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ABSTRACT 

Atomic force microscopy (AFM) has widely been used for understanding of mechanical 

properties in conjunction with surface structure and topography at the nano-scale. To probe 

the mechanical properties using an AFM, a force-indentation curve that represents 

relationship between applied force by an AFM probe and deformation of a target specimens 

has generally been obtained. Then, force-indentation data can be interpreted based on a 

contact model to determine the mechanical properties of target specimen. However, 

measurements of the mechanical properties from a force-indentation curve is not always 

straightforward. To improve the accuracy of mechanical properties measurements using 

AFM force-indentation curves, systematic approach based on understanding of the 

interaction between AFM probe and specimen is considerably needed. 

 In this research, effect of tip shapes on nanomechanical properties measurement using 

AFM was systematically investigated. The force-indentation curves were obtained using 

different AFM probes with spherical and flat-ended tips, and conical tips with rounded 

apexes with an aim to provide useful information for selection of the probe and for better 

interpretation of force-indentation data. These probes were modeled as a sphere, flat punch, 

and hyperboloid, respectively, after careful characterization to determine the elastic 

modulus based on contact models. The effect of friction-induced hysteresis in the force-

indentation curve was also experimentally observed and discussed. It was found that the 

flat ended tip was prone to misalignment between the tip flat end and specimen surface. 

The imperfect contact in turn caused difficulty in interpretation of force-indentation data 

based on the contact model. In addition, a hysteresis was consistently observed in force-

indentation data obtained using the spherical tip and the conical tips with rounded apexes, 

feasibly due to effect of friction between the tip and specimen. As a result, a significant 



x 
 

different (up to 100%) between elastic moduli determined from extension and retraction 

curves were observed when the force-indentation data was interpreted using the contact 

model. Considering that uncertainties associated with tip shape, friction, and force and 

indentation measurements, the probe with relatively large tip radius (e.g., ~ 30 nm) and 

minimal spring constant was recommended for mechanical properties measurement of 

specimen with a few GPa elastic modulus. 

 Based on the understanding of the effects of tip shape and friction on the force-

indentation data, AFM force-indentation curves were used to quantitatively determine the 

nanomechanical properties of polymer binders for lithium-ion batteries (LIBs). In 

particular, the effect of electrolyte on the mechanical properties of polymer binders were 

systematically investigated. The experimental results showed that the mechanical 

properties of polymer binders in electrolyte were smaller by factors of 3–259 than those in 

air, likely due to swelling of polymer. It was also found that the effect of electrolyte on the 

surface roughness may be dependent on the structure of the polymer specimens. In addition, 

significant hysteresis was observed in the force-indentation curves obtained in air due to 

effect of friction, however, this effect was negligible for data obtained in electrolyte which 

may be due to significant decrease in friction characteristics of the specimens. The results 

suggest that understanding of the friction characteristics of the system may be helpful to 

minimize or avoid the friction-induced hysteresis in force-indentation curves for more 

accurate measurement of the mechanical properties. The outcomes also provide useful 

information for development of polymer binders for improved electrochemical stability of 

electrodes for LIBs based on understanding of the effects of electrolyte on material 

properties of polymer binders. In addition, the approach of this work can also be used for 

mechanical properties measurements of soft materials using AFM with improved accuracy.  
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 As a widely used approach to characterize the nanomechanical properties of biological 

materials, AFM-based indentation technique was also used to understand the mechanical 

properties of fibrillar materials such as collagen. In particular, the structure of collagen 

fibrils was controlled into bundles by incorporating the sulfate anion during the 

polymerization process of collagen. The effects of structural change of collagen fibrils on 

their mechanical properties were then experimentally investigated using the AFM. Force-

indentation curves were obtained on individual collagen fibrils, as well as on matrices of 

collagen fibrils. The structures of specimens were also carefully observed and 

characterized, given that structural property is a key factor that may affect the mechanical 

properties of materials with fibrillar structures. It was shown that the width of collagen 

bundles increased with increasing concentration of sulfate anion. Also, the mechanical 

properties of the collagen matrices were found to be more dependent on the structure of 

matrix network than the mechanical properties of individual collagen fibrils alone. The 

approach may add in more accurate measurement of mechanical properties of biological 

materials using AFM. Also, the outcomes provide information to help understand the 

nanomechanical properties of collagen that can be sensed by cells and influence cell 

behavior. 
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Chapter 1 Introduction 

1.1 Background and motivation 

Quantitative understanding of mechanical properties of materials associated with their 

structures and surface morphology at nano-scale is of importance across broad spectrums 

of industrial, biomedical, and energy applications. For example, the cycling performance 

of lithium-ion batteries (LIBs) is dependent on the mechanical properties of polymer 

binders [1,2]. Also, the mechanical properties of collagen fibrils can play a critical role in 

determining cell behaviors [3]. Atomic force microscopy (AFM) has widely been used as 

a tool to measure the nanomechanical properties as well as to observe the surface 

topography with high spatial resolution based on the interactions between a sharp tip and a 

specimen. In addition, high sensitivity to small forces allows the AFM to non-destructive 

investigate materials with relatively low mechanical properties. Furthermore, the ability to 

perform experiments in controlled environments (e.g., temperature, humidity, liquid) of 

AFM is also an advantage for properties measurements of various materials. In this regard, 

the AFM has been extensively used to study the nanomechanical properties of various 

materials, especially soft materials such as polymers and biological materials [1-4].  

To probe the mechanical properties using an AFM, a force-indentation curve (or force 

spectroscopy) which represents the deformation of a target specimen with respect to an 

applied force is generally obtained. Then, mechanical properties such as elastic modulus 

can be determined from a relationship between applied force and deformation based on 

contact models [5]. In addition, mechanical properties of the target specimen can be 

determined from using a reference specimen or a set of reference specimens with accurately 

known mechanical properties [6,7]. Furthermore, various AFM-based techniques such as 

contact resonance force microscopy [8,9] and torsional harmonic AFM [10] have been 
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demonstrated for mapping of the mechanical properties. However, it is not always 

straightforward to accurately measure the nanomechanical properties using an AFM due to 

uncertainties that can be associated with tip characterization and data interpretation [4,11-

13], and interfacial behaviors between AFM tip and specimen [14-20]. Also, inappropriate 

force calibration procedures and instrumental uncertainties (e.g., hysteresis or creep of 

piezo scanner) of AFM can readily affect the measurement accuracy [21,22]. The 

motivation of this research is to gain better understanding of nanomechanical properties 

measurements using AFM. 

 

1.2 Objectives of the research 

In this research, the objective is to provide useful information for obtaining accurate 

nanomechanical properties measurements using AFM, based on better understanding of the 

interaction between AFM probe and specimen. To do so, force-indentation data was 

obtained using AFM tips with different shapes, with an aim to systematically investigate 

the effects of tip shape and friction on nanomechanical properties measurements. Based on 

the useful information attained from this investigation, the force-indentation curve was 

used to understand the mechanical properties of soft and biological materials. In particular, 

the nanomechanical properties of polymer binders for LIBs were quantitatively 

investigated to accumulate information for design of polymer binders for electrodes of LIBs 

with improved cycling stability. Also, as an application of AFM force-indentation curve 

measurements to biological materials, especially for materials with fibrillar structures, the 

nanomechanical properties of collagen matrices with different structures were assessed 

with an aim to gain better understanding on how cells sense and response to the changes in 
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structure and mechanical properties of collagen. The objective and scope of this research 

are summarized in Fig. 1.1. 

 

1.3 Organization of the research 

Following the introductory remarks of this chapter, chapter 2 summarizes the literature 

review about measurements of nanomechanical properties based on AFM force-indentation 

curves and related issues. Then, in chapter 3, the effects of tip shape and friction on 

nanomechanical properties measurements will be discussed. The aim is to provide useful 

information for probe selection and for a better understanding of force-indentation data 

regarding friction-induced hysteresis, which may be useful for more accurate 

nanomechanical property measurements using an AFM.  

Based on the approach used in chapter 3, in chapter 4, the nanomechanical properties 

in air and in electrolyte of various polymer binders for LIBs were quantitatively assesses 

Fig. 1.1. Objective and scope of this research. 
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using the AFM. The effect of friction on force-indentation curve measurements in air and 

in electrolyte is also discussed in this chapter. Furthermore, works of adhesion of polymer 

binders were quantitatively measured based on the contact model. In addition, the 

experimental procedure for force-indentation curve measurements in liquid environment 

using AFM is also presented. The results can be useful to gain a better understanding of the 

nanomechanical and adhesion properties of various polymer binders of LIBs and, therefore, 

provide useful information for selection of polymer binders. 

Chapter 5 presents the investigation of the nanomechanical properties of collagen. In 

particular, the force-indentation curves on individual collagen fibrils and matrices network 

of collagen fibrils with different structures were obtained and interpreted. Also, the 

mechanical properties of collagen specimens were correlated with their structures to 

understand the relationship between structural and mechanical properties. The results can 

provide further understanding of the effects of changes in collagen structures on cell 

behaviors. 

Chapter 6 presents the major conclusions of this research along with recommendations 

of future works. The approaches proposed in this work are expected to aid in useful 

information for accurate measurements of the nanomechanical properties of soft and 

biological materials. It is suggested that hysteresis due to friction should be avoided or 

minimized for accurate determination of elastic modulus from a force-distance curve 

obtained using an AFM. In addition, the discussions for AFM tip characterization and data 

interpretation, and the experimental procedure for data collection in liquid environment 

may be helpful to provide information for further studies on nanomechanical properties 

based on AFM force-indentation curve. 
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Chapter 2 Literature review 

2.1 AFM force-indentation curves 

A force-indentation curve is a graph that shows relationship between force experienced 

by AFM cantilever with respect to the deformation of a target specimen. To obtain the 

force-indentation curve, initially, the photo-detector output and displacement of piezo 

actuator should be recorded by approaching the tip and specimen towards each other until 

contact occur and then separate them. After that, photo-detector output-displacement curve 

will be converted into force-displacement curve using deflection sensitivity and spring 

constant of the cantilever. The force-displacement curve is then converted into force-

indentation curve by subtracting the cantilever deflection from the displacement. 

Figure 2.1 shows an example of AFM photo-detector output-displacement curve. The 

force calculated using deflection sensitivity and spring constant of the cantilever is also 

presented in Fig. 2.1. The curve can be separated into two parts based on the movement 

directions: extension curve in which the tip and specimen approach toward each other, and 

retraction curve in which the tip and specimen separate from each other. The extension and 

retraction curves then can be divided into three regions: the zero line, the discontinuities, 

and the contact regions [4]. As depicted in Fig. 2.1, there is no interaction when the tip is 

far from surface (region 1), the output signal from the photo-detector is equal to zero. 

Contact occurs when the gradient of the attractive force exceeds the force constant of the 

cantilever and causes abruptly snap of the cantilever onto the surface (point 2). In the 

contact regions (regions 3 and 5), the tip continues to move toward the specimen until a 

pre-determined output value (point 4). When the target point is reached, the tip starts to 

retract from the surface until the force constant of cantilever overcomes the pull-off force 

between the tip and specimen (point 6) and returns to the starting position (region 7). 
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Fig. 2.1. An example of photo-detector output and force with respect to displacement 

obtained using AFM. Force is calculated from photo-detector output using deflection 

sensitivity and spring constant of the cantilever. 

 

2.2 Nanomechanical properties measurements using AFM force-

indentation curves and related issues 

Measurement of mechanical properties using the force-indentation curve often involves 

a contact model that describes the contact geometry and interaction forces between a tip 

and a specimen. For example, to describe the contact between a spherical tip and specimen, 

Hertzian contact model [20] can be applied when the adhesion force is negligible. However, 

when the adhesion is significant, adhesive contact models should be used. For the case of 

large adhesion with large tip and compliant specimen, Johnson-Kendall-Roberts (JKR) 

model [21] can be applied. Also, Derjaguin-Muller-Toporov (DMT) model [22] is more 

appropriate for small adhesion with small tip and stiff specimen case. In addition, to 
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understand the contact geometry, the tip should be carefully characterized for appropriate 

selection of the contact model. Conventional AFM probes have a conical tip with a rounded 

apex, and the tip has often been modeled as spherical [23,24], parabolic [3,25], hyperbolic 

[26,27], and conical [28,29] shapes for force-indentation data analysis. In addition, a flat 

punch model can be used for commercialized AFM probes with flat ended tips or for AFM 

probes with a tip flattened due to wear [11]. The spherical model is generally employed for 

colloidal probes where a spherical particle is often attached to the probe to provide a 

controlled geometry [30,31]. Essentially, the AFM probe should be carefully selected in 

conjunction with measurement conditions (e.g., applied force and indentation) depending 

on the expected properties of a target material, so that the contact pressure is large enough 

for significant indentation within the elastic region to achieve high measurement accuracy 

and to justify calculation using a contact model [5,13]. The indentation depth should be 

significantly smaller than the tip radius when using the spherical contact model [32] and, 

therefore, a probe with a relatively large tip radius (e.g., colloidal probe) is often preferred 

to obtain a sufficiently large indentation. Also, the tip should be carefully characterized 

when using the parabolic contact model since an incorrect assumption on tip shape with a 

paraboloid may cause a relatively large uncertainty in the elastic modulus value when the 

indentation depth is large [12]. In addition, the indentation should be large enough to 

minimize the effect of the rounded apex when modeling the conventional AFM probe with 

a conical tip with a rounded apex as a cone. This suggests that a conical contact model 

could be more appropriate for soft materials. Furthermore, a flat-ended tip is susceptible to 

misalignment with respect to the specimen surface, which can cause significant 

measurement uncertainty due to imperfect contact and, therefore, it may be suitable for 

extremely flat specimens. In this regard, several studies have been presented to provide 

guidelines for mechanical property measurement using the force-indentation curve 
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[4,11,12]. However, it is not always straightforward to select an AFM probe appropriately 

for force-indentation curve measurements or to determine mechanical properties based on 

contact models. 

Interfacial behavior due to sliding contact between a tip and specimen, such as friction 

and wear, may significantly affect force-indentation data. For example, the change in tip 

shape due to wear causes changes in contact geometry between the tip and specimen, which 

further increases the uncertainty in interpretation using the contact model [14,15]. 

Considering that the wear rate of the tip increased with a decrease in the tip radius, the tip 

wear should be more carefully considered at the initial stage of contact, especially for the 

case of a sharper tip [33,34]. In addition, friction between the tip and specimen in the axial 

direction causes a torque that opposes the normal bending moment during force-

displacement curve measurements and, hence, the signal from the photo-detector can be 

underestimated and overestimated in extension and retraction curves, respectively [16-20]. 

