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Lay summary 
 

I have used a specialised technique called atomic force microscopy (AFM) to 

investigate two types of soft biomaterials: soft-shelled microbubbles (MBs) made from 

phospholipids (major component of cell membranes) and soft gels (hydrogels) 

composed of water and agarose (biomolecule extracted from seaweed). The MBs are 

commonly used in medical applications either in diagnostic applications as ultrasound 

contrast agents (UCAs) or in therapeutic applications as drug/gene delivery carriers. 

The hydrogels are used in medical applications to treat cartilages defects. The atomic 

force microscope has been used widely in the recent years for the study of structural 

and mechanical properties of soft materials because of its high resolution and ease of 

use directly on biomedical materials in buffer solutions resembling physiological 

conditions. The aim of this study was to investigate the mechanical properties of the 

phospholipid MBs and agarose hydrogels. Their mechanical response to deformation 

was indeed probed systematically and comprehensively by microscopic and 

nanoscopic probes and the measurements revealed their complex and in many cases 

unexpected behaviour. 
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Abstract 
 

This study presents a systematic investigation of two types of soft biomaterials: 

phospholipid-based microbubbles (MBs) and agarose hydrogels, using atomic force 

microscopy (AFM) force-distance curves. Microbubbles are used widely in several 

applications, especially in medical applications, where they are used as ultrasound 

contrast agents (UCAs) and as vehicles for transporting the drugs and genes to their 

targets, which is commonly known as drug/gene delivery. Although plenty of attention 

has been paid to these materials by medical researchers there is a shortage of 

engineering research on the properties of these materials. The present study tries to 

address this gap by studying these materials from the engineering perspective; 

therefore, the aim of this study is to investigate the mechanical properties of MBs and 

hydrogels.   

In this research, phospholipid-based microbubbles (MBs), commercially called 

SonoVue® microbubbles and used as UCAs, were investigated to measure their 

mechanical properties using an AFM mode of operation called force-distance curves 

(or force spectroscopy mode); this mode allows for direct mechanical tests to acquire 

the force-deformation (F-Δ) behaviour of the MBs. The compression tool was a flat 

(tipless) cantilever moved at constant speed, whereas the variable was MB size. The 

MBs behaviour was assessed by calculating several mechanical properties, which were 

the stiffness, Young’s modulus (three different models were applied), hysteresis, 

plasticity, adhesion forces, nonlinearity and instability. The stiffness and the Young’s 

modulus values were measured to be in the same range as found in similar studies. A 

phenomenon was observed that the local stiffness of the MB increases after each 

unstable step provided that the MB stays within the linear elastic region. The Young’s 
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modulus was calculated applying three models, two for estimating the elastic modulus 

of the shell and the third for modulus of elasticity of the whole MB. The stretching 

component of the membrane theory was found to provide the best prediction of the 

Young’s modulus value. 

To investigate the effect of the tip geometry on the mechanical properties of the MBs, 

the MBs were studied with different cantilever/tips, including a conical-tipped 

cantilever. The study concluded that there is no impact of the contact geometry on the 

mechanical properties of the MBs if the applied forces and the spring constant of the 

cantilever are the same. The same phenomenon, increasing the local stiffness of the 

MB after each unstable step, was found however with a higher rate. 

Hydrogels were also studied in this research using AFM and adopting a 

nanoindentation technique. The indenter was a conical tip moving toward the sample 

surface with constant speed and applying similar forces on all samples, where the 

variable was the gel concentration. In addition to the previous mechanical properties, 

other properties were investigated, such as hardness, universal hardness and pressure. 

An effect of the gel concentration on the mechanical properties of the gels was 

observed. There is a difference in the results compared to those reported in the 

literature review, where some of the results are in the same range as those found here, 

while others were either higher or lower, due to the influence of factors such as the 

indenter geometry, the applied force and the load rate; moreover, it was found that the 

viscoelastic behaviour of the gels played a significant role.   
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CHAPTER 1 INTRODUCTION 

CHAPTER 1: INTRODUCTION 
 

1.1 Introduction 
 

In recent years, soft biomaterials have attracted a good deal of attention, due tothe 

possibility of their applications in many fields. [1] Examples of such biomaterials are 

biomedical materials, such as microbubbles (MBs). Microbubbles are particles that 

encapsulate an inert gas by means of a very thin shell suspended in the surrounding 

medium. The shell consists of lipid (as in the present study), protein, polymers or a 

mix of these materials. [2]  Microbubbles are used in several applications, 

commercially and medically. [3] However, their medical applications have a 

significant importance  , where they are used in both diagnostic applications, as 

ultrasound contrast agents (UCAs), [4] and in therapeutic applications, as drug/gene 

delivery vehicles. [5]  Another type of biomaterials are the tissue engineering 

materials, for instance the hydrogels. A hydrogel is defined as a water-swollen 

material, produced by the simple reaction of one or more monomers, containing cross-

linked polymeric networks. [6] The hydrogels are used in different applications such 

as artificial snow, sealing and food additives  [7-9] and in  medical applications, for 

instance as scaffolds for tissue engineering [10] which helps  cover the gap between 

the supply and demand of organs and tissues for transplantation. [11] The hydrogels 

can be classified, based on their source, into natural and synthetic. [12] There is a great 

number of studies from the biological and medical perspectives concerning 

biomaterials; however, there is a lack of studies of those materials from the engineering 

side. The Aim of this study is to investigate and measure the nanomechanical 

properties of soft biomaterials namely phospholipid microbubbles (MBs) and 
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agarose hydrogels, using the atomic force microscopy (AFM) technique at force 

spectroscopy mode. Investigating such materials involves complexity and challenges, 

because of their viscoelastic behaviour. However, the atomic force microscopy (AFM) 

technique has enhanced the study of such materials and made it possible, even for live 

cells. The AFM is a type of scanning probe microscope (SPM), [13] which has been 

widely used in recent decades to probe and determine the topography of the samples’ 

surfaces using the imaging mode  [14] and to measure the local mechanical properties 

of the materials using the force spectroscopy mode. [15] AFM is commonly used, 

especially with soft materials, due to its high resolution, reaching to less than a 

nanometre (nm) [16] and high force sensitivity reaching to a piconewton (pN). [17] 

This technique was adopted in the present study to calculate the micro/nanomechanical 

properties of the MBs and gels.  

This study is divided into seven chapters and appendices as follows: 

Chapter 1: is a general introduction providing the incentive and overall organization 

of the thesis (which you are reading now). 

Chapter 2: provides a general background regarding the investigated materials, which 

are the MBs and the gels, concentrating on their definition, structure, types, production 

and applications. In addition, the chapter describes the operational principles of an 

atomic force microscope (AFM) as weel as its history.  

Chapter 3: explains the theoretical background and the analytical equations that are 

used to investigate the mechanical properties of the materials, including the concepts 

and the basic relations of stiffness, Young’s modulus (with different models), 

hysteresis, plasticity and hardness. 
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Chapter 4: investigates the mechanical properties of microbubbles, commercially 

called SonoVue®, and includes the results for stiffness, Young’s modulus using 

different models, hysteresis, plasticity, adhesion forces, nonlinearity and instability. 

The compression tool is a rectangular flat cantilever (tipless cantilever).  

Chapter 5: is similar to Chapter 4; however, the compression tool is a tipped cantilever 

where the tip is a cone, to investigate the impact of the tip geometry on the mechanical 

properties of the MBs. 

Chapter 6: reports the study of the mechanical properties of the agarose hydrogels 

including hardness, the universal hardness and the applied pressure. 

Chapter 7: includes a general conclusion and the intended future work. 

Appendices: more details are provided for the results of Chapter 4 (Appendix A), 

Chapter 5 (Appendix B) and Chapter 6 (Appendix C) and related publications are 

presented in Appendix D. 
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CHAPTER 2: GENERAL BACKGROUND 
 

 

 2.1 Introduction 
 

Since the beginning of the 1980s the investigation of soft nonconductive 

materials, such as biological and biomedical materials, has become a competitive and 

interesting field. The investigations can be conducted by using an AFM, which is an 

instrument that can scan the topography of the surface and provide the mechanical 

properties of the material. Thus, it is appropriate to first describe and discuss the type 

of biomedical materials adopted in this investigation, which are phospholipidic 

microbubbles (MBs) and agarose hydrogels. The instrument used to investigate these 

materials, which employs one of the atomic force microscopy (AFM) techniques, is 

the molecular force probe (MFP-1D).  

 

2.2 Atomic Force Microscopy (AFM) 
 

Atomic force microscopy (AFM) belongs to the scanning probe microscopy 

(SPM) family [1, 2] providing high resolution in space with field of view in the range 

of  10 nm-100 μm and resolution ~0.1 nm and ~10 nm [3-7] for vertical and lateral 

resolution, respectively and measures forces which help us to see the topography of 

the samples’ surfaces and their structure [8-10] and measure the local mechanical 

properties of the materials [11-13]. Most types of samples can be imaged using AFM, 

whether they are hard materials such as ceramics and metals or soft such as 

microbubbles (MBs) and hydrogels. In contrast with other microscopy techniques, 
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AFM does not produce the images by focusing light or electrons onto the surface of 

the sample, as optical or electron microscopes do. Instead, the AFM physically feels 

and tries to read the sample surface topography by means of a sharp probe. [7] AFM 

is currently the most common type of scanning probe microscopy (SPM) and is used 

in most fields of science. [14] 

 

2.2.1 History of AFM  
 

It is accepted that without the optical microscope, which was invented in the 17th 

century, [15, 16] some fields such as biological, natural and medical sciences would 

not have been developed as they are today. In the 1930s, a second major development 

occurred in morphostructural surface analysis, which was the introduction of the 

scanning electron microscope (SEM). [17] An electron microscope with a high 

resolution obtained by scanning a very small raster, the pattern of image capture and 

reconstruction used in television 

, with a focused electron beam was invented by Manfred von Ardenne in 1937. [18] 

SEM uses electrons and electromagnetic lenses (magnetic coils) instead of light 

(photons) and glass lenses. Because of the long distance between the sample and the 

probe, the optical and scanning electron microscopes are called “far-field 

microscopes”. [19] At the beginning of the 1980s, Binnig and Rohrer were able to see 

the first image of an individual silicon atom on a surface without using lenses, photons, 

or electrons, but only by exploring the sample surface by genuine direct mechanical 

scanning. Working for IBM [13], they published a paper in 1982 [20] unveiling their 

new invention, which was the scanning tunnelling microscope (STM).  Before the 

invention of the STM, such a high resolution needed a huge transmission electron 

https://en.wikipedia.org/wiki/Manfred_von_Ardenne
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microscope (TEM), weighing thousands of kilograms and requiring a large room size, 

to accommodate it. In 1986 Binnig and Rohrer shared the Nobel Prize for physics for 

the invention of the STM. [21] Although the STM was a fascinating development in 

scientific research, it has a disadvantage in that it is appropriate only for electrically 

conductive samples. Nevertheless, STM is still used widely in certain applications and 

remains a useful instrument, even with this limitation. This limitation immediately 

encouraged the researchers to think about a new technique which would be able to 

work with nonconductive materials. Binnig, Quate and Gerber published a further 

paper in 1986 [22] entitled the  “Atomic Force Microscope”. In this paper, they 

introduced the atomic force microscope (AFM) as a new type of microscope that can 

investigate an insulated material on an atomic scale using a combination of the STM 

technique and the stylus profilometer technique. The first AFM instrument, which was 

built by Binnig et al., remains in the Science Museum in London, and attracts 

interested visitors. Figure 2-1 is the first AFM instrument; while the instruments used 

today are somewhat different in shape and construction, the underlying concept 

remains the same.    

Because of the interest in using the AFM, it was produced commercially and rapidly 

became available on the market, where it was launched in 1988. [13, 23, 24] Scanning 

probe microscopy (SPM) is a technique that uses a local probe to investigate the 

sample surface. Therefore, both STM and AFM are considered as SPM instruments. 

STM and AFM share several features in their concept and design; however, they differ 

in that the STM maps the sample surface by means of a conductive probe while the 

AFM investigates the surface by means of a sharp tip mounted on the end of a flexible 

cantilever.  Figure 2-2 shows the differences between STM and AFM techniques. [2] 
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Figure 2-1: The first AFM instrument, which was invented by Binnig, Quate and 

Gerber, is preserved in the Science Museum in London.  Obtained from the Science 

Museum (London) with permission. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Atomic Force Microscope, (AFM) Scanning Tunnelling Microscope, (STM) 

Figure 2-2: Illustrating the difference between STM and AFM instruments, where the STM feels the 

changes in the surface topography by monitoring a tunnelling current electronically between a conductive 

sample and a conductive tip, while the AFM feels the surface topography by touch or near to touch the 

surface with a sharp tip on the end of the cantilever and monitors the change by a reflected laser beam. [2]    
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Since AFM instruments can work with most types of samples and in most 

environments, they are used widely at the present time especially with biological and 

biomedical materials. 

 

2.2.2 How Does AFM Work? 
 

AFM sensing can be described as depicted by Engel et al., [25]  as being similar to a 

stick held in a blind person’s hand to scan the environment to explore the path ahead. 

The topography of the sample surface image can be acquired in 3D by using the AFM 

technique on a nanoscale, measuring the forces between a sharp probe (tip) (radius at 

the tip apex < 10 nm) and the sample surface. The AFM tip touches the sample surface 

gently, or nearly touches it depending upon the mode used. The forces between the 

sample and the probe (tip) produce a deflection of the cantilever depending on Hooke’s 

law. The tip could consist of a sharp tip, a large sphere, e.g. a colloid particle, or be 

without a tip (tipless), depending on the application for which it is intended to be used. 

It is usually a sharp tip for the topography surface imaging applications and could be 

a relatively large (or without) tip in the force spectroscopy experiments. [26-28] This 

type of instrument was used to implement all the experiments in this study. Figure 2-

3-(a) shows an AFM while Figure 2-3-(b) illustrates a schematic of the internal parts 

of the AFM instrument, adapted from the manual of the manufacturing company 

(Asylum Research, Santa Barbra, CA) which has provided with the instrument. [29] 

The cantilever can approach or retract from the sample surface in the vertical direction, 

where this could be achieved either by moving the cantilever holder or by moving the 

sample stage, depending on the instrument configuration. The piezoelectric actuator 

produces this movement while a Linear Variable Differential Transformer (LVDT) 



 

13 
 

CHAPTER 2 GENERAL BACKGROUND 

controls it. [29] The cantilever deflects when the sample surface is in contact with the 

tip. The laser beam focused on the backside of the cantilever is reflected onto a 

photodetector. The angle of the reflecting laser beam changes and the position of the 

reflecting laser spot accordingly changes on the photodetector. As a result, the 

displacement of the laser spot on the photodetector can be measured and translated to 

a cantilever deflection. [26, 30] 

The AFM is used widely to investigate the topography of a sample surface. The surface 

area is scanned by the cantilever movement in a raster pattern of up to hundreds of 

square microns with very high resolution, reaching to few angstroms (Å), to produce 

a topographic image of the surface. [31] While the tip moves over the sample surface, 

the voltage of the z-axis piezo crystal is changed continuously by a feedback system 

to control the tip sample distance to avoid damaging the sample and the tip. [30, 32] 

 

 

 

 

 

 

 

 

 

 

AFM 

(a) 

Laser 

Source Photodetector 

Piezo 

Cantilever 
Sample 

LVDT 

(b) 

Figure 2-3: (a) The atomic force microscope (AFM) instrument used in this study, mounted on the 

inverted optical microscope. (b) Schematic drawing of internal equipment of the atomic force 

microscope (AFM) (obtained from the manufacturing company manual provided with the 

instrument), with some modifications. 
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2.2.3 AFM Modes 
 

Since the AFM is used widely with very high resolution in most science fields, 

there are several modes that can be used when operating the AFM. [33, 34] However 

this study will talk about the most three common used modes, which are contact, non-

contact and intermittent-contact (tapping) modes.  

 

 Contact Mode 

 

In the contact mode the cantilever moves towards the sample to be in direct 

contact with the sample surface (see contact region in Figure 2-4-a) and experience the 

strong short-range electrostatic repulsions in addition to van der Waals, capillary (in a 

wet environment) and other (long-range) electrostatic forces which could influence the 

overall force. In the contact mode the dominant force is repulsive (see Figure 2-4-a). 

The cantilever bends according to the forces acting between the tip and the sample 

surface; the cantilever’s spring constant is usually lower than the effective stiffness of 

the sample which causes bending of the cantilever. The topographic image of the 

surface can be produced by maintaining the separation between the tip and the sample 

constant, at a set-point in the operating system, using the constant force mode which 

is controlled by the feedback loop to keep the tip at the desired set-point while it scans 

across the sample surface. A constant height mode can be employed for atomically 

smooth surfaces. Compared to other modes, this is relatively fast with high resolution. 

However, it is inappropriate for soft materials which might be damaged. [35, 36] 
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 Non-contact Mode 
  

In the non-contact (NC) mode, also called dynamic mode, the separation 

between the tip and the sample surface is in the order of hundreds of angstroms (Å), 

with no contact. The dominant forces in the non-contact (NC) mode are attractive (see 

Figure 2-4-a) and low (around 10-12 N) which makes it suitable for soft materials to 

avoid damaging the sample. The cantilever in NC mode is stiffer than in contact mode, 

to avoid pulling the cantilever onto the sample surface and coming into contact with 

the sample. In this mode the cantilever vibrates near its resonant frequency, depending 

on its spring constant, with amplitude around hundreds of angstroms (Å). The 

separation between the tip and the sample surface is monitored by the feedback loop, 

either using a constant frequency or a constant amplitude technique. However, this 

mode provides less resolution and the scanning is relatively slower than the contact 

mode. [35, 36] 

 

 Intermittent-contact (Tapping) Mode 
 

Intermittent-contact (IC) works like NC mode where the cantilever is near the 

sample surface and vibrates at its resonant frequency however at the bottom of the 

vibration the cantilever touches or hits (taps) the sample surface which does not happen 

in NC mode. The separation between the tip and the sample is controlled in the same 

way as in the NC mode. This mode has many advantages; it is suitable for larger scan 

sizes than the NC mode, it is faster than NC mode and less damaging to the sample 

than the contact mode therefore it is widely used. Lateral resolution is better compared 

with both contact and NC modes. [35, 36] Figure 2-4 shows (a) the three modes’ 
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regions on the Van der Waals curve (obtained from [35]) and (b) a schematic of the 

three modes. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

2.2.4 Force Spectroscopy 
 

Force spectroscopy is a basic technique in AFM used to measure the interaction 

forces between the tip of the cantilever and the sample surface. [30, 37] This technique 

of analysis was used in all the experimental work of this study. The AFM not only has 

a high resolution in the topographic imaging analysis but also has a high sensitivity to 

very small forces, down to 10 pico-Newtons (10-11 N), in the force mode. [38] The soft 

cantilever responds and deflects according to the exerted forces, which may reach the 

scale of few pico-Newtons (pN). Such an order of magnitude of forces can break a 

Figure 2-4: (a) Representing the three modes regions on the force-distance curve (obtained from 

[35]) and (b) schematic of the contact, non-contact and tapping modes. 

(a) (b) 

Contact Mode 

Non-contact 

Mode 

Tapping Mode 

Tip Path  

Tip Path  
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hydrogen bond. [30] The ability to control and measure a force of very small order of 

magnitude is helpful to test very soft materials, either in compression, such as 

phospholipid microbubbles (MBs), or indentation, e.g. hydrogels, which are examined 

in this study. The force is measured as a function of the tip position in the z-direction 

with no change of the lateral position. [36]. Subsequently the data can be converted to 

force-distance curves using Hooke’s law where the spring constant of the cantilever is 

known. 

Figure 2-5-(a) illustrates a typical force-distance curve from the experiments in this 

study, consisting of the approach line, load curve (dashed blue line) and the retrace 

line, unload curve (solid red line) and focuses on the main regions of importance in 

the curve. In Figure 2-5-(b) shows a schematic of cantilever movement in the AFM 

experiment using the force spectroscopy technique. In region (A), the cantilever moves 

towards the sample surface from a setting point away from contact, where no 

interaction forces between the sample surface and the tip exist and no deflection 

appears on the cantilever. The gap between the tip and the sample surface decreases 

with movement of the cantilever down towards the sample. The attractive forces 

between the tip and the sample increase in region (B), because of the van der Waals 

forces and the cantilever begins to bend toward the sample slightly, then jumps 

suddenly to contact with the sample (called snap-in). [39] In region (C), the cantilever 

bends more and more in the opposite direction of its movement after the contact point 

between the tip and the sample, producing a straight line in the force-distance curve. 

The material under the tip in this region is compressed and either deformed, as in the 

microbubble (MB) experiments, or indented as in the hydrogel experiments where the 

piezo movement (piezo displacement) in this region converts into two displacements 
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Figure 2-5: A typical force-distance curve highlighting regions of importance. (A) Non-contact and 

approach. (B) Snap-in to contact. (C) Approach in contact with increasing cantilever deflection. (D) 

Retract in contact with decreasing cantilever deflection. (E) The cantilever passes the original contact 

point due to adhesion forces. (F) Retract out of contact with change the movement direction. 

 

the deflection of cantilever and the deformation of the sample (see equation 4 in 

Chapter 3). The cantilever withdraws at the maximum approach and changes its 

direction of movement in region (D),  where a small hysteresis may appear between 

the approach (load) and retract (unload) curves [40, 41] (due to certain factors such as 

the adhesion forces between the tip and the surface). As the cantilever retreats from 

the sample, it passes the zero point (distance-axes, F=0) while the tip is in contact with 

the sample and the force becomes negative in the force-distance curve because the 

adhesion force pulls the tip down toward the sample. At a certain point the cantilever 

overcomes the adhesion forces and the tip becomes free with no contact with the 

sample surface and returns sharply to the initial position (F=0), as shown in region (E). 

The adhesion forces appear due to several interaction forces such as the van der Waals, 

electrostatic and capillary, in humid environment, forces. [42] Finally, in region (F),  
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the cantilever continues retracting away from the sample to its original position; 

however, the movement is now in the opposite direction.    

 

2.2.5 Cantilevers 
 

The main tool in the AFM technique is the cantilever, where its sensitivity and the 

sharpness of its tip play a signficant role and affect the resolution of the AFM, 

combined with other factors such as step size and the number of scanning lines. The 

cantilever/tip assembly is the most common probe used with scanning probe 

microscopy (SPM) and is appropriate for imaging the topography of the sample. There 

are several cantilevers differing in shape and in the material used for various 

applications. The body of the cantilever is usually manufactured from silicon or silicon 

nitride and the back of the cantilever is coated with different materials such as 

aluminium or gold to enhance the reflectance of the laser beam to the detector area. 

Cantilevers are produced in different shapes, either rectangular or V-shaped, and 

integrated by a tip microfabricated at the free end, while in some applications there is 

no need for a tip at all. They are provided on a chip that sometimes has more than one 

cantilever on both sides. Typically, the length of the cantilever ranges from 100 μm to 

200 μm and the width from 10 μm to 40 μm, while the thickness is in the range from 

0.3 μm to 2 μm. [35] Figure 2-6 shows a schematic of both shapes of the cantilever, 

the rectangular shape and the V-shape (triangle), obtained from the MikroMasch® web 

page [43] and the Bruker AFM Probes web page [44]. The shape of the cantilever and 

its dimensions, together with the manufacturing material, determine its spring 

constant, where the shorter and the thicker the cantilever is, the higher its resonant 
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(a) 

(b) 

Figure 2-6 : Drawings of two types of cantilever shapes (a) schematic of 

four rectangular cantilevers on a chip with lengths 500, 210, 150 and 90 

μm for A, B, C and D respectively and width 30 μm and thickness 2.7 μm. 

[43] (b) A chip has five triangular cantilevers and one rectangular 

cantilever with lengths 170, 200, 300, 215, 130 and 75 μm and widths 22, 

20, 20, 20, 18, and 18 μm for A, B, C, D, E and F respectively and thickness 

0.515 μm. [44]    

frequencies and spring constant. Typically, cantilevers are manufactured to have a 

spring constant in the range from 0.01 N/m to 100 N/m depending on the desired 

application. In the present study, the cantilevers were chosen according to the stiffness 

of the tested materials where it was preferable for the spring constant of the cantilever 

to be in the same range as the tested material stiffness so that it would not be too hard 

or too soft compared to the material stiffness.  
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In addition, the reflection of the laser beam from the back of the cantilever to the 

detector was taken in the account for the choice of the cantilevers;cantilevers with 

adequate reflection properties were chosen.    

There are two factors determining the lateral resolution of the AFM image, the 

scanning step size and the radius of the tip. The appropriate shape and sharpness of the 

tip depend on the desired application, where sharpness of the tip might reach down to 

a few Å radius. The sharpest tips produce highest resolution, but they exert high 

contact pressures and thus have less durability. There are several tips available 

commercially to meet most of the applications needs; Figure 2-7 shows typical tips. 

[43-45] 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

Figure 2-7:  Different types of tips: (a) pyramidal tip with radius 12 nm, [44] (b) conical tip 

with radius 8 nm, [43] (c) colloidal probe with spherical tip (2-15 μm diameter) [45] and 

(d) flat cantilevers without tip (tipless). [43] 
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2.2.6 Limitations of AFM  
 

The AFM technique has gained a wide attention, especially in scientific research, 

and it is used in many applications and to investigate most types of materials whether 

they are hard or soft and conductive or non-conductive. In addition, the technique is 

applicable in most environments, including vacuum, air or aqueous medium. However, 

the AFM is not a solution for all scientific problems: just as it has advantages, it 

sometimes has disadvantages, and other techniques are more appropriate than AFM 

for particular applications. Some of the advantages and disadvantages of AFM are 

presented briefly as follows: 

 Advantages 

 

High resolution reaching to few angstroms (Å). 

High resolution force sensing reaching to few pico-Newtons (pN). 

The samples do not need special preparation. 

Measures both conductive and nonconductive materials. 

 

Possibility to investigate biological macromolecules and living cells.  

 

Investigates both hard and soft materials. 

 

Ability to produce the topography of the surface in three dimensions. 

 

Appropriate for most media.  

 

Reasonable price compared to other instruments or techniques.  

 

Small size which makes it easy to move or attach to other equipment 

such as an inverted optical microscope. [30, 36-38, 46-50] 
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 Disadvantages 

 

Not appropriate to measure a large area (greater than 150x150 (µm)2 and 

height 10-20 µm). 

 

Scanning speed is relatively low compared to other techniques.  

 

Hysteresis and creep could affect the images due to non-linearity.  

 

The real sample topography is not exactly reflected in the image as the 

sharpness of the tip is not perfect; it has finite dimensions and there is 

convolution between the tip’s shape and the surface features.   

Steep or overhanging walls cannot be measured due to the nature of the 

AFM probes’ motion. [30, 36-38, 46-50]  

 

2.3 Microbubbles (MBs) 
 

There has been a great deal of attention paid and great efforts in research studies 

toward understanding the physical and medical aspects of microbubbles (MBs). 

However, there appears to be a lack of research from the mechanical engineering 

perspective, and especially in studying their mechanical properties and understanding 

their response to applied loads. [51] This study will try to cover some of this gap and 

concentrate on studying the mechanical properties of the phospholipid microbubbles 

(MBs). Before investigating them, it is appropriate to give the reader a brief overview 

regarding MBs, including their structure, manufacture and applications.    
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2.3.1 Ultrasound Contrast Agents 
 

The sound waves that have frequency above the threshold of the human ear, 

around 20 kHz, are called ultrasound waves. Ultrasound waves are used widely in 

different fields. [52] In 1968 Gramiak & Shah [53] were the first to report that small 

gas bubbles can enhance the ultrasound contrast. In the late 1960s, while Dr Claude 

Joyner, [54]  was studying the cardiac results of a patient during a routine diagnosis, 

he coincidently realized that the ultrasound signal increased directly after the injection 

of a dye into the ventricle. This phenomenon was interpreted, as Gramiak and Shah 

suggested, [55, 56] as being due to the effect of gas bubbles which were forming at the 

tip of the needle at the moment of injection. Since that accidental discovery, MBs have 

been widely used as ultrasound contrast agents (UCAs). However, the life of an air 

bubble is very short if it is introduced without a stabilizing shell. Therefore, the 

researchers developed methods of stabilizing the gas-liquid interface. At the same 

time, they introduced gases with low diffusivity, such as a perfluorocarbon or sulphur 

hexafluoride, to increase the microbubble’s circulation time. [57] Reflecting or 

scattering of the ultrasound wave helps improve ultrasound imaging. The improvement 

comes from the difference between the density of the gas inside the MBs and the 

densities of the surrounding tissues and blood. This means the ultrasound waves move 

through the gas much more slowly than through the other media because of their low 

density, which makes the images clearer and creates more contrast, resulting from the 

acoustic impedance mismatch between the MBs and the surrounding materials. [51, 

58] New generations of MBs were developed with more effective MB stabilisers, such  
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as a phospholipid shell, which is more flexible and more resistant to rupture than other 

coatings, such as albumin. [59, 60] 

 

2.3.2 Structure of Phospholipid MBs  

 
The material of the nanoparticle shell is commonly composed of surfactants, 

proteins, polymers, lipids, metals, a virus-based nanoparticle or a combination of these 

materials. [58, 61] The most desirable nanomedicine systems are the liposome 

particles. These are colloidal and self-assembling structures containing a mono- or 

bilayer lipids. SonoVue microbubbles, which were investigated in this study, are 

monolayer lipid microbubbles (MBs). [52, 62, 63] Phospholipids are typically found 

in biological components such as the cell membranes. A phospholipid molecule 

consists of the head group, which is hydrophilic, and two long tails, which are 

hydrophobic, connected to the head. The components of the hydrophilic head are the 

glycerol molecule and the phosphate group, while hydrophobic (tail) component 

consists of a long chain of fatty acids, for example hydro or fluorocarbon chains. The 

phospholipids can organize themselves so that the hydrophobic tails face the gas region 

while the hydrophilic heads face toward the water. Figure 2-8 shows a schematic of 

phospholipid microbubbles (MBs) in both monolayer and bilayer forms, and the 

phospholipid molecule components. [64]  

The hydrophobic tails play a significant role in the MBs’ properties, where altering of 

hydrocarbon chain length affects properties such as surface viscosity, surface tension, 

gas permeation resistance and buckling stability of the shell. The presence of poly 

ethylene glycol (PEG) groups, which are long chains of molecules, on the phospholipid 

MB shells is common. These long chains point out of the MB shell surface either in 
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Figure 2-8: Representing both types of lipid MBs, the monolayer and the bilayer MBs and 

the phospholipid molecule components which are the hydrophilic (head) and hydrophobic 

(tail) where the diameter is at the micrometre scale and the shell thickness at nanometre 

scale. Adopted from [64] 

the form of a brush or a mushroom layer, which creates an extra zone of several 

Angstroms (Å) thickness on the MB shell. [65] 
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2.3.3 Microbubble Production  
 

There are several methods to generate and produce microbubbles (MBs); 

however, the most commonly used methods are sonication or microfluidic processing. 

The sonication method is used widely in the manufacture of commercial phospholipid 

MBs as ultrasound contrast agents (UCA). This method uses ultrasound waves with 

high intensity to encourage the formation of gas MBs in the suspension material which 

is intended to be a coating of the MBs, in the present case phospholipids. [66-68] The 

phospholipids arrange themselves as a coating (self-assemble), once the gas MBs 

appear. The excess phospholipids are washed off to clean the coated MBs. 

Subsequently, the MBs are re-suspended in another liquid, typically in saline solution, 

to be ready for use. This technique produces MBs of various sizes which depend on 

the applied ultrasound pulse. The patient might suffer an embolism due to large 

diameter MBs, therefore these must be filtered out. [69]   

The second method, known as  the microfluidic technique, was proposed by Thorsen 

et al. [70] in 2001.  This method produces a very narrow size distribution of MBs. The 

technique includes a T-junction where the gas flow meets the liquid flow at a certain 

pressure and flow rate, where the gas produces a jet surrounded by the liquid. When 

the gas jet passes the meeting point by a certain distance, the gas-liquid interface 

becomes unstable, which forms MBs by a “pinch-off” process. [71] Another 

mechanism for this technique, similar to the T-junction, is called the flow-focusing 

junction which first appeared in 2001. [72, 73] While the discrete phase is injected 

perpendicular to the continuous phase in the T-junction, it is injected into a co-flowing 
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continuous phase in the flow-focusing junction. Figure 2-9 shows the set-up equipment 

of the T-junction method in (a), adopted from [74] , and the two mechanisms of the 

microfluidic technique which are the T-junction, in (b), and the flow-focusing junction, 

in (c), obtained from [75]. There are different regimes of T-junction and flow-focusing 

junction techniques, such as dripping, squeezing and jetting regimes, depending on the 

desired MB sizes, where they are larger with the dripping regime and smaller with the 

jetting regime. Figure 2-10 represents the dripping and jetting regimes for T-junction 

and flow-focusing junction techniques which are obtained from Elveflow® web page. 

[76] 
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Figure 2-9: (a) Schematic representation of the equipment set-up for the generation of microbubbles by the 

specially designed T-junction. (b) Schematic of a T-junction. The discrete phase is injected perpendicular to 

the continuous phase and is sheared off to produce droplets where the width of the input and output channels 

is 100 μm. (c) Schematic of a flow-focusing junction. The discrete phase is injected into a co-flowing 

continuous phase. At the flow-focusing junction, there can be a narrow constriction to focus the flow (the 

width at the flow-focusing constriction ranges from 25 to 50 μm). Images obtained from [74] and [75]. 
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2.3.4 Microbubble Applications 
 

In the last decades, microbubble technologies have gained a great attention 

because of their wide applications in several science and technology fields. [77] A 

variety of research disciplines have focused on microbubbles, since they have different 

applications such as encapsulation of fragrances and flavours in food products, the 

fabrication of lightweight materials, water treatment and cosmetics. [77-83] However, 

the most important application of the microbubbles is in the medical field. They are 

widely used in both diagnostic and therapeutic medical applications. 

 

Dripping Regime 

Jetting Regime 

Dripping Regime 

Jetting Regime 

(a) (b) 

Figure 2-10: (a) Showing the dripping and the jetting regimes in the T-junction technique where 

dimensions of the input and output are 30 μm and 60 μm, respectively and (b) flow-focusing junction 

technique where dimension of input and output is 200 μm. [76] 
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 Diagnostic Applications 

 

The most common imaging method in medical applications is ultrasound 

imaging. Sound moves faster in liquids or solids than in gas. Thus the slow speed of 

sound through microbubbles (gas) produces an acoustic impedance mismatch between 

blood and the tissue surrounding the microbubble. [58] The difference in the speed 

comes from the difference in the density, which is lower in gas than in a liquid or solid. 

This property of low density of MBs has helped to develop a number of potential 

medical applications, and microbubbles are now commonly used as ultrasound 

contrast agents (UCAs) to improve the diagnostic ultrasound imaging, where the 

images using UCAs are more visible and clearer than the images without them. They 

are used in cardiology and radiology, where they are used for visualizing tumours, 

giving a good ultrasound imaging of areas of tissue which have defects, and are used 

in imaging certain human organs, such as the liver and the heart. [84] 

 

 Therapeutic Applications 

 

An even more important use of the microbubbles than the diagnostic uses is their 

use in treatment. [85] After administering the drug orally or by systemic injection, it 

is expected to travel through the bloodstream and cross the capillary walls to its target. 

[63] Therefore, when the drug is free, the healthy tissues could be damaged, during the 

treatment process, due to side effects, such as the high level of toxicity of the drug. 

[63, 86, 87] In addition, the medicine will need to be given in a high dose, to ensure 

that the drug reaches the target tissues, because some of the amount of the drug 

administered will be received by the healthy tissues, where it is unneeded. To 
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overcome these problems which accompany the therapeutic process when using free 

drugs, researchers have developed methods to deliver the drugs to the target cells to 

reduce the side effects of the medicine and to give the correct and the accurate dose of 

the drug. The method involves encapsulating the medicine in a drug carrier (drug 

delivery) such as lipid MBs to perform this task and to reduce the side effects compared 

to those from the free drug treatment. [88, 89]      

 

 Drug/gene delivery  

Because both hydrophilic and lipophilic drug molecules can be carried by 

liposome MBs, the lipid MBs are used widely in the medical applications for drug/gene 

delivery. Lipid-based microbubbles are easy to break and highly favourable to design 

as carriers, because of their response when they are exposed to ultrasonic waves. 

