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A B S T R A C T  
 

 

Although quartz crystal resonators (QCR) have been used for airborne detection of particles and viruses, 
they suffer from various limitations, such as low sensitivity compared to other devices. Therefore, it is 

necessary to develop a new device capable of achieving high sensitivity, which can be used for practical 

airborne detections. The current study reports a comprehensive parametric theoretical model for 
analyzing the response of ultra-sensitive pillar-enhanced QCR (QCR-P) for airborne detection of 

nanoparticles. The electromechanical model comprised an equivalent circuit integrated with pillars 

containing nanoparticles. It was shown that pillar height and particle radius play a critical role in the 
response of QCR-P devices. The study revealed that selecting the optimal pillar height can lead to a 

significant frequency shift depending on the nanoparticle radius and pillar height, while it is independent 

of particle mass density. These results underscore the potential of utilizing pillars to substantially 

enhance the sensitivity of conventional QCR up to 140 times in the airborne detection of nanoparticles. 

These findings can be utilized to design optimum pillar heights to achieve maximum sensitivity in the 

airborne detection of nanoparticles and proteins, thereby enabling the adoption of ultra-sensitive pillar-
enhanced quartz crystal resonators for practical airborne applications. 

doi: 10.5829/ije.2023.36.06c.12 
 

 
1. INTRODUCTION1 
 
Detection of proteins and nanoparticles has gained 

increasing attention in various applications, such as 

immunosensors and breath analyzers [1, 2]. For 

indication, Farsaeivahid et al. [3]  developed an 

electrochemical device to detect the COVID-19 virus. In 

another study, they utilized X-Fe2O4-buckypaper 

nanocomposites for nonenzymatic electrochemical 

glucose biosensing [4, 5]. Compared to other devices, 

AT-cut quartz crystal resonator (QCR) devices have 

shown great potential as airborne detecting sensors [6]. 

The adhered mass on the QCR substrate can be calculated 

by using the observed frequency of the QCR in the 

Sauerbrey theory [7]. Generally, a thin film of polymer 

or fiber [8] is fabricated on the substrate, enabling the 

device to detection of particles, organic compounds, 

bacteria, colloidal particles, and cells [9, 10]. Pato et al. 

[11] analyzed the physicochemical properties of cellulose 
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in order to evaluate the efficacy of the hydrogel. Budianto 

et al. [12] developed a QCR coated with graphene oxide 

for measuring fungal spore mass. The developed system 

exhibited strong performance with sensitivities ranging 

from 27×10-2 to 29×10-2 Hz/ng. In another study, Lee et 

al. [13] aimed at airborne detection of vaccinia viruses 

using highly sensitive QCR. They concluded that the 

QCR has great potential for the quantitative detection of 

airborne viruses. QCR devices coated with monoclonal 

antibodies have also been utilized as immunosensor for 

airborne cat allergens [14]. It was shown that the QCR is 

capable of achieving a low limit of detection due to high 

sensitivity and selectivity. Although QCR-based devices 

have been used for airborne detection of particles and 

viruses, they suffer from various limitations, such as low 

sensitivity compared to other immunosensors. Therefore, 

it is necessary to develop a new device capable of 

achieving high sensitivity, which can be used for real-

time airborne detections. 
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Microbeams have recently been printed on QCR 

surfaces to characterize their geometric/physical features 

and develop a coupled sensor [15, 16]. As the pillar 

height approaches critical values, the frequency jump is 

generated by resonance between the pillars and QCR 

[17]. By selecting proper pillar characteristics, such as 

height, one can increase mass sensitivity by lowering the 

frequency shift produced by even a nanoscale change in 

the size of the pillars at this moment [18]. For single 

monolayer films, the mass sensitivity and reaction time 

of coupled sensors were also studied [19]. The effect of 

the contact area of the SU-8 pillar on the QCR was 

studied by Kashan et al. [20].  

