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Abstract 

In material science, bioengineering, and biology, thin liquid films and soft matter membranes 

play an important role in micro-lubrication, ion transport, and fundamental biological processes. 

Various attempts have been made to characterize the elastic properties, such as Young’s 

modulus, of such films using Hertz theory by incorporating convoluted mathematical 

corrections. We propose a simple way to extract tip-size independent elastic properties based on 

stiffness and force measurement through a spherical tip on a flat surface. Using our model, the 

Young’s moduli of nanoconfined, molecularly-thin layers of a model liquid TEHOS (tetrakis 2-

ethylhexoxy silane) and of water were determined using a small-amplitude AFM. This AFM can 

simultaneously measure the stiffness and forces of nanoscale films. While the stiffness scales 

linearly with the tip radius, the measured Young’s modulus essentially remains constant over an 

order of magnitude variation in the tip radius. The values obtained for the elastic modulus of 

TEHOS and water films on the basis of our method are significantly lower than the confining 

surfaces’ elastic moduli, in contrast with the uncorrected Hertz model, suggesting that our 

method can serve as a simple way to compare elastic properties of nanoscale thin films as well as 

to characterize a variety of soft films. In addition, the elastic properties (elastic modulus) of 

nanoconfined liquid films seem to remain fairly independent of increasing confinement.  
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Nanoconfined liquids play important role in geology [1], engineering [2], medicine [3, 4], 

biophysics [5-7], nanotribology [8, 9] and other branches of science and technology [10]. The 

viscoelastic properties of nanoconfined water are particularly important because of its role as the 

matrix of life and in shaping our planet. When confined, water and other liquids form ordered 

molecular layers against atomically smooth surfaces [11-15]. This molecular layering gives rise 

to changes in elastic as well as viscous properties of the confined liquids. While the changes in 

viscous properties remain highly controversial [13, 14, 16-23], the changes in elastic properties 

(stiffness) of liquids upon confinement are widely observed and established [14, 15, 19, 24, 25].  

Sophisticated tools such as the atomic force microscope (AFM) and surface forces apparatus 

(SFA) can measure changes in the mechanical properties of liquids confined at the nanoscale. 

AFM has also been used to measure stiffness of thin biological samples [5, 7, 26]. Although the 

stiffness of a nanoconfined liquid film is supposed to increase with decrease in thickness of the 

film [14, 19-21, 27], it is not straightforward to compare measurements taken under different 

conditions. One of the factors camouflaging the true elastic properties of nanoconfined films in 

AFM experiments is the tip geometry. The elastic properties such as stiffness of nanoconfined 

liquid films have been found to vary linearly with the radius of the tip [21], as expected from the 

Derjaguin approximation [28].  

Calculating a property such as elastic modulus may not seem to make sense because of the 

difficulty in calculating the thickness and indentation depth in nanoconfined films. However, 

efforts have been made in the past to measure elastic modulus of ultrathin films. Unfortunately, 

these models are highly mathematical and/or limited to soft films (gels) [5, 7, 29]. For example, 

corrections have been proposed toward improving the applicability of the Hertz contact model to 

microfilms of biological samples and to addressing difficulties in determining the contact point 

between the tip and the substrate. In a recent study, efforts were made to correctly measure the 

Young’s modulus of gel substrates used to support cells by atomic force microscopy (AFM) [7]. 

Corrections were made to address the infinite size of the substrates inherent in Hertz theory and 

to incorporate the non-linearity of the material using the finite-element method [7]. We propose 

an alternate to Hertz theory, which may be helpful toward standardization of elastic properties of 

nanoconfined liquid films and microgels. This approach allows us to determine an effective 

elastic modulus for a nanoconfined liquid film. We apply this method to nanoconfined TEHOS 

(tetrakis 2-ethylhexoxy silane), an inert model liquid with spherical molecular shape of a 

diameter close to 1 nm [30-33], as well as to water. We have studied TEHOS previously [21, 

32]. We compare the elastic modulus of TEHOS obtained with different sized probes and show 

that the effect of tip geometry can be accounted for. We also compare our results based on the 

proposed model with those obtained using Hertz theory. Our results for the elastic modulus show 

that using Hertz theory greatly exaggerates elastic properties of thin films, as has been already 

suggested elsewhere [5, 7]. We also determine the elastic modulus for nanoconfined water films 

and compare it with TEHOS to highlight the qualitative/quantitative difference between the two. 
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For water calculations, we have used previous measurements [15, 20] applying an improved 

analysis of the data. 