However, their capacity to act as a carrier of the drugs is low and this limitation can 

be dramatically improved using layer-by-layer assembly or chemically linking to the 

microbubble surface lipid carriers. The microbubble has a diameter less than 10 μm, 

which is similar to the size of a red blood cell. This allows the MBs to be displayed as 

red blood cells in the micro vessels and capillaries throughout the body in the blood 

stream. [61, 90] Most of the particle’s volume is the gas core, which provides the 

mechanism for drug/gene delivery and the ultrasound backscatter. Drugs and genes 

can be delivered by ultrasound microbubbles which work as a “cavitation nuclei” to 

drive the drugs or genes to their targets. [58, 61, 84, 85, 91, 92], as shown in Figure 2-

11, adopted from Unger et al.  [58]. The loading strategies of the drugs can be into or 

onto the MBs. [58, 61] The activity of the microbubbles when exposed to ultrasonic 

waves is a key to their success as drug delivery vehicles, where the core gas contracts 
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Figure 2-11: Illustrating Liquid perfluorocarbon gene carrier with diameter about 

100-200 nm. [58] 

during the compression phase and expands during the rarefaction phase of the pressure 

wave. [93]  

 

 

 

 

 

 

 

 

 

 

 

 

 Advantages of Using PEG on MBs 

 

Poly (ethylene glycol) (PEG) is widely used on the outside of the MB shell to 

improve their dispersion properties and also to impart stealth properties so that they 

can be used as biomedical delivery vehicles. The MB lifetime and the whole MB 

mechanical response can be improved by the use of PEG as the outer layer. According 

to Abou-saleh et al., the maximum MB concentration (abundance) and stability 

(lifetime) can be optimized by the use of a PEG-lipid at low concentration. [94] 

Moreover, for tissue targeting applications, lipid-shelled MBs can be functionalized 

on the outer surface by various targeting ligands linked to active terminal groups 
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incorporated in the PEG molecules. PEG can improve the drug bioavailability, prolong 

the circulation time and reduce undesirable side effects. Furthermore, by introducing 

specific ligands they can provide targeting capacity to MBs to a specific cell or tissue 

and the intracellular localization in organelles. [95] A large variety of biomolecules 

are separated using PEG components in aqueous two-phase partition systems (ATPS). 

[96] 

 

2.4 Hydrogels 
 

Hydrogels are polymer networks which are exceedingly swollen with water. 

Hydrogels which are referred to as hydrophilic gels are those which have networks of 

polymeric chains. Hydrogels can be also based on colloidal systems (colloidal gels) 

where water is the dispersion medium. [97, 98] There are different definitions of 

hydrogels. The most common one defines the hydrogels as water-swollen, produced 

by the simple reaction of one or more monomers, and with cross-linked polymeric 

networks. Another definition says that the hydrogels are polymeric materials that have 

the ability to swell and retain a large amount of water inside their structure; however 

they do not dissolve in water.[98] In recent years, synthetic hydrogels have 

progressively superseded natural hydrogels, as synthetic hydrogels have a high water 

absorption capacity, long service life and high gel strength. Furthermore, they remain 

stable with strong or sharp fluctuations of temperature. 

Hydrogels are capable of absorbing large quantities of water because of their 

hydrophilic crosslinked polymeric network structure. [99] They are multifunctional 

materials which are used in different applications, e.g. vehicles for drug delivery, 
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scaffolds for tissue engineering, contact lenses, biosensors and cosmetic 

products.[100-104] Because of their high nontoxicity, hydrophilicity and 

biocompatibility, hydrogels are widely used in the biomedical and biological areas. 

[105-107] When they are fully hydrated, hydrogels can acquire the physical 

characteristics similar to those of soft tissues, [108], and they accelerate the healing 

process of wounds, when they are partially hydrated. [109] The formation of three-

dimensional scaffolds consisting of extracellular matrix (ECM) molecules can be 

obtained by hydrogel engineering. These engineered hydrogels are capable of 

providing the cells with structural support, adhesion and biomechanical properties. 

[99] The wide mismatch between the supply and demand of organs and tissues for 

transplantation illustrates the necessity of tissue engineering. [110] To meet the 

massive need for organs and tissues, the tissue engineering field was developed to 

fabricate living replacement parts for the human body. [110-112]   

 

2.4.1 Classification of the Hydrogels 
 

The hydrogels are classified on various bases such as source, polymeric 

composition, configuration, type of cross-linking, physical appearance and network 

electrical charge. The classifications can be summarized as follow:  

 

Based on the source 

Natural hydrogels. 

Synthetic hydrogels.  

Based on their polymeric composition 
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Homopolymeric hydrogels (single species of monomer). 

  Copolymeric hydrogels (two or more different monomer species). 

Interpenetrating polymeric hydrogel (IPN) (two independent cross-linked 

synthetic and/or natural polymer component).  

Based on their configuration 

Amorphous (non-crystalline). 

Semi-crystalline. 

Crystalline. 

Based on the type of cross-linking 

Chemical cross-linked networks. 

Physical cross-linked networks. 

Based on their physical appearance 

Matrix. 

Film. 

Microsphere. 

Based on the network’s electrical charge 

Nonionic (neutral). 

Ionic. 

Amphoteric electrolyte. 

Zwitterionic. [98, 113-117] 

 

2.4.2 Applications of Hydrogels 
 

Once articular cartilage is damaged, it is difficult to heal naturally and not easy 

to repair. However, tissue engineering with scaffolds of hydrogels is being developed 
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to overcome this challenge. Because hydrogels mimic the collagen networks of the 

cartilage by containment of highly hydrated crosslinked networks, they are employed 

to treat the cartilage defects and to support the neocartilage regeneration and the 

chondrocyte proliferation. [113] In addition to the applications mentioned previously, 

there are many more applications for which hydrogels can be used. Since the first 

synthetic hydrogels were produced in 1954 by Wichterle and Lim, [118] they have 

become widely used in several fields. They are applicable in scientific and technical 

areas such as agriculture, hygienic products, drug delivery systems, coal dewatering, 

sealing, food additives, artificial snow, biomedical applications, pharmaceuticals, 

diagnostics, tissue engineering, separation of biomolecules or cells, wound dressing, 

biological adhesions and as biosensors. [98, 119-131] 

 

2.4.4 Preparation of the Hydrogels 
 

As defined earlier, a hydrogel is a polymer network with hydrophilic properties; 

thus, the hydrogels are prepared based on hydrophilic monomers which can also be 

used to control the properties of the hydrogels to make them suitable for certain 

applications. Either synthetic polymers or natural polymers can be used to prepare the 

hydrogels. The synthetic polymers are chemically stronger than natural polymers and 

they are hydrophobic in nature. They have a slow degradation rate, due to their 

mechanical strength; however, the mechanical strength leads to high durability. By 

using the optimal design, these two opposite properties, when they are used in some 

applications, can be balanced to produce an appropriate hydrogel. [132] Hydrogels 

might also be prepared based on the natural polymers, where suitable functional groups 

are added to these natural polymers. [133] Put simply, to produce an elastic structure 
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we need to use a hydrophilic polymeric network that is cross-linked in some way. 

Thus, any technique that can produce a cross-linked polymer can help to produce a 

hydrogel. By reacting hydrophilic monomers with multifunctional cross-linkers, 

hydrogels can be produced using copolymerization/cross-linking free-radical 

polymerizations. 

Hydrogels of natural or synthetic origin may be formed using a number of methods: 

 Linking polymer chains by chemical reactions. 

 The main-chain free radicals can be generated using ionizing radiation. 

 By physical interactions e.g. electrostatics, entanglements and crystallite 

formation.   

Any technique for polymerization might be used to produce the hydrogels, including 

solution, bulk and suspension polymerization.  
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CHAPTER 3: THEORETICAL BACKGROUND 
 

 

 3.1 Introduction  
 

This study investigates the mechanical properties of the soft biomaterials such 

as phospholipid microbubbles (MBs) and tissue engineering materials e.g. hydrogels. 

This chapter will concentrate on the theoretical background of the mechanical 

properties studied in the present research, including Young’s Modulus, stiffness, 

hysteresis, plasticity and hardness. This chapter will provide the theoretical base of the 

present study. The models and related equations are introduced here in some detail and 

will not be explained further in the results and chapters; however, I will refer to them 

where necessary.   

 

3.2 Stiffness  
 

As mentioned previously (see section 2.2.4 Force Spectroscopy), the raw data in 

the AFM force-distance curves are the deflection of the cantilever and the vertical 

extension of the piezo (the piezo position). Hooke’s law is applicable here as shown 

in equation (1), where the deflection and the force are both known.  

XkF c   (1) 

where F, kc, X are the force, cantilever spring constant and cantilever deflection, 

respectively. By using equation (1) the deflection in the raw data, will be converted to 

force which helps to convert the deflection-position curve to a force-position curve. At 

the contact point, the piezo displacement (the vertical position displacement) is 
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translated to deflection on the cantilever and deformation on the sample, which means 

that the whole system works as two springs connected in a series order and the inverse 

of the stiffness of the whole system is equal to the sum of inverse stiffnesses of both 

the cantilever and the sample (thought of as two springs), as shown in Figure 3-1.      

 

 

 

    

 

 

 

 

 

Figure 3-1 shows that the system (the cantilever and the sample together) works as two 

springs which are connected in series. [1] [2] SThe stiffness of the whole system is 

related to both the cantilever and sample stiffnesses by equation 2: 

sct kkk

111
   (2) 

where: kt, kc and ks are the stiffnesses of the whole system, the cantilever and the sample 

respectively. Multiplying equation (2) by force, F, will give the following equation: 

sct k

F

k

F

k

F
  (3) 

Referring to equation (1), and substituting it into equation (3) the resulting equation, 

equation (4), will represent the displacements, as follows:  

Cantilever 

Stiffness KC 

 

Cantilever 

Hard Surface  

Microbubble 

Microbubble 

Stiffness Kmb 

 

Figure 3-1: Schematic drawing showing a microbubble (MB) compressed 

under a cantilever (left). Right: schematic drawing explaining that the 

stiffness of the whole system involves the cantilever and MB stiffnesses in 

series. 
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 XZ  (4) 

Where Z, X and Δ are the piezo displacement, the cantilever deflection and the sample 

deformation respectively.  Thus, the sample deformation is given by 

XZ   (5) 

Note that equation (5) is applicable for both the microbubble experiments, as 

deformation (Δ), and the hydrogel experiments, as indentation (δ); this equation 

excludes the response of the cantilever and retains the response of the sample whether 

it is a deformation or an indentation. [3] Therefore, the use of equation (5) is helping 

to convert the force-distance (piezo position) curve to a force-deformation (F-Δ) curve 

in the MB experiments, and the force-indentation (F-δ) curve in the gel experiments. 

This happens by subtracting the deflection of the cantilever from the piezo 

displacement (position) to acquire the deformation of the sample. [2, 4-6] Eventually, 

the force-deformation (F-Δ) curves will be obtained and these curves are used in the 

analytical calculations to investigate the stiffness of the sample, where the stiffness is 

the gradient of this curve in the linear region. The conversion from raw data to the 

force-deformation (F-Δ) curve passes through several stages, which are summarized 

in Figure 3-2. The raw data obtained from the AFM instrument is the deflection-LVDT 

curve, where LVDT is the Linear Variable Differential Transformer, as shown in 

Figure 3-2-(a). The deflection-LVDT curve is shifted to the zero point (origin point) 

to be the deflection-position curve, as shown in Figure 3-2-(b) [7], then the data  pass 

through the procedures which were explained previously.  
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3.3 Young’s Modulus 
 

The modulus of elasticity (Young’s modulus) was calculated in the present study 

using four different models which are Reissner’s theory, elastic membrane theory, 

Hertz theory and the Sneddon model which is modified from Hertz theory. Three 

models were applied to evaluate the Young’s modulus of the microbubbles (MBs) 

reported in Chapter 4 and Chapter 5, where the first two models calculate the modulus 

of elasticity of the MB shell, while the third model estimates the modulus of elasticity 

Deflection 

LVDT 

(a) 

Deflection 

Position 

(b) 

Force 

Position 

(c) 

Force 

Deformation 

(d) 

Load 

Unload 

Figure 3-2: Schematic drawing illustrating the stages of conversion from the raw data 

to the final data that are used in the analytical calculations, where (a) shows the raw 

data, (b) the data shifted to the zero point, (c) conversion of the deflection to the force 

and (d) conversion of the position to deformation. 
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of the whole MB as a homogenous spherical body. The fourth model was applied to 

investigate the Young’s modulus of the hydrogels which were reported in Chapter 6.  

In general, Young’s modulus, E, can be calculated from the gradient of a stress-strain 

(σ- ξ) curve, while the curve is in the linear region.  

    



E    (6) 

 

where: E is Young’s modulus, σ is stress and ξ is strain. However, this is not 

straightforward with nonlinear models, since it involves some complexity due to the 

system geometry and the nonlinearity. The following sections will discuss each model 

briefly and describe how they are applied in this study.   

 

3.3.1 Reissner’s Theory 
 

After obtaining the force-deformation (F-Δ), it is appropriate that we normalize 

the deformation with the MB diameter, to create the relative deformation (ε), and thus 

reduce the effect of the variation of the MBs’ sizes. The relative deformation (ε) is the 

deformation of the MB (Δ) divided by the initial diameter of the MB (D0). [7, 8] 

0D


  (7) 

Reissner’s theory [9-11] was the first model applied in this investigation. The Reissner 

model was a good solution when used to predict the polymer MB properties [4], where 

the results are associated with the bulk polymer, which stimulated me to use this 

model. This theory is the basis of the analytical solution of the thin shell deformation.  

The model is a solution for the shallow [9] spherical caps, which are isotropic elastic 

thin shells with small deformation. This structure is applicable to the MBs investigated 
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in this study, as they are spherical hollow thin-shelled particles. Therefore, it is 

appropriate for estimating the mechanical properties of the MBs using this model. The 

Young’s Modulus of a MB with initial radius R0 and shell thickness t can be calculate 

using Reissner’s theory as follows: 

s
t

Rv
E

2

0

2

4

)1(3 
  (8) 

where E is the Young’s modulus, υ is Poisson’s ratio and s is the slope of the linear 

part of the force-deformation (F-Δ) curve. It is clear that Young’s modulus can be 

calculated straightforwardly from the force-deformation (F-Δ) curve using the 

Reissner model, where it has a linear relationship with slope, s, of the curve as appears 

in the previous equation, equation (8). This equation can be rewritten and re-arranged, 

by substituting s with F/ Δ and Δ with ∆= 𝐷0𝜀 from equation (7), to be as follows: 













F

t

v
E

2

2

8

)1(3
  (9) 

Taking into account the fact that the deformation happens at both poles of the MB and 

the original Reissner equation is considering only one pole, the strain has to be halved 

which leads to the following equation: 













F

t

v
E

2

2

4

)1(3
 (10) 

 

Since the Poisson’s ratio (υ) and the thickness (t) are constants for each MB, the 

Young’s modulus is equal to a factor multiplied by the gradient of the linear part of 

the force-relative deformation (F-ε) curve (this model is used in the analysis in Chapter 

4).  
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F
FactorE  (11) 

The Reissner model is applicable with certain assumptions, such as that the 

thickness/radius ratio should be very small (t/R0 < 1/20), [12]; the load must be 

concentrated on a very small area as a point and the load must be on the MB poles. 

The first condition is valid in the experiments in the present study where the thickness 

assumed to be approx. 5 nm and the smallest MB radius is 1400 nm and the second 

condition is valid with tipped cantilever experiments; however, with the tipless 

cantilever experiments, the contact area is much greater than in those with a tipped 

cantilever. The third condition, which is that the load should be exerted symmetrically 

on the poles is applicable with approximation at best, where the tip is on the top of the 

MB and the cantilever is parallel to the hard substrate surface. [4] According to Elsner 

et al. [13],  the Reissner model is applicable with non-point-like loads and also with a 

large contact area. The Reissner model is a useful solution for the hollow, thin-walled 

spherical structures under a small deformation. Therefore, it has been used for several 

applications. [4, 5, 14-16] 

 

3.3.2 Elastic Membrane Theory 

 

This model, like the previous one, estimates modulus of elasticity of the MB 

shell. Elastic membrane theory is a good model to understand the MBs’ behaviour as 

encapsulated structures. [14, 17] The model depends on membrane theory, which 

translates the bending and stretching energy due to the deformation of the shell. For 

this model to be applicable, the MB can be assumed to have an impermeable 

membrane, where the MB becomes like an incompressible fluid filling a balloon. [18] 
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Figure 3-3: Schematic representing a bending deformation with low load in (A) and 

stretching deformation with high load in (B).  

The volume of the balloon remains constant during the compression because of the 

impermeable membrane. The compression pressure is exerted homogeneously in all 

directions due to the inner fluid. The pressure is balanced by stretching the balloon 

membrane (which is the shell in the MB). At the contact area, bending of the membrane 

might occur and can be considered, if the deformation is small. [18]  

In the beginning, the bending of the membrane will be a local response to the applied 

load. The membrane is deformed at the contact area while the free surface of the 

membrane remains un-deformed, keeping its shape as a uniform circle. The 

deformation increases globally in the free membrane with an increasing load and the 

surface stretches due to increased internal pressure. Figure 3-3 [7] shows the bending 

and stretching deformation during the low and high load. 

 

 

 

 

 

  

The correlation between the force and deformation using the membrane model can be 

explained as follows: [8, 17, 18] 

BendingStretchingm FFF   (12) 

2/123

0
221

2 


 t
E

tR
E

F m

m

m

m 


        (13) 
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where Fm is the exerted force and Em and υm represent the Young’s modulus and 

Poisson’s ratio of the membrane respectively. It is necessary to estimate the bending-

stretching force ratio to distinguish the effective parameters in this ratio.  

 

2/5

0

1

24

1






R

t

F

F

Stretching

Bending
 (14) 

If the ratio of the shell thickness (t) to the initial MB radius (R0) is very small, which 

is the case in the MBs investigated in the present study, the bending component can be 

ignored, especially with relatively high deformation, where the stretching force is the 

dominant. [8, 18] In this study the force ratio was very small (FBending/FStretching ≤ 0.08), 

therefore the bending component was neglected and equation (12) can be written as:   

3

0
1

2 


 tR
E

F


  (15) 

Rearranging equation (15) leads to the following equation: 











3

02

1



 F

tR
E  (16) 

Since the Poisson’s ratio (υ), the initial radius (R0) and the thickness (t) are constants 

for each MB, equation (16) becomes: 

 











3

F
FactorE   (17) 

Therefore, the Young’s modulus of the MB shell is the gradient of the linear part of 

the (F−ε3) curve multiplied by a factor (this model was used in the analysis in Chapter 

4). 
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3.3.3 Hertz Theory 
 

 In contrast with the previous models, which estimate the modulus of elasticity 

of the MB shell, this model calculates the modulus of elasticity of the whole MB body. 

If two curved bodies come into contact, in the beginning they make contact at a single 

point, e.g. for spheres, or along a line, for forms such as cylinders, then the contact 

area increases with an increasing load. The first solution to determining the size of the 

contact area was introduced in 1881 by Heinrich Hertz. [19-21] This solution is a 

general solution for two semi-infinite spheres in contact which are deformed 

elastically.[22]  Hertz described his solution with some assumptions: [23-25] 

(i) The curved bodies’ sizes are much bigger than the contact area size (a << R), 

where R is the probe curvature radius and a is the contact radius. 

(ii) The surfaces of the contacting bodies are smooth and frictionless. 

(iii) Each body can be treated as an elastic half space (a flat surface on an infinite 

elastic solid, known as an elastic half space).  

Hertz theory can be modified and extended to be applicable for other models and 

geometries such as sphere-plate contact. [18] The model has been used in several 

similar studies [26-30], which indicates that this solution is an appropriate model to 

calculate Young’s modulus in such a form of contact.  The model does not consider 

the adhesion forces and assumes them to be much smaller than the applied force and 

that they are not effective on the deformed area, so the present experiments were 

implemented in an aqueous environment to reduce the adhesion forces. Hertz theory 

can be used with different types of applications. Either the probe is much greater than 

the sample [18] or the probe much smaller than the sample. [26] The model can be 
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used with sphere-plate geometry, which is suitable for a tipless cantilever with a MB, 

where the cantilever is assumed as a very big sphere (R= ∞) and the sample (MB) has 

a specific radius. This structure of this model is used in Chapter 4. The relation between 

the applied force and the deformation of the MB can be presented in the following 

equation. [8, 18] 

2/32

02 )1(3

2



R

E
F


  (18) 

Rearranging equation (18) leads to the next equation: 
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Because the Poisson’s ratio (υ) and the initial radius (R0) are constants for each MB, 

equation (19) becomes: 











2/3

F
FactorE  (20) 

Therefore, the effective Young’s modulus of the whole MB using a tipless cantilever 

is the gradient of the linear part of the (F−ε3/2) curve multiplied by a factor (this model 

is used in Chapter 4 Analysis). 

The Hertz model can be also used with a conical tipped cantilever and a MB in 

compression test where the tip is much smaller than the MB; in this case the tip apex 

can be considered as a small (hemi) sphere while the MB is a very huge ball (compared 

to the tip); the radius of curvature of the tip is 10 nm while the smallest MB radius is 

1400 nm; then, comparatively it can be considered as flat (R= ∞). However, the 

situation is now the opposite where the deformation will be defined by the tip 

geometry, which requires us to adopt a modified Hertzian model. [23, 26] 
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where RTip is radius of the curvature of the tip and δ is the indentation. 

In similar manner, equation (21) needs to be rearranged to obtain the relationship 

between the Young’s modulus and the applied force in the following equation: 
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Assuming that the indentation (δ) is the deformation of the MB (Δ), substituting 

equation (7) into equation (22) leads to the following equation: 
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Again, the Poisson’s ratio (υ), radius of the tip curvature (RTip) and the initial radius of 

the MB (R0) are constants for each tip and MB; therefore, equation (23) becomes: 











2/3

F
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It is notable, that the effective Young’s modulus of the whole MB using a tipless or 

tipped cantilever is the gradient of the linear part of the (F−ε3/2) curve multiplied by a 

factor, where the factor depends on the geometries of the tip and the MB (this model 

was used in the analysis in Chapter 5). 

 

3.3.4 The Sneddon Model 
 

Because the Hertz solution is specifically applicable for bodies with curvature, 

there were attempts to expand the model to be valid for other geometries. Sneddon 

succeeded in modifying and expanding the Hertz model to be applicable and 
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appropriate for other axisymmetric geometries, such as a flat cylindrical punch, or a 

paraboloid or cone. [31-33]  In 1965, Sneddon [34] introduced his solution which helps 

to use Hertz model with other geometries and to make it more appropriate for other 

applications. By generalizing the force-indentation (F-δ) relation, as shown in 

equation (25), [23, 35] several specific solutions can be represented by choosing the 

desired geometry parameters, which are shown in table 3-1. 

F  (25) 

where λ and β are constants depending on the geometry and material of the contacting 

body (the punch). Table 3-1 [23] displays values of  λ, β and the radius of the contact 

area (Rcont), according to the geometry of the punch.  

 

Sneddon’s approach was adopted in this study to investigate the modulus of elasticity 

of the gel where this model is applicable for indentation experiments with a conical 

tipped cantilever. By substituting the values of λ, β from Table 3-1 into equation (25), 

Sneddon’s solution becomes as in the following equation for the conical indenter: 

 

2

2 )1(

tan2









E
F  (26) 

where ϕ is the half angle of the conical tip and δ is the indentation depth. After 

arranging and rewriting equation (26), it becomes as follows: 
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Since Poisson’s ratio (υ) and the half-angle of the conical tip (ϕ) are constants, the 

relation becomes: 











2

F
FactorE  (28) 

Therefore, the Young’s modulus of the gels corresponding to Sneddon’s model using 

a conical tipped cantilever, is the gradient of the linear part of the (F−δ2) curve 

 

 

 

Table 3-1: Showing values of the constants in the general Hertz model. Note that the 

parabolic geometry is the first model described by Hertz. 
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multiplied by a factor, where the factor depends on the geometries of the tip and the 

gel material (the Poisson’s ratio);this model is used in the analysis in Chapter 6. 

 

3.4 Hysteresis and Plasticity 
 

The study investigated both the hysteresis and the plasticity behaviours for the 

microbubbles (MBs), as reported in Chapters 4 and 5, and also for gels, as reported in 

Chapter 6.  

3.4.1 Hysteresis 
 

Elastic hysteresis is an important phenomenon that needs to be determined 

because of the energy loss during the compression cycle: the load (trace) and unload 

(retrace) cycle. [36, 37] It happens when the two curves, load (trace) and unload 

(retrace), diverge and confine an area between them. If the hysteresis area exists, the 

force on the load (trace) curve is higher than the force on the unload (retrace) curve at 

the same deformation, which means that energy was lost during the cycle between the 

load (trace) and unload (retrace) curves. This area can be calculated using different 

methods and techniques; however; the trapezoidal rule [38, 39] was adopted in this 

study to determine the hysteresis area. The trapezoidal method is presented in the 

following equations associated with Figure 3-4. To calculate the area under the curve 

we can take the integration of the function f(x) from (a) to (b) or, instead, we can 

approximate the area by dividing it into numbers of trapezoids and estimating the area 

for each trapezoid individually then taking the summation. Note that width of the 

trapezoid (Δx) equals the length of the function f(x) on the x-axis divided by the number 

of trapezoids (n) where: 
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n
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  (29) 

The approximation of the area is shown in equation (30). 
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Equation (30) can be simplified for (n) numbers of trapezoids to be: 
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(This method, the trapezoid rule, is used in Chapters 4, 5 and 6). 

 

 

 

 

 

 

 

 

To eliminate the effect of the size differences of the samples on the energy loss per 

cycle, the unit volume is considered, where the energy loss per unit volume equals the 

a b 

Figure 3-4: The area under the curve is 

divided into numbers of trapezoids. 

f(x) 
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energy loss per cycle divided by the volume of the sample. [40] Assuming the MB is 

a homogenous hollow sphere, with a homogenous diameter and thickness, the MB 

volume becomes as shown in the following equation. 

)(
3

4
 volumeMB

33

0 irR    (33) 

where R0 and ri are the initial outer and inner radii of the MB respectively. 

Note that, tR  0ir , where t is the MB thickness. (This equation is applied in 

Chapters 4 and 5). 

For the gels, we assume that the tip is a completely sharp conical tip to be consistent 

with the model used, and also that the difference in the volume is very small and can 

be neglected as it does not affect the result. In addition, it was assumed that the volume 

of the deformed material is equal to the volume of the immersed part of the tip, where 

the material is in contact with the surface tip to the maximum indentation depth (hmax). 

According to these assumptions, the volume of the deformed gel is shown in the 

following equation: 

hr 2

3

1
 volumecone The   (34) 

where r and h are the radius of base of the cone and the height of the cone respectively. 

Note that the height is the maximum indentation depth (hmax) and the radius of the base 

of the cone is the radius of the projected contact area (a) as shown in Figure 3-5. (This 

formula is used in Chapter 6). 
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3.4.2 Plasticity 
 

When a soft material is exposed to a compression test, it is important to take into 

account the viscoelastic behaviour. [41] The retracing or unloading curve may give 

predictions about the elastic, viscoelastic and plastic behaviour of the soft material. 

[42] The plasticity index (η) can be used to indicate the viscoelastic behaviour of the 

material. The plasticity index (η) is equal to the ratio of the area under the unloading 

curve to the area under the loading curve.  Therefore, the correlation between the 

plasticity index (η) and these areas may be represented in the following equation: [35]   

l

u

A

A
1 )(index  Plasticity   (35) 

where Au and Al are the area under the unloading curve and the area under the loading 

curve respectively. By modifying equation (35) we obtain the following equation:  

l

ul

A

AA 
    (36) 

hmax 

a 

Sample 

Tip 

φ 

Figure 3-5: Schematic representing a conical 

tip indented in the gel sample, where hmax and 

a are the maximum indentation and the 

radius of the projected contact area 

respectively. 
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However, the area under the loading curve includes the area between the two curves 

(load and unload) and the area under the unloading curve where: 

ubl AAA   (37) 

Note that Ab is the area between the two curves and above the deformation axis (axis 

F=0). Subsuming equation (37) into equation (36) leads to:  

ub

b

AA

A


   (38) 

Referring to Figure 3-6, adopted from Butt et al. [35] with some modifications, it can 

be seen that, for a totally elastic material Au = Al and the unloading curve is identical 

to the loading curve, therefore, the plasticity index is zero (η=0). However, for purely 

plastic materials Au = 0, which means that the unloading curve is perpendicular to the 

x-axis (deformation axis) and the plasticity index is equal to one (η=1). [35, 41-43] 

The viscoelastic-plastic behaviour is found in the intermediate values between the two 

extreme limits, where (0 < η < 1). (The plasticity index (η) is calculated in Chapters 4, 

5 and 6). 
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Figure 3-6: Schematic showing the elastic and plastic deformation regions where Au, 

Ab are the areas under the unloading curve and between the two curves respectively 

above the deformation axis (the axis of F=0). 
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3.5 Hardnesses 
 

 Hardness 
 

 

When an indentation technique is adopted the most two important mechanical 

properties are the elastic modulus (Young’s modulus) (E) and the hardness (H). [44, 

45] These two properties were investigated in this study, where the Young’s modulus 

was calculated for both the MBs and gels (Chapters 4, 5, and 6) while the hardness 

was estimated for the gels (Chapter 6), where the test was an indentation method 

(which is not applicable with the MB experiments). This section will cover the 

theoretical base of the concept of hardness and discuss the definition of hardness and 

its formulae.  

The elastic contact theory plays an important role in the analysis of hardness. 

Returning to the origin of the elastic contact theory, we find that the theory was 

founded in the 19th century by Hertz [19]  and Boussinesq. [46] Hertz described a 

solution for the elastic contact of two spheres with different radii, while Boussinesq 

introduced a method to compute the stress and the displacements on an elastic body 

loaded by a rigid indenter. Later, Sneddon [34] added another major contribution by 

expanding and developing Hertz’s theory to his general solution, which is that the 

relationship between the load, displacement and the contact area for any indenter can 

be considered as a solid of revolution of a smooth function. [44] After obtaining the 

force-indentation (F-δ) curve, the unloading curve is analysed according to the model 

for the deformation of the elastic half-space by a rigid axisymmetric indenter [45, 47, 

48], which is a conical tip indenter in this study. The nanoindentation technique is 

widely used for small-scale measurements of mechanical properties, due to its high 
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resolution and the simplicity of the analysis depending on the elastic and elastic/plastic 

contact theory. [49-52] 

A formula which is commonly applied in the indentation analyses, with different 

forms, connects the elastic modulus, Poisson’s ratio and the projected contact area to 

the indentation contact stiffness, in the following relationship: [44, 45, 53, 54] 

AEr


2
S   (39) 

where S, Er and A are the contact stiffness, the reduced elastic modulus and the 

projected contact area, respectively. The contact stiffness (S) can be measured 

experimentally from the gradient of the force-indentation (F-δ) curve of the upper part 

of the unloading curve; in this study, one third of the upper part of the unloading curve 

was adopted. [44, 51] 

d

dF
S  (40) 

The reduced elastic modulus, Er can be estimated from the elastic deformation of both 

the sample and the indenter and given by the following equation: [53] 

EEi

i )1()1(

E

1 22

r

 



  (41) 

where Ei, υi and E, υ are the modulus and Poisson’s ratio of the indenter and the sample, 

respectively. However if the indenter is very hard compared to the sample, which is 

the case in this study, where the indenter material is either a silicon nitride or a silicon 

and the Young’s modulus (E) for silicon nitride is 160-290 GPa, while for silicon it is 

130-185 GPa, [23], the deformation will occur to the sample alone. Therefore, the first 

term might be neglected and the equation becomes: 
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  (42) 

Substituting relation (42) into equation (39) gives the following equation: 

A
E

)1(

2
S

2 
  (43) 

The basic definition of hardness is the maximum load divided by the contact area (the 

area of indentation). However, there is a significant debate about the definition of 

hardness, where, after Meyer [47, 55, 56], it came to be defined as the maximum load 

divided by the projected contact area.  

A

FmaxH     (44) 

where H and A are the hardness and the projected contact area respectively. 

Investigating the properties of soft materials involves complexity, due to their 

elastic/plastic or viscoelastic behaviour. Thus, to calculate the hardness, it is necessary 

to calculate the projected contact area accurately.  

When a soft material is exposed to a maximum load, the material deforms, responding 

to the exerted load. However, the deformation does not overlap with the indenter 

surface completely, but the sample deforms as a curvature, where some of the material 

at a certain indentation depth is in contact with the indenter surface while the rest is 

not in contact. The maximum indentation, maximum depth, hmax, equals the contact 

depth, hc, plus the elastic displacement depth, hs. During unloading, the elastic 

displacement recovers, when the indenter retreats from the sample, with the final 

depth, hf, of the residual hardness impression remaining. Figure 3-7 helps to visualize 

the parameters that are used to estimate the projected contact area, where Figure 3-7-

(a) shows those parameters physically during the loading and unloading test, while 
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Figure 3-7-(b) illustrates the parameters on the force-indentation (F−δ) curve. Since 

the load is known, the mean point is determining the projected contact area accurately 

to calculate the hardness. In contrast with the conventional methods to estimate the 

projected contact area, which depend on the imaging of the indentation after the retreat 

of the tip and removing the load by measuring the diagonal lengths, which involves 

some errors after removing the load, Doerner and Nix [51] developed a method to 

calculate the projected contact area more easily, quickly and accurately, based on the 

fitting of the upper portion of the unloading curve of the force-indentation (F−δ) data. 

They state that the area does not change in the initial unloading curve. By intersecting 

the fitting of the upper part of the unloading curve (1/3 of the curve) with the x-axis 

(indentation axis), the elastic displacement depth, hs is specified, as shown in Figure 

3-7-(b), and from the previous note, the contact depth, hc can be determined, since the 

maximum depth, hmax is known by the following equation: 

shh  maxch  (45) 

The relation between the contact depth, hc and the contact radius, a, is illustrated in the 

next equation. 

ch )tan(a   (46) 

Where, ᵠ is half of the cone angle. Because the indenter used was a conical tip, the 

projected contact area, is a circle and can be written as: 

   2A a  (47) 

This area, the projected contact area, can be used to calculate the hardness of the 

material. 
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Figure 3-7: (a) Schematic drawing showing indentation form of the conical tip during and after the 

loading. (b) A typical force-indentation (F-δ) curve for a gel sample, where hf , hs, hmax and hc are 

shown on the indentation axis. 
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 Universal Hardness 
 

Because of the debate regarding the definition of the contact area, as mentioned 

in the previous section, real contact versus projected contact area, [57] there is another 

quantity to determine hardness, which takes into account the whole deformation of the 

material and is not limited only to the plastic deformation. This quantity is called the 

universal hardness, UH, which is different from the previous hardness in its definition 

of the projected contact area, where the material is considered to be in full contact with 

the indenter surface to the maximum depth, hmax. Based on this definition, the universal 

hardness can be written as: 

A

FmaxUH   (48) 

where A is the projected contact area at the maximum depth and might be defined 

similarly to equation (47); however, the contact radius, a, is equal to: 

 
max)tan(a h   (49) 

 Pressure 
 

Through the definition of pressure, which is the normal force exerted on the unit 

area, we can see that the pressure in these experiments is equal to the normal force on 

the contact surface between the tip and the sample, which represents the lateral surface 

of the cone to the contact depth.   

A

F
P  (50) 

max)sin(F F   (51) 
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The lateral surface of the cone to the contact is written in the following equation. 

aLA  (52) 

Where L is length of the cone slant to the contact depth, see Figure 3-7-(a).  

22L cha   (53) 
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CHAPTER 4: EVALUATION OF THE 

NANOMECHANICAL PROPERTIES OF 

SONOVUE® USING TIPLESS CANTILEVERS 
 

  

 4.1 Introduction 
 

Microbubble-based contrast agents were introduced some years ago for the 

ultrasound imaging field, and their use is now widely established in routine clinical 

practice.  [1] In the past years, a large number of studies have described and discussed 

the effectiveness of microbubble-based agents in many clinical and medical 

applications. [2-5] It is recognised that microbubble-based agents have received a high 

level of attention in the ultrasound (US) field. Moreover, there are many other 

applications for microbubbles, such as gene/drug therapy, where they can be used as 

delivery vehicles. [6,7] Although they have gained a wide adoption on the medical 

side, there is a lack of studies from the engineering perspective, especially in assessing 

their mechanical properties.  

