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ABSTRACT 

This paper describes the use of the Quartz Crystal Microbalance sensor in various engineering fields. Quartz Crystal 
Microbalance or QCM is a piezo based mass sensor which utilizes the principle of operation as change in the system 
resonance frequency with the change in the mass. The measuring object when placed on the surface of the piezoelectric 
sensor then any change in the mass of it affects the resonance frequency of the sensor assembly. The application areas of 
QCM sensors reviewed in this particular chapter are detection of Food Quality, Bioaerosols and Chemicals, the 
application in Space Technology and application in various medical applications. In space technology, QCM sensors are 
mainly used to quantify the contamination generated by outgassing processes of materials in satellites, missiles and 
space crafts. In the medical field, the QCM sensors are used in cell biology detection, cervical cancer detection, detection 
of tuberculosis, bimolecular interactions, bacteria testing, immunosensing etc. The use of different Nano materials with 
various structure, make it possible to measure very small changes in its volume quantitatively even in the milli and micro 
order range. QCM sensors when used for the liquid medium, instead of measuring the change in the resonance frequency, 
the energy dissipation is measured as a function of the change in the mass. The later one is termed as QCM-D sensors. 
This review work provides a detailed study on the use of the QCM, nano layered QCM as well as QCM-D sensors in the 
above mentioned applications. 
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INTRODUCTION 
Piezoelectric elements have the property that when potential difference is applied across the surface of 
the crystal, the crystal is stressed. The reverse effect is also applicable for piezo crystals. The application 
of a sinusoidal excitation with variable frequency if applied across the piezo crystals, the vibration of the 
crystal changes according to the input frequency and the frequency, at which this vibration reaches 
maximum, is known as its resonance frequency. This resonance frequency changes for various reasons 
such as the direction of application of the input excitation, the amplitude of the input excitation, the 
shape and size of the piezo crystal, the type of the piezoelectric material etc. When a typical piezo electric 
crystal of a specific material and shape excited with a fixed the amplitude of input excitation voltage 
applied in a predefined direction, the resonance frequency changes if there is any addition or alteration 
of any kind of mass on the crystal. This change in the resonance frequency with the change in the mass is 
the basic principle of piezoelectric mass sensors [1]. The method of measurement is known as the 
Resonance Frequency Analysis or RFA technique. This is a widely used method as this is quantitative 
method and can measure very small changes in mass, even in the order of milli or micro range. 
These piezo electric mass sensors are commercially known as Quartz Crystal Microbalance or QCM 
sensors. The piezo element is sandwiched between two electrodes and is allowed to oscillate by exciting 
it with an appropriate excitation. The frequency of oscillation of the piezo element changes with the 
change in the mass, either addition or removal, on the surface of the electrodes. There are various 
application areas of QCM sensors which include the field of chemistry, biomedical and material sciences 
[2, 3, 4, 5, 6, 7, 8]. The quartz crystal microbalance with dissipation or QCM-D sensor is a variety of 
conventional QCM sensor which is versatile and more sensitive than the conventional QCM sensor. The 
QCM-D sensor is used for simultaneous measurement of change in frequency as the conventional QCM as 
well as due to the change in mass as well as change in energy dissipation by periodically switching off the 
driving power over the crystal and recording the decay of the damped oscillation [9]. 
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The use of nanoparticles (1-100 nm), are increasingly rapidly in our day to day life. But there are so many 
side effects also in using it and it is better to avoid potential adverse effects of nanoparticles in human 
life. QCM offers a distinctive method of understaning nanoparticle interactions both in liquid and gas 
phase. metals, ceramics, polymers and carbon materials all are the source of nanoparticle which can be 
engineered. Both physical and chemical properties of nanoparticles may be different compared to bulk 
materials. .2-dimentional material like graphene changed the physics and chemistry of material. 
Mechanical properties of graphene remain less explored. Due to the low mass density of graphene it is 
used now in nano-electromechanical systems (NEMS), e.g., for extremely small mass sensing. Integration 
of QCM with graphene yields a practical device for measuring mass density and interfacial mass change of 
graphene. 
This paper presents a descriptive approach on the various applications of piezo based mass sensors, QCM 
and QCM-D, mainly in the field of bio-sensing and also the technological advances associated with this 
type sensors. 
 
