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Abstract 

 

This thesis investigates the thermo-mechanical behavior of picograms of fluids using a suspended 

microchannel resonator called microfluidic cantilever operating in dynamic mode by exploring the 

interfacial effects of liquids on the resonance frequency. Microfluidic cantilever is a promising 

candidate in micro electromechanical systems (MEMS) which can provide high degree of accuracy 

in mass sensing, stress sensing, thermo-mechanical sensing of rare fluid samples. While 

characterizing fluid samples, the existing analytical model based on Euler-Bernoulli beam 

equation to calculate the frequency of the microfluidic cantilever does not consider the effects of 

surface tension and interfacial tension provided by the liquid inside the microfluidic cantilever. 

Hence, there exists a discrepancy between the experimental values and conventional model values. 

For a microfluidic cantilever with curvature, the surface stress and interfacial stress provided by 

the liquid inside the channel can effectively change the stiffness of the cantilever and can alter the 

frequency of the cantilever. An analytical model based on modified Euler Bernoulli beam equation 

that incorporates Young-Laplace equation to consider the effects of surface stress and the 

interfacial tension of fluids was proposed in this thesis. This modified model was validated by 

comparing the experimental values of frequencies obtained for the microfluidic cantilever filled 

with different alkanes with the analytical values obtained from the conventional model and the 

proposed modified model. 

                                                                              

The proposed analytical model was used to measure the thermal properties of liquids quantitatively 

using a microfluidic cantilever irradiated with a diode laser. The thermal stress generated by the 
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volumetric expansion of the liquids upon photothermal heating influenced the stiffness of the 

cantilever and altered the resonance frequency of the microfluidic cantilever. This effect of thermal 

stress on the resonance frequency for different liquids was studied using the modified Euler 

Bernoulli beam equation. In addition to that, thermal time constant of the system was observed 

and the relation with the density and the heat capacity of the liquids was established.  To overcome 

the shortcomings in using a bi-material cantilever, for the thermal characterization of liquids, such 

as fabrication of complicated structures and the drift in the static mode, we used a silicon nitride 

microfluidic cantilever filled with liquids operating in dynamic mode and analyzed the shift in the 

resonance frequency upon laser heating to measure the thermal properties of liquids. 

 

As an application of the measurement of thermal properties of liquids using microfluidic 

cantilever, an investigation was carried out to understand the mechanical property evolution of a 

thermo-sensitive polymer Poly N-isopropylacrylamide (PNIPAM) as a function of temperature. 

A microfluidic cantilever was used with an external heater attached to it and was operated in 

dynamic mode to overcome the challenges of drift and mechanical losses. Here, the thermo-

mechanical property changes of PNIPAM at lower critical solution temperature (LCST) were 

studied by analyzing the dynamic mechanical outputs of the cantilever such as shift in frequency 

and quality factor.  As the temperature was varied, there was conformational change for the 

PNIPAM aqueous solution filled inside the cantilever at LCST along with the mechanical property 

changes. The modulus changes of the PNIPAM at LCST altered the stiffness of the cantilever and 

resulted in the shift of the frequency. 
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Furthermore, a solution with optimum concentration of Kaolinite and PNIPAM was taken through 

the same thermal cycle inside the microfluidic cantilever and the coil to globule transition of 

PNIPAM adsorbed on Kaolinite at LCST resulted in the sedimentation of Kaolinite on the walls 

of the cantilever. This in turn, increased the stiffness of the cantilever changing the resonance 

frequency of the cantilever. The flocculation performance of the PNIPAM and Kaolinite in the 

microfluidic channel was compared with the macro scale flocculation experiments.  

 

This study which uses the mechanical response of the cantilever to characterize the thermo- 

mechanical properties of fluids by incorporating the interfacial effects can be used to improve the 

precision of sensing of the portable, high thorough put devices for the in situ real-time detections 

of various biomolecular and chemical interactions in rare samples. 
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Chapter 1 

 

Introduction 

 

1.1 Introduction 

 

A microcantilever is a one-end fixed beam vibrating at its resonance frequency. Microcantilever 

sensors are the most versatile candidates in MEMS which is a rapidly growing field because of its 

potential applications in major fields of the global economy, such as healthcare [1], energy [2], and 

agriculture [3], national security [4], forensics [5], environment monitoring [6] as miniaturized 

analytical tools and human health care applications. In all these applications, detection, speciation, 

and quantification of extremely small concentrations of analytes is vital. The demand for small, 

fast, and reliable products in society accelerates the growth of nanotechnology tremendously.  

 

Micro cantilevers were first introduced as displacement detection probes in atomic force 

microscopy (AFM) for obtaining surface topographies [7]. At a later stage, they were considered 

as suitable sensors for detecting the changes in temperature and relative humidity [8]. These 

microcantilevers are displacement sensors which reacts to surface energy changes that happens 

because of chemical or biomolecular interactions. When the adsorption of the molecules is 

restricted on one side of the cantilever surface, it results in a surface stress that can be identified 

as a deflection. In addition to bending, the dynamic mechanical resonance frequency of the 

cantilever can be subjected to variations due to molecular adsorption-induced mass loading. These 

two outputs, cantilever bending and resonance frequency variation, can be monitored 

simultaneously using a variety of detection techniques [9]. 

 

Suspended beams have been used for atto-gram level mass sensing in vacuum where the 

mechanism of sensing was change in frequency of resonator with adhesion of a mass on the surface 

of the resonating device [10]. These resonators however damped heavily when immersed into a 

liquid environment because of viscous force. Scott Manalis group in MIT introduced an idea in 

2003 when they developed a cantilever with a microchannel embedded into it [11]. They were able 

to characterize different liquids without reducing the quality factor of the resonator as the liquid 
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was inside the channel and resonator itself could vibrate in vacuum. Using this sensor, they 

detected a molecule in a sub nanoliter fluid volume using shifts in resonance frequency of a 

suspended microfluidic channel upon accumulation of molecules on the inside walls of the device. 

This work motivated researchers to investigate more into this technology specifically for 

thermomechanical characterisation of fluids. 

 

The frequency of the cantilever is obtained analytically using the fundamental Euler Bernoulli 

beam equation. The conventional model considers the geometric factors, bending stiffness and the 

mass density of the cantilever to calculate the frequency. However, the effect from the 

environmental factors such as surface stress and interfacial stress provided by liquids was not 

accommodated in the beam equation of microfluidic cantilever which carries liquid in it. Hence 

there were discrepancies between the experimental values and theoretical values of the frequency 

of microchannel cantilevers. This discrepancy was addressed in this thesis by considering the 

effects of surface stress and interfacial tension of the fluid on the resonance frequency by 

modifying the existing Euler Bernoulli beam equation. Inspired from the study of surface stress 

effect on bending resonance on nanowires by He et al., the Young-Laplace equation was 

introduced in the Euler Bernoulli beam equation for microfluidic cantilevers with curvature in this 

work [12]. The modified model was validated by comparing the calculated frequencies to the 

experimental values obtained for different alkane filled cantilevers. 

 

Using the proposed analytical model, a quantitative measurement of thermal properties of liquids 

using microfluidic cantilevers by photothermal modulation was conducted. As the temperature 

rises, the liquid inside the cantilever expands and creates a thermal stress on the walls of the 

cantilever. An analytical study was done by calculating the thermal stress which acts as surface 

stress on the cantilever and by obtaining the resultant frequency shift of the resonator. The 

analytical results were then compared to the experimental results and validated the effects of 

thermal stress on the resonance frequency of the cantilever. 

 

The measurement of thermomechanical changes of the temperature responsive polymer PNIPAM 

was an application of the above-mentioned work. When PNIPAM phase changes at LCST, the 

modulus of the PNIPAM solution changes as well [13]. This affected the overall stiffness change 



3 
 

of the microfluidic cantilever and resulted in noticeable shift in frequency and quality factor. 

Furthermore, an in-situ flocculation was carried out inside the microfluidic cantilever using an 

optimum solution of Kaolinite and PNIPAM and the mechanical property changes of the solution 

during flocculation was reflected as frequency shift and quality factor variation. 

 

1.2 Literature and background 

 

Microcantilevers rely on their flexibility or elasticity to create some type of measurable change 

when exposed to external stimuli. The cantilever's reaction to an external stimulus can be referred 

to as mechanical stress.  This stress results in a change in one of the cantilever's mechanical 

properties such as bending stiffness or dynamic resonance. The ability to detect the displacement 

of a cantilever beam with nanometer precision makes the cantilever ideal for measuring bending 

or frequency fluctuation. With the advantages of cantilevers such as the minuscule mass of the 

device and capability to attain high-quality factors, they are extremely sensitive to adsorbed mass 

[14], surface stress [15], resistance [16],  and temperature [17] and offer potential platforms for 

label-free detection of trace quantities of mass for quantitative measurements [15].  

 

Despite having many advantages, these sensors suffer from poor sensitivity and selectivity while 

immersed in liquid due to viscous forces thus limiting the real-time applications. Real-time 

applications demand more stringent conditions such as extremely high sensitivity in the case of 

volatile explosive detection, detection of a specific analyte in a mixture, in the presence of a liquid 

environment, repeatability, high dynamic range, and high measurement throughput, regeneration 

of surface and stability. MEMS devices with embedded microfluidic channels have gained 

enormous attention from researchers because of their capability to characterize liquids with 

extremely small amount in pico- litre volumes. Analyzing small volumes made this technology 

potentially very useful to understand the biological systems. The platform of suspended 

microchannel resonators (SMR) enabled the liquid characterization with high quality factor and 

low damping. These resonators were used to measure the temperature dependent density and 

volume contractions of ethanol-water binary mixtures for picolitre volume samples at different 

temperatures [18]. 
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In quantitative studies using a microcantilever/microfluidic cantilever, the effect of surface stress 

on the bending resonance of the cantilever is very well discussed. There are studies that explains 

the effect of surface stress in the shift of frequency during an adsorption of analyte on the cantilever 

[19] While certain researchers state that a change in surface elasticity is the reason for variation in 

frequency [20] The combined effect of surface elasticity and surface stress in changing the 

resonance frequency was also investigated [21] and verified with experimental evidence. The 

conventional Euler Bernoulli beam equation for calculating the frequency of the resonators can be 

modified by the inclusion of surface stress and surface elasticity terms in case of microfluidic 

cantilevers filled with liquid with the help of Young-Laplace equation for structures with curvature 

[22]. This can improve the precision in calculating the frequency of the resonators while 

characterising the fluid samples. 

 

The ability to measure the thermal properties of liquids using microfluidic cantilevers can be 

extended to characterise the phase change of picograms of polymers as a function of temperature 

[23]. Thermo-responsive polymers exhibit a significant change in their solubility with respect to 

temperature, and thus their conformation alter significantly. The most studied thermo-responsive 

polymer is PNIAPM which has applications in tissue engineering [24], drug delivery [25], 

biosensors [26], and water treatment [27]. The solutions of PNIPAM shows a fast and reversible 

phase transition phenomena due to its thermo-responsiveness. The coil to globule transition of 

PNIPAM assisted with the mechanical property change can be studied using the dynamics of 

microfluidic cantilever. Suspended microchannel resonators were used to study the phase 

transition in polymers as the change in the elastic modulus of polymers would affect the stiffness 

and shift in resonance frequency of the cantilever. By taking advantage of the capability of 

microfluidic cantilever to study thermo-mechanical property change of polymers, it is possible to 

investigate the phase change of PNIPAM by analysing the shift in dynamic properties of cantilever. 

 

PNIPAM is considered as a suitable polymeric flocculant for sedimentation of clay particles in 

mature fine tailings (MFT). The polymeric chains adsorb on one or more sites of dispersed clay 

particles by hydrogen bonding and electrostatic interactions. When the temperature of the solution 

is raised above LCST, the flocculation of clay particles with PNIPAM occurs due to the 

hydrophobic nature of PNIPAM above LCST. The mechanical property change associated with 
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the flocculation could be studied using the stiffness change of the microfluidic cantilever filled 

with the flocculation solution as a function of temperature. 

 

1.3 Technological significance of current study 

 

Whether it is a fundamental research project in MEMS or new formulation development in 

pharmaceutical industry, a system requiring low volume of liquid solutions, offering fast 

measurements and reliable results is required. Decreasing a volume of liquid to pico-litres does 

not change dynamics of molecules. Therefore, by minimizing the volume of reagents by a factor 

of 104-105 would help reducing costs of most assays. Lab-on-a-Chip technology offers promising 

solutions in new drug development. Microscale analysis systems provide advantages like low 

sample consumption and reduced analysis time. Micro resonators, such as micro strings and 

microcantilevers, have been previously employed for thermal analysis (of small masses) of liquids 

[1]. Both techniques suffer from dissipation and low-quality factor which affects the quality and 

accuracy of the results.  

 

To overcome these difficulties, a microchannel cantilever consisting of microfluidic channel 

integrated on top of the cantilever was developed by Faheem et al [28]. This project "microchannel 

resonators to characterize thermomechanical properties of fluids" combines microfluidics and 

micro mechanics by realizing that such devices can characterize liquid samples with a volume 

down to 5 pL. With the volume of the microchannel ~ 50 pL, the resonance frequency of the 

cantilever is ~ 50 kHz while its quality factor lies in the order of six to eight thousand. These values 

ensure high resolution in detecting any changes in the resonance frequency. The system works as 

a density meter [29], viscosity meter [30], infrared (IR) spectrometer [31]and calorimeter [32].  

 

It has been established that adsorption on the surface of the cantilever can affect the surface stress 

and hence results in the bending of the cantilever [33]. Theories has been introduced to discuss the 

effect of adsorption on the resonance frequency shift of the cantilever as well [34]. While we 

quantitatively establish the relation between the experimental results with the thermophysical 

properties of the sample of interest, there are discrepancies in the values. This is addressed in this 
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thesis by using an analytical model with modified Euler Bernoulli equation which incorporates the 

effect of surface and interfacial tension on the resonance frequency of the cantilever. 

 

Further, bi-material cantilevers were used to study the thermal properties of fluids, polymers and 

to investigate the photothermal spectroscopy of liquids in static mode. Static deflection often 

suffers from drag, instability of the signal. This is addressed by using a simple microfluidic 

cantilever, filled with liquid, and irradiated by a laser, operating in dynamic mode. The 

experimental results were compared and validated with the analytical model developed based on 

the modified Euler Bernoulli equation that incorporates the surface stress induced by volumetric 

expansion of liquid upon heating of the channel. 

 

The phase change of the thermos sensitive polymer PolyN-isopropylacrylamide (PNIPAM) is 

assisted with the mechanical property change as well [13]. Only few studies reported the modulus 

change of the PNIPAM aqueous solution at lower critical solution temperature (LCST) [35]. There 

understanding about the mechanical property change of this solution at LCST is still under 

investigation. To understand the thermomechanical property, change of the PNIPAM solution with 

respect to the temperature, we introduced microchannel cantilever attached with a heater working 

in dynamic mode. The frequency shift of the cantilever is used to analyse the modulus change of 

the solution at LCST. Also, the flocculation studies had been done only at macro scale experiments 

so far [36,37]. The existing methods to identify the flocculation of clay particles in presence of a 

thermo-sensitive polymer is by looking at the turbidity, sedimentation and so on. Here, we are 

using a microfluidic channel to study the flocculation of pico litres of Kaolinite and PNIPAM. 

Further, the mechanical property evolution of the solution of PNIPAM and Kaolinite is 

investigated using the same microfluidic cantilever during flocculation inside the cantilever at 

LCST. 

 

1.4 Outline of the thesis 

 

The main aim of this dissertation is the study of thermomechanical change of liquids inside the 

microchannel cantilever by analysing the frequency shift of the cantilever.  
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The summarized objectives of this thesis are: 

1. Investigation of the effect of surface tension and interfacial tension on the natural    resonance 

frequency of microfluidic cantilevers filled with alkanes. 

2. Measurement of the thermal properties of liquids by photothermal modulation of microfluidic 

cantilevers. 

3. The detection of the mechanical property change associated with the phase change of a 

temperature responsive PNIPAM polymer and the in- situ flocculation of clay particles inside the 

cantilever PNIPAM by observing the frequency shift of the microfluidic cantilever. 

 

This contents in the thesis have been written according to article published in journal or manuscript 

submitted to journal. Each chapter will be initiated by giving the significant aspects of the study 

with experimental outline, highlighted results, and procedures and important analytical or 

simulation work in subsequent order. 

  

This thesis consists of 7 chapters. The organization of the thesis is as follows: 

 

Chapter 1 (the current chapter) gives the introduction to the thesis and explains the motivation and 

objective of the thesis. 

 

Chapter 2 provides the background and literature on fundamentals of microcantilevers. The effect 

of surface stress on the dynamics of cantilever is discussed with the help of different theories. The 

issues in the existing theories describing the influence of surface stress on the resonance frequency 

and the deflection of cantilever are provided. Along with that, existing challenges of detection in 

liquids are discussed in detail. Detailed theoretical knowledge has been provided to explore 

microcantilevers as thermal sensors. A discussion on various aspects in the literature of 

photothermal modulation using MEMS is provided in this chapter. A special focus on the 

properties of clay particles, thermo-sensitive polymer PNIPAM and flocculation is given in the 

last part of chapter 2. 
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In Chapter 3, relevant characterization or fabrication techniques employed during the work will be 

described. The focus will be on major techniques involved in characterization of liquid samples 

with suspended microchannel resonators (SMR). 

 

Chapter 4 discusses the effect of surface tension and interfacial tension on the resonance frequency 

of microfluidic cantilever filled with different liquids. We used alkanes to fill the channel and the 

mechanical response of the resonator at its resonance frequency is studied using the modified 

Euler- Bernoulli equation. The influence of surface stress and interfacial tension on the walls of 

the cantilever is used to improve the theoretical modal and this is validated using the experimental 

data. 

 

Chapter 5 describes the measurement of thermal properties of liquids using the microchannel 

cantilever irradiated using a diode laser. We shined a laser on the cantilever filled with liquid and 

studied the frequency change of the cantilever for different liquids and established a relation 

between the volumetric expansion of liquid inside the channel and the resonance frequency of the 

cantilever.  

 

Chapter 6 illustrates the flocculation of Kaolinite in the presence of thermo-responsive polymer 

PNIPAM inside the microfluidic cantilever. We filled the microfluidic channel with PNIPAM and 

Kaolinite solution and investigated the thermomechanical change of the solution during LCST 

transition. The dynamic mechanical response such as frequency and quality factor are obtained by 

Laser Doppler Vibrometer (LDV). The flocculation of Kaolinite with PNIPAM is studied by 

analysing the stiffness change of the system which is reflected in the frequency shift of the 

cantilever. 

 

Finally, the overall conclusions and future works of this thesis are summarized in Chapter 7. 

  



9 
 

 

Table 1.1 Brief summary of chapter 4 to 6 

 

  Chapter 4 

Title Effect of surface and interfacial tension on the resonance frequency 

of microfluidic channel cantilever. 

Objective Insert 6 different liquids inside the micro channel cantilever and 

understand the effect of surface tension and the interfacial tension 

of each liquid and cantilever substrate on the resonance frequency.  

Major Findings Successfully filled the micro channel cantilever with different 

liquids and frequencies were obtained for each liquid filled 

cantilever. An analytical model based on modified Euler-Bernoulli 

beam was used to compute the frequency based on surface stress 

and interfacial tension of liquids. The analytical results are validated 

with the experimental values. 

 

Chapter 5 

Title Measurement of Thermal Properties of Liquid Analytes using 

Microfluidic Resonators via Photothermal Modulation. 

Objective Detect the thermal properties of the liquids inside the microchannel 

cantilever upon shining the laser. 

Major Findings The frequency shift of the microchannel cantilever with liquid is 

proportional to the volumetric expansion of the liquid. The heating 

time constant is inversely proportional to the product of density and 

heat capacity of the liquid. 

     

 

  Chapter 6 

Title Thermomechanical characterization of real-time flocculation of 

Kaolinite and PNIPAM using microfluidic cantilever. 



10 
 

Objective Detect the phase change of PNIPAM polymer inside the 

microchannel cantilever and thermomechanical property change of 

the solution of PNIPAM and Kaolinite during flocculation. 

Major Findings Demonstrated the phase change of PNIPAM and flocculation as a 

function of temperature inside the microchannel cantilever by 

analysing the frequency shift. 
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Chapter 2 

 

Theoretical Background 

 

2.1 Introduction 

 

In this chapter, we will address two distinct subjects. Section 2.2 will discuss the fundamentals of 

MEMS- based microcantilever sensors. The basic modes of operations of microcantilever sensor, 

various detection mechanisms and theoretical background of the surface effects on the dynamics 

of the cantilever will be discussed. Furthermore, the photothermal effects of the resonance 

characteristics of the microfluidic cantilever with liquids will be explained in this section. This 

section will serve as the scientific background for chapters 4, 5 and 6. 

 

Section 2.3 will serve as a background to understand the phase transition of the poly (N-

isopropylacrylamide) (PNIPAM) and water systems with and without the presence of Kaolinite 

clay. The evolution of mechanical properties of the solution with respect to change in temperature 

and its effect on the dynamics on the cantilever will be explained in this section. Section 2.3 will 

serve as a scientific background for chapter 6. 

 

2.2 MEMS-based Microcantilever Sensors: Operation Principles 

 

MEMS-based microcantilever is a powerful miniaturized platform for physical [1], chemical [2], 

biological [3–6], and thermomechanical [7–9] sensing applications due to their excellence in real-

time, high-throughput, multiplexed detection of a myriad of chemical and biological analytes. With 

the advent of atomic force microscopy (AFM), introduced in 1986 by Binning et al., a revived 

interest in microfabrication and a plethora of applications in MEMS has been generated[10]. At 

the core of an AFM is a microcantilever that works as a transducer for its numerous imaging modes 

like topography [11], electric potential [12], magnetic [13], and force imaging [14]. Later, the 

AFM cantilevers were explored as a stand-alone platform for physical and chemical sensing 
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pioneered by Thomas Thundat and co-workers at Oak Ridge National Laboratory (ORNL) in 1994 

[15]. Microcantilevers as sensors, unlike AFM cantilevers, do not require a tip at their apex or a 

sample surface. The beam surfaces serve as sensors to detect the adsorption of molecules taking 

place on these surfaces. They have been employed as physical, chemical, and biological sensors 

in the field of defense, medical field, polymers, etc.  The cantilever can respond to the external 

stimuli either by bending or by a shift in the resonance frequency [16]. The explicit factors that 

govern the dynamics of a micro cantilever are the stiffness and mass density of the entire cantilever 

system [16]. Apart from that, surface stress is also an underlying crucial parameter when it comes 

to either adsorption or thermal expansion, chemical reaction on the surface of the cantilever, etc. 

[17]. The effect of surface stress on the dynamics which includes the bending of the cantilever, 

and the frequency shift of the cantilever is a widely discussed topic yet comes with a handful of 

contradictions. 

