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Abstract

This contribution gives an overview of the design and development of miniaturized, tunable resonating viscosity sensors in the
low kHz range incorporating first modeling approaches as well as experimental results. The effect of different designs, potential
improvements in the setups as well as the effect of cross sensitivities are discussed and outlined.
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1. Introduction

Miniaturized viscosity sensors are attractive devices for con-
dition monitoring applications involving fluid media. Most re-
cently introduced devices utilize vibrating resonant mechanical
structures interacting with the fluid where the resonant behav-
ior (resonance frequency and quality factor) is affected by the
fluid’s mass density and viscosity [1, 2]. So far, the ability of
tuning the resonance frequency of such devices in a larger fre-
quency range has hardly been reported. However, such a fea-
ture is highly desirable particularly when investigating complex
liquids showing viscoelastic behavior. We devised two differ-
ent types of resonating viscosity sensors with tunable resonance
frequencies in a range of over two octaves for a fixed geometry.
Analytical models relating measured data to the viscosity of the
examined liquid have been presented earlier together with first
measurement data where we briefly discussed the benefits of
different geometries in terms of high tunability and their sensi-
tivity to viscosity [3, 4, 5].

Complex fluids often show viscoelastic behavior which
means that they exhibit a significant frequency dependence in
their shear modulus (whose imaginary part is related to the
shear viscosity) when using oscillatory rheometers. Laboratory
rheometers work in a limited frequency range not exceeding
typically 100 Hz and commonly, they are not suitable for online
monitoring applications as they are expensive and maintenance
intensive (e.g., due to macroscopically moving parts involving
bearings etc.). Miniaturized devices sensing viscosity in the
MHz range have been discussed extensively in the past, e.g.
thickness shear mode resonators [6]. Between these devices,
providing a “high-frequency viscosity” and the aforementioned
laboratory viscometers is a gap, which we are aiming to bridge
with devices as presented in this contribution.

Recently, we proposed a design for a tunable in-plane res-
onating sensor for viscosity [3]. As an alternative, a single wire
device has been investigated [4]. Both types of these resonating
sensors provide a large range of achievable resonance frequen-
cies (over two octaves up to ~ 4 kHz for our first devices with a
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fixed vibrating length of ~ 3 cm). The tuning of the resonance
frequency is achieved by the variation of tensile stresses in the
wires by an appropriate tensioning mechanism.

These and previously reported sensors (e.g., [7]) underlie the
same principles of actuation and read out, namely actuation by
means of Lorentz forces F, and read out via the (motion) in-
duced voltage Vy, where

dF. = I, Bdl, ()

(Iin: sinusoidal input (driving) current, B: magnetic flux density
provided by a permanent magnet (assembly), /,: length of the
electrical conductive path used for actuation) and

dVy = vBdl, ©))

(v: velocity of the electrical conductive path used for read out,
lro: length of the readout path) Here, orthogonality of the direc-
tion of the current flow, B and v was assumed.

The motion induced voltage is the quantity representing the
resonator’s movement in the fluid-structure interaction (FSI)
which is thus related to the fluid’s dynamic viscosity for a
known mass density (and vice versa).

This contribution explains the principles and the physical re-
lations (by means of closed form models) of the Suspended
Plate and the Wire Viscometer in Sec. 2 and 3, respectively.
Section 4 briefly shows experimental results revealing both sen-
sors’ response (and sensitivity) to viscosity. The following sec-
tion focuses on the tunability of the resonance frequencies of
both resonators, see Sec. 5. Based on these first (feasibility)
concepts discussed in the aforementioned sections, this work is
extended by several (indispensable) improvement strategies ef-
fecting higher readout signals and more reliable setups allowing
for more accurate sensing, see Sec. 6.

