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Monolithic multichannel quartz crystal microbalance (MQCM) is an emerging technology for advanced
sensing and measurement applications. In this report, a comprehensive review of MQCM technology
is presented. Firstly, basic MQCM’s design, simulation and characterization with emphasis on acoustic
interference are described. Next, various MQCM schemes to minimize interference and enhance sensi-
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eywords:

tivity of conventional MQCM devices based on modification of quartz substrate structure are digested.
These include mesa, convex and x-axis inversion structures. Three important MQCM sensing platforms
and their application areas are then discussed. These comprise MQCM as a static multichannel detector,

hannel detector for the flow injection analysis and multi-frequency QCM for
ynamic range detection. Finally, potential MQCM applications including elec-
rrays, and photocatatalytic measurement are illustrated and prospective MQCM
ctronic tongues and electrochemical measurement are suggested.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction
Quartz crystal microbalance (QCM) is a thickness-shear mode
bulk acoustic wave transducer that has been widely employed for
physical, chemical and biological sensing applications [1–6]. QCM
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evices derive from piezoelectric quartz crystal resonators that res-
nate electromechanically in a thickness-shear mode (TSM). Owing
o piezoelectric effects, the resonant properties of crystal can be
nfluenced by external physical loading, which may be classified
nto two main types, gravimetric and viscoelastic loading. In the
rst case, gravimetric force due to mass rigidly deposited on the
rystal surface is balanced by a force originating from the shear
radient inside the crystal, leading to the resonance frequency shift
�fg), which is governed by Sauerbrey’s equation [7,8]:

fg = − 2f 2
0√

�q�q

�M

A
(1)

0 = v
2tq

=
√

(�q/�q)

2tq
(2)

here f0 is the fundamental resonance frequency, �M is the
ass deposited on QCM surface, A is the active electrode area,
is the acoustic wave velocity, �q is the density of crystal

2.648 g cm−3 for quartz), �q is the shear modulus of the cut face
2.947 × 1011 g cm−1 s2 for AT-cut quartz) and tq is the crystal thick-
ess. With this loading effect, QCM has been routinely used for
hickness monitoring in physical vapor deposition processes.

For the viscoelastic loading, resonance frequency is changed due
o acoustic-fluid damping interaction when QCM operates in vis-
oelastic medium such as liquid [9]. Unlike gravimetric loading,
here are large changes of dissipation factor and resonant resis-
ance due to energy losses of shear wave that travels through
on-rigidly adsorbed layers [10–13]. The viscoselastic resonance

requency shift (�fv), dissipation factor change (�D) and resonant
esistance change (�R) are given by:

fv = −f 3/2
0

√
�L�L

��q�q
(3)

D = 2f 1/2
0

√
�L�L

��q�q
(4)

R = (2��L�Lf0)1/2A

k2
(5)

here �L, �L and k are viscosity, density and electromechanical
oupling factor of the liquid medium, respectively. Both dissi-
ation factor and resonant resistance can be directly measured
xperimentally. The combined measurements of frequency shift
nd changes in the dissipation factor and resonant resistance have
een termed, QCM-D and QCM-R, respectively [14]. With the com-
ined mass and viscosity–density effects, QCM can be applied for
io/chemical sensing by coating with a chemically or biologically
ensitive film to sense very small amount of adsorbed gases such
s volatile organic compounds (VOCs) [15,16] and environmen-
al pollutants [17–19] and liquid phase biochemicals. QCM/QCM-D
volves a solution measurement capability in analytical chem-
stry and electrochemistry applications due to wide detection
ange capability and very broad measurement applicability. More-
ver, electrochemical quartz crystal microbalance (EQCM) variant,
n which QCM is employed as a working electrochemical elec-
rode, allows advanced electrochemical studies. Great amount of
ork relating to QCM/QCM-D/EQCM has been summarized in a
umber of review articles, which go over the utilization of QCM

n analytical electrochemistry [20–22], QCM application areas in
iosensors [23–29], drug discovery [6,30] and complex biopoly-
eric/biomimetic/biomolecular systems [1,4].

The main advantages of QCM in sensing fields include high

ensitivity, high stability, fast response and low cost. In addi-
ion, it provides label-free detection capability for bio-sensing
pplications. However, QCM faces a major technical disadvan-
age of substantial characteristic dependence on environmental
ica Acta 687 (2011) 114–128 115

parameters particularly temperature. The problem can be par-
tially alleviated by using AT-cut QCM surface (35.25◦ with respect
to z-axis) because it has relatively low temperature coefficient
compared to other well-characterized quartz crystal cuts [31]. Nev-
ertheless, its performance is still not satisfactory for many sensing
applications with largely varied environmental conditions. The
environmental effects can be more effectively minimized by a dual
QCM scheme [32–35], in which reference and sensing QCMs are
employed. Both QCMs should have almost identical characteris-
tic and present in the same environmental condition but reference
QCM is prevented from sensing target species by the absence of
sensing layer. The influence of environmental factors can be nul-
lified out by taking the difference between them. In general, this
scheme may be implemented in two ways. The first mean is to
use a simple combination of two independent QCMs [32–35]. This
method is found not to be very successful because QCMs made
on different substrates can hardly be identical due to variation of
crystal production. The QCM mismatch problem can be effectively
eliminated by employing dual-QCM resonators on a single quartz
substrate since two QCMs can be made highly identical [35]. How-
ever, the approach gives rise serious interference problems because
acoustic wave induced by one QCM can interfere with the wave
generated from the nearby QCM [36]. In addition, mass or stress
loading on one QCM will induce spurious frequency shift on the
other. The problems become particularly serious for two closely
spaced identical QCMs [37].

Multiple QCM array system has been developed following the
dual QCM scheme for advanced physical, chemical and biological
sensing with environmental compensation [38]. In this system, one
QCM is used as a reference and other QCMs are coated with dif-
ferent sensing layers. Multiple QCM array systems implemented
by a simple combination of several independent QCMs are con-
sidered not suitable for general applications not only due to QCM
mismatch problem but also bulkiness. Multiple microbalances on a
single quartz substrate, commonly referred to as monolithic multi-
channel quartz crystal microbalance (MQCM), are thus considered
highly promising. Moreover, the development of MQCMs leads
to miniaturization of QCM devices because the size and spacing
between QCMs are necessarily small as the array size increases.
QCM miniaturization leads to additional benefits including lower
cost, less sample/reagent consumption, faster sensing response and
shorter diagnostic time [39]. Furthermore, QCMs in an array can
be designed to have varying sensitivity, selectivity and dynamic
range. Therefore, MQCM will be a versatile sensor platform with
high performance and wide functionality. However, MQCM tech-
nology faces challenging strong acoustic interference problems that
cannot easily be solved. It not only affects MQCM performance but
also constrains the miniaturization.

In this report, a comprehensive review of MQCM technology
is presented. Firstly, basic MQCM’s design, simulation and charac-
terization with emphasis on acoustic interference are described.
Next, various MQCM schemes to solve the problems of conven-
tional MQCM devices based on modification of quartz substrate
structure are digested. These include mesa, convex and x-axis inver-
sion structures. Three important MQCM sensing platforms and their
application areas are then discussed. These cover MQCM as a static
multichannel detector, series MQCM as a multichannel detector for
the flow injection analysis, and multifrequency MQCM for multi-
sensitivity/multi-dynamic range detection. Finally, potential and
prospective applications for MQCM are illustrated.
2. Conventional MQCM

A conventional MQCM utilizes a few hundreds micron thick AT-
cut quartz crystal plate with an array of electrode pairs deposited
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ig. 1. Conventional MQCM (a) structure and (b) 2D model with generalized pair of
CMs [37].

n both sides as illustrated in Fig. 1(a). The size of electrode pairs
nd the spacing between them depend on the number and density
f QCM in the array. In a MQCM system, acoustic wave induced
y one QCM will propagate laterally through the substrate over a
pecific distance and if another QCM is located within vicinity of
he acoustic field, acoustic interference will occur [40]. For a small

QCM array, spacing between adjacent QCMs may be sufficiently
arge and conventional MQCM structure can function properly
ince interference is negligible. For a large MQCM array, distance
etween adjacent QCMs must be small due to space limitation and
ence strong acoustic interference is inevitable. The interference
enerally causes fundamental resonance frequency changes to all
coustically coupled QCMs and spurious frequency shifts due to
ass or stress loading on neighboring QCMs. The problem becomes

articularly serious when all QCMs are identical and operate at the
ame resonance frequency [37].