 

 In the first part of section 2.1, we will discuss the effect of surface stress on the bending resonance 

of the cantilever, and the frequency shift of the cantilever. Along with that, we will discuss the 

modified Euler-Bernoulli beam theory developed for microfluidic cantilevers which explains the 

effect of surface stress on the resonance frequency shift of the cantilever. In the second part, we 

will consider the photothermal effects of the resonance characteristics of the microfluidic 

cantilever filled with different liquids. 

 

2.2.1 Basic modes of operation and detection 

 

Microcantilever sensors are widely used for sensing applications in air, liquid, and vacuum with 

two basic operation modes: a) static mode (adsorption-induced deflection) and b) dynamic mode 

(the resonant frequency shift of the cantilever) [16]. In static mode, the bending of the cantilever 

is the measured quantity while a mass is attached to it, or a force is acting on it [18]. Whereas in 

dynamic mode, the resonance frequency shift is monitored while the mass is adsorbed on the 

structure [19]. The difference in the resonance frequency is calculated for finding the amount of 

the adsorbed mass or any type of force acting upon it. Furthermore, there is another mode called 

heat mode which is similar to static mode but makes use of the bimetallic effect that leads to a 

bending of the biomaterial cantilever with a change in temperature [20]. Each mode is dedicated 
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to certain applications and varies from each other in terms of transduction and detection as in 

Figure 2.1. 

 

 

Figure 2.1: Schematic of basic modes of operations of cantilever (a) Static bending of a cantilever 

on adsorption of an analyte layer (b) Bending of cantilever as a result of diffusion of molecules 

into a polymer layer (c) Specific molecular recognition of biomolecules by receptors changes the 

surface stress on the upper surface of the cantilever and results in bending. (d) Frequency shift of 

cantilever due to mass loading (Dynamic mode) (e) Changing the temperature while a sample is 

attached to the apex of the cantilever allows information to be gathered on decomposition or 

oxidation process (f) Dynamic mode measurements in liquids yield details on 

mass/viscosity/adsorption changes during biochemical processes  (g) In the heat mode, a bimetallic 

is bending due to the difference in the thermal expansion coefficients of the two materials  (h) A 

bimetallic cantilever with a catalytically active surface bends due to heat production during a 

catalytic reaction  (i) A tiny sample attached to the apex of the cantilever is investigated, taking 

advantage of the bimetallic effect Reproduced with permission from [16]. 

 

Static mode:  Any type of chemical/physical/thermal reactions, occurring on the surface of the 

microcantilever, are obtained as mechanical property changes of the cantilever beam. In static 

mode, as mentioned earlier, this mechanical property change of the cantilever beam is converted 
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as the bending of the beam. This bending arises from a differential surface stress due to the 

adsorption of molecules on one side of the cantilever [7,21–25]. To serve as a physical/chemical 

sensor, while operating in the static mode, a specific thin sensing layer that can recognize the target 

molecules in adsorption processes needs to be coated only on one side of the cantilever [26].  The 

immobilized receptors on the cantilever surface determine the chemical/biological selectivity in 

the process and hence adsorption is controlled by this functionalized surface [27]. 

 

The interaction between the functionalized surface and target molecules can be physical/chemical 

or both and can vary from the very strong covalent bond to weak Vander Waals interaction. 

Adsorption of the molecules onto the functional layer generates stress at the interface between the 

functional and the forming molecular layer. During adsorption, the minimization of energy of the 

surface occurs and it leads to a decrease in surface free energy of the cantilever surface. In order 

to generate a differential surface stress between the two surfaces of a cantilever beam, the lower 

side of the cantilever is made inactive by passivation and the adsorption of molecules on a surface 

is restricted mostly to one side [28–32]. 

 

 

Figure 2.2: Schematic of (a) Stress-free cantilever and (b) bending of the cantilever due to the 

generated surface stress by interaction with analyte. 

 

When a new molecular layer is formed on the functionalized (upper) surface of the cantilever due 

to the adsorption of the target molecules the cantilever experiences a downward bending due to 

the abovementioned surface stress [16]. When the force within the functional layer tries to keep 

the distance between molecules constant, the cantilever responds with bending due to its flexibility. 

Compressive stress is formed when the adsorbed layer of molecules produces a downward bending 

of the microcantilever away from its functionalized side. Tensile stress is obtained when the 
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cantilever bends upwards (same side of the functionalized surface).  When both the upper and the 

lower surface of the microcantilever are exposed to surface stress changes, then the situation will 

be much more complex, with competing parameters such as a predominant compressive stress 

formation on the lower microcantilever surface might appear as tensile stress on the upper surface. 

For this reason, it is extremely important to properly passivate the lower surface so that, ideally, 

no processes take place on the lower surface of the microcantilever. 

 

 

Figure 2.3: a) Compressive stress b) tensile stress on the cantilever where the functionalised 

surface is on the lower surface of the cantilever. 

 

Using the Shuttleworth equation, surface stress, σ (mNm-1), and surface free energy, γ (mN/m-1), 

can be related as given   

 

σ= 𝛾 +
𝑑𝛾

𝑑𝜀
 (2.1) 

 

where the surface strain dɛ is defined as the ratio of the change in surface area to the total area, 

dɛ=dA/A. Here surface free energy is considered as surface tension of the solid with units mNm-
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1. The strain contribution is neglected considering the effective bending of the cantilever to be very 

small compared to the length of the differential surface stress created by molecular adsorption 

reaches a threshold and results in cantilever bending [28]. 

 

Apart from surface stress, the flexural behavior of the microcantilever due to molecular adsorption 

is controlled by its spring constant k which is a function of Young's modulus (E) and cantilever 

dimensions. For a rectangular cantilever of length l, width w, and thickness t the spring constant 

is calculated as follows 

 

𝑘 =
3𝐸𝐼

𝑙3
=

3𝐸𝑤𝑡3

12𝑙3
=

𝐸𝑤𝑡3

4𝑙3
 

(2.2) 

 

where EI is the effective modulus and  
𝑤𝑡3

12
 is the moment of inertia, I, of the cantilever. The typical 

value of the spring constant for silicon microcantilever of length several hundred micrometers and 

thickness below 1 µm varies from 0.001 to 0.1 N m-1. Considering uniform surface stress (𝛿𝜎) as 

the cause for cantilever bending, the shape of the deformed microcantilever can be approximated 

as a part of a circle of radius of curvature R given by Stoney's equation 

 

1

𝑅
=  

6(1 − 𝜈)

𝐸𝑡2
𝛿𝜎 

(2.3) 

 

where ν is the Poisson's ratio (νSi = 0.24) [30]. The above equation is only valid for the case of a 

thin functionalization layer (much thinner than the thickness of the microcantilever). The 

cantilever deflection, 𝛿h, can be obtained from the above Stoney’s equation that relates the 

difference in surface stress 𝛿𝜎 between the chemically modified surface and the untreated surface 

with the cantilever deflection, 

 

𝛿𝜎 =
𝐸𝛿ℎ

4(1 − 𝜈)
(

𝑡

𝐿
)

2

 
(2.4) 
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where, t and L are the thickness and the length of the cantilever, respectively. It is evident that the 

sensitivity of the cantilever to measure surface stresses increases with the length of the cantilever. 

Typically, surface stress changes of the order of 10-3 to 10-6 can be measured. The static deflection 

method can be operated in diverse environments such as vacuum, air and fluid. 

 

Figure 2.4:  Lateral view of cantilever subject to surface stress. 

 

The bending of simple rectangular cantilever changes according to the distribution of load on the 

cantilever. For distributed load, 

 

h =
𝑞𝐿4 

8𝐸𝐼
 (2.5) 

For point load  

 

h = 
𝑝𝐿3 

3𝐸𝐼
 (2.6) 

 

where, h is the deflection, q and p are distributed, and point loads, respectively[5]. This mode has 

been used to observe antigen-antibody interactions, DNA binding and other biosensing 

applications [33]. 
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Figure 2.5: Microcantilever with a) distributed load b) point load 

 

Dynamic mode:  In the resonant mode, the cantilever is driven at its fundamental resonance 

frequency (or one of the harmonic frequencies), and the parameters such as frequency, quality 

factor, amplitude, and phase are monitored. While the static mode provides qualitative information 

about adsorption, the dynamic mode contributes to the quantitative information about the mass 

loading during adsorption [19]. The dynamic mode doesn’t require the functionalization of only 

one cantilever surface, as the cantilever resonance frequency change depends on the total mass 

adsorbed on both sides. 

 

For an oscillating cantilever, the fundamental equation for frequency is given as  

 

𝑓 =  √
𝑘

𝑚
 

 

(2.7) 

 

where k is the spring constant and m is the effective mass. Any change in the elastic properties 

such as effective mass and spring constant would affect the resonant frequency of the cantilever 

[34]. It is evident from the equation that an increase of the cantilever mass due to analyte absorption 

causes a decrease in the cantilever resonance frequency. Since k is a function of EI, where E is the 

young’s modulus and I is the moment of inertia, the decrease or increase in the elastic modulus or 

dimension of the cantilever would affect the frequency appropriately. 

 

As mentioned earlier, when deflection of a cantilever provides the direct measurement of the 

adsorption of the molecules onto the surface of the cantilever, the quantitative information such as 
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the number of molecules adsorbed on the cantilever is still unknown. The surface coverage is 

unpredictable as molecules on the surface might be exchanged with molecules from the 

environment in a dynamic equilibrium. In dynamic mode, the mass change during adsorption or 

desorption can be determined accurately by tracking the resonant frequency shift while oscillating 

the microcantilever at its eigenfrequency. This method is powerful in sensing tiny mass in the 

range of atto-gram (10-18gm) to zeptogram (10-21gm) [35].  

 

 The frequency of the rectangular microcantilever at the end of the cantilever with an additional 

mass loading can be calculated, provided the young’s modulus and thickness of the cantilever 

remain same, as follows 

 

𝑓 =
1

2𝜋
√

𝑘

𝑚 + 𝛼Δ𝑚
 

  

(2.8) 

  

The mass change on a rectangular cantilever is calculated as 

 

Δ𝑚 =
𝑘

4𝜋2 (
1

𝑓1
2 −

1

𝑓0
2)   (2.9) 

 

where f0 is the eigenfrequency before the mass change occurs, and f1 the eigen frequency after the 

mass change [35]. 

 

Not only the mass change but also the surface stress induced by the adsorption affects the 

resonance frequency of the cantilever. It was found that the surface stress affects the overall 

stiffness of a cantilever, affecting the resonance frequency. Many models had been proposed to 

explain the adsorption-induced surface stress change and its resultant resonance frequency shift of 

a microcantilever in a vacuum or a gaseous environment. Lagowski et al. found that the resonant 

frequency of a microcantilever deviates significantly from those predicated by the axial load-free 

beam theory; they proposed that surface stress is the mechanism causing the resonant frequency 

shifts[36]. Subsequently, Gurtin et al. disputed Lagowski’s explanation; they argued that the 

resonant frequency is independent of surface stress and that surface elasticity is the only 
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mechanism responsible for the resonant frequency shifts [37]. Later on, rigorous studies had been 

done to understand the effect of surface stress on the dynamics of microcantilever by Wang et al, 

McFarland et al, Ren et al etc. 

 

Another important transducer parameter in the dynamic mode of operation is the mechanical 

quality factor which is given as  

𝑞 = 2
𝑓𝑜

Δ𝑓
 

 

(2.10) 

 

While operating the dynamic mode in the gas or the liquid phase, the quality factor of the resonant 

microcantilever is not as high as that of microcantilevers operating in vacuum [38]. This is because 

of the high damping of the cantilever oscillation in fluid environment is due to the high viscosity 

of the surrounding media. Hence, the low-quality factor Q of the oscillation makes it difficult to 

track of resonance frequency shift with high resolution[38]. The reduced value of the quality factor 

corresponds to the energy dissipation in the surrounding medium and directly affects the sensitivity 

and detection limit of this type of sensor. 
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Figure 2.6: Resonance frequency of piezoelectrically-actuated cantilever in water and air. The 

quality factor is considerably reduced in water due to damping. Reproduced with permission from 

[39] 

 

To overcome the challenge of low-quality factor and poor sensing in liquid, Manalis group came 

up with a microfluidic channel cantilever which has a channel on top of the microcantilever [40]. 

The channel can be filled with liquid of interest and the whole cantilever can be oscillated in the 

vacuum to achieve high-quality factor and hence a stable tracking of the resonance frequency. In 

order to conduct adsorption-based studies, the inner surface of the channel cantilever can be 

functionalized [41]. The fluid that is continuously delivering the analytes to the cantilever changes 

the resonance frequency of the cantilever upon binding to the complementary species that are pre-

functionalized in the inner microchannel surface, without compromising on the cantilever’s 

performance.  

 

Sub-femtogram mass resolution is attained by shrinking the wall and fluid layer thickness to the 

micrometer scale and by packaging the cantilever under a high vacuum. Using this setup, weighing 

of a single biomolecule and nanoparticle in the fluid with a mass resolution of 300 atto-grams was 

demonstrated [41]. Despite a paradigm shift in sensing in a fluidic environment, these suspended 

microchannel cantilevers must rely on surface functionalization for selectivity, thus limiting their 

potential. 

 

Heat mode:  A bi-material cantilever is used for the heat mode of operation in which the bimetallic 

effect plays the key role in the bending of the cantilever upon a change in temperature [42].  When 

a material is irradiated with a specific wavelength, it can absorb photons, and a fraction of energy 

is converted into heat [9]. This interaction of light with a bimetallic cantilever creates heat on the 

cantilever surface, resulting in a bending of the cantilever. Such bimetallic-cantilever devices are 

capable of detecting heat flows due to an optical heating power of 100 pW, being two orders of 

magnitude better than in conventional photothermal spectroscopy [35]. 

 

The bi-material cantilever beam is an important microelectromechanical system structure used for 

thermal measurements. This kind of thermal device has greater sensitivity and smaller spatial  
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resolution than those of traditional thermal devices. The high sensitivity of the technique is due to 

the small dimensions and thermal mass of the bi-material cantilever beam in combination with 

current optical methods to monitor the bending with high precision [43].  In bi-material structures, 

a metal layer with a high coefficient of thermal expansion is deposited on a silicon or silicon nitride 

cantilever beam in order to achieve high sensitivity [35]. The variation in temperature results in 

the deflection of the bi-material cantilever beam at the free end due to the different thermal 

expansion coefficients of the silicon and the metal films. Consequently, bi-material cantilever 

beams could be used to detect very small variations in temperature.  

 

2.2.2 Detection principles of microcantilever 

 

Proper measurement of cantilever deflection or vibration is at the heart of acquiring precision 

measurements when performing cantilever-based sensing. Detection of tiny deflection of 

cantilever and associated structures are carried out with different sensitive displacement sensors 

based on the type of applications. The important transduction principle of the microcantilever is 

listed below. 

 

The Optical Deflection Detection Method:  The optical beam deflection method employs a laser 

beam of very low power of the order that does not interfere with any physical, chemical/biological 

activities on the surface of the microcantilever and a position-sensitive detector (PSD) [5]. The 

laser beam falls on the tip of the cantilever and gets reflected as the gold layer coated on the surface 

of the cantilever acts like a mirror with high reflectance. The reflected beam is collected by the 

PSD which can track the movement of the reflected laser spot from the cantilever. When the 

cantilever is undeformed/undeflected i.e., it is neither coated with any molecule nor under any 

stress, the laser beam would fall on a particular spot on the PSD. As the cantilever deflects, the 

position of the beam changes, which, in turn, is calculated using appropriate electronics [5]. The 

technique typically provides a resolution of 1 nm deflection and even sub-angstrom resolution can 

be achieved. Though this method provides detection of deflection in the sub-nanometer range in 

air/vacuum, detection in liquid cell gives spurious results due to thermal management issues from 
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focussed laser beam. Furthermore, the alignment system is expensive and involves great precision, 

which can ultimately raise the cost of the whole diagnostic kit. The portability of the detection 

system is also a concern regarding this system [44]. 

 

 

Figure 2.7: Schematic representation of a laser reflecting from a cantilever into a PSD detector. 

Reproduced with permission from [44] 

 

The Piezoresistive Deflection Detection Method:  When an external load creates bending in the 

cantilever, there are two types of stress occurred: tensile and compressive stress as mentioned in 

Figure 2.3. Tensile stress acts at the top of the cantilever and compressive stress occurs at the 

bottom of the cantilever. In order to obtain the stress change generated at the surface of the 

cantilever, a piezoresistive material is embedded near the top surface of the cantilever.  When the 

cantilever deflects due to the applied mechanical stress, there will be a strain on the piezo resistor. 

The electrical resistance of the piezoresistive material changes according to this strain due to 

change in the stress of the microcantilever. The relative change in resistance as function of applied 

strain can be written as:  

 

∆𝑅

𝑅
= 𝐾𝑙𝐾𝑡𝛿𝑙𝛿𝑡 

 

(2.11) 

  

where K denotes the Gage Factor, which is a material parameter[45]. The subscripts l and t refer 

to the longitudinal and the transversal part of the Gage Factor. The sensitivity of a piezo resistor 
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varies proportionally to the thickness t and the radius of curvature. The Gage Factor is proportional 

to Young’s Modulus, E, which is the intrinsic characteristic of material. For a sensitive device, the 

gage factor should be of the order of 100. 

 

The major advantage of the piezoresistive method is that the readout system can be integrated into 

the chip. The downside is that the deflection resolution for the piezoresistive readout system is 

only one nanometer compared with one Angstrom by optical detection method. Another added 

complication with the method is that a piezo resistor has to be embedded in the cantilever which 

makes the fabrication complex. To achieve maximum sensitivity, the piezo-resistor material in the 

beam must be localized as close to one surface of the cantilever. The type of doping used to 

fabricate the piezoresistive material is also crucial in order to increase the sensitivity of 

piezoresistive MEMS cantilever, decreasing or making small dimension is the most popular 

approach in practice. However, this approach requires high precision lithography, and the 

equipment is very expensive, for example Micro/Nano Lithography machine [45]. 

 

The Capacitive Detection Method:  The capacitive readout scheme is based on the principle that 

when the cantilever deflection takes place due to the adsorption of the analyte, the capacitance of 

a plane capacitor is changed. Here the microcantilever is one of the two capacitor plates. In a 

 

Figure 2.8: Common designs of piezoresistive MEMS cantilever available from literature 

studies such as rectangular shape, paddle pad and v-shape. Reproduced with permission from 

[45].   
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capacitive sensing scheme, an AC voltage of frequency higher than that of the mechanical 

bandwidth of the cantilever is applied. The output current measured with respect to the applied 

voltage gives the capacitance value which is a measure of the displacement of the cantilever. The 

main advantages of capacitive microsensors are low-power high sensitivity, provides absolute 

displacement, simple structures, low temperature sensitivity and low-cost integration of the read 

out to the portable systems. It outdraws piezo-resistive systems because of its low power 

consumption. But this technique is not suitable for measuring large displacements [46]. Moreover, 

it does not work in electrolyte solutions due to the faradic currents between the capacitive plates. 

Therefore, it is limited in its sensing applications.  

 

The Interferometry Deflection Detection Method:  The interferometry method is an optical 

detection technique [21,22] based highly sensitive method that provides a direct and absolute 

measurement of the displacement of the microcantilever. This optical detection method is based 

on the interference of a reference laser beam with the laser beam reflected by the cantilever. The 

cleaved end of an optical fiber is brought close to the cantilever surface. One part of the light is 

reflected at the interface between fiber and surrounding media, and the other part is reflected at the 

cantilever back into the fiber. These two beams interfere inside the fiber, and the interference signal 

can be measured with a photodiode. In this method, light has to be brought close to the cantilever 

surface to get enough reflected light. Optical fiber few microns away from the free end of the 

microcantilever could measure deflection in 0.01 Å range. However, the positioning of the fibers 

is a difficult task. The method works well for small displacements but is less sensitive in liquids 

and hence, of limited use in biosensor applications [47].  

 

2.2.3 Effect of surface stress and surface elasticity on the resonant frequency of the 

cantilever 

 

Microfabricated beam cantilevers are proven to be versatile sensors, actuators, and transducers in 

physical, chemical, and biological applications due to their advantages of high sensitivity, 

enhanced reliability, fast response, reduced size, and low costs. The cantilever sensing 

methodologies are majorly based on the changes in physical quantities of the beam that are easily 

measured, such as deflection, resonance frequency, and quality factor. Therefore, it is important 
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to have a deeper understanding of the cantilever’s response to the changes on the surface of the 

cantilever.   

 

Adsorption on a functionalized surface of a microcantilever may cause mass addition, damping, 

and stress changes in the cantilever dynamics. The differential stress due to adsorption results in 

the cantilever’s static bending and it was proposed as the most appealing method to detect 

biomolecular adsorption in liquids [48].  A shift in the resonance frequency during adsorption is 

often considered as a direct measure of the mass of the adsorbates on the cantilever surface by 

assuming that the spring constant remains fixed. Several studies such as the detection of a picogram 

mass of the particulates [49], and single vaccinia [50]virus using tiny cantilevers were done based 

on the frequency shift theory. Thundat and coworkers[51] calculated the relative number of 

adsorbates on the cantilever with picogram mass resolution. In many cases, however, adsorption 

also changes the spring constant of a microcantilever. Apart from having experimental evidence, 

the understanding of the influence of surface stress on the resonance frequency of a cantilever 

remained as minimal in the scientific community.  

 

Surface stress can arise from several factors such as microscopic interactions of adsorbate on the 

surface, surface-environment interaction, or surface reconstruction. As the characteristic sizes of 

materials and sensors reduce to micrometers or nanometres and the surface or interface area to 

volume ration increases, the surface effects often play a crucial role in their mechanical behaviour 

[22]. There will be a difference in the physical properties and mechanical responses of surfaces 

with respect to the bulk of a material as the atoms on the surface layer are in a distinct local 

environment than the atoms in the bulk region [23]. This distinct local environment interaction of 

the surface layer atoms is considered as the origin of the surface elasticity and the residual surface 

tension for a material.  

 

In a surface layer, the total surface stress, τ (mNm-1), is given as follows  

 

τ=σ + Csε (2.12) 
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where ε is the dimensionless strain and Cs is the surface modulus (mNm-1). In terms of 

thermodynamics, τ is a tensor that represents the reversible work to elastically stretch a pre-existing 

surface. τ, the total surface stress of the body arises from two factors, σ, and Csε; σ, which is strain 

independent, is often referred to as surface stress; Cs, which is strain dependent, is often referred 

to as surface elasticity. Surface elasticity is contributed by the formation of a surface layer that has 

different elastic properties from that of bulk. As mentioned earlier, surface layer formation depends 

on surface relaxation and   sometimes surface reconstruction. Here, σ and Cs can be either positive 

or negative, which can thus either stiffen or soften a micro/nanostructure. In dynamics, the effect 

of the structure stiffness change (either stiffening or softening) is reflected in the shifts of the 

structure resonant frequencies.  