 

Theory 

 

In the following, we compare our model with conventional Hertz theory. 

  

1. Our Model 

The elastic modulus (Young’s modulus) is a property that represents how much resistance an 

object offers to being elastically deformed along an axis under the application of a force. If dσ is 

applied uniaxial stress and dϵ is resulting strain, the elastic modulus of the contact can be written 

as:  

   




d

d
Ec         (1)   

The geometry of a hemisphere and a flat surface can be used to model the AFM cantilever tip 

and a substrate in contact through a liquid film of thickness z, as shown in Figure 1. Let us 

suppose A is the effective contact area and z the separation between the tip apex and the substrate 

along which the compressive force is applied. If F is the loading force, the increment in stress 

can be written as dσ=dF/A, and the increment in linear strain as dε=dz/z. Equation (1) can thus 

be written as:  
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where 𝑘 = 𝑑𝐹/𝑑𝑧 is the interaction stiffness of the sample. Equation 1 is basically Hook’s law 

considering linear characteristics of a spring. As such, it may not be applied to the entire 

thickness of a nanonconfined film in which the stiffness usually increases nonlinearly with 

decrease in thickness of the film [14, 19-21, 31]. Our model assumes the linear spring 

characteristics for very small intervals of compression steps (e.g. 0.18 Å in the case of water, less 

than the molecular size by an order of magnitude) and calculates the stiffness without seriously 

violating the linearity approximation. The equation described elsewhere [14, 27] is used to 

measure the value of stiffness during each such step.  

 

 

 

Figure 1. A tip of assumed hemispherical shape of radius R and a planar substrate confining a 

liquid. x represents the radius of the effective contact area, A; h is the indentation depth in the stiff 

liquid layer of a few molecular dimension; and z is the film thickness (the distance between the 

planar substrate and the tip apex). 
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With the help of Figure 1, we can find a relationship between the effective contact area and the 

radius of the sphere [34].  If R is the radius and h is the indentation depth, the effective contact 

area A can be replaced by πx2 such that: 

hhRhRRxA )2())(( 222    (3) 

Using equation (3) in equation (2), we obtain: 
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In the limit h˂˂R, the above equation can be written as follows.  
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Ec

2
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Equation (5) should give the effective elastic modulus of the interacting sample liquid. As the 

interaction stiffness k scales linearly with the tip radius R [21], the elastic modulus dependence 

upon the tip radius R cancels out. The above equation can, in principle, be used to extract tip-

independent elastic properties of the confined liquid film. Here, we neglected the effects of 

elastic flattening of the confining surfaces [35] due to our  small tips (radii~micrometer) and 

small measurement amplitudes (<1nm).  

In order to determine the indentation depth, h, we propose an approach based on the principle of 

equilibrium. The indentation h can be calculated by using the applied force in equilibrium with 

other forces giving rise to stiffness of the confined liquid film: 

 

   
k

F

k

dk
h L      (6) 

Here, kL is the stiffness of the cantilever, d is its deflection (bending), and k is the stiffness of the 

the confined liquid film. For a compressional speed less than one nm/s and a vibration amplitude 

smaller than the size of the molecules, the sample compressed by a cantilever tip in an AFM 

experiment can be regarded as being in quasi-mechanical equilibrium.  

With this, we arrive at the following expression for the effective elastic modulus based on the 

measured interaction stiffness, cantilever bending, and tip-surface distance: 
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      (7) 

 

Because both the force, F,  and the stiffness, k, are needed to determine the elastic modulus, an 

AFM technique that can simulateneously measure both parameters is needed. In our case, this is 

achieved by superimposing a small, sub-molecular dither on the cantilever, and measuring the 

stiffness [14, 15, 20, 27] and the static deflection/bending of the cantilever, simultaneously.  
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2. Hertz Model 

A conventional Hertzian approach, on the other hand, will give the effective elastic modulus of 

the contact, but because of the infinitesimal size of the liquid film or biological microgel, will be 

dominated by substrate effects. Many corrections have been proposed to justify its use in the case 

of microgels [5, 7, 26]. For the sake of comparison, we briefly describe the Hertz model in its 

primitive form. The model assumes infinitely thick samples [5, 7]; and, therefore, the formula 

does not provide results representative of thin films. In AFM, the indenter’s Young modulus is 

much higher than the sample. The effective elastic modulus Ec is thus determined only by the 

Young’s modulus of the sample and its Poisson’s ratio [36, 37]: 

   
21 


E

Ec      (8) 

 Also, the normal force between two bodies in contact can be written as follows [37, 38].  
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The stiffness k can be written as 
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Again using equation 6, we can write the above equation as follows: 
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Equation 10 gives the formula based on Hertz model. It does not contain the film thickness, z, 

and depends on the square root of the tip radius providing incorrect scaling with the tip radius. 