Acoustic interference in MQCM is highly complicated due to
onvolution of the simultaneous vibration motions from sev-
ral resonators on one quartz plate. Additionally, it depends on
everal parameters of MQCM device including spacing between
djacent electrodes, geometry, dimensions and thickness of each
lectrode, mechanical and piezoelectric properties of quartz
ubstrate and mechanical properties of electrode materials. Con-
equently, analysis of MQCM and its interference characteristics
re mainly experimentally studied. Typically, interference between
wo adjacent QCMs is examined experimentally by impedance

easurement of the two QCMs under exchanged external load
nd an electrical equivalent circuit is used to model and
escribes the response [36]. Electrical equivalent circuits includ-

ng Butterworth–Van-Dyke (BVD) model [41] and transmission line
epresentation [42] have been effectively used for QCM measure-
ent analysis. Interference is introduced in a BVD circuit model

y a complex coupling resistance between two BVD branches. In
n equivalent circuit model, MQCM configuration is simplified into
ne-dimensional structure and the vibration profile is assumed to
e uniform throughout the electrode surface. The results evaluated
rom these models are mainly valid in the region near the reso-
ance frequency, which is calculated by applying Kirchhoff’s law.
lectrical circuit modeling can provide good estimation and predic-
ion for experimental observation. However, it cannot give physical
nderstanding and correlation between interference behaviors and
hysical parameters because it neglects some mechanical impor-

ant features including modes coupling and energy trapping of
lectrode layer [40].

Theoretical modeling can provide insight understanding of
nterference mechanisms as well as relationship between inter-
erence behaviors and physical parameters. In general, theoretical
ica Acta 687 (2011) 114–128

analyses are performed on simplified models of complex real
world problems so that analytical or semi-analytical solutions can
be obtained. Recently, the theoretical analysis on interference of
MQCM has been conducted using a simplified MQCM model with
two generalized QCMs on a monolithic quartz crystal plate as illus-
trated in Fig. 1(b) [37]. This simple model is chosen to represent
two nearest-neighbor QCMs in a monolithic MQCM array. Two
quartz crystal microbalances, QCM-1 and QCM-2, are formed on
an infinitely wide quartz plate (l1 = l2 = ∞) with a thickness of 2h
and electrode widths of 2a1 and 2a2, respectively. The thickness
of the electrode and separation between two QCMs are he and l,
respectively. The analysis is based on one-dimensional modified
Mindlin’s theory with piezoelectric effect, which comprises a set
of partial differential equations [43]. The effects of electrode sizes,
spacing between two QCMs and QCM position on interference char-
acteristics are extracted from the theoretical solutions.

The interference has been quantitatively characterized in terms
of frequency interference (FI) and mass induce shift (MIS). FI is
defined as the normalized frequency change (�ω/ω)f of one QCM
due to a mass loading on another while MIS (�ω/ω)m is the nor-
malized change in resonance frequency due to the adsorption
of mass on its own electrode. MIS can be significantly modified
due to the presence of neighboring devices in MQCM. FI and MIS
are mathematically the same but they arise from different phys-
ical mechanisms. From the theoretical analysis, two parameters
including relative width between two QCMs (a2/a1) and separa-
tion relative to QCM thickness (l/h) at a fixed QCM width relative
to QCM thickness (a1/h) are the most important factors that affect
the FI and MSI.

FI is calculated from the resonance frequency shift of QCM-1
when the mass is placed on QCM-2. It is found from the simulation
that FI has several peaks at different a2/a1 values. The largest FI for
all a1/h values occurs near a2/a1 = 1 where the two electrodes have
the same width. This corresponds to the strongest fundamental
acoustic coupling of QCMs operating at the same resonance fre-
quency. At higher values of a2/a1, FI peaks for various QCM widths
(a1/h) appear at different c/a values. These peaks is attributed to
anharmonic overtones excited from QCM-2 and coupled into QCM-
1. The overtone coupling peaks (a2/a1 > 1) periodically occurs at
a2/a1 periods of ∼1.7, 1.34 and 1.14 for a1/h = 10, 20, and 40, respec-
tively. Thus, strong interference occurs over a broader range of a2/a1
for smaller electrodes. On the other hand, anharmonic interference
amplitudes of smaller electrodes are slightly lower than larger ones.
Consideration of MIS offers an alternative perspective of interfer-
ence. MIS is calculated from the resonance frequency shift of QCM-1
when the mass is placed on QCM-1 itself. It is seen from simulation
that MIS decreases loaded frequency shifts by a factor of ∼0.5 for
both fundamental and anharmonic interference peaks. Thus, the
mass sensitivity of QCM-1 is considerably reduced due to acous-
tic interference from QCM-2. In addition, MIS is found to slowly
increase as electrode width (a1/h) increases.

For the effect of separation, it is found that FI is high for small
separations and then decreases rapidly with increasing separation
as expected. In addition, FI for smaller electrodes is considerably
higher than that for larger one and thus smaller electrodes require
larger relative spacing. In contrary, MIS decreases slightly for small
separations (l/h < 5) and it is not strongly dependant on the separa-
tion for a2/a1 = 0.5. More recently, similar theoretical analysis on a
more general MQCM model with an arbitrary number of QCMs on a
monolithic quartz crystal plate is reported [44]. However, the anal-
ysis is limited to a special condition that all QCMs have the same

electrode width and inter-electrode spacing and only the influences
of the width and spacing on interference are evaluated. Some con-
clusions can be drawn from the theoretical analyses. Firstly, the
microbalance channels of the devices may be designed to have
different electrode sizes to avoid strong frequency interference.
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Fig. 2. Typical arrangements of QCM pairs in crystallographic z–x plane [40].
A. Tuantranont et al. / Analytic

econdly, a large electrode size is helpful for acoustic energy trap-
ing. However, the large size of electrode may also bring higher
rder modes and introduce higher order frequency interference. In
pplications, the size of electrode may be restricted by the num-
er of channels mounted on quartz plate. Lastly, the separations
eed to be large to avoid strong frequency interference when all
hannels have the same size and same resonance frequency.

The theoretical calculation can provide insightful understand-
ng of interference effects for MQCM and can be used to guide

QCM design. However, it cannot provide accurate prediction for
eal world 3D MQCM structures as 3D geometries such as edge
ffects of electrode layers and crystallographic orientation of elec-
rode relative to quartz substrate cannot be directly included in
he analysis. 3D simulation is thus required for more accurate
esign and analysis of MQCM devices. Recently, 3D simulation of
MQCM model with two symmetric QCMs on a monolithic quartz

rystal plate has been reported [40]. The simulation is conducted
sing finite element analysis (FEA) method with the commercial
oftware package, ANSYS. The ANSYS package provides electro-
echanical coupled field element, which includes piezoelectric

ffect. The full piezoelectric tensor formulation included in the
ackage can account for anisotropic behaviors of piezoelectric
rystals. 3D FEA simulation can thus provide considerably more
uantitative information than 1D theoretical modeling. In addition
o frequency interference, self-mass sensitivity and mutual-mass
ensitivity, vibration mode shape and crystallographic orientation
f an electrode pair can be obtained from 3D simulation results.

For example, 3D simulation reveals the phenomenon of res-
nance splitting into parallel and anti-parallel mode for a QCM
air when two identical QCMs operate at almost the same reso-
ance frequency. In the 3D simulation model, the thickness of both
old electrodes and spacing between them are 6 mm, 100 nm and
mm, respectively. The parallel resonance (with f1 = 4954960.1 Hz)

esults in the shear displacement overlapping of two QCMs, while
ntiparallel resonance (with f2 = 49571192.6 Hz) causes the two
CMs to have opposite displacements. The displacement overlap

n parallel resonance mode significantly induces acoustic coupling
etween two channels. With mass deposited on one QCM surface,
oth parallel and anti-parallel resonance frequencies decrease.
oreover, it is found that the parallel resonance frequency shift is

inearly proportional to the mass absorbed while the anti-parallel
esonance frequency shift non-linearly decreases and the sensitiv-
ty of the frequency shift for anti-parallel resonance decreases as
he mass absorption per unit area increases. This results from the
act that the mass absorbed on one QCM results in asymmetrical
etuning the two resonators and hence the splitting between the
arallel and anti-parallel resonance frequencies increases.