 

With the strong evidence from more and more experimental results, it was found that surface 

effects significantly influence the resonance character and sensitivity of microcantilever devices. 

When a micromechanical cantilever is used as the detection platform for measuring the physical, 

chemical, or biological properties, the surface stress effect plays an important role in sensing and 

should be considered. 

 

Early in 1975, it was estimated that the normal mode of vibration of GaAs thin crystals depends 

strongly on the surface preparation and the ambient atmosphere [36]. This phenomenon where the 

stiffness of the cantilever plates can be altered by varying surface stress was first reported by 

Lagowski [36]. This study proposed that surface stress is the reason behind the significant shift of 

resonant frequency of a microcantilever from those predicted by the axial load-free beam theory 

[36]. However, Gurtin et al. re-evaluated Lagowski’s explanation by including a distributed 

traction over the beam surface caused by residual surface tension under bending [52]. Gurtin et al. 

stated that the resonant frequency is independent of surface stress (strain independent stress) and 

that surface elasticity is the only mechanism responsible for the resonant frequency shifts. Later, 

Lu et al. developed the model of Gurtin et al. to more general cases [53]. In some other studies, 

the surface stress was considered as an external loading and represented by a corresponding 

equivalent concentrated loading at the beam free end or uniformly distributed loading along the 

beam span [54]. 
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The effect of surface stress is often considered as residual stress (strain independent stress), which 

can alter the structure bending stiffness, the morphology of the bending material, the resonant 

frequencies, etc. [55]. Recently, many theoretical investigations reported that both surface 

elasticity and surface stress influence structure stiffness [56–58]. Although the effect of surface 

elasticity is too small to explain the experimental observations, both surface elasticity and surface 

stress stand out when  the  structure  dimensions are  small as they are size dependent. 

 

When Lagowski et al. [36] and McFarland et al. [23] explained the resonance frequency shift with 

the help of surface stress, they assumed zero surface elasticity in the problem. Whereas Gurtin et 

al. [52] explained the resonance frequency shift by implementing surface elasticity and zero 

surface stress. Gavan et al. were the first to introduce the two resonant frequencies of a 

microcantilever to determine the effects of surface elasticity and surface stress [59]. However, 

there were discrepancies in the fitting values in his model higher modes. Zhang et al. have 

developed two models to describe the effects of surface elasticity and surface stress on the 

frequency shift of a cylinder-like nanowire [55]. Prior to that, Wang and Feng suggested a three-

layered beam model to investigate the effects of both surface elasticity and residual surface tension 

on microbeam vibration with the help of Young- Laplace equation [60]. The Young- Laplace 

equation was originally established to deal with the surface/interface tension of fluids. Gurtin et 

al. derived a continuum model of surface elasticity in which the Young- Laplace equation was 

extended to solid materials [61]. Chen et al. formulated the generalized Young- Laplace equation 

of curved surface in nanosized solids [62]. Wang et al had used the surface elasticity theory of 

Gurtin et al. and the Young- Laplace equation to investigate the effects of both surface elasticity 

and residual surface tension [22]. 

 

Later in 2008, He et al. approached the influence of surface stress on resonance bending nanowires 

by incorporating the generalized Young–Laplace equation into the Euler–Bernoulli beam theory 

and studying the solution for different boundary condition [63]. He explained that in small 

deformations, the distributed transverse force resulting from the surface stress along the nanowires 

longitudinal direction is considered a function of the curvature, and hence he accommodated the 

strain independent stress and the surface elasticity in the Euler–Bernoulli equation and validated 

the results [63]. 
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For the liquid-based sensing, it is inevitable to take account of the molecular interactions on the 

cantilever such as the damping that adversely affects the quality factor of the cantilever. Hence 

microchannel cantilevers were introduced in which the liquid is kept inside the channel on the top 

of the plain cantilever and actuated in vacuum offering high quality factor. 

 

The natural resonance frequency of a simple cantilever in the fundamental flexural mode is given 

by  

𝜔 = (
𝛼

𝐿
)

2

√
𝐸𝐼

𝜌𝐴
 

  

(2.13) 

where L denotes the cantilever length, A = b × h is cross-section with b and h being width and 

thickness, respectively. I = bh3/12, E, ρ and α are geometric moment of inertia, young’s modulus, 

mass density, and mode shape factor for the fundamental mode respectively. 

 

This is obtained from the classical Euler–Bernoulli beam differential equation for a freely 

vibrating cantilever with deflection 𝑤(𝑥, 𝑡) and is given as 

 

(𝜌𝐴)∗ 𝜕2𝑤(𝑥,𝑡)

𝜕𝑡2  + 𝐸𝐼
𝜕4𝑤(𝑥,𝑡)

𝜕𝑥4    = 0 (2.14) 

 

 

In the case of a microchannel cantilever where a channel is placed on top of the plain beam 

resonator, geometrical factors will change the mechanical properties of the cantilever. The relation 

of frequency and mechanical parameters would change as follows 

 

𝜔 = (
𝛼

𝐿
)

2

√
(EI)∗  

(𝜌𝐴)∗
 

(2.15) 

 

 

in which (EI) * and (𝜌𝐴)* are the effective modulus and effective mass respectively. 
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Very small changes in both mass and spring constant (EI) will affect the mechanical performance 

and changes the resonance frequency of the system. Changes in stiffness of the cantilever arises 

from various factors such as the change in dimension, material stiffness, viscosity of the liquid 

inside the cantilever and surface effects on the system. 

 

In order to study the surface effects on the natural resonance frequency of microfluidic cantilever, 

we consider the combined effects of residual surface tension and interfacial tension. The problem 

is addressed on the basis of a surface layer-based theory taking into account of the origin of 

interfacial tension and residual surface stress.  

 

Since the inner surface of the channel is in contact with the fluid, the system may be modelled as 

two homogeneous media, i.e., a bulk layer of silicon nitride in contact with a bulk layer of fluid. 

The Young’s modulus of the channel and the fluid are denoted as EH and Ef, respectively. The 

effective modulus (EI)* is then given by 

  

(EI) * = EHIH + EfIf         (2.16) 

 

where IH is the inertia moment of the hollow channel, and the If is the inertia moment of bulk fluid. 

Considering the effects of, 𝜎  and  𝜎𝑖𝑓  on all four walls of the channel respectively, the Young-

Laplace equation on the surfaces yields 

 

𝑞𝑐ℎ𝑎𝑛𝑛𝑒𝑙(𝑥) = −(2𝜎 (𝑎 + 2(𝑏 + 𝑐 + 𝑔 + 𝑒))
𝜕2𝑤

𝜕𝑥2
) 

(2.17) 

 

and 
 

where a, b, c, g and e are the characteristic dimension of the hollow channel.  When channel is 

empty, 𝜎𝑖𝑓 becomes the same as 𝜎. Here, positive  2𝜎 (𝑎 + 2(𝑏 + 𝑐 + 𝑔 + 𝑒)) 𝑎𝑛𝑑  4𝜎𝑖𝑓(𝑑 + 𝑔)  

are considered as tensile stress and negative are compressive stress. In this case, since all surfaces 

𝑞𝑓𝑙𝑢𝑖𝑑(𝑥) = −(4𝜎𝑖𝑓(𝑑 + 𝑔)
𝜕2𝑤

𝜕𝑥2 )   (2.18) 
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are exposed to surface stresses, the situation is complex and compressive stress is taken into 

consideration as it improves the model value towards the experimental value. 

 

Thus, effective distributed loading can be formulated as, 

 

𝑞 (𝑥) =  𝑞𝑐ℎ𝑎𝑛𝑛𝑒𝑙(𝑥) + 𝑞𝑓𝑙𝑢𝑖𝑑(𝑥) = −(2𝜎 (𝑎 + 2(𝑏 + 𝑐 + 𝑔 + 𝑒))
𝜕2𝑤

𝜕𝑥2
 +4𝜎𝑖𝑓(𝑑 +

 𝑔)
𝜕2𝑤

𝜕𝑥2  

(2.19) 

 

The equation of motion describing the motion of bending microfluidic channel incorporating the 

distributed transverse force in the Euler–Bernoulli beam theory is obtained as 

 

(𝜌𝐴)∗ 𝜕2𝑤(𝑥,𝑡)

𝜕𝑡2  + 𝐸𝐼∗ 𝜕4𝑤(𝑥,𝑡)

𝜕𝑥4  - 𝑞 (𝑥) = 0 (2.20) 

 

  and   (𝜌𝐴)∗ is the effective density given as 

 

(𝜌𝐴)∗ =  𝜌𝐴 + 𝜌𝑓𝐴𝑓    (2.21) 

 

in which 𝜌 and 𝜌𝑓 are the densities and A and 𝐴𝑓 are the cross-sectional areas of the channel and 

fluids respectively. It is seen that both the surface elasticity and residual surface tension affect the 

dynamic behavior of the beam. The third term in the equation indicates that the influence of 

residual surface tensions is equivalent to a stretching axial loading (2𝜎 (𝑎 + 2(𝑏 + 𝑐 + 𝑔 +

𝑒))
𝜕2𝑤

𝜕𝑥2  +4𝜎𝑖𝑓(𝑑 +  𝑔)
𝜕2𝑤

𝜕𝑥2  at the free end of the beam. 

 

2.2.4 Photothermal effects on the dynamics of cantilever 

 

A microfluidic cantilever filled with any liquid of interest can be used to characterize the thermal 

properties of the liquid. The analysis of the dynamics of a filled microfluidic cantilever that is 

irradiated by a laser of a specific wavelength can provide real-time thermomechanical property 

change of the liquid. The micro-fluidic cantilever can absorb the photons from the irradiating laser 
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leading to heat generation which in turn increases the temperature of the liquid inside the 

cantilever[64,65]. Hence, the mechanical property change of liquid and cantilever material caused 

by a rise in temperature will affect the dynamics of the system such as a change in frequency or 

bending of the cantilever. In this section, a theoretical understanding of photothermal excitation 

will be described for a bimetallic cantilever, bimetallic microfluidic cantilever, and a simple 

microfluidic cantilever. We will briefly discuss the effect of thermomechanical change of the fluid-

cantilever system on the static bending as well as the frequency shift of the cantilever. The details 

about the effect of change in geometry, modulus, and density of the fluid-cantilever system upon 

photothermal heating on the dynamics of the system will be discussed later in this section. The 

thermal stress generated because of the liquid expansion inside the micro-cantilever is incorporated 

in the modified Euler- Bernoulli equation and the effective frequency shift is described in this 

section. 

 

Basics of Photothermal Effects:  The photothermal effect on the cantilever relies on the photo-

induced change in the thermal state of the cantilever. When a laser with a specific wavelength is 

focused on the microcantilever, it has some influence on the mechanical response of the cantilever: 

absorption of radiation contributes to the local heating of the cantilever.  This heating not only 

changes the temperature but also changes the thermodynamic parameters of the sample that are 

related to temperature.  

 

The photothermal effect was primarily noticed in bi-material cantilevers which are made of two 

different materials of different thermal properties as shown in Figure 2.9. For example, silicon 

microcantilevers with a thin gold film on one side undergo measurable bending in response to 

temperature changes. This phenomenon is frequently referred to as the ‘‘bimetallic effect’’. Here, 

the differential stress in the cantilever is created due to dissimilar thermal expansion coefficients 

of the silicon substrate and the gold coating. It has been estimated that the smallest heat change 

that can be detected using bimaterial microcantilevers lies in the femtojoule range.  
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Figure 2.9: Schematic diagram of a bi-material cantilever. Reproduced with permission from [66] 

 

When the temperature of the bi-material cantilever is increased by intrinsic or extrinsic heating, 

the deflection of the bi-material cantilever due to thermal stress is given by 

𝑑2𝑧

𝑑𝑥2
= 6(𝛼1 − 𝛼2) (

𝑡1+𝑡2

𝑡2
2𝐾

) [𝑇(𝑥0) − 𝑇] 
 

(2.22) 

 

where 

K = 4+6 (
𝑡1

𝑡2
) + 4(

𝑡1

𝑡2
)2 + (

𝐸1

𝐸2
)(

𝑡1

𝑡2
)3 + (

𝐸2

𝐸1
)(

𝑡2

𝑡1
) (2.23) 

 

z(x) is the vertical deflection, (T(x0)-T) is the temperature diff- 

erence between the cantilever and ambient temperature at a location x along the length of the 

cantilever, α1, α2 and t1 and t2 are the coefficients of thermal expansion and the thickness of the bi-

material constituents, respectively[65]. T0 is the temperature of the cantilever at zero deflection 

while T(x) is the temperature profile of the cantilever along its length.  

 

Photothermal excitation of microcantilever is often non-destructive and non-contact and can be 

used to probe optical and thermal properties of the sample in very small areas. The use of 

micromachined bimorph structures as temperature sensors can be dated back to 1980's and since 

then they have been extensively investigated as sensitive thermal platforms. The first 

demonstration of this principle in bimaterial microcantilevers for temperature was done by 

Gimzewski et al. in a micromechanical calorimetric application to study the chemical reaction of 
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H2 + O2 to form H2O over a Pt-coated microcantilever [67]. They have estimated sensitivity limit 

of picojoule (pJ) and a temperature resolution of 10-5K [67]. An energy resolution of 150 fJ and a 

sensitivity of 100 pW  in a femtojoule calorimeter was discovered by Barnes et al. followed by the 

first photothermal spectroscopy application to detect dye molecules present on cantilever 

surface[9].Extensive research was carried out to optimize the performance and explore 

microcantilever platform for thermal sensing applications when Majumdar's group  optimized the 

sensitivity limits of 40 pW and 10 fJ [68].  Thundat’s group from ORNL made significant 

contributions in identification and detection of trace amounts of various surface adsorbed analytes 

such as biological warfare agents, biological species, nerve gas stimulants, organic and polymer 

adsorbates using microcalorimetric spectroscopy techniques [69,70]. However, detection in a 

liquid environment was challenging due to damping forces resulting in low-quality factor and poor 

signal.  

 

Microfluidic channel-integrated cantilevers introduced by Manalis group overcome the limitations 

of liquid damping in the dynamic mode operation, and thus achieves unprecedented precision in 

thermomechanical characterization with enhanced signal stability [71]. A BMC concept was 

adapted for microfluidic cantilevers to study photothermal excitation of fluid-filled cantilevers as 

shown in Figure 2.10. 
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Figure 2.10: BMC filled with bacteria supported on a silicon substrate. Reproduced with 

permission from [72] 

 

For the analytes in liquid states, the resonance frequency of the BMC is highly sensitive to their 

density. A general resonance behavior of a BMC can be described by: 

2πf = wr =√
𝑘

𝑚
 

   

(2.24) 

 

where k is the spring constant and m is the mass of the cantilever. Once the liquid analyte is loaded 

in the BMC, the resonance frequency decreases. The total mass is given as: 

m = mBMC + mL = VBMCρBMC +VLρL    (2.25) 

 

where mBMC and mL are the mass of BMC and the liquid analyte, respectively. superscripts, V and 

ρ represent volume and density, respectively. Considering that VBMC, ρBMC and VL remain constant 

during the measurement, the density can be estimated from: wr = 
𝐴

√𝐵+𝜌𝑓
 where the A and B are the 

calibration constants and determined from measurement of two well-known liquids [65,73]. 

 

BMC deflection is proportional to multiple factors, including the thermomechanical sensitivity of 

the device, the optical intensity, the irradiation time, the light absorption coefficient of a sample 

inside the microchannel, the thermal properties of the sample, and the difference between the 

thermal expansion coefficients of the constituting materials. However, the selection of the proper 

bi-material elements and optimization of thickness of the layers are limiting factors while 

considering BMC cantilevers for thermal sensitivity experiments. Also, the bending response of 

resonators based on static mode where the results are prone to be affected by mechanical drift and 

higher noise level of the photodetector have brought need of the simpler experimental model and 

dynamic response. 

 

In dynamic mode, the thermal properties of the confined liquid analytes are characterized by the 

resonation frequency shift, whereas the shift is driven by the stress due to thermal 

expansion/contraction of the analyte. In explaining the thermally induced bending of BMCs with 

an analytical model, Tamayo et al. introduced the concept of differential surface stress [74]. In 
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addition, He and Lilley approached the influence of surface stress on resonance bending nanowires 

by incorporating the generalized Young-Laplace equation into Euler-Bernoulli beam theory and 

studying the solution for different boundary conditions [63] . They considered that the distributed 

transverse force resulting from the surface stress along the nanowires longitudinal direction is 

considered as a function of the curvature in small deformations. Hence, the strain-independent 

stress and the surface elasticity in the Euler-Bernoulli equation are accommodated by the concept 

of surface stress. The effect of interfacial tension on the resonance frequency of the micro-fluidic 

channel has been discussed with the inclusion of the Young-Laplace equation in the Euler-

Bernoulli equation in a recent study. In the present work, we hypothesized that the thermal stress 

generated by the liquid inside the microchannel cantilever exerts transverse force acting along the 

longitudinal direction of the deformed beam that modulates the effective modulus of the cantilever 

system. 

 

2.3 Phase Transition of PNIPAM in Water with or without Clay 

 

In this section, materials and known phase behaviors of the PNIPAM/water/clay system are 

reviewed.  The purpose of this review is to provide scientific background to understand the 

facilitated sedimentation behavior of clay particles by the aid of temperature-induced phase 

transformation of PNIPAM in water.  Adding PNIPAM to clean up clay particles is an active area 

of research in the oil sands industry, where cleaning up the contaminated clay in tailing ponds is a 

big environmental issue.  Subsections in this section includes the introductions of (i) clay particles 

to understand their structure and surface properties, (ii) electrical double-layer theory and (iii) 

mechanisms of coagulation and flocculation to understand the behavior of clay particles in the 

aqueous solution, (iv) phase transition of thermosensitive polymer and (v) properties that are 

specific to PNIPAM to understand the temperature-dependent phase transition behavior of the 

polymer in water. 

 

2.3.1 Clays: Structure and Surface Properties 

 

The major component among the fine particles in MFT is clay. Clay fines, bitumen residues and 

their associated effects cause the formation of MFT. Typical characteristics of clays include high 
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specific surface area, platelet-like morphology, and anisotropic dimensions. It is important to 

understand the properties of clays as they affect the bitumen recovery process and MFT dewatering 

[75]. 

 

The major clay minerals in MFT are kaolin and illite, but a small fraction of montmorillonite and 

smectite clays may also be present in clay fines [75]. Clay minerals are layered-structure materials 

consisting of periodically stacked tetrahedron sheets of silicon-oxygen and an octahedron sheet of 

aluminum-oxygen-hydroxyl as building blocks. Distinctive arrangements of the tetrahedron and 

octahedron sheets can result in different types of clays. Kaolinite is formed by two-layer structures, 

whereas illite by three-layer structures, as shown in Figure 2.11. 

 

 
 

Figure 2. 11: Layer structure of kaolinite clays. Reproduced with permission from [76] 

 

The two layers in Kaolinite are covalently bonded to each other through the oxygen atoms in the 

tetrahedron sheet. Throughout the mineral, there is a tetrahedral octahedral (TO) layered structure 

with tight packing between the layers [76]. This tight packing – like the pages of a closed book – 

results in Kaolinite not shrinking when dry or swelling when wet. Although Kaolinite and illite 

clays do not expand/swell, a small fraction of smectite clays (such as montmorillonite) in MFT 

undergoes significant expansion and forms a gel-like slurry due to 
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tetrahedral/octahedral/tetrahedral (TOT) sheet structure [75,76]. The tetrahedron and octahedron 

layers in Kaolinite carry permanent negative charges arising from the isomorphic substitution of 

higher valance cations by lower valance cations that create a charge deficiency. As MFT contains 

a mixture of both two- and three-layer clays, it shows strong negative zeta potential that causes 

colloidal stabilization [75]. 

 

2.3.2 Electrical Double Layer: (DLVO) Theory 

 

The stability of clay dispersions is controlled largely by the colloidal interaction forces between 

clay mineral particles. Although MFT clays have negative charges, the water present in MFT also 

carries an electric charge, equal and opposite in sign to that on the MFT solids. The absolute values 

of charges on the clay surfaces and water are the same, and collectively form a system of charges 

known as the electric double layer (EDL).  The EDL consists of several layers. The first layer is 

called the Stern layer and the electric potential at this layer is called Stern potential. The second 

layer of ions in solution is called the diffuse layer and the potential at the diffuse layer is called the 

zeta potential. A schematic for the EDL of a spherical negatively charged particle is given in Figure 

2. 12.  The variation of electric potential in the double layer as a function of the distance from the 

particle surface is shown in the embedded plot in the Figure. Ions in the diffuse layer are affected 

by electric interactions with the charged surface and thermal motion [75].  
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Figure 2.12: Schematic of the electric double layer and a graph of electric potential in the double 

layer as a function of distance from the particle surface. Reproduced with permission from [75] 

 

According to DLVO theory, the energy of a colloidal system is the sum of attractive van der Waals 

energy and repulsive double layer energy as shown in Eq 2.26. 

 

𝐸=𝐸𝑣𝑑𝑊+𝐸𝐷𝐿 (2.26) 

 

Although hydrodynamic forces are ignored in the DLVO theory, the stability of the system can be 

characterized based on the net interaction resulting from the attraction and repulsion between the 

particles. A system is considered a stable suspension if the net interaction between the particles is 

repulsive. If the net interaction is attractive, the system is said to be unstable and may coagulate. 

In the context of MFT consolidation and dewatering, the DLVO theory can help design flocculants 

that effectively aggregate the solids, and subsequently dewater them. Repulsive forces arising from 

the electrical double layer significantly contribute to the stability of MFT. An effective flocculant 

would compress the electrical double layer and cause MFT to sediment [75]. 

 

2.3.3 Coagulation and Flocculation Mechanisms 

 

Coagulants (mainly multivalent inorganic cations) suppress the electrical double layer, thereby 

allowing van der Waals attractive forces to bring and hold particles together as shown in Figure 

2.13. Hence, coagulants reduce the energy barrier that prevents particles from approaching each 

other. This energy barrier becomes zero at a critical coagulant concentration [75]. The critical 

concentration depends on valence of the electrolyte used as a coagulant. The higher the valance, 

the lower the coagulant concentration needed to reach the zero-energy barrier. 

 

When an overdose of a coagulant is applied, the ions can adsorb on the clay surface and revert the 

net surface charge, inducing repulsive forces leading to detrimental state.  The settling rate is also 

affected by coagulant concentration, and it decreases due to coagulant overdosing beyond a 

maximum. Although the addition of acid or base would result in similar behaviors, it is practically 

impossible to implement from a practical point of view, as it will require large amounts of acid or 
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base. Potassium alum, aluminum sulfate, and gypsum are frequently used as coagulants in the 

industry. 