Particularly, it was shown that friction coefficient can be determined simultaneously along 

with force calibration factor [18] or specimen stiffness [20] from the difference in extension 

and retraction curves. However, the effect of friction on the mechanical property 

measurements from force-indentation data has not been extensively explored yet. 
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Chapter 3 Effects of tip shape and friction on nanomechanical properties 

measurements 

3.1 Experimental details 

3.1.1 Materials 

In this chapter, force-indentation curves were obtained using four different AFM probes 

with spherical and flat-ended tips, and conical tips with rounded apexes. For the probe with 

the spherical tip (probe A), an Au spherical particle was attached on a tipless cantilever 

(TL-NCH, Nanosensors) using a room temperature curable two-components epoxy resin. 

To do this, the cantilever was first mounted onto the probe holder of the AFM. Also, epoxy 

resin was placed onto a microscope slide. A small amount of epoxy was then transferred to 

the end of the cantilever by slowly moving the cantilever into the epoxy region. After that, 

the cantilever with epoxy was used to pick up an Au spherical particle which was previously 

placed and located on the microscope slide (same microscope slide with the one used for 

epoxy). The spherical particle strongly adhered to the cantilever after 24 h of curing in room 

temperature. Also, the probe with a flat-ended tip (probe B) was prepared from contact 

sliding of a Si probe (AC160, Olympus) on a bare Si substrate to flatten the tip due to wear, 

as proposed in previous study [35]. The experimental parameters for the flattening process 

were determined based on the reported wear coefficients of the Si tip [36]. The sliding 

contact was performed under 9 μN normal force for 20 mm sliding distance on a bare Si 

substrate. In addition, a probe with an approximately 25-nm-thick metal (PtIr)-coated tip 

with a nominal radius of 20 nm (ATEC-EFM, Nanosensors) and a probe with a Si tip with 

a nominal radius of 7 nm (PPP-LFMR, Nanosensors) were used as manufactured (probes 

C and D, respectively). The nominal normal spring constants or flexural stiffnesses of 
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probes A, B, C, and D were 42 N/m, 26 N/m, 2.8 N/m, and 0.2 N/m, respectively. The AFM 

probes with these nominal flexural stiffnesses were selected to apply sufficient forces for 

measurable indentation during force-indentation curve measurements. The shapes of the 

tips were carefully characterized using a scanning electron microscopy (SEM) before force-

indentation curve measurements. The elastic moduli and Poisson’s ratios of Au (78 GPa 

and 0.42, respectively) [37] and Si (169 GPa and 0.3, respectively) [38] were taken from 

the literature for probe A, and probes B and D, respectively, to determine elastic moduli of 

the specimens based on contact models. For probe C, the elastic modulus and Poisson’s 

ratio of PtIr (190 GPa and 0.38, respectively) [39] were used for simplicity, considering 

that the deformation was expected to occur mainly at the end of the tip. 

Three different polymers, polyacrylic acid (PAA, 𝑀w  = 3,000,000 g/mol), 

polyvinylidene fluoride (PVDF, 𝑀w = 180,000 g/mol), and styrene-butadiene rubber (SBR, 𝑀w = 430,000 g/mol) were used as specimens to investigate the effect of friction on the 

mechanical property measurements from force-indentation data, given that friction-induced 

hysteresis may be significant for the specimens with low mechanical properties [30]. This 

was also expected to help minimize the change in the tip shape due to wear. These polymers 

were deposited onto Cu substrates using an automatic film applicator coater. Distilled water 

was used as a solvent for PAA and SBR, whereas n-methyl-2-pyrrolidone was used to 

dissolve PVDF. The solutions were deposited on Cu substrates using an automatic film 

applicator coater. After deposition, the specimens were dried in a convection oven at 60 C 

for 30 min and in a vacuum oven at 80 °C for 24 h to completely remove residual solvent. 

The thicknesses of the polymer films were about 5 μm. The topographies of the specimens 

were observed with intermittent contact mode of AFM using a Si probe (AC240, Olympus). 

Fig. 3.1 shows AFM topography images of the specimens. The semi-crystalline structure 
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represented by a dendrite crystalline phase [40] can be observed for PVDF specimen, while 

the structures of PAA and SBR specimens are expected to be amorphous. The periodic 

pattern can also be observed in the topography of the SBR specimen from Fig. 3.1, which 

may be associated with the ordered lattice structure of the latex surface [41]. The average 

surface roughnesses of the PAA, PVDF, and SBR specimens were calculated to be 3.9 ± 

0.4, 26 ± 5, and 2.6 ± 0.3 nm, respectively (mean ± 1 standard deviation), from the AFM 

topographic images obtained at five different locations with a 5 m × 5 m scanning area. 

The difference in structures of the specimens may be responsible for the difference in 

surface roughness values. Poisson’s ratios of PAA, PVDF, and SBR specimens taken from 

literature were used (0.4, 0.36, and 0.5, respectively) for the determination of elastic moduli 

based on contact models [42-44]. 

 

3.1.2 Methods 

A commercialized AFM (MFP-3D, Asylum Research, Santa Barbara, CA) was used 

to obtain force-displacement curves in ambient conditions. Initially, the probes were 

carefully aligned with the AFM coordinate system to eliminate sliding in lateral direction 

during force-displacement curve measurements. Force-displacement data was converted 

Fig. 3.1. AFM topography images of the (a) PAA, (b) PVDF, and (c) SBR specimens. 
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into force-indentation data by subtracting the cantilever deflection calculated using photo-

detector output and deflection sensitivity from the displacement measured using a sensor 

equipped with the AFM. The deflection sensitivity, 𝑆d, was determined from the slopes in 

more than ten force-displacement curves obtained on a bare Si substrate for each probe. In 

all force-displacement curves, the deflection sensitivity obtained from the retraction curve, 𝑆d,ret , was consistently greater than the deflection sensitivity obtained from extension 

curve, 𝑆d,ext, as shown in Fig. 3.2. This suggests that the difference between 𝑆d,ret and 𝑆d,ext is systematic, likely attributed to friction [17-20]. The differences between 𝑆d,ret and 𝑆d,ext were calculated to be on the scale of 3.9%, 0.7%, 1.1%, and 2.4% for probes A, B, 

C, and D, respectively. To compensate for this difference, the 𝑆d  of the probes was 

determined by taking the mean of 𝑆d,ret and 𝑆d,ext [19]. 𝑆d values of probes A, B, C, and D 

were determined to be 11.7 ± 0.1 V/μm, 16.7 ± 0.1 V/μm, 11.6 ± 0.1 V/μm, and 13.6 ± 0.1 

V/μm, respectively. For probes A and D, the differences between 𝑆d,ret and 𝑆d,ext were 

found to be larger by factors of 4 and 5 than statistical uncertainties in Sd, respectively. In 

contrast, the differences between 𝑆d,ret and 𝑆d,ext for probes B and C are comparable to the 

statistical uncertainties of 𝑆d. It can be seen that the uncertainty associated with the friction 

could be relatively small, but it was often present even in the data obtained from the bare 

Si surface. Also, the differences can be clearly observed when the cantilever deflection was 

subtracted from displacement, as shown in Fig. 3.2 (b). 

The flexural stiffnesses, 𝑘N, of the probes were obtained from thermal noise method 

[45] prior to force-indentation curve measurements. 𝑘N values of probes A, B, C, and D 

were determined to be 44 ± 1 N/m, 46 ± 2 N/m, 2.0 ± 0.1 N/m, and 0.60 ± 0.01 N/m, 
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respectively, from ten measurements. The maximum normal forces for probes A, B, C, and  

D were set to be about 1.6 N, 1 N, 50 nN, and 20 nN, respectively, so that indentations 

were measurable using an AFM without plastic deformation. Given that the indentations 

were a few orders of magnitude smaller than the thickness of the polymer thin films (~5 

μm), the effect of the substrate on force-indentation data can be neglected. The time-

dependent behavior of polymer specimens was outside the scope of this work and, 

therefore, the speed was kept at a relatively low constant of 100 nm/s to minimize the effect 

of viscous behavior during force-indentation curve measurements. The entire indentation 

time was approximately 1 second with a speed of 100 nm/s, which is significantly lower 

Fig. 3.2. Photo-detector output with respect to (a) displacement and (b) indentation 

obtained using probes A, B, C, and D against a bare Si substrate. In (b), cantilever deflection 

was determined using the photo-detector output and mean of deflection sensitivities from 

extension and retraction curves ( 𝑺𝐝,𝐞𝐱𝐭  and 𝑺𝐝,𝐫𝐞𝐭 , respectively), and indentation was 

obtained by subtracting the cantilever deflection from piezo displacement. 
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than the relaxation time of similar types of polymers used in this work [46-48], and 

therefore the viscoelastic behavior during indentation was likely to be negligible [49]. In 

addition, no substantial difference in the force-indentation data obtained at various speeds 

ranging from 50 nm/s to 500 nm/s, as shown in Fig. 3.3. This suggests that viscoelastic 

behavior of the specimens was not significant for the experimental conditions used in this 

work. 

A total of 64 force-indentation curves were obtained on randomly selected locations 

with a 5 µm × 5 µm scanning area for each specimen. After the force-indentation curve 

measurements, AFM images of the indentation locations on the specimens were examined  

Fig. 3.3. Force-indentation curves of the (a) PAA, (b) PVDF, and (c) SBR specimens 

obtained at speeds ranging from 50 nm/s to 500 nm/s using probe D. 
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Fig. 3.4. AFM images of the PAA, PVDF, and SBR specimens before and after force-

indentation curve measurements using probes (a) C and (b) D. AFM images after the 

measurements subtracted from those obtained before the measurements were included for 

comparison. 
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to determine whether plastic deformation occurred, as can be observed in Fig. 3.4. The data 

in Fig. 3.4 clearly show that no significant residual deformation was observed on the 

specimens after force-indentation curve measurements for the cases of probes C and D, 

where contact pressures were relatively high. Hence, elastic contact between the tips and 

the specimens during force-indentation curve measurements was assumed. The contact 

model was carefully selected depending on tip shape, as described in the following section, 

and the elastic moduli of the specimens were obtained from both extension and retraction 

curves. In addition, the elastic moduli of the specimens were obtained using instrumented 

indentation (UNHT3, Anton Paar) for comparison [50,51]. Maximum normal force, loading 

rate, and holding time were set to be 50 μN, 10 μN/min, and 30 sec, respectively, for the 

instrumented indentation. 

 

3.2 Probe with spherical tip 

 Figure 3.5 (a) shows SEM images of probe A. It can be clearly observed from Fig. 3.5 

(a) that the Au particle glued on the cantilever was quite spherical. The radius of the tip of 

probe A was determined to be about of 7.6 m. Figure 3.5 (b) shows the force-indentation 

curves obtained from the PAA, PVDF, and SBR specimens using probe A. As shown, the 

pull-off force is significant for all specimens. Also, as shown in Fig. 3.5 (b), the indentation 

depths of the specimens ranged from 2.0 nm to 7.4 nm and were significantly smaller than 

the tip radius of probe A. In this regard, the JKR model was used to calculate elastic 

modulus from the data obtained using probe A. For a sphere making contact with an elastic 

substrate, the relationship between the force, 𝐹, and the indentation, 𝛿, can be obtained 

from Eqs. (3.1) and (3.2), based on the JKR model [52].  
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where 𝑎 is the contact radius, 𝑅 is the tip radius of the probe, 𝐸∗  is the reduced elastic 

modulus, and 𝛾 is the work of adhesion. 𝐸∗ can be determined from Eq. (3.3). 

where 𝐸t and 𝐸s are the elastic moduli, 𝜈t and 𝜈s are the Poisson’s ratios of the tip and the 

specimen, respectively. 𝐸∗and 𝛾 can be determined from the curve fitting using Eqs. (3.1) 

and (3.2) [53,54], and then 𝐸s could be obtained using Eq. (3.3). 𝛾 can also be obtained 

separately from the pull-off force using Eq. (3.4), based on the JKR model. 

The JKR model fits obtained using Eqs. (3.1) and (3.2) are presented in Fig. 3.5 (b). It 

can be clearly seen from Fig. 3.5 (b) that differences between the extension and retraction 

curves were significant for all specimens. Plastic deformation and viscoelastic behavior 

were not likely to be significant during the force-indentation curve measurements. Also, 

the displacement was directly measured using a sensor equipped with the AFM and, 

therefore, effect of hysteresis or creep of the piezo scanner on the force-indentation data 

was not a significant concern. Thus, it was plausible that the difference between the 

extension and retraction curves shown in Fig. 3.5 (b) can be mainly attributed to friction. 

Friction generates a torque that opposes the normal bending moment, which causes 

underestimation and overestimation of the deflection signal from the photo-detector (y-

axis) in the extension and retraction curves, respectively [16-20]. This results in additional 

overestimation and underestimation of indentation in the extension and retraction curves, 

𝑎3 =  3𝑅4𝐸∗ (𝐹 + 3𝛾𝜋𝑅 + √6𝛾𝜋𝑅𝐹 + (3𝛾𝜋𝑅)2) (3.1) 

𝛿 = 𝑎2𝑅 − √2𝛾𝜋𝑎𝐸∗  (3.2) 

1𝐸∗ =  1 − 𝜈t2𝐸t + 1 − 𝜈s2𝐸s  (3.3) 

𝐹pull−off =  − 32 𝛾𝜋𝑅. (3.4) 
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respectively, when indentation is obtained by subtracting the cantilever deflection from the 

displacement. Hence, the difference between the extension and retraction curves, attributed 

to the friction, becomes more significant due to the conversion of force-displacement data 

into force-indentation data. 𝐸s was approximated by taking the mean of the elastic moduli 

determined from the extension and retraction curves, 𝐸s,ext and  𝐸s,ret, respectively, by 

assuming that the effect of friction is equal and opposite between the extension and 

retraction data [19].  

 Figure 3.5 (b) shows that JKR model fits agreed well with both extension and retraction 

curves for all specimens. Also, no significant signs of plastic deformation [5] were observed 

from the figure. From the data shown in Fig. 3.5 (b), 𝐸s,ext and 𝐸s,ret were calculated to be 

2.4 GPa and 5.1 GPa, 0.5 GPa and 1.5 GPa, and 1.2 GPa and 2.9 GPa for the PAA, PVDF, 

and SBR specimens, respectively. As expected, the differences between 𝐸s,ext and 𝐸s,ret 
were calculated to be about 71%, 97%, and 84% for the PAA, PVDF, and SBR specimens, 

respectively. Figure 3.5 (c) shows histograms of 𝐸s  values determined from 64 force-

Fig. 3.5. (a) SEM images of probe A, and (b) force-indentation curves, and (c) histograms 

of mean elastic modulus of the PAA, PVDF, and SBR specimens obtained using probe A. 
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indentation curves obtained using probe A, for the PAA, PVDF, and SBR specimens. The 

averages of 𝐸s values of the PAA, PVDF, and SBR specimens were calculated to be 4.2 ± 

2.0 GPa, 1.2 ± 0.7 GPa, and 2.4 ± 1.0 GPa, respectively. 𝑎 values were estimated to be 190 

± 30 nm, 270 ± 30 nm, and 250 ± 20 nm for the PAA, PVDF, and SBR specimens, 

respectively. Mean contact pressures for PAA, PVDF, and SBR specimens were calculated 

to be 15 ± 4 MPa, 7 ± 2 MPa, and 8 ± 1 MPa, respectively, under a normal force of 1.6 N. 

