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Abstract
The surface acoustic waves-based (SAW) sensors and the quartz crystal microbalance (QCM) are
widely employed for the ultrasensitive surface mass detection in volatile organic compounds and air
quality control measurements. In ‘wet’’ conditions, the linear relation (Sauerbrey) between the rigidly
attached small amount of deposited mass (the principle of a quartz microbalance) can be violated in
case of adsorption of liquid on the top of the film. The correction function for the mass sensitivity
should include the losses due to the viscosity of the liquid. This so-called ‘’missing mass’’ has been
studied previously for the QCM sensors operated in a liquid phase. In the present work the ‘’missing
mass’’ effect is analyzed within the theoretical model for the surface shear waves with horizontal
polarization (SH SSW-type) acoustical sensors.
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Introduction
The surface acoustic waves (SAW) - and bulk
acoustic waves (BAW) - based sensors have
been intensively used for the precise mass
measurements in the air, gases and vapors [1,
2, 5-25]. Since the 1980s, the sensing in liquids
with SAW devices, such as SH SSW, Love
mode resonators [5,6,7,10,11,16,17,20,21] and
BAW resonators (among others, the QCM as
the most often employed in liquids [2,4]), many
theoretical and experimental efforts (see for
review a new book of Johannsmann [2]) were
aimed to improve the sensitivity of the acoustic
devices. In ‘dry conditions‘‘, the linear response
of the QCM resonance frequency to the small
amount of mass adsorbed from air or gas
serves for in situ monitoring of mass deposition.
In ‘wet conditions‘‘, the response may deviate
from this linear (Sauerbrey, [3]) relation.
Knowledge of reasons causing the deviation
from linear relation between the shift in the
resonance Δf and the surface mass is essential
for the correct interpretation of gravimetrical
results of acoustic sensor measurements,
specifically in vapors and liquid environments.
One of the possible reasons could be the
softness of the sensitive layer. Other factors
contributing to observed nonlinear behavior of
the resonance frequency changes and the
dissipation are viscous losses in the testing

material due to its fluidity or viscoelasticity. This
so-called ‘’missing mass’’ has been described
for the QCM sensors operated in a liquid phase.
In the present work a similar effect is analyzed
within the theoretical model for the acoustical
surface shear waves with horizontal polarization
(SH SSW-type) sensors.
The model
We study characteristics of acoustic surface
shear waves with horizontal polarization (SHSSW waves) propagating in the two-layer
system on the oscillating substrate (considered
as an elastic half-space) (Fig.1).

Fig. 1. Left: The geometry of the system consisting
of the elastic substrate (index ‘s’’) coated with two
layers of different viscoelastic materials (indices ‘1,
2’’) of the thickness h and Δh, respectively. The
viscoelasticity of layers is introduced within the
Voight model of elastic and viscous elements in
parallel (to the right).

Fig. 2. Calculated relative shift in SAW phase velocity versus a film thickness scaled to the wavelength in the
guiding layer (PMMA) deposited onto the substrate (the ST-cut quartz crystal); f = 100 MHz. The system is
submerged in different viscous fluids (the plots in the figure, top-to-bottom, correspond to the Table (1) entries,
top-to-bottom, respectively.

The material parameters of the layers usually
introduced in the linear viscoelasticity theory as
a combination of storage and loss shear moduli.
For the Voight model, these parameters are the
elastic modulus μ (corresponding to the elastic
spring element) and the dynamic shear
viscosity coefficient η (the dashpot element) in
parallel.
Theory and results of numerical calculations
The dispersion equation for the SH-SSWs
propagating in the two-layer system is given by
the following expression:
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From eq. (1) for the limit cases of a bulk fluidic
layer on the top of an acoustically thin soft film
we get for the phase velocity shift:
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The phase velocity changes can be found from
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For the QCM operating in liquid phase and
coated with a thin viscoelastic film, the
resonance frequency shift of the resonator is
given by the formula [8,9]:
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For the ‘dry conditions’’, for the quartz covered
with the acoustically thin film (viscous,
viscoelastic or rigid), and for non-slip boundary
conditions, the Sauerbrey [3] relation is valid:

f / f 0  m1 / mS

(4)