 

Flocculation refers to the macroscopic aggregation of suspended particles into loosely packed flocs 

by addition of a polymeric flocculant [77]. Flocs with a higher density than the surrounding 

medium settle rapidly and produce clear supernatants under optimal conditions. Polymeric 

flocculants cause finely divided particles to agglomerate and segregate into flocs as shown in 

Figure 2.13. Polymeric chains adsorb one or more sites of clay particles present in MFT via 

hydrogen bonding and electrostatic interactions. Aggregates formed by flocculation have 

structures that are more open than those formed by coagulation due to the high molecular weight 

of the polymer. Often, this open structure causes flocs to hold a large amount of water within the 

aggregates. In flocculation, the proper design of the architecture of the polymer molecules is very 

important to control adsorption and subsequent polymer configuration on the clay surfaces. An 

ideal case may be charged polymers with an optimum charge density because they have sufficient 

chain flexibility to form loops with moderate binding forces [78]. 

Figure 2.13: Schematic of coagulation and flocculation mechanism 

 

2.3.4 Thermo-sensitive polymer  
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Stimulus-responsive polymers are polymeric materials that exhibit reversible property changes in 

response to a small external stimulus such as temperature, pH, ionic strength, mechanic constraints, 

electric field or light (UV exposure). All the stimuli driven transitions are completely reversible 

giving rise to switch on/off structural changes. Among different classes of stimuli-responsive 

polymers, thermo-responsive polymers are of special interest because of their wide applications in 

water treatment [79], biomedical [80] and flocculation applications [81].  

 

Thermo-responsive polymers exhibit a drastic change in their solubility with respect to 

temperature, and thus their conformation alter significantly. Thermo-responsive polymers are 

divided into two groups based on their miscibility gap: polymers with an upper critical solution 

temperature (UCST) and polymers with a lower critical solution temperature (LCST) [80].  If the 

miscibility gap is found at a lower temperature and the polymer phase-separates above the critical 

temperature, the critical temperature is called a LCST of the polymer; if the solution is miscible 

above the critical temperature, the critical solution temperature is called UCST. In cases of atomic 

mixture or low molecular mixture systems, high mixing entropy facilitates the mixing between the 

components at high temperatures so that UCST is a common behavior. In high molecular polymer 

blends and polymer-water mixture systems, however, UCST behavior is rather uncommon [82–

85]. In polymer-water mixture systems, the hydrogen bonding interactions between the hydrophilic 

segment of the polymer and the water molecules, as well as ‘water shell’ forming around 

hydrophobic segment of the polymer due to the hydrogen bonding between water molecules, tend 

to prevail at lower temperatures. At higher temperatures, the effect of these hydrogen bonding is 

weakened due to increased entropy, and thus the polymer chains tend to collapse to facilitate the 

LCST behavior. The temperature-dependent conformation changes of a polymer chain that exhibit 

LCST in water is Figure 2.14.  

 

The transition from coil to globule confirmation of an LCST polymer is visible to the eyes because 

the polymer-water mixture is transparent and homogenous when the temperature is below LCST 

and cloudy when above LCST [80]. Hence, LCST is often referred as cloud point. The critical 

temperature of LCST polymers can be influenced by the nature of the side groups, chain length 

and molecular weight. Also, LCST is also affected by three external factors such as salt 
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concentration, co-solvents and surfactants due to the additives, which will alter the hydrogen 

bonding interactions between polymers and solvent [80]. 

 

 

Figure 2.14: Schematic of coil to globule transition of a homopolymer in an extremely dilute 

aqueous solution [86] 

 

2.3.5 PNIPAM 

 

The most studied thermo-responsive polymer, poly (N-isopropylacrylamide) (PNIPAM), is first 

reported in 1950s [87] and remains as thermos responsive polymer par excellence. The versatility 

of PNIAPM has led to exploring applications in tissue engineering [88], drug delivery [89], 

biosensors [90], and water treatment [79]. The solutions of PNIPAM exhibits a fast and reversible 

phase transition phenomena as part of its thermo-responsiveness. In PNIPAM, the isopropyl 

moiety along with the carbon chain backbone is hydrophobic whereas the amide moiety is 

hydrophilic, as shown in Figure 2.15 [91].  

 

PNIPAM has a lower critical solution temperature (LCST) temperature of 32 ° C [92].  It quickly 

dissolves in water at room temperature and the polymer chains are hydrated below the LCST 

producing a transparent solution [92]. At this temperature, PNIPAM exhibits a coil conformation 

due to hydrogen bonding between the hydrophilic group and water [87].  Near the LCST, the  
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hydrophilicity of the polymer starts to decrease; the hydrogen bonding weakens and the 

hydrophobic interaction between the adjacent groups dominates. 

 

 

Figure 2.15 Structure of PNIPAM with hydrophobic and hydrophilic ends. Reproduced 

with permission from [94] 

 

This results in release of water molecules leading to the compression of the whole polymer network 

and PNIPAM taking a globular conformation. Hence, a minute increase in temperature above 

LCST results in the chain collapse creating an abrupt and reversible change in refractive index of 

the solution [92]. This change is directly associated with the coil-globule phase transition of 

PNIPAM due to the release of polymer-bound water molecules into bulk water [86].   

 

When the globules aggregate into larger particles, they scatter light in the visible range [92]. The 

polymer solution which was initially clear becomes turbid. During cooling to temperatures below 

LCST, the hydrophilicity of the polymer increases again, resulting in an uptake of water molecules 

and an expansion of the polymer network. For a single PNIPAM particle, the compression and 

expansion result in a decrease or increase of particle size during the coil-to-globule or globule-to-

coil transition process, respectively [93]. The variation in hydrodynamic radius and radius of 

gyration of PNIPAM is presented in on of the pioneer studies by Wu et al and is given in Figure 

2.16 [86].  Werner et al investigated the coil-to-globule transition of highly concentrated PNIPAM 

particle suspensions and discovered an agglomerate formation immediately after coil to globule 

transformation without any addition of salt or nonadsorbing polymers [93]. The detected 

agglomeration of the PNIPAM particles to these large agglomerates during the heating period is 

reversible. Optical images of PNIPAM suspension are visualized by particle vision microscope 
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(PVM), as shown in Figure 2.17 [93]. PVM is a probe-based in-line microscope, applied to directly 

visualize suspended structures (e.g., particles, droplets, or cells) within a process. The instrument 

can be operated in reflection or transflection mode. In addition, a relative backscatter index (RBI) 

can be obtained. The RBI is an area-based turbidity signal, deduced from the obtained images. 

 

Figure 2.16: Temperature dependence of the average radius of gyration <Rg> and the average 

hydrodynamic radius <Rh>, respectively, in the coil-to-globule (heating) and the globule to- coil 

(cooling) processes. Reproduced with permission from [86] 

 

 

Figure 2.17: PVM images at specific temperatures of the PNIPAM suspension upon heating (A 

to D) and cooling (D to F). Reproduced with permission from [93] 
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Chapter 3 

 
 

Fabrication and characterization 

 

 

3.1 Introduction 

 
Various methodologies and techniques were practiced in the fabrication and characterization of 

micro-resonators. The fabrication process of suspended microchannel cantilevers is discussed in 

detail by Faheem et al [1]. We will discuss the detailed fabrication process for microchannel 

cantilever in the forthcoming chapters. Fabrication process was done at Nano-fab at University of 

Alberta involving all clean room processes for device fabrication. Laser Doppler Vibrometer 

(LDV) was used to probe the mechanical response of these devices at their respective resonance 

frequencies in first modes. SEM and PFIB were used to characterise the fabricated device 

morphology.  We will discuss major techniques and processes involved in device design, 

fabrication, and characterization in this chapter. 

 

3.2 Fabrication process for microchannel cantilever 

 

MC-500 is a 500 µm long microchannel cantilever with a rectangular base. The cantilever has a 

rectangular base while the micro-channel has been designed in a U-tube shape. This shape is quite 

useful in microfluidics applications as it yielded a clogging free flow to particles and cells flowing 

through the channel [2]. The microchannel of MC-500 is designed with the internal dimensions of 

width, height and length to be 16 µm, 3 µm and ~1000 µm respectively. The cantilever has 

relatively low resonance frequency and a spring constant.  

 

For the fabrication of the hollow cantilevers based on two- layer design, standard micromachining 

techniques are used to keep the whole process economical and easily compatible with micro/nano 

fabrication facilities at University of Alberta. The design consists of two structural layers which 

need sandwiched sacrificial layer to form microchannels.  
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Silicon nitride (Si3N4) is the most common material used in semiconductor industry for masking 

and passivation purposes but due to high residual stress it is not considered suitable as a structural 

material for micromechanical devices [3]. Therefore, to fabricate microchannel cantilever, silicon 

rich silicon nitride (SRN) is selected. Transparency of the microchannel is also a requirement 

which could also be achieved by using a polymer such as, SU-8, as a structural material. Also, 

high stiffness of the structures is required. SRN is chosen since it is transparent (refractive index: 

2.2) and has 45 times higher Young's modulus than SU-8 (E=4 GPa) [3–5]. The high stiffness to 

density ratio of SRN resulted in high resonant frequencies of the cantilevers, which increased their 

sensitivity. Differences in thermal expansion coefficients are avoided by using the same material 

(SRN) for the cantilever and fluidic channel. This helps in achieving temperature stability. In our 

case SRN acted as a structural as well as a masking material. 

 

Two-layer design needs a support material (sacrificial/molding layer) sandwiched between two 

layers of a structural material. To fabricate microchannels of the cantilevers, polycrystalline silicon 

(poly-Si) is chosen as a sacrificial material. Poly-Si can be deposited by low pressure chemical 

vapour deposition (LPCVD) technique without any significant pinholes.  

 

The microchannel cantilever is supported on a silicon substrate (Si). Thin wafers of Si are easily 

available and have been extensively used for micromechanical devices. A schematic of the process 

is shown in Figure 3.1.  

 

The starting material is a 500 µm thick, 4inch Si wafer on top of which a 500 nm thick SRN layer 

is deposited by low pressure chemical vapor deposition (LPCVD), as shown in Figure 3.1 a. First 

square holes are defined in the SRN using UV lithography and reactive ion etching (RIE). The 

SRN deposition was followed by a deposition of a 4 µm thick polycrystalline Si (Poly Si) 

sacrificial material using LPCVD, as shown in Figure 3.1 b. The thickness of poly-Si layer defines 

the height of the microchannel. The next step is to pattern the sacrificial layer (Poly Si) to form 

the shape of a microfluidic channel, as shown in Figure 3.1 c. To make the particles flow without 

any blockage, the internal walls of the channel are required to be vertical. Therefore, dry 

anisotropic etching of the Poly Si is preferred over wet etching.  
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Using a 1.5 µm thick photoresist (AZ 5214) as a masking material, the Poly Si is patterned by an 

Inductively Coupled Plasma– Deep Reactive Ion Etcher (ICP-DRIE) which uses the Bosch 

process. In Figure 3.1c, the vertical walls of an already released channel can be seen. Next, a 500 

nm top-structural layer of SRN is deposited, as shown in Figure 3.1 d. Here, conformal step 

coverage and a uniform deposition of the thin film (SRN) are very critical and achieved using 

LPCVD. Afterwards, both structural layers (base and top) are patterned by dry etching (Reactive 

Ion Etcher).  

 

Finally, the cantilevers are released from the substrate, dicing lines (v-grooves) are etched into the 

substrates and the sacrificial Poly Si layer is removed in a single wet etching step. For this purpose, 

KOH (28%) is used at 80 0C, because of its high Si-100/111 etch rate ratio and high selectivity to 

SRN. The average etch rate 500 µm Fluidic Inlet/Outlet 10 µm of KOH is recorded to be 1.3l 

m/min. The etching time required to fully release the cantilevers and to etch dicing lines is almost 

three hours while the etch time needed to remove the Poly Si in the fluidic channels is 

approximately 12 h. The schematic of a released cantilever is shown in Figure 3.1 e. 

 

Figure 3.2 a shows the sem image of the microfluidic cantilever. Figure 3.2 b shows channel height 

of the microfluidic cantilever and Figure 3.2 c shows the top view of a released cantilever with the 

fluidic openings. The fabricated cantilevers are 500 µm long, 1 µm thick and the channel 

width/height is 4 µm/ 4µm. The released devices were diced and then tested by flowing liquids 

through a microfluidic set up with LDV and by observing their fundamental frequencies. The 

devices were heated in a vacuum oven at 3000 C in order to release the residual stress. 
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Figure 3.1: Schematic of the fabrication process of microchannel cantilever. 

 

 

 

Figure 3.2: a) SEM image of top view of the microfluidic cantilever b) SEM image of the channel 

height of the microfluidic cantilever c) schematic of the microfluidic cantilever with outlets 

(Reproduced with permission from [6] 
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3.3 Laser Doppler vibrometer 

 

Laser Doppler Vibrometers (LDV) allow remote, non-intrusive, high spatial resolution 

measurements with reduced testing time and increased performances (high-frequency bandwidth 

up to 20 MHz, velocity range of ±30 m/s, resolution of about 8 nm in displacement and 0.5 μm/s 

in velocity) [7]. It is a non-contact vibration measurement technique which allows to measure 

vibrations in pico meter resolution. The laser beam from the LDV is directed at the surface of 

moving sensor/micro-cantilever and by analysing the vibration amplitude and frequency, the 

mechanical parameters are obtained. The amplitude and resonance frequency are extracted from 

the Doppler shift of the reflected laser beam frequency due to the motion of the surface. The output 

is in the form of voltage generated by movement of reflected light onto the position sensitive diode 

which is proportional to the intensity of the light and the motion of the target object. This technique 

is made with two laser beam interferometers which measure the frequency or the phase difference 

between a reference beam and a test beam. The laser we used was helium-neon with a wavelength 

of 635 nm and maximum output power of < 1 mW.  

 

Doppler effect states that the movement of the source changes the wavelength and the received 

frequency of wave even though the source frequency and the wave velocity are unchanged. The 

observed frequency of the wave depends on whether the source is moving away from the observer 

or moving towards an observer. In case of LDV, light with a known frequency and wavelength is 

reflected back from a moving object. The rate of change of frequency of the test beam is 

proportional to the rate of change of position which is the velocity v(t) of the vibrating surface.  

When a wave is reflected by a moving object and detected by the LDV, the wave’s measured 

frequency shift can be expressed as follows 

 

𝑓𝐷 = 2 ×
𝑣

𝜆
 (3.1) 

 

where, 𝑣 is the velocity of the object and 𝜆 is the wavelength of the emitted wave.  
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In order to find out the velocity of the object, the shift in frequency fo has to be measured at a 

known value of wavelength. This is measured in LDV by using laser interferometer. Working 

mechanism of LDV is explained in Figure 3.3. 

 

Figure 3.3: A reference beam of laser with frequency fl interferes with a Bragg modulated beam 

fl + fb + fo on a position sensitive detector (PSD). The motion of the target object adds a Doppler 

shift to the beam which then combines with the reference beam to produce interference pattern on 

the photo detector. The output is a frequency modulated signal which then can be demodulated to 

extract the velocity versus time of the vibrating object. Reproduced with permission from [6] 

 

 The beam of laser with frequency fl is split by a beam splitter 1 into a reference and a test beam. 

The test beam passes through a Bragg cell which typically shifts the frequency by 40 MHz. After 

adding this modulation in the frequency, a second beam splitter allows the part of the light to fall 

on the moving object and the reflected beam from the object has an additional component in the 

light frequency which is because of Doppler shift (motion of the object causes a change in 

frequency). Since the optical path length of the reference beam is constant, a movement of the 

object causes a change in optical path length which will generate bright/dark pattern on the photo 

detector. This beam combines with reference beam with frequency fl at a third beam splitter and 

creates an interference on to the photodetector. The signal on photodetector is in the form of 

voltage which is de-convoluted to get the frequency and amplitude of vibration of the moving 

body. One complete light / dark cycle on the detector corresponds to an object displacement of 

exactly half of the wavelength of the light used. 
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The change in optical path length per unit time because of the motion of the object under 

investigation correlates with the Doppler’s shift of the beam. This leads to modulation frequency 

of interference pattern on photo diode being related to the velocity of the object. Since the object 

moving away from the laser beam generates the same interference pattern as object moving 

towards the beam, the direction of motion of the object can be determined by using a Bragg cell 

which will add a constant frequency in the test beam which is around 40 MHz. The modulation 

frequency will increase if the object moves towards the interferometer and decreases if the object 

moves away from it. This makes it possible to not only measure the magnitude of the velocity but 

also the direction of motion of the vibrating object. 

 

3.4 Packaging of microchannel cantilever and integrated instrumentation with 

LDV 

 

The three main requirements to packaging the microchannel cantilever were safe handling the chip, 

operation in vacuum and microfluidic interconnections. Due to surface micromachining, the 

microchannels were lying 3 µm above the surface which made it quite tricky to implement all of 

the requirements. The micro cantilevers were packaged in such a way that the liquid sample can 

be provided from the bottom of the chip and vacuum on top side of the chip. Here the microfluidic 

interconnects were completely isolated from the vacuum which helped in reducing the risk of 

leakage at joints. This type of “plug and play” package made it easy to replace chips quickly and 

safely. A schematic of the packaging is shown in Figure 3.4.  
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Figure 3.4: Schematic of the cross section of packaging of microchannel cantilever 

 

The chip is packaged in polyetheretherketone (PEEK) base fixture which is inert to many organic 

and inorganic liquids including many solvents. The sealing between solid surface of silicon fixture 

and the chip was provided by a 300 µm thick poly dimethyl siloxane layer (PDMS). The top side 

of the chip was covered by the vacuum chamber. There is a glass slide on the top side of the 

vacuum chamber which allows the passage of laser. The sealing between the chip, vacuum 

chamber and the glass slide was provided by two o-rings (nitrile butadiene rubber). To load the 

samples, Teflon tubes were inserted on metallic tubes which were connected to the bottom side of 

the PEEK fixture. Figure 3.5 a show the photograph of the packaging of the microchannel 

cantilever and Figure 3.5 b shows the photograph of the PEEK fixture where microchannel 

cantilever is placed. 
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Figure 3.5: a) Photograph of the packaging of the microchannel cantilever. To operate the 

cantilever in vacuum, the packaging was connected to a vacuum chamber b) PEEK fixture with o-

rings, metal tube and microchannel cantilever. 

 

The methodology to investigate the thermomechanical properties of different liquids with various 

excitation methods such as temperature and optical power, we developed some auxiliary 

instrumentation which was integrated with LDV to carry out the excite-response measurements. 

To get high vibrational amplitude, the cantilever was externally excited acoustically by using a 

piezo actuator. It was fixed on the PEEK fixture right below the chip. It was driven by a periodic 

chirp over a specific bandwidth at a voltage of 200 mV. For the photothermal characterization of 

a liquid sample an external laser was used to heat the liquid sample. Figure 3.6 shows the 

conceptual schematic of the experiment where a U-shaped silicon nitride microfluidic channel (16 

μm wide, 300 μm long and 3 μm high) fabricated on top of a plain cantilever (44 μm wide, 500 

μm long and 500 nm thick) with a liquid sample is heated by a red laser (635 nm) with an optical 

power of 0.362 mW with a spot diameter of 20 μm.  

 

In order to heat the liquid sample other than photothermal heating, a heater was attached to the 

bottom of the PEEK fixture on which the micro channel cantilever was placed.  Also, to provide 

controlled heating to the resonators while accurately measuring temperature, a Pt 100 sensor was 

mounted on the bottom of the PEEK fixture. The temperature was measured using Keithley 197 

micro-voltmeter. 
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Figure 3.6: A conceptual schematic of the fluidic resonator filled with liquid samples subjected to 

photothermal modulation. (Subset) Top view of the resonator when the heating laser aligned and 

powered off/on. Scale bars are 100 μm. 

 

3.5 Plasma focused Ion Beam (PFIB) 

 

Plasma focused ion beam (PFIB) was used to analyse the clay samples inside the microchannel 

cantilever.  The operation of PFIB is plasma-FIB is mainly used to perform micro cross sections 

on samples by using an ion source.  The ion source is focused on the sample to obtain a small beam 

that can etch the surface with material removing.  This small beam can be scanned on the surface 

of the sample reaching a precision smaller than 1 µm to produce local cross-section of the desired 

shape without the defects caused by standard mechanical polishing. The plasma-FIB instead of 

having a liquid gallium ions source like standard FIB has a xenon plasma ions source.  This new 

source type allows cutting rate 50X faster than regular liquid gallium FIB.  The plasma-FIB is 

coupled with a scanning electron microscope (SEM) and with an x-rays energy dispersive 

spectrometer (EDS) to observe and analyze the section obtained.   A Gas Injection System (GIS) 

is also available, offering the possibility to locally coat the sample with platinum or tungsten (to 

protect the surface or to create pads), to deposit an electric insulating material or to use water or 

XeF2 to accelerate milling of some materials.    
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In order to see the inside of the microchannel cantilever without dicing the micro-cantilever, Helios 

5 Hydra Dual Beam PFIB from Thermo fisher available in Nanaofab at University of Alberta was 

used for the milling and scanning. 5 nm of Tungsten was coated on the desired milling surface and 

using xenon plasma ions, the surface was milled. 

 

 

Figure 3.7: Photographs of PFIB-SEM set up. a) The sample is mounted horizontally on the stage. 

b) The stage is tilted negatively, so that the PFIB beam mills the sample surface at a nearly glancing 

angle. Reproduced with permission from [8] 
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Chapter 4 

 

Effect of surface and interfacial tension on the resonance frequency 

of microfluidic channel cantilever 

 

 

4.1 Abstract 
 

The bending resonance of micro-sized resonators has been utilized to study adsorption of analyte 

molecules in complex fluids of picogram quantity. Traditionally, the analysis to characterize the 

resonance frequency has been focusing solely on the mass change, while the effect of interfacial 

tension of the fluid has been largely neglected. By observing forced vibrations of a microfluidic 

cantilever filled with a series of alkanes using Laser Doppler Vibrometer (LDV), we studied the 

effect of surface and interfacial tension on the resonance frequency. Here, we incorporated the 

Young–Laplace equation into the Euler–Bernoulli beam theory to consider extra stress that surface 

and interface tension exerts to the vibration of the cantilever. Based on the hypothesis that the near-

surface region of a continuum is subject to the extra stress, thin surface and interface layers are 

introduced to our model. The thin layer is subject to an axial force exerted by the extra stress, 

which in turn affects the transverse vibration of the cantilever. We tested the analytical model by 

varying the interfacial tension between the silicon nitride microchannel cantilever and the filled 

alkanes, whose interfacial tension varies with chain length. Compared to the conventional Euler–

Bernoulli model, our enhanced model provides a better agreement to the experimental results, 

shedding light to precision measurements using micro-sized cantilever resonators. 

