro) with outer dimensions 110 μm and inner dimensions 40
μm reinforced with 1/16” polyetheretherketone (PEEK) tubing (1535, IDEX) were fastened
with two-part epoxy adhesive (Araldite Rapid, Huntsman advanced materials). This method
was used for all versions of the chips.

Figure 8. Concept picture of the fluid channels on the perpendicular sides of the chip, A, and
of the cavity on the sides of the chip, B, containing the thin film pad, C. Image not to scale.
The cavity containing the thin film pad is 1.06 mm wide, 0.85 mm deep, and has an etch
depth of 60 μm. Fluid channel diameter is 120 μm.
10

For the final measurements, similar chips were created, but with one additional thin film pad
connected to each ring, and the thin film consisted of 170 nm Pt on top of 30 nm Ta. The
CAD drawing for this chip is shown in figure 9. This was done in order to increase the yield
of the chips.

Figure 9. CAD drawing of the chip used for the final measurements. Dimensions in mm.
Thin film in green and fluid channel in red. Two identical pieces of the structure is created,
and the two halves bonded together, resulting in a symmetrical chip.
Further details of the fabrication of these chips can be found elsewhere [4, 5], with the
difference being that the thin film foil was created as a 3D-structure by being sloped over
edges. A microscope image of such a slope is shown in figure 10.

Figure 10. Microscope image of thin film, black in the picture, sloped over edges inside the
chips.
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The electrical interface was made in three different ways, using flux-core solder, Sn plating
or on a printed circuit board (PCB).
The A/d factor for the chips used in the measurements was determined by measured one
chip using a scanning electron microscope (SEM) (1550, Zeiss) and a profilometer
(DektakXT, Bruker) before bonding the two halves together. After bonding, another chip was
cracked open for further examination.

2.2.1 Flux-core
The first version (flux-core) of the electrical interface had 33.4 μm thick Cu foil soldered to
the thin film pads of the chip with flux-core solder, using a soldering iron. The other end of
the Cu foil was soldered onto Cu/polyimide (PI) flex or Cu wires. The chip was fastened to a
3” x 1” x 1 mm glass substrate (Frosted Microscope Slide, Pulmolab) with the same epoxy
adhesive used to fasten the capillaries.

2.2.2 Sn plating
The second version (Sn plating) of the electrical interface used the same Cu foil as the fluxcore version, but with 16.8 μm Sn plated onto it. This was either split symmetrically on both
sides of the foil or all on one side. This plated foil was then soldered to the thin film pads in
the chip in one end, and to Cu wires in the other using a combination of a soldering iron and
a hot plate. The chip and Cu wires were fastened to a glass substrate in the same way as
before.
In an attempt to isolate the capacitor plates, a 3.08 μm thick layer of Parylene C (Para Tech)
was applied to two chips by chemical vapor deposition using a LabTop 3000 (Para Tech).

2.2.3 PCB
In order to make high-pressure measurements and to increase strain relief and rigidity of the
system, a PCB was designed, as shown in figure 11. The PCB and Cu channels were milled
using a PCB plotter, ProtoMat (S100, LPKF). Cu/PI flex bits fastened to the thin film pads on
the chip with conductive silver epoxy (CW2400, CircuitWorks) and soldered to the Cu
channels, E, connected the cable to the chip.
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Figure 11. PCB with electrical and fluid interfaces. Fluid interface consisting of a mixing
structure with a T-junction, A, connected to the chip, B, with an adhesive-fastened capillary,
as well as mechanically strain relieved, PEEK tube reinforced capillaries for fluid inlet and
outlet, C. Electrical interface consisting of an subminiature version A (SMA) connector cable
which was soldered to Cu channels in one end, D, and mechanically strain relieved with
wing nuts in the other. Cu/PI flex bits fastened to the thin film pads on the chip with
conductive silver epoxy and soldered to the Cu channels, E, connected the cable to the chip.

2.3 Measurements
2.3.1 Transient effects in the piston pumps
When the piston pumps were set to constant pressure mode, the flow rates of the fluids
fluctuated a lot. To determine if this was a transient effect, they were set to supply a constant
70 bar pressure of ethanol and CO2, and the BPR at the end of the system was set to 60
bar. The piston pumps were connected to MATLAB, from where the flow rates from each
pump was logged by taking ten readings from each at the start of every minute for an hour.
This was done at ambient temperature.