Moreover, 3D simulation can provide the effect of anisotropic
iezoelectric property of AT-cut quartz plate in x–z plane on inter-
erence. The coupling between a QCM pair is not the same for
ifferent angle 	 to the x-direction as schematically shown in
ig. 2 because acoustic waves propagate with different velocities
n different directions within the crystal plate. In this analysis, the
nterference is evaluated in term of mass–frequency influence cou-
ling factor, which is defined by:

i =  i−j

 i−i
(5)

i−j = �fi
�mj

(6)
here i and j are the labels of two QCMs,�mj is the mass per unit
rea added on the surface of QCM-j and �fi is the frequency shift
f QCM-i. It is found from the analysis that the coupling strength is
owest when QCM pair (pair C1–C2 in Fig. 3) located in z-direction
	 = 90◦) and the dependency on 	 has two fold symmetry around x

Fig. 3. Various mesa-shaped MQCM structures: (a) plano-mesa (b) plano-inverted-
mesa (c) bi-mesa and (d) bi-inverted-mesa (e) 2D model with generalized pair of
bi-mesa shaped QCMs [57].
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nd z axes. In addition, it is found that the frequency split between
arallel and anti-parallel of QCM pair decreases as 	 increases from
◦ to 90◦. The results indicate that the thickness shearing deforma-
ion transferred in x-direction of quartz crystal is more than that
n z-direction. Therefore, QCM pair will be matched when their
ocations in x–z plane are at the same angle or 180◦ apart. This
onsideration should be taken into account in MQCM design. Inter-
erence among QCMs in conventional MQCM may be alternatively
voided by mean of successive oscillation or multiplexing. In this
ase, only one or a few QCMs can resonate at a time so that inter-
erence can completely be eliminated. This scheme is limited to
pplications, which do not require real-time or high speed mea-
urement.

In addition to acoustic interference, other problems of conven-
ional MQCM include spurious vibration, limited sensitivity and
imited size of QCM electrodes. Spurious vibration occurs due to
oupling between thickness shear (TS) and other modes includ-
ng thickness flexural (TF), face shear (FS), thickness twist (TT) and
igher order modes. The coupling between TS and TF occurs due
o crystal edge effect and it is strong because both modes have a
imilar displacement field [45]. The coupling between TS and FS or
S and TT is relatively weak. In addition, the shear rotation about
he z-axis is more than an order of magnitude less than the shear
otation about the x-axis or deflection in the y-direction [46].

Other important problems of MQCM are the limitation of sen-
itivity and electrode size. The mass sensitivity and diameter of
QCM electrode are both limited by the thickness of the crystal.

he sensitivity is proportional to the square of resonance frequency,
hich is inversely proportional to quartz thickness. The thick-
ess of quartz crystal is limited to around 100 �m because thinner
uartz plates are too fragile and cannot be practically processed.
he thickness constraint also limits diameter of electrode because
mall-diameter electrode QCM does not resonate or resonates with
very low Q factor if the diameter of the electrode to thickness

f the crystal ratio is below 5 [47]. This limits miniaturization of
onventional MQCM devices.

. MQCM based on modified quartz substrate structure

Several methods have been developed to eliminate or minimize
nterference and other problems of conventional MQCM. Modifica-
ion of quartz substrate structure is found to be the most effective
pproach to solve the problems. In this section, various MQCM
chemes based on modification of quartz substrate structure will
e described.

.1. MQCMs with mesa shape designs

The most basic concept for minimizing the coupling of acous-
ic energy between adjacent QCMs is to increase the difference
f the resonance frequencies between the electrodes and inter-
lectrode portions of the quartz plate. A direct way to increase
he resonance frequency difference is to vary the quartz thick-
ess between the electrode and inter-electrode regions. This can
ractically be done by means of standard micromachining process.
he structure with varying quartz thickness in steps are com-
only termed, Mesa, which can be subdivided into plano-mesa

48,49], plano-inverted-mesa [50,51], bi-mesa [48,49,52] and bi-
nverted-mesa [53] as defined in Fig. 3. For plano-mesa structure
Fig. 3(a)), square cavity with reduced quartz thickness is formed

n the inter-electrode regions while the other side is still planar.
n the other hand, square trenches are created in the electrode

egions for plano-inverted-mesa structure (Fig. 3(b)). For bi-mesa
nd bi-inverted-mesa structures (Fig. 3(c–d)), square cavities are
ade symmetrically on both sides.
ica Acta 687 (2011) 114–128

The interference and acoustic energy trapping behaviors of the
quartz mesa structure of different designs have been experimen-
tally demonstrated [49,54]. It has been shown that the acoustic
energy of the thickness shear mode of mesa-shaped MQCMs is
considerably better confined within electrode regions than that
of conventional MQCM and the separation between two adjacent
resonators can substantially be reduced using mesa-type MQCM.
With inverted-type-mesa designs, QCM resonators can operate at
higher resonance frequency than those of non-inverted designs
because the quartz plate thickness in the electrode area is decreased
[51,53,55,56]. This scheme can thus solve the limitation of mass
sensitivity of conventional MQCMs. Comparing between bi-mesa
and plano-mesa schemes, QCMs with bi-mesa designs exhibit bet-
ter resonance characteristics with lower spurious vibration mode
and higher Q-factor than plano-mesa configuration because of
the symmetric structure [48]. However, plano-mesa scheme are
more practical than bi-mesa structure because fabrication process
is considerably simpler and its top planar surface is more suit-
able for most applications than step-profile surface [38]. Therefore,
plano-inverted-mesa structure has become more commonly used
in MQCM devices.

Recently, bi-mesa MQCM has been theoretically analyzed
[57,58] based on two-dimensional modified Mindlin’s theory,
which has also been used for analysis of conventional MQCMs.
Two generalized mesa-shaped QCMs on a monolithic quartz crystal
plate as illustrated in Fig. 3(e) are used as model to represent two
adjacent QCMs in MQCM structures. Two quartz crystal microbal-
ances, QCM-1 and QCM-2, are formed on surfaces of two mesas
with quartz thickness of 2h1 and 2h2, mesa widths of 2a1 and 2a2,
and distances to edges of l1 and l2, respectively. The thickness of
the electrode, quartz thickness outside electrode regions and sepa-
ration between mesas are he, 2h and l, respectively. In this analysis,
the Mindlin’s equations for the coupled vibrations of TS and TF
modes are used and piezoelectric effect is neglected. The kinetic and
potential energies per cycle in the different portions of the mesa
structure are computed. The kinetic energy consists of deflective
and rotational kinetic energies while the potential energy contains
rotational and extensional potential energies.

The interference behaviors of mesa shaped MQCM are evaluated
in terms of frequency interference (FI) described in the previous
section and normalized energy-trapped of QCM-1, which is defined
as the ratio of energy trapped within QCM-1 section to the total
energy in the quartz plate. The effects of mesa height, electrode
sizes, spacing between two QCMs and QCM position on interfer-
ence behaviors are acquired from the theoretical calculation. The
heights of the two mesas, h1 and h2, are both equal to hm. It is
shown that FI decreases monotonically with increasing mesa height
for the infinite plate case. When the plate has a finite length, FI
graph still follows the same curve but periodical spikes occur. These
spiking peaks correspond the coupling of TF and TS modes due to
the existence of boundaries. It is found that a small relative mesa
height (hm/h > 1.03) can effectively reduce frequency interference
between two adjacent QCMs. Thus, only small etching depth is
needed to form mesa structure with low interference and this can
considerably simplify mesa-MQCM fabrication process. However,
strong coupling regions due to the presence of a boundary still exist
for mesa structure with specific relative heights and thus they must
be avoided in the mesa-MQCM design.

In this analysis, the energy trapped in QCM structure has been
considered with different MQCM parameters. The energy trapped
in QCM-1 is determined when only QCM-1 is under excitation. For

mesa-MQCM with above parameters, energy trapped in QCM-1 is
found to increase as relative mesa height increases and negative
peaks, where the trapped energy decreases markedly, also appear
at the same relative mesa height as those of FI. At these peaks, nearly
half of the energy is found to escape to other parts of the plate in
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ig. 4. Various convex-shaped MQCM structures: (a) plano-convex and (b) bi-
onvex.

he form of a flexural wave [58]. The effect of the relative electrode
idth (a2/a1) on energy trapped in QCM-1 for mesa and no mesa

tructures is also analyzed. It is shown that only small relative mesa
eight of 1.02 can considerably increase energy trapped in QCM-1
xcept the regions near the peaks of fundamental (a2/a1 = 1) and
nharmonic coupling (a2/a1 > 1). At the peaks of coupling regions,
he maximum loss from QCM-1 can be half of the total acous-
ic energy and most of the escaping energy is trapped in QCM-2.
he main benefits of the mesa structure are to narrow the range
f strong coupling region and reduce interference outside these
egions. These give considerable flexibility for the design of MQCM
evices.