 

4.2 Introduction 

 

A microcantilever-based sensor driven in dynamic operation mode measures resonance 

frequencies in various vibrational modes, allowing chemical and biological sensing at extreme 

precision [1-5]. The resonance frequency can shift by any factors that cause subtle changes in the 

spring constant or the mass of the microcantilever [4-6].  For example, mass and stiffness of an 

adsorbate can alter those of the resonating microcantilever, resulting in the shift of the resonance 
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frequency with a precisely quantifiable manner [7]; its unprecedented precision level has been 

crucial in detecting trace number of biological analytes, such as toxin, hybridized DNAs, and 

pathogens [8]. 

 

Surface stress can be considered as a measurable macroscopic quantity that arises from the 

microscopic interactions of adsorbate on surface, surface/environment interaction or surface 

reconstruction [9]. As the surface/interface area to volume ratio increases considerably with the 

reduction of sizes of the sensors to micron scale, the effects from surface stress become 

increasingly important [10]. It has been well understood that the surface stress causes a static 

bending of thin microcantilevers [11]. The effect of surface stress in the natural resonance 

frequency has been hypothesized since 1975 when Lagowski et al. discovered a strong surface 

condition dependence on the natural frequency of GaAs crystals with thickness less than 15µm 

[12].  

 

Chen et al. [13] and Cherian et al.[14] described the shift in resonance frequency of a cantilever as 

the combination of increased mass and changed spring constant when a chemical species adsorbs 

on the surface of the cantilever [10]. Wang et al. emphasized the effect of surface stress on 

nanomechanical properties of ultra-thin SCS resonators when explaining the effects of thermal 

treatments and gas adsorption [15].  Hwang et al. performed an experimental study on the 

correlation between the surface stress exerted by biomolecular interactions and the dynamical 

response of microcantilevers [16]. A nanomechanical spectrometry study of 100 nm-sized gold 

nanoparticles (GNPs) and Escherichia coli DH5α cells using microcantilever resonators conducted 

by Malvar et al. revealed that the ignorance of the effect of stiffness can lead to an underestimation 

of mass by 10% in microcantilevers [17]. A recent project by Stachiv et al. presented an interesting 

but alternate method to quantify the adsorbate mass by analyzing the changes in Q factor without 

even knowing the position of attachment, stiffness and surface stress effects [18]. 

 

On theoretical modelling side, McFarland et al. derived an axial beam model with a constant axial 

force acting on the cantilever based on Lagowski’s hypothesis for explaining the influence of the 

surface stress on a deformed cantilever [19]. An alternative model was implemented by Ren et al 

using a variable axial force in the Euler–Bernoulli governing equation to determine surface stress 
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effect on the frequency of the microcantilever [20]. Another theoretical explanation for adsorption-

induced change in resonance frequency was put forward by Huang et al. by considering the 

interaction between adsorbates and the cantilever [21]. Along with the experimental evidence, 

Hwang et al. presented a mechanical beam model for the surface stress driven dynamical response 

of nanomechanical microcantilevers [16]. In the same year, Dorignac et al. used the fluctuation-

dissipation theorem to derive an exact expression for the frequency shift of the nanoscale cantilever 

placed in a viscous fluid. It was found that the frequency shift was generated by the surface stress 

due to biomolecular interaction rather than the mass loading [22]. 

 

Aforementioned theories based on the hypothesis of surface pressure effect, however, faced 

numerous criticisms. Gurtin et al. contradicted Lagowski’s hypothesis by stating that within the 

framework of classical beam theory, strain independent surface stress has no effect on the natural 

resonance frequency of cantilever beams, but the surface elasticity can change the frequency [10]. 

In beam with axial force model, the effective external forces were considerably misinterpreted 

since the cantilever has a free end to allow deformation or bending to relieve the stress [23].  Wang 

et al. and Lu et al. analyzed the influence of surface elasticity, pure surface stress and adsorption 

induced surface stress on the vibration frequency on the cantilever while stating that only strain 

dependent surface stress affects the dynamics [23,24]. Strain dependent surface stress explains the 

external forces that affect the modulus of the cantilever system whereas strain independent stress 

is not associated with any generation of strain upon the influence of stress such as surface tension, 

interfacial tension etc.  

 

To address the shortcomings of the previous models, Lachut et al. proposed an alternative approach 

based on the linear beam elastic theory about unreleased in-plane stress in the vicinity of the 

supporting clamp [25]. The unreleased stress arises from the clamping restriction for in-plane 

displacements. The article mentions that the strain independent stress has no role in the resonance 

frequency of the cantilever [25]. An improved model was employed by Sader et al. in which a 

cantilever plate model was introduced and considered the effect of cantilever width which was 

ignored in Euler-Bernoulli beam theory [26]. Still, there was a discrepancy of two orders of 

magnitude in the frequency calculations. Later, Karabalin et al. demonstrated controlled 

measurements of stress-induced change in cantilever stiffness with theoretical quantification. He 
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concluded that net in-plane stress generated in the immediate vicinity of the supporting clamp in a 

cantilever by the application of surface stress can alter the resonance frequency to a small but 

nonnegligible extent. But axial force model can predict stress effects in much larger magnitudes 

because of unspecified and uncontrolled effects [27]. 

 

In 2008 He et al. approached the influence of surface stress on resonance bending nanowires by 

incorporating the generalized Young–Laplace equation into Euler–Bernoulli beam theory and 

studying the solution for different boundary condition [28]. He stated that, in small deformations, 

the distributed transverse force resulting from the surface stress along the nanowires longitudinal 

direction is considered as a function of the curvature, and hence he accommodated the strain 

independent stress and the surface elasticity in the Euler–Bernoulli equation and validated the 

results [28]. A new model using classical lamination theory was developed by Sohi et al. using the 

Rayleigh–Ritz method [29]. They accounted for the biaxial curvature variation of the cantilever 

due to differential surface stress loading which is the main mechanism responsible for flexural 

resonance frequency shift. Similarly, Ruz et al. developed a model establishing the size- and 

vibration mode-dependent nonlinear relationship of change in microcantilever curvature due to 

surface stress loading and the variation of its resonance frequencies and vibration mode shapes [9]. 

A similar model by Sohi et al. investigated the modal response of microcantilevers where it relates 

the bending-extensional mode coupling associated with the flexural vibration modes of 

microcantilevers with a coupling strength that depends on the microcantilever curvature [30]. An 

interesting theoretical analysis which enabled the disentangling of the impact delivered by axial 

force and attached mass on resonant frequency shift of suspended nanomechanical based mass 

sensors under arbitrary applied axial load was put forth by Stachiv et al. in 2014 [31]. Followed 

by that, he introduced a similar theoretical investigation of the cantilever beams under an arbitrary 

value of the axial force vibrating in a specific environment such as vacuum, air or viscous fluid 

[32]. 

 

Apart from surface stress effect, higher order strain gradient theories such as generalized Cosserat 

theory of elasticity were considered for more accurate descriptions of micro-mechanical systems, 

including mathematically tractable formulations and associated analyses of microstructures. The 

introduction of couple-stress tensor into the models of continuum deformation and analysis of 
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Euler-Bernoulli equation revealed the size dependent nature of resonant frequencies of the 

microbeams [33-39]. The inclusion of a characteristic length parameter, l, shear modulus, µ, and 

width of the beam, A, in the calculation of Young’s modulus, introduced the new effective modulus 

as 𝐸𝐼∗ = 𝐸𝐼 +  𝜇𝐴𝑙2, and was used to estimate the resonant frequency according to the 

aforementioned couple stress model [33,34]. The Spencer and Soldatos type approach [40] is one 

of most widely adopted second gradient model for problems regarding planar beams and plates 

with meshed microstructures [41,42]. At the same time, the implementation of the non-classical 

continuum theories, as in their original forms, has faced formidable challenges especially in 

characterizing admissible higher forces (e.g., double and triple forces) and their energy couples 

(Piola-type double and triple stresses) sustained by the higher-order continua [35-39]. One author 

of this paper, Kim, has contributed to the developments of higher-order gradient models for the 

mechanics of micro-structured elastic solids subjected to finite plane deformations [43-49]. 

 

When the surface effects are not negligible, the bending and vibration analyses of beams can be 

modelled with the framework of the higher-order gradient-based continuum models with proper 

dimensional reductions. The dimensional reduction of higher-gradient models leads to the 

constitutive equations, which share close similarity to those obtained directly from the surface 

elasticity theory. This is because both approaches essentially result in the same orders of gradient 

fields once formulated in the form of Euler equilibrium equations. 

 

Though the existing surface elasticity beam models provides comprehensive descriptions in the 

constitutive modeling level, implementation in an actual problem often results in unpractically 

heavy expressions or even analytically unsolvable expressions [51]. Therefore, it is necessary to 

devise a prediction model that is simple to implement. A practical target for such analytical model 

may be within the allowed error limit of 5%, when the use of heavy computational resources is not 

preferred. 

 

Although the hypothesis of the surface stress effect on the resonance frequency has been supported 

by many studies, its practical effect on molecular sensing has been questioned because resonant 

vibration of cantilever dampens in liquid medium, which results in compromised quality factor of 

such resonance peaks.  In order to address the challenge, microchannel cantilever vibrating in high 
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vacuum environment have been suggested [52-54]. The microchannel cantilever, a unique tool to 

characterize the properties of fluids in picograms of quantity with high sensitivity and selectivity, 

can operate in two modes [55]. In static mode, the displacement of the beam is converted to the 

surface stress associated with the adsorption on the cantilever. In dynamic mode, the frequency 

shift is associated with the surface stress resulting from the adsorption on the beam [56]. Since 

static mode involves a significant drift in the signal over a large period of time, dynamic mode is 

preferred for stable long-term operation. 

 

In the present study, we hypothesized that the surface/interface tension of the microchannel 

cantilever exerts transverse force acting along the longitudinal direction of the deformed beam that 

modulates the effective modulus of the cantilever system. The presented model is based on the 

first gradient surface elasticity theory with an assumption of perfect adherence between the fluid 

substances and the surfaces of cantilever beam.  The microchannel cantilever containing the fluid 

is considered as a single cantilever system, whose equilibrium shape is in the deformed state; the 

balance between the internal forces and the surface elasticity is considered [57,58].  Based on the 

hypothesis, we developed an improved Euler-Bernoulli model. Our main goal is to study the 

influence of the transverse force along the longitudinal direction, q(x) in the Euler-Bernoulli 

equation, on the resonance frequency of the cantilever. This parameter is associated with the 

second derivative of displacement with respect to position [23,33].  Within these prescriptions, the 

influences of fluid substances are transmitted through the surfaces of beams, leading to the 

idealization of surface-influenced beam systems. Our model may be classified as a simplified 

surface elasticity-based continuum model. When formulating the effective moduli of the beam, 

𝐸𝐼∗, the size effects that lead to the frequency shift of the beam are already implied. Then, we 

tested the hypothesis by monitoring the resonance frequencies of a microchannel cantilever when 

empty, as well as when filled with a series of alkanes with a number of carbon atoms between 5 

and 9. Our improved Euler-Bernoulli model showed a better agreement with experimental results 

when compared to the prediction from the conventional model. 

 

4.3 Analytical Model Incorporating Surface Pressure   
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The classical Euler–Bernoulli beam differential equation for a freely vibrating cantilever with 

deflection 𝑤(𝑥, 𝑡) is  

 

(𝜌𝐴)∗ 𝜕2𝑤(𝑥,𝑡)

𝜕𝑡2  + 𝐸𝐼
𝜕4𝑤(𝑥,𝑡)

𝜕𝑥4    = 0 (4.1) 

 

and its associated natural resonance frequency in the fundamental flexural mode is given by  

 

𝜔 = (
𝛼

𝐿
)

2

√
𝐸𝐼

𝜌𝐴
 (4.2) 

 

where L denotes the cantilever length, A = b × h is cross section with b and h being width and 

thickness, respectively. I = bh3/12, E, ρ and α=1.876 are geometric moment of inertia, Young’s 

modulus, mass density, and mode shape factor for the fundamental mode respectively. 

 

We refine the classical beam model based on the following assumptions 

1) The length to width ratio of the channel is greater than the order of 100. 

2) The amplitude of the beam vibration is smaller than the any beam dimension. 

3) The fluid inside the channel is considered as a homogeneous media and incompressible and the 

beam is a linearly elastic solid. 

4) The deformed beam is in equilibrium considering that all the internal forces are balanced within. 

5) The cross section of the beam is uniform over its entire length. 

 

In order to study the surface effects on the natural resonance frequency of microfluidic cantilever, 

we consider the combined effects of residual surface tension and interfacial tension. The problem 

is addressed on the basis of a surface layer-based theory taking into account of the origin of 

interfacial tension and residual surface stress.  

 

In our study, we use a hollow cannel cantilever filled with fluid. Figure 4.1a shows an overview 

of experimental setup, and Figures 1b and 1c show the top and the cross-sectional view of a 

microchannel cantilever, respectively. 
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Figure 4.1: a) Schematic of the experimental system. The microchannel cantilever vibrates in 

vacuum environment with a pressure below than 1×10−3 mbar in order to ensure high quality factor 

resonance peaks. b) SEM image from the top of the sensor chip. c) A cross-sectional illustration 

of the cantilever (dotted red lines in a) and b)) denoting our definition of interface and surface, as 

well as the geometric description of the lengths used in our calculation (‘a’ to ‘g’). 

 

The surface effects on the natural resonance frequency of the cantilever were studied based on the 

approach of surface layer model by Wang et al. [23]. Among surface effects, in order to consider 

both surface elasticity and residual tension on the resonance frequency, the surface elasticity theory 

of Gurtin et al. [10] was included along with Young Laplace equation in the governing differential 

equation [23]. The microbeam was considered as a sandwich model with thin upper and lower 

surface layers having near-surface material properties and the bulk material in between. They 

divided a microbeam into three laminated layers, including two surface layers and a bulk layer 

with Young’s modulus E1 and E and thickness h1 and 2h respectively. The tensile stiffness of the 

surface layer was denoted as Es=E1h1. Letting h1 approach zero while keeping Es as a constant, 

the surface layer model reduces to the theory of surface elasticity of Gurtin et al. [10] in which the 

surface has a zero thickness and a surface elastic modulus Es. 

 

   The effective bending moment of the sandwich beam is expressed as  

 

(EI)* =EI + 2Esah2 (4.3) 
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where I=2ah3 /3 and E are the inertia moment of the bulk layer and Young’s modulus of bulk layer 

respectively. Here a is the beam width and Es = E1h1 is the tensile stiffness of the surface layer in 

which E1, h1 are the Young’s modulus and thickness of surface layer, respectively [23]. 

 

Our model starts from the similar approach. Since the inner surface of the channel is in contact 

with the fluid, the system may be modelled as two homogeneous media, i.e., a bulk layer of silicon 

nitride in contact with a bulk layer of fluid.  The Young’s modulus of the channel and the fluid are 

denoted as EH and Ef, and are 180 ×10 9 Pa and 0.7-0.9 ×109 Pa respectively [55,59,60]. 

 

The effective modulus (EI)* is then given by  

 

(EI) * = EHIH + EfIf (4.4) 

 

where IH is the inertia moment of the hollow channel, and the If is the inertia moment of bulk fluid 

and are calculated as 5.514 * 10-23m4 and 1.8 * 10-23 m4 respectively. In fact, the effective bending 

moduli of multilayered beams may be calculated in different ways, for example, those suggested 

in Zapomel el al. [61] which may result in more accurate predictions. In this a novel procedure for 

measurement of modulus of suspended micro/nano resonator with a deposited thin film was 

developed by utilizing the Monte Carlo probabilistic method combined with the finite-element 

method (FEM).  In the present study, we adopt the model proposed by Wang et al. [23] based on 

the theory of surface elasticity for the sake of analytical simplicity and mathematically tractable 

models. 

 

The peripheral regions of a continuum materials (i.e., atoms or molecules at and near the surface 

or the interface) have different local environment compared to the bulk region. Thus, the physical 

properties of these atoms are different; this is the origin of residual surface tension [28]. Here, we 

denote the residual surface tensions at the surface layer of the silicon nitride channel as σ, and the 

interfacial tension between the fluid surface and channel surface as σif.  
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In the present study we adapt the generalized Young–Laplace equation to account the out of plane 

stresses that are induced from in-plane stresses of the curved interface surfaces. Since the curvature 

of the beam (
𝜕2𝑤 

𝜕𝑥2  =0) vanishes prior to deformation, the residual surface stress has no effect on the 

bulk [22].  But for a deformed single beam, the curvature is not zero and the residual surface 

tension will generate a distributed transverse loading, 𝑞(𝑥), along the longitudinal direction on the 

surface as  

 

𝑞(𝑥) = −𝑝𝑞
𝜕2𝑤

𝜕𝑥2
 (4.5) 

 

where 
𝜕2𝑤

𝜕𝑥2  is the curvature of the beam, p is the surface stress and q are the beam width [28].  

 

Considering the effects of, 𝜎  and  𝜎𝑖𝑓  on all four walls of the channel respectively, the Laplace-

Young equation on the surfaces yields 

 

𝑞𝑐ℎ𝑎𝑛𝑛𝑒𝑙(𝑥) = −(2𝜎 (𝑎 + 2(𝑏 + 𝑐 + 𝑔 + 𝑒))
𝜕2𝑤

𝜕𝑥2
) (4.6) 

 

and, 

𝑞𝑓𝑙𝑢𝑖𝑑(𝑥) = −(4𝜎𝑖𝑓(𝑑 + 𝑔)
𝜕2𝑤

𝜕𝑥2
) (4.7) 

 

where a, b, c, g and e are the characteristic dimension of the hollow channel.  When channel is 

empty, 𝜎𝑖𝑓 becomes the same as 𝜎. Here, positive  2𝜎 (𝑎 + 2(𝑏 + 𝑐 + 𝑔 + 𝑒)) 𝑎𝑛𝑑  4𝜎𝑖𝑓(𝑑 + 𝑔)  

are considered as tensile stress and negative are compressive stress. In this case, since all surfaces 

are exposed to surface stresses, the situation is complex and compressive stress is taken into 

consideration as it improves the model value towards the experimental value. 

 

Thus, effective distributed loading can be formulated as, 
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𝑞 (𝑥) =  𝑞𝑐ℎ𝑎𝑛𝑛𝑒𝑙(𝑥) + 𝑞𝑓𝑙𝑢𝑖𝑑(𝑥) = −(2𝜎 (𝑎 + 2(𝑏 + 𝑐 + 𝑔 +

𝑒))
𝜕2𝑤

𝜕𝑥2
 +4𝜎𝑖𝑓(𝑑 +  𝑔)

𝜕2𝑤

𝜕𝑥2
 

(4.8) 

 

The equation of motion describing the motion of bending microfluidic channel incorporating the 

distributed transverse force in the Euler–Bernoulli beam theory is obtained as 

 

(𝜌𝐴)∗ 𝜕2𝑤(𝑥,𝑡)

𝜕𝑡2  + 𝐸𝐼∗ 𝜕4𝑤(𝑥,𝑡)

𝜕𝑥4  - 𝑞 (𝑥) = 0 (4.9) 

  

and   (𝜌𝐴)∗ is the effective density given as 

 

(𝜌𝐴)∗ =  𝜌𝐴 + 𝜌𝑓𝐴𝑓 (4.10) 

 

in which 𝜌 and 𝜌𝑓 are the densities and A and 𝐴𝑓 are the cross-sectional areas of the channel and 

fluids respectively. It is seen that both the surface elasticity and residual surface tension affect the 

dynamic behavior of the beam. The third term in the equation indicates that the influence of 

residual surface tensions is equivalent to a stretching axial loading (2𝜎 (𝑎 + 2(𝑏 + 𝑐 + 𝑔 +

𝑒))
𝜕2𝑤

𝜕𝑥2  +4𝜎𝑖𝑓(𝑑 +  𝑔)
𝜕2𝑤

𝜕𝑥2  at the free end of the beam. 

 

 

Figure 4.2: Schematic illustration of the distribution of surface stress on a cantilever under 

deformation. 

 

For the small harmonic motion, the natural vibration mode of the channel can be decomposed as  
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𝑤(𝑥, 𝑡) = 𝑊(𝑥)𝑇(𝑡) (4.11) 

 

where, 𝑊(𝑥) and T(t) are normal functions that define the displacement and time respectively. 

Plugging Eq (10) into the Euler -Bernoulli equation (Eq (9)) we obtain, 

 

𝐴 𝑊(𝑥)𝑇̈(𝑡) + 𝐵 𝑊𝑥𝑥x𝑥𝑇(𝑡) − 𝐶 𝑊𝑥𝑥𝑇(𝑡) = 0 (4.12) 

 

where, A= (𝜌𝐴)∗, B= 𝐸𝐼∗ and C = −(− (2𝜎 (𝑎 + 2(𝑏 + 𝑐 + 𝑔 + 𝑒)) + 4𝜎𝑖𝑓(𝑑 +  𝑔)))), 

𝑊(𝑥)𝑇̈(𝑡) =
𝜕2𝑤(𝑥,𝑡)

𝜕𝑡2 , 𝑊𝑥𝑥x𝑥𝑇(𝑡) =
𝜕4𝑤(𝑥,𝑡)

𝜕𝑥4  and  𝑊𝑥𝑥𝑇(𝑡) = 
𝜕2𝑤(𝑥,𝑡)

𝜕𝑥2  

 

We consider a cantilever with clamped end at x=0 and free end at x=L. The boundary conditions 

for Eq (12) are expressed as 

 

𝑤(𝑜) = 0, 𝑤′(0) = 0,    𝑤′′(𝐿) = 0, 𝑤′′′(𝐿) = 0 (4.13) 

 

By substituting Eq (12) into 11, Eq (11) becomes 

 

𝑟1
5+𝑟1𝑟2

4+2 𝑟1
3 𝑟2

2 cos ℎ𝑟1𝐿 cos 𝑟2𝐿+ 𝑟1
2 𝑟2

3  sin ℎ𝑟1𝐿 sin 𝑟2𝐿 −

𝑟2𝑟1
4 sin ℎ𝑟1𝐿 sin 𝑟2𝐿 = 0 

(4.14) 

where, 

𝑟1 = 
1

√2𝐿
√[−𝑠 + √𝑠2 + 4ϖ2]  , (4.15) 

𝑟2 = 
1

√2𝐿
√[𝑠 + √𝑠2 + 4ϖ2]   (4.16) 

 

and S= 
𝐶

𝐵
 𝐿2  ; ϖ2 = 

𝐴

𝐵
 𝜔2𝐿4, in which S is the surface effect factor. When S approaches zero, the 

surface effect vanishes, and the above equation yields the same resonance frequency as the 

classical Euler- Bernoulli equation. 
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4.4 Estimating Interfacial Tension  

 

The parameter of interfacial tension can be obtained for individual alkanes from the geometric 

mean equation based on Owens-Wendt-Rabel-Kaelble method, 

 

𝛾𝑠𝑙 = 𝛾𝑠 + 𝛾𝑙 − 2 (√𝛾𝑠
𝐷𝛾𝑙

𝐷 + √𝛾𝑠
𝑃𝛾𝑙

𝑃) (4.17) 

 

where superscripts D and P represent the dispersive and polar components, 𝛾𝑠, 𝛾𝑙 are the surface 

free energies of solid and liquid respectively [62]. Since alkanes are considered to be nonpolar, 

their polar component is zero. The surface energy of silicon nitride is given by 74mN/m of which 

the dispersive component is 29 mN/m and the polar component is 45 mN/m [62]. The 𝛾𝑙, 𝛾𝑙
𝐷, and 

𝛾𝑠𝑙 values are summarized in Table 4.1.  