2.3.2 Direct measurement setup
To determine if the LCZ meter or C meter were appropriate tools for measuring the
capacitance of the chips filled with fluid, some of the flux-core and Sn plated chips were
connected to the measuring devices using crocodile clips or by fastening them directly to the
measuring devices with screw blocks. Measurements were made when the chips were filled
with air at ambient temperature and pressure, and then the syringe pumps were used to
pump ethanol into the chips at 2 bar for additional measurements. The LCZ meter was set to
measure capacitance at 1 Vrms and 10-100 kHz with a parallel reference circuit, and the C
meter was calibrated by pressing the zero-button.
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2.3.3 RC filter setup
To determine if the RC filter was an appropriate method for measuring the C of the chips
filled with various fluids, a digital oscilloscope and a function generator were connected via
coaxial cables and crocodile clips to three different RC filters such as the one shown in
figure 2, two composed of a resistor and a ceramic capacitor, and one with a resistor and the
chip, having an electrical interface made using the Sn plating method. These measurements
were made at ambient temperature.
An RC filter was built on a solderless breadboard (Model GL-23, K&H) with a 220 pF
ceramic capacitor and a 470 kΩ resistor (E12, ELFA), resulting in a theoretical cutoff
frequency of 1540 Hz using (6). To find the experimental cutoff frequency of the filter, a
measurement was made where the function generator was set to supply a 1 VPP sine wave
with a logarithmic frequency sweep from 1 Hz to 100 kHz over 1 second to the filter. The
digital oscilloscope was set to a horizontal resolution of 100 ms/div and a vertical resolution
of 200 mV/div, measuring the voltage over the capacitor. The cutoff frequency was manually
determined from the resulting low pass filter plot.
A ceramic capacitor of 180 pF was soldered directly to a 301 kΩ resistor (E192, ELFA) to
make an RC filter. The output from the function generator was a 1-100 kHz linear sweep
over 10 seconds. The oscilloscope was connected via a general purpose interface bus to
universal serial bus (GPIB-USB) cable to a computer with MATLAB (R2016b, MathWorks)
that analysed the voltage values coming from the circuit when connected to the capacitor.
The cutoff frequency was determined by where in the sweep the voltage over the capacitor
had dropped to 71%, and checking what frequency that corresponded to. The capacitance
was then calculated using (6). This was repeated four times.
The chip and a 407 Ω resistor (E192, ELFA) were soldered together to make a RC filter.
Measurements of the voltage drop over the capacitor were made at frequencies between
100 kHz to 900 kHz, from which the relative static permittivity of ethanol was calculated
using (7). The ethanol was pumped into the chip with the syringe pump at 2 bar.