2. Suspended Plate Viscometer

2.1. Setup
The principle of the Suspended Plate Viscometer (which is
fully surrounded by the sample liquid) is depicted in Fig.1(a).
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Figure 1: In (a) a schematic drawing of the suspended plate rheometer is depicted. The sensor, surrounded by an experimental well, consists of two parallel wires
(placed in external field B) and a small platelet. In this figure, the left wire is used for exciting lateral vibrations by means of Lorentz forces. The second wire on
the right used for pick-up, is coupled to the excitation wire with a rigid plate, thus following the movement of the left wire which effects an induced voltage which
is used as read-out. By changing the tensile stresses in the wires, the resonance frequency can be changed. In (b) the scheme of the modeling approach is depicted.
The upper figure shows the electrical equivalent circuit consisting of two galvanically isolated circuits representing the excitation and read-out circuits. (Vy: Voltage
of the function generator, 50 Q: Internal resistance of the function generator, R;: resistance of the excitation wire, Ry: resistance of the pick-up wire, Vy: Motion
induced voltage, V: Induced voltage trough electrical cross-talk, 10 MQ: Input resistance of the lock-in amplifier, fin, Zout, Vin, Vour: Input and output currents
/ voltages). The lower figure shows the mechanical lumped-element model. (ko: intrinsic spring constant, ry: intrinsic damping parameter, Fr: Fluid forces, Fi:
Lorentz forces, ux: displacement in x-direction, B: external magnetic field). In (c) a comparison between measured data (in this case for isopropanol) and the model

obtained by fitting the parameters from Eq. 6 is shown.

A small platelet which is suspended by two wires is forced to
lateral vibrations by means of Lorentz forces on AC-currents
in the excitation wire. This in-plane fluid-structure interaction
of the platelet with the surrounding liquid is recorded via the
motion induced voltage in the second wire which follows the
movement of the platelet (and the excitation wire). Varying the
tensile stresses within both wires (by an appropriate tensioning
mechanism) allows for setting the desired resonance frequency
(in a given bandwith, see Sec. 5).

In first setups, 100 um thick tungsten wires were used (be-
cause of tungsten’s high ultimate strength exceeding 1.5 GPa).
For the platelet’s material glass or PET was used which yielded
both good results and mainly differed in the fabrication tech-
nique, see [3]. Similar designs have also been fabricated us-
ing one material only (nickel brass) and their tunability was
briefly investigated but has not been published yet. Resonating
platelets made of one material only and fabricated with micro-
machining techniques are reported e.g., in [8, 9].

2.2. Semi lumped element model

As the platelet’s lateral dimensions are much larger than its
thickness and as its surface A is much larger than the wire’s
surfaces, boundary effects emerging from displacement of the
liquid at the platelets front sides as well as the flow around the
wires are not taken into account. The fluid forces F acting on
the platelet are modeled by one-dimensional shear wave propa-
gation,

Frp=-2T(z=0)A 3)

where the shear stress is [3, 6] (using complex notation assum-
ing time dependence ¢/*")

ppw?

T(z=0)=ux(1-)) >

“)

With this, the transfer function of the mechanical oscillator,
which is the quotient of displacement in x-direction u, and
Lorentz forces Eq. 1 can be written as (see also Fig. 1(b) and
Eq. 1)

Ux

Gp=—
FL

&)
1

—?(m+a [EL +jwlrn+A HO® + ko
2w 2

Finally, the motion-induced voltage (see Eq. 2) in the pickup
wire can be written as follows
B> L, V.

1

VM = jwGn 6)
here, [} and [}, are the wire’s effective lengths (which depend on
the mode shape but are in the order of the actual length).

It may be necessary to consider the effect of electrical cross-
talk in the measured voltage as well, see [10], which can be
easily taken into account with

joM
V. =

ct R]

Vin (N

where M is the mutual inductance describing the inductive cou-
pling between excitation and read-out circuit. As the input re-
sistance of the lock-in amplifier is 10 MQ), it is assumed that
I,y = 0 and thus the total amount of output voltage is given by

®)

A comparison between this simple (fitted) model and measured
data for isopropanol is shown in Fig. 1(c).