 

Table 4.1. Surface energy of alkanes and their respective interfacial energy to microchannel 

cantilever walls made of silicon nitride (estimated) [63]. Note, alkanes can be considered as purely 

nonpolar (i.e., γl ≈ γl
D). 

 

Alkane 𝛄𝐥 (mN/m) 𝛄𝐥
𝐃(mN/m) 𝛄𝐬𝐥(mN/m) 

    

Pentane 15.82 15.82 
46.9817 

 

Hexane 18.4 18.4 
46.2004 

 

Heptane 19.9 19.9 
45.8542 

 

Octane 21.3 21.3 
45.5929 

 

Nonane 23 23 45.3473 

 

Interfacial tension can contribute as either a positive or a negative stress factor depending on the 

interaction of fluid with silicon nitride channel. Theoretical model modified with the interfacial 
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stress is represented in Figure 4.a as green line. When the beam height reduces to nanometers or 

microns, surface effects can be taken into consideration. To further improve the model, the residual 

surface tension value of silicon nitride is added to the model which is then obtained as 

 

(𝜌𝐴)∗ 𝜕2𝑤(𝑥,𝑡)

𝜕𝑡2  + 𝐸𝐼
𝜕4𝑤(𝑥,𝑡)

𝜕𝑥4  -  𝑞 (𝑥) = 0 (4.18) 

 

and, 

 

𝑞 (𝑥) = −(2𝜎 (𝑎 + 2(𝑏 + 𝑐 + 𝑔 + 𝑒)
𝜕2𝑤

𝜕𝑥2  + 4𝜎𝑖𝑓(𝑑 +     𝑔)
𝜕2𝑤

𝜕𝑥2  ) 

 

(4.19) 

 

is the transverse loading term arising from the resultant residual surface tension of silicon nitride 

and interfacial tension between the fluid and silicon nitride. 

 

4.5 Experimental Details 

 

Alkane series such as pentane, hexane, heptane, octane, nonane were the test materials due to their 

absence of polar nature in surface tension, which lessens uncertainty in estimating the interfacial 

tension. A U-shaped microfluidic channel of 600 μm in length is fabricated on top of the plain 

cantilever by conventional top-down microfabrication techniques (Figure 4.1a). The dimensions 

of the microfluidic channel in Figure 4.1c are given as a, b, c, d, e, f and g where they are 0.90 

μm,10 μm, 32.9 μm, 32 μm, 2.5 μm, 3.9 μm and 3 μm respectively. 

 

Prior to loading the alkane samples, the cantilever was cleaned with piranha (in order to remove 

organic contaminants) and heated on a hot plate at 200o C for two hours to drive out any residual 

moisture. Before loading alkanes, the resonance frequency of the empty channel was noted as a 

part of calibration procedure. The cantilever was filled with alkane samples using syringes by 

applying pressure difference where the liquid is pushed through one inlet and the air is pulled out 

of the other outlet. As a result, in pressure difference, the liquid gets filled inside the channel.   
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In order to enhance the signal to noise ratio (SNR), the cantilever was mechanically excited by an 

external piezo actuator in the linear regime. The resonance frequency was measured optically using 

a laser Doppler Vibrometer (MSA 500, Polytec, USA) with 10 times averaging and was monitored 

continuously during the experiments. The resonance frequency and quality factor were extracted 

from the resonance peak. Because the viscosities of alkanes are low and the alkanes are miscible 

between each other, it was easy to flush and refill the channel to exchange alkane. The alkane 

inside the channel was completely removed using vacuum and put again on the hotplate in order 

to remove the residues. Prior to loading each sample, the empty cantilever was characterized to 

determine their resonance frequency and phase. All of the experiments were carried out at a 

vacuum level of 10-3 mbar in order to enhance the quality factor of the system.  

 

4.6 Results and discussion 

 

The filled microchannel cantilevers follow the same dynamics of a plain cantilever because the 

fluid inside the channel behaves as a homogeneous media. Figure 4.3 shows the cantilever 

fundamental frequency as a result of filling of alkanes in the channel. Since the fundamental 

frequency is dependent on the stiffness and mass, there will be frequency shift as the cantilever is 

filled with the alkanes.  

 

The frequency of the empty channel cantilever was obtained as 21.19 kHz and the introduction of 

alkanes caused the resonance frequency of cantilever to shift varying from 4.20 kHz to 4.59 kHz 

from the empty channel cantilever frequency. The resonance frequencies of the channel filled with 

pentane, hexane, heptane, octane, nonane were obtained as 16.9875 kHz, 16.8672 kHz, 16.7437 

kHz, 16.6672 kHz, 16.5969 kHz respectively. Once the channel was emptied prior to the filling of 

next alkane, it was observed that the frequency increased to 21. 19 kHz which is similar to empty 

channel frequency. As the density of alkanes varies from 626 kg/m3 to 718 kg/m3, it is evident 

from the shift in frequency is dependent on the mass-density addition in the channel. Here, we 

show that the variation of frequency shift depends not only on the mass density of the filled liquids, 

but also on the transverse force that the liquids cause as the result of exerted interfacial tension.  
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In order to explain how our enhanced model improves the fitting to the experimental results, we 

defined nomenclature for the three components in the model as follows: (A) the theoretical 

prediction of the natural resonance frequency by the conventional model, (B) our new term that 

includes the effect of the surface and interfacial tension and (C) The correction factor that takes 

account for the uncertainty in geometry. 

 

 

 

Figure 4.3: Characterisation of resonance frequency of the microchannel cantilever filled with a 

series of alkanes a) with and b) without the resonance peak of empty channel cantilever. 

 

For empty channels, the conventional Euler–Bernoulli model (A) shows 5.10% discrepancy when 

compared to the experimental values (Experimental) as shown in Figure 4.4 a. This value (A) is 

obtained when we substitute s=0 in the Eq 15 and 16. When we incorporated the effect of surface 

tension (A+B), the discrepancy decreases to 3.24%. Here, we introduced the correction factor 

(A+B+C) to reconcile the discrepancy between (A+B) and (Experimental).  For the microchannel 

cantilever that we used in the current study, we obtained the value of correction factor to be 1.03 

and is the ratio of the experimental value to the conventional model value for empty channel 

cantilever. Accurate prediction of the resonance frequency of the microfluidic channel can be 

obtained with the help of finite element analysis of the structure [64,65]. 
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When channels are filled with alkane liquids with carbon numbers between 5 to 9 (Figure 4.4 b), 

there is a discrepancy of 5.87 % between the conventional model (A) and the experimental values 

(Experimental). Using the surface tension value and the interfacial tension values from Table 1, 

our modified model (A+B) decreased the discrepancy to 4.19%. Using the correction factor 

obtained from the empty channel to the filled channel cases, we could achieve good agreement 

with the experimental results with an accuracy of 99.03%.  

 

Incorporating the effect of the surface and the interfacial tension into Euler–Bernoulli beam theory 

in predicting the natural resonance frequency led to a partial reconciliation between the 

conventional model and the experimental value. In order to further the reconciliation, we 

introduced the correction factor. Whereas we attribute the physical origin of the correction factor 

to be an uncertainty in the geometry of fabricated microchannel cantilevers, there is a possibility 

that the correction factor includes some physics that we overlooked.  One observation is that the 

required correction factor values for empty channel cantilever is clearly different from that for 

filled cantilevers. This may imply viscoelastic energy dissipation from the enclosed fluid, whereas 

testing the hypothesis will require a series of dedicated theoretical and experimental studies. In 

addition, it may be of particular mechanical interest to consider slip frictions between the cantilever 

and liquid medium through an interacting interface. The effects of slip friction may appear in the 

form of dissipative energy which was intrinsically limited in the present study where only 

conservative loads in the sense of virtual work statement are considered. 
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Figure 4.4: a) Experimentally observed (solid lines) and theoretically predicted (dashed lines) 

resonance frequencies of the microchannel cantilever. b) Enlarged view of the values from the 

channel filled with alkane liquids with varying carbon atoms in the chain. 

 

 

4.7 Conclusion 

 
 

In this study, we developed an enhanced Euler–Bernoulli beam model by incorporating Young–

Laplace equation to consider transverse force along the longitudinal direction that surface, and 
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interface tension exerts to the vibration of the cantilever.  Our model, which hypothesizes the 

importance of transverse force on modulating the effective modulus of the microchannel 

cantilever, emphasizes the importance of surface and interface tension on the natural resonance 

frequency of the cantilever. We tested the adequacy of our model in a cantilever in its empty 

channel and alkane-filled channel states, respectively.  While the conventional Euler–Bernoulli 

beam model expects the resonance frequency value to be 5.10% and 5.87% lower than the 

experimental value for empty and filled channel states, the discrepancy value decreases to 3.24% 

and 4.19% respectively. It should be noted that our microchannel cantilevers have wall thickness 

values of less than a micron, and thus the interfacial tension plays a significant role in the resonance 

frequency of the cantilever. While our model contributes a partial reconciliation, more studies are 

needed to elucidate the origin of the remaining discrepancies.  
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Chapter 5 

 

Measurement of Thermal Properties of Liquid Analytes using 

Microfluidic Resonators via Photothermal Modulation 

 

5.1 Abstract 

 

Understanding the thermal properties of fluids at the nanoscale with high spatial, temporal, and 

thermal resolution are on great demand in the fields of MEMS, drug development, biomedical 

devices, and analytical systems. Microfluidic channel-integrated cantilevers are considered as an 

established benchtop sensor platform for physical and thermal characterization of materials at the 

picogram amount of analytes. This chapter reports analysis of the thermal characteristics of liquid 

analytes using photothermal heating effect of the microfluidic cantilever. While the liquid analyte 

in the cantilever is locally heated by laser-induced irradiation, real-time tracking of resonance 

frequency shift of the microfluidic resonator allows the estimation of thermal properties of liquid 

samples. The heating results in the expansion of the liquid inside the channel which induces 

thermal stress on the walls of the channel. This thermal stress contributes to a rise of the resonance 

frequency of the microfluidic resonator and, therefore, the frequency shift is linearly dependent of 

the volumetric coefficient expansion of the liquid. A threefold improved sensitivity is observed 

when the second order flexural vibration mode is analyzed compared to that of the fundamental 

resonance. This approach, which combines photothermal heating and the dynamic mode of 

operation, can serve as a platform for the development of a portable, lab on a chip device for the 

use of real time detection of thermomechanical properties of fluids at low cost. 

 

5.2 Introduction 

 

When studying thermal properties of precious analytes, for example DNA[1], protein [2], precision 

polymers [3], colloidal nanofluids in microelectronic industry [4,5] and antigen-antibody pairs [6], 

the ability to analyze nanogram-scale amount of fluids is a key eligibility requirement for a sensing 
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technology [1,2,3,4,5,6,7]. The nanoscale sensing ability can also enable the miniaturization of the 

analytical platforms, which have significant advantages such as portability, quick throughput, and 

facilitated control of local reaction environment [7,8]. The matured micro and nanofabrication 

technology over the past two decades allows single miniaturized sensing platform to provide 

orthogonality between multiple sensing with enhanced sensitivity and selectivity [8,9]. Among the 

miniaturized tools, microcantilever-based sensors have unique advantages including high 

sensitivity, low power consumption, label-free detection, and array-based sensing of multiple 

analytes in real-time [9]. The large ratio of surface area to mass renders the microcantilevers to 

have extreme sensitivity at the surface, allowing them to detect small changes in mass, density, 

stress, temperature even in fluid environment [10]. The sensing concept relies on the transduction 

of surface interactions into mechanical signals as either cantilever deflection (static mode) or a 

shift in resonance frequency (dynamic mode), whereas the surface interactions may include 

adsorption of analytes from environment [9]. 

 

The bi material microcantilever beam (BMC) with a metal layer on top of silicon or silicon nitride 

cantilever provides highly sensitive thermomechanical characterization tool for various 

applications including calorimetry [7], spectroscopy [11], chemical or biological analyte detector 

[12] , IR detectors [13], scanning thermal imaging probes [14]. A bi-material cantilever is 

fabricated from two different materials with dissimilar coefficients of thermal expansion. It 

experiences a thermal stress generated by the mismatch of the thermal expansion coefficients of 

the constituent materials for a temperature rise and results in bending [15]. Deflection of a bi-

material microcantilever is calculated by considering the heat transfer to and within the cantilever, 

whereas the heating changes the mechanical behavior of the cantilever [15].They have 

demonstrated their ability as excellent thermomechanical sensors detecting as small as 40 pW for 

power, 10 fJ for energy and a temperature resolution of 10−5 K [16]. Consequently, it is possible 

to detect local heat generation produced by a chemical reaction at the end of the cantilever beam 

[17]. 

 

Various studies have attempted to analyze the liquid properties using a microcantilever in the 

dynamic mode. In the dynamic mode, the cantilever is mechanical driven at its fundamental or 

higher-mode resonance frequency, whereas an increase of the cantilever mass due to analyte 
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absorption causes a decrease of the cantilever resonance frequency. The resonant characteristics 

of a micro cantilever immersed in fluid had been studied experimentally [18] and theoretically 

[19,20] for measuring viscosity [19], density [19], liquid damping force [10], and biomolecular 

recognition [20]. An important parameter in the resonant mode of operation is the mechanical 

quality factor which determines the frequency stability and, consequently, the limit of detection 

(LOD) [10]. The quality factor of the resonant microcantilever immersed in a liquid is low due to 

energy dissipation in the surrounding dense medium and directly affects the sensitivity and 

detection limit of this type of sensor. When studying the chemical and biological analytes in a 

liquid media, the viscosity of the media often causes damping of the oscillation so that the 

resonance peaks become broadened and undefined (i.e., poor quality factor) [10]. One may argue 

that static-mode cantilevers operation based on surface stress is free from damping concerns and 

thus is preferable, but they are often prone to noise and drift [21]. Another constrain that limits the 

application of the microcantilever sensor is the change in signal to noise ratio by the presence of 

liquid flow [22].  

 

Microfluidic channel-integrated cantilevers (i.e., microchannel cantilevers) introduced by Manalis 

group overcome the limitations of liquid damping in the dynamic mode operation, and thus 

achieves unprecedented precision in thermomechanical characterization with enhanced signal 

stability [15,23,24]. The resonance frequency shift of the resonators can detect minuscule 

fluctuation of physical [3], chemical [24], and biological stimulus [9] within medium of fluidic 

channel. These microchannel cantilevers produce resonance peaks with quality factors up to three 

orders of magnitude higher than the beam resonator immersed in liquid [25]. Since the liquid is 

inside the cantilever, the microchannel cantilever can operate in a vacuum for increased mass 

resolution and higher reproducibility [25,23]. The resonance frequency and the quality factor of a 

microfluidic cantilever imply various physical parameters, such as density and viscosity of the 

confined liquid [26]. Measuring the Q-factor, determined by the full-width at half-maximum 

(FWHM) of the resonance peak, reveals viscosity information of the liquid sample [27]. The fluid-

filled microchannel cantilevers enabled weighing of surface-adhered biomolecules and single cells 

in fluid with extremely high sensitivity [28]. The unmatched sensitivity and signal reliability of 

the microchannel cantilever enabled the precise real-time measurement of mass accumulation rate 
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of a single cell during the events of gene expression and cancer cell development by monitoring 

resonance frequency and cantilever deflection [9,29,30] . 

 

A BMC concept that incorporates an embedded microchannel enabled thermal analysis of liquids 

at sub-nanolitre level while the detection is performed in the static mode [7]. In the study, the 

capacity of liquid sample of 150 pL was measured with a resolution of 23 mJ/gK when the sample 

is irradiated by a Quantum cascade laser (QCL) that generate infrared light with well-defined 

wavelengths [7]. The localized light-induced heating of the liquid resulted in a static deflection of 

the BMC due to thermal expansion mismatch between the constituent materials. The BMC 

deflection is proportional to multiple factors, including the thermomechanical sensitivity of the 

device, the optical intensity, the irradiation time, the light absorption coefficient of a sample inside 

the microchannel, the thermal properties of the sample, and the difference between the thermal 

expansion coefficients of the constituting materials. Therefore, the selection of the proper bi-

material elements and optimization of thickness of the layers are limiting factors while considering 

BMC cantilevers for thermal sensitivity experiments. Also, the bending response of resonators 

based on static mode where the results are prone to be affected by mechanical drift and higher 

noise level of the photodetector have brought need of the simpler experimental model and dynamic 

response. 

 

In dynamic mode, the thermal properties of the confined liquid analytes are characterized by the 

resonation frequency shift, whereas the shift is driven by the stress due to thermal 

expansion/contraction of the analyte [31]. In explaining the thermally induced bending of BMCs 

with an analytical model, Tamayo et al. introduced the concept of differential surface stress [31]. 

In addition, He and Lilley approached the influence of surface stress on resonance bending 

nanowires by incorporating the generalized Young-Laplace equation into Euler-Bernoulli beam 

theory and studying the solution for different boundary conditions [32]. They considered that the 

distributed transverse force resulting from the surface stress along the nanowires longitudinal 

direction is considered as a function of the curvature in small deformations. Hence, the strain 

independent stress and the surface elasticity in the Euler-Bernoulli equation is accommodated by 

the concept of surface stress [36]. The effect of interfacial tension on the resonance frequency of 

the micro-fluidic channel has been discussed with the inclusion of Young-Laplace equation in the 
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Euler-Bernoulli equation in a recent study [33]. In the present work, we hypothesized that the 

thermal stress generated by the liquid inside the microchannel cantilever exerts transverse force 

acting along the longitudinal direction of the deformed beam that modulates the effective modulus 

of the cantilever system. 

 

In this paper, a silicon nitride microchannel cantilever operating in dynamic mode is proposed to 

be a measurement platform for comparing thermal properties of liquids. By the application of the 

pressure, the liquids are loaded inside the microchannel cantilever and are optically heated at 

vacuum to obtain their thermal properties.  The liquid filled resonator is modulated by a continuous 

wave laser diode to provide the necessary optical heating. The use of microchannel cantilever 

enabled the detection of thermal properties of liquid analytes, such as volumetric expansion and 

heat capacity, by monitoring the resonance frequency shift and the transition time of this shift. The 

purpose of this study is to develop a miniature, robust, and sensitive platform to obtain real time 

information about the thermomechanical characterization of liquids. 

 

5.3 Experimental Details 

 

In photothermal characterization of a volume of fluid sample with a picolitre amount is heated by 

laser light with desired wavelengths while the sample is contained in the microchannel cantilever. 

The resonance frequency shift of the cantilever provides real time information regarding the 

thermal properties of the fluid such as volumetric expansion, heat capacity and thermal diffusivity. 

Figure 5.1 shows the conceptual schematic of the experiment where a U-shaped silicon nitride 

microfluidic channel (16 μm wide, 300 μm long and 3 μm high) fabricated on top of a plain 

cantilever (44 μm wide, 500 μm long and 500 nm thick) with a liquid sample is heated by a red 

laser (635 nm) with an optical power of 0.362 mW with a spot diameter of 20 μm. This 

microchannel cantilever is supported on a 350 μm thick silicon chip, which provides fluidic inlets 

and outlets for delivering sample fluids to the microchannel on the cantilever.  
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Figure 5.1: A conceptual schematic of the fluidic resonator filled with liquid samples subjected to 

photothermal modulation. (Subset) Top view of the resonator when the heating laser aligned and 

powered off/on. Scale bars are 100 μm. 

 

Two openings at the bottom of the chip provide a fluidic interface between the chip and connecting 

Teflon tubes. The fluid sample is loaded inside the channel by applying pressure and then unloaded 

by applying the negative pressure to outlet. Upon completion of measurement, the channel is 

thoroughly washed with deionized water then completely dried before another loading of liquid 

sample. In the vacuum environment (3×10-5 mbar), the resonator is externally excited by a piezo 

actuator as shown in Figure 5.2. This method offers a high quality factor thus high frequency 

stability while the integrated channel is at atmospheric pressure or filled with a stationary liquid. 

The resonance frequency of the resonator is simultaneously measured with a laser Doppler 

vibrometer (LDV) (MSA-500, Polytec). While open loop sweep is run by the LDV system, the 

closed loop modulation of the resonator is controlled by custom-made circuit, which enables real 

time tracking of frequency variation. All of the measurements are conducted at room temperature. 
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Figure 5.2: Schematic and of the measurement setup composed of a commercial laser Doppler 

vibrometer, vacuum chamber, closed loop circuit and custom modification for photothermal 

modulation 

 

5.4 Characterization 

 

Figure 5.3 a and 5.3 b shows the frequency response of the microchannel cantilever filled with air, 

water and Ethanol, respectively, without laser heating. The resonance frequencies of the different 

liquids filled in the channel cantilever such as ethanol, methanol, butanol, ethylene glycol, toluene, 

n- heptane, chloroform and water are shown as a function of their densities in Figure 5.3 c. As a 

reference, resonance frequency of the air-filled cantilever is characterized upon different the 

heating position on the cantilever (Supplementary Figure S1). The modulation frequency of the 

laser is maintained at 25 mHz with 50% duty cycle which is controlled by an optical chopper 

(MC2000B, Thorlabs). The cantilever is therefore exposed to an optical pulse every 20 seconds 

which is enough to provide the thermal relaxation or establish thermal equilibrium in the cantilever 

liquid system. 
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Figure 5.3: (a) 1st flexural mode resonance spectra of the air-filled microfluidic resonator in 

vacuum, and (b) frequency response of the microfluidic resonator when filled with air and other 

liquid loadings c) frequency response of cantilever filled with liquid samples as a function of liquid 

density. 

 

 The air-filled cantilever at atmospheric pressure shows an immediate drop of the resonance 

frequency when the photothermal heating is applied, followed by a slow surge towards saturation 

(Figure 5.4 a). When the heating is turned off, the resonance frequency instantly surges, followed 

by a gradual recovery towards the initial frequency level. The water-filled cantilever, however, 

shows an instant increase of the resonance frequency of the 1st (2nd) flexural mode from 48.28 

(290.38) kHz to 48.32 (290.52) kHz within a few seconds upon the laser heating (Figure 5.4 b). 