.2. MQCMs with convex shape designs

Mesa design can offer considerable improved MQCM per-
ormance in terms of interference reduction and sensitivity
nhancement. However, the straight edge mesa structure cannot
ffectively correct mode coupling problems between the funda-
ental TS and spurious modes [54]. As discussed in the previous

ection, the coupling between TS and TF modes remains quite
ubstantial in mesa-shaped MQCM. The coupling is undesirable
ecause energy is taken from the usable frequency vibration, result-

ng in damping and lower Q-factor. High Q-factor is important for
ltra sensitive detection in liquid mode. Several structures includ-

ng dual-step mesa [54], multi-step mesa [59] and spherical convex
47,60–62] have been developed to reduce mode coupling prob-
ems so that oscillation energy is better trapped at the center and
ery little dissipation occurs at edges. Among these, the spherical
onvex-shape structure can theoretically separate vibrating modes
ost effectively. Spherical convex-shaped MQCMs, which include

lano-convex [60] and bi-convex [47,61] designs as illustrated in
ig. 4, have been reported.

Some sophisticated processes have been developed to realize
onvex-shaped 3D QCM structures. Firstly, planoconvex quartz-
rystal unit is fabricated based on a laborious mechanical polishing
ethod [60]. Recently, the miniaturized beveled bi-convex QCM

as been developed by photoresist thermal melting [61] and pho-
oresist reflow with solvent vapor process [47]. The later process is
articularly promising because diameter, curvature and height of
pherical convex shape can be well controlled with moderate cost
nd reproducibility. In this process, spherical shaped photoresist
n quartz substrate is formed after photolithographic patterning
nd reflow in a suitable organic solvent. Reactive ion etching in
F6/Xe gas mixture [61] is then used to transfer spherical structure
nto quartz-crystal substrate. Spherical bi-convex MQCM struc-
ures with diameter ranging from 100 �m to 2 mm and height from

to 7 �m have been realized and the resonant characteristics have
een studied.

It has been demonstrated that the spherical bi-convex QCM
xhibits very sharp resonant peak with negligible spurious vibrat-
ng modes while the planar QCM resonates with numerous spurious
ica Acta 687 (2011) 114–128 119

vibration [47]. The spherical convex-shape can effectively decou-
ple the vibrating modes in QCM. An optimum Q-factor of ∼80000,
which is twice higher than that of the 100 �m-thick planar QCM, is
obtained from the spherical convex shape with diameter and height
of 2 mm and 1.7 �m, respectively. The spherical bi-convex and pla-
nar QCM are also studied in viscoelastic liquid using glycerol/water
mixtures contacted on one side of QCM. It is shown that the effec-
tive loading range of the spherical bi-convex QCM is considerably
larger than that of the planar QCM. The effective loading range in
liquid is defined as the range in which the resonance frequency shift
is linearly proportional to (��)1/2 where � and � are liquid density
and viscosity, respectively. In addition, the maximum viscosity in
the effective region for the spherical biconvex QCM is found to be
approximately five times greater than that for the planar QCM.

3.3. MQCMs with x-axis inversion

x-Axis inversion [63–65] is a useful method that can increase
the difference of the resonance frequencies between the electrode
and inter-electrode portions of the quartz plate. An advantage of
this technique is that it does not require physical removal of quartz
material from the plate. It is the phenomenon that x crystallo-
graphic axis of quartz crystal is locally rotated by 180◦ under a
specific thermal treatment as illustrated in Fig. 5(a). In the treat-
ment process, an AT-cut plate is coated with a thin Cr or NiCr film
on a desired pattern and then heated at 520–560 ◦C in a vacuum.
x-Axis inversion would occur only in the area under the metal film
because of mechanical stress induced by thermal expansion dif-
ference between the quartz plate and the film. In the inversion
area, the y-axis is also inverted and the cut angle changes from
+	 to −	 AT-cut. Alternatively, x-axis inversion can be formed by
applying heating current to the metal film [63]. In this case, heat is
more concentrated on the patterned metal film and x-inversion can
occur at a relatively low temperature of 480–500 ◦C with DC cur-
rent density of 13.3–16.7 mA mm−2. This method is advantageous
due to relatively low process temperature but it requires additional
electrical connection, which can be cumbersome for complex pat-
terns. Lastly, laser has been applied to selectively induce x-axis
inversion in the metal film [65]. The advantages of this method
are that it requires lower substrate temperature of 400–480 ◦C and
x-axis inversion area can be defined with higher lateral resolution,
allowing narrower x-axis inversion region and hence higher MQCM
density.

x-Axis inverted area exhibits different dispersion characteristics
of the elastic wave propagation from non-inverted one. It is found
that the cut-off frequency of the x-axis inverted area is higher than
that of the non-inverted area by a factor of 1.47. As a result, plate
wave excited at the electrode area is highly attenuated as it prop-
agates into the x-axis inverted area. The attenuation of the wave
in the x-axis inversion area is proportional to the ratio of W and H,
where W is the width of the x-axis inversion area and H is the plate
thickness. From theoretical calculation, attenuation is estimated to
be more than 70 dB for W/H = 3. Thus, adjacent resonators can be
effectively mechanically isolated by an interposed x-axis inverted
region and x-axis inversion is promising for acoustic decoupling in
MQCM device.

MQCM structure with x-axis inversion has been proposed as
illustrated in Fig. 5(b) [63]. In the structure, x-axis inversion areas
are formed in the space between adjacent QCM electrodes. x-Axis
inversion area is created by Cr film deposition and the thermal
treatment. Quartz surface is then lightly etched by buffered oxide

etching solution and Cr film is etched away, leaving the pattern of
x-axis inverted regions on substrate. Finally, QCM electrode film
is deposited by sputtering or evaporation and pattern of elec-
trode array is aligned to the x-axis inverted pattern by standard
photolithography. The acoustic decoupling between two adjacent
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Fig. 5. x-Axis inversion: (a) schematic of inversion p

CMs separated by x-axis inversion region has been experimentally
emonstrated by mean of two-port network measurement. In the
easurement, ac input is applied to the first QCM at port 1 while

oth electrodes of the second QCM at port 2 are either open or short
nd impedance–frequency response of the first QCM is measured.
or a conventional MQCM, one resonant peak occurs when port
is open while two resonant peaks appear at different frequen-

ies when port 2 is short. This indicates the mechanical coupling
etween two resonators under the short circuit condition. On the
ther hand, the frequency response of the first QCM is not affected
y the termination of the second QCM of MQCM with x-axis inver-
ion, demonstrating that both resonators are effectively isolated by
he x-axis inversion area.

Table 1 summarizes advantages, disadvantages and available
eported references and parameters [7,36,38,39,47,62,65–82] of all
QCM structures discussed in the preceding sections. It is evident

hat the common advantage of all MQCM structures with modi-
ed quartz substrate is low interference that allows large array size
nd high array density. In addition, inverted-mesa structures offer
pecific advantages of higher resonance frequency and mass sen-
itivity because of reduced thickness of active quartz layer while
onvex and bi structures can reduce TS–TF and TS–extension mode
ouplings, respectively. However, MQCM structures with modi-
ed quartz substrate are still not widely employed because they

nvolve difficult fabrication processes including deep etching, ther-
al treatment and aligned electrode patterning. In particular, all bi

tructures have rarely been reported because of very intricate two-
ide processing and incompatibility with flow injection system.
mong MQCM with modified quartz substrate, plano-inverted-
esa has been the most frequently reported structure because it

imultaneously offers low interference, high resonance frequency,
igh mass sensitivity and compatibility with flow injection system
hile its fabrication is not more difficult than those of others in

ts category and its frequency mode coupling can be minimized by
mploying suitable design.
. MQCM sensing platforms

An array of QCMs may be formed differently into a variety of
QCM sensing platforms for various types of sensing or mea-
s [63] and (b) x-axis inverted MQCM structure [35].

surement applications. In this section, potential MQCM sensing
platforms will be explained [38].