2.3.4 Network Analyzer
The Network Analyzer was connected to the chip filled with air on the PCB and set to a
frequency range of 2 MHz to 25 MHz to determine how the impedance of the system
changed with frequency. This was done at ambient temperature and pressure.
The Network Analyzer was connected to MATLAB, from where it was controlled using the
code shown in Appendix 2 in a series of 24-hour measurements of a ceramic capacitor of
around 100 pF at 2 MHz to determine things such as environmental disturbances, transient
effects and temperature dependence. For this measurement, a temperature sensor was
placed on top of the ceramic capacitor with heat conductive paste (40300001, Struers), and
the values from this temperature sensor were also collected using MATLAB.
The Network Analyzer could remove the contributions and parasitics of the connecting
cables up to the loads through built-in calibration functions. This reduced the potential error
sources to the PCB and the SMA connector cable soldered to the PCB. To calibrate the
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system, the Network Analyzer was turned on and left for 5 hours to properly warm up, after
which the built-in function QuickCal was used to remove the effects of the connecting cables
up to the SMA connector cable. QuickCal consists of two separate calibration steps; open,
which is calibration when there is no load connected to the Network Analyzer, and load,
which is calibration when a 50 Ω reference resistor is connected. This ensured that the
effects coming from the connecting cable would be removed from the measurements.
To determine the capacitance contribution of the PCB and the coaxial cable, three sets of
measurements were made at ambient temperature. A new chip with Cu/PI flex fastened to
the thin film pads with silver epoxy was taped to the coaxial cable, and the capacitance was
measured. These measurements were made outside of office hours, in 8 sets of 10 minute
measurements with 2 minutes in between, which gave between 1536 and 1600 data points
per set, resulting in a sampling rate of around 2.58 points per second. The code used for
these measurements is shown in Appendix 2. Since not all sets reached the same amount of
data points, the first 1500 data points in each set was selected, and the mean and standard
deviation of the total data set were calculated. After that, the chip was removed to find the
capacitance contribution of the tape and the SMA connector cable. Finally, the whole PCB
system as shown in figure 11, with the chip filled with air was measured. By subtracting the
contribution for the tape and SMA connector cable from the contribution of the chip, tape and
SMA connector cable, the contribution of the chip was found. This was then subtracted from
the capacitance of the whole PCB system to find the unwanted contribution of the PCB and
the SMA connector cable. The piston pumps were then used to pump ethanol, methanol and
acetonitrile into the chip at 70 bars, with the BPR at the end of the system set to 60 bars,
and the same 8 sets of 10 minute measurements were made to measure the capacitance of
the chip filled with those solvents. (1) was then used to calculate the relative static
permittivity of each fluid.
To determine how the system would react to a mixture of fluids, the piston pumps were set
to supply a constant 70 bar pressure of ethanol and CO2, and the BPR was set to 60 bar.
The capacitance of the chip on the PCB and the flow rates of ethanol and CO2 were
recorded from the Network Analyzer and the piston pumps manually with approximated
averaging. The pressure in the piston pump filled with CO2 was then increased in steps of
0.1 bar a total of 15 times, and new values recorded 10 minutes after changing the pressure.
The mixing ratio in the chip was defined as the ratio between the flow rates in μl/min from
the piston pumps and the relative static permittivity was calculated from the capacitance
using (1). This was done at ambient temperature.
Gaseous and liquid CO2 have slightly different values for the static relative permittivity, as
shown in table 1. To see if the system could differentiate between the two phases, the
MATLAB code in Appendix 2 was used to measure the capacitance of the chip on the PCB
with the piston pump filled with CO2 and set to 90 bar, well over the pressure required for
single-phase flow [1] and liquid CO2 at room temperature [23], and the BPR fully open. The
BPR was then fully closed and capacitance values were recorded for one hour while the
pressure in the system gradually built up to 90 bar, well over the pressure for liquid CO2 at
room temperature. The 50 measured values before and after the phase change were
averaged, and from that the relative static permittivity of gaseous and liquid CO 2 were
calculated using (1). The average sampling speed was calculated by dividing the total
number of data points by the total measuring time.
15

3 Results
The SEM and profilometry examinations before the bonding process revealed that the chip
had a minimum plate area of 11.02 mm2, and a gap size of 21.87 μm. The examinations
conducted after bonding revealed that the thermal treatment performed during fabrication
caused an increased surface roughness, which reduced the average gap size to 21.21 μm,
resulting in an A/d factor of 0.5197 and a working volume A*d of 0.23 nl. The theoretical
capacitance for the chip when filled with the common solvents, assuming these dimensions,
is shown in table 2. These are the dimensions used for all calculations.

3.1 Construction
3.1.1 Flux-core
The flux-core chips, which had Cu foil soldered to the thin film pads with flux-core solder,
only survived for a short time before the thin film pads were torn or the solder broke away
from the glass. Soldering Cu foil to more robust Cu/PI flex did not increase the survivability,
since the thin film pads inside the chips could tear from the forces exerted by the solidifying
solder.