The behavior of frequency shift of the water filled cantilever for different laser heating time is 

shown in Figure S2 and it is evident from the figure that the frequency reached towards a saturation 

level when the laser has kept on for 40 seconds.  Throughout the heating time, the resonance 

frequency is nearly constant, implying that the cantilever is at a steady-state condition. When the 

laser is off, the frequency recovery is immediate and to the initial value. 
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Figure 5.4: 1st and 2nd flexural mode resonance frequency shifts of the resonator filled with (a) 

air and (b) water as a result of the photothermal modulation. In both cases of air and water filled 

cantilevers, the frequency increases as the laser is turned on and decreases as the laser is turned 

off. 

 

5.5 Discussion 

 

In order to study the photothermal effects on the natural resonance frequency of microfluidic 

cantilever, the following factors were considered: (i) stiffness change of the cantilever, (ii) surface 

stress induced by the volumetric expansion of the fluid upon heating, and (iii) density change of 

the system. When the laser illuminates on the fluid filled cantilever, two processes are occurring 

simultaneously. One is the softening of the cantilever because of the reduction in the Young’s 

modulus of the cantilever due to the light-induced heating, which decreases the resonance 

frequency of the cantilever[34]. Another is the thermal expansion of the fluid inside the channel 

that builds up an internal pressure, which increases the resonance frequency of the cantilever. The 

reduction in the frequency of the cantilever due to the heating-induced change in Young’s modulus 

is expressed as  

 

𝛿𝑓𝑛

𝑓𝑛
𝑜 =

1 

2

𝛿𝐸

𝐸
 ≈

1

2
𝛼𝐸

𝑑𝑇

𝑑𝐼
𝐼 

(5.1) 

 

 

where 𝛿𝑓𝑛 and 𝑓𝑛
𝑜 are the shift in the frequency and initial frequency, respectively, and 𝛿𝐸, 𝐸, 𝛼𝐸 

are the change in the modulus, initial modulus and temperature coefficient of modulus, 

respectively[34]. Also, 𝑑𝑇 and 𝑑𝐼 are the change in temperature and moment of inertia, 
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respectively. Since 𝛼𝐸 of Si3N4 is  −64 × 10−6 [°K−1], the reduction in the frequency can be 

explained with the increase in temperature upon the irradiation of laser light. 

 

The internal pressure buildup stems from the fact that the fluids in the microchannel have higher 

expansion coefficient than solid cantilever made of silicon nitride; the order of thermal expansion 

coefficient of liquids is ~10-3 K-1 and of solids is ~10-5 K-1 [35]. Therefore, we can consider the 

contribution of liquid expansion is more than the channel expansion to shift in the frequency. 

 

The thermal expansion of the liquid with the increase in temperature inside the channel is 

calculated as follows, 

∆𝑉𝑓 = 𝛾𝑓𝑉𝑓∆𝑇 (5.2) 

 

 

where ∆𝑉𝑓 is the change in volume, 𝑉𝑓 is the initial volume, 𝛾𝑓 is the volumetric expansion 

coefficient and ∆𝑇 is the change in temperature[36]. 

 

The temperature rise in the cantilever can be obtained based on the following assumptions. 

1) The temperature is assumed to vary only along the length of the cantilever. 

2) The fluid inside the channel is considered as a homogeneous and incompressible media, and the 

beam is a linearly elastic solid. 

3) The temperature at the base of the cantilever is assumed to be same as the ambient, 𝑇∞ [37]. 

 

The temperature rise in the system because of the absorption of photons of red laser light depends 

on the power of the light absorbed and is inversely proportional to heat loss mechanisms available. 

The heat transfer analysis of the microfluidic channel beam could be explained using a fin 

conduction model. The governing equation for the cantilever beam operating in air, according to 

fin conduction model, is given as  

 

𝑑2𝑇

𝑑𝑥2
−  𝑚2(𝑇 − 𝑇∞) = 0 

(5.3) 
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and 

𝑚2 =
2ℎ

2(𝜆1𝑡1 ) +  𝜆2𝑡2 
 

 

(5.4) 

 

where 𝑇∞ is the ambient temperature and x is the distance along the axis of the cantilever[37]. In 

this equation, ℎ is the natural convection coefficient of the fluid, 𝜆1 = 29
W

mK
, 𝜆2 = 0.119 to 0.607 

W

mK
,, are the thermal conductivities and 𝑡1 = 0.4 × 10−6𝑚, 𝑡2 = 3 × 10−6𝑚 ,are the thickness of 

the silicon nitride channel and fluid respectively. In this case, the temperature distribution along 

the cross sections of a cantilever beam could be neglected, and only the temperature distribution 

along the beam axis (one dimensional) is considered. In this way the heat transfer analysis of the 

cantilever beam could be approximate as a fin conduction model. Assuming To = T∞, the 

temperature distribution along the length of the cantilever placed in a uniform ambient temperature 

bath and heated at one end is calculated as 

 

𝑇(𝑥) − 𝑇∞ =  
𝑃

𝑚 (2(𝜆1𝑡1 ) +  𝜆2𝑡2 ) 𝑤

sinh (𝑚(𝐿 − 𝑥))

cosh (𝑚𝐿)
 

(5.5) 

 

    

given P as the absorbed power and x as the distance from the free end of the cantilever. [37,38]. 
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Figure 5.5: Schematic of the incident laser, reflected laser and transmitted laser light on the 

microfluidic channel in a uniform temperature bath. Only the free end of the cantilever is optically 

heated, and the base of the cantilever has a temperature of To. 

 

 The absorbed power for each fluid is calculated using Fresnel’s equation and Beer-Lambert law. 

When light strikes the interface between a medium with refractive index n1 (air) and a second 

medium with refractive index n2 (silicon nitride), both reflection and refraction of the light may 

occur as shown in Figure 5.5. The incident light intensity on a surface can be represented as the 

summation of the transmitted intensity and reflected intensity, provided the scattering losses are 

negligible [39]. Using Fresnel’s equation, at normal incidence the reflectance and transmittance of 

the laser light entering from air to channel, a medium of refractive index n1 to a medium of 

refractive index n2, are obtained using the given equation. 

 

Reflectance, 𝑅 = (
𝑛0−𝑛1

𝑛0+ 𝑛1
)

2

 
(5.6) 

Transmittance, 𝑇 = 1 − (
𝑛0−𝑛1

𝑛0+ 𝑛1
)

2

 
(5.7) 

A fraction of the refracted light is absorbed by the channel depending upon the absorption 

coefficient of the silicon nitride. The net transmitted power through the silicon nitride layer is the 

incident power on the liquid interface. It again undergoes reflection and transmission. The 

transmittance through liquid is calculated using Eq (8) with the refractive indices of silicon nitride 

and liquid. 

 

𝑇 = 1 − (
𝑛1 − 𝑛2

𝑛1 +  𝑛2
)

2

 
(5.8) 

 

where T is the transmittance, 𝑛1 and 𝑛2 are the refractive indices of the silicon nitride and fluid 

respectively and is listed in Table 5.1. And transmitted intensity It is given as 

 

𝐼𝑡 = 𝑇 × 𝐼𝑖𝑛 (5.9) 

 

The absorbed intensity by each liquid is calculated as  
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𝐼𝑎𝑏𝑠 = 𝐼𝑡−𝐼𝑡𝑒−𝛼𝑡 (5.10) 

 

  

where 𝛼 is the absorption coefficient and t is the thickness of the layer through which laser passes. 

 

Table 5.1. Refractive indices and transmittance of liquids and channel material at 635 nm[42]. 

Sample or channel 

material 
Refractive index (n) Transmittance (T) 

Water 1.33 0.97 

Ethylene Glycol 1.46 0.95 

Butanol 1.39 0.94 

Methanol 1.31 0.92 

Ethanol 1.36 0.93 

Toluene 1.48 0.95 

n-Heptane 1.38 0.94 

Chloroform 1.44 0.94 

Silicon nitride 2.28 0.84 

 

  Now, considering 𝑇∞ as 293 K, ΔT calculated for water is calculated as 2.35 × 10-4. The value of 

natural convective heat transfer coefficient h was approximated from literature[38,40,41]. In 

thermal modelling, the values were chosen based on the literature as they provide a good fit for 

the experimental results. The h values are approximated as 0.75 W/m2K, 0.5 W/m2K, 0.8 W/m2K, 

0.88 W/m2K, 0.89 W/m2K, 1.3 W/m2K, 0.9 W/m2K, 1.3 W/m2K for water, ethylene glycol, 

butanol, methanol, ethanol, toluene. n-heptane, chloroform respectively. Thermal stress is 

generated by the thermal expansion of liquid and is calculated as 

 

𝜎 =
∆𝑉𝑓

𝑉𝑓
𝐵 

(5.11) 
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where 𝜎 is the thermal stress, B is the bulk modulus of the fluid [35]. The thermal stress appears 

as a surface stress on the walls of the channel of the cantilever. Surface stress generated by different 

fluids is different depending on their volumetric coefficient of expansion and bulk modulus as 

 

 

For a bending beam, the curvature is not zero and the surface stress will generate a distributed 

transverse loading, 𝑞(𝑥, 𝑡), along the longitudinal direction on the surface as 

𝑞(𝑥) = 𝜎𝑑𝐿
𝜕2𝑤

𝜕𝑥2
 

(5.13) 

 

 

where 𝜎 is the surface stress, d is the width and L is the length of the beam[33]. The enhanced 

Euler Bernoulli beam equation is given then given as 

(𝜌𝐴)∗ 𝜕2𝑤(𝑥,𝑡)

𝜕𝑡2  + (𝐸𝐼)∗ 𝜕4𝑤(𝑥,𝑡)

𝜕𝑥4  +  𝑞(𝑥)  = 0 (5.14) 

 

Here (𝜌𝐴)∗ is the is the effective density given as 

 

 

 

in which 𝜌 and 𝜌𝑓 are the densities and A and 𝐴𝑓 are the cross-sectional areas of the channel and 

fluids respectively. The change in density for both channel and fluid upon heating is calculated 

as  

 

𝜌1 = 
𝜌0

1+𝛾∆𝑇
 (5.16) 

 

in which 𝜌1 is the modified density due to change in temperature, 𝜌0 is the initial density at     room 

temperature, 𝛾 is the thermal expansion coefficient and ∆𝑇 is the rise in temperature. The effective 

modulus (EI)* is then given by  

 

𝜎 ∝  ∆𝑉𝑓 , 𝐵 , 𝛾𝑓 (5.12) 

(𝜌𝐴)∗ =  𝜌𝐴 + 𝜌𝑓𝐴𝑓  (5.15) 
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(EI) * = EHIH + EfIf    (5.17) 

 

where EH  and Ef are the Young’s modulus of the channel and fluid and are given as 180 ×10 9 Pa 

and 0.7- 3.2 ×109
 Pa respectively. Here IH is the inertia moment of the hollow channel, and the If 

is the inertia moment of bulk fluid and are calculated as 5.514 * 10-23m4 and 1.8 * 10-23 m4 

respectively. 

 

The thermal stress calculated above appears as surface stress and tend to increase the resonance 

frequency of the beam. 

 

 

 

Figure 5.6: (a) 1st mode resonance frequency shifts of the resonator filled with different liquids 

upon the photothermal modulation as a function of volumetric thermal expansion, and (b) 

Saturated 1st and 2nd flexural mode resonance frequency shift of the water-ethanol mixture filled 

resonator as a function of the mass -density of ethanol-water mixture. 

 

To demonstrate the capability of the microfluidic channel-based photo thermal characterization, 

we obtained the frequency shift of different fluids such as ethanol, ethylene glycol, methanol, 

heptane, butanol, toluene, chloroform and water. The frequency shift corresponding to the four 

concentrations of the ethanol (1, 0.75, 0.5, and 0.25) in deionized water is also measured. The 

resonance shifts of the resonator filled with various liquids are plotted as a function of the 

volumetric thermal expansion coefficient of liquids (Figure 5.6 a). As the volumetric thermal 

expansion coefficient increases, the resonance shift increases proportionally. The trend of 
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measured and calculated frequency shifts for different liquids are shown in Table 5.2. The shift in 

frequency for the air-filled cantilever as shown in Figure 5.4 a, is also determined by the combined 

effects of thermal stress, sample density reduction, and elastic modulus reduction, canceling out 

individual effects upon photothermal heating. The elastic modulus change might be the dominant 

parameter in the first few seconds (~10 seconds) of laser heating leading to a sudden decrease in 

the frequency for air filled cantilever. The further increase in frequency is attributed to the 

dominating effect of thermal stress and density reduction upon laser heating. A calibration 

experiment of application of known pressure inside the microfluidic cantilever could be an 

interesting study in the future. Also, an experiment with liquids at different flow rates in 

microchannel cantilever could be an interesting study to analyze the effect of different flow rates 

on the frequency of the resonator. The effect of composition in the two completely miscible liquids 

of water and ethanol on the cantilever’s resonance frequency is shown in Figure 5.6 b. The 

resonance frequency shift decreases with respect to the increase in the density of the total solution. 

The value of 
∆𝑓

∆𝑡
 , where ∆𝑓 is the frequency shift and ∆𝑡 is the change in time, has an increase of 

3.8 to 4.4 times in the 2nd flexural mode which explains the higher sensitivity in the higher modes. 

 

 

Figure 5.7: (a) 1st flexural mode resonance frequency change of the water-filled resonator and its 

exponential fits for heating and cooling events. (b) Extracted heating time constants of the water-

ethanol mixture filled resonator as a function of mass-density for water-ethanol mixtures. 

 

Table 5.2. Trend of rise in temperature in liquids due to laser irradiation and the corresponding 

volume expansion. These values are estimated from the fin conduction model. 
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Sample Rise in temperature 

ΔT (x10-4 K) 

ΔV (x10-21 

m3) 

𝜎  (Pa) Δf (Hz) 

(model) 

Δf (Hz) 

(experimental) 

Water 2.35 0.72 103 33 33.568 

Ethylene Glycol 2.51 2.16 450 101 88.475 

Butanol 3.65 4.02 307 147 137.55 

Methanol 2.7 3.11 177 150 160.18 

Ethanol 3.54 5.71 414 163 169.20 

Toluene 3.8 5.9 417 198 206 

n-Heptane 3.69 6.58 539 205 216.23 

Chloroform 4.20 7.8 544 229 230.15 

 

 

 To estimate the time period for which the resonator is being heated and cooled down, transition 

times are derived from exponential fits (Figure 5.7 a). The equation used for the fitting is as below, 

𝑓 = 𝑎 + 𝑏 ∙ exp (−
𝑡 − 𝑐

𝜏
) 

(5.18) 

 

where f is resonance frequency, a, b, and c are adjustment constants, t is time, and  is time 

constant. For water-filled resonator, transition time for heating and cooling are 85.6 ms and 64.0 

ms. The derived heating transition times and the mole fraction ratio of water-ethanol mixtures is 

compared (Figure 5.7 b) where time constant is linearly increased with the mixing ratio. The time 

taken for the frequency shift during volumetric expansion of fluids depends on how fast the heat 

is being transferred through the fluid. 

 

To calculate the complete time required for the frequency shift during which the thermal expansion 

happens 

 

S = 𝑡2 − 𝑡1= 
𝐿2

𝛼
 (5.19) 
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where S is the total duration of the frequency shift, 𝑡1 and 𝑡2 are the time when laser is on and off 

respectively. 

 While plugging the numbers, L = 300 × 10-6 m, 𝛼 = 0.14 × 10-6 /K for water, we get S = 0.642 

s. This is in good agreement with the experimental value. Further, the time constant and heat 

capacity can be related by 

 

𝜏 = (
𝐿

𝐾𝐴
 )𝜌𝐶𝑝𝑉 

(5.20) 

 

The relation of thermal conductivity and the temperature rise of the system can be expressed as 

follows. 

𝑘 ∝  
1

𝑇 − 𝑇∞
 ∝  

1

∆𝑇
 

(5.21) 

 

From Eqs 5.20 and 5.21, it is evident that, 

𝜌𝐶𝑝 ∝ 𝜏𝑘 ∝  
𝜏

∆𝑇
 (5.22) 

 

The variation of thermal conductivity and temperature rise for each liquid is shown in Figure 5.8 

a. Figure 5.8 b provides the change of 
𝜏

∆𝑇
 with respect to volumetric heat capacity 𝜌𝐶𝑝 . 

 

 

Figure 5.8: (a) Thermal conductivity of liquids plotted against temperature rise of each liquid. (b) 

Volumetric heat capacity of liquids plotted against 
𝜏

∆𝑡
 for each liquid. 

a b 
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5.6 Conclusion 
 

To conclude, a simple way of measuring and estimating thermal properties of pico litre scale liquid 

samples by analyzing at frequency fluctuations with microfluidic resonator is demonstrated in this 

paper. Simultaneous measurements of thermal expansion and volumetric heat capacities of sub 

nanolitre volumes of 8 liquids are obtained. It is shown that frequency shift of the resonator is 

affected from surface stress change due to expansion of the liquid inside the microfluidic channel, 

and frequency shifts of the samples are determined by their thermal expansion coefficient. Also, 

by looking at frequency transition time, a relationship between volumetric heat capacity and 

transition time is studied upon. This procedure can be further applicable to estimate thermal 

properties of various liquid analytes where extremely small volume of liquid is required. An optical 

heating mechanism and the structural material of the microfluidic channel cantilever allow it to be 

used for a wide range of liquids, including those which may be corrosive towards metallic heaters 

in resistive heating-based calorimeters. Instead of using an expensive QCL, the introduction of 

low-cost LED as light source made this technique quite inexpensive to perform thermal 

measurements of chemicals. 
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5.6 Supplementary Figures 

 

Figure S1: Resonance frequency shifts of air-filled resonator when the laser is positioned at three 

different positions on the cantilever, the top position which is the free end of the cantilever, the 

middle position and the bottom, near the base of the cantilever. The temperature rise in the 

cantilever is the highest when the laser is shined at the middle of the cantilever and hence a higher 

frequency shift is observed in the case. 

 

 

 

 

Figure S2: The frequency shift of the water filled cantilever when exposed to different laser 

durations of 5s,10s,20s,30s and 40 s. 
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Chapter 6 

 

Thermomechanical characterization of phase change of PNIPAM 

and flocculation of Kaolinite and PNIPAM using microfluidic 

cantilever 

 

 

6.1 Abstract 
 

Materials which adjust their properties reversibly in response to environmental factors such as 

temperature, pH and ionic strength are rapidly evolving and known as smart materials. Poly(N-

isopropylacrylamide) (PNIPAM), a thermo-responsive polymer, is considered as a promising 

smart polymer, due to its well-defined structure and tunable thermomechanical properties. 

PNIPAM exists in an expanded coil like conformation in water below its lower critical solution 

temperature (LCST) which gives a transparent homogenous solution but at temperature, T > LCST 

it undergoes hydrophobic collapse and conformational change from coil to globule state resulting 

in a shrunken state. Along with changes in size, significant changes are also expected for the 

mechanical response of the polymer. A microchannel cantilever resonating at its resonance 

frequency can be used as a tool of non-destructive technique to measure the thermomechanical 

property changes of PNIPAM with change in temperature. The mechanical signals obtained from 

the microfluidic cantilever, filled with a picogram solution PNIPAM, are used to analyze the 

stiffness change of the solution at LCST. When the mixture of Kaolinite and PNIPAM is taken 

through the thermal cycle, the coil to globule transition of PNIPAM adsorbed on Kaolinite at 

LCST, results in the sedimentation of Kaolinite on the walls of the cantilever. This would increase 

the stiffness of the cantilever which increases the resonance frequency of the system. The 

flocculation performance of the PNIPAM and Kaolinite in the microfluidic channel is compared 

with the macro scale flocculation experiments. This approach which combines the mechanical 

response of the cantilever with the flocculation and phase change dynamics can serve as a platform 

for the development of a portable, high thorough put the device for the in situ real-time detections 

of effective flocculation using various flocculants. 

6.2 Introduction 
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Oil sands are naturally occurring mixtures of sand, clay, water, and a thick, heavy type of 

petroleum called bitumen. Unlike conventional crude oil, oil sand does not flow, and it must be 

mined or heated underground before any further processing. Alberta, Canada is fourth largest oil 

reserve in the world with oil sands deposits estimated at 28.3 billion cubic meters [1].One method 

of bitumen extraction is mining and about 20% of Canada’s oil sands is close enough to the surface 

to be mined [1,2].  In Clark hot water bitumen extraction process, the oil sand ores are mined, 

crushed, and mixed with warm alkaline water, followed by the separation of bitumen using a 

flotation process [3]. The large volumes of slurry waste produced from the extraction of bitumen 

is hydraulically transported and stored within surface tailings ponds [4]. The tailings stored in the 

tailing ponds are separated into three layers by gravity after settling over several months [3]. The 

heaviest coarse sands settle to the bottom, and water released from tailings form the top layer. The 

middle layer is known as mature fine tailings (MFT) which contains fine clays (~30wt%), water 

(~65wt%), and residual bitumen (~5wt%) [1,3,4]. MFT appears as a “gel-like” suspension with 

dispersed particles of sizes smaller than 44 μm and consolidates extremely slowly because of 

trapped water and the negatively charged nature of fine clay particles [1]. MFT suspensions take 

several years to settle and release the entrapped water due to the small particle size and high-water 

retention capacity. 

 

There are numerous approaches developed to accelerate the settling rates of the fine particles in 

MFT and enhance the water recovery rates for reuse in the industry [3]. The use of synthetic 

polymers is one among the chemical treatment for achieving effective flocculation of particles in 

MFT. The polymers allow the bridging of the fine particles and subsequently flocculate them into 

big flocs. Temperature-responsive poly(N-isopropylacrylamide) (PNIPAM) is one among the 

well-known novel flocculant to accelerate settling rate and enhance consolidation [5].  

 

PNIPAM has a lower critical solution temperature (LCST) at 32˚C. At temperatures below its 

lower critical solution temperature (LCST) (≈32 °C), PNIPAM exists in the form of fully extended 

water-soluble molecules. When these molecules are adsorbed on the surface of clay particles at 

room temperature, they act as a dispersant though steric repulsion. However, at temperatures above 

the LCST, the hydrogen bonds between water molecules and polymer chains begin to break and 
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instead, intramolecular and intermolecular hydrogen bonds begin to form. The formation of such 

bonds causes the molecule to coil up, exposing its hydrophobic core. This renders the polymer 

hydrophobic and insoluble in water, which causes it to precipitate from solution in the form of 

hydrophobic colloidal particles onto the particle surfaces. The presence of these colloids on 

mineral surfaces renders them hydrophobic. For this reason, at temperature above the LSCT, 

PNIPAM can act as an effective flocculant, causing particle aggregation through hydrophobic 

attraction. 

 

Many design concepts of the polymer flocculants have been suggested, and precision of their 

synthesis has been well studied in the disciplines of reaction engineering[3,5]. The performance 

of the flocculants has been studied in the context of nanoscopic flocculants-particle interaction 

measurements[6], macroscopic dewatering measurements[7], and aggregate characterization[8]. 

