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Abstract 

Measurements of surface tension and interfacial rheology of liquid-fluid surfaces play an 

important role in a variety of scientific and industrial fields, such as smart material, thin film, 

soft matter, microfluidics, and biophysics. Being a miniaturized experimental platform for 

studying surface phenomena, droplets hold great advantages over the traditional experimental 

methods, such as the classical Langmuir trough, in determining surface tension and interfacial 

rheological properties. The focus of this thesis was to develop a novel droplet-based 

experimental platform called the constrained drop surfactometer (CDS) for studying surface 

tension and interfacial rheology. Axisymmetric drop shape analysis (ADSA) was used as a 

numerical algorithm to determine the dynamic surface tension as a function of time and surface 

area variations. We first proposed a new dimensionless parameter, called the Neumann number,

0 /N e g R H   , to replace the classical Bond number for evaluating the accuracy of ADSA 

upon reducing drop volume. We then developed a closed-loop ADSA (CL-ADSA) algorithm for 

determining and controlling droplet parameters, including the volume, surface area, and surface 

tension, in real-time. With the CL-ADSA, the CDS was transformed from a traditional surface 

tension measurement methodology to a sophisticated experimental platform for manipulating 

millimeter-sized single droplets in real-time. We have demonstrated the accuracy, robustness, 

versatility, and automation of this droplet manipulation technique. Finally, we engaged the 

combination of CDS and CL-ADSA in studying interfacial rheology. Understanding the 

interfacial rheology of complex fluids plays a central role in a range of applications such as food 

processing, detergency, coating, cosmetic, and pharmacology. For the first time, our 

methodological advance permitted direct control of surface area oscillated in a sinusoidal pattern, 

thus resulting in a precise evaluation of the surface dilational rheological properties of complex 
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fluids, including surfactants and proteins. Our results showed that the CDS, together with the 

CL-ADSA, holds great promise for advancing the study of interfacial structure and rheology. 
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Chapter 1. Measurement of surface and interfacial tensions 

 

1.1 Introduction 

Being a miniaturized experimental platform for studying interfacial phenomena, droplets have 

been involved in a wide range of scientific and industrial applications, such as synthesis of thin-

film materials,1 control of interfacial reactions,2 study of surface rheology,3 and operation of 

digital microfluidics.4 Compared to the traditional interfacial models such as the classical 

Langmuir trough, droplet-based platforms have several advantages.5 First, the small volume of 

droplets facilitates study of scarce or expensive samples, such as biological or clinical fluids. 

Second, compared to bulk systems, droplets possess a much larger surface-area-to-volume ratio 

which makes them an ideal soft platform for studying surface reaction and interfacial assembly. 

Third, due to system miniaturization, it is feasible to ensure a rigorous environmental control, 

such as temperature and experimental atmosphere, with the droplet system, thus allowing for 

environmental studies across the droplet surfaces.6 

Surface/interfacial tension is one of the most important properties of the interfacial structures 

at the liquid-fluid interface. The determination of the surface tension of air-liquid surfaces and 

the interfacial tension of liquid-liquid interfaces plays an important role in a variety of scientific 

and industrial fields. Various methods have been developed to measure the surface/interfacial 

tension, such as the Wilhelmy plate, drop weight/volume method, drop shape analysis, and 

maximum bubble pressure method. Among these methods, drop shape analysis, using a droplet 

as an interfacial model, stands out with a number of advantages aforementioned. Along the lines 

of early efforts in analyzing liquid-fluid menisci,7, 8, 9 Neumann and coworkers have developed 
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the numerical algorithm of axisymmetric drop shape analysis (ADSA) for determining surface 

and interfacial tensions from the shape of drops or bubbles.10, 11, 12 To date, ADSA has been 

widely used in a variety of applications, such as the biophysical study of pulmonary surfactant 

(PS),6, 13 adsorption of proteins and phospholipids,1, 2, 14 cellular biomechanics,15 and oil 

recovery.16 

Surface and interfacial tensions characterize the static properties of the surface. However, in a 

variety of situations, the system is subjected to dynamic conditions, such as the formation and 

stabilization of emulsions and foams. It is commonly believed that the reduction of the 

surface/interfacial tension places the most important effect on the emulsions and foams. Thus, 

one may think emulsion can be made from liquid with low interfacial tensions. However, it is 

impossible to generate emulsions with any degree of stability from pure liquid with low 

interfacial tension, in absence of any surface active materials. In such conditions, the dynamic 

response of the surface/interfacial tension to the change of the surface area, i.e., dilational 

rheology, denominates the behavior of the interfacial layers.17, 18 The study of surface dilational 

rheology provides information about mechanisms of the interfacial layers affecting the evolution 

of the system, such as emulsions and foams. In addition to the industrial applications, the surface 

dilational rheology indicates a close relationship to the adsorption mechanisms, making it a 

unique tool to characterize the transport and kinetic processes of surfactant adsorbing on the 

surface.19 The surface dilational modulus is determined from the amplitudes of the surface area 

and surface tension oscillations, and from the phase shift between area and tension changes. A 

variety of methods have been developed for dilational rheology measurement, such as oscillating 

barrier, 20, 21 capillary waves,22 bubble pressure,23, 24 and drop/bubble shape analysis.25, 26, 27 

Among these methods, drop/bubble shape analysis owns several advantages in studying surface 
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dilational rheology. First, the surface/interfacial properties are calculated from the profile the 

drop/bubble without directly contacting the surface, thereby avoiding potential contaminations. 

Second, the drop/bubble can be oscillated with uniform expansion and compression, providing 

accurate results in characterizing the surface dilational rheology. Finally, usage of small 

quantities of liquid sample usage facilitates the study of scarce or expensive sample, such as 

biological or clinical fluids.  

In the present context, the goal is to develop a methodology for studying interfacial tension 

and rheology based on a constrained droplet. ADSA was used to determine the properties of the 

drop, i.e., surface/interfacial tension, surface area, and drop volume. An experimental setup 

called constrained drop surfactometer (CDS) was developed for measuring interfacial tension 

and rheology. We first evaluated the accuracy of the ADSA in measuring surface and interfacial 

tensions in the CDS. Taking advantage of real-time calculation, we then extended the 

applications of ADSA from a surface tension measurement methodology to a sophisticated tool 

for manipulating droplets in real-time. ADSA was developed to a closed-loop control system for 

manipulating millimeter-sized droplets in the CDS. Using the closed-loop ADSA, the CDS was 

capable of directly generating sinusoidal oscillations of surface area for surface dilational 

modulus measurement. 

1.2 Axisymmetric drop shape analysis (ADSA) 

In a gravitational field, the shape of a drop/bubble is determined by the balance between the 

surface tension force, which tends to keep the drop spherical to minimize the excess energy of 

the interface, and the gravity, which tends to deform the drop (elongate a pendant drop or flatten 

a sessile drop). When gravity and surface tension forces are comparable, surface tension can be 

calculated from analyzing shape of the drop/bubble. The shape of a drop can be determined from 
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the known physical parameters, when the surface tension 𝛾 is known. Inversely it is possible to 

determine the surface tension from a given profile of the drop shape. However, calculation of the 

analytical solution for surface tension from the drop profile is mathematically difficult. Thus, 

numerical solutions have been widely proposed and developed by researchers.5 Among these 

numerical solutions, ADSA, which was developed by Neumann and coworkers,10, 12, 28 is proven 

to be the most advanced method. Surface tension is determined by fitting the experimental drop 

profile to the theoretical Laplace equation in ADSA. Four drop/bubble configurations are 

commonly used for surface/interfacial tension measurements, i.e., pendant drop (PD), sessile 

drop (SD), pendant bubble (PB), and sessile bubble (SB). In this section, we first propose a 

computational scheme for the unified drop/bubble coordinate system and then review the 

numerical procedure of surface/interfacial tension calculation.  

1.2.1 Computational scheme for a unified drop/bubble coordinate system 

ADSA determines the surface/interfacial tension by numerically fitting the experimental 

profile to theoretical profiles generated by integrating the Laplace equation of capillarity until the 

best match is found.10, 12 Figure 1.1 illustrates a unified coordinate system for the four 

commonly used axisymmetric drop/bubble configurations, i.e., PD, SD, PB, and SB. The origin 

of the coordinate system is universally set at the apex of the drop/bubble. Direction of the z-axis 

is set as the same direction of the gravitational acceleration (g). Theoretical profiles of these 

drop/bubble configurations are described by the Bashforth-Adams equation (Eq. 1.1), in which 

the tangential angle (φ), radius (x), and height (z) at any point of the drop/bubble profile are 

expressed as functions of the arc length (s): 
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       (Eq. 1.1)  

Boundary conditions for φ, x, and z are given at the apex of the drop/bubble,  

 0)0()0()0(  zx        (Eq. 1.2) 

In Eq. 1.1, R0 is the radius of curvature at the drop/bubble apex; g is the gravitational 

acceleration; γ is the surface/interfacial tension; Δρ≡ρin-ρout is defined as the density difference 

between the fluid inside the discrete drop/bubble and the immiscible fluid outside the 

drop/bubble. When Δρ>0, it defines a “general drop” that include both a liquid drop in air and a 

liquid drop in another lighter immiscible liquid. When Δρ<0, it defines a “general bubble” that 

include both an air bubble in liquid and a liquid drop in another denser immiscible liquid.  

The combination of signs for Δρ and z uniquely defines four drop/bubble configurations in the 

unified coordinate system shown in Figure 1.1. 