One of the types of microbubbles is the lipidic shell microbubble. This chapter 

will focus on certain factors and mechanical properties that may impact or control the 

behaviour of the lipid microbubbles, commercially called SonoVue® microbubbles, 

which will be shortened to MBs henceforth. The properties intended to be studied are 

those related to mechanical behaviour, or in other words, those that can measured by 

a direct mechanical test in addition to the other methods, for example, the effective 

stiffness of the shell and whole MB body, Young’s Modulus, using different models, 

the hysteresis, plasticity and adhesion forces. The compression tool here is a 
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rectangular, flat, tipless cantilever. The chapter is divided into several sections. The 

first sections describe the material and its characteristics and the sample preparation 

methods. The sections describing the experimental test describe the machine (AFM) 

and its specifications in addition to describing the compression tool (cantilevers). The 

final part presents the results and their details.    

 

4.2 Materials and Methods 

 

4.2.1 Materials 
 

In this research, Phospholipid-stabilized Microbubbles (MBs) of the type 

SonoVue® (Bracco UK Ltd., Ireland, United Kingdom) were used to evaluate their 

nanomechanical properties. One vial containing 25 mg lyophilized powder was 

reconstituted with 5ml sodium chloride 0.9% w/v for injection. [8] The lyophilisate is 

a combination of macrogol 4000, phospholipids (PLs) and palmitic acid. SonoVue® 

MBs are composed of a monolayer, as shown in Figure 4-1, [9] of two PLs, which are 

distearoylphosphatidylcholine (DSCP) and dipalmitoylphosphatidylglycerol sodium 

(DPPG.Na). SonoVue® is a second-generation [10, 11] contrast agent with a diameter 

of less than 8-10 μm (mean, 2.5 μm) [11-13] and smaller than a red blood cell. [8] 

SonoVue® MBs are small enough to overcome trapping in the capillary vasculature. 

Figure 4-2 [1] compares MB size to red blood cell size, where it can be seen that most 

of the MBs are smaller. These MBs encapsulate sulphur hexafluoride (SF6) [8, 10] 

inert gas in a very thin shell, where the assumed thickness was around 5 nm, according 

to similar studies. [14, 15] As a highly elastic material, the Poisson’s ratio was assumed 

to be 0.5, which is consistent with previous studies. [16-19]  
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Figure 4-2: Microscopic photo of red blood cells (black arrows) (20× 

magnification; optical microscope) compared to SonoVue (white arrows) 

microbubbles. [1] 

Figure 4-1: Schematic representation of SonoVue 

microbubble structure. Where the diameter of the 

majority of the MBs is less than 10 μm and the mean 

2.5 μm. [9] 

 

 

 

 

 

  

 

 

 

 

 

    

Sulphur hexafluoride is an inorganic, colourless, odourless, inert and non-flammable 

gas. [20] A molecule of this gas consists of six fluorine atoms attached to a 

central sulphur atom. It is safe and innocuous to use in medical applications. [12] 

Compared to air, the (SF6) gas provides the bubbles with a higher resistance to pressure 

increases.[21, 22] 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Fluorine
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4.2.2 Sample Preparation 
 

A package of commercial SonoVue microbubbles contains a glass vial with 25 

mg lyophilized powder, holding a plastic vial, piston of the syringe and syringe filled 

with 5 ml sterile saline solution (see figure 4-3). Figure 4-4 illustrates vial preparation. 

To prepare the SonoVue microbubble vial, the piston of the syringe is turned clockwise 

to connect it to the plastic supporter. The lid of the syringe is then removed, and the 

syringe is turned clockwise to connect it to the plastic vial. After removing the blue lid 

of the glass vial, the operator holds the plastic supporter, with the index and middle 

fingers and pushes the lyophilized powder vial into the plastic vial, using his or her 

thumb, until a click is heard. The syringe piston is pushed to discharge the sterile saline 

solution into the lyophilized powder glass vial and the mixture has to be shaken gently 

for about 10s. A milky suspension of microbubbles is obtained, which has to stay at 

rest for about 1 min to help the microbubbles to break up. [1] Then the piston is pulled 

upwards to obtain the desired amount of microbubble mixture for the experiment.  

In order to acquire accurate compression experiments on MBs, it is important to 

fix them on a hard surface to prevent them from slipping. Adhesion of the MBs to the 

surface can be obtained either physically, [14] as adopted in this study, or chemically. 

[23] Firstly, the internal surface of an appropriate cell culture dish (60X15mm, Greiner 

Bio-OneGmbH, Frickenhausen, Germany) needs to be coated with very thin layer of 

a 1:10 solution of poly-L-lysine (v/v) (Sigma-Aldrich Co., St. Louis, MO, USA). The 

internal dish surface specifications play an important role, therefore treated Greiner 

Cellstar® dishes are used. The excess amount of poly-L-lysine on the surface is sucked 



 

86 
 

CHAPTER 4 EVALUATION OF THE NANOMECHANICAL PROPERTIES OF 
SONOVUE® USING TIPLESS CANTILEVERS  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 

(A) (B) (C) (D) 

Figure 4-3: Package of the commercial SonoVue 

microbubbles consists of (A) glass vial with lyophilized 

powder, (B) plastic vial with supportive shoulders, (C) piston 

of the syringe and (D) syringe filled with sterile saline 

solution. 

Figure 4-4: Schematic drawing showing SonoVue microbubble vial preparation steps, 

obtained from the packaging of the sample. 
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up by the syringe and washed lightly with deionised water. After coating the petri dish, 

it is left for around 3-5 minutes to acquire a sticky surface. Secondly, because the MBs 

are filled by an inert gas, each bubble floats like a ball in a swimming pool: this 

advantage gives us the ability to connect the MBs to a coated petri dish surface. A 

glass bowl larger than the cell culture dish is filled with distilled and deionised water 

with resistivity 18 MΩ cm, obtained from Ultra-Pure Water System (SG water system) 

(Evoqua Water Technologies, Warrendale, PA, USA). Then, using the syringe, around 

0.3 ml of milky suspension MBs is added to the water bowl. Gently, the cell culture 

dish is placed upside down on the top of the water where the MBs are floating. When 

MBs come in contact with the dish surface, they stick onto it, because of the poly-L-

lysine. The petri dish is turned every few minutes by 900, to ensure MBs distribution 

over the entire cell culture dish surface. This mechanism can be seen in schematic (A) 

and image (B) in figure 4-5. [14] 

 

 

 

 

 

 

 

 

A resting time of around ten to fifteen minutes is sufficient to produce a testable area 

of MBs on the petri dish surface. Gentle washing with deionised water is recommended 

(A) (B) 

Figure 4-5: (A) Schematic illustrating the method of attaching MBs to a coated surface, with 

some modifications. (B) A photograph showing a petri dish inverted in a big bowl filled with 

distilled water and floating MBs, poly-L-lysine bottle and SonoVue MBs vial. [14] 
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to remove undesired particles or any freestanding MBs. A sufficient amount of saline 

solution (0.9% Sodium Chloride), (Baxter, Compton, Newbury, UK) is added to 

immerse the MBs and the AFM tip. The samples are ready now for the real 

compression test.   

 

4.2.3 Experimental Approach 
 

A large number of experiments, involving more than 300 curves, were carried 

out, with some limitations, such as duration after opening the vial, where all the 

experiments had to be performed within 36 hours of opening the vial to obviate 

deterioration, decay or non-persistence of the MBs. [14] Thirty-nine MBs were tested 

over two days using different vials. The results where MBs behaved atypically (the 

force-deformation curve was messy and unusual) were excluded from the analysis. 

This could originate from a variety of causes and phenomena: for instance slipping or 

movement during the test, sticking to the cantilever, premature shell destruction or 

simply displaying an odd curve shape. Eventually, consistent measurements in 18 MBs 

were acquired for further analysis. In order to capture MB deformation and forces the 

AFM force-distance curve mode was adopted. NSC 12 tipless cantilevers were used 

as a compression tool to perform at least 50 force curves for each MB with constant 

speed (3μm/s). The spring constants of the cantilevers were estimated by calibration 

procedures, which are explained elsewhere in this study, prior to the experiment. All 

three cantilevers on one side of the chip were calibrated at once, in anticipation of any 

breaking or other circumstances. Cantilever with 350μm length and 35μm width was 

used. Using a 60x immersion objective of an inverted optical microscope, four MB 

images were acquired and their diameters were measured; the mean was used in the 
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calculations. The last 5 curves, out of 8 curves, were considered to investigate the MB 

behaviour. All experiments were implemented in an aqueous environment to minimize 

adhesion and interference forces at room temperature. During the specimen test all 

vibration or heat sources, i.e. light, AC and camera, were turned off. The acquired raw 

data passed through several stages to convert them from deflection-distance to force-

deformation curves, which will be explained in more detail elsewhere in this study. 

Before each MB compression, the cantilever was tested against a hard surface to make 

sure its sensitivity was still in the same range. The initial linear part of the force-

deformation curve was taken into consideration to evaluate a MB’s stiffness or 

effective spring constant.  

 

4.2.4 Apparatus and Tools 
 

The main instrument used in this study was one of the atomic force microscope 

(AFM) family, which is the molecular force probe (MFP 1-D) (Asylum Research, 

Santa Barbra, CA), which was mounted on a Nikon TE2000U (Nikon UK Limited, 

Surrey, UK) inverted optical microscope, in order to allow the placement of the 

microbubble below the cantilever before the force measurements and the 

determination of the measured microbubble size. Figure 4-6 shows a MB positioned 

exactly under tip of the cantilever before the test, taken using a digital camera 

connected to the inverted optical microscope. Figure 4-7 illustrates the laboratory 

where the experiments were performed, with some other equipment. The MFP 1-D 

was mounted on the inverted optical microscope and both were mounted on a 

pneumatic table to reduce the effect of vibrations and reaction forces 

 



 

90 
 

CHAPTER 4 EVALUATION OF THE NANOMECHANICAL PROPERTIES OF 
SONOVUE® USING TIPLESS CANTILEVERS  

 

 

 

 

 

 

 

 

 

. The system was connected to two computers, one for a digital camera (Orca-ER 

C4742-80, Hamamatsu Photonics, Hamamatsu, Japan) software IPLab v3.7 (BD 

Bioscience Bioimaging, Rockville, MD) and the other for the MFP-1D analyses 

program (IGOR Pro v.4.0), providing the ability to manipulate and control the 

experimental parameters and observe the images simultaneously.  

 

 

 

 

 

 

 

 

 

  

20 µm 

 
Figure 4-6: Optical microscopy image of a tipless 

cantilever with 35 μm width placed on the top of a 

microbubble in preparation for compression test. 

MFP-1D 

Inverted Optical 

Microscope 

Pneumatic Table 

MFP-1D 

Software 

Computer 

Camera 

Software 

Computer 

Unit Control 

Figure 4-7: Showing the lab where experiments were performed and MFP-1D was placed on an inverted optical 

microscope connected to two computers by unit control. 
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AFM measurements were obtained using NSC 12/ tipless/ Al BS cantilevers 

(MikroMasch, Tallinn, Estonia) with aluminium backside coating Al (30 nm) and a 

silicon lever [24] with a calibrated spring constant in the range of 0.26±0.003 – 

0.34±0.008 N/m, where the typical value in the data sheet was 0.3 N/m and the range 

0.1-0.4 N/m. The cantilevers were moved with constant velocity (3 μm/s) and same 

distance, 3 μm, where this distance includes the contact and noncontact region. 

      The acquired raw position-deflection data were converted to force-distance (F-d) 

using Hook’s law then transformed to force-deformation (F-Δ) by subtracting 

deflection of the cantilever from the piezo position and finally to force-relative 

deformation (F-ε) by dividing the initial diameter by the deformation of the MB. The 

stiffness of the MB was calculated from the gradient of force-deformation (F-Δ) 

curves, which depicts only the deformation of the MB excluding the cantilever 

behaviour, while the Young’s modulus is estimated from the gradient of the force-

relative deformation (F-ε) curves with different powers, according to the adopted 

model.  

 

4.3 Results 
 

4.3.1 Introduction  

 

Among the most important and the least understood physical properties of the 

MBs are the mechanical properties, and there is significant challenge to incorporate 

these parameters in modelling of and experiments with MBs. There are various 

experimental techniques used in this field, e.g. acoustical, optical, [25] micropipette 

aspiration [26] [27], osmotic swelling, [28] and flow cytometry [29]; however, these 
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techniques cannot provide us with a real direct mechanical test to evaluate the MB’s 

mechanical properties. It is worth saying that the measurement of individual 

microbubble properties is important to boost the progress of microbubble science and 

can guide and drive both modelling and applications. Specifically, the measurement of 

the mechanical properties of the microbubbles can predict behaviour of the shell and 

the whole MB. The AFM was used to present a systematic study to assess the 

mechanical properties of individual microbubbles by acquiring position-deflection 

curves.  This microscope is not just a tool to image the topography of solid objects at 

high resolution but can be used to provide data about local material properties, such as 

elasticity, the Hamaker constant, hardness, plasticity index, adhesion and surface 

charge densities. [25]  

   

 

4.3.2 Tipless Cantilever  
 

 In this stage, the speed of the cantilever movement (load rate) was fixed during 

approach and retraction at 3μm/s, and cantilever deflection at 150 nm (force~ 45nN), 

while the diameters of MBs were varied to investigate the effect of the MB’s size on 

the mechanical properties. The cantilevers were calibrated according to measurement 

of the intensity of thermal noise method, as proposed by Hutter and Bechhofer [30], to 

record the raw position-deflection data, which were subsequently converted to force-

deformation (F-Δ), as explained previously.  18 MBs were acquired with different 

sizes, ranging in diameter from 2.80 μm to 16.16 μm and mean 8.17 μm where their 

curves are appropriate for further analyses to investigate the MBs mechanical 

properties. All experiments were performed in an aqueous environment. 
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Figure 4-8 shows a typical force-deformation (F-Δ) curve on a microbubble with 

diameter 8.28 μm and stiffness kb= 0.158 N/m, using a cantilever with spring constant 

kc= 0.2839 N/m. During approach and before the contact point between the cantilever 

and the microbubble surface the deflection is zero, as there are no long range forces. 

After the cantilever contacts the microbubble at 0 nm deformation the force is recorded 

as positive and the curve start to go up (blue line) with a nonlinear part at the beginning, 

followed by a linear region. At maximum force, in this curve 50 nN, the direction of 

the cantilever movement changes and the cantilever begins to retract (red line). When 

the cantilever reaches 0 nN force again, the microbubble attempts to attract the 

cantilever, pulling it down and producing an adhesion force, here -4.03 nN, in the 

negative direction of the force-axis. At a certain point after the adhesion force becomes 

weak, the microbubble suddenly releases the cantilever to be free of contact, reaching 

zero deformation and the cantilever moves away from the microbubble surface.  In 

addition, the figure illustrates a divergence between the approach (load or trace, blue 

dashed line) and retraction (unload or retrace, red solid line) curves, producing a 

hysteresis area. It is worth mentioning that the adhesion force and hysteresis area do 

not exist or are not clearly visible in all curves; however, they depend on the type of 

cantilever and the specimen.  
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4.3.2.1 Stiffness 
 

Many compression tests, more than 150 curves, were recorded in this study on 

18 MBs with different diameters, with the intention to include a range of MBs, from 

one with a very large diameter (16.16 μm) compared to the mean to one much smaller 

(2.80 μm), to investigate the effect of the MB size on the mechanical properties. The 

MBs were compressed individually, gathering 8-10 curves for each MB. After 

obtaining the raw data and converting them to force-deformation (F-Δ) curves as 

explained in Chapter 3, the effective stiffness was calculated from the gradient of the 

initial linear part of the force-deformation (F-Δ) curve [15, 23], considering the third 

polynomial order fitting to make the calculation faster and make it easier to recognize 

Figure 4-8: Illustrating force-deformation (F-Δ) curve for MB with D = 8.28 μm and 

stiffness (kb) 0.158 N/m using a tipless cantilever with spring constant (kc) 0.2839 N/m. 
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the linear part of the curve, especially for noisy curves, while maintaining high 

accuracy of the fitting where (R2 ≥ 0.992).  

 Instability  

 

After reviewing the F-Δ curves two regimes of behaviour were observed. The 

first one, represents most of the MBs (15 MBs), is a good, smooth curve while the 

second one, representing a minority of the MBs (3 MBs) is a curve or response 

appearing as unstable steps with either a sharp or gradual change. Figure 4-9 illustrates 

the two types of curves. Figure 4-9-(a) shows a good curve, clean of unstable areas, 

for a MB with D= 10.28 μm using a cantilever with spring constant KC= 0.2839 N/m. 

The curve starts with a nonlinear region (representing the soft repulsive part) [25] 

followed by a linear curve from 125 nm to 400 nm; deformation then could become 

nonlinear again. These nonlinear parts of the curve were excluded from the analysis. 

It is noticeable that, for most of the MBs the linear region starts in the range of 100-

200 nm deformation, depending on MB size, loading rate, cantilever geometry and 

MB and type of cantilever, where it is much smaller with tipped cantilevers and low 

speed. The gradient of the linear part of the curve (red line) is 0.09 N/m, which reflects 

the effective stiffness of the MB.  

Figure 4-9-(b) represents the force-deformation (F-Δ) curve of a MB with diameter 

D= 4.68 μm, using a cantilever with spring constant KC= 0.2655 N/m. This curve, as 

usual, starts with a nonlinear region, followed by a linear part at 25 nm deformation, 

reaching 200 nm deformation. An area of instability appears between 200-300 nm 

deformation, moving in a horizontal direction with low or almost zero slope. After this 

step the curve recovers and gains its uptrend again, with a higher gradient than the 
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previous, from 300 nm to 550 nm deformation. The second instability step then 

emerges at 550 nm to 650 nm deformation, with negative slope, followed by linear 

curve with the steepest gradient. The effective stiffness of the MB was calculated from 

gradient of the initial linear part (red line) and before any unstable step, at 0.075 N/m, 

as seen in the figure.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9: Illustrating two regimes of MB behaviour. (a) Shows a smooth 

curve clean of instability steps for a MB with D= 10.28 μm using a cantilever 

with spring constant KC= 0.2839 N/m. (b) Curve with two instability areas for 

a MB with D=4.68 μm and using a cantilever with spring constant KC= 0.2655 

N/m. 

(a) 

(b) 
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When analysis was performed, it was recognized that the instability plays an important 

role in affecting the local stiffness of the MB, where the local stiffness increases 

noticeably after each unstable step, depending on the depth of the unstable area or 

depth of the buckling. This phenomenon appears in all the unstable curves, either 

showing sharp or gradual steps, and the local stiffness continues to increase unless the 

curve reaches the nonlinear region at the top of the curve.  

Figure 4-10 shows a curve with three unstable regions (buckling steps) for a MB 

with diameter 3.20 μm and effective stiffness 0.058 N/m, using a cantilever with spring 

constant 0.2655 N/m. As usual, the curve starts with a small nonlinear region 

(indicating the soft repulsive part) of ~ 20 nm, followed by an initial linear curve with 

slope 0.058; after that, a sharp unstable step with 35 nm depth (5.7 % of deformation) 

appears and moves horizontally with zero slope at constant force ~ 8.5 nN, followed 

by another linear part with gradient 0.084, which is 45 % steeper than the initial slope. 

A second, sharp, unstable step occurs with depth 29 nm (4.7 % of deformation) at 

another constant force, ~ 13.5 nN, and later a linear curve with 0.10 slope, an increase 

of 19% above the previous one. A third instability emerges; however, this time it is a 

gradual step, with a greater depth of 85 nm (13.9 % of deformation), with a gradual 

increase in force from 32 nN to 39 nN. By the end of the curve the inclination is 0.18: 

80% and 210% greater than the previous slope and the initial slope respectively. The 

slope (local stiffness) continues to increase after each unstable step until the curve 

becomes nonlinear again. It is worth noting that this phenomenon appeared in the 

behaviour of all MBs which have unstable steps.   
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To predict the appearance of instability steps, or at which deformation depth the 

unstable steps will occur, according to relative deformation, a group of 4 MBs were 

studied which showed very clear and visible unstable steps. Figure 4-11 shows a set 

of 4 MBs with diameters in the range of 4.68 - 2.72 μm and average 3.73 μm. Each 

MB curve has two steps, where the first steps, solid black squares, appear in the range 

0.024- 0.06 of relative deformation (ε), with mean 0.043 relative deformation (ε), and 

the second steps, hollow black squares, occur in the range 0.07- 0.16, with average 

0.11 relative deformation (ε). It is clear that all the first steps begin at below 0.07 

relative deformation (ε < 0.07) and the seconds steps occur at 0.07 onward (ε ≥ 0.07). 

Figure 4-10: Representing a curve with three unstable steps, two of them sharp and one 

gradual, for a MB with size D= 3.20 μm and stiffness 0.058 N/m, where the local stiffness 

increases gradually after each step. 
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Figure 4-11: Representing a set of 4 MBs: each one has two unstable steps, where the first 

occurs at (ε < 0.07) while the second occurs at (ε ≥ 0.07). 

 

 

 

 

 

 

 

 

 

 

 

 Repeatability 

 

  Each MB in this study was compressed to obtain 8-10 curves. The last 5 curves 

were adopted for each MB, to include any change which could occur in their behaviour 

at the end of the test, and also to give the machine plenty of curves to adjust itself, 

when shifting from MB to another, to reach the steady state, where the first curves 

could have an abnormal or odd curve shapes as a result of the adjustment of the 

machine itself according to the saved set point. After investigating the sets of curves, 

two types of repeatability were observed. The first one was a good repeatability where 

all the curves were moving in a very narrow path or completely identical, either with 
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unstable steps or without instability, which indicated that there was not any permanent 

plastic deformation. The second one also indicated a good repeatability, but at the end 

of the curves there were  divergences, gaps between them, and change in the order of 

the curves, indicating that a small plastic deformation might have occurred. 

Figure 4-12-(a) illustrates a good repeatability for the last 5 stable curves acquired 

from a MB with a diameter of 7.63 μm and average stiffness 0.185±0.008 N/m, using 

a cantilever with spring constant 0.284 N/m. All 5 curves are completely identical and 

there is no gap between them, indicating no permanent plastic deformation exists, nor 

is there any effect on the order of the curves, where curve No. 1 is the first acquired 

and curve No.5 is the last one. Figure 4-12-(b) shows a good repeatability for another 

set of 5 curves, however, this time with unstable steps, collected from a MB with a 

diameter 4.33 μm and average stiffness 0.075±0.001 N/m using a cantilever with 

spring constant 0.265 N/m. The five curves, even with unstable steps, are perfectly 

identical. Thus, no permanent plastic deformation has appeared. 

The second case has a tiny divergence and a change in the position of the curves. Figure 

4-13-(a) shows an acceptable repeatability for a set of 3 stable curves to be more visible 

than for all 5 curves. The curves were acquired from a MB with a diameter of 16.16 

μm and average stiffness 0.076±0.009 N/m using a cantilever with spring constant 

0.284N/m. The curves start from the origin point (0, 0) then go up, moving away from 

each other to end up with tiny gaps between the curves at the top of path. In addition, 

there is an order corresponding with the order of acquiring the curve, where the first 

represents the lowest stiffness and the last acquired represents the highest stiffness, 

which may indicate that there is some permanent plastic deformation. 
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 The stiffnesses were 0.066, 0.068 and 0.075 N/m for the curve numbers 2, 3 and 4 

respectively, where each curve shows a higher stiffness than the previous one.  Figure 

4-13-(b) represents a set of 3 unstable curves acquired from a MB with diameter 2.72 

μm and average stiffness 0.054±0.004 N/m, using a cantilever with spring constant 

Figure 4-12: Showing two sets of 5 curves. (a) A set of five curves without instability 

are exactly identical. (b) Another five curves with two instabilities are identical too. 

Note that the first number is the first acquired. 

(b) 

(a) 
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0.266N/m. The curves start from point zero then go up, moving identically to each 

other, even after they have passed the first unstable step, and at the last unstable step, 

they end up with slight gaps between them but in an order consistent with their 

acquisition, which may indicate some plastic deformation. Because the first initial 

linear parts of the curves were considered in this analysis, before any unstable areas, 

their stiffnesses were almost the same. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-13: Illustrating the unrepeatability of both the stable and unstable curves. (a) A set 

of three curves without an unstable area shows little gaps. (b) Another three curves with two 

unstable areas have some divergence. Note that the first number is the first acquired. 

(a) 

(b) 



 

103 
 

CHAPTER 4 EVALUATION OF THE NANOMECHANICAL PROPERTIES OF 
SONOVUE® USING TIPLESS CANTILEVERS  

 

 Nonlinearity 

 

The curves for all the MBs (18 MBs) start with a nonlinear region. This 

nonlinearity depends on certain factors, such as MB size, cantilever speed (loading 

rate), cantilever geometry and characteristics both of the cantilever and the MB. The 

following figure focuses on some of these factors. Figure 4-14-(a) shows 3 curves for 

3 MBs different in size, with diameters of 7.63, 10.28 and 13.46 μm and stiffnesses 

0.158, 0.070 and 0.086 N/m, respectively. The speed of the cantilever was constant at 

3 μm/s. The nonlinear region for the smallest MB (D=7.63 μm) was in the range 0-200 

nm deformation (note that it has the highest stiffness) while the largest MB (D=13.46 

μm) was in the range 0-50 nm deformation, with stiffness 0.086 N/m. It should be 

mentioned that the nonlinear region is occasionally tricky to determine. Figure 4-14-

(b) shows the effect of the speed on the nonlinearity, where 3 curves are illustrated for 

a MB with diameter 13.46 μm and stiffness 0.086±0.010N/m. The speeds were varied 

at 12, 30 and 60 μm/s. The nonlinear region ends at 100, 250 and 350 nm deformation 

for the speeds 12, 30 and 60 μm/s, respectively. 

Many experiments, producing 90 curves, were performed to investigate the 

correlation between the stiffness and MB size. All stiffnesses were calculated after the 

nonlinear region, which sometimes extended to and exceeded 200 nm deformation or 

more, reaching half of the maximum force. [23]  The effective stiffnesses were 

calculated by the average of 5 curves for each MB. Figure 4-15 shows the effective 

stiffnesses of 18 MBs with diameters in the range of 2.72-16.16 μm and mean 8.17 μm 

giving stiffnesses in the range 0.048±0.010N/m (stable, unrepeatable) to 
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Figure 4-14: Showing the effect of some factors on the nonlinear region. (a) A set of three 

curves illustrating the effect of the MB size and stiffness on the nonlinear region. (b) Another 

three curves, illustrating the effect of speed on the nonlinear region. 

(b) 

(a) 

0.158±0.007N/m (stable, repeatable) and average 0.09±0.03N/m. It should be noted 

that, here, “stable, repeatable” means that the curves do not have any instability area 

and all the curves are identical during the whole tracing (loading) curve and vice versa 

for “unstable, unrepeatable”.     
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It is clear that no correlation or trend can be observed between stiffness and 

MB size where the Pearson correlation coefficient, r = 0.3, and coefficient of 

determination (R-squared), R2 = 0.05. As can be seen, the results are dispersed widely, 

forming a triangle shape where the highest stiffness values (stable, repeatable) are in 

the middle around the mean diameter (8-9 μm) and at the head of the triangle, while 

the lowest values (stable unrepeatable) are at the tips of the triangle base (at the 

smallest and largest  diameters). In addition, the figure summarizes my previous 

results, in that most of the curves of the MBs (7 MBs, 38.89%) are stable and 

repeatable during whole of the test, (solid black squares) ranging in diameter from 6.55 

μm to 13.87 μm and some of them (6 MBs, 33.33%) are stable but unrepeatable 

(hollow black square) distributed among all the diameters from the smallest to the 

largest. Other curves of MBs (2 MBs, 11.11% with diameters 4.33 μm and 7.89 μm) 

are unstable and repeatable (solid red triangle). The rest of the curves (3 MBs, 16.67%) 

are unstable and unrepeatable (hollow red triangle), with diameters in the range 2.72 - 

4.68 μm, which is the lowest range of the diameters. It is clear that the unstable 

unrepeatable (red hollow triangle) curves are for the small and relatively soft (0.054-

0.075 N/m) members of the population. No fracture behaviour or shell rupture was 

seen in any MB, although some of the MBs suffered a high degree of deformation (ε 

= 0.75), which means the initial diameter was compressed to 25% of its original value.  
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4.3.2.2 Young’s Modulus   

 

 In this section the acquired curves are used to investigate Young’s Modulus, by 

applying three different models: Reissner’s theory, the elastic membrane theory and 

Hertz theory. These models are used to calculate elasticity of the MBs: two of them, 

the Reissner and elastic membrane theories are used to estimate the elasticity of the 

MB shell, while the third one, Hertz Theory, is used to assess the elasticity of the whole 

MB body. After gathering the raw data and converting them to force-deformation (F-

Δ) the deformation was divided by the initial diameter to give the relative deformation 

(ε = Δ/Do). The Young’s Modulus was calculated from gradient of the force-relative 

deformation (F- ε) curve, where the relative deformation (ε) was raised to different 

Figure 4-15: Showing the effective stiffness values for 18 MBs with diameters ranging 

from 2.72 μm to 16.16 μm and stiffnesses from 0.048 N/m to 0.158 N/m 
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powers, according to the adopted model, and multiplied by an associated factor which 

was consistent with the model. The curves used were (F - ε), (F - ε3) and (F - ε3/2) for 

the Reissner, elastic membrane and Hertz theories respectively. In this study, the 

calculations were built on the assumptions that Poisson’s ratio (ν) is 0.5, as MBs are 

compliant and compressible materials, and thickness (t) of the MB shell is 5 nm, 

consistently with previous similar studies in the field. As usually 5 curves were 

considered to calculate The Young’s Modulus for each individual MB.  

 

 Reissner’s Theory 

 

Figure 4-16-(a) shows a typical force-relative deformation (F- ε) curve for one 

of the 18 MBs, where the diameter 10.28 μm and the effective stiffness 0.09±0.01N/m. 

The curve starts with a nonlinear region followed by a linear part from ε = 0.015 to ε 

= 0.035 where the curve becomes nonlinear again. The gradient of the linear region, 

934 nN, is multiplied by the associated factor, in this case 0.015 (nm)-2, see equation 

11 Chapter 3, producing a Young’s modulus value of 14.0 GPa. Figure 4-16-(b) 

illustrates a set of 18 MBs with diameters in the range 2.72- 16.16 µm and effective 

stiffness 0.048- 0.18 N/m, to investigate the relation between the MBs size and the 

Young’s modulus values. The Young’s modulus values were in the range of 2.0-24.2 

GPa and mean 12.8 GPa. It is clear that there is a correlation between Young’s modulus 

and the MB’s diameter, with an uptrend where the Young’s modulus increases with 

increasing MB size where the Pearson correlation coefficient, r = 0.8, and coefficient 

of determination (R-squared), R2 = 0.6. Figure 4-17 shows this relation using a 
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histogram graph where there is clearly an increasing trend between the Young’s 

modulus and the MB’s diameter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-16: (a) A typical force-relative deformation (F- ε) curve for a MB with 

diameter 10.28μm and effective stiffness 0.09±0.01N/m. (b) Showing the relation 

between Young’s modulus and the MBs size using Reissner theory. 

(a) 

(b) 
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 Elastic Membrane Theory  

 

This study investigates the elasticity of the MB shell by adapting the stretching 

component of elastic membrane theory and neglecting the bending component, where 

the thickness of the MB compared to its initial radius (R0) is very small (t << R0). [15] 

The relative deformation (ε) was large and the ratio between bending force and 

stretching force was small (Fb/Fs ≤ 0.08), which indicates that the stretching 

component is the most dominant and there were no reasons to neglect the stretching 

term because the critical relative deformation values were so small (εcit ≤ 0.012) and 

the relative deformation (ε) values were large (ε ≥0.04), note that at εcit the ratio (Fs/Fb 

= 0.05). Figure 4-18-(a) shows a typical force-relative deformation to the power three 

Figure 4-17: Showing the correlation between Young’s modulus and the 

MBs’ size using Reissner theory with histogram plot. 
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(F- ε3) curve for one of the 18 MBs, where the diameter is 6.55 μm and the effective 

stiffness 0.11±0.02N/m. The curve starts with a nonlinear region, followed by a linear 

region at the end of the curve, from around ε3= 0.0002 to almost the end of the curve. 

Note that the linear part of the F- ε3 curve is not easy to define as most of the curve is 

nonlinear; however, it is usually at the end of the curve. The gradient of the linear 

region is 63090 nN multiplied by the associated factor, in this case 4.86x10-6 (nm)-2, 

see equation 17 Chapter 3, producing a Young’s modulus value of 0.3 GPa (300 MPa).    

Figure 4-18-(b) represents a set of 18 MBs with diameters in the range 2.72 - 16.16 

µm and effective stiffness 0.048- 0.18 N/m, to investigate the relation between the 

MBs size and the Young’s modulus values using elastic membrane theory. The 

Young’s modulus values were in the range of 0.043-1.5 GPa and mean 0.46 GPa. It is 

possible that there is a slight suggestion of a correlation between Young’s modulus 

and MB diameter, with an uptrend where the Pearson correlation coefficient, r = 0.7, 

and coefficient of determination (R-squared), R2 = 0.5. Figure 4-19 displays the 

correlation between Young’s modulus and MB size using the histogram plot however 

the relation does not appear clearly as in Figure 4-18-(b). 
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Figure 4-18: (a) Representing a typical F- ε3 curve for a MB with diameter 6.55 μm and 

effective stiffness 0.11±0.02N/m. (b) Showing the relation between Young’s modulus and 

the MBs’ size using elastic membrane theory. 

(a) 

(b) 
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 Hertz Theory  

 

While the previous theories study the elasticity of the MB shell, Hertz theory 

studies the elasticity of the whole MB body as two spheres in contact with each other. 

The difference between the spheres is their diameter. One of them, the MB, has a 

specific diameter; however, the second, the cantilever, has an infinite diameter and is 

acting as a huge ball. Figure 4-20-(a) shows a typical force-relative deformation to the 

power one and half (F- ε3/2) curve for one of the 18 MBs, where the diameter is 6.17 

μm and the effective stiffness 0.11±0.001N/m. Unusually, the curve does not start with 

a nonlinear region and almost all of the curve is a linear curve. It is notable that most 

of the MBs have nonlinear regions at the beginning and end of the curve. The gradient 

of the linear region was 1883 nN, multiplied by the associated factor, in this case 

Figure 4-19: Showing the correlation between Young’s modulus and the 

MBs’ size using histogram plot. 
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1.67x10-7 (nm)-2, see equation 20 Chapter 3, producing a Young’s modulus value of 

3.10x10-4 GPa (310 kPa). Figure 4-20-(b) shows curves for a set of 18 MBs having 

diameters in the range 2.72- 16.16 µm and effective stiffness 0.048- 0.18 N/m, to 

estimate the relation between the MBs’ size and the Young’s modulus values using 

Hertz theory. The Young’s modulus values were in the range of 1.44x10-4- 4.5x10-4 

GPa and mean 2.96x10-4 GPa (296 kPa). It might be suggested that there is a link 

between Young’s modulus (of the whole MB) and MB diameter, with a downtrend 

where the Pearson correlation coefficient, r = -0.7, and coefficient of determination 

(R-squared), R2 = 0.4. Figure 4-21 shows the relation between the Young’s modulus 

and the MBs’ size using histogram plot and the correlation appears clearly; a 

decreasing trend connects them. 
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Figure 4-20: (a) A typical F- ε3/2 curve for a MB with diameter 6.17 μm and effective stiffness 

0.11±0.001N/m. (b) Showing the correlation between Young’s modulus and the MBs’ size 

using Hertz theory. 

(a) 

(b) 

r = -0.7 

R2 = -0.4 
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4.3.2.3 Hysteresis and Plasticity   
 

 Hysteresis  

 

Viscoelastic hysteresis is one of the hysteresis types that should be highlighted 

because of the energy loss that accompanies it. [31, 32] When a MB is exposed to a 

load (trace) and unload (retrace) cycle, the two curves produce an area, because of the 

divergence between them and this cycle is called a hysteresis loop. The area confined 

between the two curves expresses the energy dissipated during the compression 

processing cycle due to the materials’ internal friction, which is possible to be observed 

in the form of a rise in temperature of the material. The MB is composed of soft 

materials that can exhibit a hysteresis area [33, 34] during the compression cycle, with 

a size depending on the nature of the MB and the experimental conditions. All MBs 

tested in the study showed either a small or significant hysteresis. Figure 4-22 shows 

two types of generated hysteresis. Figure 4-22-a displays a very small hysteresis for a 

Figure 4-21: Showing the correlation between Young’s modulus and the 

MBs’ size using Hertz theory using histogram plot. 
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MB with diameter 12.79 μm and stiffness 0.11 N/m, using a cantilever with spring 

constant 0.2655 N/m, reaching to maximum force 46.6 nN, and producing 605 nN.nm 

hysteresis area. In contrast, Figure 4-22-b represents a large hysteresis for a MB with 

diameter 13.46 μm and effective stiffness 0.09 N/m, where the compression tool was 

a cantilever with spring constant 0.2839 N/m with maximum force 42.6 nN. This MB 

gives 3610 nN.nm hysteresis area. Even though both of the MBs were subjected to 

almost the same conditions, they produced different hysteresis areas. It should be noted 

that the hysteresis areas were estimated using a trapezoidal rule (see Chapter 3 for 

more detail).  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 4-22: Showing two types of hysteresis, a small hysteresis 

area (a) and a comparatively large hysteresis area (b) at almost 

the same conditions. 