But an investigation of the mechanical property evolution of the solution as a function of external 

stimulant such as temperature has yet to be discovered.  

 

Sensor technologies stemming from the micro and nano electromechanical systems 

(MEMS/NEMS) are capable of investigating the evolution of mechanical property in a non-

destructive manner from extremely small amount of samples with exceptional resolution and 

sensitivity at a low power consumption [43–46]. A change in the bulk stiffness of the sample filled 

inside the microfluidic cantilever and the surface stress/interfacial stress provided by the fluid can 

significantly affect the dynamics of the microcantilever.  Whenever there is adsorption on one side 

of the cantilever or occurrence of any kind of thermal/chemical/electromagnetic events on the 

surface, a differential stress is generated on the cantilever leading to cantilever bending in static 

response.  An addition of mass or change in stiffness of cantilever changes the resonance frequency 

of the cantilever in dynamic response. For thermo-responsive polymers that undergo a phase 

transition with variation in temperature, the change in the elastic properties of the polymer will 

significantly affect the Young’s modulus of the microfluidic cantilever- polymer system and will 

change the resonance frequency of the cantilever. 

 

In this chapter, we are investigating the thermomechanical property changes of PNIPAM and 

PNIPAM-Kaolinite solution using the dynamics of the microchannel cantilever filled with 
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picograms of respective solutions.  This study reveals the mechanical property evolution associated 

with the phase change of the PNIPAM solution at LCST using the stiffness change of the 

microchannel cantilever. Further, the effect of flocculation on the dynamics of the cantilever is 

used to analyse the aggregate formation and stiffness change of the PNIPAM-Kaolinite solutions 

at LCST. 

 

6.3 Experimental Details 

 

Preparation of PNIPAM: 992 mg N-Isopropylacrylamide (NIPAM) was dissolved into 19 mL 

deionized water (DI H2O), and the solution was degassed with nitrogen gas for 10 min. 

Subsequently, 2 mL DI H2O, that pre-dissolved 40 mg ammonium persulfate (APS) and 100 µL 

tetramethylethylenediamine (TEMED), was added into the solution. After the addition, the mixture 

was degassed with nitrogen gas for another 25 min, and then reacted at 23oC for 24 h. After the 

reaction, the reaction was terminated by air exposure. The sample was purified via dialysis (6-8 

kDa) against DI H2O for five days. The white dried film of polymer was recovered by freeze-

dryer. 

 

Flocculation Performance at macroscale:  Flocculation performance is screened at different 

doses using a 2.5 wt% solution of Kaolinite in DI water. A stock solution of polymer flocculant is 

prepared at a concentration of 1 mg/mL. Doses of polymer are calculated as a ratio of the mass of 

polymer added to the mass of solids present. To check the polymer for flocculation activity doses 

of 1000 mg polymer/kg solids, 4000 mg/kg, and 8000 mg/kg are used. Each screening test 

consisted of adding the appropriate dose of the polymer stock solution to a 10 mL Kaolinite 

suspension. One the polymer is added the vial is sealed an inverted 10 times to mix the solution. 

Any flocs formed are then allowed to settle. Flocculation, with larger flocs was formed in 0.8 wt% 

of PNIPAM and 2.3 wt% of Kaolinite solution and is shown in Figure 6.1. 
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Figure 6.1: Images of a) 2.5 wt % of Kaolinite solution b) Visible flocs formed during 

flocculation of Kaolinite with 0.8 wt% of PNIPAM  

 

Thermomechanical Characterization by Microfluidic Cantilever:  For in-situ flocculation study 

of PNIPAM-Kaolinite sample using a microfluidic cantilever, a pico litre volume of the sample is 

filled inside the cantilever and the whole system is heated by a heater at a desired temperature. The 

resonance frequency shift of the cantilever provides real time information regarding the thermo- 

mechanical properties of the fluid such as volumetric expansion, density change and bulk modulus 

change. Figure 6. 2 a show the conceptual schematic of the experiment where a U-shaped silicon 

nitride microfluidic channel (16 μm wide, 300 μm long and 3 μm high) fabricated on top of a plain 

cantilever (44 μm wide, 500 μm long and 500 nm thick) with a liquid sample is heated by a heater 

attached to the sample holder and actuated by a piezo. This microchannel cantilever is supported 

on a 350 μm thick silicon chip, which provides fluidic inlets and outlets for delivering sample 

fluids to the microchannel on the cantilever. Two openings at the bottom of the chip provide a 

fluidic interface between the chip and connecting Teflon tubes. The fluid sample is loaded inside 

the channel by applying pressure and then unloaded by applying the negative pressure to outlet. 

Upon completion of measurement, the channel is thoroughly washed with deionized water then 

completely dried before another loading of liquid sample. 

 

The empty channel cantilever, the cantilever filled with DI water, PNIPAM solution, Kaolinite 

solution and the mix of PNIPAM and Kaolinite solutions are subjected to the heating and cooling 

test. The cantilever is heated from room temperature to 45 oC at a heating rate of 1 oC per min. The 

resonance frequency of the resonator is simultaneously measured with a laser Doppler vibrometer 

a

) 

b

) 
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(LDV) (MSA-500, Polytec. All of the measurements are conducted at room temperature and at 

atmospheric pressure. Figure 6.10 b and c shows the PFIB image of Kaolinite inside the 

microfluidic cantilever. 

 

Figure 6.2: a) Conceptual schematic of the experiment where a U-shaped silicon nitride 

microfluidic channel is placed on heater and b & c) PFIB images of filled channel with Kaolinite 

 

6.4 Results 

 

Figure 6.3 shows the frequency response of microchannel cantilever filled with air, DI water and 

Kaolinite respectively. Phase change of PNIPAM and flocculation performance of Kaolinite 

solution with PNIPAM in macro scale are observed for validating the microfluidic channel 

experimental results.  Table 6.1 shows the images of PNIPAM, and PNIPAM-Kaolinite 

suspensions heated at different temperatures and for different durations. The optimum 

concentration of PNIPAM (0.8 wt%) and Kaolinite (2.3 wt%) mixture were heated on a hotplate 

and observed the aggregation at different temperatures as shown in Table 6.1. When reached to a 

target temperature, the sample displayed a seemingly stable phase behavior within 2 minutes. 
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Figure 6.3: FFT spectrum of air filled, and liquid filled channel 

 

Table 6.1: Images of the PNIPAM solution and PNIPAM and Kaolinite mixture heated at different 

temperatures in vials of 5cm height and 5 cm in diameter. The images are taken once the solution 

remains at desired temperature for 5 minutes. 

 

 

 

Temperature 

 

 

0.8 wt % of PNIAPM 

 

0.8 wt % of PNIPAM and 

2.3 wt% Kaolinite 

 

 

 

250C 

  



126 
 

 

 

 

30 0C 

  

 

 

 

350C 

 

 

 

 

 

400C 

  

 

 

 

450C 
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The temperature of the liquid-filled microchannel cantilever is controlled by an attached heater on 

the sample holder. When the cantilever is filled with air at atmospheric pressure, the resonance 

frequency drops immediately once the heating is applied and slowly surges until saturation which 

is similar to the behaviour in photothermal heating of empty channel cantilever in Chapter 5 

(Figure 6.4 a). Since the photo thermal experiments in Chapter 5 were done at high vacuum and a 

laser was used to heat the cantilever locally, the heating and curves were following a clear trend 

of rise and fall. The experiments in this study are done in atmospheric pressure using an external 

heater and hence, the conduction and convection heat losses are subjected to change with 

environment parameters.  When the heating is turned off, the resonance frequency of the air-filled 

channel cantilever slowly recovers and would get rid of any residual stresses in the cantilever thus 

lowering the frequency than the initial level.  

 

The resonance frequency response of the cantilever filled with liquid is different depending on the 

type of solution because of thermal effects upon the heating. Frequency of the DI water filled 

channel rises upon heating and then decreases once the heater is turned of and is shown in Figure 

6.4 b. The frequency shift of Kaolinite is quite similar to that of DI water filled channel (Figure 

6.4 c). But in case of PNIPAM, the frequency increases slowly once the heater is turned on, but as 

it reaches the LCST at 35 oC the frequency drops down immediately and then it increases sharply. 

The quality factor also follows the same trend of the frequency response in case of PNIPAM 

(Figure 6.4 d). Once the heater is turned off, the frequency gradually decreases for the PNIPAM 

filled channel cantilever. The response of PNIPAM and Kaolinite mix solution, which is the 

flocculation sample, is slightly different than from the PNIPAM response. There is a gradual rise 

in the frequency from 20o C to 25 o C and then the frequency shift enters a plateau and at 35 o C 

there is an immediate increase in the frequency till 430 C. The quality factor for this sample 

decreases in the initial stage till 25 o C and then rises till 320 C. But as the system approaches the 

LCST temperature, the quality factor drops down with temperature and then returns to the initial 

higher value as shown in Figure 6.4 e. 
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Figure 6.4: 1st flexural mode resonance frequency shifts of the resonator filled with (a) air, (b) DI 

water, (c) Kaolinite, (d) PNIPAM and (e) PNIPAM and Kaolinite solution because of the heating 

and cooling. The tiny dots are the measured raw data points and the lines in the plots are the 

smoothened average of the raw data points. 

 

6.5 Discussion 

 

Several properties of PNIPAM changes significantly during the collapse such as volume, stiffness, 

optical transmittance, contact angle, and the internal solvent diffusion. The LCST can be obtained 

by various analytical methods like optical techniques (e.g., UV-Vis spectroscopy [28], dynamic 

and static light scattering [29], infrared spectroscopy [30,31], Raman spectroscopy [32], 

fluorescence spectroscopy [33], differential scanning calorimetry [34], or viscometry [35]. 

 

The volume phase transition of PNIPAM solution is explored vastly but the mechanical properties 

induced by phase transition are still being investigated. Zhang et al carried out a quantitative 

experimental study on the phase transition effects on the mechanical properties of NIPA hydrogel 

with LCST around 350C [36]. They observed a dramatic increase of Young’s modulus values of 
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NIPA hydrogel from 13 kPa to 28 kPa under tensile test as the temperature increases through the 

phase transition. The elastic properties of PNIPAM particles as a function of both temperature and 

cross-linking concentration using Capillary Micromechanics was presented by Voudouris et al 

[37]. It was found that the compressive elastic modulus K of the microgel exhibits a dip close to 

the LCST while the shear modulus G increased monotonously upon increasing temperature as 

shown in Figure 6.8 [37]. It is explained that in the absence of a large increase of the heat capacity 

of the material in this minute change in temperature at LCST, the dramatic deswelling of the 

particles indicates that the energy required to change particle volume should be significantly 

lowered [37]. Hence, a drop in the compressive elastic modulus around the LCST of the material 

can be expected[37]. 

 

 

Figure 6.5: Elastic properties as a function of temperature for particles prepared with initial cross-

linker-to-monomer ratios of 1/36. The compressive modulus K (solid squares, left axis) exhibited 

a pronounced decrease close to the LCST, while the shear modulus G (open circles, left axis) 

increased continuously. Reproduced with permission from [37] 

 

An intriguing property of PNIPAM microgel suspensions is that the viscoelasticity is thermally 

controllable without changing the mass concentration of particles, because the temperature 

variations change the volume fraction of the microgel particles in the suspensions [38]. Several 

research had been done to understand the thermal effects on the rheological properties of PNIPAM 

microgel suspensions [39–41]. It is reported that in the swollen state below LCST, dense 
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suspensions exhibited an elastic response and liquified while heating because of decrease in 

effective volume fraction of microgels [40]. Richtering et al. found that the suspensions exhibited 

an elastic response again when heated above LCST, despite a considerable reduction in effective 

volume fraction of microgels. The origin of the elastic behavior at temperature above LCST is 

found as the formation of solid gel by attractive interactions between collapsed microgels [39].   

 

Due to the reversible solubility of PNIPAM, it has been used as a flocculant in several studies [42] 

When PNIPAM is applied as a flocculant, PNIPAM adsorbs on the surface of the soil particles 

below 320C. Above 32˚C, PNIPAM aggregates with soil particles and dewaters due to dehydrating 

and subsequent shrinking nature of PNIPAM. An aggregation study of mixture of silica and 

alumina with PNIPAM is carried out by Franks et al. Flocculation and dewatering of mature fine 

tailings using mixture of PNIPAM and cationic polymers are as a function of initial settling rates 

(ISR), supernatant turbidity, sediment solid content, and water recovery are conducted by Dan et 

al and established that particles in tailing suspensions are rapidly flocculated above LCST [5].  

 

The behaviour of aqueous PNIPAM solutions and PNIPAM flocculant systems at LCST is well 

investigated, however, the analysis of mechanical property changes of PNIPAM solution and 

PNIPAM flocculant systems at LCST still need to be addressed. In this work, we are aiming to 

qualitatively analyse the mechanical property change of the PNIPAM solution and the PNIPAM 

flocculant system by characterising the dynamics of a microfluidic cantilever filled with respective 

samples. 

 

In case of air, DI water and Kaolinites samples, the frequency shift is majorly dominated by the 

thermal expansion of air, water and Kaolinite samples inside the channel respectively as shown in 

Chapter 5. As the increased thermal stress resulting the expansion of air and fluid samples inside 

the channel, appears as surface stress that increases the stiffness of the whole system, the frequency 

tends to rise according. For PNIPAM filled channel, the initial rise in frequency is associated with 

the thermal expansion. Below the LCST, p-NIPAM network is swollen and interacts repulsively. 

During heating, the swollen polymer network undergoes a process of changing hydrophilicity at 

the LCST, inducing a release of water and a shrinkage of the polymer particles in the network. As 

the temperature is raised, the bonds between polymer chains and water molecules starts to break 



131 
 

around 28 o C. During shrinkage of volume at LCST, the elastic modulus might decrease 

correspondingly at this temperature range [27,37]. As a result of the decrease in modulus of the 

PNIPAM solution at LCST, the overall stiffness of the microfluidic cantilever system filled with 

PNIPAM solution tend to decrease at LCST leading to a major downward shift in the frequency. 

The formation of two distinct phases in PNIPAM aqueous solution at LCST would contribute to 

the damping of the system and hence results in low quality factor. Above this transition 

temperature, the entire PNIPAM layer is collapsed. As temperature increases, de-swelling is 

accompanied by a second effect- solid-like behavior. The increased forces between the chains and 

possible agglomerate formation might result in the increase of the modulus of the PNIPAM phase 

in the aqueous solution above LCST [27,37]. When the newly formed PNIPAM phase becomes 

stiffer, it leads to an increase in the overall modulus of the cantilever system resulting in an increase 

in the frequency of the cantilever. 

 

The flocculation sample, which is the mixture of Kaolinite and PNIPAM solution, experiences an 

increase in frequency in the initial stage until 25oC and then after LCST temperature, which is at 

35oC, a further increase in frequency is observed. This might be due to the flocculation of clay 

particles inside the channel. The polymer adsorbs the clay particles and at LCST, the polymer 

becomes hydrophobic and expels water from the swollen body. The polymer and clay aggregates 

would settle down in the channel due to gravity as a separate layer as shown in Figure 6.6. The 

sedimentation of clay and polymer on the walls of the cantilever would create additional stiffness 

to the system and hence increases the frequency. 

 

 

 

 

 

 

 

 

Figure 6.6: Schematic of reversible process of flocculation using PNIPAM. The PNIPAM 

polymer is adsorbed on the surface of clay particles and then undergoes a phase transition above 

LCST. As a result, the suspended water is expelled out of the polymer-clay particles and the 

polymer – clay aggregates eventually settle down inside the microchannel. 

Heating above LCST 
35oC 

Cooling below LCST 

35oC 
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Thus, the thermomechanical change of the PNIPAM polymer as a function of temperature is 

observed using the frequency shift of the microchannel cantilever. Also, the in-situ flocculation of 

Kaolinite using the thermo-responsive polymer PNIPAM as a flocculant is observed using the 

microchannel cantilever as a function of temperature. The sedimentation of flocs on the walls of 

the cantilever alters the stiffness of the cantilever which results in the frequency shift of the 

cantilever. 

 

6.6 Conclusion 

 

To conclude, a simple way of investigating the thermo-mechanical property of PNIPAM as a 

function of temperature is demonstrated in this thesis. Along with that in situ flocculation and 

associated mechanical property change of the Kaolinite-PNIPAM system during flocculation is 

discussed with the help of frequency fluctuations with microfluidic resonator. The thermo-

mechanical property changes such as the thermal expansion, phase change and modulus change of 

PNIPAM solution and PNIPAM and Kaolinite mixtures are obtained. It is shown that frequency 

shift of the resonator is affected from surface stress change due to expansion of the aqueous 

solution, bulk modulus changes of aqueous solution and the sedimentation of clay particles inside 

the microfluidic channel. This procedure can be further applicable to estimate real time 

flocculation of Kaolinite with different thermo-responsive polymers where extremely small 

volume of liquid is required.  
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Chapter 7 

 

Conclusions 

 

7.1 Summary of completed work 

 

This thesis was focused on the thermo-mechanical analysis of picograms of fluids using the 

dynamical mechanical response of the microfluidic cantilevers. We incorporated the interfacial 

effects of the fluids which appears as interfacial tension and thermal stress on the walls of the 

channel cantilever to understand about their effects on the frequency of the microfluidic cantilever. 

The major application of this project is to characterise rare fluids using microfluidic cantilever that 

requires only picograms of sample for physical, chemical, thermal and biological applications. The 

understanding of the influence of surface and interfacial effects of fluids on the dynamics of the 

microfluidic cantilever is crucial while analysing the notable macroscale observations. This would 

pave way to the in-depth analysis of interaction of physical, chemical and biological adsorbates 

inside the microfluidic cantilever for various sensing applications.  

 

Three projects are covered in this thesis: effect of surface stress and interfacial effects on the 

resonance frequency of the microfluidic cantilever, measurement of thermal properties of liquids 

using photothermal modulation of microfluidic cantilever and thermo-mechanical analysis of 

PNIPAM and Kaolinite mixtures using microfluidic cantilever in dynamic mode. The first project 

explains the analytical model that can be used to incorporate the effects of surface stress and 

interfacial tension on the dynamics of the cantilever. The second project is the demonstration of 

the theory and the analytical model explained in the first chapter by analysing the thermal 

properties of liquids using a microfluidic cantilever irradiated by a laser. The last project is the 

application of the second project in which we investigated the mechanical property evolution of a 

thermos-sensitive polymer PNIPAA as a function of temperature and the flocculation of Kaolinite 

using the PNIPAM polymer inside the microfluidic cantilever. The mechanical property evaluation 
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of PNIPAM at LCST and the in-situ flocculation of Kaolinite were obtained by analysing the 

frequency shift of the cantilever.  

 

The major findings of the first project may be summarized as follows. 

 

1. The existing Euler Bernoulli beam equation used to calculate the frequency of 

microchannel cantilever doesn’t incorporate the surface effects and interfacial effects of 

the liquid in the case of microfluidic cantilever filled with liquid. Hence there are 

discrepancies between the calculated values and experimental values. 

 

2. When the cantilever has a curvature, the Young- Laplace equation can be incorporated to 

the Euler Bernoulli beam equation to consider the surface and interfacial effects of fluids 

on the resonance frequency of the cantilever. In this case, a transverse force, which has the 

surface stress and interfacial stress term, is acting along the axial direction of the cantilever 

which changes the frequency of the cantilever. 

 

 

3. Alkanes were used to fill the microfluidic cantilever and the obtained resonance frequency 

from the experimental results were compared with the theoretical results obtained from the 

established Euler Bernoulli beam equation. A discrepancy of 5.53 % was found between 

the experimental values and the conventional model values.  

 

4. The modified Euler Bernoulli beam equation incorporated with Young-Laplace equation 

considered the modified stiffness of the fluid-cantilever system, and the surface/interfacial 

effects of liquid and provided the theoretical results that matches the experimental values 

with an error of only 0.065%. 

 

The major findings of the second project can be summarized as follows. 
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1. A microfluidic cantilever was used to measure the thermal properties of picograms of 

several liquids such as Ethanol, Methanol, Butanol and so on using the photothermal 

modulation by a laser. 

 

2. The laser light locally heats the liquid along with the microfluidic cantilever and leads to a 

volumetric expansion of liquids inside the cantilever because of rise in temperature. 

 

 

3. The thermal expansion of liquids inside the microfluidic cantilever creates a thermal stress 

on the walls of the cantilever. This appears as a surface stress and affects the resonance 

frequency of the system. There is a linear relation between the volumetric expansion 

coefficient of liquids and the shift in the resonance frequency of the cantilever. 

 

4. The change in modulus, density and geometry were considered while calculating the 

frequency shift of the heated cantilever with liquids. It was found out that the thermal 

expansion of the liquids is the dominating factor in the shift in the frequency of the 

cantilever. 

 

 

5. The modified Euler Bernoulli beam equation incorporated with Young- Laplace equation 

was used to calculate the modified frequency of the microfluidic cantilever with the thermal 

stress effects upon photothermal heating and the calculated values were validated with the 

experimental values. 

 

The major findings of the third project can be summarized as follows. 

 

1. The mechanical property change of the thermo-sensitive polymer PNIPAM was evaluated 

using the frequency shift of the microfluidic cantilever. PNIPAM polymer is hydrophilic 

and in single phase below LCST whereas it is hydrophobic, and phase separated above 

LCST. The phase change of PNIPAM at LCST is assisted with a change in confirmation 

of the polymer which results in the change of volume and stiffness of the polymer solution.  
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2. At LCST, the elastic modulus of the PNIPAM aqueous solution decreases and it reduces 

the stiffness of the cantilever which is reflected as a decrease in its frequency. Above 

LCST, when phase separation happens followed by agglomerate formation, the stiffness of 

the PNIPAM phase increases and it leads to the overall increase of the stiffness of the 

cantilever resulting in an increase in the frequency. 

 

 

3. The in-situ flocculation of Kaolinite in the presence of PNIPAM at LCST inside the 

microfluidic cantilever leads to the sedimentation of Kaolinite and PNIPAM flocs on the 

walls of the cantilever. This increases the stiffness of the cantilever which in turn increases 

the stiffness of the cantilever. 

 

7.2 Recommendation for future work 

 

As a first step, the quantitative analysis of the mechanical property changes during the phase 

change of PNIPAM and in-situ flocculation of Kaolinite samples could be done for practical 

applications. The analytical model developed can be used to study the interfacial effects developed 

during phase transition of polymers and fluids. Furthermore, this can be used to study the chemical 

and biological interactions with specific adsorbates where the effects can be captured through the 

dynamics of the cantilever. The ability of suspended resonator system to analyze a pico-litre 

volume and its extraordinary sensitivity to study changes in density, viscosity and viscoelasticity 

in liquids, this technique has definitely huge potential studying biological systems where higher 

sensitivities are required and sample size is small. 
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