When the environment is changed to the liquid
phase, for example, for the humid air or vapors

near the water condensation point, the viscosity
(or viscoelasticity) of the film is revealed and,
thus, the surface mass value includes the liquid
viscosity and a viscoelasticity of the guiding
layer:

f / f 0  m1 (1   ) / mS

(5)

where α is a function of layers material
parameters, namely, the density, storage and/or
loss shear moduli [2,8,9]. For the SAWs, the
relative shift in the phase velocity for the
acoustically thin film (in the linear approximation
on small h) is proportional to the surface mass
(see eq. (2)) while the contribution of the top
viscous fluid (e.g. water) for reasonable SAWs
working frequencies (~100 MHz) is very small
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which is in the agreement with the results of
McHale and co-authors [10,11]. By comparing
the eq. (7) and eq. (2) one can find that for the
‘wet conditions’’ when a soft surface-attached
film is in contact with a liquid on the top, the
phase velocity shift is directly proportional to the
film mass. The solution of the dispersion eq. (1)
for two viscoelastic layers with varied elasticity
modulus and dynamic shear viscosity provides
the general expression for the phase velocity as
a function of material parameters of the layers.
Fig. 3 represents the numerically calculated
phase velocity shift for the system of thin rigid
(PMMA) guiding film coated with the bulk
viscoelastic material. This is a model of the
experimental conditions typical for the sensing
with SAW-based devices in biological fluids.
Our calculations show that the dominant
contribution comes from viscous losses in the
bulk coating layer.

Comparing with the QCM resonance frequency
shift, one can find that the bulk liquid term
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is not infinitesimally small. The eq. (6) is a wellknown result of Kanazawa and Gordon [4]
which opened a way for the quantitative
analysis of the QCM immersed in a bulk
Newtonian liquid.
In Fig. 2 we present the results of numerically
calculated SH-SSWs phase velocity shift for the
PMMA guiding layer loaded with liquids of
different viscosities on the top (Tab.1).
Tab.1: Dynamic viscosity range for the top liquids

Top bulk liquid

Mass
density
(kg/m3)

Dynamic
viscosity
(Pa s)

Air

1.2

1.8*10^-5

Water

10^3

10^-3

Blood

1.1*10^3

4*10^-3

60% glycerol in water

1.2*10^3

9.6*10^-3

70% glycerol in water

1.2*10^3

2.0*10^-2

85% glycerol in water

1.2*10^3

8*10^-2

Theoretical modeling shows [12] that, for the
rigid elastic thin film for the ‘dry conditions’’, the
relative phase velocity shift is proportional to
the squared surface deposited mass value
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Fig. 3. Calculated relative shift in SH-SSWs phase
velocity for the two-layer system of rigid (PMMA)
guiding film coated with different viscoelastic top
layers. The plot shows the waves phase velocity shift
versus the elastic modulus μ and the dynamic
viscosity coefficient η in a given range of material
parameters; the frequency f = 100 MHz, h = 0.1 1 .

The general analysis of the eq. (1) is reported
elsewhere [25].
Conclusions
Theoretical analysis and modeling show that in
both SH SSW-based resonators and in the
QCM case the viscosity of the top layer
essentially contributes to the mass sensitivity of
resonators. This effect reveals the necessity of
correction of measurable characteristics for
both types of sensors when operating in liquid
environments.
Acknowledgements
The corresponding author thanks Chalmers
University of Technology for continuing support.
References
[1] D.S. Ballantine, R.M. White, S.J. Martin, A.J.
Ricco, E.T. Zellers, G.C. Frye, H. Wohltjen,
Acoustic Wave Sensors: Theory, Design, and
Physico-Chemical Applications, Elsevier (2007)

[2] D. Johannsmann, The Quartz Crystal
Microbalance in Soft Matter Research,
Fundamentals and Modeling, Springer (2015)
[3] G. Sauerbrey, Verwendung von Schwingquarzen
zur Wägung dünner Schichten und zur
Mikrowägung, Zeitschrift für Physik 155, 206-212
(1959); doi: 10.1007/BF01337937
[4] K. Kanazawa, J.G. Gordon, The oscillation
frequency of a quartz crystal resonator in contact
with a liquid, Analytica Chimica Acta 175, 99-105
(1985); doi:10.1016/S0003-2670(00)82721-X
[5] S.J. Martin, A.J. Ricco, T.M. Niemczyk, G.C.
Frye, Characterization of SH Acoustic Plate Mode
Liquid Sensors, Sensors and Actuators 20, 253268 (1989); doi:10.1016/0250-6874(89)80124-6
[6] E. Gizeli, N.J. Goddard, C.R. Lowe, A.
Stevenson, A Love Plate Biosensors Utilizing a
Polymer Layer, Sensors and Actuators B:
Chemical 6, 131-137 (1992); doi: 10.1016/09254005(92)80044-X
[7] Yu.V. Gulyaev, Review of shear surface acoustic
waves in solids, IEEE Transactions on
Ultrasonics, Ferroelectrics and Frequency Control
45, 935-938 (1998); doi: 10.1109/58.710563
[8] M. Voinova, M. Rodahl, M. Jonson, B. Kasemo.
Viscoelastic Acoustic Response of Layered
Polymer Films at Fluid-Solid interfaces:
Continuum Mechanics Approach, Physica Scripta
59, 391-396 (1999); doi:
10.1238/Physica.Regular.059a00391
[9] M. Voinova, M. Jonson, B. Kasemo. Missing
mass effect in biosensor's QCM applications.
Biosensors & Bioelectronics 17 835-841 (2002);
doi: 10.1016/S0956-5663(02)00050-7
[10] G. McHale, M.I. Newton, F. Martin, Theoretical
Mass, Liquid, and Polymer Sensitivity of Acoustic
Wave Sensors with Viscoelastic Guiding Layers,
Journal of Applied Physics 93, 675-691 (2003);
doi: 10.1063/1.1524309
[11] G. McHale, M. I. Newton, F. Martin, Theoretical
Mass Sensitivity of Love Wave and Layer Guided
Acoustic Plate Mode Sensors, Journal of Applied
Physics 91, 9701 (2002);doi:10.1063/1.1477603
[12] M. Voinova, Modelling of the Response of
Acoustic Piezoelectric Resonators in Biosensor
Applications – Part 1: The General Theoretical
Analysis, Journal of Sensors and Sensor
Systems 4, 1-6 (2015); doi: 10.5194/jsss-4-12015
[13] J. Liu, A Simple and Accurate Model for Love
Wave Based Sensors: Dispersion Equation and
Mass Sensitivity, Journal of Applied Physics
Advances 4, 077102-1-11 (2014); doi:
10.1063/1.4886773
[14] G.L. Harding, J. Du, Design and Properties of
Quartz-Based Love Wave Acoustic Sensors