(a) 

(b) 
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To study the impact of other parameters on hysteresis, some of these factors are 

represented in figures to predict any correlation existing between them. Some 

parameters which could have an effect on the hysteresis area, such as MB size and 

effective stiffness, are reviewed here.  Figure 4-23-a shows the link between MB size 

and hysteresis area for a set of 18 MBs with diameters from 2.72 µm to 16.16 µm and 

effective stiffness in the range 0.048- 0.18 N/m. The hysteresis areas were in the range 

of 469-12732 nN.nm and mean 4490 nN.nm. It is clear that no clear correlation was 

observed; the best coefficient of determination (R-squared), R2 = 0.18, unless we 

neglect the two out of trend MBs with diameters 13.87 µm and 12.79 µm (red circle), 

in which case a good exponential decay fitting is obtained, where it is decreasing 

rapidly to a certain value then moves consistently. For the same group of MBs, Figure 

4-23-b shows the relation of the hysteresis area to effective stiffness, where no specific 

correlation was observed; the best coefficient of determination (R-squared), R2 = 0.16.  

Assuming that the MBs are completely spherical, having a homogenous diameter and 

homogenous thickness and, moreover, that the volume is constant, with 

incompressible gas, during the compression cycle, it is worth estimating the energy 

loss per cycle per unit volume. The hysteresis loss [35] per unit volume can be 

calculated by dividing the hysteresis area by the volume of the MB. The hysteresis loss 

per unit volume was in the range of 0.18 - 87.5 kJ/m3 (kPa) and mean 14.1 kJ/m3 (kPa). 

The 18 MBs were again assessed to predict the effect of MB size on hysteresis loss per 

cycle; Figure 4-24 represents this relationship. 
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(a) 

(b) 

Figure 4-17 (a) The relation between hysteresis and diameter; the two circles indicate 

the two MBs which are out of the group; (b) The correlation between hysteresis and 

stiffness.  
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Figure 4-24: Showing the correlation between MB size and energy loss per 

cycle per unit volume. 

It is clear that the relationship is an exponential decay type (fitting curve) where; 

the coefficient of determination (R-squared), R2 = 0.9 and there is a significant 

decrease in hysteresis loss when the MB size decreases, until around 6 µm diameter, 

when it then remains at almost a constant value, with average 2.4 kJ/m3 (kPa), which 

means the large MB (D > 6 µm) undergoes less energy loss while the small MB (D ≤ 

6 µm) will lose more energy. It is notable that even the two outlying MBs in Figure 4-

23-a have vanished and become incorporated within the group. 
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 Plasticity 
 

 When compressing soft materials, e.g. phospholipid MBs, viscoelastic 

behaviour may take place. [23] Hysteresis between loading and unloading was 

observed for all MBs, as presented in the previous section. The data acquired from the 

unloading curve represent a reading for the elastic, viscoelastic and plastic behaviour. 

[36] Viscoelastic behaviour of the MBs can be estimated by calculating the plasticity 

index (η) by using the hysteresis area, which reflects the relative plastic/elastic 

behaviour of the material. Plasticity index (η) is equal to the ratio of the unloading area 

(Au) to the loading area (Al); thus (η=1- Au/ Al). [37] For a totally elastic sample Au = 

Al and the unloading curve is identical to the loading curve, so η=0. On the other hand, 

for purely plastic samples Au = 0: that is, the unloading curve is perpendicular to the 

x-axis (deformation axis) and η=1. [36-38] 

    All 18 MBs display a viscoelastic behaviour resulting in either a small hysteresis, 

as shown previously in Figure 4-20-a, in which case the sample behaves as a fully 

elastic material, where the plasticity index is too small (η=0.07), or a very large 

hysteresis, as appears in Figure 4-25, for a MB with diameter 2.8 μm and stiffness 0.05 

N/m, which means that the MB has totally plastic behaviour, where (η=0.99). It can 

be seen that the unloading curve is approximately perpendicular to the x-axis 

(deformation axis) and the area under the unloading curve (Au) is nearly zero. The 

index of plasticity (η) is in the range from 0.07 to 0.99 and its average is 0.47 ±0.2.  
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To study the impact of some factors on the plasticity index (η) the reader is referred to 

Figure 4-26, showing the link between plasticity index (η) and MB size, in Figure 4-

26-a. In general, we can say that there is a semi-correlation, where the coefficient of 

determination (R-squared), R2 = 0.65, with an exponential decay fitting connecting the 

plasticity index (η) to the diameter of the MB, where the small MBs have a high 

plasticity index (η) and the large MBs have low plasticity index (η). The correlation 

between plasticity index (η) and effective stiffness is shown in Figure 4-26-b and there 

is no evidence of a connection between the stiffness to the index of plasticity where 

the best coefficient of determination (R-squared), R2 = 0.4. In summary, the plasticity 

index reflects the hysteresis behaviour.   

 

 
Figure 4-2518: Shows load and unload curves with large 

hysteresis, where the MB behaves as a fully plastic material 

(η=0.99). 
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(a) 

(b) 

Figure 4-19: Showing the correlation between plasticity index (η) with MB size 

and effective stiffness, in (a) and (b) respectively. 

y= 8.78 e(-x/0.95) +0.38 

R2= 0.65 
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4.3.2.4 Adhesion Forces 
 

In the past, it has been found difficult to measure the interaction forces between 

particles directly because it is hard to work with such small bodies [39] (at micro/nano 

scales); therefore indirect methods were used, such as neutron scattering [40] and 

sedimentation. [41]  The atomic force microscope (AFM) now allows us to perform 

direct measurements of interaction forces on an individual particle.[42]  The 

interaction forces existing between any two particles depend on whether they are either 

semi-infinite solid  [43, 44] or colloidal [39, 42] surfaces. These forces become more 

intensive and more effective if the particle is soft, such as phospholipid MBs, and so 

close to another surface. Interaction forces include both equilibrium forces, e.g. the 

electrostatic double layer, van der Waals, hydration, and hydrophobic forces and non-

equilibrium forces, for example viscous forces, which are more important with small 

distances (nanometres).[42] The interaction forces were observed in the present 

experiments when the cantilever retracts away from the MB, where the MB keeps it in 

contact until the cantilever force overcomes the pull-off force, which is called the 

adhesion force (Fadh). [37]. After reading the force-deformation (F-Δ) curves of a group 

of MBs (18 MBs), adhesion forces were observed in all retracing (unloading) curves, 

with different values from 1 nN to 12.35 nN and mean 6.17± 3.21 nN (in the negative 

direction). An adhesion force is displayed in the zoomed image in Figure 4-27, 

showing the value at (-7.13 nN) for a MB with size 13.46 μm diameter and stiffness 

0.09 N/m, using a cantilever with spring constant 0.2839 N/m.   
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    To track the adhesion force’s relation with other factors, for instance the MB size 

and its stiffness, the 18 retracing curves were studied to reveal these correlations. It 

was concluded that no correlations exist between the adhesion force and MB size 

(Figure 4-28-a), where the values are widely spread and the best coefficient of 

determination (R-squared), R2 = 0.4; however, there is some correlation between 

plasticity and adhesion force in an up trending linear relation, as represented in Figure 

4-28-b where the Pearson correlation coefficient, r = 0.8 and coefficient of 

determination (R-squared), R2 = 0.6. 

To see all the results and the mechanical properties which are studied in this chapter 

for each MB individually, the reader is referred to Appendix A. 

  

Figure 4-27: Showing an adhesion force (-7.13 nN) produced from a MB with 13.46 

μm diameter and 0.09 N/m stiffness with 0.2839 N/m cantilever spring constant. 
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(a) 

(b) 

Figure 4-28: (a). Graph shows that there is no relation between adhesion force 

and MB size (b) A link appears between the plasticity index and adhesion force.  

R2 = 0.6 

 

r = 0.8 
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4.4 Discussion  
 

In this study, the mechanical properties of SonoVue MBs were investigated by 

adopting the AFM technique and using tipless cantilevers. This technique is gaining 

in importance and accuracy because it is a real mechanical test and a direct 

measurement method. Many MBs were tested, of which 18 passed the experimental 

restrictions (as mentioned previously) to undergo further numerical analysis, to 

attempt to construct an adequate picture of phospholipid MBs mechanical properties. 

The effective stiffness of the MBs (kb) was estimated to be in the range of 0.040 – 

0.158 N/m and average 0.09 N/m, using cantilevers with spring constants 0.266 N/m 

and 0.284 N/m; this is near and in the same order of magnitude as Tu et al.’s  [45] 

results. They found it to be 0.22 N/m for a MB with R0 = 1.72 μm and using 

Marmottant’s model. It should be noted that they used an indirect measurement 

method based on light scattering, which could involve some overstatement in the 

results. Another study [14] found values in the same range,  0.032 - 0.136 N/m, using 

hard cantilevers with spring constants 0.247 – 0.408 N/m; however, that study did not 

observe any instability steps or unrepeatability as were seen in the present study, which 

might have impacted on the values in the present experiments and raised the values by 

a small amount. No correlation or trend was found between stiffness and MB size and 

this observation is in agreement with [14]. Furthermore, no fracture or laceration of 

the MB shell occurred in cases when there was high deformation, where the diameter 

diminished to 25% of its initial value, which means the assumed Poisson’s ratio was a 

logical value. 
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Some MBs showed good repeatability, with consistency with [46, 47] and some 

MBs produced unstable steps, mainly in the case of MBs with lower diameter and 

lower stiffness. As recorded, the local stiffness becomes higher after each unstable step 

and this phenomenon continues unless the curve becomes nonlinear at the top of the 

curve.  This behaviour is related to the thickness of the MB shell, where the thickness 

in the local area could change because of the partial and local collapse/fold of the shell 

in this area; thus the thickness has been assumed to be constant and homogenous 

during the whole test which does not happen with the unstable steps because of the 

folding. Lulevich et al. [48] state that the elasticity of the shell increases when shell 

thickness rises. Our observations are consistent with previous studies in the same field 

[46, 48-50], where they observed some instability steps and damage to their particles, 

especially at high deformations. In addition, there was unrepeatability for some MBs, 

which could suggest some permanent deformation; this was observed in [46, 48, 49] 

as well. It seems there is a relation between the initial nonlinear part of the curve and 

the speed of the cantilever, as shown in Figure 4-14-b, where the initial nonlinear 

region becomes bigger when increasing the cantilever speed, and this might occur 

because the resistance of the liquid increases with the increased speed of the cantilever 

and hinders the cantilever movement before it is in contact with the specimen surface. 

Fluid mechanics [51] plays a role in the control forces affecting falling objects in a 

fluid. There are three forces which have an impact on the falling bodies: drag, 

buoyancy and gravity forces, where the drag and buoyancy force are pushing the body 

up while the gravity force is pulling it down. The drag force is proportional to the 

velocity of the body, as follows: Fdrag= - 1/2 Cd ρAv2, it is notable that velocity has 
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significant effect on the drag force, where the velocity is raised to the power two. [52-

54]  

 In this research three models were used to investigate the modulus of elasticity 

(Young’s modulus) applying the Reissner theory, elastic membrane theory and Hertz 

theory. The results varied according to the adopted model where two of them, Reissner 

and membrane theory, were used to calculate the modulus of elasticity of the MB shell, 

whereas the third, Hertz theory, was used to estimate the Young’s modulus of the 

whole MB. 

 Using Reissner’s theory, the Young’s modulus lies in the range of 2.0-24.2 GPa 

and mean 12.8 GPa. A previous study [14] using Reissner’s theory found it to be in 

the range 1 to 4.5 GPa. These results are in the same order of magnitude, with slightly 

lower values because of the MBs’ sizes, where the MBs used in the present study were 

bigger and there is a correlation between the Young’s modulus and MB size, as 

illustrated in both studies. It also should be taken into account that the present study 

considered half of the MB deformation (as it is correct to do), since the deformation is 

assumed to be symmetrical on both of the MB poles, leading to higher values in this 

study than in the others. Abou-Saleh el at.[23] studied lipid MBs with and without 

coating and calculated the Young’s Modulus to be 1 GPa and 2.9 GPa for no coating 

and coating, respectively: still in the same order but lower. It is notable that their 

stiffnesses were 0.01 and 0.03 N/m, lower than the stiffness in the present study as 

well. In general, Reissner’s theory gives overestimated results for the Young’s 

modulus. [15] Using the same theory, Dieluweit et al.[19] calculated the Young’s 

modulus of phospholipid vesicles to be 0.1 GPa and stiffness 0.86x10-3N/m. Note that 

the smallest Young’s modulus is associated with the smallest stiffness. 
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The stretching component was considered in applying membrane theory but the 

bending term was neglected, because of the height of relative deformation (ε) values. 

The Young’s modulus found by using this theory was in the range from 0.043 to 1.5 

GPa and mean 0.46 GPa. This is again in harmony with and slightly higher than [14], 

who found it to be in the range 0.031-0.233 GPa. They observed an uptrend relation 

between MB size and the Young’s modulus as observed in the present study. It is worth 

noting that the maximum size of their MBs was around 7.25 µm, whereas some of 

those used in the present study exceeded 13 µm. Moreover, the linear region of the (F- 

ε3) curve is unclear, and tricky sometimes to determine, which means it may be a bit 

differently identified from person to another.  A study investigated Young’s modulus 

using membrane theory [15], for another type of phospholipid MBs. They assessed it 

to be in the range 0.008 GPa - 0.038 GPa, with a mean of 0.019 GPa, one order lower 

than in the present study; however, their stiffness was almost one order lower too, 

0.01-.03 N/m. 

The Young’s modulus calculated using Hertz theory lies in the range from 

1.44x10-4 GPa(144 kPa) to 4.5x10-4 GPa (450 kPa) and mean 2.96x10-4 GPa (296 kPa). 

This is in agreement with [14], where it was calculated at 30-220kPa, which is a 

reasonable value compared to stiffnesses in this study. A decreasing trend relation 

between the Young’s modulus and MBs size was suggested in the present study, 

whereas they did not observe this link. It seems that the membrane theory is a good 

model to investigate the mechanical properties of MBs, where it gives reasonable 

results without over-estimation or extremely low values. [14, 15] 

      All the MBs throughout the compression cycle exhibited either a large or 

small hysteresis area, which is in consistency with Santos et al.’s [15] observations. 



 

130 
 

CHAPTER 4 EVALUATION OF THE NANOMECHANICAL PROPERTIES OF 
SONOVUE® USING TIPLESS CANTILEVERS  

This hysteresis dissipates energy after each compression cycle. The appearance of the 

hysteresis area in each curve is related to several factors. In the liquids, one of the 

reasons is hydrodynamic drag or drag force on the cantilever[55]. Usually plasticity 

[37] or viscoelastic deformation [47] might cause hysteresis, so it is expected that an 

elastic deformation will not cause a hysteresis. However a study [56] mentioned that 

this could happen because of the friction due to slipping of the cantilever on the top of 

the sample surface at the contact point, resulting in a tilt of the cantilever(7-20o). 

Lulevich et al. [49] point out that hysteresis could also be connected with the drainage 

of the water in and out of the capsule. In addition, the compressibility of the core gas, 

which is assumed as an incompressible gas, might be playing a role. The hysteresis did 

not show a relation with MBs, unless some MBs’ results are neglected, as mentioned 

previously, and there was no correlation between hysteresis and stiffness of MBs 

either, which agrees with the findings of  [47].. On the other hand, there is a good 

exponential decay relationship between hysteresis loss per cycle per unit volume and 

MB size, where the irregular MBs in Figure 4-20-a disappear because this relation is 

considering the unit volume instead of the whole MB size. It is notable that the largest 

MB has the lower energy loss and vice versa.  

    The plasticity of the MBs was also studied in this chapter, as it is related to 

the hysteresis area. By calculating the plasticity index (η), we can quantify the 

viscoelastic behaviour of the material.  [15, 36, 38] The plasticity index (η) was 

estimated to be in the range of 0.07 - 0.99 and mean 0.47. This is in agreement with 

another study [23], which found the plasticity index for uncoated MBs at Fmax = 20 nN 

to be 0.49 and 0.7-0.9, for 20-130 Nn, respectively, for coated MBs. At a wider range 
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we can say that there is a semi-exponential correlation between the plasticity index (η) 

and MB size. There is no association with stiffness and plasticity index (η). 

     The adhesion forces were highlighted in this study as well, to discover if there 

is any relation between the interaction forces and other factors or not. Interaction forces 

(adhesion forces) are mostly a combination of several forces such as the van der Waals 

force, the electrostatic forces, chemical bonds and the meniscus or capillary forces.[37] 

Adhesion forces may add more indentation to that caused by the spring force, where 

the total cantilever deflection appears to be due to the attractive surface forces, the 

adhesion forces and the deformability of the sample and the tip. [57] When a tip 

retracts away from the sample, the adhesion forces keep it in contact and pull it down; 

this happens with purely elastic materials, too.   

All MBs appeared to exert adhesion forces at either a large or small amount. The 

smallest was 1 Nn, while the largest was 12.35 Nn, with mean 6.17± 3.21 nN (in the 

negative direction). No correlation appeared between adhesion force and MB size; 

however, it was found that there is a link between adhesion forces and the plasticity 

index in a positive uptrend relation, which is deduced to be the effect of the viscosity 

of the material on adhesion forces. Adhesion forces could also be affected by other 

factors e.g. the roughness of the contacting surfaces where the roughness has 

significant impact. [58, 59] 

   

4.5 Conclusion 
 

It has been possible to acquire insights about some of the influential factors and 

certain mechanical properties of SonoVue® microbubbles, such as stiffness, Young’s 

modulus, Instability, Repeatability, Nonlinearity, Hysteresis, Plasticity and Adhesion 
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forces. The stiffnesses of the MBs were estimated using the gradient of the initial linear 

part of the force-deformation (F-Δ) curve and they lay in the range of 0.040 – 0.158 

N/m and average 0.09 N/m. No correlation between stiffness and MB size was found; 

however, there is an increase in the stiffness after each instability step and it continues 

to increase unless the curve becomes nonlinear again. In this study, three models have 

been used: Reissner’s theory, elastic membrane theory and Hertz theory, to investigate 

the modulus of elasticity where the average of the Young’s modulus values were 12.8 

GPa, 0.46 GPa and 2.96x10-4 GPa respectively. It seems that elastic membrane theory 

with stretching components at high deformations is a good model, giving reasonable 

results with no overestimation. The Reissner and membrane theories illustrated an 

uptrend relation, while Hertz theory showed a down-trend with MB size. The averages 

of the hysteresis and hysteresis loss were 4490 nN.nm and 14.1 kJ/m3 respectively. A 

clear and visible exponential relation between hysteresis loss per unit volume and 

diameter of the MB was observed, meaning that the biggest MB has the lowest energy 

loss and vice versa. The viscoelastic behaviour of the MBs was studied as well, by 

calculating the plasticity index (η), which has a mean value equal to 0.47. One of the 

MBs responded with purely plastic behaviour, with a value of almost (η=0.99). A 

semi-exponential link was shown between the plasticity index (η) and MB size, 

corresponding to a hysteresis energy loss relationship. All the MBs appeared to have 

an adhesion force, with an average of 6.17 nN and a positive correlation up-trending 

with the plasticity index, according to the viscosity of the MBs. Note that the 

compression tool was a rectangular flat tipless cantilever, which will be replaced by a 

different form in the experiments reported in the next chapter. 
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CAPTER 5: EVALUATION OF THE 

NANOMECHANICAL PROPERTIES OF 

SONOVUE® USING TIPPED CANTILEVER 
 

 

 5.1 Introduction 
 

   The atomic force microscope (AFM) is a device to measure forces between 

surfaces which are either solid or soft. Several techniques and devices have been 

developed through the last decades to probe the nano/micromechanical properties of 

matter and one of them (probably the most significant) is AFM. [1] Many techniques 

or systems are difficult to use because of their complexity or because of limitation and 

restrictions on the type of materials that can be probed. On the other hand, AFM is an 

easy, direct and accurate technique and due to these advantages it has become 

commonly used for imaging topography. In fact, the key element of the AFM is the 

cantilever/tip assembly, since its performance is significantly controlled by its 

mechanical properties e.g. the cantilever spring constant and its resonance frequency. 

[2] At the same time the mechanical properties are affected by certain factors, such as 

geometry of the cantilever (tipless versus tipped cantilever), so it is worth focusing on 

the influence of the cantilever geometry on the mechanical properties of the test 

sample. 

This chapter will focus on the effect of a rectangular cantilever with a conical tip 

on the mechanical properties of SonoVue® microbubbles. The mechanical properties 

and factors which are intended to be investigated here are the same as those 

investigated in the previous chapter; however, the compression tool here is a tipped 
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cantilever. Because the procedures are the same as those in Chapter 4, except for the 

compression probe used, a tipped cantilever, this chapter proceeds directly to the 

Apparatus and Tools section. Note that it was not possible to acquire as many MBs as 

in the experiment reported in Chapter 4, because in case of tipped cantilevers issues 

there is a higher probability of things to go wrong  in the experimental work; results 

from 8 MBs were reliable and were analysed. 

 

5.2 Apparatus and Tools 
 

A molecular force probe (MFP 1-D) (Asylum Research, Santa Barbara, CA) was 

used, mounted on a Nikon TE2000U (Nikon UK Limited, Surrey, UK) inverted optical 

microscope, in order to allow the adjustment of the microbubble below the cantilever 

before the force measurements and the determination of the measured microbubble 

size. The tipped cantilevers used are CSC 12/ without Al/ 50 (Mikromasch, Tallinn, 

Estonia) without aluminium backside coating with tip. The tip is 20 μm in height with 

10 nm radius of curvature and 20o full tip cone angle, as shown in Figure 5-1. [3] The 

calibrated spring constant of the cantilever was 0.05±0.001 N/m, where the typical 

value in the data sheet was 0.03 N/m and the range was 0.01-0.08 N/m. For each 

experiment, the cantilevers were moved at a constant speed, 3 μm/s, and the same 

distance, 3 μm, away from the MB, including the contact and non-contact region. 
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Figure 5-1: Cantilever with conical tip.  

 

 

 

 

 

 

 

 

 

5.3 Results 
 

5.3.1 Introduction  

 

A good level of maturity has been reached in understanding the AFM technique 

and interaction forces between surfaces. In general, the AFM scans the sample using 

a tip mounted on a cantilever, however, in this study it is possible to use either a flat 

cantilever, as presented in the previous chapter, or a tipped cantilever as used in the 

investigations reported in this chapter. During scanning, the interaction forces between 

the sample and the tip of the cantilever can be measured by tracking the cantilever 

deflection. [2] Investigation of the effects of the tip, sample or the medium can be 

obtained by observing the interactions between them. These interactions and 

measurements are called ‘‘force measurements’’. In the AFM the tipped cantilever 
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moves toward the sample in the normal direction, where the cantilever deflection and 

position of the tip are registered then changed to force-distance curves: these data are 

referred to as ‘‘force curves’’. After gathering and analysing the force curves, some of 

the material properties can be investigated. The force curves can be obtained in a 

vacuum, air, different gases, or liquid as adopted environment in these experiments.  

   The experiments reported in this chapter used constant cantilever speed and 

cantilever deflection, which expresses the force, and the MB size was changed to 

investigate influence of the size of the MBs on the mechanical properties using a tipped 

cantilever. 

 

 

5.3.2 Tipped Cantilever  
 

 In this section, the speed of the cantilever movement was fixed during approach 

and retraction at 3 μm/s as in Chapter 4 and cantilever deflection was fixed at ~ 170 

nm (force ~ 10 nN), where this force is consistent with the spring constant of the 

cantilever to acquire an appropriate curve and to avoid damaging the MB’s shell with 

high forces exerted by the tip, while various diameters of MBs were used to investigate 

the effect of the MBs’ size on the mechanical properties. A tipped cantilever was used 

as a compression tool, with a spring constant value of 0.052±0.002 N/m, which is near 

to the typical value on the data sheet, and calibrated according to measurement of the 

intensity of the thermal noise method. This method was first introduced by Hutter and 

Bechhofer [4] and corrected later by other researchers. [5-7]  It is widely used 

compared to other cantilever calibration methods because it involves no damage to the 

tip, is appropriate to most types of cantilevers and is easy to use. [8] The tipped 
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cantilever was adopted to record the raw position-deflection data which were 

subsequently converted to force-deformation (F-Δ), as introduced previously.  It was 

possible to acquire data on 8 MBs with different sizes, ranging in diameter from 3.48 

μm to 5.73 μm and mean 4.58 μm, these MBs produced reliable curves and presented 

a good experimental test to enable further analytical steps to highlight the effect of the 

MBs size on the mechanical properties using a tipped cantilever. All the experiments 

were performed in an aqueous environment. Compared to those of a tipless cantilever, 

tipped cantilever force curves are more wavy, according to tipped cantilever stiffness 

(the spring constant is smaller than for a tipless cantilever) and the size of the contact 

area between the tip and the sample surface is very small, which makes it more 

sensitive, so the need for the third order polynomial fitting is more important, as 

mentioned previously.   

Figure 5-2 shows two typical force-deformation (F-Δ) curves: the first on a 

microbubble with diameter 3.63 μm and effective stiffness kb= 0.030 N/m, (black 

curve) using a tipped cantilever with spring constant kc= 0.052 N/m, while the second 

(red) curve is for a MB with diameter 13.45 μm and effective stiffness kb= 0.086 N/m 

using a tipless cantilever with spring constant kc= 0.284 N/m. It is clear that the tipped 

cantilever curve is more tortuous and not as smooth as the tipless cantilever curve; this 

is a result of the soft cantilever and small area of contact between the MB surface and 

the cantilever tip.  
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5.3.2.1 Stiffness 

 

Each MB was tested individually, acquiring many force curves on a group of 8 

MBs with different diameters in the range of 3.48 μm to 5.73 μm (average 4.58 μm) 

to investigate the impact of the MBs size on the mechanical properties using a tipped 

cantilever. After obtaining the raw data and converting them to force-deformation (F-

Δ) curves, the effective stiffness was calculated from the gradient of the initial linear 

part of the force- deformation (F-Δ) curve [9, 10] and before any unstable step 

appeared,  as the majority of the MBs (6 MBs) had unstable steps. The third polynomial 

order fitting was considered, as presented in Figure 5-3, to make the calculations easier 

and to recognize the linear part of the curve, when drawing the fitting curve on a 

Figure 5-2: Two typical (F-Δ) curves:  (in black) for a MB with D = 3.63 μm and 

stiffness (kb) 0.030 N/m, using a tipped cantilever with spring constant (kc) 0.052 

N/m; (in red) for a MB with D = 13.45 μm and stiffness (kb0.086 N/m, using a tipless 

cantilever with a spring constant (kc) 0.284 N/m. 
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Figure 5-3: Represents the real data curve (black line) and the fitting data curve (red line) 

using third order polynomial. 

separated graph, especially for highly wavy curves, to maintain high accuracy of the 

fitting, where (R2 ≥ 0.992).  

 

 

 

 

 

 

 

 

 

 

 Instability  
 

Two regimes of behaviours were observed. The first one, represented by a 

minority of the MBs (2 MBs), is a good and smooth curve, while the second one, 

shown by the majority of the MBs (6 MBs), is a curve or response appearing more 

frequently in unstable steps than those occurring in tipless cantilever force curves. 

Each MB here appeared to have from 3 to 8 unstable steps, despite of the low load 

used (~10 nN). Figure 5-4 illustrates the two types of the curves. Figure 5-4-(a) shows 

a smooth curve which is clean from unstable areas, for a MB with D= 5.73 μm, using 
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a tipped cantilever with spring constant KC= 0.052 N/m. The gradient of the linear part 

of the curve (red line) is 0.036 N/m, which reflects the effective stiffness of the MB. 

Figure 5-4-(b) represents the force-deformation (F-Δ) curve of a MB with diameter 

D= 4.72 μm, using the same tipped cantilever. This curve starts with a linear part, then 

at 100 nm deformation, an instability area appears with deformation of depth 65 nm, 

moving in a horizontal direction with low or almost zero slope. After this step, the 

curve recovers and gains its uptrend again and continues at this pace until the end of 

the five unstable steps (blue circles). The effective stiffness of the MB is calculated 

from the gradient of the initial linear part (red line) and before any unstable steps, 

0.021 N/m, as seen in Figure 5-4-(b).   

In the same manner, the instability areas impact the local effective stiffness of 

the MB, as observed previously in Chapter 4. This phenomenon also appears here 

when using the tipped cantilever, where the local stiffness increases progressively after 

each unstable step, depending on the depth of the unstable area or the depth of the 

buckling. This phenomenon occurs in all unstable curves, either with sharp or gradual 

steps, and the local stiffness continues to increase unless the curve reaches the 

nonlinear region at the top of the curve.  

Figure 5-5 shows a load (approach) curve with six unstable (in the blue circles)  

regions (buckling steps) for a MB with diameter 4.49 μm and effective stiffness 0.033 

N/m, using a tipped cantilever with spring constant 0.052 N/m. The curve starts with 

an initial linear part with slope 0.033, then a sharp unstable step with 70 nm depth (20 

% of deformation) appears and moves horizontally with zero slope at constant force ~ 
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2.5 nN, followed by another linear part with gradient 0.058 N/m, which increases by 

76 % more than the initial slope, and so on, until the fifth unstable step, where the 

effective stiffness becomes 0.090 N/m, rising by 36% and 173% above the previous 

and the initial slope respectively. The slope (local stiffness) continues to increase after 

each unstable step, unless the curve becomes nonlinear again, where it decreased here 

Figure 5-4: Two regimes of MB behaviours. (a) Shows a smooth curve, clean 

of instability steps, for a MB with D= 5.73 μm, using a tipped cantilever with 

spring constant KC= 0.052 N/m. (b) Curve with five instability areas for a MB 

with D=4.72 μm and using same cantilever. 

(a) 

(b) 
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to 0.086 N/m after the fifth and the sixth instability areas. The number of unstable steps 

with the tipped cantilever was greater and occurred at a faster rate than those that 

occurred with the tipless cantilever. It is worth mentioning that the unstable steps 

appeared in the unloading (retracing) curve as well, helping the MB to recover and to 

return to its initial shape. The reader is referred to Figure 5-11-(b) and Figure 5-17 to 

see some examples. 

 

 

 

  

 

 

 

 

 

 

 

 

  In an attempt to predict the areas of instability, or where such unstable steps of 

relative deformation occurred, a group of 6 MBs were studied, which exhibited two or 

more very clear and visible unstable steps (which are 6 MBs here and 4 MBs in Chapter 

4). Figure 5- 6 illustrates a set of 6 MBs with diameters in the range of 3.48 – 4.93 μm 

(average 4.35 μm) and from 3 to 8 unstable steps for each MB. However, only the 

Figure 5-5: A curve with six unstable steps for a MB with size D= 4.49 μm and effective 

stiffness 0.033 N/m, where the local stiffness increases gradually after each step before 

reaching the non-linear region at the top of the curve. 
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Figure 5-6:  A set of 6 MBs, each with more than three unstable steps, where only the 

first three unstable steps are illustrated here. The mean values are 0.016, 0.026 and 

0.036 relative deformation (ε) for the first, the second and the third unstable steps 

respectively.  

locations of the first three steps are being determined: the first step (solid black square) 

appears in the range 0.007-0.020 of relative deformation (ε), with mean relative 

deformation (ε) of 0.013 and the second (solid blue triangle) occurs in the range 0.01- 

0.04 and average relative deformation (ε) of 0.026 while the third (solid red circle) 

exists in the range of relative deformation (ε) 0.02- 0.05 and average 0.036. Thus, 

according to the mean values, the first step, the second step and the third step will 

appear at around 0.013, 0.026 and 0.036 relative deformation (ε) respectively, with 

some interference between the intervals.  Compared to the results for the tipless 

cantilever the unstable steps, here with a tipped cantilever occurred, faster and in much 

greater numbers than the unstable steps occurred with a tipless cantilever even though 

the applied force is lower here. This is due to the fact that the overall contact pressure 

is higher as the force is concentrated in a much smaller area with a tipped cantilever. 

 

 

 

 

 

 

 

 



 

151 
 

CHAPTER 5 EVALUATION OF THE NANOMECHANICAL PROPERTIES OF 
SONOVUE® USING TIPPED CANTILEVER  

 

 Repeatability 

 

Many tests, producing more than 64 curves, were performed in this study: each 

MB was compressed producing 8-10 curves. The last 5 curves for each MB were 

adopted to include any change could occur in their behaviour in the end of the test, and 

also to give the machine some initial curves to adjust itself each time, after shifting 

from one MB to another, as mentioned previously. After investigations of all the MBs 

curves, it was observed that, in contrast with those for the tipless cantilever, there is 

no perfect repeatability in all the curves. This could be due to the sensitivity of the 

tipped cantilever and small area of contact between the tip and the sample. Figure 5-

7-(a) illustrates a group of three stable curves acquired from a MB with a diameter of 

4.76 μm and average stiffness 0.030±0.002 N/m, using a tipped cantilever with spring 

constant 0.052 N/m. They all start from the same point (0, 0) then move in divergence 

producing gaps between the curves, as seen in the figure, ending up with ordering the 

curves such that the first curve has the lowest stiffness and the last one acquired has 

the highest stiffness. The stiffnesses were 0.027, 0.029 and 0.033 N/m for the curve 

numbers 1, 3 and 5 respectively, which may indicate that there is some permanent 

plastic deformation occurring. However, it is notable that this ordering did not occur 

in all MBs, some of the MBs curves were organized randomly, where the first one was 

not the lowest stiffness and the last one was not the highest stiffness. Figure 5-7-(b) 

displays a group of three unstable curves obtained with a MB of diameter 4.72 μm and 

average stiffness 0.024±0.003 N/m, using the same tipped cantilever. No repeatability 

is noted in these curves; however, there is an ordering in the appearance of the unstable 

step, where the first curve obtained has the highest force that appear and the fifth curve 
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obtained has the lowest force that appear, as shown in the figure. The stiffnesses were 

0.021, 0.021 and 0.027 N/m for the curve numbers 1, 3 and 5 respectively. Because 

the initial linear part of the curve was adopted, before the appearance of any unstable 

area, the stiffnesses are almost the same. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-7: Illustrating the unrepeatability of both the stable and unstable curves. (a) A set 

of three curves without unstable areas, show small gaps. (b) Another three curves with 

unstable areas appearing in order. Note that the first number is the first acquired. 

(a) 

(b) 
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 Nonlinearity 

 

In contrast with tipless cantilever, there is no nonlinear region in the beginning 

of the curve visible clearly with the tipped cantilever, unless we use third order 

polynomial fitting to make this area more visible. However, in similarity to the tipless 

cantilever, the tipped cantilever speed will affect the nonlinear region and there is a 

correlation between the nonlinear region and the speed, where the length of this region 

increases when the speed is increased. Figure 5-8-(a) shows curve for MBs with 

diameters 5.73 μm and average stiffnesses 0.035±0.008 N/m; depending on the third 

polynomial fitting curve, the nonlinear region ends at around 150 nm deformation, as 

shown in the figure. Looking at Figure 5-8-(b) gives us an image of the impact of the 

tipped cantilever speed on the nonlinearity; it displays 3 curves for a MB with 

diameters 4.76 μm and mean stiffnesses 0.030±0.002 N/m and various speeds: 12, 30 

and 60 μm/s. The nonlinear region ends at 25, 50 and 175 nm deformation for the 

speeds 12, 30 and 60 μm/s respectively. 

To investigate if there is any correlation between the size and stiffness of MBs 

when changing the compression tool to a tipped cantilever, 40 curves, acquired in the 

experimental work for 8 MBs were analysed. Figure 5-9-(a) illustrates a set of 3 curves 

for 3 MBs with various diameters: 5.73 (stable black line curve), 4.76 (relatively stable 

blue line curve) and 4.72 μm (unstable red line curve), and average stiffnesses of 0.035, 

0.030 and 0.027 N/m respectively. The speed of the cantilever was constant at 3 μm/s. 