3.1.2 Sn plating
The chips which used Sn plated Cu foil instead of flux-core solder encountered different
problems. Observations of tears in the strips connecting the thin film pads to the rings inside
of the chip were made, which explained why the electrical connections did not work even
when they looked fine. The chips were therefore very selectively chosen in order to try and
minimize this problem but even seemingly good chips broke in different ways.
After pumping fluid into two of the chips, both of which had been soldered on a hot plate, a
resistance of 190 Ω was measured instead of any capacitance. When the chips were
emptied and dried with N2, the capacitive effect was restored. This was repeated several
times for different fluids, including toluene, sulfuric acid, ethanol, methanol and isopropanol.
When filling one of these chips with fluid under a microscope, it was observed that a tear in
the thin film ring inside of the chip caused an electrical short. This is shown in figure 12. One
explanation could be that soldering on the hot plate caused the adhesion of the titanium
bonding layer to the borosilicate glass to break due to different thermal expansion
coefficients of the materials but this was not verified. Instead, no more chips were made on
the hot plate, and the phenomenon was not seen again.
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Figure 12. Tear in the thin film ring inside the chip.
Most of the chips broke because of problems with the electrical connections, but three did
not work because of the fluid connections. The first two were the parylene coated chips,
where the parylene blocked the fluid connections, rendering them unusable. The third chip
was one that worked for several measurements in the syringe pump system, but where the
capillary broke due to twisting forces when changing fluids.

3.1.3 PCB
When the chip was placed on the PBC, the strain relieved electrical and fluid interfaces were
much less fragile than previously. The first one put together survived all the measurements.

3.2 Measurements
3.2.1 Transient effects in the piston pumps
When the piston pumps were set to constant pressure mode, and ten flow values were
recorded from each with MATLAB at the start of each minute for an hour, the flow rate of the
fluids fluctuated a lot in both pumps, as can be seen in figure 13-14. The top curves (yellow)
are the highest of the ten values at every minute, the bottom curves (blue) are the lowest
values, and the middle (orange) curve is the mean of the ten values. Even after one hour,
the variations in flow rate are just as prevalent as in the beginning, although with a
reasonably stable mean.

17

Figure 13. Flow rate pump A, CO2. The top curve (yellow) is the highest of the ten values at
every minute, the bottom curve (blue) is the lowest values, and the middle (orange) curve is
the mean of the ten values.

Figure 14. Flow rate pump B, ethanol. Colours same as figure 13.
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3.2.2 Direct measurements
For the 10 kHz measurements with chips filled with ethanol, the LCZ meter measured both a
resistance and a reactance from the chip, meaning that the frequency was so low an ion
current was flowing through the chip. At 100 kHz this effect was smaller, and a few
measurements were made on the chips made with flux-core electrical interfaces which
confirmed that the methods produced values close to the theoretically predicted relative
static permittivities. For ethanol, which has a relatively high relative static permittivity of 24.5,
measurements accurate to within a few percentage points of the tabulated values found in
table 1 could be made with the LCZ meter. For air, which has a low relative static permittivity
close to 1, the signal-to-noise ratio was low, with noise as large as 30% of the signal.
Since the LCZ meter could not accurately measure the small capacitances, it was replaced
by the high resolution C meter that could accurately measure capacitances down to 1 pF.
When using this device, the measured capacitances of the fluids drifted upwards over time
at a pace of 1 pF every few seconds. This drift was due to a gradual build-up of a Helmholtz
double-layer, which is two layers of ions with opposite charge, acting like a sheet of
dielectric. An upper limit to the drift was not determined. This was observed for many
different fluids, even ones with very low ion concentrations such as toluene. Because of this
drift, and because the values from the device could not easily be transferred to MATLAB,
other methods were used instead.

3.2.3 RC filter
When making measurements on the RC filter consisting of a 220 pF ceramic capacitor and a
470 kΩ resistor on a solderless breadboard, the resulting Bode plot shown in figure 15 could
be manually interpreted to characterize the mixture qualitatively by finding the frequency for
which the voltage has been reduced to 71%, but when the ceramic capacitor was replaced
by the chip, an unexpected phenomenon occured. The Bode plot slope remained visible, but
something caused it to oscillate with a smooth, well-defined motion. For all tested values of
the sweep time except for 2 ms, everything else kept constant, the oscillations occurred. The
amplitude of the oscillations decreased and the frequency increased with increasing sweep
time. For sweep times approaching 2 ms from either side, the frequency of the oscillations
decreased drastically, but the amplitude remained the same.
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Figure 15. Bode plot of first-order RC filter.
The results of the five measurements of a ceramic capacitor of 180 pF soldered to a 301 kΩ
resistor were 181.48, 180.66, 185.82, 184.68 and 183.72 pF. The method was very slow and
the dynamic resolution of the oscilloscope was bad, which caused the variations in the
measurement values.
When making measurements on the chip filled with ethanol and the 406 Ω resistor from 100
kHz to 900 kHz the results were far from the tabulated values from table 1 as shown in figure
16.