4.1. MQCM as a static multichannel detector

In this platform, identical QCMs in an array are coated with
different sensing layers or receptors and MQCM is set in a sim-
ple sample cell as illustrated in Fig. 6. Additionally, one channel
of MQCM should be used as a reference, which has no receptor,
to compensate for the influences of the temperature, viscosity,
and density of medium. In these cases, simple measurements with
one drop of an electrolyte solution without an electrolytic cell are
also possible [38]. Different receptors will accept additional mass
from target species by means of binding, adsorption or deposi-
tion causing resonance frequencies of underlying QCMs to change
accordingly.

The main class of applications for this platform is multi-
component analysis, which is used to identify a multi-component
mixture and/or its ingredients with respective concentrations.
There are three main schemes for multi-component analysis.
Firstly, QCMs are bound with different receptors, which are
selective to individual component in the target mixture. The res-
onance frequency shift of QCM coated with each receptor can
be used to directly identify the presence of each component and
determine its concentration. The scheme can work only when
receptors with very high specificity to target species are avail-
able. Existing receptors with such a specific property include
complementary DNAs and antigen/antibody [5,27,83]. Thus, this
technique can only be applied to some specific biosensing while
it cannot generally be implemented for chemical and gas sens-
ing.

The second scheme employs a group of different receptors
on QCMs that have low selectivity towards a set of compo-
nents in the mixture. When receptors are exposed to target
components, they respond differently according their selectiv-

ity, producing resonance frequency shifts to related QCMs. The
presence and concentrations of all target components are then
determined from recognized relationships of selectivity parame-
ters of all components. The number of different receptors should
be the same as the number of components to obtain unique deter-
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Table 1
Summary of advantages, disadvantage and available reported parameters (up to September 2010) of MQCM structures.

MQCM structure Advantages Disadvantages Available reported parameters (up to November 2010)

References f0 (MHz) Array size

Conventional Very simple and low cost
fabrication process

Highly susceptible to
interference

Interference characteristic
of two channel MQCM [36]

5 2

Limited resonance
frequency, array size and
density, mass sensitivity

MQCM for ammonia and
humidity sensing [66]

10 6

Strong frequency mode
couplings

MQCM coated with silica
hybrid films for gas sensing
application [67]

5,6 4

Comparative study
between QCM and MQCM
in humidity sensing
application [68]

10 4

MQCM with multiplexed
oscillator for VOC sensing
[69]

10 4

Analysis of MQCM with
circular flow chamber [70]

5 4

MQCM coated with ionic
liquids films and
conductive polymer for
VOCs detection [71]

10 4

MQCM coated with MIP for
detection of yeast cells in
liquid [72]

10 4

ACR type MQCM for
immunoglobin detection
[73]

17 2

MQCM for sensing
terpenes in fresh and dried
herbs [74]

10 6 (3 × 2)

Mesa Plano-mesa Low interference Required difficult deep
etching process

n/a n/a n/a

Large array size and
density

Limited resonance
frequency, mass
sensitivity, electrode size
Some remaining frequency
mode coupling particularly
TS–TF and TS–extension

Plano-inverted-mesa Low interference Required difficult deep
etching process

Multi-frequency MQCM for
toluene detection [7]

20–50 16

High resonance frequency,
array density, mass
sensitivity

Some remaining frequency
mode coupling particularly
TS–TF and TS–extension

MQCM possibility to 2D
mass mapping [38]

10 4

Multi-frequency MQCM for
VOC sensing [75]

20 6

MQCM coated with
SW-CNT for gas detection
[76]

n/a 9

MQCM coated with SAM
for HAS detection [77]

27 9

MQCM functionalized for
avidine and BSA detection
[79]

62 9

Bi-mesa Low interference Required difficult two-side
deep etching and intricate
two-side processing

n/a n/a n/a

Low TS-Extension coupling Unsuitable for some
platforms including flow
injection system

Large array size and
density

Some remaining frequency
mode coupling particularly
TS-TF

Bi-inverted-mesa Low interference Required difficult two-side
deep etching and intricate
two-side processing

High frequency inverted
mesa MQCM structure
[39,80]

20–94 n/a

Low TS–extension coupling Unsuitable for some
platforms including flow
injection system

High resonance frequency,
array size and density,
mass sensitivity

Some remaining frequency
mode coupling particularly
TS–TF
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Table 1 (Continued)

MQCM structure Advantages Disadvantages Available reported parameters (up to November 2010)

References f0 (MHz) Array size

Convex Plano-convex Low interference Required sophisticated
patterning and difficult
deep etching process

ACR type MQCM for
photocatalytic
measurement [81]

17 2

Very Low mode couplings
except TS–extension

Limited resonance
frequency, mass sensitivity
and electrode size

Large array size and
density

Remaining TS- extension
mode coupling

Bi-convex Low interference Required sophisticated
patterning, difficult deep
etching process and
intricate two-side
processing

Fabrication of high Q
biconvex MQCM [47]

16 2

Very Low mode couplings Unsuitable for some
platforms including flow
injection system

Large array size and
density

Limited resonance
frequency, mass sensitivity
and electrode size

x-Axis inversion Low interference Limited resonance
frequency, mass sensitivity
and electrode size

Fabrication of x-axis
inversion by laser process
[65]

5 2–6
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low and high flow rate conditions and undesired oscillation can be
minimized at an optimum flow rate of 500 �L s−1. Thus, flow rate is
another important parameter that must be optimized when MQCM
operates in a flow injection system.
Large array size and
density

Re
th

No mechanical etching
process

ination. Examples of receptors in this system are ligands for
etal ions [84,85]. For instance, a QCM system with four differ-

nt ligands having different affinity towards four metal ions can
e used to determine the concentrations of the four metal ions
38].

Lastly, an array of different receptors having wide sensi-
ivities towards various components is used to recognize the
hole mixture. In this case, components in the mixture and

heir individual concentrations are not resolved. Most recep-
ors found in nature fall within this category. These include
as-sensitive polymeric and organic materials, electrochemical
lectrode materials and biochemical enzymes. The QCM array
ith these receptors gives a pattern of resonance frequency

hifts resulting from different receptors’ sensitivities towards var-
ous ingredients in the composite, which can be analyzed based
n pattern recognition methods. Commonly used pattern recog-
ition methodologies are principal component analysis (PCA)
86–92], linear discriminant analysis (LDA) [87,93,94] and neu-
al network [90–92,95]. The main applications for this scheme
re odor sensor or electronic nose and taste sensor or electronic
ongue.

.2. Series MQCM as a multichannel detector in the flow injection
nalysis

A series of identical QCMs with different receptors can alterna-
ively be applied to flow injection analysis for real-time detections
s illustrated in Fig. 7. There are some important considerations
hen MQCM is operated in a flow injection system. Firstly, the

tructure of MQCM surface in contact with fluid flow should be pla-
ar and smooth so that the solution flow will not be disturbed. Thus,
QCM structures with non-smooth surfaces including bi-mesa, bi-

nverted-mesa and bi-convex may not be suitable for flow injection
nalysis [38].
Secondly, analyte should be uniformly dispersed throughout the
ow chamber so that all QCMs see the same sample concentra-
ion. The effect of flow chamber geometry and flow parameters on
ample dispersion in flow injection system with integrated MQCM
evice has recently been studied by fluid dynamic simulations
d sophisticated
l treatment process

LFE type MQCM with x-axis
inversion [82]

5 2

and flow injection experiments [70]. It has been demonstrated by
simulation that MQCM with circular chamber design suffers from
non-uniform sample distribution due to turbulent effect while such
problem does not occur to MQCM chamber with rectangular design
[96]. The results agree to experimental observation that there is
a significant variation in resonance frequency shift responses of
identical QCMs located in the circular chamber.