 

 

Experimental 

 

A home-built AFM using an optical fiber Fabry-Perot interferometer to monitor the cantilever 

vibration was used for the measurement of phase and amplitude [27]. Our AFM has three-stage 

vibration and two-stage acoustic insulation [15]. The cantilevers were vibrated well below 

resonance frequency with amplitude smaller than the molecular size of the liquid to insure 

linearity. Our AFM is sensitive enough to provide better than 0.01 nm vertical resolution for 

force distance curves. Four different cantilevers of stiffness 55 N/m, 35, 2.4 N/m and 1.0 N/m 

were used (Figure 3). The stiffness of the cantilevers was determined using the geometrical 

method as well as the thermal method [39].The radii of the tips were 19 µm, 6 µm, 0.9 µm and 

0.5 µm, respectively. Polished silicon wafers (100) were used as substrates. The cantilever was 

completely immersed in the liquid during measurement and the liquid located between the tip 

and a flat substrate constituted the confined liquid film. The silicon substrates were oxidized in 
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Piranha solution at 100°C for about one hour to clean them from contaminants. The cantilevers 

were first rinsed with acetone and then ethanol for about five minutes. All the levers and 

substrates were finally rinsed well with de-ionized water (resistivity 18 MΩ-cm) from a Siemens 

(formerly USFilter) PURELAB classic UV/UF system, and dried overnight in an oven at 100oC. 

We used Fisher brand micropipettes to deliver the liquid to the liquid cell. The micropipettes 

were soaked in concentrated HCl overnight before rinsing them with clean water. The glass 

dishes were kept in saturated NaOH isopropanol solution for about 10 hours, to make them 

sufficiently hydrophilic and clean, and washed in ultrapure water before use. TEHOS was 

purchased from Gelest, Inc. The usual compression rates of the liquid were less than 1 nm/s. The 

operational frequencies of the cantilevers ranged from 300 to 900 Hertz. The measurements on 

water were performed using freshly-cleaved mica surface as substrate. 

Figure 2 shows the SEM images of the four tips used in the measurement of interaction stiffness 

and elastic modulus of TEHOS films. Overall, we performed 50 successful measurements out of 

a total of about 300.  A measurement was considered successful if 1; the stiffness curve shows 

well defined molecular size oscillations clearly distinguishable from noise and 2; the force curve 

shows static deflection of the cantilever without significant drag. All tips are shown on a scale of 

100 μm to ease comparison. We used SEM imaging (at higher resolution) to determine the 

effective radius of the tips for our analysis. The tip in Figure 2(b) was also used to measure the 

stiffness and the elastic modulus of pure water (18 MΩ-cm).  

 

 

Figure 2. SEM images of surfaces of the four tips on a scale of about 100 

micrometer. The radii of the tips are (a) 0.5 μm  (b) 0.9 μm  (c) 6 μm  and  (d) 19 

μm. 
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It is challenging in atomic force microscopy measurements to measure the confinement size or 

sample thickness. We measured the amplitude, phase, and the average photodiode signal 

corresponding to the deflection of the cantilever. By a strong change in the slope of the 

photodiode signal, a large reduction in the amplitude of the cantilever, and a significant phase 

change, the tip-surface contact point could be clearly discerned in about 30 % of measurements, 

which were the measurements chosen for further analysis.  