Δρ>0 and z>0 defines a sessile drop (SD); Δρ>0 and z<0 defines a pendant drop (PD); 

Δρ<0 and z>0 defines a pendant bubble (PB); Δρ<0 and z<0 defines a sessile bubble (SB). 

Since growth of the hydrostatic pressure along the drop/bubble profile is determined by 

Δp=Δρgz, with the unified coordinate system defined in Figure 1.1, it is consistent that the 

gravity tends to elongate a pendant drop/bubble (Δp<0) but flatten a sessile drop/bubble (Δp>0). 

1.2.2 Numerical procedure for surface/interfacial tension calculation 

The general procedure of ADSA for calculating the surface/interfacial tension from the shape 

of drop/bubbles is illustrated in Figure 1.2, using sessile drop as an example. Conceptually, three 
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steps are involved in the determination of surface/interfacial tensions. First, the image of a drop 

or bubble is acquired by a camera or other image acquisition device. The image is then analyzed 

and the experimental profile of the drop/bubble is extracted using edge detection technique. For 

noise images, an extra smoothing step should be followed to remove the outliers. Finally, a series 

of Laplacian curves with known surface tension values and physical properties are generated to 

fit to the experimental profile. The best fit gives liquid-fluid properties, i.e., interfacial tension, 

surface area, and the drop volume. The detail description of image acquisition, image analysis, 

and numerical fitting will be discussed in the following sections. 

Image acquisition. The image of drop/bubble is acquired using a machine vision camera. To 

obtain a sharp edge of the drop/bubble, a red-color parallel backlight is used to illuminate the 

drop/bubble. A digitized image from the machine vision camera stores the image data in the form 

of pixels, the value of which is called the intensity or grey level. A maximum resolution of 

1280×1024 pixels is used in our laboratory with 256 grey levels to characterize an image where 0 

and 255 represent black and white. Once an image of the drop/bubble is obtained, the image can 

either be stored in the computer for future analysis or be directly fed to ADSA for real-time 

analysis. 

Image analysis. To extract the edge of the drop/bubble, the Canny edge detector is used. A 

comparison of the edge detection techniques used in ADSA can be found in a recent review.29 

The Canny edge detector is a gradient edge detector, which involves the derivatives of the gray 

levels of an image. Thus, a filter based on the first derivative of a Gaussian function is used in 

Canny.28 Generally, the Canny algorithm consists of three steps. In the first step, the Gaussian 

filter is applied to the image to reducing the noise, generating a slightly blurred version of the 

original image. The second step is to search whether a pixel with a finite (non-zero) gradient 
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magnitude is a local maximum or not, reducing the edge width to only one pixel. The pixel is 

selected as an edge if the gradient magnitude at the pixel is larger than the gradients of its 

neighbors in the gradient direction. Otherwise the pixel is marked as background. In the last step, 

hysteresis thresholding is performed. Two user specified thresholdings are defined to get a 

continuous edge. In this step, any pixel with a gradient magnitude above the high threshold is 

selected as a valid edge pixel, while non-edge pixels are those with gradient magnitude less than 

the low threshold. Any pixel with a gradient magnitude above the low threshold and connected to 

edge pixels is also selected as an edge pixel.  

It should be noted that, the coordinates of the detected experimental profile are presented in 

terms of pixels. The theoretical Laplacian curves are obtained in millimeters. Therefore, the 

value of pixels should be scaled to the millimeters. Generally, the scaling factor is known from 

the experimental setup and can be held constant once determined.  

Numerical fitting. The numerical scheme, which was first introduced by Rotenberge et al.10 

and further developed by del Rio et al.,12 used to find the best fit between an experimental profile 

and the theoretical curves with known surface/interfacial values. Prior to the fitting process, the 

theoretical curve is generated by integrating the Laplace equation for given values of surface 

properties and the curvature at the apex of the drop as described in Figure 1.1. The initial value 

of the curvature at the apex can be estimated by a least-square elliptical fit of several points near 

the drop apex.12 The normal distances (ei) between the experimental coordinate and the 

corresponding closet Laplacian profile can be calculated as  

2 2 21 1
( ) ( )

2 2i i i i i ie d x X z Z      
      (Eq. 1.3)

 

where (Xi, Zi) are the experimental drop coordinates and (xi, zi) are the Laplacian coordinates 

which are closest to (Xi, Zi). The goal of the numerical fitting is to find the minimum of an 



8 
 

objective function E, defined as the sum of the weighted ei for all the points (e.g., N points) along 

the experimental profile. 

1

N

i i
i

E we



         

(Eq. 1.4) 

where wi is the weighting factor indicating the contribution of ith point to the fitted curve. It will 

be discussed in Chapter 2 that the sensitivity of the point along the profile to the 

surface/interfacial tension differs at different locations. A potential way to determine the wi will 

also be discussed in Chapter 2. Otherwise wi can be generally set to 1.0. The optimizing 

parameters were selected from the vertical alignment of the camera α, the surface tension γ, the 

coordinate of the apex of the drop x0, and z0, and the curvature of the apex b, denoted as a=[α, γ , 

x0, z0, b]. Thus, the optimization problem can be written as  

1

min ( ) ( )
N

i i
i

E a we a



        (Eq. 1.5) 

Equation 1.5 is a multidimensional nonlinear least-square problem that requires an iterative 

optimization procedure. When the minimum has been found, the optimization parameters 

determine the Laplacian profile that best fits the given profile, from which γ and other properties 

can be readily computed.  

Assuming a single absolute minimum value in the 5 dimensional space of E, the necessary 

conditions for the extremum are  

1

0, 1,2,...5
N

i

ik k

eE
k




  

 
a a

      (Eq. 1.6) 

The above equations generate a set of nonlinear algebraic equations in the variables ak, k = 1, 

2,.., 5. In order to get the value of these variables, an iterative solution is required. A combination 

of the Newton-Raphson and Levenberg-Marquardt methods are used in the optimization.12 The 
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outputs of the numerical solvers are the aforementioned optimization parameters that give the 

best fit between the measured points and a Laplacian curve. Once the best fitting theoretical 

curve is found, surface tension can be determined directly from the outputs of the optimization 

parameters. The other properties of the drop/bubble, such as surface area (A) and the drop/bubble 

volume (V) can be determined using Equations 1.7-1.8. 

 2 sin
dV

x
ds

          (Eq. 1.7) 

 2
dA

x
ds

          (Eq. 1.8) 

1.3 Constrained drop surfactometer (CDS) 

To facilitate the surface/interfacial tension measurement, an experimental setup called 

constrained drop surfactometer (CDS) is developed, using ADSA as the numerical procedure for 

determining the properties of the droplet. The CDS is made of three fundamental components: 

the benchtop unit, the control box, and the software for control and data analysis. The software is 

developed based on the aforementioned ADSA algorithm. To generate and control the 

drop/bubble and the subsequent image acquisition, we developed the benchtop unit and the 

controller box. The benchtop consists of the drop/bubble holder, the environmental control 

system, the image acquisition system, and the liquid flow control system. The control box is an 

interface to connect the hardware to the software. The schematic and a picture of the CDS are 

illustrated in Figure 1.3 and Figure 1.4, respectively.  

1.3.1 Benchtop unit 

The benchtop unit consists of four components: drop/bubble holder, environmental control 

system, image acquisition system, and liquid flow control system. 
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The four drop/bubble configurations were formed on a carefully machined pedestal in the 

holder with a sharp edge that prevents the drop/bubble from spreading or detaching, especially at 

low surface/interfacial tensions. The schematic of the four configurations is illustrated in Figure 

1.3. The pedestal is machined from stainless steel with the size usually set to a diameter of 3 mm, 

which is close to the capillary constant of pure water. The angle between the horizontal and the 

side surfaces of the pedestal is machined to be ~60o. A central hole of 1 mm is designed for 

liquid transportation through the holder. When measuring the interfacial tension, a drop/bubble 

of the discrete liquid was contained within another immiscible liquid held in a disposable acrylic 

cuvette.  

The environmental control system provides the drop/bubble a local environmental condition 

of temperature and humidity, e.g., a body temperature of 37 oC with 100% humidity. It is 

composed of a thermoelectric plate (Model CP-061HT, TE Technology) and a homemade 

environmental chamber. The thermoelectric plate is controlled by a bipolar temperature 

controller, increasing or decreasing the temperature (range from -20oC to 100oC). Two glass 

windows are amounted on the walls of environmental chamber where illumination light can pass 

through. Temperature is monitored inside the environmental chamber by a thermistor (Model 

MP-3022, TE Technology).  

The image acquisition system is composed of a camera (Model PLD-721MU, PixeLink), a 

telemetric lens (65 mm WD, 1x, Edmund), and an illumination light source (ICS 3, Advanced 

illumination). The camera, which is mounted on a three-dimensional manipulator, takes images 

with an acquiring rate between 0 and 30 frames per second (FPS) with maximum resolution of 

1280 x 1024 pixels. A red light source is used to illuminate the experimental drop/bubble. With a 
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diffusing lens, parallel backlight is provided for the illumination. Thus, drop/bubble images with 

a high contrast liquid-fluid interface can be obtained.  

The liquid flow control system is composed of a servo motor (Model LTA-HS, Newport) and 

a syringe (1002C, Gastight, Hamilton). It allows manipulating fluid flow of the droplet 

automatically, such as drop formation, removal and dynamic cycling. Hence the volume of the 

droplet can be precisely manipulated. The servo motor can provide a maximum displacement 

speed of 5 mm/s and a resolution of 0.1 μm (equivalent to a volume resolution of approximately 

4 nL).  