Considering an average of 5 curves for each MB, all stiffnesses were estimated after 



 

154 
 

CHAPTER 5 EVALUATION OF THE NANOMECHANICAL PROPERTIES OF 
SONOVUE® USING TIPPED CANTILEVER  

the initial nonlinear region, for the stable curves, while they were calculated after the 

nonlinear region and before the first unstable step for the unstable curves. 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-9-(b) shows the effective stiffnesses of 8 MBs with diameters in the range of 

3.48- 5.73 μm and mean 4.58 μm, while the stiffnesses were in the range 0.019±0.004 

N/m (unstable) to 0.035±0.008 N/m (stable) and average 0.029±0.005 N/m. No 

(a) 

(b) 

Figure 5-8: (a) Showing the end of nonlinear region for a MB, where it is around 

150 nm deformation using a third order polynomial fitting curve. (b) A set of three 

curves illustrating effect of the speed on the nonlinear region. 
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relation was seen between stiffnesses and the MBs size where the Pearson correlation 

coefficient, r = 0.2, and the best coefficient of determination (R-squared), R2 = -0.11. 

Most of the MBs (6 MBs, 75%) were observed to be unstable, while one of them (12.5 

%) was completely stable, which is the largest MB, with D = 5.72 μm, and another one 

(12.5 %) was relatively stable with D = 4.76 μm. In the same manner as with the tipless 

cantilever, no fracture behaviour was observed.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 5-9: (a) A set of three curves with various diameters and various 

stiffnesses. One is completely stable, while the second relatively stable and the 

third is unstable. (b) Effective stiffness values for 8 MBs with diameters ranging 

from 3.43 μm to 5.73 μm. 
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5.3.2.2 Young’s Modulus   
 

In this section Young’s Modulus is investigated, applying Hertz theory, using 

the acquired curves. This time Hertz theory will be used in the opposite situation, since 

the tip of the cantilever considered as a small ball, while the MB represents a huge ball 

with infinite diameter, and it becomes like a flat surface as explained in the theoretical 

section. Usually, 5 curves were considered to calculate Young’s Modulus for each 

individual MB and the average was taken. Figure 5-10-(a) displays a typical force -

relative deformation to the power one and half (F- ε3/2) curve for one of the 8 MBs 

with diameter 4.87 μm and effective stiffness 0.019±0.004N/m. The gradient of the 

linear region was 645 nN multiplied by the associated factor, in this case 5.23x10-7 

(nm)-2 see equation 24 in Chapter 3, producing Young’s modulus value 3.37x10-4 GPa 

(337 kPa). Figure 5-10-(b) illustrates a set of 8 MBs having diameters in the range 

3.48- 5.73 µm and effective stiffness 0.019- 0.035 N/m, to predict the relation between 

the MB size and the Young’s modulus values, using Hertz theory, with a tipped 

cantilever. The Young’s modulus values were in the range of 1.19x10-4- 6.72x10-4 GPa 

(119-672 kPa) and mean 3.28x10-4 GPa (328 kPa). No correlation was shown between 

Young’s modulus and MB diameter where the Pearson correlation coefficient, r = 0.3, 

and the best coefficient of determination (R-squared), R2 = -0.07. Figure 5-11 shows 

the relation between the MB size and the Young’s modulus values using the histogram 

plot. It is clear that there is no correlation connecting them. 
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Figure 5-10: (a) Representing a typical F- ε3/2 curve for a MB with diameter 4.87 

μm and effective stiffness 0.19±0.004N/m. There is no correlation between 

Young’s modulus and the MBs size, as shown in (b). 

(a) 

(b) 
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5.3.2.3 Hysteresis and Plasticity   
 

 Hysteresis  

 

It is important that we study the hysteresis of the material with different 

compression test tools, such as a tipped cantilever. [11, 12] When a MB is tested by a 

load (trace) and unload (retrace) cycle, the two curves limit an area between them, and 

this cycle is called a hysteresis loop. The energy dissipated during the compression 

processing cycle can be measured, depending on the hysteresis area. The lipid MB is 

one of the materials which produces a hysteresis area [13, 14] during the compression 

cycle, with a size depending on the nature of the MB and the experimental conditions. 

All 8 MBs, presented either a big or small hysteresis area, similarly to the tipless 

cantilever case. Figure 5-12 shows two MB curves, where Figure 4-12-(a) displays a 

very small hysteresis for a MB with diameter 5.73 μm and stiffness 0.035 N/m, using 

a cantilever with spring constant 0.052 N/m, reaching to maximum force 8.96 nN and 

Figure 4-11: Showing the relation between Young’s modulus and the MBs’ 

size using histogram plot where no correlation was observed between them. 
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producing 147 nN.nm hysteresis area where the average over five curves was 177±48 

nN.nm. In contrast, Figure 4-12-(b) represents a large hysteresis area for a MB with 

diameter 3.63 μm and effective stiffness 0.030 N/m, using the same cantilever with 

maximum force 8.01 nN. This MB gave hysteresis area of 732 nN.nm and the mean 

of five curves was 730±52 nN.nm. It is clear that the highest instability is associated 

with the highest hysteresis area and the lowest, or absence of, instability is associated 

with the lowest hysteresis area. The hysteresis areas were calculated using the 

trapezoidal rule. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5-12: Two types of hysteresis, a small hysteresis area (a) and a large 

hysteresis area (b) using the same tipped cantilever with spring constant 

0.052 N/m. 

(b) 

(a) 
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The parameters reviewed which could have an effect on the hysteresis area include 

MB size and effective stiffness.  Figure 5-13-(a) displays the link between MB size 

and hysteresis area for a set of 8 MBs with diameters from 3.48 µm to 5.73 µm and 

effective stiffness in the range of 0.019- 0.035 N/m. The hysteresis areas were in the 

range of 177-767 nN.nm with mean of 556±240 nN.nm. A linear relation is 

suggested between the hysteresis area and MBs size, in a decreasing trend, where the 

Pearson correlation coefficient, r = -0.6, and coefficient of determination (R-

squared), R2 = 0.2. However, for the same group of MBs, there is no link between 

hysteresis area and the effective stiffness where the Pearson correlation coefficient, r 

= 0.01, and coefficient of determination (R-squared), R2 = -0.17, as shown in Figure 

5-13-(b).  
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(a) 

(b) 

Figure 5-13: (a) The relation between hysteresis and diameters of the MBs; (b) 

effect of stiffness on hysteresis  

r = -0.6 

R2 = 0.2 
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The energy loss per cycle per unit volume was calculated by dividing the 

hysteresis area by the volume of the MB. [15] The hysteresis loss per unit volume was 

in the range of 0.344 – 3.54 kJ/m3 (kPa) and the mean was 1.94 kJ/m3 (kPa). The 8 

MBs were again assessed to find the effect of MB size on hysteresis loss per cycle and 

Figure 5-14 displays this correlation. There is still, a relation; however, instead of an 

exponential curve (tipless cantilever case), in the case of tipped cantilevers it is a sharp 

decreasing trend; a linear fitting is a reasonable approximation where the Pearson 

correlation coefficient, r = -0.9, and coefficient of determination (R-squared), R2 = 0.8. 

It has to be noted though that in the case of tipped cantilevers the range of 

microbubbles studied is smaller. It could be that the variation in diameters is small and 

insufficient to draw the whole picture of the relationship.  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5-14: The correlation between MB size and energy loss per cycle per unit 

volume, where the largest MB has the least energy loss. 

r = 0.9 

R2 = 0.8 
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 Plasticity 
 

Viscoelastic behaviour may appear when soft materials, such as phospholipid 

MBs, are under a load. [9] Hysteresis between loading and unloading was observed 

for all 8 MBs, as presented in the previous section. The data gathered from the 

unloading curve (retrace) provides a picture of the elastic, viscoelastic and plastic 

behaviour. [16] The viscoelastic behaviour of the MBs can be assessed by evaluating 

the plasticity index (η), by using the hysteresis area, which reflects the relative 

plastic/elastic behaviour of the material. Plasticity index (η) is equal to the ratio of the 

unloading area (Au) to the loading area (Al) thus (η=1- Au/ Al). [2] For a totally elastic 

sample, Au = Al and the unloading curve is identical to the loading curve, so η=0. On 

the other hand, for purely plastic samples, Au = 0: that is, the unloading curve is 

perpendicular to the x-axis (deformation axis) and η=1. [2, 16, 17] 

    All 8 MBs exhibit a viscoelastic behaviour, according to either a small or large 

hysteresis effect. Some of the MBs behave quite elastically, where η=0.20, as seen in 

Figure 5-12-(a), while others behave much more plastically (η=0.95), as shown in 

Figure 5-15. It is clear that the unloading curve (retrace) is almost perpendicular to the 

x-axis (deformation axis) and the area under the unloading curve (Au) is almost zero. 

The index of plasticity (η) for all 8 MBs was in the range from 0.20 to 0.95 and the 

average was 0.67 ±0.26.  
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Figure 5-15: Load and unload curves with large hysteresis, where the MB behaves as 

a plastic material (η=0.95). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To see the influence of certain factors on the plasticity index (η), the reader is 

referred to Figure 5-16-(a), which shows the link between plasticity index (η) and 

MB size, where there is a weakrelationship between the plasticity index (η) and the 

diameter of the MB; we observe a decreasing trend where the Pearson correlation 

coefficient, r = -0.7, while the coefficient of determination (R-squared), R2 = 0.3. In 

addition, no correlation between the plasticity index (η) and the effective stiffness 

was observed, as shown in Figure 5-16-(b) where the Pearson correlation coefficient, 

r = -0.004, while the coefficient of determination (R-squared), R2 = -0.17. However, 

there is a connection between the plasticity index (η) and the hysteresis, which could 

be interpreted from Figure 5-17 as a linear relation, where the plasticity index (η) 
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rises with increased hysteresis and goes down when the hysteresis decreases here the 

Pearson correlation coefficient, r = 0.9, and coefficient of determination (R-squared), 

R2 = 0.8. 

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 5-16: The correlation between plasticity index (η) and MB size (a) and 

effective stiffness (b) 

r = -0.7 

R2 = 0.3 
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5.3.2.4 Adhesion Forces 
 

In the case of soft materials like phospholipid MBs, the interaction forces have 

significant impact on their behaviour, so it is essential that we highlight those forces, 

trying to understand them, and this is what the present section is intended to cover. 

The interaction forces were observed in the experiments in this study as adhesion 

forces (Fadh). When a cantilever retracts away from a MB, the MB is trying to hold it 

and pull it down, producing an adhesion force in the negative direction. Examining the 

force-deformation (F-Δ) curve of a group of MBs (8 MBs) adhesion forces were 

observed in all retracing (unloading) curves, with different values from 0.71 nN to 5.19 

nN, with a mean of 3.13± 1.87 nN (in the negative direction). Figure 5-18 illustrates 

Figure 5-17: The relation between plasticity index (η) and hysteresis where the link is 

a linear up-trend. 

r = 0.9 

R2 = 0.8 
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an example of the load and unload curve with a significant adhesion force for a MB 

with size 4.72 μm (diameter) and stiffness 0.02 N/m, using a tipped cantilever with 

spring constant 0.052 N/m, where the adhesion force (Fadh) in this curve is 4.84 nN (in 

the negative direction).  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

    To track the relation of adhesion force with other factors, for example the diameter 

of the MBs and their stiffness, the 8 retracing curves were studied to explore these 

correlations. It was found that there is a link between plasticity index (η) and adhesion 

force as an exponential relation, R2 = 0.92, which is shown in Figure 5-19. However, 

no correlations exist between the adhesion force and MB size as seen in Figure 5-20-

Figure 5-18: Representing an adhesion force at (-4.84 nN) for a MB with diameter 4.72 

μm and stiffness 0.02 N/m, using tipped cantilever with spring constant 0.052 N/m. 
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Figure 5-19: Illustrating the correlation between the plasticity index (η) and the absolute 

value of the adhesion force as an exponential relation. 

a where the Pearson correlation coefficient, r = -0.45, and coefficient of determination 

(R-squared), R2 = 0.07, or between adhesion force and MB stiffness where the Pearson 

correlation coefficient, r = 0.06, and coefficient of determination (R-squared), R2 = -

0.17, as shown in Figure 5-20-b, where the values are widespread and unorganized. 

  

To see all the results and the mechanical properties which are studied in this chapter 

for each MB individually, the reader is referred to Appendix B. 
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(a) 

(b) 

Figure 5-20: The relation between adhesion force and MBs size (a), and between 

adhesion force and stiffness (b). Clearly, there is no link between them. 
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5.4 Discussion  
 

In this chapter the results were presented from an experimental study of the 

mechanical properties of SonoVue MBs by applying the AFM technique using a tipped 

cantilever. After the experimental work, eight MBs succeeded in passing the 

experimental conditions for further analytical steps. Some factors and parameters 

played different role when using the tipped cantilever.   

The effective stiffness of the MBs (Kb) was calculated to lie in the range of 

0.019– 0.035 N/m, with an average 0.029 N/m using a tipped cantilever with spring 

constant of 0.052 N/m; these values are only around one third of the values for the 

tipless cantilever, which are 0.048-0.158 N/m and 0.09 N/m for the range and the 

average stiffness respectively. It is notable that the spring constant of the tipless 

cantilever is 0.284 N/m but only 0.052 for the tipped cantilever. The results are 

identical to previous study results [18] that used a soft-tipped cantilever, which found 

the stiffness in the range 0.013-0.051 N/m, while another study [19] found it  to be 

0.025 N/m, using a soft, tipless cantilever. Abou-Saleh el at. [20] investigated similar 

lipid MBs with no PEG at the same applied force (10 nN), and they found the stiffness 

to be around 0.022 N/m, which indicates that there might be no influence of cantilever 

geometry on the stiffness values, if the cantilevers have the same spring constant and 

the same force is applied. Similarly to the tipless cantilever, no correlation was 

observed between the stiffness and MBs size. Moreover, no fracture or laceration of 

the MB shell occurred, even with the occurrence of many unstable steps. In contrast, 
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with the tipless cantilever, all the MBs exhibited unrepeatable force-deformation (F-

Δ) curves. The evolution of curves with time could suggest some permanent 

deformation.  Unstable steps appeared in abundance, compared to the curves from the 

tipless cantilever, even though the applied force was smaller with a tipped cantilever 

than with the tipless cantilever, because the force became more concentrated as the tip 

behaves like a point contact force. 

As occurred with the tipless cantilever, the local stiffness becomes higher and 

higher after each unstable step and this phenomenon continues unless the curve reaches 

to nonlinear region at the top of the curve. The reason could be the thickness of the 

shell was larger after each unstable step. The effects of the thickness on stiffness were 

assessed in a study [21] which found that the elasticity of the shell increases with 

increasing shell thickness. It seems there is a relation between the initial nonlinear part 

of the curve and the speed of the tipped cantilever: as found previously with the tipless 

cantilever, the initial nonlinear region is bigger with increasing the cantilever speed, 

because of fluid mechanics and the drag force, which was discussed in the previous 

chapter. 

Modulus of elasticity (Young’s modulus) was estimated by applying Hertz 

theory, however, in the opposite situation this time, where the huge sphere (the flat 

part) is the MB and the small sphere is the tip of the cantilever. The results were in the 

range of 1.19x10-4- 6.72x10-4 GPa, with a mean of 3.28x10-4 GPa (328 kPa), which 

are close to and in the same order of magnitude as the tipless cantilever results. In 

contrast with the tipless cantilever, no relation was observed between Young’s 

modulus and the MBs’ diameter. This is in agreement with the results and observation 

of Morris study, [18] where it was calculated to be in the range of 78 - 416 kPa.  
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All the compression cycles (load and unload curves) displayed a hysteresis area. 

The hysteresis areas were much smaller with the tipped cantilever than with the tipless 

cantilever: the means were 556 nN.nm and 4490 nN.nm for tipped and tipless 

cantilevers, respectively. The difference could be due to the adhesion forces in the 

tipped cantilever being smaller than those in the tipless cantilever because the contact 

area between the cantilever and the sample surface is much smaller in the tipped than 

the tipless cantilever. Moreover, the friction energy loss resulting from slipping is 

smaller in the tipped than in the tipless cantilever. The hysteresis did not display a 

relation with stiffness of MBs; however, there is a suggested linear relation with MBs 

size. A linear decreasing relationship between hysteresis loss per cycle per unit volume 

and MBs size was shown. The difference between the MBs sizes was small, and this 

can be the reason that the exponential relation (as appeared with the tipless cantilever) 

is missed. The hysteresis energy loss was in the range of 0.344 – 3.54 kJ/m3 (kPa) and 

the mean was 1.94 kJ/m3 (kPa), which is smaller than for the tipless cantilever case, 

where the average was 14.1 kJ/m3 (kPa), because the hysteresis area was smaller with 

the tipped cantilever. 

Plasticity index (η) was calculated and found to be in the range of 0.20 to 0.95 

with an average of 0.67. There was no relation between plasticity index (η) and MB 

diameters or between plasticity index (η) and stiffness of the MBs but there was a 

correlation with hysteresis area: linear and increasing relationship. 

The adhesion force was also studied, using a tipped cantilever, to discover if 

there is any link between the interaction forces and other factors or not. The adhesion 

forces were in the range from 0.71 nN to 5.19 nN with an average of 3.13 nN, which 

is smaller than the adhesion force incurred by the tipless cantilever, where the mean 
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was 6.17 nN, again resulting from a small contact area using the tipped cantilever. No 

correlation was found between adhesion force and either stiffness or MB size; 

however, there was a good exponential relation between adhesion force and plasticity 

index (η).   

     

5.5 Conclusion 
 

This chapter has reported how some factors and properties of SonoVue® 

microbubbles were studied in the same manner as in the studies reported in the 

previous chapter, however, by using a different compression tool, which was a tipped 

cantilever. The investigated factors were stiffness, Young’s modulus, instability, 

repeatability, nonlinearity, hysteresis, plasticity index and adhesion forces. The MBs 

stiffnesses were calculated using the gradient of the initial linear part of the force-

deformation (F-Δ) curve and before any unstable steps. The stiffness was in the range 

of 0.019 – 0.035 N/m and average 0.029 N/m. There is no relation between stiffness 

and MBs size. Unstable steps occurred frequently and the local effective stiffness 

increased after each step. Young’s modulus was estimated by applying Hertz theory. 

The modulus of elasticity was in the range from 1.19x10-4 GPa to 6.72x10-4 GPa and 

mean 3.28x10-4 GPa (328 kPa) and no correlation was observed. The mean of the 

hysteresis and hysteresis energy loss were 556 nN.nm and 1.94 kJ/m3 (kPa) 

respectively. A linear relation between hysteresis energy loss and MBs size was 

observed, where the energy loss decreases with decreasing MB diameters. The average 

of the plasticity index (η) was 0.67 and one of the MBs responded significantly as a 

plastic material, where (η=0.95). There was a correlation with hysteresis area as an 

uptrend line. The adhesion forces were also calculated to be in the mean 3.13 nN, and 
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an exponential relationship between adhesion forces and plasticity index (η) was 

found. 

It can be concluded that the impact of the geometry of the cantilever is limited 

and has influence on some factors or parameters, such as adhesion forces and 

hysteresis, while the other properties are not affected significantly. If the same 

cantilever spring constant and the same applied forces are used, there might have not 

been any differences in stiffness and modulus of elasticity (Young’s modulus) as 

calculated by Hertz theory.  
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CAPTER 6: EVALUATION OF THE 

NANOMECHANICAL PROPERTIES OF 

HYDROGELS  
 

 6.1 Introduction 
 

The study of biological systems as structures began in the early part of the 20th 

century. [1] The first work published about structures of the biological systems was in 

1917 by D’Arcy W. Thompson [2], which was a major work in this field. Although 

biological science is not a new field, the study of biological and biomedical materials 

and their applications is still nascent and evolving. [3] The field of tissue engineering 

is in its early stages and the structural relationships in many biological materials 

remain difficult to understand. The assessment of the mechanical properties of some 

soft tissues is limited by the complex nature of their structure and physiological 

environment. For instance, some of the soft tissues exhibit nonlinear and viscoelastic 

behaviour. [4-7] Thus, the nature of the tissue and developing the ability to probe 

specific properties in a controlled environment complicate the mechanical tests. 

Recently, nanoindentation has been adopted in the tissue engineering field as an 

applicable technique for investigating the local mechanical properties of tissue 

replacements, diseased tissues and healthy tissues. Many studies have used 

nanoindentation to assess the material behaviour of tooth enamel and dentin, bone and 

the mineralized matrix. [8-15] Nanoindentation techniques are easily used with stiff 

material where the material can be polished to acquire a flat surface.  [11, 16, 17] 

However, the challenge appears when using the nanoindentation techniques with soft 
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materials, such as gels. Therefore, there is a genuine need to develop a new technique 

to probe the materials and evaluate their mechanical properties. To measure the 

mechanical properties of a soft material at the nanoscale, the nanoindentation 

technique can be used. The geometry of the indenter tip controls the resolution of this 

technique. Depth-sensing nanoindentation by AFM has been widely used to 

investigate the mechanical properties of materials, specifically for soft materials, 

where the reaction forces are measured upon applying a certain indentation depth using 

a rigid indenter in contact with the tested materials. [18, 19] 

One group of those tissue engineering materials or biomaterials are the hydrogel 

products. The hydrogels comprise two groups: either they are natural or synthetic, 

based on their origin. [20-22] A hydrogel is defined as a water-swollen cross-linked 

polymeric network which is produced by one or more monomers by a simple reaction. 

Their hydrophilic structure helps them to hold a large amount of water in a three-

dimensional network. [20, 21] They can be formed from either chains of natural 

polymers such as collagen, gelatine, agarose and alginate or synthetic polymers such 

as polyvinyl alcohol (PVA) and polyacrylic acid (PAA). This chapter will investigate 

the mechanical properties of a widely used soft biomedical material, which is the 

agarose hydrogel. In this research, the effect of the agarose gels’ concentration on their 

mechanical properties is assessed and the correlations between the concentration of 

agarose gel and other factors, such as stiffness, adhesion forces and hardness will be 

identified.  
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6.2 Materials and Methods 
 

6.2.1 Materials 
 

A type of hydrogel called agarose hydrogel was investigated in this study. An 

agarose hydrogel consists of distilled and deionised water, 4X M9 Salts (Sigma-

Aldrich Co., St. Louis, MO, USA), 1M MgSO4 (Sigma-Aldrich Co., St. Louis, MO, 

USA), 20% glucose (Thermo Fisher Scientific, Waltham, MA, USA), 1M CaCl2 

(Sigma-Aldrich Co., St. Louis, MO, USA) and the agarose (Sigma-Aldrich Co., St. 

Louis, MO, USA), all these components with specific amounts. Three concentrations 

of agarose hydrogel were prepared 1wt% agarose gel, 2wt% agarose gel and 3wt% 

agarose gel which will be referred to GEL1, GEL2, and GEL3 respectively. 

 

6.2.2 Sample Preparation 
 

6.2.2.1 The protocol of the M9 agarose medium 

 

 Since the M9 growth medium is used in medical applications, sterilization is an 

important requirement in the samples’ preparation. Thus, to prepare 100 ml M9 

agarose media it was necessary to follow these procedures: [23] 

71.79 ml of distilled and deionised water was poured into 250 ml sterile 

bottle. 

4X M9 Salts (minimal salts) were added with amount 25 ml. 

The agarose was added with the desired weight percent concentration 

(for example for 2wt% agarose 2 g agarose were added). 
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The sample was placed in the autoclave machine for 15 mins to a 

temperature greater than 100o C. 

The sample was then placed in warm water bath for 15mins at 50o C. 

200 μl of 1M MgSO4 was added.  

2 ml of 20% glucose was added. 

10 μl of 1M CaCl2 was added.   

The bottle was shaken well to dissolve the CaCl2 in the solution and to 

avoid deposition. 

The agarose was poured in 2ml amounts in small bottles to be ready for 

the experiments. 

Note: The agarose should be heated to just above the melting point when being used 

in the experiments. 

 

6.2.2.2 The preparation of the M9 agarose medium for AFM  
 

 
Preparing the agarose samples for the AFM test required equipment including a  

water bath (Grant Instruments Ltd, Station Road, Shepreth, Cambridgeshire, UK), 

1000 μl pipette (Thermo Fisher Scientific, Waltham, MA, USA), 1000 μl pipette tips 

(Thermo Fisher Scientific, Waltham, MA, USA), petri dishes (60X15mm, Greiner 

Bio-OneGmbH, Frickenhausen, Germany), a hot plate (Cole-Parmer Ltd, Beacon 

Road, Stone, Staffordshire, UK) and tinfoil (see Figure 6-1).  

After adding the glucose, CaCl2 and MgSO4, as mentioned previously, the agarose 

medium (the mixture) was reheated again up to 80o C in the water bath. The hot plate 

was switched on and heated to 90o C.  A small piece of tinfoil was placed on the hot 



 

182 
 

CHAPTER 6 EVALUATION OF THE NANOMECHANICAL PROPERTIES OF 
HYDROGELS  

plate; then a petri dish was placed on it (to be used for the agarose sample). 500 μl of 

M9 agarose was taken from the bulk store using the pipette then placed in the dish in 

the form of a large drop. The agarose drop was spread with a small roller to produce a 

very thin, less than 1 mm, and approximately homogenised layer of agarose.  

 

 

 

 

 

 

 

 

 

 

The drop was positioned near the centre of the petri dish but not in the middle, to leave 

plenty of space to test the sensitivity of the cantilever on a hard surface (the petri dish 

surface) to compare the sensitivity of the cantilever before and after the test, as shown 

in Figure 6-2. The petri dish was removed and allowed to cool on the desk. When it 

became solid, the agarose gel was covered with distilled and deionised water (d. d. 

H2O) in order to reduce the adhesion forces between the sample and the AFM tip. This 

also helped the sample to remain soft for longer time, by holding an amount of water 

Water Bath 

Hot Plate 

D.D. Water 

1000 μl Pipette Tips 

 

1000 μl Pipette 
Petri Dishes 

Figure 6-1: An image showing the equipment used to prepare the agarose hydrogels for AFM test. 
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inside its structure, to finish the measurements. The sample was then taken to the AFM 

for the experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.2.3 Experimental Approach 
 

A large number of curves, 150 curves, were obtained in the gel experiments. The 

three different concentrations of gels were tested over three days using conical tipped 

cantilevers with spring constants of  0.050 N/m, 0.049 N/m and 0.040 N/m for GEL1, 

GEL2 and GEL3 respectively, according to their calibration, where the nominal typical 

value in the data sheet is 0.03 N/m and the range is 0.01– 0.08 N/m. Ten test points for 

each gel were chosen randomly and each test point was tested five times, which means 

Cantilever 
Petri dish 

Agarose sample 

Figure 6-2: Schematic showing position of the agarose (the blue spot) on the 

petri dish. The agarose was positioned off the centre of the petri dish to 

provide plenty of space to test the sensitivity of the cantilever on the hard 

surface after finishing the sample test. 
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50 curves were acquired for each sample. The gels were transparent and invisible under 

the microscope which made performing the experiments very difficult. Performing the 

experiments with this disadvantage became a genuine challenge and the duration of 

the experiments was extended to many hours. Therefore, to avoid damage to the 

cantilever, starting from a high point away from the surface of the sample the 

cantilever was very gently moved down, step by step, to reach the contact point, which 

took more than an hour. Sometimes it would be discovered that the cantilever was 

already stuck, without any prior warning, in the gel surface (involving the whole of 

the cantilever holder), which required repeating the experiment again and again. Once 

proper contact occurred (without any undesirable sticking) the area around the first 

contact could be tested, which allowed 10 points to be tested around the first contact 

for each gel. Eventually, after multiple attempts, three gels in total were tested 

successfully. In order to acquire AFM force-distance curves, a continuous pull was 

adopted with constant speed (3 μm/s). The spring constants of the cantilevers were 

estimated by calibration procedures during the day preceding the experiment. After 

some initial exploratory curves, 5 curves were taken for each test point and 50 curves 

in total for each gel to investigate the gel’s behaviour. All experiments were 

implemented at room temperature and in an aqueous environment (distilled and 

deionised water) to minimize adhesion forces and to avoid dehydration of the gel. 

During the specimen test, all vibration or heat sources, i.e. light, AC and camera, were 

turned off. The acquired raw data were passed through several stages to convert them 

from deflection-distance to force-indentation curves, as discussed in Chapter 3. The 

initial linear part of the force-indentation curve, before any yielding point, was taken 

into consideration to evaluate the gel stiffness. 
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6.3 Apparatus and Tools 
 

As in previous experiments, the main instrument here is the molecular force 

probe (MFP 1-D) (Asylum Research, Santa Barbara, CA) which was mounted on a 

Nikon TE2000U (Nikon UK Limited, Surrey, UK) inverted optical microscope to help 

to view the cantilever from below. The conical tipped cantilevers, CSC 12/ without 

Al/ 50 (MikroMasch, Tallinn, Estonia), without aluminium backside coating were 

used. The tip was 20 μm in height with 10 nm radius of curvature and 20o full tip cone 

angle. The calibrated spring constants of the cantilevers were 0.050±0.001 N/m (for 

GEL 1), 0.049±0.002 N/m (for GEL 2) and 0.040±0.001 N/m (for GEL 3), where the 

nominal typical value in the data sheet was 0.03 N/m and the range was 0.01-0.08 N/m. 

For each experiment, the cantilevers were moved at a constant speed, 3 μm/s, and from 

the same distance, 3 μm, away from the gel, including the contact and non-contact 

region. 

 

6.4 Results 
 

6.4.1 Introduction 
 

In all experiments, the speed of the cantilever movement was fixed during 

approach and retraction at 3 μm/s and force was fixed at ~ 15 nN (which is consistent 

with the spring constant of the cantilever and led to acquisition of appropriate curves), 

while the concentrations of the agarose gel were varied to investigate the effect of the 

concentration on the mechanical properties of the gel. A conical-tipped cantilever was 
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used as an indenter tool. The cantilever was calibrated according to the measurement 

of the intensity of the thermal noise method. [24-27] This method is widely used as it 

is appropriate to most types of cantilevers, easy to use and involves no damage to the 

tip. [28] The raw position-deflection data were recorded which were subsequently 

converted to force-indentation (F-δ) data (as explained in Chapter 3). It was possible 

to acquire a significant number of curves for the three gels with different 

concentrations. 

 

6.4.2 Stiffness 
 

Each gel was tested individually, acquiring 50 force-indentation (F-δ) curves. 

After obtaining the raw data and converting them to force-indentation (F-δ) curves, 

the stiffness was calculated from the gradient of the initial linear part of the force-

indentation (F-δ) curve [29, 30] and before any yielding point or penetration step 

appeared.  

 

 Instability  
 

Two types of behaviour were observed in the gels. In the first one, smooth curves 

were observed in some points of the gel, while the second was  curves where a yielding 

point [6, 31] appeared. Figure 6-3 illustrates the two types of curves. Figure 6-3-(a) 

shows a smooth curve with no yielding point, for GEL 1 at test point 4, using a conical-

tipped cantilever with spring constant kc= 0.05 N/m. The gradient of the linear part of 

the curve (red line) is 0.06 N/m, which reflects the stiffness of the gel at this test point. 

Figure 6-3-(b) represents the force-indentation (F-δ) curve of GEL 1 at test point 9 
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using the same cantilever. This curve starts with a nonlinear part until around 100 nm 

indentation (δ), then becomes a linear curve, and at 250 nm indentation (δ) a yield 

point appears or penetration for the gel tissues occurs, which could indicate that the 

plastic behaviour region starts. The reader is referred to  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6-3: Two types of GEL 1 behaviours. (a) Showing a smooth curve, 

without yielding point, for test point 4 and curve No.1, using a conical tipped 

cantilever with spring constant Kc= 0.05 N/m. (b) Curve with yielding point or 

rupture for the gel tissues at test point 9 and curve No.1. 

 

(a) 

(b) 
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Figure 6-4: Showing the yield point on the (F-δ2) curve using the Sneddon model 

where the slope varies before and after the yielding point, which indicates that 

plastic deformation might be occurring. 

 

Figure 6-4 to distinguish the yielding point clearly. Sneddon model was used in 

this chapter where the curve starts with a nonlinear region until around 10x103 (nm)2 

, (δ2), then moves linearly with slope 7.4x10-5 nN (nm)-2 and at about 63x103 (nm)2 , 

(δ2), a yield point appears, with deviation in the curve from the elastic behaviour of 

the gel beyond this point. It can be seen that the slope of the curve changes before and 

after the yielding point, which indicates that a plastic deformation could be happening 

in the sample. It is noted that GEL1 and GEL3 exhibited yielding points in some places 

while GEL2 did not.   
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 Repeatability 

 

After investigations of all the gels’ curves, two types of repeatability behaviour 

were observed. The first one was a perfect repeatability where all the curves were 

completely identical either with or without a yielding point, which indicates that no 

permanent plastic deformation took place. The second one was also a good 

repeatability; however, there were little gaps between the curves, which were arranged 

either randomly or in the order in which they were acquired, which indicates that a 

small plastic deformation could have occurred where the slope changes from one curve 

to another. Figure 6-5-(a) illustrates a good repeatability for the last 5 stable curves 

acquired from GEL1 at test point 8, with average stiffness 0.052±0.008 N/m using a 

conical-tipped cantilever with spring constant 0.05 N/m. All 5 curves are almost 

identical indicating that no permanent plastic deformation exists. Figure 6-5-(b) shows 

a good repeatability for another set of 5 curves, however, this time with a yielding 

point obtained from GEL3 at test point 1 with average stiffness 0.114±0.006 N/m using 

a cantilever with spring constant 0.040 N/m. The five curves are essentially identical, 

even with a yielding point. 

The second type of curves are those with gaps between them, and these are 

evolving one after another either in a organised manner (upwards or downwards)  or 

are organised randomly. Figure 6-6-(a) shows a set of 4 curves acquired from GEL1 

at test point 5, with average stiffness 0.050±0.005 N/m, using a tipped cantilever with 

spring constant 0.050 N/m. The curves start from the origin point (0, 0) then go up 

moving away from each other, ending up with gaps between them and they are 

organised in the order where the first number is the first acquired. 
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Figure 6-6-(b) represents another set of 4 unstable curves with yield points acquired 

from GEL3 at test point 3, with average stiffness 0.101±0.006 N/m, using a tipped 

(a) 

(b) 

Figure 6-5: Showing two sets of 5 curves. (a) A set of five curves without yielding point 

are exactly identical for GEL 1at test point 8. (b) Another five curves with yielding point 

are also identical for GEL3 at test point 1. Note that the first number is the first acquired 

curve. 
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cantilever with spring constant 0.040 N/m. The curves start from point zero then go 

up, moving with a small gap between the curves, even after they have passed the 

unstable step (yielding point), finishing in an order consistent with the acquisition of 

the curves, which may involve the occurrence of some plastic deformation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-6: Illustrating the unrepeatability of both the stable (without yielding point) and 

unstable (with yielding point) curves. (a) A set of four curves without yielding point show small 

gaps between them. (b) Another set of four curves with yielding point. 

(a) 

(b) 
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Many curves, 50 curves for each gel and 150 curves for all the gels, were 

studied to investigate if there is any correlation between the concentration of the gels 

and their mechanical properties. Figure 6-7-(a) illustrates the stiffness of 29 test points. 

The raw data at test point 6 for GEL1 are unsaved, where each gel has 10 test points 

except GEL1, which has 9 test points; the results for each gel are similar for all the ten 

test points. Stiffness of the GEL1 is in the range of 0.043-0.063 N/m and average 

0.054±0.007 N/m, while GEL2 is in the range from 0.104 to 0.138 N/m and mean 

0.120±0.010 N/m and GEL3 is in the range 0.105-0.144 N/m and average 0.117±0.013 

N/m. It is clear that the stiffnesses of GEL2 and GEL3 are close to each other, whereas 

GEL1’s stiffness is much lower. Figure 6-7-(b) represents the correlation between 

concentration of the agarose gels and their stiffness. The relation seems logarithmic, 

coefficient of determination (R-squared), R2 = 0.84, where the rate of change in 

stiffness value is high, 55%, between GEL1 and GEL2 however it is low, 2.5%, 

between GEL2 and GEL3. 
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Figure 6-7: (a) Illustrating stiffness of ten test points for each gel. (b) The 

relation between agarose gel concentration and stiffness where the correlation 

is an exponential curve. 