A flow injection system containing inverted-mesa MQCM in
20 mm × 20 mm × 0.7 mm square chamber has been demonstrated
[7]. The influence of flow rate on uniformity of analyte distribu-
tion and the resonant characteristics of QCM is also studied. It is
found that the flow rate considerably affects the resonant behav-
iors of QCM. In addition, spurious oscillation modes are found under
Fig. 6. MQCM platform: a static multichannel detector [38].
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Fig. 7. MQCM platform: a series multich

.3. Multifrequency QCM as a multi-sensitivity and
ulti-dynamic range detector

Various QCMs in MQCM can be designed to operate at differ-
nt resonance frequencies. This platform is termed multi-frequency
CM (MF-QCM). MF-QCM is typically based on inverted-mesa struc-

ures with different mesa thicknesses as illustrated in Fig. 8(a). This
tructure can be formed by standard mesa micromachining process
ith additional patterning and etching steps. By this scheme, res-

nance frequency, mass sensitivity and dynamic range of QCMs
an be varied over a wide range of magnitude. A MF-QCM con-
aining an array of 2 mm circular QCM diaphragms with different
uartz thicknesses ranging from 77 to 81 �m and corresponding
esonance frequencies ranging from 21.7 to 20.75 MHz has been
emonstrated [75]. With decreasing quartz thickness, the reso-
ance frequency and mass sensitivity simultaneously increases
hile the dynamic range decreases. Thus, MF-QCM can provide
ulti-sensitivity and multi-dynamic-range functionalities [7,38],
hich is highly valuable for general applications whose sample

oncentration and detection range are unknown. For multisensitiv-
ty and multidynamic range purpose, all QCMs may be modified by
nly one kind of receptor and the analyte can be detected with high
ensitivity and wide dynamic range in one experiment if MF-QCM

s properly designed. The multisensitivity and multidynamic range
CM is useful for a wide variety of applications including chemical

ensing, bio-sensing and monitoring of surface processes includ-
ng electrochemical reactions. Moreover, QCMs in an array may

ig. 8. MQCM platform: a multi sensitivity and dynamic range detector based on
a) varying quartz thickness and (b) varying electrode area [38].
detector in flow injection analysis [38].

be modified with different receptors for multi-component analysis
with multi-sensitivity and/or multi-dynamic range capability.

In addition, MF-QCMs may be designed with different electrode
sizes as shown in Fig. 8 (b) to further vary mass-sensitivity of
QCM array. From Sauerbrey equation (Eq. (1)), the mass sensitiv-
ity (�F/�M) is inversely proportional to the electrode area (A) and
hence mass sensitivity can be significantly increased by decreasing
electrode area. Moreover, electrode size also causes small changes
to resonance frequency and dynamic range, which cannot be seen
from 1D theory. The dependence of resonance frequency on elec-
trode size has been theoretically predicted from 3D finite element
simulation [40]. From the simulation, it has been shown that the
resonance frequency of QCM decreases as electrode size increases.
In addition, the resonance frequency becomes less dependent on
diameter for very large diameter values and it will eventually reach
the frequency value of 1D theory given in Eq. (2), in which the
electrode width is assumed to be infinite. Thus, the variation of
electrode size can change the mass-sensitivity with small effects
on other design parameters.

5. Potential and prospective applications for MQCM

The advancement of MQCM technology has enabled useful
expansion of numerous sensing and measurement techniques
based on QCM. Main advantages of MQCM in sensing fields include
real-time multi-analyte label-free detection, multi-sensitivity-
range sensing and environmental compensation capabilities. In
addition, it is potential for real world applications because it can
easily made portable. Nevertheless, its applications are still hin-
dered by system/response complexity as well as high cost due to
fabrication difficulty. This section presents potential and emerging
MQCM applications, which comprise MQCM based gas sensor array
as odor sensor or electronic nose, MQCM based chemical sensor
array as electronic tongue, MQCM based biosensor array and other
miscellaneous applications.

5.1. Odor sensor or electronic nose

Odor sensor or electronic nose is a device that can recognize
several odors or gas mixtures. It typically consists of an array of
gas sensors having different selectivities and the responses are
analyzed by a suitable pattern recognition algorithm. When QCM
is employed, gas sensor considerably differs from chemical and
biosensors due to great differences of viscoelastic properties of

sensing film and analyte. The characteristics of QCM based gas
sensor are mainly determined by viscoelastic properties of sens-
ing film while gas phase analyte only modifies the mass per unit
area. Thus, QCM based gas sensor can easily be analyzed and devel-
oped. MQCM based odor sensor represents the first and the most
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uccessful application of MQCM based sensor. QCMs in MQCM
latform are selectively deposited with different gas-sensitive lay-
rs. Most gas-sensing materials employed in MQCM are organic
nd polymeric materials, which can physically adsorb gases at
oom temperature. Several gas sensor arrays based on conventional
QCM structure have been reported [71]. For example, a 10 MHz
QCM selectively coated with three sensing films including ionic

iquid butylmethylimidazolium camphorsulfonate (BMICS), ionic
iquid butylmethylimidazolium tetrafluoroborate (BMIBF4) and
oly(vinyl ferrocene) (PVF) by solvent casting are developed for
lassification and detection of humidity (water vapor) and volatile
rganic compounds (VOCs) including ethanol, dichloromethane
CH2Cl2) and hexane. The study results show that the sensors with
ifferent coatings exhibit different frequency shift characteristics
owards various analytes. For example, BMICS is highly sensitive
o ethanol while PVF is more sensitive to CH2Cl2. From the sens-
ng patterns, VOCs and humidity can be well discriminated by the
ensor array with LDA analysis.

Another interesting instance is a 10 MHz QCM gas sensor
rray coated with Poly-vinyl-pyrrolidon (PPy) and DM-189 organic
recursor material for humidity and ammonia sensing [66]. A
emarkable feature of this QCM array is that it has integrated
eater for gas sensing in temperature modulation (TM) mode. In
M mode, gas adsorption on QCM is purged by rapid heating over
short period and gas sensing response is obtained from the fre-
uency difference between gas-sensing and gas-purging periods.
he advantages of this scheme are fast recovery and possible elim-
nation of reference QCM. However, it requires additional heater
nd can suffers from short life time due to rapid heating and cool-
ng. Moreover, the magnitude of resonance frequency shift from
onventional MQCM gas sensor array is only on the order of hun-
reds of Hertz, which is considered small and not sufficient for
any applications involving much lower vapor concentration.
Several strategies have been employed to enhance sensitiv-

ty of MQCM gas sensor array. Firstly, MQCM can be designed to
perate at high resonance frequency in order to increase mass-
ensitivity for gas molecule detection. This scheme is very effective
ecause the resonance frequency shift is proportional to the square
f resonance frequency. For instance, an odor sensor based on
QCM utilizing plano-inverted-mesa structure has been demon-

trated [75]. QCMs are designed to operate a high frequency of
21 MHz and are coated with three amphiphilic organic materials,

ncluding dimyristylphosphatidylchorine (DMPC), dimyristylphos-
hatidylserine (DMPS) and cholesterol by solvent casting. It has
hown high sensitivity and ability to discriminate six kinds of
dorants including ethanol, methanol, benzene, methyl-benzene,
H2Cl2 and CH3COCH3.

Another important strategy is to use highly sensitive gas-
ensing films based on nanostructured materials. A wide variety of
anomaterials have been applied to QCM gas sensor array [97,98].
ollowing highlights some interesting examples of nanostructure
aterials integrated on QCM gas sensor arrays. Mesoporous sil-

ca hybrids are interesting nanostructure materials, which have
uccessfully been applied to QCM gas sensor array. Conven-
ional MQCM are coated with unmodified mesoporous silica and

esoporous silica hybridized with �-cyclodextrin (�-CD) and
riphenylphosphine (PPh3) for alcohol and benzene discrimina-
ion [67]. The results show that nanohybrid structures provide
nhanced sensitivity while �-CD and PPh3-silica composites are
ery effective for discrimination between benzene and alcochol.

Carbon nanotubes (CNTs) are one of the most widely studied

anomaterials with promising properties for gas-sensing [99–102].
hey have been applied to several QCM and MQCM gas sensing
latforms. An interesting example of CNTs applications is the use
f isolated single walled (SW) CNTs on QCM sensor array for highly
ensitive detection of small gas molecules including helium, nitro-
ica Acta 687 (2011) 114–128

gen, oxygen, argon and sulfurhexafluoride (SF6) [76]. The MQCM
has plano-inverted-mesa structure with mesa thickness of ∼56 �m
and SW-CNTs are coated on gold electrodes by spray coating of
SW-CNTs in NMP (N-methyl-2-pyrrolidinone). It has been demon-
strated that SW-CNTs provide highly sensitive detection of small
gas molecules with large frequency and Q-factor changes and they
are logarithmically proportional to the mass of gas molecules. Q-
factor change is attributed to viscoelastic dissipation of non-rigidly
adsorbed gas molecules around CNT walls.