1.3.2 Controller box 

The CDS controller box functions as an interface between the benchtop unit and the software. 

It consists of three parts: motor controller (Model SMC100-CC, Newport), temperature 

controller (Model TC-720 OEM, TE Technology), and backlight controller.  

The motor controller is connected with the servo motor and controls the motorized syringe. 

The temperature controller is connected to the thermoelectric plate and controls the temperature 

of the environmental chamber. The backlight controller is connected with the illuminator to 

provide power supply. Both the motor controller and the temperature controller are 

programmable.  

1.4 Surface and interfacial tension measurements with drops and bubbles 

To demonstration the feasibility and accuracy of the CDS in surface and interfacial tension 

measurement, we measured the surface tensions of six commonly used solvents and interfacial 

tensions of three oil-water systems. 
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1.4.1 Test liquids 

Six commonly used solvents, which cover a broad range of surface tensions, were tested for 

surface and interfacial tension measurements. These were water, formamide, dimethyl sulfoxide 

(DMSO), 1-octanol, hexadecane, and decane. Physicochemical properties and sources of these 

liquids are summarized in Table 1.1. Both surface tension of these liquids 30, 31, 32 and interfacial 

tension of three immiscible solvents with water,33, 34 have been well studied. Water, formamide, 

DMSO, 1-octanol, and decane were used without further purification. Hexadecane was purified 

with aluminum columns prior to experiments to remove surface active impurities.34, 35 

1.4.2 Results and discussion 

We demonstrate the accuracy of ADSA in determining surface/interfacial tension under 

normal measurement conditions, i.e., using well-deformed drop/bubble with large enough 

volumes. Figure 1.5 shows the surface tension measurements of six commonly studied liquids, 

including water, formamide, DMSO,1-octanol, hexadecane, and decane, each determined with 

four drop/bubble configurations, i.e., PD, SD, SB, and PB. Volumes of the drop/bubble were 

maintained at around 15-20 μL to ensure well-deformed shapes (see Figure 1.5 for sample 

drop/bubble images). It is found that surface tensions determined with four configurations are 

consistent with each other, and have a good agreement with literature values.30, 31, 32 

Figure 1.6 shows the interfacial tension measurements of three oil-water interfaces, i.e., 

hexadecane-water, decane-water, and octanol-water interfaces, each determined with four 

drop/bubble configurations. Volumes of the drop/bubble were maintained in the range of 50-100 

μL to ensure well-deformed shapes (see Figure 1.6 for sample drop/bubble images). Again, the 

interfacial tensions determined with these four configurations are consistent with each other. It 

should be noted that interfacial tension values reported in literature show slight inconsistency, as 
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summarized in Figure 1.6. The inconsistency was most likely caused by the accuracy of different 

methods, measurement temperatures,33, 34 and impurities of liquids used.35 It is found that our 

measurements are in general agreement with the literature values.33, 34 

1.5 Summary and scope of this dissertation 

The determination of surface tension and interfacial rheology play an important role in a 

variety of scientific and industrial fields. Droplets, as a miniaturized experimental platform for 

studying surface phenomena, have a number of advantages over the traditional experimental 

methods. In this chapter, the numerical procedure of ADSA in determining the surface tension 

from the droplet was reviewed. A droplet-based experimental platform called the constrained 

drop surfactometer (CDS) was then developed using ADSA for determining surface tension and 

interfacial rheology.  

The rest of the thesis is organized as the following. Chapter 2 will investigate the accuracy of 

ADSA in surface and interfacial tension measurement. A new dimensionless parameter, called 

the Neumann number, will be proposed to replace the classical Bond number for evaluating the 

accuracy of ADSA upon reducing drop volume. Chapter 3 will discuss the development of the 

closed-loop of ADSA (CL-ADSA) for droplet manipulation and its applications in surface 

science researches. With the CL-ADSA, the CDS is transformed from a traditional surface 

tension measurement methodology to a sophisticated experimental platform for manipulating 

millimeter-sized single droplets in real-time. Chapter 4 will demonstrate the development of a 

sinusoidal waveform generator to study the surface dilational rheology. For the first time, our 

novel methodological invention permits direct control of surface area oscillated in a sinusoidal 

pattern, thus resulting in a precise evaluation of the surface dilational rheological properties of 

complex fluids, including surfactants and proteins. Chapter 5 lists some other researches we have 
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done with the CDS, including determination of surface tension of xylem surfactants, 

development of subphase replacement technique, and study of phospholipid self-assembly at oil-

water interface. Chapter 6 concludes the work finished in this thesis and the prospective future 

directions that has stemmed from this thesis. 
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Figure 1.1 The coordinate system of numerical solution for the four commonly studied 

axisymmetric drop/bubble configurations: pendant drop (PD), sessile drop (SD), sessile bubble 

(SB) and pendant bubble (PB). The four drop/bubble configurations are differentiated by the 

combination of signs for Δρ and z. Δρ=ρin-ρout is the density difference between the fluid inside 

the discrete drop/bubble and the fluid outside the drop/bubble. Δρ of PD and SD is positive; 

while Δρ of SB and PB is negative. z coordinate is positive for SD and PB; while negative for 

SB and PD. This coordinate system is applicable to both surface tension and interfacial tension 

measurements. 
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Figure 1.2 Procedure of ADSA using a sessile drop as example. Raw image acquired from 

camera is fed to ADSA. The edge of the drop profile is extracted using edge detection technique. 

A series of theoretical profiles are generated to match the experimental profile. Once the best 

fitting is reached, the properties of the surface, such as surface tension, surface area, and drop 

volume are obtained. 
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Figure 1.3 Schematic of the experimental setup. A drop is formed on a pedestal with sharp edge. 

The pedestal is then placed in a chamber with temperature controlled by a thermoelectric plate. 

Other configurations can also be achieved using the same pedestal as indicated in the figure. The 

pedestal is connected to a motorized syringe for droplet formation and oscillation. A light source 

is used to illuminate the drop and a CCD camera is used to acquire on-line the drop image, which 

is directly sent to the ADSA for further analysis. The motor, light source, and the thermoelectric 

plate is connected to the control box, which interfaces with ADSA. 
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Figure 1.4 Experimental setup of the CDS. The CDS is composed of three parts: the benchtop, the control box, and the software. 
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Figure 1.5 Surface tensions (in mN/m) of six test liquids, i.e., water, formamide, DMSO, 1-

octanol, hexadecane, and decane, each determined with four drop/bubble configurations, i.e., PD, 

SD, SB, and PB, at room temperature (22±1 oC). All measurements are shown in mean ± 

standard deviation (n=20). Literature values are listed in the first column as a reference. It is 

demonstrated that surface tensions of the same liquid determined with different drop/bubble 

configurations are consistent with each other and are in good agreement with the literature value. 
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Figure 1.6 Interfacial tensions (in mN/m) of three oil-water systems, i.e., hexadecane-water, 

decane-water, and 1-octanol-water, each determined with four drop/bubble configurations, i.e., 

PD, SD, SB, and PB, at room temperature (22±1 oC). All measurements are shown in mean ± 

standard deviation (n=20). Literature values are listed in the first column as a reference. It is 

demonstrated that interfacial tensions of the same oil-water interface determined with different 

drop/bubble configurations are consistent with each other and in general agree with the literature 

value. 

55.2 34 

53.2 34 

52.45±0.12 

51.69±0.06 

8.46±0.03 

52.40±0.06 52.25±0.09 

51.78±0.07 51.44±0.04 

8.52±0.20 8.47±0.01 8.53±0.06 

51.36±0.08 

52.24±0.07 

52.24 33 

51.07 33 

PD 

Decane- 

Water 

1-octanol- 

Water 

Hexadecane- 

Water 

8.44 33 

Literature 
(mN/m) 

SD SB PB 



21 
 

Table 1.1 Physicochemical properties and sources of the tested liquids. 

Liquid Chemical 

formula 

Density 

(g/cm3) 

Purity 

(%) 

Miscibility 

with water 

Supplier 

Water H2O 0.997 99.9 - Millipore 

Formamide CH3NO 1.130 99.9 miscible Fisher scientific 

DMSO (CH3)2SO 1.096 99.9 miscible Fisher scientific 

1-octanol C8H18O 0.824 99.0 immiscible Alfa Aesar 

Hexadecane C16H34 0.773 99.0 immiscible Acros Organics 

Decane C10H22 0.730 99.8 immiscible Fisher scientific 

 
 
  



22 
 

 

Chapter 2. Accuracy of axisymmetric drop shape analysis 

 

2.1 Introduction 

Although ADSA has been extensively used in a variety of applications, it is well known that 

ADSA only applies to well-deformed drop/bubble.29, 36, 37 Similar to any other drop shape 

analysis methods, the accuracy of ADSA deteriorates for non-deformed nearly-spherical 

drop/bubble.38, 39, 40 Traditionally, drop deformation is quantified by the Bond number


 2gL

Bo


 ,41, 42 in which Δρ is the density difference across the surface/interface, g is the 

gravitational acceleration, γ is the surface/interfacial tension, and L is a characteristic length that 

represents the size of the drop/bubble. When grouping the physicochemical properties of the 

surface/interface into a parameter with a length scale called the capillary constant 
g

c




 , 

the Bond number can be rewritten as Bo  L

c









2

. The radius of curvature at the drop/bubble apex 

(R0) is commonly used as the characteristic length. Hence, the Bond number is generally defined 

as
2

0
2
0 











c

RgR
Bo




. With this well-accepted definition, a low Bo much less than unity 

indicates a non-deformed nearly-spherical drop/bubble at which the capillary forces significantly 

overweigh the gravity. Alternatively speaking, a low Bo means that the size of the drop/bubble is 

much smaller than the intrinsic capillary constant of the surface/interface. Therefore, the Bo has 
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been commonly used as a criterion for determining the accuracy of ADSA and other drop shape 

analysis methods.40, 43 

Despite its wide use, the Bo under certain circumstance fails to predict the accuracy of drop 

shape analysis.38, 39, 40 Although multiple variables collectively determine the accuracy of drop 

shape analysis, it is well accepted that a small drop volume is usually the primary source of 

errors in many practical applications. To quantify the effect of drop volume on the measurement 

accuracy, Berry et al. defined a new dimensionless group called the Worthington number

max

V
Wo

V
 , primarily used for analyzing pendant drops.40 In this definition, V is the actual drop 

volume, and Vmax is the theoretical maximum volume for a pendant drop suspended below a 

capillary tube with the diameter Dt, i.e., 
g

D
V t





max . Hence, the Wo can be written as 

tD

gV
Wo




 , which is equivalent to the Bo by using 
tD

V
L


  as the characteristic length. 