 

 

Results 

 

Representative figures of the measured stiffness (Figure 3a) and elastic modulus (Figure 3b) of 

nanoconfined TEHOS film are shown in Figure 3. The elastic modulus calculated using equation 

7 (our model) and equation 10 (Hertz model) are represented by hollow circles and filled circles, 

respectively. The substrate lies to the right of the figure at the origin. The stiffness was calculated 

as 𝑘 = 𝑘𝐿 (
 𝐴0𝐶𝑜𝑠𝜑

|𝐴|
− 1) using our small-amplitude dynamic AFM [14, 27]. Here, A0 is the drive 

amplitude of the cantilever, A is the measured amplitude as the surface is approached, kL is the 

lever stiffness, and φ is the phase of the cantilever tip. The stiffness oscillations as shown in 

Figure 3a are expected to result from ordering of the molecules along the silicon substrate. The 

spacing between stiffness peaks resulting from ordering of the molecules is comparable to the 

size of TEHOS molecules (1nm). In Figure 3b, the Hertz elastic modulus is orders of magnitude higher 

than our elastic modulus. The Hertz theory gives elastic modulus in GPa close to the elastic modulus of 

silicon, which is the substrate.  

 -

 
 

Figure 3. (a) The stiffness of the confined film as a function of displacement. The substrate lies to 

the right of the plot at zero nanometer.  (b) The elastic modulus according to our model (hollow 

circles) and according to Hertz theory (filled circles).  

 

-6 -5 -4 -3 -2 -1 0
0

100

200

300

400

500

 

 

Displacement (nm)

In
te

ra
ct

io
n
 S

tif
fn

e
ss

 (
N

/m
)

-6 -5 -4 -3 -2 -1 0
1

10

100

1000

10000

 

 

 Our Model

 Hetrz model

Displacement (nm)

E
la

s
ti
c
 M

o
d
u
lu

s
 (

M
P

a
)

(b)(a)



9 
 

Figure 4 shows the elastic modulus as a function of the number of confined molecular layers of 

TEHOS. The values are an average of all the measurements taken over four significantly 

different size tips. The elastic modulus is plotted on a logarithmic scale to accommodate both the 

models (the Hertz model and our model) on the same plot. As shown by the filled circles, the 

Hertz model gives an elastic modulus above 109 Pascal, which is not physical taking into 

consideration soft samples or liquids. This value is close to the elastic moduli of solid materials 

such as silicon or mica.  However, the elastic modulus calculated on the basis of our model, the 

filled squares, is of the order of 107 Pascal i.e. about two orders of magnitude smaller than the 

value given by Hertz theory. Compared with a couple of existing reports about elastic modulus 

of thin films, our values are significantly higher [5, 7]. This difference in elastic modulus may be 

due to the orders of magnitude difference in the thickness of the films and/or the highly spongy 

nature of the material, Poly (vinyl alcohol) (PVA) gels [5], as compared with our incompressible 

liquids. In some cases, our values are generally comparable to already measured (for adsorbed 

water layer) [40] or projected values [29].  
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Figure 4. Elastic modulus as a function of the number of confined molecular layers of TEHOS. 

The points in the data correspond to the ordered state of molecular layers under confinement.  

 

 

To see the dependence of the elastic modulus on the size of the tips, we plotted the elastic 

modulus and stiffness against the radii of the tips. Figure 5 (a, b) shows how (a) the stiffness and 

(b) the elastic modulus of nanoconfined TEHOS film vary with the size of the tip. The stiffness 

and the elastic modulus are represented on a logarithmic scale to help comparing the two 

quantities’ dependence on the tip size. In the case of stiffness (Figure 5a), the solid line is a best 

fit to the variation of the peak values (solid squares), when a single molecular layer is confined. 

The dashed line represents a best fit to the peaks when two layers are confined (solid spheres), 

and the dotted line is the best fit when three layers are enclosed (solid triangles). All the best fit 
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lines have nearly the same slope (=1.1), indicating a linear relationship between the stiffness and 

the tip size (radius) [21]. In contrast, the elastic modulus (Figure 5b) remains essentially constant 

over the tip radii ranging from 0.5 to 19 μm. The slope of the three straight line fits, the solid line 

(solid squares) corresponding to one confined layer, the dashed line (solid circles) corresponding 

to two confined layers, and the dotted line (solid triangles) corresponding to three confined 

layers, ranged from 0.1 to 0.2. It shows a reasonably constant profile of the elastic modulus with 

the tip size. The slight increase toward higher radii may be the result of jamming of the 

molecules during squeeze-out more likely for larger tips [41]. However, more experimental 

efforts are required to pinpoint the mechanism behind it. The next step would be to calibrate 

more accurately the tip shape on a finer scale to minimize the errors in tip geometry permeating 

into stiffness and force measurements. 

