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The field measurement of liquid viscosities, especially the high viscous liquids, is challenging and often requires expensive
equipment, long processing time, and lots of reagent. We use quartz crystal microbalances (QCMs) operating in solution which
are also sensitive to the viscosity and density of the contacting solution. QCMs are typically investigated for sensor applications
in which one surface of QCM completely immersed in Newtonian liquid, but the viscous damping in liquids would cause not
only large frequency shifts but also large losses in the quality factor 𝑄 leading to instability and even cessation of oscillation. A
novel mass-sensitivity-based method for field measurement of liquid viscosities using a QCM is demonstrated in this paper and a
model describing the influence of the liquid properties on the oscillation frequency is established as well. Two groups of verified
experiments were performed and the experimental results show that the presented method is effective and possesses potential
applications.

1. Introduction

The measurement of liquid viscosities is one of the most
important steps in a variety of research and industrial fields.
There are many techniques including capillary [1], falling
body [2], oscillating [3], and ultrasonic [4] methods that can
measure the viscosity of liquids. However, these commercial
devices are usually costly, time consuming, and limited in the
measurement range.

During the last few decades, quartz crystal microbalances
(QCMs) are increasingly being studied as a sensitive, rapid,
high-performance, and inexpensive microsensors capable of
performing in liquid environments [5–12]. A QCM is a shear
mode device consisting of a thin quartz disk sandwiched
between two circular, metallic electrodes of the same diam-
eters. The electrodes are used to excite the resonator whose
frequency is inversely proportional to the thickness of the
quartz plate. As a highly sensitive mass sensor, QCMs have
been used in various areas of science and technology, such
as mass detectors in vapors or solutions [13–16], biosensors
[17, 18], and electrochemical microbalances or nanobalances
[19–21].

The linear relationship between the mass change and the
resonance frequency shift of the QCM is described by the
Sauerbrey equation [22]:
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where Δ𝑚 and Δ𝑓 are mass change and frequency shift,
respectively; 𝑓

0
is the operating frequency of the QCM; 𝐴 is

the active area of the QCM electrodes; and 𝜌
𝑞
and 𝑢

𝑞
are the

density and shear modulus of the piezoelectric quartz crystal,
respectively.

It should be noted here that the Sauerbrey equation
is established on the assumption that the mass change
attached on the QCM surface is a rigid and even thin film.
So the linear relation between the adsorbed mass and the
change in frequency is not necessarily valid for viscoelastic
films. Therefore, the Sauerbrey equation is invalid for the
measurement of liquid parameters.

Kanazawa and Gordon II offered an additional method
to measure Newtonian liquid using a QCM, namely, the total
immersion of one surface of the QCM in sample liquid,
and determined the behavior of the crystal/fluid system by
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examining the coupling of the elastic shear waves in the
crystal to the viscous shearweaves in the sample liquid. In this
manner, the resonance condition derives directly from the
matching of appropriate boundary conditions on the shear
waves. Thus, the Kanazawa model that reveals the relative
relationship between the frequency shift of the QCM and the
density and viscosity of the sample liquid has been developed
[23]:

Δ𝑓 = 𝑓
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, (2)

where 𝑓
0
is the operating frequency of the QCM; 𝜌 and 𝜂 are

the density and viscosity of the sample liquid, respectively;
𝜌
𝑞
and 𝑢

𝑞
are the density and shear modulus of the quartz

having the values 𝜌
𝑞
= 2.648 × 103 kg/m3 and 𝑢

𝑞
= 2.947 ×

1011 g/cm⋅s2, respectively.
However, there are still some inevitable drawbacks when

using Kanazawa model for on-field measurement of liquid
properties; that is, this method is difficult to be applied and
spread widely in on-field testing because it is sample wasteful,
requires complex instruments, and is difficult to operate.
In addition, immersing the QCM in liquid will damp the
amplitude, and the damping becomes seriously detrimental
when immersed in highly viscous liquid, which will make the
measurements hard or even causes the failure of oscillation.

This new mass-sensitivity-based approach presented in
this paper could promote the application of QCMs in on-field
testing of liquid viscosities and enable the measurement of
highly viscous liquids. Thanks to the advantages of this new
approach including simplicity of operation, saving reagent
and time, real-time output, and label-free analysis, this novel
approach will achieve a considerable potential application
prospect in on-field measurements of liquids.

2. Proposed Method

The frequency shift caused by a localized or nonuniformmass
attached on the QCM electrodes is given by [24]

Δ𝑓 = −
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where 𝑆
𝑓
(𝑟, 𝜃) is the mass-sensitivity function, in hertz per

kilogram; 𝑚(𝑟, 𝜃) is the effective added mass; 𝑟
𝑑
is the radius

for the mass deposit on the electrode; 𝑟 and 𝜃 are the polar
coordinates of the point at which the mass is added.