Hence, the Wo is intrinsically a variation of the classical Bo. However, by redefining the 

characteristic length directly related to the drop volume, it was found that the Wo is more 

reliable than the Bo in predicting the accuracy of pendant drop analysis.40 

Although being plausible for quantifying drop deformation, both Bo and Wo have limitations 

since the measured surface/interfacial tension (γ) is needed to evaluate both parameters. For non-

deformed nearly-spherical drop/bubble, the γ value calculated from drop shape analysis can be 

significantly deviated from the true value and consequently introduces errors to the evaluation of 

these dimensionless parameters. To overcome this limitation, Neumann and coworkers proposed 

a purely geometrical parameter called the shape parameter (Ps) to predict the accuracy of ADSA 

calculation.38, 39, 44 The Ps measures how much the geometrical shape of a drop/bubble is 
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deviated from a perfect sphere. The larger the deviation, the more the drop/bubble is deformed 

and hence the ADSA calculation is expected to be more accurate. Since the Ps is defined purely 

based on geometrical comparisons, the evaluation of Ps does not require knowledge about 

physiochemical properties of the surface/interface, i.e., independent from the capillary 

constant(c). Therefore, the Ps is capable of predicting the accuracy of ADSA calculation prior to 

measuring the surface/interfacial tension. 

The Ps was first evaluated by calculating the sum of normal distances between the 

drop/bubble profile and a reference circle with the radius of R0.
38 The reference was later 

improved by the best-fit circle to all points along the drop/bubble profile.39 In the latest 

development, it was found that the shape of a drop/bubble can be evaluated by a purely 

geometrical parameter called the total Gaussian curvature 2 (1 cos )    , where θ is the 

contact angle of the drop/bubble.44 The detail derivation of the   is as follows. 

For a Laplacian curve (i.e., PD, SD, PB, and SB), the Gaussian curvature (K) can be 

calculated from the two principal radii (R1 and R2), 
45 denoted by 

1 2

1 1

R R

   
     

   
. For the 

axisymmetric interfaces, R1 and R2 can be calculated from tangential angle (φ), radius (x), and 

height (z)  in the coordinate system as defined in Figure 1.1, denoted by 
1

1 d

R ds


 and 

2

1 sin

R x


 .The total Gaussian curvature (κ) can be calculated 

A
dA    by integrating K 

from the surface area, which can be calculated from s and x as 2
dA

x
ds

 .Thus κ can be 

calculated by  
0

1 2

1 1
2 sin 2 1 cos

A
dA d

R R


     

   
      

   
  , where θ is the contact angle of 

the drop/bubble. When the drop/bubble is formed from the pedestal, θ is the apparent contact 
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angle. In microgravity, both the pendant and sessile drop/bubble become spherical caps (SC). 

The total Gaussian curvature can still be calculated by  2 1 coss s    , where s  is the 

apparent contact angle of SC which can be numerically calculated from the volume and the 

diameter of the pedestal. The shape parameter is defined as the difference between κ of the 

drop/bubble and κs of the reference spherical cap 2 cos coss sPs         . The Ps has 

been successfully used to predict the accuracy of ADSA for both pendant drop and sessile drop.44 

In this chapter, we systematically compared the different criteria/parameters in evaluating the 

accuracy of ADSA upon reducing drop volume. Taking advantage of a newly developed 

versatile experimental apparatus CDS, we studied the accuracy of PD and SD in determining 

both surface tension and interfacial tension for a large range of the drop volume. By scrutinizing 

the dependence of ADSA accuracy on various parameters, including the capillary constant (c), 

the Bond number (Bo), the Worthington number (Wo), and the shape parameter (Ps), we 

concluded that the classical Bond number failed to predict the accuracy of drop shape analysis at 

very low drop volumes. We proposed a replacement of the classical Bond number, called the 

Neumann number (Ne), which takes account of the effect of the drop height. It was found that 

being a simple variation of the classical Bond number, the Neumann number is capable of 

evaluating the accuracy of drop shape analysis. 

2.2 Materials and methods 

2.2.1 Materials 

Water and decane were used for surface and interfacial tension measurements. The water used 

was Milli-Q ultrapure water (Millipore, Billerica, MA) with a resistivity greater than 18 MΩ·cm 
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at room temperature.  The decane was purchased from Fisher scientific and used without further 

purification. 

2.2.2 Experimental methods 

The PD and SD configurations were studied with the CDS which has been described in 

Chapter 1. In CDS, the drop was formed on a carefully machined pedestal with a sharp edge that 

prevents the drop from spreading or detaching, especially at low surface/interfacial tensions. The 

size of the pedestal was set at 3 mm in diameter, which is close to the capillary constant of pure 

water. When measuring the interfacial tension, a drop/bubble of the discrete liquid was contained 

within another immiscible liquid held in a disposable acrylic cuvette. 

The volume of the drop/bubble was carefully controlled using closed-loop ADSA (CL-ADSA) 

as described in chapter 3. To determine the accuracy of various configurations, the drop volume 

was gradually decreased until the measured surface/interfacial tension value deviates from the 

true value by at least 1%. All measurements were carried out at room temperature (22 ± 1 oC). 

Each measurement was conducted for a minimum of 3 times. Results are shown in mean ± 

standard deviation. 

2.3 Results and discussion 

2.3.1 Accuracy of ADSA evaluated by the capillary constant 

We first investigated the deterioration of accuracy upon reducing the drop/bubble volume. 

The accuracy was quantified by the relative error between the measured surface/interfacial 

tension and the true value determined with well-defined drops/bubbles (as shown in Figures 1.5-

1.6), i.e., Δγ=(γmeasured-γtrue)/γtrue. We focused on three representative surface/interfacial systems, 

i.e., the air-decane surface, the air-water surface, and the decane-water interface. Capillary 



27 
 

constants (c) of these three representative systems are 1.8, 2.8, and 4.5 mm, respectively. For 

each of the three systems, we studied the accuracy of two drop configurations, i.e., PD and SD. 

These results are expected to be also applicable to the bubble configurations since the PB and SB 

can be considered as geometrical inversion of the corresponding drop configurations. 

Representative experimental results for air-decane, air-water, and decane-water systems can be 

found in Figures 2.1-2.3 

Figure 2.4 summarizes the results of Δγ for decane, water, and decane-water 

surface/interfacial tension measurements upon reducing the drop volume, using both PD and SD. 

(Reproducibility of these results can be found in Figures 2.5). It is clear that the measured 

surface/interfacial tension with both PD and SD configurations are consistent and accurate 

(Δγ<1%) with a sufficiently large drop volume. However, the results become inaccurate when 

the drop volume is smaller than a critical value at which Δγ>1%. As shown in the inset, the 

critical volume (Vcrit) for both PD and SD increases with increasing the capillary constant of the 

surface/interface. For example, the air-water surface has a capillary constant of 2.8 mm, which 

requires a drop volume of at least 7.04 μL for the PD or 7.58 μL for the SD to ensure an accurate 

surface tension measurement (Δγ<1%). Although the differences in Vcrit for PD and SD are only 

moderate for surface/interface of the small capillary constant, the differences increase with 

increasing the capillary constant. For the decane-water interface whose capillary constant is 4.5 

mm, the Vcrit for PD and SD become 17.58 and 18.98 μL, respectively. In general, these results 

indicate that the PD method has a larger volume range of applicability than the SD method, 

especially for the measurement of interfacial tensions. 

2.3.2 Accuracy of ADSA evaluated by the Bond number (Bo) 
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Figure 2.6a shows the results of Δγ against the Bo, for decane, water, and decane-water 

surface/interfacial tension measurements using both PD and SD. It is found that except for the 

decane-water measurements, Δγ randomly scatters in the entire range of the Bo obtained in 

experiments (from 0.1 to 1.6). No clear relations between the Bo and the accuracy of 

surface/interfacial tensions (Δγ) can be found, which indicates that the Bo fails to predict the 

accuracy of ADSA as a general criterion for PD and SD. 