Vour = Vm + Vi
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Figure 2: In (a) the schematic drawing of the wire viscometer is depicted. The experimental well for investigating sample liquids is not shown in this sketch. A
100 um thick tungsten wire carrying sinusoidal currents is placed in an external magnetic field and thus oscillating due to Lorentz forces. For excitation, a function
generator is used for the input signal. A series resistors is used to limit the excitation current. The motion induced voltage (i.e., the read-out signal) is measured
with lock-in amplifier. The resonance frequency can be changed by (mechanically) changing the tensile stresses in the wire. In (b) the electrical equivalent circuit
of the wire viscometer is illustrated. (R: series resistor to limit the excitation current, Ry, : resistance of the tungsten wire). In (c) a comparison between measured
data (in this case for isopropanol) and the model obtained by fitting the parameters from Eq. 14 is shown.

3. Wire Viscometer

Resonating viscometers using a single wire only, are known
as wire viscometers in literature [11, 12, 13]. These viscometers
were designed to be operated at one fixed resonance frequency
only. In our work, we focus on the investigation of tuning the
resonance frequencies of the vibrating sensors within a prefer-
entially large range and focus on miniaturized devices.

3.1. Setup

Figure 2(a) shows a schematic sketch of the wire viscome-
ter. A tungsten wire is stretched over two electrical conductive
blades. For first (test) setups these blades, determining the vi-
brating length and assuring for electrical contact, were made
of PCB (copper coated fiberglass) which were later replaced by
machined metal blades, see Sec. 6. The series resistor limits the
excitation current to avoid non linear effects such as e.g., Duft-
ing behavior, see [13]. For measurements in air about 10 kQ
and in liquids, resistors between 50 QO and 1 kQ were used.
The external magnetic field was generated with different Nd-
FeB magnet assemblies yielding magnetic flux densities from
0.3Tupto 1.4 T, see [14].

3.2. Modeling

For the modeling of the wire viscometer, the transversal
movements w(x, ) of the wire subjected to an axial force N,
driving Lorentz forces Fp, and the loading of the fluid forces Fr
can be described by the following linear, inhomogenous, partial
differential equation in time domain [15, 16]:

*w(x, 1) P*w(x, 1) *w(x, 1)
ETl -N ! .
o PR
= F{(x,0) + Fp(x,1)

©))

(E: Young’s modulus, I: second moment of inertia, m: wire’s
mass, ": quantity in respect of unit length)

Eq. 9 is transformed to the frequency domain again assuming
a time dependence e/“ and the forces per unit length on the

right hand side of Eq. 9 acting on the wire are substituted by
the following expressions

F} = In(w) B (10)
and from [17]:
Fr(x,w) = (11)

—jwg1(x, w)w(x,w) + w? 22(x, w) w(x, w)

( Iip: input current, B: flux density of the external magnetic
field which is provided by a permanent magnet, w: angular fre-
quency of the harmonic oscillation) g; and g, can be calculated
by using the analytical relation of the fluid forces acting on a
circular cylinder [18], [19]:

Fr(x,w) = (12)
- 4K (jN=jRe)
mprw R7|1 - : : : w(x, w)
V-jRe Ky (] \/—JRe)
R2
where Re = pot (13)

u

(R: wire radius, Ky, K;: modified Bessel functions, y: dy-
namic viscosity) After the analytical calculation of the deflec-
tion of the wire w(x, w), the induced voltage is calculated as
follows:

!
Vouw =jwB f w(x, w)dx + Ry Iin(w) (14)
0
(I: wire length, Ry,: wire ohmic resistance) Fig.2(c) shows a
comparison of measurement data and a fit of this model.

4. Response to viscosity

From the resonant behavior (which is monitored by the mo-
tion induced voltage in the wire) the viscosity of a sample liquid
is determined (knowing the liquid’s mass density).
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Figure 3: In both figures the sensors measured and theoretical frequency responses including the fundamental harmonic in four different liquids are illustrated
(Excitation Voltage V;=0.5V). For both sensors, clearly, it is visible that higher viscosities yield higher damping. The effect of the the viscosity and the mass density
on the resonance frequency shift can be observed in the according theoretical frequency responses. The deviation in the resonance frequencies between model and

experiment are mainly caused by undesired de-tuning of the sensor.