Figure 16. RC filter measurements of the relative permittivity of ethanol.
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3.2.4 Network Analyzer
For frequencies above 25 MHz the reactance of the system changes from majority
capacitive to majority inductive, which can be seen in figure 17 where the yellow curve hits
the line in the middle of the chart. Even at 3 MHz, there is a significant inductive contribution.
Because of this, all following measurements were made at 2 MHz.

Figure 17. Smith chart with DUT impedance and capacitance in the top right-hand corner for
the frequency at which M1 is currently at, 3.15 MHz. Yellow curve in the middle is the
impedance for the range 2 MHz to 25 MHz. At 25 MHz the yellow curve touches the middle
line, meaning that the parasitic inductive reactance of the system becomes as large as the
capacitive reactance.
The result of the 24-hour measurements of the ceramic capacitor is shown in figure 18. What
is clear from this figure is that the Network Analyzer needs time to warm up before making
measurements, otherwise there will be a drift in the values during the first few hours. As can
be seen in figure 18, after the 5 hour mark up to the 20 hour mark, which is outside office
hours between 18:00 and 21:00, the measurements are much more precise, even though
temperature variations in the capacitor occurs. During this time, the noise from the
surrounding environment is less than one percent of the signal. The measurement noise
when using the device is around ∓ 0.1 pF determined by looking at the standard deviation of
20 data points.
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Figure 18. 24-hour measurement; Capacitance measurement of the ceramic capacitor at the
top, temperature of the ceramic capacitor at the bottom. The Network Analyzer warms up a
few degrees over the first 5 hours, causing the measured capacitance to drift. Outside of
office hours, between the 5 hour and 20 hour mark, there is not much drift or disturbance in
the measured capacitance.
The capacitance contributions of the external parts of the system, as well as the measured
capacitance of ethanol, methanol, acetonitrile and air after removing these contributions are
shown in table 2. The relative static permittivity is calculated using (1) and the A/d factor
used values from the SEM and profilometry measurements. These values are shown with a
95% confidence interval, where (XX) indicates ∓XX in the last two digits of the value not in
brackets. The system collected around 1550 data points in 10 minutes, giving a sampling
speed of 2.58 points per second.

22

Table 2. C and εr for various solvents and components [11, 12] at ambient temperature
C (measured) [pF] C (calculated) [pF] εr (measured) εr (tabulated)
Ethanol

117.08(75)

112.73

25.45(17)

24.5

Methanol

155.93(69)

150.46

33.89(15)

32.7

Acetonitrile

170.59(78)

172.55

37.07(17)

37.5

Air

5.31(61)

4.60

1.15(14)

1

CO2 (gas)

5.57

5.01

1.21

1.09 (@55 bar)

CO2 (liquid)

7.33

7.45

1.59

1.62 (@76 bar)

Cable+tape

19.24(33)

Cable+tape+chip 24.56(51)
PCB+cable+chip

26.83(25)

PCB+cable

21.52(66)

The result of the measurement where the relative static permittivity of different mixing ratios
of ethanol and CO2 was determined is shown in figure 19. A linear trendline was used to
extrapolate the result to pure ethanol and pure CO2. The relative static permittivity of ethanol
was calculated to be 25.73 and for CO2 to be 2.63. The result for ethanol is close to the
value found by the previous measurement shown in table 2. The R-square for the linear fit is
0.95 which means that the response in relative permittivity is approximately linear with
respect to the flow rate ratio.