(b) 

(a) 

R2 = 0.84 



 

194 
 

CHAPTER 6 EVALUATION OF THE NANOMECHANICAL PROPERTIES OF 
HYDROGELS  

 

6.4.3 Young’s Modulus   
 

In this section Young’s Modulus is investigated by applying Hertz theory, which 

was modified and expanded by Sneddon [32] to be applicable for other axisymmetric 

geometries, such as a conical tip. [33-35] After gathering the raw data and converting 

them to force-indentation (F-δ) curves, the Young’s Modulus was calculated from the 

gradient of (F-δ2) based on Sneddon’s model as shown in equation 25 Chapter 3. The 

gradient was multiplied by a constant factor, in this case 6.68, see equation 28 Chapter 

3, where Poisson’s ratio (ν) was 0.5 and the full tip angle was 20o, according to the 

data sheet provided by the manufacturing company. As mentioned previously, to 

predict the linear part of the curve, a third order polynomial fitting was used. Usually, 

5 curves were considered to calculate Young’s Modulus for each test point and ten test 

points for each gel were chosen, meaning that an average of 50 curves for each sample 

was estimated. Figure 6-8-(a) displays a typical (F-δ2) curve for GEL2 at test point 1, 

where the Young’s Modulus at this test point is in the range of 1.21-1.73 MPa and 

average 1.5300±0.0002 MPa. Figure 6-8-(b) illustrates the relation between 

concentration of the agarose gel and the Young’s modulus values using Sneddon’s 

solution with a conical-tipped cantilever. The Young’s modulus values were in the 

range of 256-470 kPa and mean 331±78.9 kPa for GEL1 and ranged from 1.46 MPa 

to 2.27 MPa, with average 1.99±0.52 MPa, for GEL2, and from 1.68 MPa to 2.47 MPa 

and mean 2.14 ±0.28 MPa for GEL3. 

A logarithmic correlation , coefficient of determination (R-squared), R2 = 1, was found 

between Young’s modulus and the concentration of the agarose gels, where the 
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Young’s modulus increased rapidly, 500%,  with increasing concentration between 

GEL1 and GEL2 and increased by a lower rate, 7.5%, between GEL2 and GEL3. In 

addition, The shear modulus can be estimated directly by applying the relation between 

Young’s modulus and shear modulus, E= 2G(1+ ν), [36] where G is the shear modulus. 

The average values of the shear modulus were 110 kPa, 663 kPa and 713 kPa for 

GEL1, GEL2 and GEL3 respectively. The correlation between the shear modulus and 

the concentration of the agarose gel is the same as the relation in Young’s modulus 

since the Young’s modulus was multiplied by a constant value. Figure 6-9 illustrates 

the relation between concentration of the agarose gel and the Young’s modulus values 

using a histogram plot where the relationship is clearly increasing. 
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(a) 

(b) 

Figure 6-8: (a) A typical F-ε2 curve for GEL2 at test point 1 with stiffness kg = 

0.11N/m. A logarithmic correlation was observed between the Young’s modulus 

and the concentration of the agarose gels, as shown in (b). 

R2 = 1 
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6.4.4 Hysteresis and Plasticity   
 

 Hysteresis  
 

All the gels presented a hysteresis with a variety of small and large values; 

however, compared to the results for lipid microbubbles, the hysteresis area here is 

smaller. Figure 6-10 shows two force-indentation (F-δ) curves, where Figure 6-10-(a) 

displays a very small hysteresis for GEL2 at test point 7, with stiffness 0.140 N/m, 

using a conical-tipped cantilever with spring constant 0.049 N/m, reaching maximum 

force of 15.7 nN and producing 231 nN.nm hysteresis area, where the average over 

five curves was 109±77 nN.nm. Figure 6-10-(b) represents a large hysteresis area for 

GEL1 at test point 9, with stiffness 0.050 N/m, using tipped cantilever with spring 

constant 0.050 N/m reaching maximum force of 18 nN. The gel at this point gave a 

hysteresis area of 674 nN.nm and the mean of the five curves was 656±177 nN.nm.  

Figure 4-9: Showing the relation between Young’s modulus and the MBs’ 

size using histogram plot where no correlation was observed between them. 
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To investigate the effect of other parameters on hysteresis, 150 curves were 

assessed. Figure 6-11-(a) displays the link between concentration of the agarose gels 

and the hysteresis area. The average values of hysteresis areas were 542± 105 nN.nm, 

217± 55 nN.nm and 153± 21 nN.nm for GEL1, GEL2 and GEL3, respectively. An  

exponential decay relation, coefficient of determination (R-squared), R2 =1, connects 

the hysteresis area and the concentration of the agarose gels, where the hysteresis area 

decreases with the increase in the concentration of the agarose gels, with a high rate of 

decreasing, -150%, between GEL1 and GEL2 and with lower rate, -72%,  between 

GEL2 and GEL3.Moreover, there is a correlation between hysteresis area and the 

stiffness of the gels, in a linear relation in a downward trend where the Pearson 

correlation coefficient, r = -0.92 and coefficient of determination (R-squared), R2 = 

0.70 as shown in Figure 6-11-(b).  
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Figure 6-10: Two types of hysteresis: (a) a small hysteresis area for GEL2 

at test point 7 with average hysteresis 109 nN.nm and (b) a large hysteresis 

area for GEL1 at test point 9 with average hysteresis 656 nN.nm.  

(a) 

(b) 
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By assuming that the deformed material of the gel equals to the immersed part of the 

conical tip at the maximum indentation (δmax), the energy loss per cycle per unit 

volume was calculated by dividing the hysteresis area by the deformed volume of the 

gel. [37] The hysteresis loss per unit volume was in the range of 68.2 – 132 kJ/m3 (kPa) 

and the mean was 101±23 kJ/m3 (kPa) for GEL1 and range from 283 kJ/m3 (kPa) to 

731 kJ/m3 (kPa) with average 526±136 kJ/m3 (kPa) for GEL2 while GEL3 had a range 

of 431-652 kJ/m3 (kPa) and average 555±69 kJ/m3 (kPa). 

Figure 6-12-(a) shows the relation between the hysteresis loss per unit volume 

and the concentration of the agarose gels, which is a logarithmic relation with 

coefficient of determination (R-squared), R2 =1; it increases with increasing the 

concentration of the gel logarithmically. The link between the hysteresis loss per unit 

volume and the stiffness of the agarose gels is a linear relation with an increasing 

relationship where the Pearson correlation coefficient, r = 0.99 and coefficient of 

determination (R-squared), R2 = 0.98; as shown in the linear fit in Figure 6-12-(b). 
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(a) 

(b) 

Figure 6-11: (a) The relation between hysteresis and concentration of the 

agarose gel; (b) the correlation between hysteresis and stiffness of the gels. 

R2 = 1 

R2 = 0.70 

r = -0.92 
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 Plasticity 

The gels were investigated to measure the plasticity of the material. The 150 curves 

were assessed to acquire the plasticity of the gels and its relation with other factors. It 

is clear that there was no big difference between the plasticity index (η) values of the 

Figure 6-12: The correlation between the hysteresis loss per unit volume and 

the concentration of the agarose gels (a) and between the hysteresis loss per 

unit volume and stiffness (b). 

 

(b) 

(a) 

R2 = 0.98 

r = 0.99 

R2 = 1 
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gels, where the average of plasticity indexes (η) of the gels were 0.223, 0.208 and 

0.225 for GEL1, GEL2 and GEL3 respectively. In addition, there was no correlation 

observed between plasticity index (η) and the concentration of the agarose gels where 

the Pearson correlation coefficient, r = 0.19, and coefficient of determination (R-

squared), R2 = -0.93 and no correlation between plasticity index (η) and the stiffness, 

R2= 0.21, as shown in Figure 6-13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 6-13: The relation between (a) plasticity index (η) and concentration of 

the agarose gels and (b) plasticity index (η) and stiffness. 
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6.4.5 Adhesion Forces 
  

The adhesion forces were observed in the experiments. When a cantilever retracts 

away from the gel surface, the gel is trying to hold it and pull it down, which produce 

an adhesion force. However these adhesion forces are much smaller than those 

observed in the lipid MBs retracing curves which were studied in the previous chapters 

where they are lower here by 92% and 84% than those observed with tipless and tipped 

cantilevers respectively. After perusing 150 retracing curves for the force-indentation 

(F-δ) curves of the gels, the adhesion forces were found to be in the average 0.50±0.10 

nN, 0.26±0.06 nN and 0.32±0.12 nN for GEL1, GEL2 and GEL3 respectively. Figure 

6-14 gives an example of the load (dashed blue line) and unload (sold red line) curve 

for one of the strongest adhesion forces for GEL1 at test point 3, with stiffness 0.05 

N/m, using a conical-tipped cantilever with spring constant 0.05 N/m, where the 

adhesion force (Fadh), as shown in the zoom-in graph is 0.95 nN (in the negative 

direction).  

 

 

 

 

 

 

 

 

 

Figure 6-14: Illustrating one of the strongest adhesion forces, -0.95 nN, which appeared 

with GEL1 at test point 3. 
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To examine the relation of adhesion force with other factors, such as concentration and 

stiffness of the gel, the 150 curves were studied to explore these correlations where 

each point is the average of 50 curves. It was found that there is a link between 

adhesion force and the concentration, as shown in Figure 6-15-(a); there is a 

logarithmic relation between the adhesion force and concentration with coefficient  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6-15: The relation between (a) the absolute value of the adhesion force 

and concentration of the gel and (b) the absolute value of the adhesion force and 

stiffness.  

(b) 

(a) 

R2 = 0.7 

R2 = 0.91 

r = -0.98 
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of determination (R-squared), R2 = 0.7 while it is more linear between adhesion force 

and stiffness where the Pearson correlation coefficient, r = -0.98 and coefficient of 

determination (R-squared), R2 = 0.91, as shown in Figure 6-15-(b).  

 

6.4.6 Hardness  
 

The indentation technique is commonly used to estimate the two most important 

mechanical properties, which are the elastic modulus (Young’s modulus) (E), 

investigated in the previous sections, and the hardness (H), which will be studied in 

this section. [38] The data are gathered from a one-cycle loading and unloading, and 

subsequently the unloading data are analysed   according to the used model for the 

deformation of the elastic half-space by a rigid axisymmetric indenter. [7, 18, 39-41] 

Hardness can be calculated using a known basic equation, H=F/A, where F is the 

maximum load at maximum indentation and A is the projected area of the elastic 

contact. The projected contact area, as explained in the theoretical background chapter, 

is related to experimentally measurable quantities such as indentation depth (h) and 

the indentation contact stiffness, S= dF/dh, slope of the upper portion of the unloading 

curve. Here one third [38] of the upper part of the unloading data was considered 

according to the suggestion and observation of Doerner and Nix [42] where part of the 

deformed material is in contact with the tip surface at the maximum load while the 

majority is not. Estimating the indentation contact stiffness (S) leads to determining 

the contact depth (hc) then the contact radius (a), as shown in Figure 6-16, where the 

projected contact area is equal to π a2, which was adopted in this study as Meyer’s 
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(1908) definition  for the projected contact area, and in many research studies 

subsequently [40, 43], to calculate the hardness.   
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(a) 
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Fmax 

Figure 6-169: (a) Schematic drawing showing indentation form of the conical tip at maximum force, Fmax. 

(b) The force-indentation (F-δ) curve for GEL1 at test point 7 with stiffness 0.04 N/m, where hs, hmax and 

hc are shown on the curve and the contact depth, hc = 248 nm. 
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The hardness of the gels was studied with reference to 150 unloading curves and 

assuming that the indenter is a sharp cone, and it was found to be in the range of 2.40-

5.30 MPa and average 4.00±0.76 MPa for GEL1, 11.5-20.70 MPa and mean 15.90 

±1.40 MPa for GEL2 and in the range from 10.40 MPa to 27.30 MPa with average 

19.03±3.11 MPa for GEL3. To attempt to understand the correlation between hardness 

and the related factors such as the concentration of the agarose gel and the stiffness, 

Figure 6-16 shows these relationships and helps to illustrate the link between hardness 

and the concentration in Figure 6-17-(a). It can be observed, that the relation is a 

logarithmic type growth where the hardness increases with increasing, the 

concentration, coefficient of determination (R-squared), R2 = 1, with a higher rate, 

298%, between GEL1 and GEL2 than between GEL2 and GEL3, 20%. Figure 6-17-

(b) represents the link between hardness and stiffness, where it is a linear increasing 

trend with the Pearson correlation coefficient, r = 0.97 and coefficient of determination 

(R-squared), R2 = 0.89. There is a significant disagreement in the literature as to how 

to exactly define the hardness: is it the resistance of the material to the plastic 

deformation or to the total deformation when indented by a hard indenter? [44] 

Therefore another definition for hardness, called universal hardness, has been adopted 

in some research studies.  Universal hardness, UH, is an idealized hardness defined as 

UH=Fmax/A, where A is the surface area of indentation under working test force at the 

maximum indentation (hmax). This definition assumes that the indenter is in full contact 

with the surface to the maximum depth defined by the maximum indentation in the 

force-indentation (F-δ) curve, which is in contrast with the real situation as shown in 

Figure 6-16-(a). [19, 44] Universal hardness (UH), was on average 100 ±21 kPa, 506 

±56 kPa and 547 ±30 kPa for GEL1, GEL2 and GEL3 respectively. The correlation 
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between the universal hardness (UH), and concentration of the agarose gel and 

between the universal hardness (UH), and the stiffness are the same as those for 

concentrations with the hardness (H); however, the values are much smaller because 

the area is larger, as shown in Figure 6-18.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 6-17: Representing the correlation between (a) the hardness, H and 

concentration of the agarose gel and (b) the hardness, H and the stiffness. 

R2 = 1 

R2 = 0.89 

r = 0.97 
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Pressure is an expression of a normal force applied on a unit surface. To estimate 

the pressure exerted on the gel surface by the conical tip, we need to divide the normal 

force by the contact area between the tip and the gel surface. After analysing all 150 

curves, the pressure was calculated to be in the range of 79-158 kPa and average 

(a) 

(b) 

Figure 6-18: Representing the correlation between (a) the universal hardness, 

UH and concentration of the agarose gel and (b) the universal hardness, UH 

and the stiffness. 

R2 = 1 

R2 = 0.97 

r = 0.99 
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110±44 kPa for GEL1 and between 345 kPa and 702 kPa with mean 480c41 kPa for 

GEL2 while GEL3 had ranged from 348 kPa to 823 kPa and average 574±94 kPa. 

Correlations of the pressure with concentration and stiffness of the gel are the same as 

those observed in hardness, H and universal hardness, UH correlations, as illustrated 

in Figure 6-19.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 6-1910: Illustrating the relationship (a) between the pressure and 

concentration of the agarose gel and (b) between the pressure and the stiffness of 

the gel. 

R2 = 1 

R2 = 0.90 

r = 0.97 
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The strain rate, έ is linked to the displacement rate, as in these experiments, or 

the loading rate of the indenter over the softer surface. According to the displacement 

rate, the strain rate could be defined as έ =k (ḣ/hmax), where ḣ is the displacement rate 

here ḣ =3000 nm/s, hmax is the maximum displacement, i.e. the maximum indentation 

depth, and k a constant usually equal to 1. After estimations, strain rate was in the 

range of 4.46-6.53 s-1 and average 5.48±0.54s-1 for GEL1 and in the range of 11.1-17.1 

s-1 and mean 12.7±0.72 s-1 for GEL2 while it was in the range from 12.3 s-1 to 15.8 s-1 

and average 14.8±0.54 s-1 for GEL3. The correlation with concentration and strain rate 

of the gel is same as those in pressure and hardness with concentration see Figure 6-

20.   

To see all the results and the mechanical properties which are studied in this chapter 

for each gel individually, the reader is referred to Appendix C. 
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(a) 

(b) 

Figure 6-20: Representing the relationship between (a) the strain rate and 

concentration of the agarose gel and (b) the strain rate and the stiffness of the 

gel. 

R2 = 1 

R2 = 0.88 

r = 0.97 
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6.5 Discussion  
 

The results in this study were deduced from a large number of experiments where 

three hydrogels differing in concentration were tested. Up to ten points were chosen 

randomly for every sample and each point was tested more than five times and five 

curves were considered, which means around 150 curves were implemented in total to 

extract the results of this study. There was a difficulty in completing the experimental 

work, since the hydrogels were transparent which hampered the examination of more 

than three samples. 

Many mechanical properties were investigated in this chapter. The average 

stiffness of the gels was 0.054±0.007 N/m, 0.120±0.010 N/m and 0.117±0.013 N/m 

for GEL1, GEL2 and GEL3 respectively. Some points for the same gel represented a 

yielding point or rupture in the gel tissues while the others did not. This might have 

occurred because of weaknesses in the cross-links in the structure of the gel at those 

points. This is in agreement with Schuh’s observation in his study [6] ” 

Nanoindentation studies of materials”. Butt et al. [31] also state that plastic 

deformation may take place when indenting soft samples such as polymers.  

The averages of the modulus of elasticity, Young’s modulus (E), were 0.33, 1.99 

and 2.14 MPa for GEL1, GEL2 and GEL3 respectively. These values are in agreement 

and in the same range as the results of previous similar studies. [5, 44-48] Nayar et al. 

[46] found the averages of the reduced modulus, (Er) to be 34 (E~ 25.5 kPa), 100 (E~ 

75 kPa), 380 (E~ 285 kPa)  and 785 (E~ 589 kPa)  kPa for the agar concentrations 

0.5%, 1%, 2% and 5% respectively; the value they found for the 1% agar concentration 
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is about one fourth of the values for 1% agarose gel in our investigation. In another 

study, Tripathy and Berger [47] studied the polymer PL-6 with 1% agarose gel and 

found the Young’s modulus, (E) value of 1% agarose to be in the range of 0.9 MPa to 

1.3 MPa, using three different approximation models, which are about three times 

higher than our results for 1% agarose gel. Tomkoria et al. [50] measured the Young’s 

modulus, (E) of a rabbit articular cartilage, which contains collagen, which is a type of 

hydrogel. They found the modulus of elasticity, (E) at the collagen zone around 1.69 

MPa, which is close to our results for 2% and 3% agar concentrations. in a study of 

rabbit cartilage, Ebenstein and Pruitt [5] found the reduced modulus (Er) to be around 

2.8 MPa (E~ 2.1 MPa) where this value is identical to the values in the present study 

for 2% and 3% agar concentrations. The difference in the values resulted from the 

effect of certain factors such as the geometry and size of the indenter used, [11, 23] 

loading rate (frequency), load  [48] and indentation depth. [46] There was a correlation 

between Young’s modulus and the concentration of the agarose gels, where the 

Young’s modulus increases with increasing the concentration, which is in agreement 

with observations in previous studies. [18, 46] 

The average hysteresis area was 542, 217, and 153 nN.nm for GEL1, GEL2 and 

GEL3 respectively. The values of the hysteresis area decreased with increasing the gel 

concentration while the hysteresis loss per unit volume increased with increasing the 

gel concentration, according to the volume of the deformed gel. These values are 

smaller than those which appeared in the MB experiments with or without tip. The 

averages of the hysteresis area in the MBs were 556 and 4490 nN.nm with tipped and 

tipless cantilever respectively. The rise in the values of the hysteresis area in MBs 

could be referred to compressibility of the core gas and the effect of the adhesion 
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forces, where these are stronger in MBs than those that appeared in gel experiments.  

The average adhesion forces were found to be 0.50, 0.26 and 0.32 nN for GEL1, GEL2 

and GEL3 respectively. These values are smaller than those which appeared in the MB 

experiments, where they were 3.13 nN with tipped cantilever and 6.17 nN with tipless 

cantilever. This difference could be attributed to hydrophilic structure of the gels 

which helps them to contain a large volume of water, resulting in reducing the 

interaction forces (adhesion forces) between the tip and the gel surface. Drury and 

Mooney [21] reported that hydrogels are suitable materials to use as anti-adhesives. 

Hardness, (H) averages were 4.00, 15.90 and 19.03 MPa, while the universal 

hardness (UH) averages were 100, 506 and 547 kPa for GEL1, GEL2 and GEL3 

respectively. Jee and Lee [51] found the hardness for PVA polymer with similar 

Poisson ratio, (ν) 0.49, to be 37.8 MPa, which is in the same order of magnitude as for 

2% and 3% agarose gel concentrations. The difference in the results is attributed to the 

difference in the area definition used to calculate the hardness, where a major debate 

[44] exists as to how to define the contact area. Furthermore, Franke et al. [48] reported 

that the hardness might be an inappropriate mechanical property to characterize a soft 

biological tissue where the deformed material is not in contact with the whole of the 

tip which leads to differences in results between different studies; the contact region 

between the deformed material and the tip is estimated according to an assumption in 

each study; in this study is assumed to be one third of the unloading curve.  There is 

an increasing relationship between hardness and concentration and between hardness 

and stiffness, which is in agreement with a similar previous study. [51] 
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6.6 Conclusion 
 

In this chapter an experimental investigation has been presented of a widely used 

biological and biomedical material: an agar hydrogel. Hydrogels are used as tissue 

engineering materials. In the study, a systematic assessment was presented using a 

mechanical test on the agarose hydrogels to estimate their mechanical properties.  The 

investigation was implemented by applying a nanoindentation technique using an 

atomic force microscope, (AFM). The indenter was a conical-tipped cantilever which 

helps to assess certain mechanical properties, including stiffness, Young’s modulus, 

repeatability, hysteresis, plasticity, adhesion forces and hardness. Three different 

concentrations of agarose hydrogel, 1%, 2% and 3%wt, were prepared to estimate the 

mechanical properties. The stiffnesses of the agarose gels were calculated using the 

gradient of the initial linear part of the force-indentation (F-δ) curve and before any 

yielding point, the average values were found to be 0.054, 0.120 and 0.117 N/m for 

GEL1, GEL2 and GEL3 respectively. Yielding points (rupture) appeared at some 

points in GEL1 and GEL3, which could indicate that a plastic deformation had 

occurred. There was a logarithmic relation between the stiffness and concentration of 

the agarose gel, where the stiffness increased with increasing the concentration of the 

gel. The most two important properties in the nanoindentation test are the Young’s 

modulus (E) and the hardness (H). Young’s moduli, (E) were on average 0.33, 1.99 

and 2.14 MPa for GEL1, GEL2 and GEL3 respectively, and the average of the 

hardness was 4.00, 15.90 and 19.03 MPa, while the universal hardness (UH) averages 

were 100, 506 and 547 kPa for GEL1, GEL2 and GEL3 respectively. A logarithmic 

correlation between the Young’s modulus and concentration of the agarose gel was 
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observed, where Young’s modulus increased with raising the gel concentration and the 

same relation was noted between the hardness and concentration of the agarose gel. 

The means of the hysteresis were 542, 217, and 153 nN.nm for GEL1, GEL2 and GEL3 

respectively and averages of hysteresis energy loss were 101, 526 and 555 kJ/m3 (kPa) 

for GEL1, GEL2 and GEL3 respectively. The plasticity indices (η) of the gels were 

almost constant with average 0.22 for all the gels. The adhesion forces averaged 0.50, 

0.26 and 0.32 nN for GEL1, GEL2 and GEL3 respectively, where a downward trend 

relationship was observed between adhesion force and concentration of the gel and 

between adhesion force and stiffness.  
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CAPTER 7: GENERAL CONCLUSIONS AND 

FUTURE WORK  

 

7.1 General Conclusion  
 

 

The aim of this study was to investigate and to calculate the nanomechanical properties 

of soft biomaterials, in particular   phospholipid microbubbles (MBs) and agarose 

hydrogels, using the atomic force microscopy (AFM) technique with force 

spectroscopy mode. This is the first study that provides a comprehensive assessment 

of a large set of nanomechanical properties of phospholipid-shelled microbubbles and 

agarose hydrogels. In the present study the stiffness and Young’s modulus were 

investigated for both microbubbles and agarose hydrogels and the hardness was 

studied for agarose hydrogels. In addition, several nanomechanical properties were 

studied for the first time to the best of my knowledge for these materials such as 

hysteresis, hysteresis loss, plasticity index, instability and adhesion forces. Studying 

these materials widely as presented in this study could be of help to other researchers 

and developers, improve their manufacturing for ultrasound applications or drug/gene 

carriers; it could be useful for the rational design and fabrication of lipid-based MBs 

for new therapeutic applications. 

 

Because of their importance in medical applications as ultrasound contrast 

agents (UCAs) and drug/gene deliveries, SonoVue® phospholipid microbubbles (with 

average diameter 8.17 μm and range 2.80-16.16 μm) were studied in the experiments 
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reported in Chapter 4 by exerting a direct, genuinely mechanical test using an AFM at 

constant speed and constant force with a flat (tipless) cantilever, to investigate their 

nanomechanical properties. Values for several properties were determined in this 

chapter, including stiffness (with average 0.9 N/m) , Young’s modulus (with average 

12.8, 0.46, and 2.9x10-4 GPa for Reissner, membrane and Hertz theory, respectively), 

hysteresis (with average 4490 nN.nm), hysteresis loss (with average 14.1 kJ/m3), 

plasticity (with mean value 0.47), adhesion forces (with mean value 6.17 nN), 

nonlinearity and instability. The results obtained were comparable to those reported in 

the literature review and similar studies in the field. The Young’s modulus was 

calculated by applying three different models, where two (Reissner and Membrane 

theory) were to estimate the elasticity of the MB shell, while the third (Hertz Theory) 

was used to evaluate the elasticity of the whole MB. Among the three models, the best 

prediction was found with the stretching component of the membrane theory. A new 

interesting phenomenon was observed, which was an increase in the local stiffness of 

the MB after each instability during the linear region of the curve. The plasticity index 

was studied as well for first time in such systems and it was shown that in some cases 

a phospholipid MB can exhibit a strong plastic behaviour.  

In Chapter 5, the same properties were studied for the same MBs; however, the 

compression tool was different: a conical tipped cantilever was used to investigate and 

assess the impact of the tip geometry on the nanomechanical properties of the MBs, 

where their average diameter was 4.58 μm and range was 3.48-5.73 μm. In this 

geometry the local properties of the shells were probed and the interest was to examine 

if the properties are different at the more local level; where the properties investigated 

were stiffness (with average 0.029 N/m), Young’s modulus (with average 3.28x10-4), 
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hysteresis (with average 556 nN.nm), hysteresis loss (with average 1.49 kJ/m3), 

plasticity (with mean value 0.67), adhesion forces (with mean value 3.13 nN). It was 

concluded that there is no significant effect of the tip geometry on the elastic properties 

values. However, there is an effect on the adhesion forces and the hysteresis due to the 

tip geometry.  The phenomenon of an increase in local stiffness after each unstable 

step was also observed, however, occurring at a higher rate. It is the first time that a 

direct comparison between tipless and tipped cantilevers is explored for the 

phospholipid MBs system.  

Chapter 6 reported the investigation of the effect of the agarose hydrogels’ 

concentration on their nanomechanical properties, where gel concentrations, 1%, 2% 

and 3% agarose hydrogel for GEL1, GEL2 and GEL3 respectively, were investigated 

and found to have an impact on the nanomechanical properties. ). The nanoindentation 

technique was applied using AFM, where the indenter was a conical tipped cantilever, 

and was used to measure the nanomechanical properties of the hydrogels. In addition 

to the previous properties studied in Chapters 4 and 5, further properties were 

investigated, which included the hardness (with average 4.00, 15.90 and 19.03 MPa 

for GEL1, GEL2 and GEL3 respectively), the universal hardness (with average 100, 

506, and 547 kPa for GEL1, GEL2 and GEL3 respectively), and the pressure (with 

average 110, 480, and 574 kPa for GEL1, GEL2 and GEL3 respectivelyThe instability 

was monitored as well, and unstable steps were observed, which indicated that there 

was a yielding point or ruptures occurring in the gel tissues at some points. There is a 

contrast to the results in the literature, where some of the reviewed studies reported 

higher or lower values than those found in the present study, while others were in the 

same range. This difference in the results could be attributed to several factors, such 
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as indenter geometry, applied force and the load rate, indicating that those materials 

need to be studied more extensively and deeply.  

 

7.2 Future Work 
 

This study consisted of a systematic investigation of soft biomaterials based on 

certain factors such as the size of the MBs’ and the concentration of the gels. However, 

there are some other factors that could affect or play a role in the mechanical properties 

of those materials, since they are soft and exhibit viscoelastic behaviour. These factors 

are worthy of consideration and are applicable for both the MBs and the gels. These 

factors are presented and explained in the following paragraphs.  

 

 Time Dependence  
 

The study investigated the mechanical properties of the biomaterials with no 

time dependence; however, it is important to take into account the time effect, 

especially with those materials that have viscoelastic behaviour. It would be useful to 

exert the load and hold it on the material for a period of time, to observe the impact of 

the time duration on the material’s response and to monitor the relaxation and the creep 

behaviour. According to the time-dependence, the material relaxes toward 

equilibrium. [1] The viscoelasticity and time-dependent plasticity can be investigated 

and controlled by several loading-unloading cycles, while the maximum load is held 

for a period of time. [2] Some of the properties might be affected by association  with 

the time-dependent load, such as the elasticity modulus [2] and the hardness. [3] 
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 Temperature Dependence  
 

The soft materials are affected by temperature fluctuation; therefore, the 

influence of the temperature on the mechanical properties of those materials should be 

investigated. Most of the force spectroscopy experiments were implemented at room 

temperature, which does not reflect the real expected behaviour in vivo. [4]    

 Viscoelastic materials are not only sensitive to time-dependent behaviour but also 

sensitive to temperature-dependent behaviour. [5] Therefore, determining the 

mechanical properties of the viscoelastic materials based on temperature-dependence 

is required, as it represents their behaviour in the real environment in which they will 

be used.   

 

 Water Absorption (for Gels)  
     

Hydrogels are defined as water-swollen materials, due to their hydrophilic 

structure. From this perspective, it is important to take into account this characteristic, 

the water absorption, when the hydrogels’ mechanical properties are being assessed. 

The mechanical properties of the gels might change resulting from the water 

absorption and holding a large amount of liquid inside the gel structure network. 

Useful results could be obtained if the hydrogels are investigated after soaking them 

for different periods of time in water to reveal the influence of water absorption on the 

mechanical properties of the gels. Some of the gels’ properties, such as the stiffness, 

are very sensitive to the trapping of water in the network.  
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MBs SN01 SN02 SN03 SN04 SN05 SN06 SN07 SN08 SN09

Dim (µm) 12.79 7.89 4.68 3.2 4.33 2.72 5.01 2.8 8.19

1.13E-01 1.86E-01 8.54E-02 1.28E-01 1.08E-01 1.24E-01 6.43E-02 3.93E-02 7.93E-02

1.19E-01 1.85E-01 8.83E-02 1.13E-01 9.42E-02 1.23E-01 6.53E-02 3.91E-02 8.46E-02

1.17E-01 2.05E-01 8.47E-02 1.18E-01 9.28E-02 1.20E-01 4.98E-02 4.46E-02 8.54E-02

1.12E-01 1.52E-01 1.12E-01 1.11E-01 1.08E-01 1.55E-01 6.60E-02 6.31E-02 6.97E-02

1.10E-01 1.99E-01 1.20E-01 1.16E-01 1.15E-01 1.21E-01 1.21E-01 5.42E-02 7.40E-02

AVRG. 1.05E-01 1.14E-01 1.85E-01 9.81E-02 1.17E-01 1.03E-01 1.29E-01 7.34E-02 4.80E-02 7.86E-02

STA. 3.91E-02 3.70E-03 2.07E-02 1.67E-02 6.71E-03 9.50E-03 1.48E-02 2.76E-02 1.04E-02 6.76E-03

MBs SN10 SN11 SN12 SN13 SN14 SN15 SN16 SN17 SN18

Dim (µm) 10.28 13.46 13.02 6.55 8.28 7.63 13.87 6.17 16.16

6.19E-02 9.07E-02 8.69E-02 1.21E-01 1.58E-01 1.50E-01 1.13E-01 1.11E-01 8.49E-02

9.13E-02 7.56E-02 7.09E-02 1.29E-01 1.53E-01 1.50E-01 1.18E-01 1.11E-01 7.54E-02

6.77E-02 9.11E-02 9.40E-02 8.25E-02 1.53E-01 1.68E-01 1.18E-01 1.10E-01 6.82E-02

5.98E-02 8.27E-02 9.38E-02 1.11E-01 1.53E-01 1.63E-01 1.18E-01 1.10E-01 6.61E-02

6.84E-02 8.86E-02 9.35E-02 1.27E-01 1.54E-01 1.60E-01 1.20E-01 1.09E-01 8.33E-02

AVRG. 1.08E-01 6.98E-02 8.57E-02 8.78E-02 1.14E-01 1.54E-01 1.58E-01 1.17E-01 1.10E-01 7.56E-02

STA. 3.20E-02 1.26E-02 6.60E-03 9.90E-03 1.91E-02 1.98E-03 7.97E-03 2.56E-03 7.29E-04 8.54E-03

 ( Stiffness ) N/m

MBs SN01 SN02 SN03 SN04 SN05 SN06 SN07 SN08 SN09

Dim (µm) 12.79 7.89 4.68 3.2 4.33 2.72 5.01 2.8 8.19

2.18E+01 2.20E+01 6.00E+00 6.15E+00 6.99E+00 5.07E+00 4.83E+00 1.65E+00 9.74E+00

2.29E+01 2.18E+01 6.20E+00 5.44E+00 6.12E+00 5.04E+00 4.91E+00 1.64E+00 1.04E+01

2.24E+01 2.43E+01 5.95E+00 5.66E+00 6.03E+00 4.89E+00 3.75E+00 1.87E+00 1.05E+01

2.15E+01 1.80E+01 7.86E+00 5.32E+00 6.99E+00 6.33E+00 4.96E+00 2.65E+00 8.56E+00

2.11E+01 1.18E+01 8.43E+00 5.56E+00 7.45E+00 4.96E+00 9.12E+00 2.28E+00 9.10E+00

AVRG. 9.24E+00 2.19E+01 1.96E+01 6.89E+00 5.63E+00 6.71E+00 5.26E+00 5.51E+00 2.02E+00 9.66E+00

STA. 6.85E+00 7.10E-01 4.90E+00 1.17E+00 3.22E-01 6.17E-01 6.05E-01 2.08E+00 4.36E-01 8.30E-01

MBs SN10 SN11 SN12 SN13 SN14 SN15 SN16 SN17 SN18

Dim (µm) 10.28 13.46 13.02 6.55 8.28 7.63 13.87 6.17 16.16

9.56E+00 1.83E+01 1.70E+01 1.19E+01 1.96E+01 1.87E+01 2.30E+01 1.13E+01 2.01E+01

1.40E+01 1.52E+01 1.39E+01 1.27E+01 1.90E+01 1.72E+01 2.42E+01 1.13E+01 1.69E+01

1.05E+01 1.84E+01 1.84E+01 8.10E+00 1.90E+01 1.92E+01 2.43E+01 1.13E+01 1.49E+01

9.24E+00 1.67E+01 1.83E+01 1.09E+01 1.90E+01 1.87E+01 2.46E+01 1.12E+01 1.37E+01

1.06E+01 1.79E+01 1.83E+01 1.25E+01 1.91E+01 1.83E+01 2.50E+01 1.11E+01 1.88E+01

AVRG. 1.63E+01 1.08E+01 1.73E+01 1.72E+01 1.12E+01 1.91E+01 1.84E+01 2.42E+01 1.12E+01 1.69E+01

STA. 4.47E+00 1.89E+00 1.33E+00 1.93E+00 1.88E+00 2.46E-01 7.69E-01 7.74E-01 7.40E-02 2.65E+00

 (  Young's Modulus, Reissner ) Gpa

APPENDICES 
Appendix A: Chapter 4 Results 
 

The mechanical properties that are studied in Chapter 4 which are stiffness, the 

Young’s modulus, hysteresis, hysteresis loss, plasticity index and adhesion force for 

each MB individually. 
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MBs SN01 SN02 SN03 SN04 SN05 SN06 SN07 SN08 SN09