The effect of different viscosities on the resonant behavior
was examined by recording the frequency response including
the fundamental mode in four different liquids. The selected
liquids only have small differences in their viscosity, ranging
from 0.21 mPa s to 2.1 mPa s to investigate the sensitivity to vis-
cosity. The used liquids were acetone, methanol, isopropanol
and DI-water, see Fig.3. The indicated reference values for vis-
cosity and mass-density were measured with a Stabinger Vis-
cometer (SVM 3000) at 25 °C.

For the measurements in this study, we observed shifts in
the resonance frequencies, see Fig. 3, which are mainly not
caused by the different physical properties of the liquids but by
de-tuning of the sensor (e.g., from thermal stresses, slacking of
the entire setup, etc.). However the liquid’s physical properties
(theoretically) have a significant effect on the shift of the reso-
nance frequency which can nicely be observed in the heoretical
frequency responses in Fig. 3. From these theoretical frequency
responses it can also bee seen, that the wire viscometer is more
sensitive to mass density. (Compare the theoretical frequency
responses of water, which has a higher mass density than the
examined solvents.)

For obtaining these theoretical frequency responses, the
models described in Sec. 2.2 and 3.2 were compared to the
four measured frequency responses. In the theoretical evalua-
tion of the wire viscometer and the suspended plate sensor the
normal stresses and the intrinsic spring constant, respectively,
were kept constant to show the effect of the physical properties
on the frequency shift.

Based on the insights gained with these measurements, we
aim at setups yielding stable resonance frequencies, see discus-
sion in Sec. 6, for accurate and reliable sensing.

4.1. Discussion and comparison

For a rough estimate, to compare the sensors’ sensitivity to
viscosity, we evaluated the Q-factors Q = f./(f; — f-) when

the sensors were immersed in the different sample liquids de-
tecting the maximum and -3 dB values in the magnitude of the
frequency response for both, the measured and the theoretical
frequency responses. Both sensors show a similar sensitivity to
viscosity when evaluating their quality factors in the examined
range of viscosity, see Fig. 4. We note that with the wire vis-
cometer it is in principle possible to measure both, mass density
and viscosity with a single measurement only, however, with
restricted accuracy [12]. The sensitivity of the wire viscometer
to mass density can be observed in the theoretic frequency re-
sponse in Fig. 3(b). There, the shift of the resonance frequency
is mainly affected by the mass density which is nicely visible
for the case of water which has a higher mass density than the
other examined liquids.

Suspended Plate Wire Viscometer
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Figure 4: Comparison of the Q-factor. For both sensors, the relative and the
absolute values are indicated. In the investigated range, both sensors show a
similar sensitivity to viscosity. The two dashed lines in both figures show the
theoretical results for the Q-factor for the indicated mass densities.

5. Tunability of the resonance frequency

To show the capability of the tuning of the resonance fre-
quency the normal stresses in the wires were changed by ten-
sioning the wires with micro-stages with micrometer screws.
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Figure 5: In both figures the band width of achievable resonance frequencies (in air) using 3 cm long and 100 pm thick tungsten wires are illustrated. In each case a
detailed view of one characteristic resonance is depicted as well. In case (b) (wire viscometer) higher quality factors are obtained. (Note that the bandwidths in the
detailed views are 40 Hz for the wire viscometer and 200 Hz for the suspended plate rheometer.) The obtained resonances in first measurements go from 1000 Hz
to 4250 Hz in case of the wire viscometer and from 820 Hz to 4040 Hz for the suspended plate rheometer. In both cases, for changing the resonance frequencies for
these measurements, the normal stresses in the wires were varied by tensioning the wires with micro-stages with micrometer screws.
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Figure 6: In (a) a setup of the wire viscometer allowing for changing both, the normal stresses in the wire as well as its length is depicted. A tungsten wire is placed
in an external magnetic field (not depicted; perpendicular to the wire). The conductive blades allow for electrical contact and for changing the wire’s vibrating
length. One end of the wire is rigidly affixed. The other is attached to a weight, which is varried for changing the normal stresses in the wire but keeping the normal
stresses constant when changing the vibrating length. (b) Comparison of measured and theoretic resonance frequencies for different normal stresses N. The solid
line shows the theoretic results obtained by using the given material parameters, whereas for the dashed line, these parameters were fitted. In (c) the results from
a theoretical estimation of achievable resonance frequencies, when changing the normal stresses as well as the wire’s vibrating length for a 100um thick tungsten
wire with L = 10...30 mm and Ty = 0... 1.4 GPa is depicted. (Tungsten has a yield stress of 1.5 GPa, approximately)