Figure 19. Measurement of mixing ratio between ethanol and CO2 at ambient temperature
and around 70 bar. The x-axis shows the percentage of ethanol flow from the two piston
pumps at constant pressure.
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Figure 20. Gas-fluid phase boundary measurement between 0 and 90 bar at ambient
temperature. The lower level to the left is the measurements of the CO 2 is gaseous, and the
higher level to the right is the measurements of the liquid CO 2. The upper graph is the entire
measurement, and the lower is about thirty seconds before and after the phase shift. No
averaging has been made.
What can be seen in figure 20, is that after 30 minutes, the pressure has increased to the
point that the CO2 in the chip passes the gas-liquid phase boundary, causing its relative
static permittivity to increase. This change takes 1.5 seconds, and 4 points are recorded in
this time. The calculated relative static permittivity for each phase is shown in table 2. On
average, the sampling speed throughout this measurement was 2.55 values per second.
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4 Discussion
4.1 Methods
The relative static permittivity is defined as the relative permittivity at DC, however, because
of lossy effects inside the dielectric, including ion conductivity, frequencies at hundreds of
kHz up to several MHz have been used to make measurements to limit these effects. Figure
1 shows that the real part of the relative permittivity, the energy stored within the dielectric, is
constant up to around the GHz range, meaning that if the losses are small compared to the
stored energy, the relative permittivity can be approximated as static up to those
frequencies. At 2 MHz, the dielectric loss due to ion conductivity is low, as shown in figure 1.
In addition, when making measurements with the Network Analyzer, both a resistive and
capacitive effect was measured, but only the capacitive was used in the calculations of the
relative static permittivity. Since the dielectric losses can be modelled as a resistor in series
with the capacitor, removing the resistive component of the measurement also removes
dielectric loss from the relative static permittivity. Therefore, the dielectric loss is considered
low compared to the energy stored in the dielectric, and the measurements of the relative
permittivity can be approximated as static. This is reinforced by the accuracy of the
measured values.
Measuring capacitance to determine the mixing ratio of binary solvent mixtures in
microfluidic chips is a good alternative to light-based methods because the signal strength of
capacitance measurements scales well with decreasing working volume, whereas the signal
strength of light-based methods decreases with decreasing optical path length. In addition, it
is possible to detect bubbles and other two-phase phenomena with the capacitance
measuring methods as discrete jumps in the measured values, and the difference in relative
static permittivity between different solvents is larger than the difference in refractive index,
making solvents easier to differentiate.
Depending on the required accuracy and time frame of the measurements, all of the tested
direct measurement devices could be used. If ion effects can be neglected for any reason,
both the LCZ meter and C meter produced values which were reasonably accurate, even
though the Network Analyzer was superior in accuracy, stability and frequency range,
especially for longer measurements. The positive-to-positive oscillation of the C meters
microcontroller was the cause of gradual buildup of a Helmholtz double-layer on the
positively charged plates, causing the measured value to drift upwards over time. To
improve the method further, a setup should be constructed where it is easy to measure or
remove the parasitic effects of the external parts of the setup that are not relevant to the
measurements, such as connecting cables and the substrate.
The RC filter methods were not as good with the available equipment, since they introduced
a lot of extra disturbances to the system in the form of unshielded wires and cables,
crocodile clips and other devices, especially the solderless breadboards. A Faraday cage
could have been built to reduce these effects, but that would have made it more difficult to
visually inspect the chip during operation, and would only yield a small effect compared to
using a superior method, such as the direct measurement with a Network Analyzer. The
dynamic resolution of the oscilloscope was not very good at high frequencies, and the
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results were much more difficult to interpret even when the data was analyzed using
MATLAB. If an RC method is to be used, for example due to lack of other equipment, a static
voltage divider gives the results with best accuracy with are also the easiest to interpret. A
solderless breadboard should be avoided since they introduce a lot of parasitics which are
difficult to remove or measure. It is possible that an on-chip solution could be achieved with
microcontrollers if a circuit similar to the one used for the C meter is constructed, but at
higher frequencies and with oscillations that switch polarity.
Another way to find the relative permittivity is to create an oscillating circuit [24] and find its
resonance frequency. This can easily be done with a Network Analyzer, since it can
measure the peak attenuation of the transmission response for a large range of frequencies
and display it as a Bode plot, making it easy to locate the resonance frequency with fewer
approximations made than for the direct measurements with the Network Analyzer.
However, measuring the dielectric loss is not necessary for mixture characterization, even
though it can be useful to know for its connection to the ionic conduction of the fluid. Working
in the GHz range can introduce losses not seen at lower frequencies, as can be seen in
figure 1. In addition, the result will be dependant on the frequency, and will likely more
difficult to interpret than the direct measurements.