Numerical and analytical models have been widely 

used to analyze the fundamental behavior of mechanical 

systems [21-23]. For example, Abdollahi et al. [24] 

developed a finite element model (FEM) to analyze the 

impact of hybrid nanofluid on the flow field and heat 

transfer in parallel surfaces. In the case of coupled QCR-

pillar devices, numerical models have been widely 

applied. Kashan et al. [25] developed a finite element 

model (FEM) to analyze the resonance frequency of 

coupled QCR-pillars (QCR-P). Wang et al. [26] utilized 

coupled QCR with polymer pillars to numerically 

analyze the liquid penetration from the Cassie state to the 

Wenzel state. Esfahani and Sun [27] developed a droplet-

based QCR-P device to study the viscosity of sample 

solutions. Liquid loading on the QCR was calculated 

using COMSOL simulation, and Kerr-lens mode-locked 

(KLM) equivalent circuit was used to calculate the 

resonance frequency of QCR. They observed that the 

QCR-micropillar can produce up to 20 times sensitivity 

enhancement compared to conventional QCR devices 

[27]. While these studies are largely concerned with 

surface wetting and viscosity measurements, they do not 

address the impact of solid particle detection, such as 

colloidal particles and bacteria on the response of 

coupled QCR-P devices. 

Despite extensive research into the influence of 

pillars on the resonance frequency of QCR, there is a 

significant research gap pertaining to the application of 

QCR-P devices for the airborne detection of particles. 

The use of QCR-P devices has the potential to enhance 

the sensitivity of conventional QCR devices in detecting 

airborne particles in real time, thereby enabling their 

widespread adoption in real-world applications. In view 

of this, it becomes imperative to undertake an in-depth 

study of the response of QCR-P devices containing 

nanoparticles. The current investigation presents a 

groundbreaking electromechanical model that facilitates 

the analysis of the response of QCR-P devices with 

adhered nanoparticles on the tip of the pillars. 

Specifically, this study explores the correlation between 

the response of the QCR-P device and the characteristics 

of adherent nanoparticles, thereby providing invaluable 

insights into the design of optimum pillars to achieve 

maximum sensitivity in detecting nanoparticles. The 

findings of this study have significant implications for 

future research on the development and optimization of 

QCR-P devices for diverse airborne applications.  

In section 2, we discussed the methodology for the 

analytical model. In section 3, we presented the result in 

detail and discussed the key points of QCR-P for airborne 

detection of nanoparticles. A comparison of our model 

with existing experimental measurements is also shown 

in section 3. Finally, in section 4, the results are analyzed, 

and the conclusions are made for this study. 

 

 

2. THEORETICAL ANALYSIS 
 

2. 1. Load Impedance Calculation            It is assumed 

that the main displacement of pillars is in the y-direction, 

and the displacement in other directions is negligible. 

Also, pillars have the same characteristics and vibrational 

states for simplicity of the calculations. The equation of 

pillar motion for an element with a thickness of dz is 

shown in Figure 1(a) [28]: 

𝐹 +
𝜕𝐹

𝜕𝑧
𝑑𝑧 − 𝐹 = (𝜌𝐴𝑑𝑧)

𝜕2𝑢

𝜕𝑡2
  (1) 

where u is the displacement, A is the cross-sectional area, 

ρ is the density, and t is the time. The shear force (F) can 

be calculated as: 

𝐹 = κ𝐴𝐺
𝜕𝑢

𝜕𝑧
  (2) 

where G is the complex shear modulus, and κ is the shear 

coefficient of pillars. Using Equation (2) in Equation (1), 

the equation of pillar motion can be represented as 

follows: 

𝜕2𝑢

𝜕𝑧2
+ 𝜆2𝑢 = 0  (3) 

where: 

𝜆2 =
𝜔2𝜌

𝜅𝐺
  (4) 

It is assumed that the nanoparticles are rigidly attached to 

the tip of pillars. A shear force is applied to the top 

surface of pillars due to the vibration of nanoparticles 

which is represented in Figure 1(b): 

𝐹(𝐻) = −𝑚𝑝𝜔2𝑢(𝐻)  (5) 

where H is the height of the pillar, mp is the mass of an 

attached particle, and ω is the angular frequency. The 

displacement at the bottom of the pillars can be 

represented as: 

𝑢(0) = 𝑢0  (6) 

where u0 is the displacement of the top surface of QCR. 