 

3.3 Probe with flat ended tip 

 SEM images of probe B are provided in Fig. 3.6 (a). As shown, the tip of probe B was 

quite flat with an inclination of about 11. This inclination was likely due to the probe 

mounting angle in the AFM system, and it was expected to help achieve better contact 

between the flat end of the tip and the specimens. Also, the flat end of the tip was quite 

Fig. 3.6. (a) SEM images of probe B, and (b) force-indentation curves of the PAA, PVDF, 

and SBR specimens obtained using probe B. 
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clean and no significant wear debris were observed. The radius of the flat end of the tip, 

which corresponds to 𝑎, was determined to be 1.1 m from the SEM image shown in Fig. 

3.6 (a). Figure 3.6 (b) shows force-indentation curves obtained from the PAA, PVDF, and 

SBR specimens using probe B. For a flat tip making contact with an elastic substrate, the 

relationship between the force and indentation is expected to be linear [55]. However, it 

was clearly seen from Fig. 3.6 (b) that the slope increased with increasing indentation. In 

particular, the increase in slope was gradual at the initial stage of contact. This outcome 

may be associated with the misalignment between the flat end of the tip and the specimen 

surface, as observed for instrumented indentation [56], probably due to the specimen 

surface roughness and misalignment of the probe relative to the AFM coordinate system. 

The contact area was likely to increase with increasing indentation due to the misalignment, 

which in turn resulted in an increase in the slope. In addition, it is worthy to note that the 

misalignment could lead to local plastic deformation of the specimen near the edge of the 

tip [57]. The data shown in Fig. 3.6 (b) suggests the possible occurrence of plastic 

deformation although the experiments were carefully performed to eliminate the plastic 

deformation. Hence, it was difficult to determine 𝐸s values from the force-indentation data 

presented in Fig. 3.6 (b) using a contact model for a flat tip. This outcome suggests that a 

probe with a flat tip was not recommended for nanomechanical property measurements of 

even relatively soft materials with a few nm average surface roughness. 

 The hysteresis in the force-indentation curves was also found to be more significant for 

probe B than for probe A, probably due to the misalignment between the flat tip of probe 

B and the specimen surface. Also, the forms of force-indentation curves obtained using 

probe B were quite different from those obtained using probe A. It is interesting to note 

that the hysteresis was more significant for the PVDF specimen than for PAA and SBR 
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specimens. The larger surface roughness of PVDF may be partly responsible for this 

outcome. Consequently, it was difficult to address the contribution of friction to hysteresis 

in force-indentation curves for the case of probe B. The contact pressure calculated using 

the radius of the flat end of the tip was about 6 MPa under a normal force of 1.0 N. 

However, the actual contact pressure was expected to be larger than this value due to the 

misalignment. 

 

3.4 Probe with conical tips with rounded apexes 

SEM images of probe C are presented in Fig. 3.7 (a) along with a hyperbolic profile. 

As can be seen from Fig. 3.7 (a), the hyperbolic profile was found to well represent the tip 

shape of probe C. For adhesive contact between a hyperboloid and an elastic substrate, the 

relationship between 𝐹 and 𝛿 can be obtained from Eqs. (3.5) and (3.6) for adhesive contact 

[27].  

In Eqs. (3.5) and (3.6), 𝐴 = 𝑅𝑐𝑜𝑡(𝛼), and 𝛼 is half of apex angle. For probe C, 𝑅 and 𝛼 were determined to be 30 nm and 15, respectively, from the data shown in Fig. 3.7 (a). 𝐸∗ and 𝛾 also could be determined from curve fitting based on Eqs. (3.5) and (3.6) [27], 

similar to the JKR model, and then 𝐸s could be determined using Eq. (3.3). It should be 

noted that the inclination of the tip with respect to the specimen surface, 𝜑, was about 19 

𝛿 = 𝑎𝐴2𝑅 [𝜋2 + 𝑎𝑟𝑐𝑠𝑖𝑛 ((𝑎/𝐴)2 − 1(𝑎/𝐴)2 + 1)] − (2𝑎𝜋𝛾𝐸∗ )1/2
 (3.5) 

𝐹 = 2𝐸∗ [ 𝐴2𝑅 [𝑎𝐴 + 𝑎2 − 𝐴22 (𝜋2 + 𝑎𝑟𝑐𝑠𝑖𝑛 ((𝑎/𝐴)2 − 1(𝑎/𝐴)2 + 1))]
− 𝑎 (2𝑎𝜋𝛾𝐸∗ )1/2]. (3.6) 
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due to the mounting angle of the probe and inclination of the tip with respect to the 

cantilever, as shown in Fig. 3.7 (a).  

Figure 3.7 (b) shows force-indentation data of the PAA, PVDF, and SBR specimens 

obtained with probe C and the model fits obtained using Eqs. (3.5) and (3.6). It can be seen 

from Fig. 3.7 (b) that force-indentation data consistently agreed with the hyperbolic model 

fits through the entire indentation, without significant signs of plastic deformation [5].  

Similar to the case of probe A, significant differences in the extension and retraction curves 

were also observed in the data obtained using probe C, as shown in Fig. 3.7 (b). 𝐸s,ext and 𝐸s,ret were calculated to be 3.2 GPa and 4.1 GPa, 1.0 GPa and 1.6 GPa, and 2.5 GPa and 

3.7 GPa for the PAA, PVDF, and SBR specimens, respectively, from the data shown in 

Fig. 3.7 (b). The differences in 𝐸s,ext and 𝐸s,ret were determined to be about 26%, 45%, 

and 37% for the PAA, PVDF, and SBR specimens, respectively. Figure 3.7 (c) shows the 

histograms of 𝐸s determined from 64 force-indentation curves. From the data shown in the 

figure, the averages of 𝐸s values were calculated to be 3.6 ± 1.0 GPa, 1.2 ± 0.8 GPa, and 

Fig. 3.7. (a) SEM images of probe C, and (b) force-indentation curves, and (c) histograms 

of mean elastic modulus of the PAA, PVDF, and SBR specimens obtained using probe C. 
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2.8 ± 0.8 GPa for the PAA, PVDF, and SBR specimens, respectively. 𝑎 was determined to 

be relatively large (14 ± 1 nm, 18 ± 3 nm, and 14 ± 1 nm for the PAA, PVDF, and SBR 

specimens, respectively) considering the 𝑅 of probe C (~ 30 nm), which further indicates 

that the hyperbolic model was more appropriate than the spherical model [19,54]. The 

estimated mean contact pressures were about 90 ± 20 MPa, 60 ± 10 MPa, and 80 ± 10 MPa 

for the PAA, PVDF, and SBR specimens, respectively. The higher contact pressures for 

probe C were due to a smaller tip radius compared to probe A despite the smaller 

indentation depths (1.2 nm to 4.3 nm) as shown in Fig. 3.7 (b). 

SEM images of probe D along with the hyperbolic profile are shown in Fig. 3.8 (a). 

The hyperbolic profile well described the conical shape with a round apex of the tip of 

probe D, similar to that of probe C. However, the uncertainties in 𝑅 and 𝛼 were relatively 

large for probe D compared with probe C due to the limitations of SEM images. Hence, 𝑅 

and 𝛼 were carefully obtained by considering the upper and lower bounds of 𝑅 and 𝛼, as 

shown in Figs. 3.8 (b) and 3.8 (c), respectively, determined from a rigorous comparison of 

Fig. 3.8. (a) SEM images of probe D and (b) upper and (c) lower bounds of tip radius and 

half apex angle of probe D determined from the SEM image considering the blurring 

boundary. 
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the hyperbolic profile and SEM image. As result, 𝑅 and 𝛼 of probe D were determined to 

be 9 nm and 13, respectively, as shown in Fig. 3.8 (a). The conical profile is also presented 

in Fig. 3.8 (a) for comparison. In contrast to the hyperbolic profile, the conical profile did 

not agree with the tip shape of probe D due to the round apex of the tip. In particular, 

considering that the distance between the ends of the actual tip and the conical profile was 

about 25 nm, the conical model should be applied when indentation depth is significantly 

larger than 25 nm. Since the indentation depth was smaller than 5 nm for probe D, the force-

indentation data were interpreted using the hyperbolic model. Also, φ for probe D was 

determined to be about 11 when it was mounted in the AFM.  

Force-indentation curves obtained using probe D and the model fits obtained using 

Eqs. (3.5) and (3.6) are shown in Fig. 3.9 (a). It should be noted that abnormal force-

indentation curves, which are likely to be associated with pinning of the tip [17,18], were 

often observed for the case of probe D, as shown in Fig. 3.10. The occurrence of pinning 

Fig. 3.9. (a) Force-indentation curves and (b) histograms of mean elastic modulus of the 

PAA, PVDF, and SBR specimens obtained using probe D. 
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might be associated with adhesion between the tip and specimen, surface roughness of the 

specimen, and degree of deformation [17]. These force-indentation data were not used in 

the determination of elastic modulus. From Fig. 3.9 (a), difference between extension and 

retraction curves were clearly observed for probe D, consistent with the results from probes 

A and C. From the data shown in Fig. 3.9 (a), 𝐸s,ext and 𝐸s,ret were calculated to be 2.1 

GPa and 2.7 GPa, 0.9 GPa and 1.3 GPa, and 1.7 GPa and 2.5 GPa, which correspond to 

25%, 37%, and 36% differences for the PAA, PVDF, and SBR specimens, respectively. 

Figure 3.9 (b) shows the histograms of 𝐸s values determined from 35, 39, and 41 force-

indentation curves obtained using probe D for the PAA, PVDF, and SBR specimens, 

respectively. The averages of 𝐸s were calculated to be 2.5 ± 0.5 GPa, 0.9 ± 0.5 GPa, and 

1.9 ± 0.4 GPa for the PAA, PVDF, and SBR specimens, respectively. 𝑎 (7 ± 1 nm, 8 ± 1 

nm, and 7 ± 1 nm for the PAA, PVDF, and SBR specimens, respectively) was comparable 

to 𝑅 of probe D, which suggests that the hyperbolic model was more suitable than the 

spherical model for more accurate determination of 𝐸s [32,58]. The mean contact pressures 

(150 ± 30 MPa, 100 ± 20 MPa, and 130 ± 30 MPa for the PAA, PVDF, and SBR specimens, 

respectively) were calculated to be relatively larger than those obtained using probes A and 

C, as expected. 

Fig. 3.10. Examples of abnormal force-indentation curves obtained from the (a) PAA, (b) 

PVDF, and (c) SBR specimens using probe D.  
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3.5 Comparison of measurement results 

 𝐸s,ext, 𝐸s,ret, and 𝐸s values obtained using probes A, C, and D are summarized in Table 

3.1. 𝐸s values determined using the instrumented indentation were also provided in Table 

3.1. The results generally showed that 𝐸s values were found to agree with each other within 

experimental uncertainties for all specimens. Also, the 𝐸s values of the PAA and PVDF 

specimens obtained from this work were in agreement with those in previous studies [1,2]. 

The elastic moduli determined from this work for the SBR specimen were greater than the 

elastic modulus of the bulk [59], which may be associated with differences in fabrication 

method and conditions, and dependence on the measurement scale, as is often observed in 

literature [60]. Examples of force-indentation curves from the instrumented indentation are 

shown in Fig. 3.11. The 𝐸s values of PAA, PVDF, and SBR specimens determined using 

the instrumented indentation were 5 ± 2 GPa, 1.7 ± 0.7 GPa, and 3.3 ± 0.7 GPa, 

respectively. 𝐸s  obtained from instrumented indentation were lightly larger values than 

those obtained using the AFM, likely attributed to the differences in measurement scale and 

conditions. However, the 𝐸s  values obtained from the AFM and the instrumented 

indentation was found to generally agree with each other within experimental uncertainty. 

As shown in Table 3.1, 𝐸s measurement results exhibited large deviations, as generally 

observed for polymers [1,2,24]. A plausible explanation of this result is local variation in 

the elastic properties due to disorder in the amorphous structure of the polymer. As for the 

PVDF specimen with a semi-crystalline structure, the difference in elastic properties 

between crystalline and amorphous phases may also be responsible for large data scattering. 

Nevertheless, comparison of 𝐸s  values suggests that the effect of friction can be 

compensated for by taking the mean of 𝐸s,ext and 𝐸s,ret.
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Table  3.1 Summary of the elastic moduli determined for the PAA, PVDF, and SBR specimens. 

 

a Difference between elastic moduli calculated from the extension and retraction curves was determined using the equation 
(𝐸s,ret−𝐸s,ext)×100% 𝐸s . 

Specimen 

AFM  
Instrumented 

indentation 

Probe A 

 
Probe C Probe D In air 

𝐸𝑠,ext (GPa) 𝐸s,ret (GPa) 

Differencea 

(%) 
𝐸s (GPa) 

𝐸s,ext (GPa) 𝐸s,ret (GPa) 

Differencea 

(%) 
𝐸s (GPa) 

𝐸s,ext (GPa) 𝐸s,ret (GPa) 

Differencea 

(%) 
𝐸s (GPa) 𝐸s (GPa) 

PAA 
2.7 ± 1.6 

5.7 ± 2.7 
70 4.2 ± 2.0 

3.3 ± 1.0 

4.0 ± 1.1 
22 3.6 ± 1.0 

2.2 ± 0.5 

2.9 ± 0.5 
26 2.5 ± 0.5 5 ± 2 

PVDF 
0.6 ± 0.3 

1.8 ± 1.3 
100 1.2 ± 0.7 

1.0 ± 0.6 

1.5 ± 1.0 
42 1.2 ± 0.8 

0.7 ± 0.4 

1.1 ± 0.6 
43 0.9 ± 0.5 1.7 ± 0.7 

SBR 
1.4 ± 0.7 

3.4 ± 1.4 
81 2.4 ± 1.0 

2.4 ± 0.7 

3.3 ± 1.0 
32 2.8 ± 0.8 

1.6 ± 0.3 

2.2 ± 0.5 
33 1.9 ± 0.4 3.3 ± 0.7 
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  The use of the probe with a large tip radius is helpful to apply a large force and 

indentation under a low contact pressure. Hence, using the probe with a large tip radius 

decreases the probability of plastic deformation and reduces uncertainties associated with 

force and displacement measurements using an AFM. To compare the relative uncertainty 

in the displacement measurement, residuals between actual indentation data and model fits 

were normalized by indentation depth, as shown in Fig. 3.12. It can be seen from the figure 

that fluctuations in the data were significantly smaller for probe A than for probes C and 

D. This indicates that the precision of indentation data obtained using probe A was greater 

than the data obtained using probes C and D. In addition, the contact pressures estimated 

from contact models were smaller for probe A than for probes C and D, as expected, which 

is preferred for minimization of plastic deformation due to high stress. It should also be 

noted that commercialized AFM probes often have an inclination in the tip to specimen 

surface (φ), as shown in Figs. 3.7 (a) and 3.8 (a). Since the tip with a large radius can be 

modeled as a sphere for relatively large indentation depths, uncertainty associated with this 

tip inclination can be reduced, while the uncertainty in indentation measurement is 

Fig. 3.11. Force-indentation curves of the PAA, PVDF, and SBR specimens obtained from 

instrumented indentation. 
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maintained. Furthermore, the tip with a large radius may plausibly exhibit lower wear 

progression during force-indentation curve measurements [33,34].  Another advantage of 

the probe with the large tip radius is the relatively small uncertainty in tip characterization, 

as can be seen Figs. 3.5 (a) and 3.7 (a). In contrast, the probe with smaller tip radius is 

preferred for the measurement of elastic modulus with high lateral resolution. It is worthy 

noting that the estimated contact radii from contact models were orders of magnitude larger 

for probe A than probes C and D. Hence, probe A is not recommended for mechanical 

property measurements with high lateral resolution. Thus, a probe with a tip radius of a few 

tens of nanometers could be recommended to map elastic modulus associated with surface 

microstructures for the specimen with a few GPa elastic modulus. 