4.2 Results
The difference between the experimentally obtained values for the relative static permittivity
compared to the theoretical values, less than 4% for ethanol, methanol and acetonitrile, can
be explained by a variety of factors, most importantly the uncertainty in the surface
roughness of the thin film plates causing a substantial change in the A/d factor, the edge, tilt
and bulk effects caused by non-ideal capacitors, and the capacitance measurements of the
PCB and SMA connector cable.
The surface roughness of the thin film layers is mostly caused by the grain growth
associated with the thermal treatment used in fabrication. The effects of surface roughness
on parallel-plate capacitors have been examined [25], but the findings of this project are not
in agreement with previous work. With a gap size of 21.21 μm and an average roughness
radius of 0.53 μm, the model proposed by the previous work would give a normalized
capacitance, the ratio between the measured capacitance obtained with rough surface
electrodes and the theoretical capacitance with smooth surface electrodes as

𝐶∗ =

𝐶𝑟
𝐶𝑜

=

𝜋𝑑
2𝑟

𝑙𝑛(

1
1+𝑟/𝑑

)=

𝜋 21.21
2 0.53

𝑙𝑛(

1
1+0.53/21.21

) = 1.59

(11)

where C* is the normalized capacitance, Cr is the capacitance for rough surface electrodes
in F, C0 is the capacitance for smooth surface electrodes in F, d is the gap size in m and r is
the average roughness radius in m.
Such a large difference between theoretical and measured values have not been observed
during this project since the error was around 4% or under 1 in absolute numbers, but
surface roughness might still have an effect on the measurements by changing the A/d
factor. A 1 μm difference between expected and true gap size causes a 5% difference in the
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measured value, making this a probable cause for at least some of the discrepancy between
the theoretical and experimental values.
The edge effects [8] depend on the aspect ratio between the gap size to the length of the
side of a square capacitor

𝑏 = 𝑑/𝐿

(12)

An area of 11.02 mm2 would give a side length of a square with equivalent area of 3.32 mm.
With a gap size of 21.21 μm, this would give an aspect ratio of 0.0064. Using the same
formula for the multiplier α as [8], since b is in the same range
𝛼

0.867

= 1 + 2.367𝑏

(13)

gives a multiplier of 1.0296. This could be a factor in the 4% errors in the measurements.
Since the chips were examined with both a SEM and a profilometer, and showed very little
difference in gap size other than the surface roughness, the tilt effects are considered
negligible. The bulk effects are also considered negligible as the electrode is only a few
hundred nanometers thick.
To get the most accurate results, the capacitance contributions of the external parts of the
system must be removed accurately, either by reducing the size of the electrical interface or
by measuring the contributions and removing them afterwards. Both methods were used
during this project.
For the CO2-ethanol mixture measurements, it was difficult to get values in the ethanol-rich
regime, because when the flow of CO2 became too low, the fluctuations in flow rate
sometimes caused the ethanol to stop the flow of CO2. More accurate values could be
achieved by having a mixing structure where the forces exerted by one fluid would not
disrupt the flow of the other.
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5 Conclusions
●

When measuring the capacitance of fluids, a frequency in the low MHz range is high
enough to limit the ionic conductance, but low enough to approximate the relative
permittivity as static.

●

In order to get more accurate values, the chips should be constructed in a way that
reduces the uncertainty in the A/d factor, by for example changing the shape of the
plates from rings to rectangles, or make it easy to measure it after the chip is ready to
use. A should be made as large as practical, and d should be made as small as
possible. Methods and materials should be used that minimizes the surface
roughness of the plates and limits the amount of deformation during production.

●

When measuring the capacitance of the chip, the contributions from all external parts
of the system must be removed, either by calibration or by first measuring and then
subtracting them from the final measurements. For high accuracy, it is very important
to make sure that all such measurements are made when the measuring device is
well-calibrated.