QCM SENSOR CONSTRUCTIONAL DETAILS AND OPERATING PRINCIPLE 
QCM sensor is made from a thin quartz disk, cut into specific orientation, either AT or BT cut and is 
coated with electrodes as shown in Fig.1. The AT or BT cut is required so that the acoustic wave 
propagates perpendicularly to the crystal surface. The resonant frequency of the quartz single crystal 
depends on the angles with respect to the optical axis at which the wafer was cut from the crystal. The 
frequency of QCM decreases due to the deposition of mass on its surface. The mass sensitivity of QCM is 
dependent on the thickness of the crystal, which determines its resonant frequency. The thinner is the 
QCM, the higher is its resonant frequency and sensitivity [10]. 

 
Fig1: QCM sensor 

The QCM sensor measures the mass changes on the basis of a relation between the resonance frequency 
and the mass which was in 1959 by Günter Sauerbrey. The Equation is: 
Δ m = C X Δf/n Eq.1 
Where, 
∆m is the change in the mass due to the added layer. 
C is a constant related to the properties of quartz 
n is the odd overtone number, and can be 1, 3 ,5 ,7 ,… etc. 
This model assumes that the thin, added layer is a part of the oscillating crystal itself and should be rigid 
and firmly attached to the crystal surface. If the layer on the sensor is  soft, thick or not coupled to the 
surface, the equation is not valid. In these situations, the model will fail, and the calculated mass will be 
underestimated. In that case, QCM-D principle is used where the energy dissipation is measured instead 
of measuring Δf. 
 