 The hysteresis in force-displacement curves due to friction can depend on the flexural 

stiffnesses of the AFM probe and specimen [20]. To investigate the effects of the stiffnesses 

of the AFM probe and specimen, the ratio 𝐸s,ret/𝐸s,ext is plotted as a function of the ratio 𝑘con/𝑘N, where 𝑘con = 2𝑎𝐸∗ is the contact stiffness obtained from the contact model at 

Fig. 3.12. Residuals between indentation data and model fits normalized by the indentation 

depth for probes (a) A, (b) C, and (c) D. 
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the maximum normal force, as shown in Fig. 3.13. It should be noted that the contact 

stiffness generally increases due to increase in contact radius as normal force increases. 

Therefore 𝑘con should be considered as the upper bound of contact stiffness. The friction 

characteristics between tip and specimen, and tip height can further determine the friction-

induced torque, and therefore it can affect 𝐸s,ret/𝐸s,ext, as well [17,18,20]. However, as 

shown in Fig. 3.14, the friction loop measurement results showed that friction 

characteristics of the specimens sliding against a given tip were quite similar to each other 

and that the tip heights of probes A, C, and D were quite similar to each other. Figure 3.13 

shows that 𝐸s,ret/𝐸s,ext generally decreased as 𝑘con/𝑘N increased for each probe, which is 

consistent with previous study [20]. This indicates that the difference between 𝐸s,ext and 𝐸s,ret may be more significant for softer specimens. It can also be seen from the figure that 𝐸s,ret/𝐸s,ext was generally larger for probe A than probes C, and D. Probably, relatively 

large friction between the tip of probe A and the specimens (associated with a large 

adhesion force due to the large tip radius) may be responsible for this outcome. In addition, 

the decrease in 𝐸s,ret/𝐸s,ext with increasing 𝑘con/𝑘N was found to be relatively small for 

Fig. 3.13. Ratio of elastic moduli of the specimens determined from the extension and 

retraction curves, 𝑬𝐬,𝐫𝐞𝐭/𝑬𝐬,𝐞𝐱𝐭, as a function of the ratio of contact stiffness to flexural 

stiffness of probes, 𝒌𝐜𝐨𝐧/𝒌𝐍. 
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probe A, compared to probes C and D. These outcomes suggest that probe A may not be 

preferred for the specimens used in this work. In this regard, probes for elastic modulus 

measurements should be carefully selected to minimize the hysteresis associated with 

friction, particularly for soft materials with high friction characteristics. For example, 

contact stiffness can readily increase with increasing tip radius due to increase in contact 

radius and, therefore, a probe with a large tip radius may be preferred. However, the probe 

with a larger tip radius can exhibit larger adhesion, which in turn could cause an increase 

in friction. In addition, for a probe with a large tip radius, the relatively large normal force 

should be applied for sufficient indentation depth and, therefore, the probe should have a 

large flexural stiffness. Hence, a probe with a minimal flexural stiffness is recommended 

as long as it can apply sufficient force.  

 The results suggest that hysteresis due to friction should be avoided or minimized as 

much as possible for accurate determination of elastic modulus from a force-indentation 

curve obtained using an AFM. Also, it should be noted that the adhesive contact model 

without friction was used for the interpretation of force-indentation data, due to a lack of 

an adhesive contact model that consider friction. This in turn can cause systematic 

Fig. 3.14. Examples of friction loops of the PAA, PVDF, and SBR specimens slid against 

a Si probe under a 10 nN normal force. 
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uncertainty in the elastic modulus due to frictional energy dissipation. In addition, the 

effects of contact conditions (e.g., inclination of tip to specimen surface) on the occurrence 

of hysteresis should be systematically investigated. In this regard, theoretical approaches 

are needed to compensate for the effect of friction on force-indentation data in future work. 

Furthermore, the effect of tip shape on nanomechanical properties measurements, 

associated with the friction effect, should be investigated more rigorously using specimens 

with a wide range of mechanical and frictional properties. Nevertheless, the outcomes may 

be useful for probe selection and for a better understanding of force-indentation data 

regarding friction-induced hysteresis, which may be useful for more accurate 

nanomechanical property measurements using an AFM. 

 

3.6 Summary 

 In this chapter, force-indentation data were obtained using four different AFM probes 

with spherical and flat-ended tips, and conical tips with rounded apexes. The data were 

interpreted to determine the elastic moduli of the specimens based on the adhesive contact 

models. PAA, PVDF, and SBR specimens were used as specimens. The probe with a flat 

ended tip was prone to misalignment even with the specimen with a few nm of surface 

roughness and, therefore, it could not measure the elastic moduli of the specimens. The 

probes with the spherical tip and conical tips with rounded apexes, which could be modeled 

as spherical and hyperbolic, respectively, exhibited a significant difference between the 

extension and retraction curves, plausibly associated with the friction between the tip and 

the specimen. The difference between extension and retraction curves was found to further 

propagate during conversion from force-displacement data to force-indentation data. As a 

result, the difference between the elastic moduli of the specimens determined from 
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extension and retraction curves was as large as 22 – 100%. The elastic modulus of the 

specimen was approximated by taking mean values between the elastic moduli from 

extension and retraction curves. This elastic modulus was found to generally agree with 

those from instrumented indentation. In addition, although the elastic moduli obtained 

using the probes with spherical tip and conical tips with rounded apexes agreed with each 

other within experimental uncertainties, the probe with a relatively large tip radius (e.g., ~ 

30 nm) was recommended for mechanical property measurement of the specimens used in 

this work (i.e., specimens with a few GPa elastic moduli), considering the uncertainties 

associated with tip characterization, and force and indentation measurements. Furthermore, 

it was shown that the difference between elastic moduli determined from extension and 

retraction curves became significant when the ratio of contact stiffness to flexural stiffness 

of the AFM probe decreased. The outcome is expected to provide useful information for 

accurate mechanical property measurements using an AFM. 
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Chapter 4 Nanomechanical properties measurements of polymer binders 

for lithium-ion batteries 

4.1 Introduction and objectives 

Si has been proposed as a potential candidate for anode material in LIBs due to the high 

theoretical specific capacity [61]. However, the Si anodes exhibit a large volume expansion 

and contraction during the lithiation and delithiation processes (i.e., charge and discharge 

processes) of LIBs [62]. The stress induced by volume change can degrade the mechanical 

integrity of the anode, which in turn leads to anode fracture and delamination [63]. Such 

degradation may also affect the electrical contact of Si particles with conducting additives, 

leading to drastic capacity fading of LIBs. Polymer binder is used to maintain the 

mechanical integrity of the anode by sustaining the contact between Si particles, conductive 

additives, and current collector during lithiation and delithiation processes, leading to 

enhanced cycling stability of LIBs. Also, polymer binders with enhanced mechanical 

properties are desirable to further improve the mechanical integrity and, thus, increase the 

electrochemical stability of electrodes for LIBs [1,2,64-66].  

Extensive efforts (e.g., cross-linking [64], heat treatment [65], and functionalization 

[66]) have been made to improve the mechanical properties of polymer binders to enhance 

the mechanical integrity of electrodes for LIBs. In addition, given that the electrolyte 

solution is a constituent component of LIBs, the effects of electrolyte on material properties 

of polymer binders have been also investigated. Previous studies have shown that the 

mechanical properties of polymers can be significantly altered by immersion in electrolyte 

solution compared to those in dry states due to swelling of the polymers in electrolyte 

[67,68]. However, the effects of electrolyte on the mechanical properties of polymer 
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binders may vary significantly depending on types of polymer and electrolyte solution 

[1,2,68]. Hence, for proper implementation of polymers as a binder for LIBs, the effects of 

electrolyte on the mechanical properties of polymer binders should be systematically 

investigated across a wide spectrum of polymer binders and electrolytes. In particular, 

considering that Si particles with a size of a few tens of nm have often been used in anodes 

for LIBs [1,69], assessment of the nanomechanical properties of polymer binders is needed 

for better insight into the interactions between polymer binder and electrode components 

such as Si particles, conductive additives, and current collector.  

In addition to the mechanical properties, the adhesion property of a polymer binder may 

also play a critical role since sufficient binding strength between polymer binder and 

electrode components is needed to maintain contact during the lithiation and delithiation 

processes of LIBs. It has been demonstrated that polymer binders with improved initial 

adhesion result in prolonged cycling stability of LIBs [70,71]. It was also shown that 

adhesion of polymer binders decreases after they contact electrolyte and during the charge 

and discharge processes [69,72]. In this regard, adhesion should be considered a crucial 

property of polymer binders, and further quantitative assessment of adhesion is needed for 

appropriate selection of polymer binders for LIBs.  

AFM has been widely used to measure the nanomechanical and adhesion properties of 

polymer binders [1,2,73,74]. For example, the nanomechanical and adhesion properties of 

a target specimen can be determined from force-indentation data based on contact models. 

For accurate measurement of the elastic modulus and intrinsic adhesion properties, the 

AFM probe tip should be carefully characterized. A colloidal probe can provide a controlled 

geometry [30] and, therefore, contribute to minimize the uncertainty associated with tip 

characterization. Also, the colloidal probe can provide relatively large force and indentation 
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in elastic region during force-indentation curve measurement to justify calculation using 

the contact model. As a result, uncertainties in the measurements of force and displacement 

can be reduced [5,13]. In particular, a colloidal probe may be preferred for measurement of 

the elastic modulus of soft materials since a relatively low contact pressure can be applied 

under a given force, which is expected to be helpful in observation of electrolyte-induced 

reduction in the mechanical properties of polymer binders. The uncertainty associated with 

wear progression of the probe tip [33,34] is likely to be negligible for a colloidal probe. 

Furthermore, given that the effect of friction on force-indentation data was more clearly 

observed using the colloidal probe (chapter 3), in this chapter, use of the colloid tip is 

expected to provide useful information about the friction effect in different environments 

(e.g., in air and electrolyte). 

In this chapter, the nanomechanical and adhesion properties of five different polymer 

binders were quantitatively assessed using colloidal probe AFM. In particular, the effects 

of electrolyte on surface and mechanical properties of polymer binders were experimentally 

investigated. The effect of friction on force-indentation curve measurement is also 

discussed. Furthermore, work of adhesion of polymer binders was quantitatively assessed 

based on the contact model. For the specimens, polyacrylic acid (PAA), polyacrylonitrile 

(PAN), polyvinyl alcohol (PVA), and carboxymethyl cellulose (CMC) were used because 

they are potential binder candidates in LIBs. A conventional binder, polyvinylidene 

fluoride (PVDF), was also evaluated. In addition, the reduced elastic moduli of the 

specimens were compared with capacity retention of LIBs to understand the relationship 

between mechanical properties of polymer binders and electrochemical performance of 

LIBs. The results present in this chapter can be useful to gain a better understanding of the 

nanomechanical and adhesion properties of various polymer binders for LIBs and, 
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therefore, provide useful information for selection of polymer binders. Furthermore, the 

approaches used in this chapter are expected to result in accurate measurements of the 

nanomechanical properties of soft materials. 

 

4.2 Experimental details 

4.2.1 Materials 

In this chapter, four different polymers, PAA (𝑀w = 3,000,000 g/mol), PAN (𝑀w = 

150,000 g/mol), CMC (𝑀w  = 150,000 g/mol), and high molecular weight PVA, were 

selected considering their potential applicability as a binder for LIBs. Also, high molecular 

weight PVDF (𝑀w = 1,000,000 g/mol), which is conventionally used as a polymer binder 

in LIBs, was evaluated. The substitution degree of the CMC used in this work was about 1. 

Also, PVA was prepared with a degree of saponification of 94%, given that it showed 

enhanced cycling stability [69]. The molecular weights of the CMC and PVDF used in this 

work were comparable to those of commercial CMC and PVDF used as binders in LIBs. 

Also, the PAA, PAN, and PVA with relatively high molecular weights were selected, given 

that a high molecular weight polymer may be preferred for improved mechanical property 

and strong adhesion. The deposition process of polymers on Cu substrates is as 

aforementioned (section 3.1.1). In brief, distilled water was used as a solvent for PAA, 

PVA, and CMC, whereas n-methyl-2-pyrrolidone was used to dissolve PAN and PVDF. 

After deposition on Cu substrates using an automatic film applicator coater, the specimens 

were dried in a convection oven at 60 C for 30 min and in a vacuum oven at 80 °C for 24 

h. The thicknesses of the polymer films were about 5 μm. The electrolyte solution used in 

this work was composed of 1 M LiPF6 dissolved in 1:1:1 ethylene carbonate:dimethyl 
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carbonate:ethyl methyl carbonate by volume, which is similar to conventional electrolytes 

used in LIBs.  

Colloidal probes were prepared for force-indentation curve measurements. Details of 

the procedure for preparing the colloidal probe are given in section 3.1.1. Briefly, Au 

spherical particle was glued onto the tip-less probe with a nominal normal spring constant 

of 42 N/m (TL-NCH, Nanosensors). Also, a colloidal probe prepared using an AFM probe 

with a nominal normal spring constant of 2 N/m (AC240, Olympus) was used for force-

indentation curve measurements of PVDF specimen in electrolyte, given that the elastic 

modulus of PVDF in electrolyte was remarkably small. The radii of the Au spherical 

particles ranged from 7 m to 9 m. The radius of Au spherical particles and the normal 

spring constant of the probe were carefully selected to apply sufficient normal forces to 

result in large enough indentation depths within the elastic region during force-indentation 

curve measurements, such that the uncertainties of the force and displacement using AFM 

can be reduced [5,13]. 

 

4.2.2 Methods 

AFM measurements were performed using a commercial AFM (MFP-3D, Asylum 

Research). After measurements were performed under ambient conditions (23-25 °C, 35-

40 % relative humidity), the specimens were immersed in electrolyte for 12 h. Then, the 

specimens were allowed to equilibrate for 2 h in electrolyte using a closed fluid cell before 

data was collected to minimize the uncertainties associated with thermal drift of AFM [75]. 