Molecularly imprinted polymer (MIP) is a class of nanostruc-
tured organic materials, which can be designed as analyte receptors
with various specificities [2,103]. MIPs are synthesized by polymer-
ization of monomers in the presence of analytes acting as templates,
which are subsequently removed by evaporation leaving cavities
within the polymer matrix. Different analytes will distinctively
bind to molecular cavities, resulting in desired selectivities. This
approach can be used to sensitively distinguish similar isomers
with sufficient selectivity. MIPs have been applied to MQCM to
sense a group of terpenes, which are biogenic volatile compounds
emanating from herbaceous vegetation [74]. Six MIPs are synthe-
sized from six terpenes templates including �-pinene, limonene,
eucalyptol, �-pinene, terpinene and estragole with polystyrene
(PS) and divinylbenzene (DVB) copolymer matrix. MIPs are synthe-
sized by mixing terpene templates to styrene functional monomer,
DVB cross-linker, AIBN radical initiator and diphenylmethane. The
mixtures are polymerized for 40 min at 70 ◦C and then selec-
tively deposited on electrodes by spin coating with photoresist
patterning. It has been shown that each analyte shows maxi-
mum selectivity towards its corresponding template. In addition,
it shows selectivity between isomeric compounds, �-pinene and
�-pinene. These selectivity patterns are successfully analyzed by a
neural network methodology.

MQCM based e-noses have recently been demonstrated in real-
world applications. For instance, MQCM based enose has been used
for plant-degradation monitoring [104]. MQCM comprises six QCM
electrode coated with six different polymer and MIP layers that
can distinctively detect humidity, alcohol, ester and terpene com-
pounds. It has been used to monitor VOCs emitted from grass and
pine composting processes. The e-nose system has successfully
provided real time data of VOCs compositions, which have been
validated by gas chromatography mass-spectrometry (GC–MS) and
given direct insight into the differences between grass and pine
composting batches, which are beneficial for composting process
control. This demonstrates that MQCM based e-noses should be
potential for other real world applications such as environmen-
tal monitoring, industrial/agricultural gas monitoring, food/drink
quality control, detection of emitted diseases, etc. Nevertheless,
more experimental work needs to be done to realize these target
applications.

5.2. Chemical sensor array

Chemical sensor array and electronic tongue are devices for mul-
tiple detection of chemical and chemical compound. In chemical
sensor array, QCMs are coated with different chemical receptors,
which absorbed analyte, resulting in negative resonance frequency
shift. In general, chemical receptors are not specific and several
chemical receptors are normally used to identify and quantify
an analyte. For instance, flow injection MF-QCM for detection of
toluene has been reported [7]. In this system, three organic materi-
als including polystyrene, amyl-calix [8] arene and �-cyclodextrine

are used as toluene receptors. The receptors are coated using elec-
trostatic spray or airbrush techniques. Resonance frequency and
equivalent resistance of QCMs are monitored during flow injec-
tion of toluene in water stream. It is found that polystyrene and
amyl-calix [8] arene give similar response while �-cyclodextrine
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xhibits an unusual response. For the first two sensors, the res-
nance frequencies decrease whereas the equivalent resistances
ncrease upon toluene injection. The frequency decrease is due to

ass accumulation caused by the penetration of toluene into the
oating while the increased resistance indicates that acoustic dissi-
ation decreases due to the reduced shear modulus of the surface.
owever, the frequency shift is relatively lower whereas the resis-

ance increase is much larger and response is notably faster for
CM coated with amyl-calix [8] arene. For �-cyclodextrine case, the

requency temporarily increases and decreases while equivalent
esistance decreases strongly and steadily upon toluene and water
njections. This indicates that toluene is not rigidly absorbed into �-
yclodextrine unlike other coating cases. The difference in response
f QCMs with different coating can be used to uniquely identify and
etermine the concentration of analyte. However, it is known that
he responses in liquid are considerably more complicated than
hose in gas phase. The behaviors of QCM based chemical sensor
re more complex due to contribution by viscoelastic properties of
oth sensing film and solution. In addition, liquid-film interaction
uch as swelling can further complicate the sensing response. Thus,
he analysis of response requires sophisticated methods that may
equire human intervention and there is no standard formulation
nd method for this purpose. Presently, there has been no report of
QCM based electronic tongue due to complicated response and

nterference in liquid. Owing to its wide real world applications
uch as food, drink and medicine analysis, MQCM based electronic
ongue is a challenging topic that is currently under exploration.

.3. Biosensor array

Research on QCM for biosensor has grown steadily by increasing
ealth care, agricultural and security needs. Various classes of QCM
iosensors including immune [27,105–107], enzyme [108,109],
ucleic acid [83,110,111] and cell [112,113] based sensors have
een presented. Biosensor arrays based on simple combination of
CMs have also been developed for multiple and simultaneous
etection of bioanalytes of the same or different classes [114,115].
owever, this scheme requires large sample consumption and
nvironmental control among different sensors is difficult. MQCM
echnology is thus a key to realize efficient miniaturized biosen-
or array. MQCM Biosensor array can be achieved by the selective
pplication of different functional bioreceptors atop various QCM
lements to provide molecular hooks or active sites for a range
f analytes of interest. In addition, multi-sensitivity and multi-
ynamic-range QCM platforms allow simultaneous detections of
iological species of different sizes ranging from virus, DNA, pro-
ein to complex arrays of biomacromolecules and large cells on one
hip.

Functionalization of biological receptors on QCM’s gold elec-
rodes are most commonly done by the use of self-assembled

onolayer (SAM) techniques. SAMs of alkanethiols are typically
ormed on gold by adsorption from dilute solutions [116–119]. The
eneral structure of alkanethiols is HS(CH2)nX, where n is an inte-
er and typically varies between 14 and 16 in. long chain molecules,
nd X is terminal group in a series including –CH3, –CH2OH, –CO2H,
CO2CH3, –CONH2 and more complex functional groups [77]. The
hiol group (SH) binds spontaneously to gold with a relatively
trong binding energy approximately of 120 kJ mol−1, producing
ery stable and uniform layer. Terminal groups of SAMs are selected
o provide match binding to target species or their biological recep-
ors.
Recently, a fair number of studies on MQCM based biosen-
or arrays have been reported [72,77,79]. However, most reports
ave only demonstrated functionalizations of a few distinct bio-

ogical receptors on one chip and detection of a few biological
nalytes. For instance, 8-pixel QCM array for bovine serum albu-
ica Acta 687 (2011) 114–128 125

min (BSA) and avidin detections have been reported [79]. Some
pixels are selectively functionalized with 3,3′-dithiobis (sulfosuc-
cinimidylpropionate) (DTSSP) for avidin detection while others
are masked using photoresist and octadecanethiol (ODT) SAMs
are subsequently functionalized for BSA detection. The resonance
frequency shifts of 460 and 76 Hz are obtained from selectively
functionalized QCMs for 10 mg mL−1 BSA and 1 mg mL−1 avidin,
respectively.

A MQCM based biosensor has also been reported for yeast
cell detection utilizing MIP methodology [72]. Yeast-sensitive
receptors are generated by molecular imprinting of single and
duplex yeast cells in polyurethane films. Synthetic Saccharomyces
cerevisiae yeast cells is blended with 4,4′-diisocyanato diphenyl-
methane, bisphenol and phloroglucinol prepolymer mixture at
70 ◦C and spun on conventional 10 MHz MQCM electrodes. The
mixture is then polymerized over night and yeast templates are
removed by ultrasonication in water. Yeast cells are detected by
flow injection analysis and flow injection response to a single yeast
cell solution of MQCM with four different MIP coated electrodes.
It is demonstrated that MIP imprinted with single and duplex cells
has strong response to their respective yeast cells while two non-
imprinted electrodes and the one imprinted with different cell type
give only a minor frequency decrease. Thus, MIP layers exhibit very
good selectivity for yeast cell detection.

There have been several efforts to develop MQCM based
immunosensors, which immobilized several antibodies for detec-
tion of various species. Nevertheless, no study succeeded in
establishing the MQCM based immunosensors because of intri-
cate QCM sensing response and ineluctable interference among
channels operating in real biological solutions [120]. QCM based
biosensor’s responses are more intricate than that of chemical sen-
sor due to the complex nature of biological receptors and analytes.
In addition, biological samples such as antigen-antibody and cells
are often formed heterogeneously on electrode surface, making
response analysis even more complicated. Thus, a lot more work
on MQCM based biosensors including selective functionalization of
micro-QCM array, inference reduction, advanced analysis and char-
acterizations of multiple biosensing in real environment need to be
done to realize effective biosensor arrays for real world applications
including clinical diagnosis, agricultural, horticultural, veterinary
and microbial contamination analyses and other biomedical appli-
cations.