The research of Josse et al. shows that the mass-sensitivity
distribution of QCM devices can be represented by the
following equation [25]:
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where 𝐶
𝑓
is the Sauerbrey sensitivity constant, with a value

of 1.78 × 1011Hz⋅cm2/kg; 𝐴(𝑟) is the particle displacement
amplitude function; and 𝑟 is the distance from the center.
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Figure 1: Mass-sensitivity distribution for AT-cut 10MHz funda-
mental QCM. Red line represents the electrode region (|𝑟| < 2mm)
and blue line represents the nonelectrode region (2mm < |𝑟| <

4.35mm).

The particle displacement amplitude function 𝐴(𝑟) is
solution of the following particle displacement amplitude
equation [26]:
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where 𝑘 represents the wavenumber; 𝑁 is a constant deter-
mined by the elastic stiffness constants and the piezoelectric
constants of crystal quartz. Since the particle displacement
𝐴(𝑟) and shear strain field are continuous at 𝑟 = 𝑚 (where
𝑚 is the radius of electrode), according to these boundary
conditions, the boundary equations of QCM with “m-m”
type electrode are obtained as [27]
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.

(6)

On the basis of these boundary conditions, 𝐴(𝑟) can be
determined. And the mass-sensitivity function of QCM with
“m-m” type electrode is then determined [28].

Take two QCMs used in this study (AT-cut 10MHz
fundamental QCM and AT-cut 10MHz 3rd overtone QCM),
for example. The diameters of crystal and gold-electrode are
8.7mm and 4mm, respectively. The thickness of the gold-
electrode is 1000 Å. The profile of mass-sensitivity distribu-
tion can be obtained as shown in Figures 1 and 2, respectively.

As expected, the mass-sensitivity distribution of the two
types ofQCMs is an approximateGaussian curve.Thehighest
sensitivity point appears at the center of electrode (𝑟 =

0) and then decreases exponentially as the distance from
the center (𝑟) increases. So, within the electrode area, the
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Figure 2: Mass-sensitivity distribution for AT-cut 10MHz 3rd
overtone QCM. Red line represents the electrode region (|𝑟| <

2mm) and blue line represents the nonelectrode region (2mm <

|𝑟| < 4.35mm).
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Figure 3: Schematic view of single-drop of liquid localized on the
QCM.

mass sensitivity of the QCM can be described as a Gaussian
function, like the following:

𝑆
𝑓
(𝑟) = 𝐾𝑒

−𝑥
, (where 𝑥 =

𝛽𝑟
2

𝑟2
𝑒

) , (7)

where 𝐾 is the highest value of sensitivity at the center of the
electrode (for AT-cut 10MHz fundamental QCM 𝐾 = 6.23
× 1012 and for AT-cut 10MHz 3rd overtone QCM 𝐾 = 2.02 ×

1012); 𝑟
𝑒
is the radius of the gold-electrode; and𝛽 is a constant,

for the two types of QCMs having the values 2.298 and 0.797,
respectively.

As Figure 3 shows, when a small single-drop of liquid (in
microliter level) loaded on the center of the electrode, the
radius of single-drop much less than the electrode radius and
their centers coincided; we can assume that 𝑆

𝑓
(𝑟) is changed

a little within the range of 𝑟 < 𝑟
𝑑
. As can be seen from

Figures 1 and 2, 𝑆
𝑓
(𝑟) is relatively smooth near the center of

the electrode. In addition, the place loaded by liquid which
has the highest mass sensitivity will contribute to lowering of
the limit of detection.
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Figure 4: Schematic view of single-drop of liquid localized on the
electrode.

The research of Hillier and Ward shows that the effective
massΔ𝑚 is related to the liquid decay length𝛿when theQCM
is covered by a viscoelastic film [24]:

𝛿 = √
𝜂

𝜋𝑓
0
𝜌
, (8)

where 𝜌 and 𝜂 are the density and viscosity of the liquid,
respectively.

Based on the analysis above, as shown in Figure 4, the
effective mass Δ𝑚 could be divided into Δ𝑚

1
(the effective

mass of the liquid droplet contained within decay length 𝛿/2

for base radius from center to 𝑟
𝑎
) andΔ𝑚
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𝑑
), and the frequency shift of QCM
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In general, the decay length of liquid is very small (in
micrometer level), so 𝑟

𝑑
− 𝑟
𝑎
is also in micrometer level;

that is, 𝑟
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Equation (11) could be obtained through integration:
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Figure 5: Schematic of experimental setup.
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So (11) could be simplified to
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In summary, considering that the density of liquids is
usually known or can be measured easily and accurately
using conventional methods, so the viscosity of liquids
could be quickly and conveniently obtained by measuring
the frequency shift of QCM and the radius of liquid drop
according to (13).