Using boundary conditions (Equations (5) and (6)) in 

Equation (3), the displacement of pillars with rigidly 

attached nanoparticles can be calculated as: 
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Figure 1. (a) shear vibration of a pillar in air medium (b) 

shear force acting on the pillar-particle interface 

 
 

𝑢 = 𝐶1 cos 𝜆𝑧 + 𝐶2 sin 𝜆𝑧  (7) 

where: 

𝐶1 = 𝑢0 (8) 

𝐶2 =  
𝜅𝐴𝐺𝜆 sin 𝜆𝐻−𝑚𝑝𝜔2 cos 𝜆𝐻

𝜅𝐴𝐺𝜆 cos 𝜆𝐻+𝑚𝑝𝜔2 sin 𝜆𝐻
𝑢0  (9) 

Based on Equation (7), the load impedance (ZL) applied 

to a top surface of QCR can be evaluated as [28]:  

𝑍𝐿 = −
𝜅𝐴𝐺𝜆𝐶2

𝑖𝜔𝑢0
  (10) 

 
2. 2. QCR-pillar Coupling            In the current study, it 

is assumed that the obtained shift is significantly lower 

compared to the quartz resonance frequency. Thus, a 

small load approximation technique is used to couple the 

QCR resonator with pillars [29, 30]. The response of 

QCR with load impedance on the surface can be 

calculated as: 

𝛥𝑓+𝑖𝛥𝛤

𝑓0
=

𝑖𝑍𝐿

𝜋𝑍𝑞
  (11) 

where Δf is the frequency shift, ΔΓis the bandwidth shift, 

f0 is the quartz resonance frequency, and Zq is the quartz 

characteristic impedance. According to Equation (11), 

the frequency shift and bandwidth shift of coupled QCR-

pillar can be evaluated as: 

𝛥𝑓

𝑓0
= 𝑅𝑒 (

𝑖𝑍𝐿

𝜋𝑍𝑞
)  (12) 

𝛥𝛤

𝑓0
= 𝐼𝑚 (

𝑖𝑍𝐿

𝜋𝑍𝑞
)  (13) 

For theoretical example, we considered 10 MHz AT-cut 

quartz resonators with f0 = 10 MHz and Zq = 8.8 × 106 

kgm-2s-1. The materials of pillars are SU-8 with a shear 

modulus of G = 1.66 × 109 + 1i (6 × 107), a density of ρ 

= 1200 kgm-3, a cross-sectional radius of R = 0.25 μm, 

and a shear coefficient of κ = 0.9. Figure 2 summarizes 

the flow chart of the developed methodology for 

predicting the response of QCR carrying an array of 

pillars with nanoparticles. 

 

 
Figure 2. Flow chart of the developed model 

 
 
3. RESULTS AND DISCUSSION 
 
3. 1. Special Case: No Particles           In order to 

validate the model, we consider a special case where no 

particles are attached to the pillars. In this case, it is 

assumed that the attached particles have a mass of mp = 

0. The model prediction was compared with the previous 

experimental measurement using PMMA pillars in the air 

[27]. It should be noted that the size and detail of the 

pillars can be found in literature [27].The results are 

shown in Figure 3. The prediction of the model is in good 

agreement with experimental measurements. As the 

height increased, the frequency of the QCR-P decreased. 

When the pillar height approached a specific height, 

known as "resonance height", a sudden drop-jump was 

observed in the response of the device. This is related to 

the elastic loading of the pillar on the QCR substrate. 

When the height is much smaller than the resonance 

height, the pillar acts as inertial loading on the QCR 

substrate, consistent with the Saurebrey theory. 

However, the pillar coupled with QCR acts as an elastic 

loading on the QCR substrate at the resonance height, 

resulting in a phase-veering behavior in the pillar 

vibration. When the pillar is smaller than the resonance 

height, the pillar's displacements are in the same phase as 

the QCR. A phase shift occurs when the pillar is larger  

 

 

 
Figure 3. Model prediction of the frequency shift of QCR-P 

at various pillar heights vs. experimental measurements [27] 
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than the resonance height, leading to the out-phase 

vibration of pillars and QCR. This phase-veering 

phenomenon results in a sudden drop-and-jump in the 

device's response. It is believed that the discrepancies 

between the experimental measurements and the model 

are due to the thickness of the residual layer in 

experimental measurements. 

The sensitivity of the QCR-P with respect to pillar 

height is shown in Figure 4. It should be noted that the 

sensitivity of QCR-P is normalized with respect to the 

sensitivity of conventional QCR. As can be seen, the 

sensitivity of the QCR-P is close to conventional QCR 

when the pillar height is small. As the pillar height 

increases, the sensitivity of the QCR-P increases. The 

maximum sensitivity is achieved at the resonance height, 

which is consistent with previous experimental 

measurements. It is also noticed that a small shift in the 

height of the QCR-P can result in a significant shift in the 

sensitivity of the device when the pillar height is at 

resonance height. Therefore, it is necessary to consider 

the accuracy of the fabrication procedure of pillars on the 

QCR when the height is close to the resonance point. 