A total of 64 force-displacement curves were obtained using the colloidal probes at 

randomly selected locations over a 5 µm × 5 µm scan area for each specimen in air and in 
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electrolyte. The force-displacement data were converted into force-indentation data by 

subtracting cantilever deflection from displacement. Then, the spherical contact model was 

used to obtain the reduced elastic moduli for the specimens. The reduced elastic moduli 

were calculated using both extension and retraction curves of the force-indentation data, 

given that friction could cause hysteresis in force-indentation data [16-20]. To understand 

the effects of electrolyte on the surface structures of the polymer binders, topographic 

images were obtained in air and in electrolyte in intermittent contact mode using a Si probe 

(AC240, Olympus). The root-mean-square surface roughness, 𝑅q, was also obtained from 

AFM topographic data obtained at five locations with a scan area of 5 µm × 5 µm.  

Displacement was measured using a sensor equipped as part of the AFM. Also, for 

quantitative force measurement, normal force calibration was performed based on the 

thermal noise method [45] prior to force-indentation curve measurements. The deflection 

sensitivity, 𝑆d , in air was determined from more than 10 force-displacement curves 

obtained from a bare Si substrate under ambient conditions. Particularly, 𝑆d  was 

determined from the average slopes of extension and retraction curves in the force-

displacement data to minimize the uncertainty associated with friction [19]. The 𝑆d values 

of the colloidal probes prepared using TL-NCH and AC240 were calculated to be 16.5 ± 

0.1 V/μm and 17.5 ± 0.1 V/μm, respectively, in air. The normal spring constant values, 𝑘N, 

of the colloidal probes prepared using TL-NCH and AC240 were determined to be 51 ± 2 

N/m and 1.34 ± 0.05 N/m, respectively, from 10 thermal noise spectra obtained in air. Since 

the location of the laser spot on the probe should be readjusted for measurement in 

electrolyte, the value of 𝑆d  in electrolyte was separately determined from force-

displacement curves obtained on a bare Si substrate in electrolyte. Similar to the 𝑆d 

determination in air, 𝑆d  in electrolyte was determined from the mean slopes of the 
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extension and retraction curves. However, the effect of friction on force-displacement data 

was found to be negligible in electrolyte. The 𝑆d values of the colloidal probes prepared 

using TL-NCH and AC240 were determined to be 12.1 ± 0.1 V/μm and 21.3 ± 0.1 V/μm, 

respectively, in electrolyte. It should be noted that 𝑆d can also be obtained from a simple 

harmonic oscillator model using a thermal noise spectrum obtained in electrolyte when the 

spring constant is known [76]. The 𝑆d values of the colloidal probes prepared using TL-

NCH and AC240 were calculated to be 13.8 ± 0.3 V/μm and 21.2 ± 0.1 V/μm, respectively, 

from 10 thermal noise spectra obtained in electrolyte. The difference between the 𝑆d values 

determined from the force-displacement curve and thermal noise spectra in electrolyte was 

as large as 13%. It is likely that the 𝑆d value determined from the force-displacement curve 

is more accurate than that obtained from the thermal noise spectrum, considering the 

uncertainties associated with the correction factor in estimation of 𝑆d  from the thermal 

noise spectrum [77,78] . However, this result also suggests that the 𝑆d value estimated from 

the thermal noise spectrum in electrolyte can be used, depending on allowed uncertainty in 

the normal force measurement, for cases where the tip should be protected from contact 

before an experiment. 

Normal forces up to 1.6 μN were applied during the force-indentation curve 

measurements in air. However, the maximum normal force was set to 0.9 μN for the PAA, 

PAN, PVA, and CMC specimens and to 24 nN for the PVDF specimen during force-

indentation curve measurements in electrolyte. These maximum normal force values were 

determined to obtain a relatively large indentation depth within the elastic region, 

depending on the specimens. Since the time-dependent behavior of polymer specimens is 

not within the scope of this work, the speed was kept constant at 100 nm/s to minimize the 

effect of the viscous contribution during force-indentation curve measurements. The total 



41 
 

time for each force-indentation curve measurement was about 1 second, which is 

significantly faster than the relaxation time of similar types of polymers used in this work 

[46,47,79-81]. As a result, the viscoelastic behavior during indentation is likely to be 

negligible [49].  

To clearly understand the effect of friction on force-indentation data [16-20], friction 

loops were also obtained in air and in electrolyte. The friction loops of the specimens were 

obtained using a Si probe with a nominal normal spring constant of 0.2 N/m (PPP-LFMR, 

Nanosensors). The 𝑘N  value of the probe used for friction loop measurement was 

determined to be 0.16 ± 0.01 N/m using the thermal noise method [45]. For friction loop 

measurement, lateral force calibration was separately performed in air and in electrolyte 

based on the improved wedge method under various normal forces [82,83]. The lateral 

force sensitivity, 𝑆L, of the probe used for friction loop measurements was 7.31 mV/nN in 

air and 10.17 mV/nN in electrolyte. More than 8 friction loops were obtained at different 

locations on each specimen, with a normal force of 10 nN and a sliding speed of 300 nm/s. 

The reduced elastic moduli of the specimens were determined from instrumented 

indentation (UNHT3, Anton Paar) for comparison. The instrumented indentation was 

performed with a maximum normal force of 500 μN, a loading rate of 100 μN/min, and a 

holding time of 60 sec, at up to 10 different locations of the specimens. Then, the reduced 

elastic moduli of the specimens were obtained from force-indentation data based on the 

Oliver-Pharr method [50].  
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4.3 Surface structures 

 Figure 4.1 (a) shows topography images of the specimens obtained in air along with the 

cross-sectional height profiles of the specimens. The topography images and cross-

sectional height profiles show that the surface structures of the specimens were different. 

The semi-crystalline structure represented by a dendrite crystalline phase was observed for 

PVDF specimen, while PAA, PAN, PVA, and CMC specimens were expected to have an 

Fig. 4.1. AFM images of the PAA, PAN, PVA, CMC, and PVDF specimens obtained in 

(a) air and (b) electrolyte, and (c) RMS surface roughnesses of the specimens in air and 

electrolyte. 
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amorphous structure. Interestingly, small pits that likely formed during the fabrication 

process were found on the surface of the CMC specimen, as shown in Fig. 4.1 (a). To 

understand the effects of electrolyte on the surface structures of specimens, topographic 

images of the specimens were also obtained in electrolyte, as shown in Fig. 4.1 (b). In 

general, the surface structures of the PAA, PAN, CMC, and PVDF specimens were not 

significantly altered due to immersion in electrolyte, as can be determined from Figs. 4.1 

(a) and (b). However, a difference in surface structures of the PVA specimens in air and in 

electrolyte was observed.  

 The 𝑅q values of the specimens in air and in electrolyte are summarized in Fig. 4.1 (c), 

which shows that the surface roughness increased for the PAA, PAN, PVA, and CMC 

specimens and slightly decreased for the PVDF specimen. The 𝑅q values of the PAA, PAN, 

PVA, CMC, and PVDF specimens in air were calculated to be 11 ± 2 nm, 26 ± 1 nm, 19 ± 

1 nm, 13 ± 5 nm, and 32 ± 14 nm, respectively. The 𝑅q values of the PAA, PAN, PVA, 

CMC, and PVDF specimens in electrolyte were determined to be 17 ± 1 nm, 29 ±1 nm, 32 

± 5 nm, 20 ± 9 nm, and 29 ± 8 nm, respectively. The increases in 𝑅q values of the PAA, 

PAN, PVA, and CMC specimens in electrolyte were calculated to be 55%, 12%, 68%, and 

54%, respectively, compared to those in air. The increases in surface roughness can be 

attributed to swelling of the amorphous polymer in electrolyte [84-86]. Also, the more 

significant increase in surface roughness of PVA may be associated with the change in 

surface structure observed in Figs. 4.1 (a) and (b). In contrast to the PAA, PAN, PVA, and 

CMC specimens, the 𝑅q value of the PVDF specimen in electrolyte was found to be 9% 

smaller than in air. The different effects of electrolyte on the surface roughness may 

originate from the dependence of the swelling behavior on the polymer structure (e.g., 

amorphous and crystalline) [85,87,88]. For a semi-crystalline polymer such as PVDF, 
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diffusion of solvent molecules from electrolyte into the polymer structure may cause 

unfolding and subsequent disentanglement of polymer chains in the crystalline phase. 

Therefore, a gradual transition from crystalline to amorphous phase can occur [87,88], 

resulting in a decrease in surface roughness [89]. Hence, the increase in surface roughness 

in electrolyte can feasibly be cancelled out due to the crystalline-to-amorphous phase 

transition. It is worthy to note that polymer binders with an amorphous structure can 

provide enhanced cycling performance, given that an amorphous polymer may provide 

more uniform coverage for the Si particles [90]. In addition, a polymer binder with a low 

surface roughness can be preferred to increase the surface coverage between the polymer 

binder and electrode components, which may further contribute to enhanced adhesion. In 

this regard, the PAA and CMC specimens with relatively low surface roughness in 

electrolyte may be advantageous. 

 

4.4 Nanomechanical and adhesion properties 

4.4.1 Measurement results in air 

Figure 4.2 (a) shows the force-indentation curves obtained for the PAA, PAN, PVA, 

CMC, and PVDF specimens in air. As can be seen from the figure, a significant difference 

between extension and retraction curves was observed for all specimens. No significant 

sign of plastic deformation was observed in the extension and retraction curves [5]. Also, 

the viscoelastic behavior was likely to be negligible for the conditions employed in this 

work. In addition, hysteresis from the piezo-actuator was not likely to be significant, given 

that the displacement was measured using a sensor equipped as part of the AFM during 

force-indentation curve measurements. Therefore, it was likely that the difference between 
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the extension and retraction curves was mainly due to friction, as mentioned in the previous 

chapter. Assuming that the effect of friction is equal and opposite between the extension 

and retraction data [19], the reduced elastic modulus for the specimen was approximated 

using the mean elastic moduli obtained from the extension and retraction curves.  

From the data shown in Fig. 4.2 (a), the pull-off force was found to be significant for 

all specimens. Also, the indentation depths of the specimens ranged from 2.5 nm to 6.8 nm 

for the given measurement conditions, which is significantly smaller than the tip radius of 

the colloid probe. Therefore, to interpret the data, the use of an adhesive contact model for 

the spherical tip is justified. In this regard, the JKR model was used to analyze the force-

indentation data obtained in air. Also, since the elastic modulus of Au was significantly 

larger than that of the polymer specimens used, 𝐸∗ can be approximated using Eq (4.1). 

1𝐸∗ ≈  1 − 𝜈s2𝐸s . (4.1) 

Fig. 4.2. (a) Force-indentation curves and (b) histograms of the means of reduced elastic 

moduli determined from extension and retraction curves for the PAA, PAN, PVA, CMC, 

and PVDF specimens in air. 
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From the fit results shown in Fig. 4.2 (a), it can be seen that the JKR model fits agreed 

with the force-indentation data for all specimens. The reduced elastic moduli determined 

from the extension and retraction curves, 𝐸ext∗  and 𝐸ret∗ , were calculated to be 2.0 GPa and 

4.9 GPa, 0.6 GPa and 1.5 GPa, 0.8 GPa and 2.1 GPa, 2.4 GPa and 6.8 GPa, and 0.7 GPa 

and 2.0 GPa for the PAA, PAN, PVA, CMC, and PVDF specimens, respectively, using the 

data shown in Fig. 4.2 (a). The differences between 𝐸ext∗  and 𝐸ret∗  were calculated to be 

about 82%, 81%, 87%, 95%, and 94% for the PAA, PAN, PVA, CMC, and PVDF 

specimens, respectively. Figure 4.2 (b) shows the histograms of 𝐸∗ approximated as the 

mean of 𝐸ext∗  and 𝐸ret∗  from 64 force-indentation curves of the PAA, PAN, PVA, CMC, and 

PVDF specimens. The average 𝐸∗ values were calculated to be 3.3 ± 1.3 GPa, 1.1 ± 0.4 

GPa, 1.4 ± 0.4 GPa, 5.0 ± 2.5 GPa, and 1.4 ± 0.6 GPa for the PAA, PAN, PVA, CMC, and 

PVDF specimens, respectively. The mean contact pressures under maximum normal force 

were calculated to be 7 ± 1 MPa, 7 ± 1 MPa, 6 ± 1 MPa, 8 ± 3 MPa, and 6 ± 1 MPa for the 

PAA, PAN, PVA, CMC, and PVDF specimens, respectively. The low values of contact 

pressure suggest that plastic deformation was not likely during force-indentation curve 

measurements. 

As mentioned in the previous chapter (section 3.2), 𝛾 can be obtained from curve fitting 

and from the pull-off force based on the JKR model. The 𝛾  values of the specimens 

obtained from 64 extension and retraction curves using curve fitting are summarized in Fig. 

4.3. Also, the values of 𝛾 determined from the pull-off forces are included in Fig. 4.3 for 

comparison. The average values of 𝛾 determined from extension curve fits were 34 ± 25 

mJ/m2, 2 ± 1 mJ/m2, 7 ± 5 mJ/m2, 58 ± 24 mJ/m2, and 6 ± 4 mJ/m2 for the PAA, PAN, 

PVA, CMC, and PVDF specimens, respectively. Also, the average values of 𝛾 obtained 

from retraction curve fits were calculated to be 53 ± 26 mJ/m2, 6 ± 3 mJ/m2, 19 ± 10 mJ/m2, 
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72 ± 23 mJ/m2, and 23 ± 12 mJ/m2 for the PAA, PAN, PVA, CMC, and PVDF specimens, 

respectively. The 𝛾 values obtained from the retraction curve fits were generally larger than 

those obtained from the extension curve fits, as expected.  The intrinsic mechanical and 

chemical irreversibility in adhesion and decohesion processes may be responsible for the 

difference [50,53]. The 𝛾 values determined from the retraction curve fits were found to be 

in agreement with those obtained from the pull-off force, as is often observed for polymers 

[53,91]. From the data shown in Fig. 4.3, the PAA and CMC specimens exhibited relatively 

greater work of adhesion compared to the PAN, PVA, and PVDF specimens. This suggests 

that the PAA and CMC specimens can feasibly provide stronger adhesion properties, which 

may be helpful for use as a polymer binder [69]. 