3. Experimental Results

3.1. Experimental Setup. Figure 5 shows a schematic of the
overall experimental setup. At room temperature (about
20∘C), a single-drop of sample liquid was loaded onto
the center of the QCM electrode using a microinjector.
Then the response of QCM was measured with a vector
network analyzer (Agilent E5062A). And the diameter of
the single-drop was measured with a tool-microscope (TM-
505).Themicroinjector was purchased from Shanghai Gaoge
Industrial and Trading Co., Ltd. (Shanghai, China). The
tool-microscope was purchased from Shanghai BM Optical
Instruments and Manufacture Co., Ltd. (Shanghai, China).

It is worth adding that a high accuracy microscope was
used to acquire high testing precision during experiments.
But in practical on-field measurements, sophisticated high
microscope is not needed; an ordinary magnifier loupe
with scale can meet the measure requirements (with the
magnifying power of about 100). Likewise, the expensive,
sophisticated, and cumbersome vector network analyzer is
also not needed and could be replaced by a small frequency
meter. The computer used in these experiments is not
necessary as well in practical on-field measurements; these
simple calculations could be done by an ordinary calculator.

Figure 6: The response of AT-cut 10MHz fundamental QCM
without loading.

3.2. The Measurement of Low Viscosity Liquid (Take Pure
Water as an Example). Two types of QCMs were used in
this study: AT-cut 10MHz fundamental QCM and AT-cut
10MHz 3rd overtone QCM. The only difference between
them is the thickness of the crystal.The thickness of crystal of
them is about 0.167mm and 0.5mm, respectively. The thick-
ness of the gold-electrode of them is 1000 Å. The diameter of
crystal and gold-electrode is 8.7mm and 4mm, respectively.
They were purchased fromTongfang Guoxin Electronics Co.,
Ltd. (Hebei, China).

At room temperature (about 20∘C), about 0.5 𝜇L of
pure water (𝜂 = 1.0022mpa⋅s and 𝜌 = 0.9982 × 103 kg/m3)
was loaded onto the center of QCM electrode using a
microinjector. The response of AT-cut 10MHz fundamental
QCM before and after loading is shown in Figures 6 and 7,
respectively. The response of AT-cut 10MHz 3rd overtone
QCM before and after loading is shown in Figures 8 and 9,
respectively. The radius of the single-drop of water loaded on
the two QCMs was measured as 0.57mm and 0.56mm using
tool-microscope, respectively.

As can be seen from Figures 6 and 7, the resonant
frequency of AT-cut 10MHz fundamental QCM declined
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Figure 7: The response of AT-cut 10MHz fundamental QCM
loaded with the single-drop of water.

Figure 8: The response of AT-cut 10MHz 3rd overtone QCM
without loading.

from 9.972460MHz to 9.971873MHz. So we can calculate the
frequency shift of QCMΔ𝑓 = 587Hz. Figures 8 and 9 showed
that the resonant frequency of AT-cut 10MHz 3rd overtone
QCM declined from 10.008099MHz to 10.007919MHz. So
the frequency shift caused by the single-drop of water is
180Hz (Δ𝑓 = 180Hz).

According to (13), we can figure out the theoretical fre-
quency shift of each QCM: for AT-cut 10MHz fundamental
QCM and AT-cut 10MHz 3rd overtone QCM, the theoretical
frequency shift is 620Hz and 186Hz, respectively. So the
errors between theoretical values and experimental values are
5.6% and 3.3%, respectively, and show that the experimental
results agree well with the theory.

3.3. The Measurement of High Viscosity Liquid (Take Organic
Reagent as an Example). Other two types of QCMs were
used to test the organic reagent: QCM-4.5 and QCM-3;
the only difference between them is the diameters of the
gold-electrodes, which are 4.5mm and 3mm, respectively.
The electrode thicknesses of them are all about 1000 Å. The
thicknesses and diameters of the quartz crystal wafers (with
fundamental operating frequency of 10MHz) are all about
0.167mm and 8.7mm, respectively. They were purchased
from Tongfang Guoxin Electronics Co., Ltd. (Hebei, China).

Figure 9:The response ofAT-cut 10MHz 3rd overtoneQCM loaded
with the single-drop of water.
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Figure 10: The responses of QCM-4.5 without and with the single-
drop loading which has a radius of 0.94mm.

The organic reagents were purchased from BP Corporate
Introduction, and the density and viscosity of it are 𝜌 =
0.842 × 103 kg/m3 and 𝜂 = 110mpa⋅s at room temperature,
respectively.