5.4. Miscellaneous applications

In addition to gas, chemical and biosensor arrays, several specific
and special applications for MQCM have been proposed. Photo-
catalytic reaction measurement is a new potential application for
QCM [121,122]. Photocatalytic materials have attracted great atten-
tion due to their ability to decompose organic pollutants under
near UV irradiation and photocatalytic activity has normally been
measured by monitoring the color degradation of dyes on photocat-
alytic materials [123]. It is desirable to study photocatalytic effect
without addition of dye molecules. QCM can be used to measure the
mass change effects caused by photocatalytic reactions with no dye
molecule. However, QCM is sensitive to decomposition reaction’s
conditions including UV radiation intensity and temperature and
such dependence must be effectively compensated. Recently, dual
QCM scheme based on antiparallel coupled resonator (ACR) struc-
ture (ACR is a new type of thickness field excited QCM, which has
two electrodes one side of AT-cut quartz and a conducting layer on

the other side [73]) has successfully been applied for photocatalytic
activity of methylene blue (MB) measurement [81]. It has been
demonstrated that the environmental effects induced by UV irradi-
ation and gradual temperature changes can be well compensated
by the referenced QCM on the same quartz substrate. In addition,
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Table 2
Summary of MQCM platforms and applications.

MQCM platforms Reported structures Application areas Potential applications Reported applications

Static multichannel
detector

Conventional QCM
Plano-inverted-mesa QCM

Multi-component analysis
with selective receptors
Multi-component analysis
with low selectivity
receptors for quantification
of component
Multi-component analysis
with low selectivity
receptors for mixture
recognition

Electronic noses
Chemical sensor array
Electronic tongues
Biosensor array
Multi-photocatalytic
measurement
Multi-EQCM

Electronic noses: VCO and
humidity detection
[66,67,71,74–76,104]
Biosensor array: Avidine
and BSA detection [79]

Series MQCM as a
multichannel detector
for the flow injection
analysis

Conventional QCM
Plano-inverted-mesa QCM

High throughput
multi-component analysis

Chemical sensor array:
toluene detection [7]
Biosensor array: yeast cell
detection [72]
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Multifrequency QCM for
multi-sensitivity and
multi-dynamic range
detection

Plano-inverted-mesa QCM Multi-sens
Multi-dyna
detection
Multi-comp

he resulting frequency shift versus irradiation intensity of UV light
xhibits a linear relationship, making MQCM highly practical for
his application. This scheme should be extended to multiple simul-
aneous activity measurements of several photocatalytic materials.

A large number of applications in the field of electroanalyti-
al chemistry of single EQCM have been reported [124,125]. These
nclude studies of formation, viscoelastic behavior, and ion/solute
ransport properties of electropolymerized films. For example,
QCM has been used to monitor the electropolymerization of
olypyrrole and to investigate the film evolution from elastic
ehavior early in the polymerization process to visoelastic, energy
issipating properties in the subsequent synthesis of a thicker film.
he details of ion and solvent transport between the film and solu-
ion can be sensitively followed through mass change related to
oncentration changes in any small diffusing species that migrate
n the film. The diverse applicability should be extended to multiple
QCMs based on MQCM structure so that multiple studies can be

imultaneously performed. However, there has been no report of
ulti-EQCMs based on MQCM structure. In EQCM array systems,

hannels of MQCM can be used as different working electrodes
perating at distinct applied potentials and one of channel may
e used as a counter electrode. However, strong electric and acous-

able 3
ummary of sensing parameters of reported MQCM based sensors (up to September 2010

MQCM application Sensing materials Target analytes

Electronic
noses

CPH, DM 189, PPy Ammonia, humidity
�-CD-, PPh3-Meso silica Benzene, alcohol

BMICS, BMIBF4, PVF Ethanol, CH2Cl2, hexa
humidity

MIP: �-Pinene, �-Pinene
Limonene, Terpinene,
Estragole, Eucalyptol

�-Pinene, �-pinene,
limonene, terpinene,
estragole, eucalyptol

DMPC, DMPS, cholesterol Ethanol, methanol,
benzene, methyl-benz
CH2Cl2, CH3COCH3

PVA, PS, PU, MIP:PS/DVB Alcohol, limonene, eth
acetate, humidity

SW-CNTs-NMP Helium, nitrogen, oxy
argon, SF6

Chemical sensor array PS, amyl-calix[8]arene,
�-CD

Toluene

Biosensor
array

DTSSP, ODT Avidine, BSA
MIP: yeast cell Yeast cell

PH: cryptophane, PPy: �-CD:�-cyclodextrine, PPh3: triphenylphosphine, BMICS:
utylmethylimidazolium-tetrafluoroborate, PVF: polyvinyl-ferrocene, DMPC: dimyristylp
S: polystyrene, PU: polyurethane, MIP: molecularly imprinted polymer, DVB: divinylbe
ctadecanethiol, BSA: bovine serum albumin, amu: atomic mass unit.
detection
nge

t analysis

Chemical sensor array:
Toluene [7]

tic interference and other problems in multi-EQCM system are still
major barriers for the development. Therefore, multi-EQCMs based
on MQCM platform are one of challenging topics that should be
further explored.

Table 2 summarizes the MQCM platforms, reported structures,
application areas, potential and reported applications and Table 3
lists sensing materials, target analytes, sensitivity and sensing
range of reported MQCM based sensors. It can be seen that only
conventional MQCM and plano-inverted-mesa MQCM structures
have been applied to various MQCM platforms. This should be due
to the fact that conventional MQCM can be most easily imple-
mented while plano-inverted-mesa structure provides numerous
advantages in terms of interference, resonance frequency and
mass sensitivity and it is applicable to flow injection and multi-
frequency/multi-dynamic-range platforms. Moreover, it can be
seen that among implemented MQCM potential applications, only
electronic noses have been most successfully demonstrated in labo-

ratories as well as real world applications while chemical/biosensor
arrays have only been demonstrated to a few examples of analytes.
From Table 3, sensing materials are mostly organics or polymer,
which sometimes hybrid with inorganic nanomaterials, while only
limited groups of target analytes have been studied over some

).

Sensitivity Sensing range Ref.

∼1, ∼0.1 Hz ppm−1 0-1000, 0-20000 ppm [66]
0.05-0.09, 0.01-0.02
Hz ppm−1

0-5000 ppm [67]

ne, 0.2-1, 2-6, 0.1-1, 0.1-0.5
Hz %−1

10% [71]

n/a n/a [74]

ene,
n/a n/a [75]

yl n/a 0–300 ppm [104]

gen, 50–100 Hz amu−1 4–100 amu [76]

10–100 Hz ppm−1 400 ppm [7]

30–70 Hz (mg mL)−1 0–1 mg mL−1 [79]
∼1 cell mL−1 5 × 105 cell �L−1 [72]

ionic-liquid-butylmethylimidazolium-camphorsulfonate, BMIBF4: ionic-liquid
hosphatidylchorine, DMPS: dimyristylphosphatidylserine, PVA: polyvinyl-alcohol,
nzene, SW-CNTs-NMP, DTSSP: 3,3′-dithiobis (sulfosuccinimidylpropionate), ODT:
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eported sensing ranges and sensitivities. Furthermore, electronic
ongue, multi-biosensor and multi-EQCM have not yet been devel-
ped. Therefore, most MQCM based sensors require much further
evelopment before they can be routinely used in laboratories and
eal world applications.

. Conclusion

In conclusion, MQCM technology has been extensively
eviewed. The theoretical/experimental analysis, design, acoustic
nterference and other problems of conventional MQCM’s have
een discussed. Various MQCM schemes devices based on modi-
cation of quartz substrate structure including mesa, convex and
-axis inversion structures are then presented. Among these, plano-
nverted-mesa has been the most frequently reported because it
imultaneously offers low interference, high resonance frequency,
igh mass sensitivity and compatibility with flow injection and
ulti-frequency system. Next, MQCM sensing platforms compris-

ng static multichannel detector, series MQCM as a multichannel
etector for the flow injection analysis, multi-frequency QCM
or multi-sensitivity/multi-dynamic range detection are described.
he combination of multi-frequency QCM and flow injection analy-
is platforms are seen to be most promising for various application
reas. Lastly, potential and prospective MQCM applications are
llustrated. Electronic noses is found to be the most successful
pplication with real world demonstration while electronic tongue,
iosensor array and other applications are still at an early stage of
evelopment. Therefore, MQCM is a relatively new and promising
esearch area worthy for further exploration.
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