●

All the methods produced reasonably accurate values, but the Network Analyzer did
so with the highest accuracy at a frequency high enough to remove ion effects,
without introducing extra components or devices. These values were also very easy
to interpret, unlike the RC filter methods.

●

The system, when using the Network Analyzer and MATLAB, has a sampling rate of
over 2.5 points per second, depending on which measurement was being made.

●

The system can make measurements of two-phase systems with a very small
working volume, around 0.23 nl.

●

Appendix 1 shows the recommended operating procedure when measuring the
capacitance of fluids with a Network Analyzer.
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Appendix 1 Standard operating procedure Network Analyzer
1. Make chips which have an easily determinable A/d factor, and where every fringe of
A is much larger than d. Use destructive testing to measure the A/d factor of one
chip.
2. Build a PCB with a mixing structure that prevents each fluid from disrupting the flow
of the other fluid and a measuring chip with strain relieved electrical and fluid
interfaces which are as short as possible. Make the electrical interface of another
chip using only Cu/PI flex.
3. Have the Network Analyzer turned on until any drift in the measured values caused
by heating of the device has flattened out, potentially for several hours, then calibrate
it using the built-in QuickCal function with both open and load.
4. Connect the chip having only the electrical interface to the Network Analyzer and
measure capacitance with MATLAB code presented in Appendix 2 to determine how
close measurements of the chip filled with air matches the theoretical value. Measure
the capacitance of the components of the system that could not be removed through
calibration in the same way.
5. Measure the capacitance of the chip on the PCB filled with various fluids, and
subtract the contributions from the components of the system that could not be
removed by calibration. Calculate the relative static permittivity from the capacitance
using (1).

Appendix 2 MATLAB code
% -- startup -% -- startup FieldFox
vnaObj = tcpip('130.238.23.176', 5025);
set(vnaObj, 'Terminator', 'LF');
set(vnaObj, 'InputBufferSize', 512*1024);
fopen(vnaObj);
% -- startup pump
pump = serial('Com1', ...
'Baudrate'
,
'RequestToSend'
,
'DataTerminalReady', 'off'
'DataBits'
,
'Parity'
'FlowControl'
,
'StopBits'
,

19200 ,...
'off' ,...
,...
8
,...
,
'none' ,...
'none' ,...
1
);

fopen(pump);
iscoTalk(pump, 'REMOTE', 5);
iscoTalk(pump, 'CONST PRESS' ,5);
iscoTalk(pump, 'CONST PRESSB' ,5);
% -- startup temperature sensor
temp = instrfind('Type', 'gpib', 'BoardIndex', 0, 'PrimaryAddress', 3, 'Tag', '');
if isempty(temp)
temp = gpib('NI', 0, 3);
else
fclose(temp);
temp = temp(1);
end
fopen(temp);
% -- end startup -% -- measurement -for p = 1:1
k = 1;
tic
while toc < 86400
x(p,k) = toc; % time

iscoData = struct2cell(iscoTranslateStatusArray(iscoTalk(pump,'G&',190)));
y_flow_A(p,k) = cell2mat(iscoData(3)); %flow pump A
y_flow_B(p,k) = cell2mat(iscoData(8)); %flow pump B
ffData = str2num(query(vnaObj, 'CALC:MARK1:Y?'));
g = ffData(1)*cos(deg2rad(ffData(2))) + 1i *ffData(1)*sin(deg2rad(ffData(2)));
X = abs(imag((g+1)/(1-g)*50));
y_c(p,k) = 10^12./(2.*pi.*X.*2000000); % vid 2 MHz
mov_avg(p,k) = sum(y_c(p,:))/k;
%temperature(k) = str2num(query(temp, 'ROUT:MON:DATA?')); % temperature at time
t
k = k + 1;
t = toc
end
% pause(120)
end
x = x';
y_c = y_c';
mov_avg = mov_avg';
xlswrite('11 x-values co2_jump.xls',x)
xlswrite('11 c-values co2_jump.xls',y_c)
xlswrite('11 avg-values co2_jump.xls',mov_avg)

plot(x, y_c, x, mov_avg)
title('Measurement of chip capacitor')
xlabel('Time [s]')
ylabel('Capacitance [pF]')