 

4.4.2 Measurement results in electrolyte 

 Figure 4.4 (a) shows the force-indentation curves obtained for the PAA, PAN, PVA, 

CMC, and PVDF specimens in electrolyte. As can be clearly seen from Fig. 4.4 (a), the 

Fig. 4.3. Works of adhesion of the PAA, PAN, PVA, CMC, and PVDF specimens 

determined from extension and retraction curve fits (𝑬𝐬∗ and 𝜸 are unknown parameters for 

curve fitting) and from the pull-off forces (Eq. (3.4)) based on the JKR model. 
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shapes of the force-indentation curves obtained in electrolyte significantly differed from 

those obtained in air. The slopes of the force curves gradually increased with increasing 

indentation and determination of the contact point was not straightforward. This outcome 

may be associated with the effect of repulsive interaction between the colloidal probe and 

specimen in electrolyte [92-95]. In addition, the adhesive interaction was likely eliminated 

by the repulsive interaction in electrolyte, and thus the pull-off force was not clearly 

observed for all specimens, as shown in Fig. 4.4 (a). Furthermore, in contrast to the force- 

indentation curves in air, no significant hysteresis was observed for the force-indentation 

curves in electrolyte, which suggests that the effect of friction on force-indentation data is 

negligible.  

Since no significant adhesion was observed and the indentation depths of specimens 

were substantially smaller than the tip radius, as shown in Fig. 4.4 (a), the Hertzian model 

[96] was used to obtain the reduced elastic moduli for the specimens in electrolyte. The 

Fig. 4.4. (a) Force-indentation curves and (b) histograms of the means of reduced elastic 

moduli determined from extension and retraction curves for the PAA, PAN, PVA, CMC, 

and PVDF specimens in electrolyte. 
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relationship between 𝐹 and 𝛿 can be obtained from Eq. (4.2), based on the Hertzian contact 

model. 

As aforementioned, determination of the contact point was not straightforward as a 

result of being associated with the effect of repulsive interaction in electrolyte. Hence, 

similar to previous studies [93,94], the contact point was determined as the onset of the 

compliance slope described by the Hertzian contact model, as shown in Fig. 4.4 (a). The 

curve fit was performed by increasing the offset from the maximum indentation depth until 

a significant discrepancy between the experimental data and model fit was observed. The 

data in Fig. 4.4 (a) show that the extension and retraction curves were in good agreement 

for all specimens, which suggests that elastic contact occurred during force-distance curve 

measurement [5]. Histograms of the 𝐸∗  values determined from 64 force-indentation 

curves are shown in Fig. 4.4 (b). The averages of 𝐸∗ were calculated to be 210 ± 70 MPa, 

220 ± 130 MPa, 410 ± 150 MPa, 140 ± 50 MPa, and 5.4 ± 2.6 MPa for the PAA, PAN, 

PVA, CMC, and PVDF specimens, respectively. The mean contact pressures were 

calculated to be 3 ± 1 MPa, 3 ± 1 MPa, 5 ± 1 MPa, 3 ± 1 MPa, and 0.08 ± 0.03 MPa for the 

PAA, PAN, PVA, CMC, and PVDF specimens, respectively. 

 

4.4.3 Effect of electrolyte 

Table 4.1 shows the summary of reduced elastic moduli determined for specimens in 

air and electrolyte using colloid probe AFM. As can be seen in Table 4.1, the differences 

between the 𝐸ext∗  and 𝐸ret∗  values in air were significant for all specimens and were 

calculated to be as large as 73−104%. However, the 𝐸ext∗  and 𝐸ret∗  values of all specimens 

𝐹 =  43 𝐸∗𝑅1/2𝛿3/2. (4.2) 
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in electrolyte agreed with each other within experimental uncertainty. These results suggest 

a significant difference in frictional behaviors of specimens in air and in electrolyte. To 

clearly understand the difference in frictional behaviors, the friction loops were obtained, 

as shown in Fig. 4.5. Figures 4.5 (a-e) show the friction loops of the specimens sliding 

against the Si probe under a 10 nN normal force in air and in electrolyte. The friction forces 

of the specimens under the given conditions are summarized for comparison in Fig. 4.5 (f). 

The data shown in Fig. 4.5 clearly demonstrate that friction was significantly smaller in 

electrolyte compared to in air. The friction force under a 10 nN normal force decreased by 

66%, 73%, 81%, 41%, and 53% for the PAA, PAN, PVA, CMC, and PVDF specimens. 

The decrease in friction could be due to decreases in mechanical properties and adhesion 

force, which in turn cause a reduction in interfacial shear strength, as is often observed in 

the friction of polymer in liquid [97,98]. As friction between the tip and specimen 

decreases, hysteresis in the force-indentation curve weakens due to decrease in torque 

opposite the normal bending moment during extension and retraction curve measurements. 

Therefore, the difference between 𝐸ext∗  and 𝐸ret∗  values decreases with decreasing friction.
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Table  4.1 Summary of the reduced elastic moduli determined for the PAA, PAN, PVA, CMC, and PVDF specimens. 

Specimen 

 
AFM 

 

Instrumented 

indentation 

In air 

 

In electrolyte In air 

 𝐸ext∗  (GPa) 𝐸ret∗  (GPa) 
Differencea (%) 𝐸∗ (GPa) 

𝐸ext∗  (MPa) 𝐸ret∗  (MPa) 
Differencea (%) 𝐸∗ (MPa) 

 

𝐸∗ (GPa) 

PAA 
1.9 ± 0.5 

4.6 ± 2.2 
82 3.3 ± 1.3 

206 ± 70 

212 ± 70 
3 210 ± 70 3.8 ± 0.8 

PAN 
 0.7 ± 0.3 

1.5 ± 0.6 
73 1.1 ± 0.4  

217 ± 130 

223 ± 130 
3 220 ± 130  2.1 ± 0.6 

PVA 
 0.8 ± 0.2 

1.9 ± 0.7 
79 1.4 ± 0.4  

408 ± 150 

413 ± 150 
1 410 ± 150  2.2 ± 1.1 

CMC 
 2.4 ± 1.0 

7.6 ± 4.4 
104 5.0 ± 2.5  

138 ± 50 

140 ± 50 
1 140 ± 50  4.5 ± 1.5 

PVDF 
 0.8 ± 0.3 

2.0 ± 0.9 
86 1.4 ± 0.6  

5.0 ± 2.6 

5.8 ± 2.8 
15 5.4 ± 2.6  1.5 ± 0.4 

 

 a Difference between elastic moduli calculated from the extension and retraction curves was determined using the equation 
(𝐸ret∗ −𝐸ext∗ )×100% 𝐸∗ . 
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Figure 4.6 shows examples of force-indentation curves obtained from the instrumented 

indentation. The reduced elastic modulus values of the specimens determined using the 

instrumented indentation were provided in Table 4.1 for comparison. The reduced elastic 

moduli of the PAA, PAN, PVA, CMC, and PVDF specimens from the instrumented 

indentation (3.8 ± 0.8 GPa, 2.1 ± 0.6 GPa, 2.2 ± 1.1 GPa, 4.5 ± 1.5 GPa, and 1.5 ± 0.4 GPa, 

respectively) agreed with those from the AFM within experimental uncertainties. In 

general, the reduced elastic moduli determined for the specimens in air was also found to 

agree with those obtained from the literature [1,2,99,100]. In addition, the reduced elastic 

modulus for the PVDF specimen in electrolyte determined in this work agreed with results 

of previous studies [5,6]. However, the reduced elastic moduli for the PAA and CMC 

specimens in electrolyte determined in this work were smaller than those in the literature 

[1,2]. It is not surprising that the elastic properties of the specimens varied substantially in 

electrolyte, given that many factors such as fabrication method and conditions, molecular 

Fig. 4.5. Friction loops of the (a) PAA, (b) PAN, (c) PVA, (d) CMC, and (e) PVDF 

specimens, and (f) summary of the friction force of the specimen obtained under a 10 nN 

normal force in air and electrolyte. 
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weight of polymer, type of electrolyte solution, and immersion time in electrolyte can 

readily affect polymer swelling [67,68,101,102]. The values reported for elastic moduli of 

the PAN and PVA specimens in electrolyte are the first of which we are aware. The 

experimental results showed that the reduced elastic moduli for PAA, PAN, PVA, CMC, 

and PVDF in electrolyte decreased by factors of 16, 5, 3, 36, and 259, respectively, 

compared to those in air. Diffusion of solvent molecules from the electrolyte solution into 

the polymer structure during swelling may increase the mean distance and reduce the 

cohesive interactions between polymer chains, which lead to decreased mechanical 

properties in electrolyte [103]. Interestingly, the PAA and CMC specimens exhibited 

relatively larger reduced elastic moduli than the other specimens in air, while the reduced 

elastic modulus for PVA was the largest in electrolyte. It should also be noted that decrease 

in the reduced elastic modulus in electrolyte was most significant for the PVDF specimen 

compared to the other specimens. This outcome may be associated with the crystalline-to-

amorphous phase transition of PVDF in electrolyte, given that crystalline phase often 

exhibits a higher elastic modulus than the amorphous phase. Also, the polar-polar 

Fig. 4.6. Examples of force-indentation curves of the PAA, PAN, PVA, CMC, and PVDF 

specimens obtained using instrumented indentation. 
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interactions among functional groups in PAA, PAN, PVA, and CMC (i.e., carboxyl in 

PAA, nitrile in PAN, hydroxyl in PVA, and carboxyl and hydroxyl in CMC) may suppress 

the interaction between the polymer and the electrolyte, which leads to relatively small 

swelling. This may also be responsible for less decrease in the elastic moduli of PAA, PAN, 

PVA, and CMC specimens in electrolyte, compared to the PVDF specimen [1,2]. It is 

worthy to note that the molecular weight of polymer binder feasibly affects not only 

mechanical properties but also resistance to changes in mechanical properties [101]. 

However, it was difficult to explore these molecular weight effects using the specimens 

used in this work.  

To understand the relationship between mechanical properties of polymer binders and 

electrochemical performance of LIBs, the capacity retentions of Si anodes containing PAA, 

PAN, PVA, CMC, and PVDF binders were compared with 𝐸∗  values of specimens 

obtained in electrolyte, as shown in Fig. 4.7. The capacity retentions were estimated based 

on results reported in previous studies [69,104]. Capacity retentions for Si anodes 

Fig. 4.7. The capacity retention of Si anodes containing PAA, PAN, PVA, CMC, and 

PVDF binders after 50 charge/discharge cycles along with the reduced elastic moduli of 

the specimens in electrolyte. The capacity retention is defined as percentage ratio of the 

capacity after 50 charge/discharge cycles to the initial capacity. 



55 
 

containing PAA, PAN, PVA, CMC, and PVDF after 50 charge/discharge cycles were 38%, 

42%, 48%, 45%, and 2%, respectively. As shown in Fig. 4.7, high capacity retention was 

observed for PAA, PAN, PVA, and CMC specimens, associated with their large 𝐸∗ values, 

whereas PVDF exhibited fast capacity fading. The changes in mechanical properties of 

polymer binders were found to well correlate with the cycling performance of the Si anodes 

in LIBs, suggesting that understanding of mechanical properties of polymer binder in 

electrolyte is of importance to develop polymer binders for enhanced mechanical integrity 

of the electrode. Considering that a relatively large elastic moduli in electrolyte may be 

preferred for better electrochemical performance, the overall results suggest that the PAA, 

PAN, PVA, and CMC specimens may be more advantageous than PVDF, as observed in 

previous studies [1,2,105]. 

 It should be noted that the relationship between the mechanical properties of the 

polymer binder and the electrode performance should be more systematically investigated 

to develop a polymer binder with higher electrochemical stability for improved cycling 

performance [1,2]. Also, to gain better insight into the effects of electrolyte on the 

mechanical properties of the polymer binder, the effect of immersion time on the 

mechanical properties of the polymer binder needs to be explored for various types of 

electrolyte solutions, given that polymer swelling is a time- and solvent-dependent process 

[68,85,87,88,102]. The effect of molecular weight on resistance to change in the 

mechanical property of polymer binder in electrolyte needs to be clearly understood [101].  

Particularly, the frictional behaviors between the polymer binder and electrode components 

need to be clearly understood given that the sliding and shearing between the polymer 

binder and anode components may occur during volume expansion and contraction. 

Furthermore, better understanding of the adhesion properties between polymer binder and 
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electrode components in electrolyte may be needed [74]. Nevertheless, the experimental 

data presented in this work is expected to contribute to understanding of the effect of 

electrolyte on the mechanical properties of polymer binders and to provide useful 

information in the design of polymers as binders for enhanced electrochemical stability of 

electrodes for LIBs. In addition, the approach used in this chapter may be helpful for 

quantitative measurement of mechanical properties at the nano-scale. 

 

4.5 Summary 

 In this chapter, the nanomechanical properties of polymer binders of PAA, PAN, PVA, 

CMC, and PVDF were assessed in air and in electrolyte using AFM. To achieve controlled 

contact geometry with higher accuracy in force and displacement measurements, force-

indentation curves were obtained using colloidal probes. Force-indentation data were also 

interpreted using contact models to determine the reduced elastic moduli for the specimens. 

Significant hysteresis was observed in the force-indentation curves obtained in air, and the 

difference between elastic moduli determined from extension and retraction curves was as 

large as 73−104%, feasibly due to the effect of friction. However, the effect of friction on 

force-indentation curves obtained in electrolyte was negligible and can be associated with 

the significant decrease in friction characteristics of the specimens. The outcomes suggest 

that understanding of the friction characteristics of the system may be helpful to minimize 

or avoid the friction-induced hysteresis in force-indentation curves for more accurate 

measurement of the mechanical properties. The reduced elastic moduli approximated from 

the mean of reduced elastic moduli from extension and retraction curves for the PAA, PAN, 

PVA, CMC, and PVDF specimens were 3.3 ± 1.3 GPa, 1.1 ± 0.4 GPa, 1.4 ± 0.4 GPa, 5.0 

± 2.5 GPa, and 1.4 ± 0.6 GPa, respectively. The reduced elastic moduli after immersion in 
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electrolyte for about 14 h were determined to be 210 ± 70 MPa, 220 ± 130 MPa, 410 ± 150 

MPa, 140 ± 50 MPa, and 5.4 ± 2.6 MPa for the PAA, PAN, PVA, CMC, and PVDF 

specimens, respectively. The reduced elastic moduli in electrolyte were smaller by factors 

of 3−259 than those in air, likely because of swelling of polymer in electrolyte. It was also 

found that the effect of electrolyte on the surface roughness may be dependent on the 

structure of the polymer specimens. In addition, the adhesion properties of the specimens 

were assessed from the extension and retraction curves and from pull-off forces. The results 

suggest that PAA, PAN, PVA, and CMC may be more advantageous than PVDF in terms 

of mechanical properties. Furthermore, PAA and CMC can be more suitable for enhanced 

adhesion properties based on their lower surface roughness and greater work of adhesion. 