APPLICATION AREA OF QCM SENSORS 
Detection of Chemicals 
QCM sensors with molecularly imprinted polymers have the ability to detect vapors of small organic 
molecules with  greater sensitivity and selectivity than the traditional amorphous polymer coatings. The 
behavior of the imprinted polymer films is characterized by the dynamic and steady- state response of 
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the QCM frequency to pulses of organic vapors in dry air [11]. QCM with Azobenzene Functionalized 
Coatings are extensively used for detection of nitroaromatic materials [12]. The detection and 
quantification of organophosphates with chemical gas sensors can  be effectively done by using QCM 
Sensors with an extraordinary high sensitivity (up to 260 Hz/ppm) and neglecting the influence of the 
humidity and cross-interferences of common volatile organic compounds [13]. Sartore et al presented 
an application of Polymer-grafted QCM chemical sensor for the detection of heavy metal ions in the 
aqueous solution. This type of QCM sensors can selectively absorb various types of heavy metals like 
copper, lead chrome, cadmium etc in the range of 0.01 to 1000 ppm [14]. In environmental pollution 
detection QCM sensors are widely used for the detection of Volatile Organic Compound (VOC) in the air. 
Exposure of VOC in indoor and outdoor environments for short or long period of time is very much 
injurious to health. Pentacene- layered QCM is capable of detecting this VOC which can be used as a 
pollutant detector at room temperature, both in wet and dry air [15]. In [16], QCM Senor, coated with 
Chromatographic Adsorbents, has been used for a rapid identification of organic volatile compounds 
specifically elevated olive oil sensory connotation, with excellent repeatability. 
Food Quality Detection 
Quartz crystal microbalance is (QCM) a label free piezoelectric biosensor for the detection of pathogenic 
microbes and toxins present in the food. The conventional methods for food quality detection are 
lengthy and time consuming. In this context, the biosensors are one option due to their high specificity, 
convenience and quick response. In the field of food science and technology, biosensors technology for 
the detection of food borne pathogens is more fascinating to the current researchers [17]. Shen et al in 
have developed a new design of QCM sensor based on a phosphate- modified dendrimer film with high 
sensitivity and the short response time for direct detection of Cu (II) metal ion  in water. This is very 
much required so as to identify the presence of heavy metals in water which may enter the food chain 
to threaten human health [18]. For real-time monitoring of of Salmonella enterica serovar typhimurium 
cells in food samples can be determined using QCM sensors combined with aptamer-based magnetic 
separation system. This combination shows specific detection of Salmonella cells at 100 CFU mL(-1) 
from model food sample (i.e., milk). Subsequent treatment of the QCM crystal surface with NaOH 
solution regenerated the aptamer-sensor allowing each crystal to be used several times [19]. Ali et al 
have developed poly-dimethylsiloxane (PDMS) coated QCM sensor to sense the aroma of 3- Carene 
volatile in Indian Mango varieties namely Langda and Chausa cultivars of mango. Validation of the 
proposed sensor with real mangoes is carried out by correlating the frequency deviation of the sensor 
with the estimations of 3-carene obtained from gas chromatography mass spectrometry and it showed 
better sensitivity [20]. Array of QCM sensors have been successfully utilized in monitoring apple [21-
22], orange [23] and also banana [24] by sensing their flavour. Furthermore, QCM sensors have also 
been used to discriminate Indian Black Tea varieties by sensing the important volatile organic 
components (VOC) in the tea which is responsible for aroma of tea [25]. Similar work has been done to 
detect the Geraniol in Black Tea [26]. 
QCM as Immuno-sensor 
The use of QCM as Immunosensors requires a binding layer on the crystal surface which actually acts as 
an receptor of the target molecule. The target molecules may be of several types such as a bio-molecule, 
macromolecule, protein, enzyme, antigen, nucleic acid (DNA or RNA), peptide nucleic acid (PNA), tissue, 
microbial entity, polysaccharide etc. These are attached to the receptors by chemical, physical or 
biological reactions. The target molecules are complementary structures to the receptors. QCM sensors 
used for detection of antigen- antibody reactions typically contain immobilized antibody on the electrode 
surface and they are able to recognize antigens. The opposite reaction is possible as well i.e. the 
Immunosensors can contain immobilized antigen and can be used for the recognition of an antibody and 
just antibody is the analyzed molecule. In the field of immuno-sensing, the technique of immobilization of 
antigen or antibody for appropriate binding with specific target molecules is a very important issue as it 
improves the selectivity and the sensitivity of the sensor itself. Many researchers have done their 
research in this area and have suggested specific method and material to enhance the immobilization of 
antigen or antibody on the sensor surface. 
Thanh et al designed and fabricated a QCM system based on immobilization of the antibodies onto a 
MHDA-SAM onto gold surface with NHS ester as reactive intermediate for the rapid detection E. Coli 
O157:H7 bacteria. In this paper the authors optimized the immobilization process to improve the 
performance of biosensor and it was established that SAM method for making a piezoelectric immuno-
sensor is better than protein A method [27]. A new, reusable, simple, and sensitive piezoelectric 
immunosensors has been developed by Wang et. al, which incorporates a modified SAM as a functional 
basement membrane for the efficient covalent immobilization of SjAg in a serum. It was established that 
the system described in this study is a potential alternative to current diagnostic methods for SjAg -
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mediated diseases in the clinical laboratory or for analysis in the outside of the laboratory [28]. 
Development of a QCM immuno-sensor with PLL–dsDNA nano-film for the detection of antibodies to 
dsDNA in blood serum in flow-injection mode has been done by Fakhrullin et. al. The results confirm the 
high sensitivity and stability of the immune sensor’s response. It was also reported that such a sensor can 
be used as a disposable  element of a sensing system [29]. In [30], Label-free QCM immuno-sensor was 
used in active (lever oscillator and frequency counter) and passive (impedance analyzer) modes for rapid 
detection of three strains of E. coli. Different approaches for antibody immobilization were compared 
among which the immobilization of reduced antibody using Sulfo-SMCC was most effective. It was also 
established that the sensor properties are not limited by the frequency evaluation method but mainly by 
affinity of the antibody. Yang et al proposed a method for the initial screening of cervical lesion using 
piezoelectric immunosensors [31]. 
Wang et al. and Liu et al. utilize QCM with a low fundamental frequency of 8MHz to identify E.coli using 
different recognition material which are antibodies [32] and enzyme [33]. QCM sensor using antibody as 
bioreceptor has high sensitivity compared to enzyme. Castro et al. investigated biofilm growth of 
Staphylococcus epidermidis using uncoated thickness-shear mode resonators. Large frequency shift has 
been observed for non-biofilm sample compared to medium and high biofilm [34]. Using antibody 
modified quartz crystal microbalance sensor and nanoparticles amplification system cancer biomarkers 
analysis was developed by Uludag et al. The developed QCM assay shows a promising technology for 
cancer biomarker analysis in patient samples [35]. 
 