Figure 5 shows the displacement of pillars in points 

A and B. As can be seen, a phase shift is observed in the 

displacements. Pillars vibrate in phase with the QCR 

when the height is lower than the resonance height, 

resulting in inertial loading on the device. However, an 

out-phase vibration of pillars is obtained when the height 

is higher than the resonance height, indicating elastic 

loading on the device. 

 
3. 2. Impact of Adhered Particles on Microbeams       
To rigorously study the response of coupled QCR-pillar, 

it is necessary to model the impact of nanoparticles on 

the QCR-P. Figure 6(a) represents the effect of particle 

radius with a density of 1200 kg/m3 on the resonance 

frequency shift of QCR-P devices. The behavior of QCR-

P can be divided into two categories: below resonance 

height (A), and above resonance height (B). When the 

 

 

 
Figure 4. Model prediction of the sensitivity of QCR-P with 

respect to pillar height vs. experimental measurements [27] 

 
Figure 5. Displacement of pillars at points A and B 

 
 
height is lower than resonance height (A), as the radius 

increases, a positive frequency shift is obtained, which is 

inconsistent with the Sauerbrey theory. This is related to 

the couple resonance phenomena between pillars and 

QCR. With an increase in the radius, the hydrodynamic 

loading on the tip of the pillar increases, resulting in 

decreasing the equivalent height of the QCR-P device. 

However, a different trend is observed when the pillar 

height is higher than the resonance height (B). In these 

cases, as the radius increases, the frequency shift 

increases. A sudden jump and drop behavior is observed 

at the critical particle radius due to decreasing the 

equivalent pillar height. Figure 6(b) indicates the effect 

of particle radius with a density of 1200 kg/m3 on the 

bandwidth shift of QCR-P devices. The QCR-P behavior 

is consistent with the resonance frequency shift and the 

equivalent height analysis. When the height of the pillar 

is above resonance height (B), as the radius increases, the 

bandwidth increases. It reaches its maximum at the 

critical radius and decreases afterward. However, when 

the pillar height is lower than the resonance height, a 

constant decrease in the bandwidth is observed. 

Figure 7 represents the sensitivity enhancement of 

QCR-P devices for airborne detection of nanoparticles 

compared to conventional QCR-based devices. It should 

be noted that the sensitivity of QCR-P was normalized to 

that of a conventional QCR device. As can be seen, as the 
 
 

 
Figure 6. Frequency shift (a) and bandwidth shift (b) of 

QCR-P with nanoparticles with respect to particle radius 
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Figure 7. Sensitivity enhancement of QCR-P with respect to 

particle radius at different pillar heights 

 

 

 

particle radius increases, the sensitivity of QCR-P 

devices increases. For pillar height lower than resonance 

height, the sensitivity enhancement of QCR-P devices 

tends to become stable at higher radiuses of 

nanoparticles. However, the QCR-P devices with pillar 

height higher than resonance height follow a different 

trend. In these cases, the sensitivity enhancement 

increases as the particle radius increases. Then, it starts 

to decrease and suddenly increases until reaching 

maximum enhancement. With a further increase in 

particle radius, the sensitivity enhancement decreases. 

These results highlight that the pillar height higher than 

the resonance height has superior performance compared 

to pillar heights lower than the resonance height. 

Furthermore, QCR-P devices have the potential to 

achieve 140-times sensitivity enhancement for airborne 

detection of nanoparticles compared to conventional 

QCR, which makes them a suitable candidate for the 

practical application of QCR-P devices. 

Figure 8 represents the effect of particle density with 

a radius of 100 nm on the resonance frequency and 

bandwidth shifts of QCR-P devices. Except for no jump 

existing because of no resonance, similar trends, and 

characteristics can be found in these two figures. As the 

density increases, the mass on the device increases, 

resulting in a negative frequency shift and positive 

bandwidth shift of QCR-P devices. 

At last, the effect of particle density on the sensitivity 

of QCR-P devices is plotted in Figure 9. As can be seen, 

with increasing particle density, the sensitivity of QCR-

P devices remains unchanged, indicating that the density 

of the particle has a negligible impact on the sensitivity. 