Incorporating Silicon Dioxide and PMMA Guiding
Layers, Smart Materials and Structures 6, 716–
720 (1997); doi: 10.1088/0964-1726/6/6/008
[15] J. K. Kwan, J. C. Sit, Acoustic Wave Liquid
Sensors Enhanced with Glancing AngleDeposited Thin Films, Sensors and Actuators B:
Chemical 181, 715-719 (2013);
doi:10.1016/j.snb.2012.06.069
[16] E. Gizeli, A.C. Stevenson, N.J. Goddard, C.R.
Lowe, Acoustic Love Plate Sensors: Comparison
with Other Acoustic Devices Utilizing Surface SH
Waves, Sensors and Actuators B: Chemical 1314, 638-639 (1993); doi:10.1016/09254005(93)85125-T
[17] S.M. Stanley, I.A. Dodi, C.R. Evans, S.J. Paston,
R.C. Rees, C. J. Percival, G. McHale, M.I.
Newton, Layer Guided-Acoustic Plate Mode
Biosensors for Monitoring MHC-Peptide
Interactions, Analyst 131, 892-894 (2006); doi:
10.1039/b604812a
[18] M. Penza, F. Antolini, M. Antisari, Carbon
Nanotubes as SAW Chemical Sensors Materials,
Sensors and Actuators B: Chemical 100 (1–2)
47–59 (2004); doi:10.1016/j.snb.2003.12.019
[19] M. Penza, G. Sberveglieri., W. Wlodarski, Y. Li,
Nanomaterials for Chemical Sensing
Technologies, Journal of Sensors, (2009);
doi:10.1155/2009/924941, 2009.
[20] K. Kalantar-Zadeh, W. Wlodarski, Y.Y. Chen,
B.N. Fry, K. Galatsis, Novel Love Mode Surface
Acoustic Wave Based Immunosensors, Sensors
and Actuators B: Chemical 91, 143–147( 2003);
doi: 10.1016/S0925-4005(03)00079-0
[21] K. Mitsakakis, A. Tsortos, J. Kondoh, E. Gizeli,
Parametric Study of SH-SAW Device Response
to Various Types of Surface Perturbations,
Sensors and Actuators B: Chemical 138, 408–
416 (2009); doi: 10.1016/j.snb.2009.02.050
[22] K. Länge, B.E. Rapp, M. Rapp, Surface Acoustic
Wave Biosensors: a Review, Analytical and
Bioanalytical Chemistry 391, 1509-1519 (2008);
doi: 10.1007/s00216-008-1911-5
[23] G. Hu, J. Xu, G.W. Auner, J. Smolinski, H. Ying,
Viscosity Response of Shear Horizontal Surface
Acoustic Wave on AIN/Sapphire Structure,
Electronics Letters 43, No.18, (2007); doi:
10.1049/el:20070769
[24] S. Rodriguez-Mozaz, M.-P. Marco, M.J. Lopez de
Alda, D. Barceló, Biosensors for Environmental
Monitoring of Endocrine Disruptors: a Review
Article, Analytical and Bioanalytical Chemistry
378, 588-598 (2004); doi: 10.1007/s00216-0032385-0
[25] M. Voinova, A. Vikström, Modeling of the
Response of Acoustic Piezoelectric Resonators
in Biosensor Applications – Part II, Journal of
Sensors and Sensor Systems (to be submitted).