To explain the failure of the Bo in predicting ADSA accuracy, Figure 2.6b shows the 

dependence of the Bo on the drop volume. It is clear that the Bo is not a monotonic function of 

the drop volume for surface tension measurements. The Bo only decreases with decreasing drop 

volume when the droplet is sufficiently large. However, for very small droplets, i.e., when the 

drop volume is close to the Vcrit shown in the inset of Figure 2.6, further reducing the drop 

volume increases the Bo. The non-monotonic relation between the Bo and the drop volume is 

due to the characteristic length scale used in defining the classical Bo number, i.e., R0. Inset in 

Figure 2.6b shows that the point inflexion in R0 (i.e., the point inflexion in the Bo) is associated 

with the transition of contact angle (θ) across 90o. Consequently, the same Bo represents two 

drop volumes, a larger volume with θ>90o and a smaller volume with θ<90o. It is also found that 

the non-monotonic nature of the Bo is only predominant for the surface tension measurement 

rather than the interfacial tension measurement. Hence, although the Bo fails to predict the 

accuracy of ADSA in determining surface tensions, it is still a valid criterion for evaluating 

interfacial tension measurements. 

2.3.3 Accuracy of ADSA evaluated by the Worthington number (Wo) 

Figure 2.7a shows the results of Δγ against the Wo, for decane, water, and decane-water 

surface/interfacial measurements using both PD and SD. It appears that different from the 
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random dependence of Δγ on the Bo as shown in Figure 2.6a, the accuracy of surface/interfacial 

tension measurements only deteriorates (Δγ>1%) for low Wo. The lower the Wo, the worse is 

the accuracy of ADSA. The critical Wo (Wocrit) for decane, water, and decane-water systems 

was found to be 0.13, 0.10, and 0.10 for the PD, and 0.14, 0.11, and 0.10 for the SD (shown in 

the inset). In spite of the range of the capillary constant varying from 1.8 to 4.5 mm, the change 

of the Wocrit is very limited, only between 0.14 and 0.10. 

Figure 2.7b shows the dependence of the Wo on the drop volume. It can be seem that the Wo 

and the drop volume are linearly correlated. Slope of the linear curve is reversely correlated with 

the capillary constant. For the same surface/interface (i.e., a certain capillary constant), the slopes 

for PD and SD are identical. These relations can be easily explained by the definition of the Wo. 

Slope of the Wo vs. V curve is calculated as 2
max

11

cDD

g

V tt 





 , which is only a function of 

the capillary constant and the size of the capillary tube. In our experiments with the CDS, we 

used a 3-mm drop pedestal to replace the capillary tube. Hence, the definition of the Wo ensures 

that the Wo linearly correlated with the drop volume, and the slope of the linear curve only 

depends on the capillary constant of the system rather than the specific drop configuration used 

in measurements (see inset in Figure 2.7b). 

2.3.4 Accuracy of ADSA evaluated by the Neumann number (Ne) 

To investigate the validity of the Bo in evaluating the accuracy of drop shape analysis, we 

non-dimensionalized Eq. 1.1 as follows, 
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Eq. 2.1 indicates that the shape of a drop/bubble is ultimately controlled by the dimensionless 

group on the right-hand side of the equation. We therefore define this dimensionless group to be 

a new parameter called the Neumann number 1
2

0
0 c

HR
HR

g
Ne 







, where H is the height of 

the drop/bubble. The Neumann number (Ne) can be considered as a modified Bond number 

2









c

L
Bo in which the characteristic length of the drop/bubble is defined as HRL 0 , which 

is the geometric mean of the radius of curvature at the drop apex (R0) and the drop height (H). 

Table 2.1 summarizes the different variations of the Bond number. It is clear that

0R

H
BoNe  . Hence, the Ne is different from the classical Bo mainly by considering the drop 

height. The effect of the drop height on the accuracy of drop shape analysis was largely ignored 

in previous studies. However, it has long known that surface/interfacial tension of a SD or SB is 

the function of the ratio between drop diameter and drop height.46, 47 Recent experimental studies 

by Neumann and coworkers concluded that in comparison with other factors, such as  the drop 

volume and the size of the capillary tube, the drop height plays a predominant role in affecting 

the accuracy of ADSA.48 The larger the drop height, the lower is the surface tension error. 

Therefore, both theoretical analysis of the Laplace equation of capillarity and the experimental 

evidence support the rational design of the new Neumann number. 

Figure 2.8a shows the results of Δγ against the Ne, for decane, water, and decane-water 

surface/interfacial tension measurements using both PD and SD. It can be seen that different 

from the classical Bo, the Ne is capable of predicting the accuracy of ADSA for both PD and SD. 

The smaller the Ne, the larger is the Δγ. In general, a Ne larger than 0.5 is required for accurate 

                                                 
1 In honor of A. Wilhelm Neumann for his contribution to drop shape analysis. 
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surface tension measurements with both PD and SD. As shown in the inset of Figure 2.8a, the 

critical Ne (Necrit) decreases with increasing the capillary constant. For the same capillary 

constant, the Necrit for PD is always slightly lower than that of the SD, indicating that the PD 

method has a larger volume range of applicability than the SD. This conclusion drawn from the 

Ne is consistent with the prediction by the capillary constant as shown in Figure 2.4. 

Figure 2.8b shows the dependence of the Ne on the drop volume. It is clear that different 

from the classical Bo, the Ne is a monotonic function of the drop volume. With decreasing the 

drop volume, the Ne decreases near-linearly. As shown in the inset, similar to the Wo, the slope 

of the linear curve decreases with increasing the capillary constant. However, different from the 

Wo, curves at the same capillary constant for PD and SD do not overlap with each; but with a 

slightly higher slope for the SD than the PD, indicating that the SD has a faster decay of drop 

deformation than the PD upon reducing volume. 

2.3.5 Accuracy of ADSA evaluated by the shape parameter (Ps) 

Figure 2.9a shows the results of Δγ against the Ps, for decane, water, and decane-water 

surface/interfacial measurements using both PD and SD. Similar to the Wo and Ne, the accuracy 

of surface/interfacial tension measurements only deteriorates (Δγ>1%) for low Ps. The lower the 

Ps, the worse is the accuracy of ADSA. As shown in the inset, the critical Ps (Pscrit) for decane, 

water, and decane-water systems with both PD and SD is identical and is equal to 0.31. This 

result is not unexpected because the Ps considers only the geometrical information of the 

drop/bubble but ignore its physicochemical properties, i.e., irrelevant to the capillary constant. 

Figure 2.9b shows the dependence of the Ps on the drop volume. Similar to the Wo and Ne, 

the slope of the Ps vs. V curve decreases with increasing the capillary constant. For the same 

capillary constant, the slope for PD is increasingly larger than SD with increasing drop volume. 
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This is particularly obvious for the decane-water interfacial tension measurement. It means that 

to achieve the same level of drop deformation, a SD needs a larger volume than the PD. Hence, 

the PD is more favorable than the SD for measuring interfacial tensions. However, at very low 

drop volumes when Ps<0.31, both PD and SD become inaccurate. 

2.3.6 Implications of the local Neumann number (Nez) 

We have demonstrated the usefulness of the Neumann number (Ne) in determining the 

accuracy of the drop shape analysis (Figure 2.8). Here we show that the Neumann number can be 

used as a localized parameter to measure the contribution of points along the drop profile to the 

overall accuracy of the drop shape analysis. As a counterpart of the global Neumann number, we 

define a local Neumann number z
gR

Nez 
 0

 , where z is the height of any point along the 

drop profile (see Figure 1.1). 

Figure 2.10 shows the theoretical calculation of the Nez along the normalized arc length(s) 

from the drop apex (s=0.0) to the three-phase contact line (s=1.0) for PD and SD of water with 

the volume of 3, 7, and 15 L, respectively. (Similar theoretical analyses for the air-decane 

surface and the decane-water interface can be found in Figure 2.11) It can be seen that the Nez 

value increases from 0 to the maximum along the drop profile. This indicates that the drop 

profile close to the apex is insensitive to the change of surface tension. However, the drop profile 

close to the three-phase contact line contributes the most to the change of surface tensions. It is 

also found that although the Nez curves for PD and SD overlap for points close to the drop apex, 

the SD curve increases quicker than the PD curve when approaching the three-phase contact line, 

thus indicating that the accuracy of the SD is more dependent on the points close to the three-
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phase contact line than the PD. This theoretical analysis is consistent with the general 

experimental observation that the SD method is trickier than the PD method to achieve the same 

accuracy.  

2.4 Summary
 In this chapter, we studied different criteria/parameters in evaluating the accuracy of drop 

shape analysis upon drop volume reduction. By scrutinizing the dependence of ADSA accuracy 

on the Bo, Wo, and Ps, for three representative systems with various capillary constants, we 

concluded that the classical Bo failed to predict the accuracy of drop shape analysis at very low 

drop volumes. Consequently, we proposed a replacement of the classical Bond number, called 

the Neumann number 0 /Ne gR H  . The design rationale of this new dimensionless number 

lies in the use of the geometric mean of the radius of curvature at the drop apex (R0) and the drop 

height (H) as the new characteristic length to represent the drop size, i.e., HRL 0 . It is found 

that the Neumann number is capable of evaluating the accuracy of drop shape analysis. We have 

also demonstrated the usefulness of the local Neumann number, 0 /zNe gR z   , in 

evaluating the contribution of the local drop profile to the surface tension measurement. 
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Figure 2.1 Example results of Surface tension-Drop volume-Contact angle-Curvature vs. Time 

for a sequence of static experiments conducted for a pendant drop (PD) and sessile drop (SD) of 

decane. A large drop of the liquid (~15μL) was formed on a 3-mm pedestal connected to a 

motorized syringe. The drop volume was then decreased slowly in steps of 2 µL until the volume 

that led to a large deviation in the measured surface tension was reached. During each interval, 

20 images were acquired and saved for further analysis. 
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Figure 2.2 Example results of Surface tension-Drop volume-Contact angle-Curvature vs. Time 

for a sequence of static experiments conducted for a pendant drop (PD) and sessile drop (SD) of 

water. A large drop of the liquid (~25μL) was formed on a 3-mm pedestal connected to a 

motorized syringe. The drop volume was then decreased slowly in steps of 2 µL until the volume 

that led to a large deviation in the measured surface tension was reached. During each interval, 

20 images were acquired and saved for further analysis. 
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Figure 2.3 Example results of Surface tension-Drop volume-Contact angle-Curvature vs. Time 

for a sequence of static experiments conducted for a pendant drop (PD) and sessile drop (SD) of 

decane-water interface. A large drop of the liquid (~60μL) was formed on a 3 mm pedestal 

connected to a motorized syringe. The drop volume was then decreased slowly in steps of 4µL 

until the volume that led to a large deviation in the measured surface tension was reached. 