In addition, the results indicated that the micropillars near 

the resonance height show higher sensitivity than others. 

For indication, the pillars with a height of 25 μm have a 

sensitivity enhancement of 7.4, while it increases 

substantially to 35.6 as the pillar height approaches 27 

μm. 

 
Figure 8. Frequency shift (a) and bandwidth shift (b) of 

QCR-P with nanoparticle with respect to particle radius 

 

 

 
Figure 9. Sensitivity enhancement of QCR-P with respect to 

particle density at various pillar heights 

 
 
4. CONCLUSION 
 

In this study, the application of ultra-sensitive pillar-

enhanced quartz crystal resonator (QCR-P) devices for 

the airborne detection of nanoparticles was theoretically 

investigated. An analytical model was developed by 

calculating the induced load impedance on the QCR 

substrate due to the array of pillars carrying nanoparticles 

on the tip. Then, a small load approximation technique 

was applied to predict the frequency and bandwidth shifts 

of the QCR. The developed model was validated by 

comparing the prediction results with previous 

experimental measurements for QCR-P in air. The study 

revealed that the sensitivity enhancement of QCR-P 

devices significantly depends on the particle radius and 

the pillar height, while it is independent of the particle 

mass density. It was obtained that selecting the optimal 

pillar height can substantially enhance the sensitivity of 

conventional QCR up to 140 times for the airborne 

detection of nanoparticles. Furthermore, we observed 

that as the pillar height approaches the resonance height, 

the sensitivity of QCR-P increases, indicating that 

fabricating pillars close to resonance height can lead to 

ultra-sensitivity of the device. The obtained results can 

help the researchers in designing optimum pillar height 
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in order to achieve maximum sensitivity for airborne 

detection of the nanoparticles, paving the way for 

adopting pillar-enhanced quartz crystal resonators for 

real-world applications such as breath analyzers. For 

future work, an experimental setup for measuring the 

response of QCR-P for airborne detection of 

nanoparticles or proteins will be initiated, with the goal 

of achieving ultra-high sensitive QCR by fabricating 

pillars at optimum pillar height. 
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Persian Abstract 

 چکیده 

  سه یکم در مقا  تیمانند حساس  ی مختلف  یها   تیها در هوا استفاده شده است، اما از محدود  روس یذرات و و  صیتشخ ی( براQCRکوارتز )   ستالیکر  ی کننده ها  دیاگرچه تشد

هوابرد استفاده کرد.   یعمل  صیتشخ  یاز آن برا  ناست که بتوا  یبالا ضرور  تیبه حساس  یابیدست  تیبا قابل  یدیتوسعه دستگاه جد  ن،یبرند. بنابرا  ی دستگاه ها رنج م  ریبا سا

نانوذرات در هوا گزارش   صیتشخ  ی( براQCR-Pبا ستون فوق حساس )  شدهتی تقو  QCRپاسخ    لیو تحل  هیتجز  یجامع را برا  کیپارامتر  یمدل نظر  کیمطالعه حاضر  

 یهادر پاسخ دستگاه  یاست. نشان داده شد که ارتفاع ستون و شعاع ذرات نقش مهم ذرات نانو یحاو یبا ستون ها کپارچهیمدار معادل  ک یشامل  یک ی. مدل الکترومکانکندیم

QCR-P که مستقل   ی فرکانس قابل توجه بسته به شعاع نانوذرات و ارتفاع ستون شود، در حال ر ییبه تغ تواند منجر  ی ستون م نهیمطالعه نشان داد که انتخاب ارتفاع به ن یدارند. ا

 یم دینانوذرات در هوا تأک صیبرابر در تشخ 140تا  یمعمول QCR تیقابل ملاحظه حساس ش یافزا یاستفاده از ستون ها برا لیبر پتانس جینتا نی. استجرم ذرات ا یاز چگال

 جه یهوا مورد استفاده قرار داد، در نت   در  هان ینانوذرات و پروتئ  صیدر تشخ  تیبه حداکثر حساس  ی ابیدست  یبرا  نهیبه  یهاارتفاع ستون   یطراح  یبرا  توانی را م  هاافته ی  نیکند. ا

 . دسازی در هوا را ممکن م  یعمل یکاربردها یفوق حساس برا یهاکوارتز با ستون ستالیکر یهاکننده دیاستفاده از تشد
 

 
 


