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Abstract: A piezoelectric tuning fork sensor is evaluated as a physical excitation and sensing device
aiming at the detection of crystals and their nucleation behavior in joint fluids, as observed in gout.
This device allows to study the crystallization tendency at varying temperatures or at increased uric
acid concentrations as predominant in real human joints. In this work, a tuning fork resonator is
characterized to enable spatially resolved viscosity and density measurements by calculating the
mode shape of the vibration from resonance frequency measurements when immersed in test liquids.

Keywords: gout; resonance estimation; tuning fork; viscosity sensor; density sensor; spatially
resolved

1. Introduction

According to recent studies [1] a stronger prevalence of gout and joint diseases in general is
expected. Our long-term aim is to extend the range of available instruments for detecting gout by
employing a complementary novel physical microsensor for detection of monosodium urate (MSU)
crystals (see Figure 1a) in the synovial fluid of human joints. First experiments using a thickness
shear mode (TSM) quartz crystal microbalance for sensing sedimentation of crystals showed
insufficient sensitivity. This is mainly attributed to the low penetration depth of the shear waves of
approximately 200 nm and the missing mass effect [2] (i.e., the crystals are not rigidly attached to the
sensor but form a soft layer). We therefore employed a low frequency piezoelectric quartz tuning
fork (TF) sensor setup with a penetration depth of 3.3 um in water, using the MFA200K44
impedance analyzer from Microresonant with the robust resonance base fitting algorithm [3,4].
Contrary to TSM, using the tuning fork also yields the possibility to separate density and viscosity of
the liquid under test [5]. Onset of crystallization is characterized by increasing viscosity. According
to the Einstein equation [6], the viscosity of the suspension 1s follows 1s = 1¢ (1 + 2.5 V) with nrand V
denoting viscosity of the base fluid and volume fraction of the particles. The impact of nucleation on
viscosity can therefore be separated from e.g., temperature effects that mainly affect the resonance
frequency. Furthermore, the TF setup is used to analyze the depth dependent viscosity and density
at the beginning of crystallization. Due of the finite length of the TF, fluid parameters determined
from the resonance parameters are spatial averages. In this work, we demonstrate a method where
this averaging function is determined from resonance frequency measurements.
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2. Measurement Setup

The measurement setup shown in Figure 1b, consists of a temperature controlled vial containing
the liquid under test. A linear stage is moving the parylene coated TF in vertical direction through the
vial. The resonance parameters of the TF sensor are evaluated using a dedicated resonance analyzer.
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Figure 1. (a) Polarized light image of MSU crystals (growing procedure strictly following [7]); (b)
Measurement setup and tuning fork sensor (fr = 32.786 kHz in air); (c) The sensor is used to measure
the temperature controlled liquid in the vial at multiple vertical positions using a linear stage.

3. Methods

Two cases are of particular interest. First, the onset of crystallization where small nuclei appear
forming a stable density and viscosity distribution and second, the settlement of larger particles,
where the viscosity varies over depth and time. This second state is monitored by starting from an
initially uniform distribution obtained by stirring the sample. After turning the stirrer off, the
particles begin to settle with different speeds according to their morphology and buoyant mass
passing the tuning fork sensor. Due to the finite length of the TF, the measured resonance frequency
is spatially averaged with the squared displacement distribution (i.e., the square of the mode shape
#(z) of the immersed resonator.

L L 2
m= f $(2)*p()Adz, k = f (%) YI(z)dz, (1a)
0 0
L L
Am(w) = f #(2*pr(DTp(W)Adz,  Ac(w) = f #(2) ()T y(w)Adz. (1b)
0 0

The equivalent mass () and stiffness (k) parameters of the unloaded sensors can be determined
by Equation (1a) where p, A and YI denote mass density, area and bending stiffness, respectively.
Due to liquid loading, the equivalent mass is changed by Am with a respective frequency dependent
hydrodynamic function I'; [8] and the liquid density pr. The fluid viscosity 7¢ introduces a damping
factor Ac associated with a hydrodynamic function I'; (see Equation (1b)). According to [9], these
changes follow the functional dependency

Am = mpp + mpy \Jpn/w and Ac = cyn + cpy Venw, (2)

where the constants 1, 1o, cnand cen can be determined by model adjust measurements using a set
of test liquids [4,9]. The angular resonance frequency wr and the Q-factor are given by

— =m+ Am and
Wy Wr

=c+ Ac, 3)
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where m and c are the mass and the damping factor of the unloaded sensor, respectively. For
spatially resolved viscosity and density measurements, the mode shape of the sensor must be
determined. This is achieved by moving the TF through a well-defined liquid/liquid interface with
differing density and viscosity. By combining Equations (1)—(3), the mode shape can be determined
from the variation of the resonance frequency w:(z) recorded for the sensor passing the interface
0(Am(z)) o« dax(z) 1

0z dz w2 @

$(2)*

It is expected that the the mode shapes of tuning fork and cantilever are similar and therefore a
numerical experiment (see Figure 2) where the resonance frequency of an Euler-Bernoulli cantilever,
which is gradually shifted upwards from liquid 2 to liquid 1, is determined. Figure 2c shows the first
three mode shapes calculated using Equation (4) and a comparison to the eigenmode of the free
vibration [10]. The results are very similar for the first mode even at higher loading, but do only
moderately agree for the higher modes. i.e., the loading has a certain influence on the mode shape.
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Figure 2. (a) A resonator is moved from liquid 2 to liquid 1; (b) From the recorded frequency shift,
the influence function (i.e., the squared mode shape) of an infinitely thin liquid layer at a certain

height P can be determined; (c) Comparison between Equation (4) and the eigenmodes of a free
vibrating cantilever.

4. Results

In principle, air could be chosen as liquid 1. However no suitable liquid 2 could be found with
negligible capillary action when it is brought in contact with the parylene covered TF and air.
We therefore use a liquid/liquid interface formed by ethylene glycol (ps=1.1132 g/cm?, n¢=16.1 mPas
at 20 °C) and methyl isobutyl ketone (MIBK) (pt = 0.802 g/cm?, n: = 0.58 mPas at 20 °C). The surface
energies of these liquids and the parylene coating of the TF are almost equal, but feature very
different partial solubility parameters. They therefore form a boundary with nearly zero interfacial
surface tension, so the TF does not distort the interface while passing. A comparably abrupt step of
viscosity and density is therefore realized. The TF was shifted in steps of 10 um each 10 s. The
resonance analyzer recorded at a rate of four measurements per second. The frequency response is
shown in Figure 3a. The function was interpolated and Equation (4) was used to determine the
squared mode shape. With knowledge of the mode shape, a viscosity and density distribution can be
determined by deconvolution of Am from Equations (1)—(3) with ¢(z)2.
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Figure 3. (a) Measured resonance frequency (approx. 35.000 points) and comparison to cantilever;
(b) mode shape calculated using Equation (4) resembling the fundamental cantilever mode.
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