During each interval, 20 images were acquired and saved for further analysis. 
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Figure 2.4 Relative errors of measured surface/interfacial tensions (Δγ) for decane, water, and 

decane-water systems upon reducing drop volume, using both PD and SD. The measurements 

become inaccurate (Δγ>1%) when the drop volume is smaller than a critical value (Vcrit). Inset 

shows the Vcrit for both PD and SD as a function of the capillary constant of the surface/interface. 
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Figure 2.5 Reproducibility of experiments of the relative errors in measured surface/interfacial 

tensions (Δγ) upon reducing drop volume for (a) air-decane PD, (b) air-decane SD, (c) air-water 

PD, (d) air-water SD, (e) decane-water PD, and (f) decane-water SD. 
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Figure 2.6 (a) Relative errors of measured surface/interfacial tensions (Δγ) for decane, water, 

and decane-water systems as a function of the Bond number (Bo), using both PD and SD. It is 

found that Δγ randomly scatters in the entire range of the Bo obtained in experiments (from 0.1 

to 1.6) except for the decane-water measurements, i.e., no clear relations between the Bo and the 

accuracy of ADSA can be established. (b) The Bo as a function of the drop volume (V). It is 

found that the Bo is not a monotonic function of V. The inset shows the point inflexion in the R0 

(as well as the Bo) is associated with the transition in contact angle (θ) across 90o. 
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Figure 2.7 (a) Relative errors of measured surface/interfacial tensions (Δγ) for decane, water, 

and decane-water systems as a function of the Worthington number (Wo), using both PD and SD. 

It is found that the accuracy of ADSA deteriorates (Δγ>1%) upon reducing the Wo. The inset 

shows the critical Wo (Wocrit) as a function of the capillary constant. (b) The Wo as a function of 

the drop volume (V). It is found that the Wo and V are linearly correlated, with the slope 

inversely dependent on the capillary constant (as shown in the inset). 
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Figure 2.8 (a) Relative errors of measured surface/interfacial tensions (Δγ) for decane, water, 

and decane-water systems as a function of the Neumann number (Ne), using both PD and SD. It 

is found that the Ne is capable of predicting the accuracy of ADSA for both PD and SD.  The 

inset shows the critical Ne (Necrit) as a function of the capillary constant. (b) The Ne as a 

function of the drop volume (V). It shows that the Ne is a monotonically near-linear function of 

V, with the slope inversely dependent on the capillary constant (as shown in the inset). 
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Figure 2.9 (a) Relative errors of measured surface/interfacial tensions (Δγ) for decane, water, 

and decane-water systems as a function of the shape parameter (Ps), using both PD and SD. It is 

found that the accuracy of surface/interfacial tension measurements deteriorates (Δγ>1%) upon 

reducing the Ps. As shown in the inset, the critical Ps (Pscrit) is independent from the capillary 

constant. (b) The Ps as a function of the drop volume (V). 
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Figure 2.10 Theoretical calculation of the local Neumann number (Nez) along the normalized 

arc length from the drop apex to the three-phase contact line, for PD and SD of water with the 

volume of 3, 7, and 15 µL, respectively. These three volumes were selected to represent drop 

volumes less than, close to, and larger than the critical volume for water (Vcrit ≈ 7 µL), based on 

results shown in Figures 2.4 and 2.8. It shows that the Nez can be used to evaluate the relative 

importance of the local drop profile on the accuracy of ADSA. 
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Figure 2.11 Theoretical calculation of the local Neumann number (Nez) along the normalized 

arc length from the drop apex to the three-phase contact line for PD and SD of decane, water, 

and decane-water with the volume of 3, 7, and 15 L, respectively.  
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Table 2.1 Various definitions of the Bond number 
2









c

L
Bo for evaluating the accuracy of 

drop shape analysis. 

 
Definition Symbol Characteristic 

length (L) 

Formula Reference 

Classical Bond number Bo R0 
 2

0gR
Bo


  41 

Worthington number Wo 
tD

V


 

tD

gV
Wo




  40 

Neumann number Ne HR0  


 HgR
Ne 0

  This work 

 

* L is the characteristic length; c is the capillary constant, 
g

c




 . 
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Chapter 3. Development of the closed-loop ADSA 

 

3.1 Introduction 

Effective manipulation of liquid droplets plays an important role in a wide range of scientific 

and industrial applications, such as synthesis of thin-film materials,49 control of interfacial 

reactions,50 study of surface rheology,51 and operation of digital microfluidics.4 In these 

applications, droplets serve as a miniaturized platform that provides a number of unique 

advantages over traditional interfacial models such as the classical Langmuir trough.5 First, the 

small volume of droplets facilitates study of scarce or expensive samples, such as biological or 

clinical fluids. Second, compared to bulk systems, droplets possess a much larger surface-area-

to-volume ratio that makes droplets an ideal soft platform for studying surface reaction and 

interfacial assembly. Third, due to system miniaturization, it is feasible to ensure a rigorous 

environmental control, such as temperature and experimental atmosphere, with the droplet 

system, thus allowing for environmental studies across the droplet surfaces.6  

Compared to the control of a flat surface as in the classical Langmuir trough, effective control 

and manipulation of a single droplet is not a trivial task. In general, the profile of a free-standing 

droplet is determined by the balance of gravitational and surface tension forces as predicted by 

the Bond number, 𝐵𝑜 =
∆

, where ∆𝜌 is the density difference across the drop surface, g is 

the gravitational acceleration, R is the characteristic radius of the droplet, and 𝛾 is the surface 

tension. Droplets with very small Bond numbers, such as micron-sized droplets, are generally 

considered as spherical beads.52 The key parameter for manipulating such droplets is their 
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volume; while the surface area can be calculated by a spherical approximation and the surface 

tension is routinely assumed to be a constant.53 A number of techniques have been developed to 

manipulate the volume of micron-sized droplets.52, 53, 54  

However, when the Bond number is sufficiently large, e.g., for millimeter-sized droplets 

and/or at the presence of surfactants, the drop profile can be significantly deformed by gravity to 

assume a Laplacian shape.5, 55 In these cases, the surface area of the droplet cannot be correlated 

with its volume using a simple spherical approximation. Meanwhile, the surface tension usually 

varies with the surface area at the presence of surfactants. Hence, all droplet properties, including 

its volume, surface area, and surface tension, need to be individually controlled for effective 

droplet manipulation. Nevertheless, in most applications, one can only control the drop volume 

using a high-precision syringe pump. Neither surface area nor surface tension of the droplet can 

be directly controlled with current techniques. Cabrerizo-Vilchez and coworkers have developed 

a fuzzy-logic algorithm to control the surface pressure or surface area of a pendant drop.55 In 

spite of a suitable control method, the fuzzy-logic algorithm requires the definition of input and 

output fuzzy sets for every control process, which is not a trivial task.  

In this chapter, we developed a novel feedback control method for manipulating millimeter-

sized droplet based on axisymmetric drop shape analysis (ADSA). We have developed a high-

speed ADSA algorithm capable of real-time analysis of droplet properties, including its volume, 

surface area, and surface tension. By coupling the real-time ADSA with a proportional-integral-

derivative (PID) controlled motorized syringe, we have developed the first closed-loop ADSA 

that is capable of precisely controlling the volume, surface area, and surface tension of a 

millimeter-sized droplet.  
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To demonstrate the feasibility and advantages of this droplet manipulation method, we have 

engaged it in three applications of importance in various surface science studies. In the first 

application, we maintained the volume of a water droplet over a prolonged time period by 

automatically compensating natural evaporation. In the second application, we demonstrated the 

feasibility of controlling the surface area of an oscillating droplet for in vitro biophysical 

simulations of natural pulmonary surfactant. By precisely controlling surface area variations 

during dynamic droplet oscillation, our method allows high-fidelity in vitro biophysical 

simulations of respiratory mechanics. In the third application, we demonstrated the effective 

control of surface pressure during compression of a self-assembled phospholipid monolayer. By 

controlling surface pressure over time, we implemented the first in situ Langmuir-Blodgett (LB) 

transfer from a monolayer-covered droplet. All these applications have demonstrated that closed-

loop ADSA is highly practical in automating droplet manipulation in a variety of material and 

surface science applications, such as thin-film fabrication, self-assembly, and biophysical study 

of pulmonary surfactant. 