 

 

Figure 5. (a) The interaction stiffness of nanoconfined TEHOS as function of the tip radius. The three 

lines, solid, dashed, and dotted, are best fits to the first (squares), second (circles) and third (triangles) 

stiffness oscillation peaks off the substrate surface. The slope of the lines is about 1.1. (b) The elastic 

modulus as a function of the tip radius. The three lines are the best fit to the elastic modulus values of the 

peaks mentioned in (a). The slope of the elastic modulus lines is 0.1-0.2.  

 

The above discussion shows that the elastic modulus can be regarded as a material dependent 

quantity fairly independent of tip radius (Figure 5b). It is therefore tempting to calculate the 

elastic modulus for other liquids. We calculated the elastic modulus for ultrapure (18 MΩ-cm) 

nanoconfined water using equation 7 with the tip shown in Figure 2b (radius = 0.9 μm). Figure 6 

shows a comparison between the elastic modulus for TEHOS and deionized water plotted on a 

logarithmic scale as a function of the film thickness (the number of confined molecular layers). 

The data points correspond to the peak values of the elastic modulus oscillations as the tip 
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approaches the substrate. The solid squares in Figure 6 represent the peak elastic modulus of 

layer 1 (the closest to the substrate), 2 and 3 of nanoconfined TEHOS averaged over all the tip 

radii. The solid circles overlapping the solid squares represent the peak values of the elastic 

modulus of TEHOS measured with the tip of radius 0.9 μm (Figure 6). The same tip was used to 

measure the elastic modulus of water film (solid triangles). It is worth noting that the elastic 

modulus of water, a significantly thinner film due to the smaller molecular size, is much smaller 

(by an order of magnitude) than that of TEHOS. Quantitatively, the elastic modulus of water 

presented here is similar to a recently reported study, which mainly describes the maximum 

pressure that the adsorbed water layer on mica can sustain [40]. The significantly higher  elastic 

modulus of TEHOS may be attributed to the spherically symmetric hard shape of TEHOS 

molecules [30, 33] while the low elastic modulus of water may be due to fairly flexible 

molecules [34, 42, 43]. The lower elastic modulus of water may also be partially due to the 

presence of the adsorbed monolayer on the mica surface, which may allow partial slip at the 

boundary [44]. Our results of the elastic modulus of nanoconfined TEHOS and water are also 

comparable to a study that projected elastic modulus of soft film of about 500 nm thickness to be 

in the range of MPa [29]. The relatively higher elastic modulus layer 1 of water as compared 

with almost equal values of layer 2 and 3 may be indicative of the adsorbed water layer on mica 

[15, 40, 45-48].  
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Figure 6. Comparison of the elastic modulus of TEHOS and water. The elastic modulus is given 

as a function of the number of confined molecular layers of nanoconfined TEHOS, and water, 

averaged over all the tips used. The lines joining the data points are a guide to the eye, and do not 

show any functional significance. Quantitatively, the value of the first layer is closer to the 

pressure sustainability [40]of a recently reported adsorbed monolayer [15].  

 

In Figure 6, the elastic modulus of TEHOS film shows a fairly constant profile with the 

thickness. The same observation can be made about the sub-nanometer thick film of water, 

except the slightly high value associated with the monolayer [15] which may be the result of 
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stronger adhesion to the mica surface [40, 45, 48]. In general, the trend may suggest an important 

aspect of nanconcfined liquids: confinement does not significantly change the elastic properties 

of liquids. 

 

Conclusion 

The above discussion supports the validity of our simple method to measure elastic properties of 

thin films with the help of AFM, unaffected by the size of spherically symmetric tips. The 

measurement is possible by the use of a dynamic AFM that can measure force and stiffness 

simultaneously with amplitudes smaller than the size of the molecules. It can also be concluded 

that this method can be used for different nanoconfined liquids, allowing comparison. From our 

measurements on TEHOS and water, we found a large difference in modulus of these liquids 

when confined to 3 molecular layers or less. In addition, the results suggest slight or no 

dependence of the elastic modulus of liquids upon nanoconfinement. The next step will be to 

understand the mechanism behind the large difference in elastic modulus of TEHOS and water 

on the basis of their molecular properties. We hope that our simple method, while not perfect, 

may provide a new direction in profiling nanoconfined liquids on the basis of elastic properties. 

It may also be helpful in the measurement of elastic modulus of biological, as well as soft matter, 

films. 
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