Dim (µm) 12.79 7.89 4.68 3.2 4.33 2.72 5.01 2.8 8.19

1.41E+00 6.67E-01 3.99E-02 5.26E-02 9.76E-02 5.23E-02 4.64E-02 1.29E-01 4.72E-01

1.41E+00 6.90E-01 4.24E-02 4.59E-02 8.29E-02 5.11E-02 4.99E-02 1.28E-01 4.41E-01

1.44E+00 6.30E-01 3.90E-02 5.00E-02 7.75E-02 4.76E-02 3.12E-02 1.31E-01 4.57E-01

1.50E+00 4.20E-01 5.34E-02 4.85E-02 9.94E-02 6.44E-02 4.78E-02 1.32E-01 2.84E-01

1.56E+00 6.09E-01 4.00E-02 4.71E-02 1.03E-01 4.46E-02 9.62E-02 9.29E-02 3.19E-01

AVRG. 3.19E-01 1.46E+00 6.03E-01 4.30E-02 4.88E-02 9.22E-02 5.20E-02 5.43E-02 1.23E-01 3.95E-01

STA. 4.71E-01 6.56E-02 1.07E-01 6.00E-03 2.58E-03 1.13E-02 7.56E-03 2.46E-02 1.67E-02 8.64E-02

MBs SN10 SN11 SN12 SN13 SN14 SN15 SN16 SN17 SN18

Dim (µm) 10.28 13.46 13.02 6.55 8.28 7.63 13.87 6.17 16.16

2.64E-01 7.15E-01 7.06E-01 4.13E-01 6.86E-01 1.07E+00 3.18E-01 2.58E-01 9.90E-01

6.94E-01 5.57E-01 5.44E-01 4.45E-01 7.35E-01 1.07E+00 3.34E-01 2.66E-01 6.23E-01

3.78E-01 7.35E-01 9.00E-01 2.60E-01 8.06E-01 1.26E+00 3.41E-01 2.71E-01 4.75E-01

3.24E-01 6.21E-01 8.32E-01 4.12E-01 7.50E-01 1.27E+00 3.69E-01 2.41E-01 3.31E-01

3.96E-01 6.63E-01 8.49E-01 4.51E-01 7.40E-01 1.33E+00 3.74E-01 2.59E-01 6.43E-01

AVRG. 6.00E-01 4.11E-01 6.58E-01 7.66E-01 3.96E-01 7.43E-01 1.20E+00 3.47E-01 2.59E-01 6.13E-01

STA. 2.90E-01 1.66E-01 7.19E-02 1.43E-01 7.81E-02 4.29E-02 1.20E-01 2.37E-02 1.15E-02 2.46E-01

(  Young's Modulus, Elastic Membrane ) GPa

MBs SN01 SN02 SN03 SN04 SN05 SN06 SN07 SN08 SN09

Dim (µm) 12.79 7.89 4.68 3.2 4.33 2.72 5.01 2.8 8.19

2.41E-04 4.38E-04 2.92E-04 4.08E-04 3.58E-04 4.58E-04 1.74E-04 2.49E-04 2.50E-04

2.53E-04 4.42E-04 3.01E-04 3.69E-04 3.33E-04 4.51E-04 1.89E-04 2.54E-04 2.30E-04

2.50E-04 4.74E-04 2.91E-04 3.73E-04 3.19E-04 4.27E-04 1.46E-04 2.74E-04 2.29E-04

2.43E-04 3.75E-04 3.89E-04 3.73E-04 3.47E-04 5.27E-04 1.89E-04 3.89E-04 1.69E-04

2.44E-04 4.56E-04 3.68E-04 3.78E-04 3.59E-04 4.25E-04 3.33E-04 3.09E-04 1.87E-04

AVRG. 3.23E-04 2.46E-04 4.37E-04 3.28E-04 3.80E-04 3.43E-04 4.58E-04 2.06E-04 2.95E-04 2.13E-04

STA. 9.17E-05 4.97E-06 3.71E-05 4.65E-05 1.61E-05 1.71E-05 4.15E-05 7.31E-05 5.77E-05 3.37E-05

MBs SN10 SN11 SN12 SN13 SN14 SN15 SN16 SN17 SN18

Dim (µm) 10.28 13.46 13.02 6.55 8.28 7.63 13.87 6.17 16.16

1.97E-04 2.08E-04 2.05E-04 4.23E-04 3.50E-04 3.59E-04 1.63E-04 3.12E-04 1.71E-04

2.69E-04 1.69E-04 1.61E-04 4.63E-04 3.31E-04 4.27E-04 1.66E-04 3.15E-04 1.44E-04

2.15E-04 2.10E-04 2.30E-04 3.62E-04 3.42E-04 4.49E-04 1.66E-04 3.15E-04 1.27E-04

1.90E-04 1.87E-04 2.26E-04 3.89E-04 3.34E-04 4.33E-04 1.68E-04 3.05E-04 1.21E-04

2.17E-04 2.02E-04 2.27E-04 4.55E-04 3.38E-04 4.21E-04 1.70E-04 3.08E-04 1.57E-04

AVRG. 2.69E-04 2.18E-04 1.95E-04 2.10E-04 4.18E-04 3.39E-04 4.18E-04 1.67E-04 3.11E-04 1.44E-04

STA. 1.05E-04 3.10E-05 1.73E-05 2.94E-05 4.33E-05 7.56E-06 3.45E-05 2.84E-06 4.40E-06 2.08E-05

(  Young's Modulus, Hertz ) GPa
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MBs SN01 SN02 SN03 SN04 SN05 SN06 SN07 SN08 SN09

Dim (µm) 12.79 7.89 4.68 3.2 4.33 2.72 5.01 2.8 8.19

6.05E+02 1.89E+03 4.55E+03 6.46E+03 4.15E+03 5.69E+03 5.38E+03 1.04E+04 2.15E+03

5.00E+02 1.85E+03 4.34E+03 6.05E+03 4.02E+03 5.71E+03 5.61E+03 1.05E+04 2.43E+03

4.92E+02 2.38E+03 4.33E+03 6.91E+03 4.57E+03 6.39E+03 6.03E+03 9.85E+03 2.31E+03

3.16E+02 2.02E+03 5.34E+03 5.86E+03 4.92E+03 6.77E+03 5.70E+03 1.12E+04 2.56E+03

4.32E+02 2.40E+03 5.12E+03 6.59E+03 4.76E+03 7.07E+03 5.26E+03 1.18E+04 3.03E+03

AVRG. 4.81E+03 4.69E+02 2.11E+03 4.74E+03 6.37E+03 4.48E+03 6.32E+03 5.59E+03 1.07E+04 2.50E+03

STA. 3.00E+03 1.06E+02 2.66E+02 4.68E+02 4.20E+02 3.87E+02 6.21E+02 2.98E+02 7.56E+02 3.33E+02

MBs SN10 SN11 SN12 SN13 SN14 SN15 SN16 SN17 SN18

Dim (µm) 10.28 13.46 13.02 6.55 8.28 7.63 13.87 6.17 16.16

3.01E+03 3.61E+03 3.25E+03 3.32E+03 3.31E+03 1.97E+03 1.37E+04 3.31E+03 3.43E+03

3.00E+03 3.16E+03 2.78E+03 3.36E+03 2.77E+03 1.97E+03 1.24E+04 3.29E+03 3.77E+03

3.18E+03 3.28E+03 3.35E+03 2.93E+03 2.51E+03 1.64E+03 1.22E+04 3.29E+03 3.79E+03

3.54E+03 3.30E+03 3.23E+03 3.02E+03 2.83E+03 1.74E+03 1.26E+04 3.06E+03 4.25E+03

2.90E+03 3.47E+03 3.61E+03 3.21E+03 2.86E+03 1.50E+03 1.28E+04 3.28E+03 4.32E+03

AVRG. 4.16E+03 3.13E+03 3.36E+03 3.25E+03 3.17E+03 2.86E+03 1.76E+03 1.27E+04 3.25E+03 3.91E+03

STA. 3.27E+03 2.51E+02 1.77E+02 2.99E+02 1.88E+02 2.89E+02 2.04E+02 5.88E+02 1.05E+02 3.72E+02

( Hysteresis ) nN.nm

MBs SN01 SN02 SN03 SN04 SN05 SN06 SN07 SN08 SN09

Dim (µm) 12.79 7.89 4.68 3.2 4.33 2.72 5.01 2.8 8.19

0.235765 1.930723 13.24834 40.27181 14.13222 49.10438 13.66532 85.06306 2.046389

0.194557 1.896091 12.64495 37.71481 13.67564 49.28686 14.26073 85.18525 2.30948

0.191743 2.438857 12.60138 43.08723 15.56636 55.14785 15.31318 80.27263 2.194112

0.123223 2.064631 15.55938 36.55432 16.747 58.44835 14.47716 91.2712 2.432098

0.168081 2.457892 14.92648 41.06825 16.19068 61.02934 13.36552 96.09784 2.876439

AVRG. 25.54528 0.182674 2.157639 13.7961 39.73928 15.26238 54.60336 14.21638 87.57799 2.371703

STA. 2.264242 0.041199 0.272848 1.363766 2.622067 1.318448 5.359049 0.758379 6.157232 0.316088

MBs SN10 SN11 SN12 SN13 SN14 SN15 SN16 SN17 SN18

Dim (µm) 10.28 13.46 13.02 6.55 8.28 7.63 13.87 6.17 16.16

1.813114 1.268249 1.221826 4.940482 3.081026 2.152531 4.533816 5.544144 0.836128

1.807427 1.110291 1.046414 4.988007 2.57845 2.152531 4.096385 5.518333 0.919343

1.920532 1.1537 1.260165 4.349424 2.33613 1.792651 4.036638 5.517945 0.924292

2.132212 1.16013 1.214371 4.487475 2.630316 1.906313 4.161012 5.129468 1.037317

1.75019 1.221814 1.357083 4.772509 2.659684 1.643666 4.253143 5.500565 1.054471

AVRG. 2.68826 1.884695 1.182837 1.219972 4.707579 2.657121 1.929538 4.216199 5.442091 0.95431

STA. 0.076605 0.151439 0.062133 0.112441 0.280098 0.269093 0.223859 0.194864 0.175452 0.090848

( Hysteresis ) /Volume nN.nm/(nm)^3 (kJ/m^3) (kPa)
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MBs SN01 SN02 SN03 SN04 SN05 SN06 SN07 SN08 SN09

Dim (µm) 12.79 7.89 4.68 3.2 4.33 2.72 5.01 2.8 8.19

0.08451 0.195635 0.329958 0.617214 0.439635 0.722747 0.548841 1.082639 0.390991

0.066929 0.194925 0.317924 0.59582 0.441401 0.729445 0.5581 0.991849 0.409819

0.067649 0.198235 0.32313 0.652987 0.471642 0.746156 0.577143 0.989097 0.385957

0.047337 0.172525 0.396036 0.609824 0.496566 0.770284 0.536962 0.942543 0.410915

0.069099 0.204013 0.3567 0.617918 0.458875 0.772293 0.536282 0.954816 0.489055

AVRG. 0.488276 0.067105 0.193067 0.344749 0.618753 0.461624 0.748185 0.551465 0.992189 0.417347

STA. 0.281374 0.01321 0.012027 0.032322 0.021099 0.023566 0.02276 0.016964 0.054892 0.041593

MBs SN10 SN11 SN12 SN13 SN14 SN15 SN16 SN17 SN18

Dim (µm) 10.28 13.46 13.02 6.55 8.28 7.63 13.87 6.17 16.16

0.44271 0.422662 0.425987 0.459622 0.467936 0.424935 0.451421 0.516965 0.491899

0.435826 0.384679 0.363618 0.448603 0.429648 0.424935 0.40601 0.50585 0.484412

0.453937 0.386423 0.439624 0.452752 0.449026 0.3679 0.407003 0.533791 0.490854

0.456034 0.393888 0.409936 0.459624 0.452788 0.401674 0.42075 0.494695 0.501498

0.416919 0.408876 0.435229 0.444694 0.432186 0.40138 0.426082 0.506498 0.479958

AVRG. 0.442483 0.441085 0.399305 0.414879 0.453059 0.446317 0.404165 0.422253 0.51156 0.489724

STA. 0.038137 0.015835 0.016174 0.03083 0.006635 0.015765 0.023409 0.018467 0.014715 0.008189

 Plasticity  Index

MBs SN01 SN02 SN03 SN04 SN05 SN06 SN07 SN08 SN09

Dim (µm) 12.79 7.89 4.68 3.2 4.33 2.72 5.01 2.8 8.19

-9.13E-01 -3.12E+00 -4.02E+00 -5.05E+00 -5.72E+00 -1.06E+01 -1.42E+01 -1.28E+01 -8.80E+00

-1.18E+00 -3.80E+00 -3.05E+00 -5.74E+00 -7.35E+00 -1.21E+01 -9.83E+00 -1.41E+01 -7.91E+00

-1.14E+00 -3.49E+00 -4.21E+00 -6.03E+00 -6.34E+00 -1.34E+01 -1.46E+01 -9.09E+00 -5.69E+00

-7.88E-01 -2.09E+00 -3.44E+00 -7.90E+00 -7.23E+00 -1.31E+01 -1.08E+01 -1.03E+01 -4.86E+00

-9.60E-01 -2.97E+00 -4.52E+00 -6.85E+00 -6.52E+00 -1.24E+01 -1.18E+01 -1.25E+01 -7.34E+00

AVRG. -7.13E+00 -9.97E-01 -3.09E+00 -3.85E+00 -6.31E+00 -6.63E+00 -1.23E+01 -1.23E+01 -1.17E+01 -6.92E+00

STA. 4.19E+00 1.64E-01 6.49E-01 5.92E-01 1.10E+00 6.71E-01 1.09E+00 2.10E+00 2.01E+00 1.61E+00

MBs SN10 SN11 SN12 SN13 SN14 SN15 SN16 SN17 SN18

Dim (µm) 10.28 13.46 13.02 6.55 8.28 7.63 13.87 6.17 16.16

-4.12E+00 -7.13E+00 -5.06E+00 -5.46E+00 -4.03E+00 -3.49E+00 -7.65E+00 -5.82E+00 -5.65E+00

-4.40E+00 -7.66E+00 -5.01E+00 -5.20E+00 -3.98E+00 -3.49E+00 -7.31E+00 -5.57E+00 -5.76E+00

-3.93E+00 -8.19E+00 -4.26E+00 -5.55E+00 -4.02E+00 -3.56E+00 -7.71E+00 -5.39E+00 -5.31E+00

-3.91E+00 -6.96E+00 -4.26E+00 -5.11E+00 -3.38E+00 -3.34E+00 -8.19E+00 -5.82E+00 -3.80E+00

-3.43E+00 -7.18E+00 -4.41E+00 -5.46E+00 -3.96E+00 -2.11E+00 -7.31E+00 -5.30E+00 -5.86E+00

AVRG. -5.21E+00 -3.96E+00 -7.42E+00 -4.60E+00 -5.36E+00 -3.87E+00 -3.20E+00 -7.64E+00 -5.58E+00 -5.28E+00

STA. 1.53E+00 3.55E-01 5.02E-01 4.01E-01 1.89E-01 2.75E-01 6.12E-01 3.62E-01 2.39E-01 8.51E-01

Adhesion Force ( Fadh ) nN
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MB Dim(µm) AVRG. STA. AVRG. STA. AVRG. STA. AVRG. STA.

SN01 12.79 469.03 105.78 1.83E-01 4.12E-02 6.71E-02 1.32E-02 -9.97E-01 1.64E-01

SN02 7.89 2107.18 266.47 2.16E+00 2.73E-01 1.93E-01 1.20E-02 -3.09E+00 6.49E-01

SN03 4.68 4736.31 468.19 1.38E+01 1.36E+00 3.45E-01 3.23E-02 -3.85E+00 5.92E-01

SN04 3.20 6372.09 420.44 3.97E+01 2.62E+00 6.19E-01 2.11E-02 -6.31E+00 1.10E+00

SN05 4.33 4484.51 387.40 1.53E+01 1.32E+00 4.62E-01 2.36E-02 -6.63E+00 6.71E-01

SN06 2.72 6322.36 620.51 5.46E+01 5.36E+00 7.48E-01 2.28E-02 -1.23E+01 1.09E+00

SN07 5.01 5593.93 298.41 1.42E+01 7.58E-01 5.51E-01 1.70E-02 -1.23E+01 2.10E+00

SN08 2.80 10746.79 755.56 8.76E+01 6.16E+00 9.92E-01 5.49E-02 -1.17E+01 2.01E+00

SN09 8.19 2495.85 332.63 2.37E+00 3.16E-01 4.17E-01 4.16E-02 -6.92E+00 1.61E+00

SN10 10.28 3125.54 251.14 1.88E+00 1.51E-01 4.41E-01 1.58E-02 -3.96E+00 3.55E-01

SN11 13.46 3363.66 176.69 1.18E+00 6.21E-02 3.99E-01 1.62E-02 -7.42E+00 5.02E-01

SN12 13.02 3246.07 299.18 1.22E+00 1.12E-01 4.15E-01 3.08E-02 -4.60E+00 4.01E-01

SN13 6.55 3167.65 188.47 4.71E+00 2.80E-01 4.53E-01 6.64E-03 -5.36E+00 1.89E-01

SN14 8.28 2858.03 289.44 2.66E+00 2.69E-01 4.46E-01 1.58E-02 -3.87E+00 2.75E-01

SN15 7.63 1762.19 204.44 1.93E+00 2.24E-01 4.04E-01 2.34E-02 -3.20E+00 6.12E-01

SN16 13.87 12731.53 588.43 4.22E+00 1.95E-01 4.22E-01 1.85E-02 -7.64E+00 3.62E-01

SN17 6.17 3249.02 104.75 5.44E+00 1.75E-01 5.12E-01 1.47E-02 -5.58E+00 2.39E-01

SN18 16.16 3912.22 372.43 9.54E-01 9.08E-02 4.90E-01 8.19E-03 -5.28E+00 8.51E-01

AVRG. 8.17 4485.78 340.58 14.12 1.10 0.47 0.02 -6.17 0.77

STA. 4.21 3062.84 177.70 23.47 1.82 0.20 0.01 3.21 0.60

Summary of the Results

Samples  Hysteresis nN.nm Hy/Vol (kPa) Plasticity Index Adh. F. (nN)

MB Dim(µm) AVRG. STA. AVRG. STA. AVRG. STA. AVRG. STA.

SN01 12.79 0.114 0.004 2.2E+01 7.1E-01 1.46E+00 6.56E-02 2.46E-04 4.97E-06

SN02 7.89 0.185 0.021 2.0E+01 4.9E+00 6.03E-01 1.07E-01 4.37E-04 3.71E-05

SN03 4.68 0.098 0.017 6.9E+00 1.2E+00 4.30E-02 6.00E-03 3.28E-04 4.65E-05

SN04 3.20 0.117 0.007 5.6E+00 3.2E-01 4.88E-02 2.58E-03 3.80E-04 1.61E-05

SN05 4.33 0.103 0.009 6.7E+00 6.2E-01 9.22E-02 1.13E-02 3.43E-04 1.71E-05

SN06 2.72 0.129 0.015 5.3E+00 6.1E-01 5.20E-02 7.56E-03 4.58E-04 4.15E-05

SN07 5.01 0.073 0.028 5.5E+00 2.1E+00 5.43E-02 2.46E-02 2.06E-04 7.31E-05

SN08 2.80 0.048 0.010 2.0E+00 4.4E-01 1.23E-01 1.67E-02 2.95E-04 5.77E-05

SN09 8.19 0.079 0.007 9.7E+00 8.3E-01 3.95E-01 8.64E-02 2.13E-04 3.37E-05

SN10 10.28 0.070 0.013 1.1E+01 1.9E+00 4.11E-01 1.66E-01 2.18E-04 3.10E-05

SN11 13.46 0.086 0.007 1.7E+01 1.3E+00 6.58E-01 7.19E-02 1.95E-04 1.73E-05

SN12 13.02 0.088 0.010 1.7E+01 1.9E+00 7.66E-01 1.43E-01 2.10E-04 2.94E-05

SN13 6.55 0.114 0.019 1.1E+01 1.9E+00 3.96E-01 7.81E-02 4.18E-04 4.33E-05

SN14 8.28 0.154 0.002 1.9E+01 2.5E-01 7.43E-01 4.29E-02 3.39E-04 7.56E-06

SN15 7.63 0.158 0.008 1.8E+01 7.7E-01 1.20E+00 1.20E-01 4.18E-04 3.45E-05

SN16 13.87 0.117 0.003 2.4E+01 7.7E-01 3.47E-01 2.37E-02 1.67E-04 2.84E-06

SN17 6.17 0.110 0.001 1.1E+01 7.4E-02 2.59E-01 1.15E-02 3.11E-04 4.40E-06

SN18 16.16 0.076 0.009 1.7E+01 2.6E+00 6.13E-01 2.46E-01 1.44E-04 2.08E-05

AVRG. 8.17 0.11 0.01 1.28E+01 1.29E+00 4.60E-01 6.84E-02 2.96E-04 2.88E-05

STA. 4.21 0.03 0.01 6.67E+00 1.16E+00 4.06E-01 6.73E-02 9.98E-05 1.94E-05

Summary of the Results

Samples Stiffness N/m  Reissner GPa Membrane GPa Hertz GPa
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MBs SN01 SN02 SN03 SN04 SN05 SN06 SN07 SN08

Dim (µm) 4.76 3.63 4.87 4.93 4.49 4.72 3.48 5.73

3.27E-02 3.40E-02 2.20E-02 4.50E-02 3.30E-02 2.10E-02 2.70E-02 3.87E-02

3.20E-02 5.20E-02 2.10E-02 4.60E-02 2.40E-02 2.40E-02 2.00E-02 4.31E-02

2.85E-02 2.40E-02 1.50E-02 2.80E-02 4.90E-02 2.10E-02 3.90E-02 2.72E-02

2.92E-02 2.00E-02 2.40E-02 1.10E-02 2.30E-02 2.50E-02 2.40E-02 2.55E-02

2.73E-02 2.10E-02 1.50E-02 4.60E-02 3.20E-02 2.70E-02 2.60E-02 3.95E-02

AVRG. 2.91E-02 3.00E-02 3.02E-02 1.94E-02 3.52E-02 3.22E-02 2.36E-02 2.72E-02 3.48E-02

STA. 5.47E-03 2.30E-03 1.34E-02 4.16E-03 1.55E-02 1.04E-02 2.61E-03 7.12E-03 7.91E-03

 ( Stiffness ) N/m

MBs SN01 SN02 SN03 SN04 SN05 SN06 SN07 SN08

Dim (µm) 4.76 3.63 4.87 4.93 4.49 4.72 3.48 5.73

2.63E-04 1.62E-04 3.25E-04 6.51E-04 2.74E-04 6.00E-04 3.00E-04 3.27E-04

2.58E-04 1.17E-04 3.21E-04 5.70E-04 3.64E-04 1.69E-04 5.05E-04 3.51E-04

3.07E-04 1.59E-04 3.15E-04 5.98E-04 4.10E-04 2.59E-04 3.28E-04 2.20E-04

2.24E-04 1.36E-04 2.95E-04 7.59E-04 1.74E-04 2.64E-04 3.38E-04 2.09E-04

2.12E-04 1.91E-05 3.05E-04 7.85E-04 1.62E-04 3.79E-04 3.52E-04 3.42E-04

AVRG. 3.28E-04 2.53E-04 1.19E-04 3.12E-04 6.72E-04 2.77E-04 3.34E-04 3.65E-04 2.90E-04

STA. 1.58E-04 3.74E-05 5.85E-05 1.23E-05 9.57E-05 1.11E-04 1.66E-04 8.08E-05 6.94E-05

(  Young's Modulus, Hertz ) GPa

MBs SN01 SN02 SN03 SN04 SN05 SN06 SN07 SN08

Dim (µm) 4.76 3.63 4.87 4.93 4.49 4.72 3.48 5.73

3.66E+02 7.32E+02 3.33E+02 7.71E+02 6.94E+02 7.20E+02 5.31E+02 1.47E+02

3.06E+02 6.91E+02 2.95E+02 6.04E+02 8.57E+02 7.61E+02 6.71E+02 2.21E+02

2.84E+02 8.19E+02 3.05E+02 5.67E+02 8.94E+02 7.19E+02 6.64E+02 2.36E+02

3.66E+02 7.05E+02 3.49E+02 6.03E+02 8.95E+02 7.80E+02 6.64E+02 1.28E+02

3.63E+02 7.05E+02 4.11E+02 6.76E+02 8.22E+02 8.56E+02 5.92E+02 1.53E+02

AVRG. 5.56E+02 3.37E+02 7.30E+02 3.39E+02 6.44E+02 8.32E+02 7.67E+02 6.25E+02 1.77E+02

STA. 2.40E+02 3.91E+01 5.17E+01 4.57E+01 8.10E+01 8.29E+01 5.63E+01 6.15E+01 4.81E+01

( Hysteresis ) nN.nm

 

Appendix B: Chapter 5 Results 
 

The mechanical properties that are studied in Chapter 5 which are stiffness, the 

Young’s modulus, hysteresis, hysteresis loss, plasticity index and adhesion force for 

each MB individually. 
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MBs SN01 SN02 SN03 SN04 SN05 SN06 SN07 SN08

Dim (µm) 4.76 3.63 4.87 4.93 4.49 4.72 3.48 5.73

1.030173 3.547826 0.89656 2.022961 2.1978 2.060536 2.799357 0.285125

0.860743 3.346201 0.79431 1.585519 2.71244 2.178184 3.540046 0.429173

0.800289 3.96609 0.82161 1.488442 2.830378 2.059048 3.4989 0.457869

1.031075 3.413098 0.938989 1.583472 2.831958 2.235018 3.503095 0.24853

1.021153 3.415679 1.105851 1.775161 2.600538 2.450992 3.12117 0.298103

AVRG. 1.94E+00 9.49E-01 3.54E+00 9.11E-01 1.69E+00 2.63E+00 2.20E+00 3.29E+00 3.44E-01

STA. 1.17E+00 0.11004 0.250354 0.12305 0.21272 0.262342 0.161217 0.324336 0.093418

( Hysteresis ) /Volume nN.nm/(nm)^3 (kJ/m^3) (kPa)

MBs SN01 SN02 SN03 SN04 SN05 SN06 SN07 SN08

Dim (µm) 4.76 3.63 4.87 4.93 4.49 4.72 3.48 5.73

0.43593 0.841488 0.456483 0.940243 0.778443 0.759999 0.826593 0.179658

0.411511 0.779454 0.511669 0.906292 0.764782 0.851532 0.923246 0.256276

0.392666 0.830873 0.521966 1.003252 0.796826 0.820127 0.852886 0.248148

0.426511 0.831876 0.485375 0.868356 0.816841 0.763902 0.825741 0.145743

0.438688 0.806368 0.531747 1.023111 0.885591 0.831879 0.82277 0.186684

AVRG. 6.70E-01 0.421061 0.818012 0.501448 0.948251 0.808496 0.805488 0.850247 0.203302

STA. 2.61E-01 0.019098 0.025155 0.030511 0.064879 0.047338 0.041321 0.042576 0.047344

 Plasticity  Index (η)

MBs SN01 SN02 SN03 SN04 SN05 SN06 SN07 SN08

Dim (µm) 4.76 3.63 4.87 4.93 4.49 4.72 3.48 5.73

-8.98E-01 -5.22E+00 -1.67E+00 -5.19E+00 -4.11E+00 -4.84E+00 -2.76E+00 -9.05E-01

-9.90E-01 -4.66E+00 -1.32E+00 -4.46E+00 -3.82E+00 -5.14E+00 -2.54E+00 -6.87E-01

-1.04E+00 -5.30E+00 -1.04E+00 -4.07E+00 -4.78E+00 -4.95E+00 -2.57E+00 -7.44E-01

-1.37E+00 -5.83E+00 -1.47E+00 -4.59E+00 -4.21E+00 -5.46E+00 -2.57E+00 -6.30E-01

-1.16E+00 -4.95E+00 -2.11E+00 -4.64E+00 -3.86E+00 -5.48E+00 -2.59E+00 -6.06E-01

AVRG. -3.13E+00 -1.09E+00 -5.19E+00 -1.52E+00 -4.59E+00 -4.15E+00 -5.17E+00 -2.60E+00 -7.15E-01

STA. 1.87E+00 1.84E-01 4.34E-01 3.99E-01 4.01E-01 3.86E-01 2.90E-01 8.65E-02 1.19E-01

Adhesion Force ( Fadh ) nN
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MB Dim(µm) AVRG. STA. AVRG. STA. AVRG. STA.

SN01 4.76 0.0300 2.30E-03 2.53E-04 3.74E-05 336.93 39.08

SN02 3.63 0.0302 1.34E-02 1.19E-04 5.85E-05 730.24 51.68

SN03 4.87 0.0194 4.16E-03 3.12E-04 1.23E-05 338.86 45.75

SN04 4.93 0.0352 1.55E-02 6.72E-04 9.57E-05 644.32 81.05

SN05 4.49 0.0322 1.04E-02 2.77E-04 1.11E-04 832.46 82.89

SN06 4.72 0.0236 2.61E-03 3.34E-04 1.66E-04 767.12 56.30

SN07 3.48 0.0272 7.12E-03 3.65E-04 8.08E-05 624.54 61.52

SN08 5.73 0.0348 7.91E-03 2.90E-04 6.94E-05 176.98 48.10

AVRG. 4.58 0.03 0.01 3.28E-04 7.89E-05 556.43 58.29

STA. 0.73 0.01 0.00 1.58E-04 4.72E-05 239.84 16.09

MB Dim(µm) AVRG. STA. AVRG. STA. AVRG. STA.

SN01 4.76 0.95 0.11 0.42 0.02 -1.09 0.18

SN02 3.63 3.54 0.25 0.82 0.03 -5.19 0.43

SN03 4.87 0.91 0.12 0.50 0.03 -1.52 0.40

SN04 4.93 1.69 0.21 0.95 0.06 -4.59 0.40

SN05 4.49 2.63 0.26 0.81 0.05 -4.15 0.39

SN06 4.72 2.20 0.16 0.81 0.04 -5.17 0.29

SN07 3.48 3.29 0.32 0.85 0.04 -2.60 0.09

SN08 5.73 0.34 0.09 0.20 0.05 -0.71 0.12

AVRG. 4.58 1.94 0.19 0.67 0.04 -3.13 0.29

STA. 0.73 1.17 0.08 0.26 0.01 1.87 0.14

Plasticity Index(η) Adh. F. (nN)

Summary of the Results

Samples

Summary of the Results

Samples Stiffness N/m Hertz GPa  Hysteresis nN.nm

Hy/Vol (kPa)
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Points 1 2 3 4 5 6 7 8 9 10

6.69E-02 5.91E-02 4.92E-02 5.48E-02 5.70E-02 Unsaved 4.33E-02 5.32E-02 5.50E-02 6.47E-02

5.55E-02 5.64E-02 5.20E-02 6.12E-02 4.67E-02 Unsaved 4.00E-02 5.32E-02 5.33E-02 6.46E-02

6.41E-02 6.99E-02 5.40E-02 5.86E-02 4.99E-02 Unsaved 4.38E-02 6.30E-02 4.55E-02 6.72E-02

4.90E-02 6.90E-02 4.81E-02 5.98E-02 4.46E-02 Unsaved 3.90E-02 4.39E-02 5.49E-02 6.19E-02

5.80E-02 6.24E-02 5.04E-02 6.15E-02 4.96E-02 Unsaved 4.90E-02 4.56E-02 4.82E-02 4.91E-02

AVRG. 5.44E-02 5.87E-02 6.33E-02 5.07E-02 5.92E-02 4.95E-02 4.30E-02 5.18E-02 5.14E-02 6.15E-02

STA. 6.65E-03 7.10E-03 5.93E-03 2.32E-03 2.69E-03 4.72E-03 3.91E-03 7.57E-03 4.33E-03 7.17E-03

GEL  1% ( Stiffness ) N/m

Points 1 2 3 4 5 6 7 8 9 10

1.04E-01 1.33E-01 1.29E-01 1.32E-01 1.32E-01 8.97E-02 1.22E-01 1.08E-01 1.30E-01 1.22E-01

1.09E-01 1.23E-01 1.07E-01 9.40E-02 1.16E-01 9.95E-02 1.35E-01 1.14E-01 1.31E-01 6.87E-02

1.14E-01 1.44E-01 9.88E-02 1.33E-01 1.21E-01 1.09E-01 1.45E-01 1.23E-01 1.21E-01 1.25E-01

1.20E-01 1.38E-01 1.35E-01 1.16E-01 1.29E-01 1.07E-01 1.41E-01 9.44E-02 1.03E-01 1.38E-01

1.12E-01 1.15E-01 1.04E-01 1.20E-01 1.12E-01 1.14E-01 1.15E-01 1.34E-01 2.04E-01 1.19E-01

AVRG. 1.20E-01 1.12E-01 1.31E-01 1.15E-01 1.19E-01 1.22E-01 1.04E-01 1.31E-01 1.15E-01 1.38E-01 1.15E-01

STA. 1.05E-02 6.07E-03 1.16E-02 1.63E-02 1.57E-02 8.41E-03 9.33E-03 1.27E-02 1.50E-02 3.87E-02 2.66E-02

GEL  2% ( Stiffness ) N/m

Points 1 2 3 4 5 6 7 8 9 10

1.15E-01 1.22E-01 9.81E-02 1.06E-01 1.43E-01 9.96E-02 1.12E-01 1.04E-01 1.09E-01 1.15E-01

1.12E-01 1.46E-01 9.60E-02 1.20E-01 1.13E-01 1.20E-01 1.33E-01 1.02E-01 1.16E-01 1.13E-01

1.23E-01 1.01E-01 1.11E-01 1.36E-01 1.21E-01 1.01E-01 1.19E-01 1.70E-01 1.01E-01 1.05E-01

1.07E-01 1.38E-01 9.96E-02 8.10E-02 1.72E-01 1.27E-01 1.10E-01 1.79E-01 1.09E-01 9.32E-02

1.15E-01 1.04E-01 9.98E-02 1.07E-01 1.29E-01 1.40E-01 8.84E-02 1.66E-01 1.24E-01 1.00E-01

AVRG. 1.17E-01 1.14E-01 1.22E-01 1.01E-01 1.10E-01 1.36E-01 1.17E-01 1.12E-01 1.44E-01 1.12E-01 1.05E-01

STA. 1.34E-02 5.71E-03 2.00E-02 6.03E-03 2.03E-02 2.34E-02 1.70E-02 1.62E-02 3.80E-02 8.70E-03 9.03E-03

GEL  3% ( Stiffness ) N/m

Appendix C: Chapter 6 Results 
 

The mechanical properties that are studied in Chapter 6 which are stiffness, the 

Young’s modulus, hysteresis, hysteresis loss, plasticity index, adhesion force, 

hardness, universal hardness, pressure and strain rate for each gel individually. 
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Points 1 2 3 4 5 6 7 8 9 10

3.39E-04 3.26E-04 2.59E-04 1.73E-04 3.22E-04 Unsaved 3.46E-04 3.87E-04 3.68E-04 4.94E-04

2.73E-04 4.08E-04 2.58E-04 2.04E-04 2.91E-04 Unsaved 3.46E-04 3.97E-04 3.73E-04 4.65E-04

3.57E-04 3.24E-04 2.48E-04 1.86E-04 3.24E-04 Unsaved 2.82E-04 4.08E-04 3.18E-04 4.98E-04

2.51E-04 2.98E-04 2.57E-04 1.76E-04 3.88E-04 Unsaved 2.87E-04 4.31E-04 3.66E-04 4.96E-04

3.13E-04 3.50E-04 2.60E-04 2.28E-04 4.08E-04 Unsaved 3.43E-04 3.72E-04 3.20E-04 3.98E-04