The outcomes in this chapter may be helpful to gain better understanding of the electrolyte 

on material properties of polymer binders and, therefore, be helpful to develop polymer 

binders for improved electrochemical stability of electrodes for LIBs. Furthermore, the 

approaches used in this chapter can be useful for accurate measurement of mechanical 

properties of soft materials at the nano-scale. 
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Chapter 5 Nanomechanical properties measurements of individual 

collagen fibrils and collagen matrices 

5.1 Introduction and objectives 

Collagen is one of the most abundant protein in human body that can be found in bones, 

muscles, skin, blood vessels, and connective tissues [106-108]. Matrices of collagen 

facilitate the cell behaviors such as proliferation, differentiation, and migration by using 

their topographical, biochemical, and mechanical cues [109,110]. For example, it has been 

reported that the mechanical properties of collagen matrices can be increased due to 

dehydration, leading to increases of cell spreading and proliferation [3,111]. It was also 

found that dehydration affect the topography of collagen matrices, which may affect cell 

behaviors [3]. In addition, the lateral stiffness of collagen matrices also plays an important 

role in cell sensing of the extracellular matrix (ECM) [112]. These results suggest that 

understanding of the mechanical properties of collagen is crucial in regulating the cell 

behaviors. 

Type I collagen is the dominant structural protein of the ECM which form fibrillar 

networks that provides strength, elasticity, and mechanical stability to the tissues [108]. In 

addition, the individual fibril width, length, stiffness, and matrix network structures of 

collagen I can be tailored into customized patterns, depending on the expected 

characteristics of cell culture platform. In this regard, matrices of collagen type I have been 

widely used in cell studies and cancer diagnostics [3,110,112-117]. For example, in human 

breast cancer, the third tumor-associated collagen signature can be identified through 

bundles of straightened and aligned collagen around the tumor [115-117]. The mechanical 

properties of collagen fibrils were also found to increase with progressive stage of cancer 
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[117]. To mimic the cancer pathological environment, it is of importance to find control 

the structures of collagen fibrils into bundles.  

Previous studies [110,113,114] have found that change in temperature during 

polymerization process can regulate the formation of collagen fibrils into bundles. Also, 

optimizations of pH and ionic strength during polymerization were found to play important 

roles in bundle formation [118,119]. However, the conventional methods to regulate bundle 

formation from collagen fibrils often require a relatively long polymerization time (e.g., 4 

h to 16 h) [110,114], which may be limited for application of the method in 3-dimensional 

cell culture since long polymerization time can cause cell death. In this chapter, a new 

method for regulating the structure of collagen matrix network at the nano-scale level is 

proposed. Bundle structure of collagen network is achieved by incorporating the sulfate 

anion during the polymerization process of collagen. The proposed method required 

relatively short polymerization time (about 30 min), which may be helpful to extent 

application of the method for various cell culture platform, as well as saving time and 

resources. In particular, the effects of structural change on the surface and mechanical 

properties of individual collagen fibrils and matrix networks of collagen were quantitatively 

assessed at the nano-scale using the AFM. The results present in this chapter can be used 

to gain a better understanding of the surface and nanomechanical properties of collagen 

which might be sensed by cells and influence cell behavior. In addition, the approach for 

characterization of the nanomechanical properties of collagen specimens in this chapter is 

expected to provide useful information for more accurate nanomechanical properties 

measurement of biological materials with fibrillar structures such as collagen based on 

understanding of relationship between their structure and mechanical properties. 
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5.2 Experimental details 

5.2.1 Preparation of collagen specimens 

Collagen specimens were prepared from rat tail collagen type I. In brief, the stock 

collagen solution was added to a mixture of 10X phosphate buffered saline (PBS) and 1N 

sodium hydroxide. Also, 20 μM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 

(HEPES) was added to the mixture to maintain the physiological ionic strength and pH at 

7.2-7.6. The volume of collagen solution was controlled by adding deionized water (DIW). 

The structure of collagen fibrils was modified by replacing a fraction of DIW with an acid-

base neutralization solution (N-solution) to archive the target concentration. The N-solution 

was prepared based on neutralization reaction of 1N sulfuric acid and 1N sodium 

hydroxide, which results in sodium sulfate and water. The final pH of N-solution was 7.4. 

Collagen specimens with modified structure were prepared by adding amounts of N-

solution equal to 20% and 50% of the final volume. For collagen matrix specimen 

preparation, the final concentration of collagen solutions was controlled at 1 mg/mL. Also, 

0.1 mg/mL collagen solutions were prepared for individual fibril measurements. Collagen 

solutions were prepared and kept on ice to prevent un-controlled polymerization. Finally, 

the collagen solution was polymerized for 30 min at 37 °C in a CO2 incubator.  

Collagen specimens for AFM measurements of individual fibrils were prepared as 

previously described [120]. Briefly, 20 μL of the polymerized collagen solution with the 

concentration of 0.1 mg/mL was placed on a microscope slide. After 20 minutes, the 

specimen was gently rinsed using DIW to remove unattached material and salt residues. 

The specimens for force-indentation curve measurements were then covered with 1X PBS, 

before use in AFM measurements. Also, for AFM topographical imaging in air, specimens 
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were dried for 24 h at room temperature. To prepare collagen matrices AFM force-

indentation curve measurements, 60 µL of 1 mg/mL collagen solution was pipetted onto a 

PDMS washer with inner diameter of about 5 mm attached on the bottom of a petri dish 

prior to polymerization using the incubator. The polymerized specimens were then covered 

with 1X PBS before use in AFM measurements. In addition, dehydrated collagen matrices 

were also prepared for AFM topographical imaging in air. 60 µL of 1 mg/mL polymerized 

collagen was deposited onto a microscope slide. After that, the specimens were fixed with 

4% paraformaldehyde for about 1 h. The specimens were then rinsed two times using 1X 

PBS and three times using DIW and followed by an ethanol/DIW series dehydration with 

increasing volume percentage of ethanol (30%, 50%, 70%, and 100%) for 15 min per each 

stage. In the next step, the specimens were incubated in 50% and then 100% 

hexamethyldisilazane in ethanol for 15 min per each stage. Finally, the specimens were air-

dried for 24 h at room temperature.  

 

5.2.2 AFM topographical imaging 

AFM measurements were performed using an AFM. Topographical imaging of 

collagen matrices and individual collagen fibrils were performed in ambient conditions 

from intermittent contact mode of AFM using Si probes with nominal spring constant of 2 

N/m (AC240, Olympus). From the AFM amplitude images obtained on individual fibrils, 

D-bandings of collagen fibrils were determined given that amplitude signal is more 

sensitive to difference in height topography [121,122], which is expected to be helpful in 

obtaining the banding patterns of the collagen fibrils. In addition, from the AFM height 

images obtained on the collagen matrices, the width of collagen fibril was determined 
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through the cross-sectional height profile taken perpendicular to the fibril long axis. Also, 

Abbott-Firestone curve, or material ratio curve, was determined from the AFM image to 

characterize the difference in surface structures of collagen matrix specimens.  

 

5.2.3 AFM force-indentation curve measurements 

For the force-indentation curve measurements on individual collagen fibrils in PBS, 0.1 

mg/mL polymerized collagen deposited on microscope slide was used. The specimens were 

allowed to equilibrate for 2 h in PBS using a closed fluid cell before data was collected to 

minimize the uncertainties associated with thermal drift of AFM [75]. Individual collagen 

fibrils were identified from intermittent contact mode imaging in PBS using a 20-nm-thick 

gold-coated silicon nitride probe with a nominal spring constant of 0.03 N/m (Biolever, 

Olympus). The shape of the tip was characterized using SEM imaging. The tip had a 

parabolic shape with a radius of curvature of 20 nm at the apex. The used of a tip with about 

20 nm radius was expected to reduce the contact pressure while maintaining the spatial 

resolution of the tip for topography measurements. After taking a topography image of 

individual collagen fibril, the force mapping mode of AFM were used to collect the force-

indentation curves using the same probe. A total number of 32 × 32 force-distance curves 

were collected on an area of 500 nm × 500 nm over an individual fibril lying on the 

microscope slide. The maximum normal force was set to 0.5 nN and displacement speed 

was kept constant at 500 nm/s. Prior to data collection, the deflection sensitivity of the 

probe was determined from the force-distance curve obtained on a rigid substrate. Also, the 

spring constant of the probe was obtained based on the thermal noise method [45]. Details 

information of normal force calibration procedure for measurements in PBS is similar to 
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that of in electrolyte, as aforementioned (section 4.2.2). The force-displacement data were 

converted into force-indentation data by subtracting cantilever deflection from 

displacement. About 40 force-indentation curves obtained on individual collagen fibrils 

were selected manually based on the force mapping height images for determination of the 

mechanical properties based on contact model. To avoid artifacts due to geometric effects 

between curved fibril and the AFM tip [3,123], only the force-indentation curves collected 

from the center of the fibril were selected for data analysis. After the force-indentation 

curve measurements, AFM images of the force mapping locations were examined to 

determine whether plastic deformation occurred.  

Force-indentation curve measurements on collagen matrices were performed using a 

colloidal probe to obtain information about mechanical properties over a larger area. A 

polystyrene (PS) spherical particle was glued onto an AFM probe with a nominal spring 

constant of 0.2 N/m (PPP-CONT, Nanosensors). The radius of the PS spherical particle 

determined from SEM image was 50 µm. About 30 force-indentation curves were obtained 

on randomly selected locations on the matrices.  The experiments were performed under a 

normal force range from 0.5 nN to 0.8 nN and a constant speed of 1 µm/s. The deflection 

sensitivity and the spring constant of the colloidal probe were determined as 

aforementioned. 

 

5.3 Surface structures 

Figure 5.1 shows AFM images of individual collagen fibrils with 0%, 20%, and 50% 

N-solution. The height and amplitude images are shown in Figs. 5.1 (a) and 5.1 (b), 

respectively. The cross-sectional amplitude profiles taken along the fibrils are also included 
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in Fig. 5.1 (b). The D-banding of collagen fibril was observed for all specimens, as shown 

in Figs. 5.1 (a) and (b). However, it can be clearly seen from Figs. 5.1 (a) and 5.1 (b) that 

the banding patterns were more clearly observed from the amplitude images than the height 

images due to the more sensitivity to difference in height topography of amplitude images 

[121,122]. In this regard, the amplitude images were used determine the D-bandings of 

individual collagen fibrils. To reduce the uncertainty associated with difficulty of small 

distance determination of a single D-banding, cross-sectional amplitude profile along a few 

D periods were taken and the D-banding was calculated by dividing the total measured 

length over the number of D periods. Five different individual fibrils were selected to 

Fig. 5.1. (a) AFM height images, (b) AFM amplitude images, and (c) D-bandings of the 

collagen fibrils with 0%, 20%, and 50% N-solution. 
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determine average D-banding for each specimen. Given that the change in direction of 

fibrils (e.g., twist and bend) may readily affect D-banding observation [124,125], only 

relatively straight individual fibrils were selected for calculation. The D-banding 

measurement result of collagen fibrils with 0%, 20%, and 50% N-solution is summarized 

in Fig. 5.1 (c). The D-banding of collagen fibrils with 0%, 20%, and 50% N-solution was 

calculated to be 67 ± 3 nm, 68 ± 2 nm, and 69 ± 4 nm, respectively, as shown in Fig. 5.1 

(c).  

Figure 5.2 (a) shows AFM height images of collagen matrices with 0%, 20%, and 50% 

N-solution along with the cross-sectional height profiles for each specimen. The height 

images show that the surface structures of the specimens were different. In general, a 

relatively uniform matrix network constituted by individual collagen fibrils was observed 

for specimen without N-solution, similar to those typically observed in literature [110]. In 

contrast, for specimens with 20% and 50% N-solution, bundles of collagen fibrils were 

observed, along with an increase of fibril width, as can be seen from the height images and 

cross-sectional height profiles in Fig. 5.2 (a). Fig. 5.2 (c) shows the averages of width of 

collagen fibril determined from about 100 collagen fibrils obtained at ten randomly selected 

locations. The widths of collagen fibrils were calculated to be 104 ± 25 nm, 151 ± 36 nm, 

and 162 ± 49 nm for collagen matrices with 0%, 20%, and 50% N-solution, respectively. 

The fibril width was found to increase with increasing concentration of N-solution. The 

material ratio curves of collagen matrices with 0%, 20%, and 50% N-solution determined 

from the AFM height images in Fig. 5.2 (a) are presented in Fig. 5.2 (c). For a clear 

comparison between the specimens, the zero-material point was defined at the highest peak 

on the surface of each specimen, the material ratio or percentage of material traversed in 

relation to the area covered is then calculated by moving a horizontal plane from the highest 
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peak (0% material) to the lowest valley (100% material) on the surface. It was found that 

the shapes of material ratio curves are different for all specimens, likely due to difference 

in surface structures of the specimens. In general, the material ratio curve was steeper for 

specimen with 0% N-solution than those of 20% and 50% N-solution. Also, the material 

curve for 50% was slightly steeper than that of 20% N-solution.  

 

Fig. 5.2. (a) AFM height images, (b) fibril widths, and (c) material ratio curves of the 

collagen matrices with 0%, 20%, and 50% N-solution. The material curve represents the 

percentage of material traversed in relation to the area covered. 



67 
 

5.4 Nanomechanical properties 

5.4.1 Elastic modulus of individual collagen fibrils 

 Figure 5.3 (a) shows force-indentation curves obtained on individual collagen fibrils 

with 0%, 20%, and 50% N-solution. The pull-off force was not clearly observed for all 

specimens, as shown in Fig. 5.3 (a). Also, as shown in Fig. 5.3 (a), the indentation depths 

of the specimens ranged from 12 nm to 19 nm and were comparable to the curvature radius 

at the apex of the tip. In this regard, Sneddon’s model [126] for a parabolic shaped tip was 

used to obtain 𝐸∗ of the collagen fibrils. The relationship between 𝐹 and 𝛿 can be obtained 

from Eq. (5.1), based on the Sneddon’s model. 

Fig. 5.3. (a) Force-indentation curves and (b) mean elastic modulus of the collagen fibrils 

with 0%, 20%, and 50% N-solution. 
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Also, since the elastic modulus of the tip was significantly larger than that of the collagen 

specimens used, 𝐸∗ can be approximated by 𝐸∗ ≈ 𝐸s/(1 − 𝜈s2).  

As can be observed in Fig. 5.3 (a), force-indentation curves obtained on collagen fibrils 

exhibit no significant hysteresis, which suggests that the effect of friction on force-

indentation data is negligible. In addition, no significant residual deformation was observed 

on the collagen fibrils after force-indentation curve measurements, as shown in Fig. 5.4. 

Hence, elastic contact between the tips and the collagen fibrils during force-indentation 

curve measurements was assumed. 𝐸∗  of collagen fibrils with 0%, 20%, and 50% N-

solution was obtained from both extension and retraction curves. The fit results based on 

Sneddon’s model are shown in Fig. 5.3 (a). It can be seen that the Sneddon’s model fits 

agreed with the force-indentation data for all specimens, which suggests that elastic contact 

occurred during force-indentation curve measurement [5]. The averages of 𝐸∗  were 

calculated to be 1.1 ± 0.3 MPa, 1.1 ± 0.3 MPa, and 1.2 ± 0.5 MPa for the collagen fibrils 

with 0%, 20%, and 50% N-solution, respectively, as shown in Fig. 5.3 (b).  