In first experiments in air resonances between 1000 Hz and
4250Hz in case of the wire viscometer and 820 Hz and 4040Hz
in case of the suspended plate theometer were achieved, see
Fig. 5, [4]. The intention of these experiments was to monitor
which frequency range can be excited.

With a second experiment, see Fig. 6(a), we wanted to fur-
ther investigate the achievable tunable range for the case of an
oscillating wire when varying both, normal stresses as well as
the vibrating length of the wire. Figure 6(b) shows the results
for the experiment for a constant length / = 30 mm for differ-
ent normal stresses in the wire, which shows the same range of
resonance frequencies as in the first experiment, c.f., Fig. 5(b).
A relatively large deviation of measured resonance frequencies
to the theoretical values can be observed. This deviation results

from frictional forces between the blades and the wire. That
is to say that not the total amount of normal forces (provided
by the weight) is transferred to the vibrating part of the wire,
but that instead they are partially balanced at the blades due to
frictional forces. This assumption was confirmed by a further
experiment, see Sec. 6 below.

Figure 6(c) shows the (theoretically) total achievable range
of resonance frequencies when changing the normal stresses as
well as the wire’s vibrating length for a 100 pm thick tung-
sten wire with the limiting factors L = 10...30mm and Ty =
0...1.4 GPa. This range has been verified experimentally and
good accordance was observed.
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6. Improved setups using the Wire Viscometer as example

6.1. Reducing cross sensitivities

The previous sections showed a proof of concept of both
types of sensors. They are well applicable for viscosity sens-
ing and can be detuned in a range of over one decade. However,
from the first experiments, it became clear that several improve-
ments have to be achieved, which we want to discuss for the
example of the wire viscometer. In this contribution we focus
on the discussion on improving the stability of the resonance
frequency (once it is set to a desired value). In [14] a discrete
permanent magnet assembly is presented yielding a flux den-
sity of 1.2 T in a 4 mm airgap, which drastically improves the
magnitude of the read-out signal.

We investigated three different types of wire clamping, see
Fig. 7, in the laboratory during 25 hours recording the ambient
temperature to study the range of resonance frequency changes
under (randomly) varying conditions in a non-air-conditioned
room. For the first case (Fig. 7(a)) we expected high shifts of
the resonance frequency due to thermal stresses resulting from
the different thermal expansion coefficient of the used materi-
als. The problematic characteristic of setup (a) is not (only) this
high temperature dependency but that for a given temperature
the variation of resonance frequencies is still about 20 Hz. Thus
the idea was to keep the normal stresses constant by pinning the
wire instead of clamping, see Fig. 7(b). However, in this case,
there is still a relatively large temperature dependency which
can only be explained with friction forces between the blades
and the wire, c.f. discussion in Sec. 5. Here, also a significant
hysteresis can be observed within a temperature cycle. In the
third setup, see Fig. 7(c) an almost frictionless linear stage was

used to keep the normal stresses in the clamped wire as con-
stant as possible. With this setup the variation of the resonance
frequency is less than 3 Hz and mainly not dependent on the
ambient temperature.

7. Conclusion

This work shows the feasibility of measuring viscosity with
both presented sensors at tunable resonance frequencies. For
the case of the wire viscometer an improved setup has been
found allowing for stable resonance frequencies. Furthermore,
first closed-form models have been developed which can be fit-
ted into the measured data with high accuracy. Regarding fu-
ture work, the stability of both sensors has to be investigated
and most likely, improved with more sophisticated setups. For
this investigation large measurement series with multiple test
liquids over a long period of time have to be carried out.
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