AVRG. 3.31E-04 3.07E-04 3.41E-04 2.56E-04 1.93E-04 3.46E-04 3.21E-04 3.99E-04 3.49E-04 4.70E-04

STA. 7.89E-05 4.41E-05 4.17E-05 4.80E-06 2.26E-05 4.92E-05 3.33E-05 2.25E-05 2.77E-05 4.23E-05

GEL  1% (  Young's Modulus, Hertz, Sneddon ) Gpa

Points 1 2 3 4 5 6 7 8 9 10

1.46E-03 2.22E-03 3.32E-03 2.04E-03 1.51E-03 2.24E-03 1.73E-03 1.58E-03 1.58E-03 1.48E-03

1.21E-03 1.77E-03 2.65E-03 1.61E-03 1.43E-03 2.79E-03 1.92E-03 1.41E-03 1.49E-03 8.29E-04

1.69E-03 2.76E-03 2.28E-03 2.11E-03 1.52E-03 2.48E-03 2.12E-03 1.87E-03 1.47E-03 1.66E-03

1.58E-03 2.21E-03 4.18E-03 2.20E-03 1.48E-03 2.57E-03 2.35E-03 1.48E-03 1.39E-03 1.67E-03

1.73E-03 2.41E-03 3.05E-03 2.24E-03 1.67E-03 2.47E-03 1.80E-03 1.98E-03 3.24E-03 1.65E-03

AVRG. 1.99E-03 1.53E-03 2.27E-03 3.10E-03 2.04E-03 1.52E-03 2.51E-03 1.98E-03 1.66E-03 1.84E-03 1.46E-03

STA. 5.19E-04 2.10E-04 3.58E-04 7.21E-04 2.55E-04 9.04E-05 1.95E-04 2.56E-04 2.50E-04 7.87E-04 3.60E-04

GEL  2% (  Young's Modulus, Hertz, Sneddon ) Gpa

Points 1 2 3 4 5 6 7 8 9 10

1.66E-03 2.04E-03 1.73E-03 2.53E-03 1.90E-03 2.09E-03 1.98E-03 1.66E-03 1.93E-03 2.69E-03

1.65E-03 2.53E-03 1.85E-03 2.47E-03 1.72E-03 2.28E-03 2.36E-03 1.61E-03 2.54E-03 2.80E-03

1.71E-03 2.47E-03 2.00E-03 2.53E-03 1.79E-03 2.35E-03 2.12E-03 2.59E-03 1.97E-03 2.36E-03

1.62E-03 3.25E-03 1.59E-03 1.90E-03 2.55E-03 2.32E-03 2.04E-03 2.63E-03 2.29E-03 1.67E-03

1.75E-03 2.08E-03 1.47E-03 2.40E-03 1.66E-03 2.83E-03 2.09E-03 2.55E-03 2.41E-03 2.16E-03

AVRG. 2.14E-03 1.68E-03 2.47E-03 1.73E-03 2.37E-03 1.92E-03 2.37E-03 2.12E-03 2.21E-03 2.23E-03 2.34E-03

STA. 2.78E-04 4.89E-05 4.87E-04 2.12E-04 2.68E-04 3.60E-04 2.75E-04 1.46E-04 5.24E-04 2.68E-04 4.51E-04

GEL  3% (  Young's Modulus, Hertz, Sneddon ) Gpa
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Points 1 2 3 4 5 6 7 8 9 10

4.20E+02 4.57E+02 1.62E+02 6.57E+02 3.39E+02 Unsaved 6.65E+02 4.80E+02 4.52E+02 4.71E+02

3.63E+02 6.83E+02 7.78E+02 3.75E+02 4.40E+02 Unsaved 5.88E+02 3.71E+02 6.74E+02 5.19E+02

6.28E+02 5.80E+02 5.37E+02 8.23E+02 5.95E+02 Unsaved 7.17E+02 5.09E+02 7.06E+02 4.16E+02

7.58E+02 5.00E+02 5.53E+02 5.86E+02 5.69E+02 Unsaved 8.76E+02 4.99E+02 9.14E+02 6.00E+01

4.94E+02 5.46E+02 5.28E+02 5.10E+02 7.28E+02 Unsaved 6.63E+02 4.15E+02 5.34E+02 2.65E+02

AVRG. 5.42E+02 5.33E+02 5.53E+02 5.12E+02 5.90E+02 5.34E+02 7.02E+02 4.55E+02 6.56E+02 3.46E+02

STA. 1.05E+02 1.61E+02 8.61E+01 2.21E+02 1.67E+02 1.49E+02 1.08E+02 5.95E+01 1.77E+02 1.86E+02

GEL  1% ( Hysteresis ) nN.nm

Points 1 2 3 4 5 6 7 8 9 10

2.79E+02 2.48E+02 2.53E+02 2.38E+02 3.00E+02 1.01E+02 7.72E+01 1.86E+02 1.23E+02 1.33E+02

2.85E+02 1.59E+02 2.41E+02 2.10E+02 3.68E+02 2.27E+02 3.07E+01 1.62E+02 1.41E+02 2.71E+02

6.75E+02 3.20E+02 2.18E+02 2.82E+02 2.99E+02 3.03E+02 1.28E+02 1.39E+02 2.59E+02 2.42E+02

2.46E+02 2.77E+02 3.65E+02 2.36E+02 3.08E+02 2.62E+02 2.31E+02 2.54E+02 4.31E+02 2.06E+02

3.38E+01 2.87E+02 1.37E+02 2.95E+02 1.55E+02 1.24E+02 7.51E+01 2.50E+02 1.01E+02 1.58E+02

AVRG. 2.27E+02 3.04E+02 2.58E+02 2.43E+02 2.52E+02 2.86E+02 2.03E+02 1.09E+02 1.98E+02 2.11E+02 2.02E+02

STA. 5.53E+01 2.32E+02 6.13E+01 8.20E+01 3.55E+01 7.86E+01 8.75E+01 7.69E+01 5.20E+01 1.38E+02 5.73E+01

GEL  2% ( Hysteresis ) nN.nm

Points 1 2 3 4 5 6 7 8 9 10

2.08E+02 7.61E+01 2.22E+02 1.06E+02 1.47E+02 1.54E+02 2.47E+02 1.97E+02 1.54E+02 1.37E+02

1.64E+02 8.27E+01 1.42E+02 2.19E+02 1.26E+02 1.80E+02 6.14E+01 1.80E+01 1.21E+02 1.79E+02

1.50E+02 6.02E+01 1.65E+02 1.31E+02 1.24E+02 9.58E+01 2.25E+02 1.81E+02 1.41E+02 1.48E+02

6.75E+01 1.81E+02 2.67E+02 1.64E+02 1.94E+02 1.77E+02 1.45E+02 1.98E+02 7.51E+01 5.47E+01

1.43E+02 2.26E+02 1.76E+02 1.95E+02 1.95E+02 2.69E+02 8.33E+01 9.48E+01 1.68E+02 2.18E+02

AVRG. 1.53E+02 1.46E+02 1.25E+02 1.94E+02 1.63E+02 1.57E+02 1.75E+02 1.52E+02 1.38E+02 1.32E+02 1.47E+02

STA. 2.07E+01 5.07E+01 7.36E+01 4.99E+01 4.58E+01 3.53E+01 6.23E+01 8.27E+01 7.94E+01 3.61E+01 6.04E+01

GEL  3% ( Hysteresis ) nN.nm
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 APPENDICES 

 

Points 1 2 3 4 5 6 7 8 9 10

6.87E-05 1.15E-04 2.27E-05 8.77E-05 5.38E-05 Unsaved 1.22E-04 1.11E-04 8.19E-05 1.39E-04

5.69E-05 1.94E-04 1.02E-04 5.17E-05 8.04E-05 Unsaved 1.11E-04 9.49E-05 1.30E-04 1.43E-04

1.16E-04 1.24E-04 6.55E-05 8.28E-05 9.97E-05 Unsaved 1.06E-04 1.11E-04 1.38E-04 1.16E-04

1.12E-04 1.02E-04 7.81E-05 6.04E-05 1.14E-04 Unsaved 1.38E-04 1.58E-04 1.58E-04 1.73E-05

7.62E-05 1.27E-04 7.31E-05 7.05E-05 1.50E-04 Unsaved 9.95E-05 1.14E-04 9.28E-05 8.26E-05

AVRG. 1.01E-04 8.60E-05 1.32E-04 6.82E-05 7.06E-05 9.95E-05 1.15E-04 1.18E-04 1.20E-04 9.95E-05

STA. 2.25E-05 2.66E-05 3.59E-05 2.88E-05 1.50E-05 3.62E-05 1.51E-05 2.36E-05 3.18E-05 5.19E-05

GEL  1% ( Hysteresis )/Volume nN.nm/(nm)3 (GPa)

Points 1 2 3 4 5 6 7 8 9 10

5.45E-04 6.44E-04 6.52E-04 5.66E-04 5.80E-04 3.29E-04 1.80E-04 4.14E-04 2.69E-04 2.07E-04

5.03E-04 3.99E-04 6.69E-04 4.35E-04 6.33E-04 7.84E-04 7.37E-05 2.84E-04 2.57E-04 5.92E-04

1.50E-03 8.36E-04 4.96E-04 6.43E-04 5.24E-04 8.18E-04 3.13E-04 3.49E-04 4.59E-04 6.13E-04

4.96E-04 5.89E-04 1.07E-03 5.84E-04 5.14E-04 7.56E-04 6.68E-04 4.93E-04 8.14E-04 4.72E-04

6.75E-05 7.70E-04 7.75E-04 6.47E-04 4.00E-04 3.20E-04 1.81E-04 4.87E-04 2.75E-04 3.68E-04

AVRG. 5.26E-04 6.23E-04 6.48E-04 7.31E-04 5.75E-04 5.30E-04 6.01E-04 2.83E-04 4.05E-04 4.15E-04 4.51E-04

STA. 1.36E-04 5.29E-04 1.70E-04 2.12E-04 8.62E-05 8.70E-05 2.54E-04 2.31E-04 8.99E-05 2.38E-04 1.68E-04

GEL  2% ( Hysteresis ) /Volume nN.nm/(nm)3 (GPa)

Points 1 2 3 4 5 6 7 8 9 10

6.72E-04 3.15E-04 7.30E-04 4.78E-04 4.58E-04 6.02E-04 8.70E-04 7.85E-04 6.13E-04 5.99E-04

5.41E-04 1.73E-04 5.56E-04 8.99E-04 4.63E-04 5.83E-04 2.16E-04 7.11E-05 5.53E-04 8.12E-04

4.53E-04 2.70E-04 5.54E-04 5.29E-04 3.85E-04 3.86E-04 Hyst. Loss= 7.40E-04 4.53E-04 6.41E-04

2.02E-04 5.77E-04 7.71E-04 6.18E-04 8.60E-04 4.84E-04 6.41E-04 7.99E-04 3.05E-04 1.90E-04

4.40E-04 8.18E-04 4.35E-04 7.36E-04 7.25E-04 8.31E-04 4.27E-04 3.91E-04 6.88E-04 8.66E-04

AVRG. 5.55E-04 4.62E-04 4.31E-04 6.09E-04 6.52E-04 5.78E-04 5.77E-04 5.39E-04 5.57E-04 5.22E-04 6.22E-04

STA. 6.94E-05 1.72E-04 2.63E-04 1.39E-04 1.69E-04 2.04E-04 1.66E-04 2.81E-04 3.19E-04 1.49E-04 2.66E-04

GEL  3% ( Hysteresis ) /Volume nN.nm/(nm)3 (GPa)
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 APPENDICES 

 

Points 1 2 3 4 5 6 7 8 9 10

1.64E-01 2.41E-01 7.20E-02 3.17E-01 1.51E-01 Unsaved 2.65E-01 1.96E-01 1.52E-01 2.22E-01

1.45E-01 3.17E-01 2.82E-01 1.84E-01 2.23E-01 Unsaved 2.62E-01 1.57E-01 2.41E-01 2.17E-01

2.40E-01 2.64E-01 1.88E-01 3.23E-01 2.65E-01 Unsaved 2.74E-01 1.90E-01 2.44E-01 1.67E-01

2.76E-01 2.24E-01 2.29E-01 2.40E-01 2.54E-01 Unsaved 3.34E-01 2.49E-01 2.97E-01 2.87E-02

1.85E-01 2.59E-01 2.06E-01 2.34E-01 3.32E-01 Unsaved 2.29E-01 2.02E-01 1.75E-01 1.22E-01

AVRG. 2.23E-01 2.02E-01 2.61E-01 1.95E-01 2.60E-01 2.45E-01 2.73E-01 1.99E-01 2.22E-01 1.51E-01

STA. 3.98E-02 5.47E-02 3.47E-02 7.75E-02 5.95E-02 6.62E-02 3.83E-02 3.28E-02 5.81E-02 7.97E-02

GEL 1% Plasticity Index (η)

Points 1 2 3 4 5 6 7 8 9 10

2.63E-01 2.21E-01 2.48E-01 2.29E-01 2.30E-01 1.16E-01 8.46E-02 1.87E-01 1.20E-01 1.20E-01

2.07E-01 1.53E-01 2.31E-01 1.81E-01 3.25E-01 2.71E-01 3.54E-02 1.53E-01 1.38E-01 2.63E-01

5.44E-01 2.48E-01 1.89E-01 2.42E-01 2.27E-01 2.69E-01 1.26E-01 1.39E-01 2.29E-01 2.71E-01

2.57E-01 2.16E-01 3.25E-01 2.02E-01 2.46E-01 2.24E-01 2.19E-01 2.44E-01 3.68E-01 2.29E-01

3.17E-02 2.35E-01 2.33E-01 2.34E-01 1.69E-01 1.19E-01 8.36E-02 2.35E-01 1.09E-01 1.65E-01

AVRG. 2.08E-01 2.61E-01 2.15E-01 2.45E-01 2.18E-01 2.39E-01 2.00E-01 1.10E-01 1.92E-01 1.93E-01 2.10E-01

STA. 4.15E-02 1.84E-01 3.65E-02 4.98E-02 2.55E-02 5.59E-02 7.74E-02 6.90E-02 4.72E-02 1.09E-01 6.51E-02

GEL 2% Plasticity Index (η)

Points 1 2 3 4 5 6 7 8 9 10

2.66E-01 1.14E-01 3.06E-01 1.59E-01 2.27E-01 2.38E-01 2.89E-01 3.32E-01 2.27E-01 2.29E-01

2.40E-01 1.37E-01 2.04E-01 3.14E-01 1.83E-01 2.42E-01 8.10E-02 2.64E-02 1.69E-01 3.28E-01

2.01E-01 9.49E-02 2.33E-01 2.33E-01 2.13E-01 1.44E-01 2.97E-01 2.54E-01 1.71E-01 2.35E-01

9.11E-02 2.28E-01 3.37E-01 2.36E-01 3.02E-01 2.50E-01 2.62E-01 3.05E-01 1.12E-01 1.07E-01

1.96E-01 2.70E-01 2.67E-01 2.58E-01 3.62E-01 2.77E-01 1.69E-01 1.77E-01 2.51E-01 3.80E-01

AVRG. 2.25E-01 1.99E-01 1.69E-01 2.69E-01 2.40E-01 2.58E-01 2.30E-01 2.20E-01 2.19E-01 1.86E-01 2.56E-01

STA. 3.27E-02 6.69E-02 7.64E-02 5.35E-02 5.57E-02 7.30E-02 5.06E-02 9.28E-02 1.23E-01 5.47E-02 1.05E-01

GEL 3% Plasticity Index (η)
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 APPENDICES 

 

Points 1 2 3 4 5 6 7 8 9 10

-2.79E-01 -2.83E-01 -9.50E-01 -7.49E-01 -5.41E-01 Unsaved -5.65E-01 -3.82E-01 -5.13E-01 -4.87E-01

-2.39E-01 -1.02E+00 -5.60E-01 -6.60E-01 -4.76E-01 Unsaved -3.06E-01 -5.89E-01 -3.64E-01 -4.11E-01

-3.51E-01 -2.48E-01 -9.37E-01 -4.89E-01 -3.68E-01 Unsaved -4.83E-01 -4.53E-01 -4.53E-01 -1.23E-01

-6.48E-01 -2.89E-01 -5.14E-01 -4.08E-01 -4.52E-01 Unsaved -7.84E-01 -5.05E-01 -5.05E-01 -3.29E-01

-6.25E-01 -4.56E-01 -5.55E-01 -4.81E-01 -9.17E-01 Unsaved -9.28E-01 -4.02E-01 -4.02E-01 -3.58E-01

AVRG. -5.08E-01 -4.29E-01 -4.60E-01 -7.03E-01 -5.58E-01 -5.51E-01 -6.13E-01 -4.66E-01 -4.47E-01 -3.42E-01

STA. 1.09E-01 1.94E-01 3.24E-01 2.20E-01 1.41E-01 2.14E-01 2.46E-01 8.39E-02 6.47E-02 1.36E-01

GEL 1% Adhesion Force ( Fmin ) nN

Points 1 2 3 4 5 6 7 8 9 10

-1.53E-01 -1.14E-01 -5.43E-01 -2.46E-01 -2.07E-01 -1.95E-01 -2.04E-01 -4.28E-01 -2.19E-01 -1.71E-01

-2.62E-01 -2.26E-01 -1.77E-01 -1.76E-01 -1.22E-01 -4.33E-01 -5.96E-02 -5.79E-01 -2.92E-01 -1.68E-01

-1.41E-01 -1.81E-01 -1.84E-01 -2.39E-01 -1.31E-01 -2.22E-01 -4.52E-01 -3.27E-01 -1.80E-01 -2.05E-01

-3.32E-01 -3.60E-01 -2.69E-01 -2.07E-01 -3.55E-01 -2.22E-01 -1.54E-01 -2.46E-01 -2.23E-01 -1.89E-01

-1.58E-01 -2.61E-01 -1.54E-01 -3.82E-01 -2.20E-01 -1.69E-01 -3.57E-01 -3.77E-01 -5.62E-01 -3.17E-01

AVRG. -2.55E-01 -2.09E-01 -2.28E-01 -2.65E-01 -2.50E-01 -2.07E-01 -2.48E-01 -2.45E-01 -3.91E-01 -2.95E-01 -2.10E-01

STA. 5.54E-02 8.42E-02 9.15E-02 1.61E-01 7.88E-02 9.36E-02 1.06E-01 1.58E-01 1.25E-01 1.55E-01 6.17E-02

GEL 2% Adhesion Force ( Fmin ) nN

Points 1 2 3 4 5 6 7 8 9 10

-1.61E-01 -4.62E-01 -2.08E-01 -5.32E-01 -5.32E-01 -2.64E-01 -2.77E-01 -1.52E-01 -1.32E-01 -2.19E-01

-2.83E-01 -2.66E-01 -2.90E-01 -1.61E-01 -1.61E-01 -2.74E-01 -3.04E-01 -3.19E-01 -2.27E-01 -1.89E-01

-4.98E-01 -2.03E-01 -4.63E-01 -7.83E-01 -7.83E-01 -3.29E-01 -1.72E-01 -1.80E-01 -4.74E-01 -1.48E-01

-3.08E-01 -1.80E-01 -9.30E-01 -2.65E-01 -2.65E-01 -7.40E-02 -1.86E-01 -1.61E-01 -3.09E-01 -1.68E-01

-2.75E-01 -1.77E-01 -1.23E-01 -8.34E-01 -8.34E-01 -1.52E-01 -3.38E-01 -6.05E-01 -1.45E-01 -1.96E-01

AVRG. -3.19E-01 -3.05E-01 -2.58E-01 -4.03E-01 -5.15E-01 -5.15E-01 -2.19E-01 -2.55E-01 -2.83E-01 -2.57E-01 -1.84E-01

STA. 1.18E-01 1.22E-01 1.20E-01 3.20E-01 3.01E-01 3.01E-01 1.03E-01 7.30E-02 1.92E-01 1.40E-01 2.70E-02

GEL 3% Adhesion Force ( Fmin ) nN
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 APPENDICES 

 

Points 1 2 3 4 5 6 7 8 9 10

4.68E-04 8.59E-04 4.52E-04 6.72E-04 6.70E-04 Unsaved 5.82E-04 7.30E-04 7.34E-04 9.16E-04

6.78E-04 9.10E-04 4.73E-04 9.22E-04 6.87E-04 Unsaved 5.48E-04 7.78E-04 7.45E-04 8.05E-04

6.05E-04 8.87E-04 4.14E-04 7.77E-04 6.44E-04 Unsaved 5.61E-04 6.98E-04 7.16E-04 7.77E-04

8.45E-04 8.53E-04 5.36E-04 7.88E-04 7.66E-04 Unsaved 5.50E-04 7.45E-04 7.07E-04 8.04E-04

7.00E-04 8.10E-04 4.79E-04 9.14E-04 6.98E-04 Unsaved 4.92E-04 7.72E-04 7.07E-04 8.80E-04

AVRG. 7.06E-04 6.59E-04 8.64E-04 4.71E-04 8.14E-04 6.93E-04 5.47E-04 7.45E-04 7.22E-04 8.37E-04

STA. 1.32E-04 1.38E-04 3.76E-05 4.46E-05 1.05E-04 4.55E-05 3.34E-05 3.29E-05 1.71E-05 5.89E-05

GEL  1% ( Hardness ) (GPa) 

Points 1 2 3 4 5 6 7 8 9 10

3.36E-03 2.48E-03 3.15E-03 2.33E-03 4.04E-03 2.60E-03 2.57E-03 2.69E-03 2.88E-03 2.30E-03

2.92E-03 2.54E-03 2.23E-03 2.39E-03 3.60E-03 2.66E-03 2.60E-03 2.57E-03 3.32E-03 2.25E-03

3.04E-03 2.37E-03 2.26E-03 2.70E-03 2.70E-03 2.65E-03 2.67E-03 3.07E-03 2.33E-03 3.71E-03

3.10E-03 2.11E-03 2.78E-03 2.76E-03 2.43E-03 2.86E-03 3.13E-03 2.63E-03 2.88E-03 2.68E-03

2.79E-03 1.99E-03 3.75E-03 2.69E-03 2.88E-03 2.66E-03 2.78E-03 2.50E-03 2.90E-03 2.79E-03

AVRG. 2.76E-03 3.04E-03 2.30E-03 2.84E-03 2.57E-03 3.13E-03 2.69E-03 2.75E-03 2.69E-03 2.86E-03 2.75E-03

STA. 2.34E-04 2.12E-04 2.38E-04 6.39E-04 1.99E-04 6.69E-04 1.02E-04 2.26E-04 2.24E-04 3.50E-04 5.88E-04

GEL  2% ( Hardness )  (GPa) 

Points 1 2 3 4 5 6 7 8 9 10

3.52E-03 3.03E-03 3.28E-03 3.00E-03 3.52E-03 2.75E-03 2.66E-03 4.04E-03 2.87E-03 3.57E-03

3.61E-03 3.04E-03 3.84E-03 3.75E-03 3.45E-03 2.37E-03 2.55E-03 3.84E-03 2.01E-03 3.56E-03

3.21E-03 3.40E-03 4.16E-03 3.45E-03 4.03E-03 2.76E-03 3.46E-03 3.27E-03 2.21E-03 3.66E-03

3.10E-03 2.85E-03 3.45E-03 3.53E-03 3.78E-03 2.24E-03 3.40E-03 3.92E-03 2.83E-03 3.50E-03

3.46E-03 2.94E-03 3.90E-03 3.07E-03 4.67E-03 1.81E-03 3.72E-03 4.74E-03 2.61E-03 3.79E-03

AVRG. 3.30E-03 3.38E-03 3.05E-03 3.73E-03 3.36E-03 3.89E-03 2.39E-03 3.16E-03 3.97E-03 2.51E-03 3.61E-03

STA. 5.40E-04 2.14E-04 2.11E-04 3.56E-04 3.19E-04 4.92E-04 3.95E-04 5.20E-04 5.25E-04 3.82E-04 1.13E-04

GEL  3% ( Hardness ) (GPa) 
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 APPENDICES 

 

Points 1 2 3 4 5 6 7 8 9 10

9.78E-05 1.11E-04 7.94E-05 7.05E-05 8.68E-05 Unsaved 8.89E-05 1.18E-04 1.06E-04 1.35E-04

9.55E-05 1.25E-04 7.90E-05 7.63E-05 8.30E-05 Unsaved 8.49E-05 1.22E-04 1.09E-04 1.36E-04

1.01E-04 1.13E-04 7.74E-05 7.16E-05 8.72E-05 Unsaved 7.78E-05 1.19E-04 1.08E-04 1.40E-04

8.88E-05 1.09E-04 7.27E-05 6.93E-05 9.58E-05 Unsaved 8.03E-05 1.25E-04 1.02E-04 1.38E-04

9.43E-05 1.13E-04 7.61E-05 8.05E-05 9.85E-05 Unsaved 8.53E-05 1.15E-04 1.04E-04 1.40E-04

AVRG. 9.97E-05 9.55E-05 1.14E-04 7.69E-05 7.36E-05 9.03E-05 8.34E-05 1.20E-04 1.06E-04 1.38E-04

STA. 2.14E-05 4.57E-06 6.19E-06 2.72E-06 4.68E-06 6.57E-06 4.40E-06 3.67E-06 2.51E-06 2.01E-06

GEL  1%  Universal Hardness  (GPa) 

Points 1 2 3 4 5 6 7 8 9 10

4.58E-04 5.84E-04 5.21E-04 5.24E-04 4.59E-04 5.82E-04 5.09E-04 5.02E-04 4.74E-04 3.91E-04

4.36E-04 5.77E-04 5.48E-04 5.05E-04 4.29E-04 6.01E-04 5.01E-04 4.33E-04 4.24E-04 4.83E-04

4.76E-04 6.03E-04 4.97E-04 5.25E-04 4.44E-04 5.64E-04 4.99E-04 5.23E-04 4.23E-04 4.85E-04

4.59E-04 5.38E-04 5.69E-04 5.51E-04 4.26E-04 5.95E-04 5.76E-04 4.42E-04 4.04E-04 4.53E-04

4.88E-04 6.00E-04 7.03E-04 5.17E-04 4.90E-04 5.80E-04 5.18E-04 4.51E-04 5.05E-04 4.76E-04

AVRG. 5.06E-04 4.63E-04 5.80E-04 5.68E-04 5.24E-04 4.50E-04 5.84E-04 5.21E-04 4.70E-04 4.46E-04 4.58E-04

STA. 5.60E-05 1.97E-05 2.61E-05 8.04E-05 1.70E-05 2.61E-05 1.47E-05 3.16E-05 3.98E-05 4.18E-05 3.93E-05

GEL  2%  Universal Hardness  (GPa) 

Points 1 2 3 4 5 6 7 8 9 10

5.09E-04 5.86E-04 5.56E-04 6.34E-04 5.26E-04 5.38E-04 5.93E-04 5.34E-04 5.58E-04 5.78E-04

5.11E-04 3.94E-04 5.79E-04 6.06E-04 5.76E-04 5.08E-04 5.71E-04 5.72E-04 6.40E-04 5.60E-04

4.84E-04 6.56E-04 5.27E-04 5.88E-04 4.83E-04 5.82E-04 5.97E-04 5.86E-04 5.53E-04 5.38E-04

4.78E-04 5.30E-04 4.80E-04 5.67E-04 5.92E-04 4.63E-04 5.62E-04 5.42E-04 5.73E-04 4.72E-04

4.86E-04 6.13E-04 4.35E-04 5.63E-04 5.33E-04 5.53E-04 5.60E-04 5.40E-04 5.64E-04 5.24E-04

AVRG. 5.47E-04 4.94E-04 5.56E-04 5.15E-04 5.92E-04 5.42E-04 5.29E-04 5.76E-04 5.55E-04 5.78E-04 5.34E-04

STA. 3.04E-05 1.52E-05 1.01E-04 5.81E-05 2.94E-05 4.32E-05 4.56E-05 1.73E-05 2.31E-05 3.57E-05 4.05E-05

GEL  3%  Universal Hardness  (GPa) 
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Points 1 2 3 4 5 6 7 8 9 10

8.13E-05 1.49E-04 7.85E-05 1.17E-04 1.16E-04 1.01E-04 1.27E-04 1.28E-04 1.59E-04

1.18E-04 1.58E-04 8.21E-05 1.60E-04 1.19E-04 9.52E-05 1.35E-04 1.29E-04 1.40E-04

1.05E-04 1.54E-04 7.19E-05 1.35E-04 1.12E-04 9.75E-05 1.21E-04 1.24E-04 1.35E-04

1.47E-04 1.48E-04 9.31E-05 1.37E-04 1.33E-04 9.55E-05 1.29E-04 1.23E-04 1.40E-04

1.22E-04 1.41E-04 8.32E-05 1.59E-04 1.21E-04 8.55E-05 1.34E-04 1.23E-04 1.53E-04

AVRG. 1.23E-04 1.14E-04 1.50E-04 8.18E-05 1.41E-04 1.20E-04 9.49E-05 1.29E-04 1.25E-04 1.45E-04

STA. 2.28E-05 2.39E-05 6.54E-06 7.74E-06 1.82E-05 7.90E-06 5.81E-06 5.71E-06 2.97E-06 1.02E-05

GEL  1% Pressure  (GPa) 

Points 1 2 3 4 5 6 7 8 9 10

5.83E-04 4.30E-04 5.48E-04 4.05E-04 7.02E-04 4.52E-04 4.46E-04 4.67E-04 5.01E-04 4.00E-04

5.08E-04 4.40E-04 3.87E-04 4.14E-04 6.25E-04 4.63E-04 4.52E-04 4.46E-04 5.76E-04 3.91E-04

5.28E-04 4.12E-04 3.93E-04 4.69E-04 4.69E-04 4.60E-04 4.63E-04 5.34E-04 4.05E-04 6.45E-04

5.38E-04 3.66E-04 4.83E-04 4.79E-04 4.22E-04 4.97E-04 5.43E-04 4.56E-04 5.01E-04 4.65E-04

4.85E-04 3.45E-04 6.51E-04 4.67E-04 5.00E-04 4.61E-04 4.82E-04 4.35E-04 5.04E-04 4.84E-04

AVRG. 4.80E-04 5.28E-04 3.99E-04 4.92E-04 4.47E-04 5.44E-04 4.66E-04 4.77E-04 4.68E-04 4.97E-04 4.77E-04

STA. 4.07E-05 3.69E-05 4.13E-05 1.11E-04 3.46E-05 1.16E-04 1.77E-05 3.92E-05 3.88E-05 6.08E-05 1.02E-04

GEL  2% Pressure  (GPa) 

Points 1 2 3 4 5 6 7 8 9 10

6.12E-04 5.26E-04 5.69E-04 5.20E-04 6.12E-04 4.78E-04 4.62E-04 7.02E-04 4.98E-04 6.20E-04

6.26E-04 5.28E-04 6.67E-04 6.52E-04 5.99E-04 4.12E-04 4.44E-04 6.67E-04 3.48E-04 6.17E-04

5.58E-04 5.91E-04 7.23E-04 6.00E-04 7.00E-04 4.79E-04 6.01E-04 5.68E-04 3.84E-04 6.36E-04

5.39E-04 4.95E-04 6.00E-04 6.13E-04 6.57E-04 3.89E-04 5.90E-04 6.81E-04 4.91E-04 6.08E-04

6.01E-04 5.11E-04 6.77E-04 5.34E-04 8.11E-04 3.15E-04 6.46E-04 8.23E-04 4.54E-04 6.58E-04

AVRG. 5.74E-04 5.87E-04 5.30E-04 6.47E-04 5.84E-04 6.76E-04 4.15E-04 5.49E-04 6.89E-04 4.35E-04 6.28E-04

STA. 9.38E-05 3.71E-05 3.66E-05 6.19E-05 5.54E-05 8.55E-05 6.85E-05 9.02E-05 9.12E-05 6.63E-05 1.96E-05

GEL  3% Pressure  (GPa) 
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Points 1 2 3 4 5 6 7 8 9 10

5.24E+00 6.04E+00 4.97E+00 4.90E+00 5.19E+00 Unsaved 5.44E+00 5.88E+00 5.42E+00 6.38E+00

5.17E+00 6.30E+00 4.86E+00 4.95E+00 5.43E+00 Unsaved 5.49E+00 6.08E+00 5.53E+00 6.23E+00

5.46E+00 5.73E+00 4.75E+00 4.46E+00 5.28E+00 Unsaved 5.07E+00 5.76E+00 5.56E+00 6.26E+00

5.06E+00 5.64E+00 4.99E+00 4.49E+00 5.60E+00 Unsaved 5.17E+00 6.53E+00 5.34E+00 6.32E+00

5.14E+00 5.90E+00 4.96E+00 4.95E+00 5.66E+00 Unsaved 5.09E+00 6.23E+00 5.35E+00 6.49E+00

AVRG. 5.48E+00 5.21E+00 5.92E+00 4.91E+00 4.75E+00 5.43E+00 5.25E+00 6.09E+00 5.44E+00 6.34E+00

STA. 5.36E-01 1.53E-01 2.62E-01 1.00E-01 2.53E-01 2.02E-01 1.98E-01 3.00E-01 1.02E-01 1.07E-01

GEL  1% (  Strain Rate )  S-1 at Speed  3 µm / S

Points 1 2 3 4 5 6 7 8 9 10

1.20E+01 1.32E+01 1.31E+01 1.28E+01 1.19E+01 1.42E+01 1.27E+01 1.25E+01 1.24E+01 1.11E+01

1.16E+01 1.30E+01 1.35E+01 1.22E+01 1.15E+01 1.45E+01 1.28E+01 1.16E+01 1.17E+01 1.24E+01

1.25E+01 1.32E+01 1.26E+01 1.26E+01 1.15E+01 1.33E+01 1.29E+01 1.30E+01 1.16E+01 1.31E+01

1.21E+01 1.23E+01 1.37E+01 1.30E+01 1.14E+01 1.36E+01 1.36E+01 1.20E+01 1.18E+01 1.26E+01

1.21E+01 1.33E+01 1.71E+01 1.24E+01 1.31E+01 1.31E+01 1.29E+01 1.20E+01 1.34E+01 1.27E+01

AVRG. 1.27E+01 1.21E+01 1.30E+01 1.40E+01 1.26E+01 1.19E+01 1.38E+01 1.30E+01 1.22E+01 1.22E+01 1.24E+01

STA. 7.19E-01 3.31E-01 3.94E-01 1.77E+00 2.92E-01 7.28E-01 5.66E-01 3.73E-01 5.69E-01 7.44E-01 7.47E-01

GEL  2% (  Strain Rate )  S-1 at Speed  3 µm / S

Points 1 2 3 4 5 6 7 8 9 10

1.42E+01 1.54E+01 1.43E+01 1.58E+01 1.40E+01 1.51E+01 1.46E+01 1.52E+01 1.52E+01 1.57E+01

1.43E+01 1.23E+01 1.51E+01 1.54E+01 1.48E+01 1.42E+01 1.46E+01 1.51E+01 1.59E+01 1.59E+01

1.39E+01 1.58E+01 1.44E+01 1.52E+01 1.40E+01 1.52E+01 1.54E+01 1.53E+01 1.41E+01 1.56E+01

1.38E+01 1.41E+01 1.36E+01 1.49E+01 1.57E+01 1.34E+01 1.57E+01 1.52E+01 1.53E+01 1.45E+01

1.39E+01 1.47E+01 1.29E+01 1.49E+01 1.48E+01 1.40E+01 1.65E+01 1.54E+01 1.53E+01 1.52E+01

AVRG. 1.48E+01 1.40E+01 1.44E+01 1.41E+01 1.52E+01 1.47E+01 1.44E+01 1.53E+01 1.53E+01 1.52E+01 1.54E+01

STA. 5.44E-01 2.05E-01 1.38E+00 8.09E-01 3.75E-01 7.24E-01 7.87E-01 8.26E-01 9.28E-02 6.38E-01 5.46E-01

GEL  3% (  Strain Rate )  S-1 at Speed  3 µm / S
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Gel wt% AVRG. STA. AVRG. STA. AVRG. STA. AVRG. STA.

GEL 1 1.00 0.0544 6.65E-03 1.10E+01 3.55E-01 5.48E+00 5.36E-01 1.10E+02 4.43E+01

GEL2 2.00 0.1201 1.05E-02 1.10E+01 1.22E+00 1.27E+01 7.19E-01 4.80E+02 4.07E+01

GEL3 3.00 0.1175 1.34E-02 3.44E+00 5.86E-01 1.48E+01 5.44E-01 5.74E+02 9.38E+01

AVRG. 0.10 0.01 8.46E+00 7.21E-01 10.99 0.60 387.88 59.62

STA. 0.04 0.00 4.35E+00 4.49E-01 4.89 0.10 244.99 29.70

Gel wt% AVRG. STA. AVRG. STA. AVRG. STA. AVRG. STA.

GEL 1 1.00 469.03 105.78 1.83E-01 4.12E-02 6.71E-02 1.32E-02 -9.97E-01 1.64E-01

GEL2 2.00 2107.18 266.47 2.16E+00 2.73E-01 1.93E-01 1.20E-02 -3.09E+00 6.49E-01

GEL3 3.00 4736.31 468.19 1.38E+01 1.36E+00 3.45E-01 3.23E-02 -3.85E+00 5.92E-01

AVRG. 2437.50 280.15 5.38 0.56 0.20 0.02 -2.65 0.47

STA. 2152.73 181.59 7.36 0.71 0.14 0.01 1.48 0.27

Gel wt% AVRG. STA. AVRG. STA.

GEL 1 1.00 4.06 0.76 9.97E+01 2.14E+01

GEL2 2.00 15.90 1.35 5.06E+02 5.60E+01

GEL3 3.00 19.03 3.11 5.47E+02 3.04E+01

AVRG. 13.00 1.74 384.41 35.94

STA. 7.89 1.23 247.38 17.95

Pressure (kPa)

Summary of the Results

Summary of the Results
Samples  Hardness  (MPa) Uni. Hardness(kPa)

Samples Stiffness N/m  Reissner GPa Strain Rate (s
-1

)

Summary of the Results
Samples  Hysteresis nN.nm Hy/Vol (kPa) Plasticity Index Adh. F. (nN)
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