𝐹 =  43 𝑅1/2𝐸∗𝛿3/2. (5.1) 

Fig. 5.4. AFM amplitude images of the collagen fibrils with 0%, 20%, and 50% N-solution 

(a) before and (b) after force-indentation curve measurements. 
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5.4.2 Elastic modulus of collagen matrices 

Figure 5.5 (a) shows force-indentation curves obtained on collagen matrices with 0%, 

20%, and 50% N-solution. A hysteresis between extension and retraction data was clearly 

observed for all specimens, indicating of large adhesion presence between the colloidal 

probe and collagen matrices, as observed in previous work [3]. However, the 

reproducibility of force-indentation curves obtained at same locations suggests a largely 

elastic response of the matrix networks, as shown in Fig. 5.6. The indentation depths of the 

specimens ranged from about 7 µm to 9 µm, correspond to the normal force from about 0.5 

Fig. 5.5. (a) Force-indentation curves, (b) mean elastic modulus, and (c) works of adhesion 

of the collagen matrices with 0%, 20%, and 50% N-solution. In (a), the black arrows 

indicate that the number of adhesion events is higher for matrices with 20% and 50% N-

solution than that of 0% N-solution. 
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nN to 0.8 nN, as shown in Fig. 5.5 (a). To consider the adhesion, force-indentation curves 

obtained on collagen matrices with 0%, 20%, and 50% N-solution were fit using the JKR 

model [52]. 𝐸ext∗  and 𝐸ret∗ , were calculated to be 2.2 Pa and 2.6 Pa, 3.7 Pa and 5.3 Pa, and 

3.4 Pa and 4.1 Pa for the collagen matrices with 0%, 20%, and 50% N-solution, using the 

data shown in Fig. 5.5 (a). 𝐸∗ values determined from extension curves were generally 

smaller than those of retraction curves as a result of hysteresis in force-indentation data, as 

shown in Fig. 5.5 (a). 𝐸ext∗  and 𝐸ret∗  determined from 30 force-indentation curves are 

summarized in Fig. 5.5 (b). The averages of  𝐸ext∗  were 1.9 ± 0.5 Pa, 3.4 ± 1 Pa, and 3.3 ± 

1.4 Pa for 0%, 20%, and 50% N-solution specimens, respectively. Also, averages of  𝐸ret∗  

for 0%, 20%, and 50% N-solution specimens were calculated to be 2.5 ± 0.7 Pa, 5 ± 1.4 Pa, 

and 3.8 ± 1.2 Pa, respectively. Fig. 5.5 (c) shows the work of adhesion determined from 

Fig. 5.6. Examples of force-indentation curves measured continuously at same locations 

on the collagen matrices with (a) 0%, (b) 20%, and (c) 50% N-solution. 
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curve fits to the retraction curves for collagen matrices with 0%, 20%, and 50% N-solution. 

The average values of work of adhesion determined from retraction curve fits were 0.9 ± 

0.6 µJ/m2, 2.9 ± 1.6 µJ/m2, and 3.8 ± 1.8 µJ/m2 for collagen matrices with 0%, 20%, and 

50% N-solution, respectively. It was found that the work of adhesion of the specimens 

increased with increasing N-solution concentration. Also, a significantly higher number of 

adhesion events were observed in force-indentation curves obtained on matrices with 20% 

and 50% N-solution, compared to that of 0% N-solution, as can be clearly seen in Fig. 5.5 

(a). It is plausible that for the specimen with 0% N-solution, the collagen fibrils are firmly 

linked to each other to form a relatively uniform matrix of fibril, as shown in Fig. 5.2 (a), 

while the link may be loosened for matrices of bundled fibrils. As a result, more fibrils may 

attach to the AFM tip, leading to increase in adhesion with increasing N-solution 

concentration, as shown in Figs. 5.5 (a) and (c). It is plausible that the collagen fibrils can 

be detached gradually when the tip retract from the surface, causing an increase in number 

of adhesion events in the force-indentation data obtained on matrices with 20% and 50% 

N-solution. 

 

5.4.3 Effects of structural modification  

Table 5.1 shows the summary of reduced elastic moduli determined for the individual 

collagen fibrils and collagen matrices with 0%, 20%, and 50% N-solution. The reduced 

elastic moduli of collagen fibrils and collagen matrices in this work are in similar order of 

magnitude compared to those typically obtained for collagen fibrils [120,123] and collagen 

matrices [127,128], respectively, in literature. As can be seen in Table 5.1, no significant 

different was observed between the 𝐸ext∗  and 𝐸ret∗  values of individual collagen fibrils with  
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Table  5.1 Summary of the reduced elastic moduli determined for the individual collagen 

fibrils and collagen matrices with 0%, 20%, and 50% N-solution. 

Specimen 

 

Individual collagen fibril 

 

Collagen matrix 𝐸ext∗  (MPa) 𝐸ret∗  (MPa) 𝐸∗ (MPa) 𝐸ext∗  (Pa) 𝐸ret∗  (Pa) 𝐸∗ (Pa) 

0% 1.0 ± 0.6 1.1 ± 0.3 1.1 ± 0.3 1.9 ± 0.5 2.5 ± 0.7 2.1 ± 0.5 

20%  1.1 ± 0.2 1.1 ± 0.3 1.1 ± 0.3  3.4 ± 1.0 5.0 ± 1.4 4.2 ± 1.0 

50%  1.2 ± 0.5 1.2 ± 0.6 1.2 ± 0.5  3.3 ± 1.4 3.8 ± 1.2 3.6 ± 1.2 

 

0%, 20%, and 50% N-solution. Also, the reduced elastic moduli of collagen fibrils with 

0%, 20%, and 50% N-solution agreed with each other. In contrast, the reduced elastic 

moduli of collagen matrices with 0%, 20%, and 50% N-solution showed different patterns. 

In particular, reduced elastic moduli was found to increase with increasing N-solution 

concentration up to 20% N-solution, while a slight reduction of reduced elastic modulus 

was observed at 50% N-solution. The reduced elastic moduli of 0% N-solution matrix was 

smaller by factors of 2 and 1.7 than 20% and 50% N-solution matrices, respectively. Also, 

the reduced elastic moduli determined from the extension curves were smaller compared 

to those from the retraction curves, due to the effect of relatively large adhesion between 

the tip and collagen matrices in retraction. 

In contrast to the mechanical properties of individual collagen fibrils, the mechanical 

properties of collagen matrices were found to be altered due to N-solution. It is clear from 

the AFM images obtained on collagen matrices that the width of bundles of collagen fibrils 

increase with increasing N-solution concentration, as can be observed in Fig. 5.2. The 

increase in the width of collagen fibrils was expected to result in increase in mechanical 

properties of collagen matrices in the same order. However, the tendency of mechanical 
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properties of collagen matrices in relation to the increasing concentration of N-solution was 

differ from what expected (reduced elastic modulus: 0% < 50% < 20 %). Interestingly, the 

tendency of matrices mechanical properties was found to correlate with that of material 

ratio (e.g., material ratio: 0% < 50% < 20% at 150 nm depth). Given that the material ratio 

represents the amount of material at a given depth, higher material ratio of collagen matrix 

with 20% N-solution may be responsible for higher mechanical properties, compared with 

those of matrices with 0% and 50% N-solution. In other word, higher material ratio may be 

corresponding to higher density of the collagen matrix and, therefore, result in enhanced 

mechanical properties. The results also suggest that the effect of increase of fibril width on 

mechanical properties of fibrillar matrix is not significant in this work. 

 

5.5 Discussion and summary 

In this chapter, a new method for modification of structure of collagen network is 

proposed. By incorporating the sulfate anion during the polymerization process of collagen, 

the structure of collagen fibrils is controlled into bundles. The width of fibril bundle was 

found to increase with increasing concentration of sulfate anion. It is postulated that the 

sulfate ions can bind to individual collagen fibrils through specific sites inside the fibrils 

[119], which may in turn cause electrostatic attraction between individual fibrils, leading 

to formation of bundles. 

The effect of structural modification of collagen fibrils on nanomechanical properties 

of individual collagen fibrils and collagen matrix networks were quantitatively assessed 

using AFM to gain a fundamental understanding of the cell response to change in 

mechanical properties of collagen. The result showed that similar D-bandings were 
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observed for collagen fibrils with 20% and 50% N-solution, compared to that of 0% N-

solution, suggesting that the addition of N-solution had no significant effect on the collagen 

fibril formation process. Also, the calculation results for D-banding of specimens were 

consistent with the value typically observed in literature for collagen type I [120,122].  

The result from topographical imaging (Fig. 5.1) and force-indentation curve 

measurements (Fig. 5.3) on fibrils with 0%, 20%, and 50% N-solution suggest that the 

addition of N-solution had no significant effect on the morphology and intrinsic mechanical 

properties of individual collagen fibrils. However, the force-indentation curve 

measurement results on matrices of collagen fibrils showed increase in mechanical 

properties of collagen matrices due to addition of N-solution. In particular, the mechanical 

properties of collagen matrix specimens in this work were found to correlate with the 

material ratio curve of each specimen. The outcome is useful for understanding of 

mechanical behavior of specimen with fibril network structure (e.g., matrices of collagen 

type I).  

In general, the structure and mechanical properties of collagen matrix networks were 

found to be altered due to addition of N-solution. We have examined the effect of change 

of structure and mechanical properties of collagen matrices on the cell response in a 

separate study [130]. The morphology and behavior of human cervical cancer (HeLa) cells 

cultured on collagen matrices with 0%, 20%, and 50% N-solution were quantitatively 

investigated. The cell area and perimeter were found to generally decrease in the presence 

of N-solution. Also, the decrease in migration speed along with a more random walk motion 

were observed for HeLa cells cultured on collagen matrices with 20% and 50% N-solution, 

suggesting that bundled structure of collagen may inhibit the cell migration. The outcome 

is expected to be helpful in prediction of cancer cell invasion and metastasis.  
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It should be noted that the effect of N-solution-based structural modification on 

mechanical properties of the modified collagen network should be more systematically 

investigated to attain further understanding in the relationship between structural and 

mechanical properties of collagen fibrils and cell behavior. In addition, the effects of 

structural modification on lateral stiffness of collagen fibrils and collagen matrices need to 

be explored, given that lateral stiffness is also an important factor that regulates the cell 

behaviors [3,112]. Furthermore, more works is needed to clarify the mechanisms of 

collagen bundles formation and the relationship between structural change of collagen and 

cell behaviors. Nevertheless, the method for control of the collagen structure proposed in 

this work may be useful for future study on metastatic process of cancer. In addition, the 

approach used in this chapter may be useful for more accurate measurement of 

nanomechanical properties of biological materials, especially for materials with fibrillar 

structures. 
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Chapter 6 Conclusions and recommendations 

6.1 Conclusions of the research 

In summary, this research focuses on measurements of nanomechanical properties of 

soft materials using AFM force-indentation curves. Based on better understanding of the 

interaction between the AFM probe and specimen, the approach was expected to provide 

useful information for accurate nanomechanical properties measurements using AFM. In 

particular, the research provides information for AFM tip selection and characterization, 

and data interpretation to determine the mechanical properties of target specimen. In 

addition, the AFM-based indentation technique is applied to understand the 

nanomechanical properties of thin film and fibrillar structures, which are typical structures 

of soft and biological materials, respectively. Based on the results presented in this research, 

the following conclusions are drawn: 

 1. The effect of tip shape on nanomechanical properties measurements was 

systematically investigated using four different AFM tip with spherical and flat-ended tips, 

and conical tips with rounded apexes. It was found that the probe with a flat ended tip was 

prone to misalignment even with the specimen with a few nm of surface roughness, 

suggesting that the flat ended tip may not appropriate for nanomechanical properties 

measurements. In addition, a significant different between the extension and retraction 

curves was observed in the force-indentation curves obtained using the spherical tip and 

conical tips with rounded apexes, feasibly due to the friction between the tip and specimen. 

To minimize the effect of friction, as well as reduce uncertainties associated with tip 

characterization, and force and indentation measurements, the probe with relatively large 

tip radius (e.g., ~ 30 nm) and minimal spring constant was recommended for mechanical 

properties measurement of specimen with a few GPa elastic modulus.  
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 2. AFM-based indentation method was applied to measure the nanomechanical 

properties of soft materials such as polymer binders for LIBs. Considering the practical 

application of polymer binder in LIBs, the mechanical properties of polymer binder were 

quantitatively measured in both air and electrolyte. In contrast to the force-indentation 

curves obtained in air, the effect of friction on force-indentation curves obtained in 

electrolyte was negligible and can be associated with the significant decrease in friction 

characteristics of the specimens due to immersion in electrolyte. The outcomes may be 

helpful to develop polymer binders for improved electrochemical stability of electrodes for 

LIBs based on understanding of the effect of electrolyte on material properties of polymer 

binders. The procedure for force-indentation curve measurements and data interpretation 

in electrolyte can also be used for accurate measurement of mechanical properties of soft 

materials (e.g., polymer thin films) at the nano-scale. 

3. The application of force-indentation curve measurement to determine the mechanical 

properties of biological materials, which often have the fibrillar structures such as collagen 

is also presented. The nanomechanical properties of collagen were experimentally 

investigated to gain a fundamental understanding of the effect of structural change of 

collagen fibrils on their mechanical properties that can regulate the cell behaviors. The 

mechanical properties of the fibrillar network of collagen were found to correlate with the 

material ratio curve, which may be used to understand the response of the fibrillar network 

to the force applied by the AFM tip. The outcome can be used to gain better understanding 

of mechanical behavior of materials that have fibril network structures. In addition, the 

method for control of the collagen structure into bundles can be used for various cell culture 

platform, especially the platform used for studying the metastasis process of cancer. 

 



78 
 

6.2 Recommendations for future work 

Overall, the approaches used in this research would be useful for accurate 

measurements of nanomechanical properties of soft and biological materials using the 

AFM. Despite the contributions of these findings, some interesting and important directions 

for future studies remain, which are described as follows:  

1. To determine the mechanical properties of specimens, adhesive contact models 

without consideration of friction was used due to the lack of adhesive contact model that 

consider friction. Given that the energy dissipation due to friction may readily occur and 

can cause systematic uncertainty in the elastic modulus, theoretical approaches to 

compensate for the effect of friction on force-indentation data are needed. 

2. As for the polymer binders for LIBs, the frictional behaviors between the polymer 

binder and electrode components need to be clearly understood, given that the contact 

shearing and sliding between polymer binder and electrode components may be occur 

during the lithiation and delithiation processes. 

3. The role of anion binding in collagen bundle formation should be clearly understood 

to add further insights into the structure and mechanical properties of collagen fibrils that 

regulate the cell behaviors. In addition, the studies on effects of structural modification 

using N-solution on the viscoelastic and frictional properties of the collagen fibrils are also 

interesting topics, which may be needed to further clarify the relationship between 

properties of collagen and the cell behaviors. 
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