As shown in Figure 5, at room temperature (about 20∘C),
a drop of organic reagent was loaded near the center of the
electrode of QCM using a microinjector; then the response
of QCM and the diameter of single-drop were measured and
recorded. Ten experiments were carried out with different
sizes of droplets using two types of QCMs (five experiments
for each type of QCM, and each experiment was carried out
using a new QCM).

Take the second experiment (using a QCM-4.5) and
sixth experiment (using a QCM-3), for example. In the
second experiment, the responses of the QCM-4.5 without
and with the single-drop loading which has a radius of
0.94mm are shown in Figure 10. The resonant frequency of
the QCM-4.5 declined from 9992915Hz to 9987602Hz, so
the frequency shift can be calculated as Δ𝑓 = 5313Hz. In the
sixth experiment, the response of the QCM-3 without and
with the single-drop loading which has a radius of 0.42mm
is shown in Figure 11. The resonant frequency of the QCM-3
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Figure 11: The responses of QCM-3 without and with the single-
drop loading which has a radius of 0.42mm.
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values of first five experiments (using QCM-4.5).

declined from 10004584Hz to 10003180Hz, so the frequency
shift can be calculated as Δ𝑓 = 1404Hz.

The results of all ten experiments are as shown in Table 1,
where 𝑟

𝑑
is the radius of droplets and Δ𝑓 and Δ𝑓

𝑡
are the

experimental and theoretical frequency shift, respectively.
Moreover, the errors between experimental and theoretical
values were calculated according to 𝐸

𝑒
= (Δ𝑓−Δ𝑓

𝑡
)/Δ𝑓
𝑡
. The

QCMused in the first five experiments isQCM-4.5 andQCM
used in the last five experiments is QCM-3.The comparisons
between experimental and theoretical values are illustrated
in Figure 12 (using QCM-4.5) and Figure 13 (using QCM-3)
according to experiment sequence number as abscissa and
frequency shift (in Hz) as coordinate.

As can be seen from Table 1 and Figures 12 and 13, to
both types of QCMs, the absolute values of errors between
theoretical and experimental frequency shift are all less
than 8.2%, so the experimental data can be thought of in
accordance with the theoretical inferences.

3.4. Error Analysis. There are several reasons that account for
the errors between experimental and theoretical values.

Table 1: Experiment results and theoretic values. The QCM used in
the first five experiments is QCM-4.5 and QCM used in the last five
experiments is QCM-3.

Number 𝑟
𝑑
(mm) Δ𝑓 (Hz) Δ𝑓

𝑡
(Hz) Error

1 0.49 1243 1150 +4.4%
2 0.94 5313 4914 +8.1%
3 1.03 5786 6125 −5.5%
4 1.11 6817 7366 −7.5%
5 1.20 8489 8967 −5.3%
6 0.42 1404 1513 −7.2%
7 0.62 3348 3576 −5.4%
8 0.76 6115 5764 +6.1%
9 0.81 6316 6727 −6.2%
10 0.85 7017 7576 −7.4%
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Figure 13: Comparisons between experimental and theoretical
values of last five experiments (using QCM-3).

(a) Operation errors: it is inevitable to have operation
error in the process of experiments, such as the fact
that the droplet cannot be loaded on the absolute
center of the electrode accurately.

(b) Measurement errors: both of systematic errors of tool-
microscope and visual perception errors of human
will cause measurement error during the measure-
ments of droplet radius with tool-microscope.

(c) Theoretic errors: in the above process of theoretic
deriving, approximate treatments are made in (7),
(11), and (13) to simplify the calculations. By the
verification of error analysis, it should be noted that
the errors caused by approximate treatments in theory
are less than 3%, and the errors will decrease with the
reduction of the droplet radius.

(d) Disturbing errors: disturbance of environments such
as humidity, temperature, and airflow will cause
disturbing errors inevitably.

(e) In addition, the vibration mode of quartz crystal is
likely to be affected by the load distribution, especially
the asymmetric or heterogeneous load distribution,
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and then impact the sensitivity distribution. And this
issue is worthy of further research.

If the above problems can be solved, the errors between
experimental and theoretical values could be controlled at an
ideal level. And it leads to the direction of future study of this
problem.

4. Conclusions

A novel mass-sensitivity-based method to measure liquid
viscosities using a QCM is introduced in this paper, and
the relative relationship between the frequency shift and the
viscosity of sample liquid is also revealed. Lots of scientific
studies and practical applications need to measure liquid
viscosities, and this new method has broad prospects for
application in on-field testing due to its advantages including
reagent-saving, wide response spectrum, simplicity of oper-
ation, real-time output, and label-free analysis. At the same
time, it could enhance the application of QCMs in various
research and industrial fields.
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