QCM-D sensors 
The applications where the adsorbed film is not rigid in those cases Sauerbrey relation becomes invalid. 
A film that is viscoelastic will not fully couple to the oscillation of the crystal, as a result the Sauerbrey 
relation underestimates the mass at the surface. A soft film dampens the sensor’s oscillation. So, the 
measurement of energy dissipation (D) of the sensor’s oscillation provides accurate result 
D is defined as: 

D = Elost / 2πEstored Where, 
Elost is the energy dissipated during one oscillation cycle Estored is the stored energy during one 

oscillation cycle 

 
 

Fig2: QCM-D sensor 
 

QCM-D is a suitable for viscosity analysis of solutions, such as high concentration protein, where low 
sample volume and non-destructive analysis is preferable. QCM-D can be used for viscosity 
measurements of fluids of varying character. It can also be used to study other parameters like frequency 
dependence and surface adsorption processes associated with the properties of the sample. [36]. 
Martinez et al investigated the use of QCM-D for the measurement of nanoparticle- platelet interactions. 
The interactions were also studied and it was found that QCM-D was able to measure nanoparticle- 
induced platelet microaggregation for all nanoparticles tested at concentrations that were undetectable 
by light aggregometry and flow cytometry [37]. In the past 15 years, QCM-D has been increasingly used 
as a tool to characterize the biological interactions of engineered surfaces. QCM-D crystals have been 
mainly applied to monitor the binding efficacy of probing surface of biosensors as well as to verify the 
bio-fictionalization of nanoengineered surface [38-40]. 
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QCM-D sensors was applied in the study of cell-surface interactions as the piezoelectric mass sensing 
combined with the monitoring of dissipation changes was related to different colonization stages of cells 
on surfaces [41,42,43]. 
 
NANO-LAYERED QCM SENSORS 
There is a high demand of QCM sensor to quantify the reaction of nanoparticles in nanoscale. Figure 3 
depicts the fabrication process of QCM sensor with Graphene nano layer. Zhihua et.al. [44] studied QCM 
sensor with graphene and used for the detection of VOC. frequency shift was measured which is the 
function of adsorption of vapor at the surface of grapheme layer. It was found that frequency shifts were 
linear to the concentrations of analytes in the range of 10 and 100ppm with the correlation coefficients of 
above 0.996. To study the particle behaviour while depositing on the surface, the rate of mass change i.e. 
slope of the sensor frequency and the rate of rigidity change i.e. the slope of the energy dissipation) 
versus time plots are useful. QCM-D sensors can be used to study the interaction between nanoparticle 
and cell membrane. Kakenov et.al.[45] determined the mass density of graphene which was found larger 
by monitoring the resonant frequency due to the presence of wrinkles and residues on it. They used 
transfer printing technique to integrate large area single-layer graphene on QCM. Quanitification of 
nanoparticle is really a promosing task. Characterization of dissipation has been taken care of in QCM D 
sensor. The dissipation can offer sole information about the mechanical properties of the contact 
zone between nanoparticles and the surface on which they are found of. Meléndrez, et.al. [46] report on 
the adsorption dynamics of phospholipid membranes on graphene-coated substrates using the quartz 
crystal microbalance with dissipation monitoring (QCM-D) technique. We compare the lipid vesicle 
interaction and membrane formation on gold and silicon dioxide QCM crystal surfaces with their 
graphene oxide (GO) and reduced (r)GO coated counterparts, and report on the different lipid structures 
obtained. 
 

 
                         Fig 3: Transfer of Graphene on QCM sensor 

     
CONCLUSIONS 
The reviewed literature highlighted the role of QCM as well as QCM-D technology as a new and non-
conventional facility to be used as mass sensor in real time using a label-free methodology. When 
compared to the conventional methods having the same feature, piezoelectric biosensors can be 
manufactured with quite low costs and with high sensitivity. This type of technology has a versatile filed 
of applications due to its diversified advantages. Among several promising applications some are 
reviewed in the present study. On the other side, this methodology suffers from some drawbacks such as 
stability and repeatability. The method of immobilization of the sensitive or active layer on the surface 
of the crystal for selective binding with the target molecules is need to be further studied. 
Therefore, a huge scope exists in further technological improvements of the piezoelectric mass sensor 
both in constructional and behavioral aspects. 
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