3.2 Materials and methods 

3.2.1 Materials 

The water used in this study was Milli-Q ultrapure water (Millipore, Billerica, MA). It has a 

resistivity greater than 18 MΩ·cm at room temperature. The pulmonary surfactant used in this 

study was Infasurf (Calfactant), which was a gift from ONY Inc. (Amherst, MA). Infasurf was 

purified from whole-lung bronchopulmonary lavage of newborn calves. Through an extraction 

process, Infasurf retained all of the hydrophobic components of bovine endogenous surfactant 

including phospholipids, cholesterol, and most hydrophobic surfactant proteins (SP-B and SP-

C).56, 57 Infasurf has a total phospholipid concentration of 35 mg/mL and is stored frozen in 
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sterilized vials. On the day of experiments, it was thawed and diluted to a phospholipid 

concentration of 5 mg/mL with a saline buffer of 0.9% NaCl, 1.5 mM CaCl2, and 2.5 mM 

HEPES, adjusted to pH 7.0. Dipalmitoyl phosphatidylcholine (DPPC) was purchased from 

Avanti Polar Lipids (Alabaster, AL) and used without further purification. DPPC was dissolved 

in chloroform to form a 1 mg/mL stock solution. 

3.2.2 Experimental methods 

Since its development, ADSA has been routinely used as an open-loop system for determining 

properties of drop/bubble.10, 12 Here, we further developed ADSA into a closed-loop system in 

which droplet properties determined in real time are used as feedback control parameters to 

actuate the droplet towards desired targets.58 A diagram of the feedback control loop is illustrated 

in Figure 3.1. Besides the essential components in CDS, a digital PID controller was directly 

integrated into ADSA. In the closed-loop feedback control system, ADSA continuously 

calculates the error, i.e., the difference between the target values and the current values, and 

thereafter automatically actuates the droplet towards the target values using a motorized syringe 

(consisting of a high-precision servomotor and a piston-syringe system) with PID control. The 

transient state of the droplet can be controlled by administering proper PID gains.  

To develop CDS into an automated control system, SD configuration was applied. The 

volume, surface area, and surface tension of the droplet are determined from real-time image 

analysis (i.e., no prior image acquisition was needed) with the ultrafast ADSA algorithm capable 

of analyzing the drop shape at a frequency of 10 Hz.6, 58, 59 This processing speed is mainly 

limited by the computational demands for real-time ADSA analysis. 

In comparison with previous droplet manipulation methods, the closed-loop ADSA possesses 

several advantages. (1) To the best of our knowledge, the closed-loop ADSA is the first method 
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capable of controlling the volume, surface area, or surface tension of millimeter-sized single 

droplets. Previous methods can only control drop volume. However, knowledge about the 

surface area and surface tension of the droplet can be only obtained by post-experimental 

analysis of drop images acquired during the experiments. Hence, control parameters such as area 

compression ratios and targeting surface tension values cannot be set a priori. In comparison, the 

closed-loop ADSA analyzes the deformed drop shape in real time and hence eliminates the need 

of image acquisition for post-analysis. Consequently, the closed-loop ADSA allows live 

manipulation of a droplet. (2) Since the closed-loop ADSA manipulates the droplet by directly 

controlling properties of the target droplet, it is independent of the physical methods of fluid 

actuation, regardless of the fluid is driven by a motorized syringe or by a piezoelectric 

transducer. (3) Being a free-standing method, although the closed-loop ADSA is demonstrated 

here with a sessile drop setup, it can be readily applied to manipulate other drop or bubble 

shapes. 

For biophysical simulations of pulmonary surfactant, detailed experimental protocols can be 

found elsewhere.6, 59 Briefly, a droplet (~ 10 μL) of 5 mg/mL Infasurf was dispensed onto the 

CDS drop pedestal, maintained within an environmental chamber that controls the 

physiologically relevant conditions, i.e., 37 °C and 100% relative humidity. After drop 

formation, the surface tension quickly decreased to an equilibrium value of approximately 22-25 

mN/m,60 indicating formation of an adsorbed surfactant film at the air-water interface. Once the 

equilibrium was established, the adsorbed surfactant film was compressed and expanded at a rate 

of 5 seconds per cycle by withdrawing and injecting water into the droplet using the motorized 

syringe. The compression ratio was controlled to be less than 20% of the initial surface area to 

simulate normal tidal breathing. A minimum of five continuous compression−expansion cycles 
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were studied for each droplet. It was observed that the cycles became repeatable after the first 

cycle. 

For the study of self-assembled phospholipid monolayers at room temperature, a tiny amount 

of 1 mg/mL DPPC stock solution was spread using a microsyringe onto a droplet of pure water 

of which the surface tension was recorded as γ0.
61 The droplet was then slowly expanded to 

increase surface tension (γ) until the corresponding surface pressure (π= γ0-γ) was reduced to ~1 

mN/m. The droplet was left undisturbed for an additional 1 min to allow evaporation of the 

solvent. The spread DPPC monolayer was subsequently compressed at a quasi-equilibrium rate 

of 0.06 cm2/min, corresponding to 0.17% initial surface area per second. Langmuir-Blodgett 

(LB) transfer from the droplet was implemented by lifting a small piece of freshly peeled mica 

sheet at a speed of 1 mm/min, under controlled surface pressure. Topographical images were 

obtained using an Innova AFM (Bruker, Santa Barbara, CA). Samples were scanned in air in 

contact mode with a silicon nitride cantilever of a spring constant of 0.12 N/m and a tip radius of 

2 nm. Lateral structures were analyzed using Nanoscope Analysis (version 1.5). 

3.3 Results and discussion 

3.3.1 Control of drop volume and its application in compensating evaporation 

In this study, we demonstrate direct control of drop volume with the closed-loop ADSA. 

Figure 3.2 shows the manipulation of a 60 μL water droplet on the CDS platform at room 

temperature. The volume of the droplet (panel c) was decreased and increased stepwise with a 

step of every 10 μL, followed by steps of every 20 μL and 40 μL, respectively. Images of this 

droplet at different volumes are shown as inserts in panel a. It is clear that the volume change 

was controlled to be largely linear with respect to time and without significant overshoot once 

reaching the target values within a 1% tolerance. Response to the control was fast. Regardless of 
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the magnitude of volume change, the target values were reached within 1 second. It can be also 

seen that during the manipulation of drop volume, the surface tension (panel a) of pure water 

fluctuates at 71±2 mN/m, in agreement with the literature value.61 The deviation mostly takes 

place upon reducing the drop volume. This is most likely due to traces of impurities (that cause 

surface tension decrease) and/or intrinsic artifacts of drop shape analysis at small volumes (that 

cause surface tension increase).40, 62  

We further demonstrate the usefulness of the ADSA-based volume control by solving a 

scientific problem, i.e., droplet evaporation. Evaporation is an inevitable problem of any droplet-

based apparatus in which the drop volume decreases with time due to evaporation at a rate 

affected by the surface area of the droplet, diffusivity of the liquid, and the environmental 

conditions.40 For instance, protein adsorption may take several hours to complete, during which 

evaporation may cause significant artifact by contracting the air-water interface of the droplet.63, 

64Another example in which the compensation of droplet evaporation is essential is the study of 

gas adsorption at the air-water interface.65 Volume loss is especially problematic for small 

droplets as the highly curved drop surface increases the chemical potential of evaporation.66 

Here, we demonstrate that the ADSA-based volume control maintains a constant drop volume 

over a prolonged time period by automatically compensating the effect of evaporation. As shown 

in Figure 3.3, without control, the volume of a 60 μL water droplet shrinks by 30% over 30 min 

due to natural evaporation. In comparison, with the ADSA-based control, the drop volume was 

maintained at constant over the same time period with volume variations less than 0.5%. 

It should be noted that it is also possible to control the volume of a droplet using a high-

precision syringe pump, if only the linear displacement of the syringe pump is properly 

calibrated and converted to variations in the drop volume. However, our ADSA-based method 



53 
 

represents a novel feedback control system that drives the motor to directly control the drop 

volume with the value determined in realtime by ADSA. Hence our method is more accurate, 

faster, and does not require calibration. The entire process is automatic without the need of any 

human intervention. 

3.3.2 Control of surface area and its application in studying pulmonary surfactants 

Compared to the control of drop volume, the control of surface area and surface tension of the 

droplet is exceedingly complicated due to the nonlinearity of these two properties. To 

demonstrate the nonlinearity of surface area and surface tension with respect to the drop volume, 

we have conducted a comparative experiment of shrinking three droplets of the same initial 

volume. These are a pure water droplet, a DPPC-covered water droplet, and an Infasurf droplet. 

Figure 3.4 shows the surface area (panel a) and surface tension (panel b) of these three droplets 

as a function of the reducing volume. It is clear that only the surface area of the pure water 

droplet is nearly linearly correlated with the drop volume. Nonlinearity in surface area exists for 

both DPPC-covered and Infasurf droplets, due to drop deformation upon reducing volume. 

Surface tensions of all three droplets are nonlinearly correlated with the drop volume, in which 

the surface tension of pure water remains unchanged while reducing volume, and the surface 

tensions of DPPC-covered and Infasurf droplets decrease quickly to near-zero value upon 

reducing volume (i.e., the compression of lipid monolayer at the air-water interface). 

Nonlinearity of the surface area and surface tension renders the control of these two droplet 

properties using a regular syringe pump impossible. However, being a feedback control system, 

our closed-loop ADSA can readily control the surface area or surface tension of the droplet 

without additional difficulties compared to the control of drop volume. In this study, we 

demonstrate the direct control of droplet surface area with closed-loop ADSA.  
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We first demonstrate the ADSA-based area control as shown in Figure 3.5. The surface area 

of a 0.6 cm2 water droplet (panel b) was decreased and increased stepwise with a step of every 

0.1 cm2, followed by steps of every 0.2 cm2 and 0.4 cm2, respectively. Images of this droplet at 

different surface areas are shown as inserts in panel a. It can be found that the change of surface 

area was controlled largely linear with respect to time without significant overshoot once 

reaching the target values within a 1% tolerance, with the similar tendency of drop volume 

control. During the manipulation of surface area, the surface tension (panel a) of pure water is 

largely unchanged and drop volume follows the same tendency of surface area. 

 We further demonstrate the usefulness of the ADSA-based area control by in vitro biophysical 

simulations of pulmonary surfactant (PS). A key requirement of in vitro biophysical simulations 

of PS is to mimic the intra-alveolar environment of the lungs. This requires not only rigorous 

control of experimental conditions to physiological relevance, such as the core body temperature 

of 37 oC and 100% relative humidity, but also high-fidelity simulation of respiratory cycles 

during normal tidal breathing, such as the respiratory rate (e.g., 5 seconds per cycle) and the 

control of surface area variations to be less than 20% per cycle.67 Numerous studies have 

demonstrated that variations in alveolar surface area during respiration are small.67, 68, 69Surface 

area of the lungs does not change more than 30% during a deep breath between 40 and 100% 

total lung capacity (TLC). During normal tidal breathing between 40 and 50% TLC, the area 

variation is less than 10%.67, 68, 69 All this physiological evidence suggests that natural PS films 

must have a very low compressibility contributing to lung recoil.70 However, direct control of 

surface area during droplet oscillation was not possible in previous in vitro simulations. 

Figure 3.6 demonstrates the advantages of closed-loop ADSA in biophysical simulations of a 

natural PS, Infasurf, under physiologically relevant conditions. It can be seen that with surface 
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area control, the adsorbed surfactant film was compressed precisely by 15% area reduction 

(mimicking exhalation), and subsequently expanded back to its original area (mimicking 

inhalation). A minimum surface tension of ~2 mN/m was reached with the 15% compression, 

indicating a low film compressibility of approximately 0.5 (mN/m)-1. The compression and 

expansion curves coincide closely with each other without showing a significant hysteresis, 

which represents an ideal biophysical simulation of the respiratory cycle of natural PS. 

In contrast, without surface area control, the actual compression ratio of surfactant films 

cannot be set prior to the dynamic cycling experiments. Consequently, the surfactant films are 

commonly over compressed or under compressed, thus failing to mimic the physiological 

conditions of respiration. As the example shown in Figure 3.6, the surfactant film without area 

control was compressed by 22% area reduction. It is found that as soon as the area was reduced 

beyond 15%, the surface tension did not decrease anymore. Rather, the compression curve 

leveled off at the minimum surface tension, indicating extensive film collapse. Collapse of the 

alveolar surfactant film is uncommon in mammalian lungs under normal conditions.71 Hence, 

this extra area compression is considered to be "overcompression" that is an artifact introduced 

by the in vitro biophysical simulation.72 Because of this overcompression, the compression-

expansion cycle shows a significant hysteresis loop. The area enclosed in the hysteresis loop 

indicates the amount of mechanical energy loss per respiratory cycle, which is again an artifact 

for in vitro biophysical simulation of natural PS.13 

3.3.3 Control of surface tension/pressure 

To demonstrate the control of surface tension/pressure, we used the CDS as a miniaturized 

Langmuir balance to study the compression isotherm of a self-assembled DPPC monolayer at 

room temperature. Figure 3.7 shows the surface pressure of the DPPC monolayer as functions of 



56 
 

the relative surface area (π-A curve) and the compression time (π-t curve), respectively. It can be 

seen that the π-A curve is consistent with well-characterized DPPC compression isotherms 

reported in literature.56, 73, 74 At large surface area and low surface pressure, the DPPC monolayer 

is in a fluid-like liquid-expended (LE) phase, while the surface pressure only increases slowly 

with area reduction. After passing a phase transition plateau at about 8.5 mN/m, the DPPC 

monolayer is transformed into a solid-like tilted-condensed (TC) phase at which the surface 

pressure increases rapidly with compression, indicating a very low film compressibility for the 

TC phase DPPC monolayer.75 

As demonstrated by the π-t curve shown in Figure 3.7, with the ADSA-based surface 

tension/pressure control, we were able to compress the DPPC monolayer to a target surface 

pressure (i.e., 8.5, 20, 30, 40, 50, and 60 mN/m) and maintain it over a 100 s period. It can be 

seen that when the controlled pressure reaches 30 mN/m, a small overshoot appears due to 

hysteresis incurred by stiction of the piston-syringe system. However, the controller is able to 

correct the overshoot and bring the steady-state surface pressure to the target value. The steady-

state error of this control is <1.5%.  

The precise control of surface tension/pressure over time allows extended investigation of self-

assembled monolayers and thin-films fabricated at the droplet surface. One such application is in 

situ Langmuir-Blodgett (LB) transfer from the droplet surface. To date, LB transfer of films from 

the air-water interface to a solid substrate under controlled surface pressure is primarily 

implemented with a Langmuir trough.75 After LB transfer, the film can be studied in details by 

various microscopic and spectroscopic techniques for characterizing its lateral structure and 

molecular organization.56, 76, 77 Here, taking advantage of the ADSA-based surface 

tension/pressure control, we have implemented the first in situ LB transfer of DPPC monolayer 
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from the droplet surface. During the LB transfer, ADSA analysis was restricted to partial drop 

profiles that were not disturbed by the substrate passing the air-water interface. The insert in 

Figure 3.7 shows an AFM topographic image of the DPPC monolayer transferred within the 

phase transition plateau region, i.e., 8.5 mN/m. The AFM image shows clearly coexistence of the 

LE phase and the signature kidney-shaped TC domains well-documented in literature.56, 78 

3.4 Summary 

We have developed a novel closed-loop ADSA, integrated into the constrained drop 

surfactometer (CDS), for manipulating millimeter-sized droplets. The closed-loop ADSA 

extends applications of the traditional drop shape analysis from a surface tension measurement 

methodology to a sophisticated tool for automatically manipulating droplets in real-time. We 

have demonstrated the feasibility and advantages of closed-loop ADSA in three applications, 

including control of drop volume by automatically compensating natural evaporation, precise 

control of surface area variations for high-fidelity biophysical simulations of natural pulmonary 

surfactant, and steady control of surface pressure for in situ Langmuir-Blodgett transfer from 

droplets. All these applications have demonstrated the accuracy, versatility, applicability, and 

automation of this new ADSA-based droplet manipulation technique. Combining with CDS, the 

closed-loop ADSA holds great promise for advancing droplet manipulation in a variety of 

material and surface science applications, such as thin-film fabrication, self-assembly, and 

biophysical study of pulmonary surfactant. 

  



 

Figure 3.1 Diagram of the closed

control system integrated into the constrained drop surfactometer (CDS).
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Figure 3.2 Demonstration of the closed-loop ADSA for controlling drop volume. The volume of 

a 60 μL water droplet (panel c) was decreased and increased stepwise with a step of every 10 μL, 

followed by steps of every 20 μL and 40 μL, respectively. Images of this droplet at different 

volumes are shown as inserts in panel a. It is clear that the change of volume was controlled to be 

largely linear without significant overshoot once reaching the target values within a 1% 

tolerance. During manipulation of drop volume, the surface tension (panel a) of pure water is 

largely unchanged, and the surface area (panel b) of the water droplet also varies largely linearly 

with respect to time.  
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Figure 3.3 Demonstration of the closed-loop ADSA for maintaining a constant drop volume by 

automatically compensating evaporation. Without the control, the volume of a 60 μL water 

droplet shrinks by 30% over 30 min due to natural evaporation. With the control, the drop 

volume was maintained at constant over the same time period with volume variations less than 

0.5%. Results are shown as mean ± SD averaged from three repetitions. Inserts are drop images 

at different time points indicated by red solid symbols on the curves, showing changes in drop 

volume.  
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Figure 3.4 Nonlinearity of surface area (a) and surface tension (b) with respect to the drop 

volume. Three droplets, i.e., a pure water droplet, a DPPC-covered droplet, and an Infasurf 

droplet, were shrunk linearly in volume. It is clear that only the surface area of the pure water 

droplet is nearly linearly correlated with the drop volume. Nonlinearity in surface area exists for 

both DPPC-covered and Infasurf droplets, due to drop deformation upon reducing volume. 

Surface tensions of all three droplets are nonlinearly correlated with the drop volume, in which 

the surface tension of pure water remains unchanged while reducing volume, and the surface 

tensions of DPPC-covered and Infasurf droplets decrease quickly to near-zero value upon 

reducing volume. Inserts are drop images at different volumes of the three droplets indicated by 

red solid symbols on the curves. 
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Figure 3.5 Demonstration of the closed-loop ADSA for controlling surface area. The surface 

area of a 0.6 cm2 water droplet (panel b) was decreased and increased stepwise with a step of 

every 0.1 cm2, followed by steps of every 0.2 cm2 and 0.4 cm2, respectively. Images of this 

droplet at different surface areas are shown as inserts in panel a. It can be found that the change 

of surface area was controlled largely linear with respect to time without significant overshoot 

once reaching the target values within a 1% tolerance, with the similar tendency of drop volume 

control. During the manipulation of surface area, the surface tension (panel a) of pure water is 

largely unchanged and drop volume follows the same tendency of surface area. 
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Figure 3.6 Demonstration of the closed-loop ADSA for controlling area variations in 

biophysical simulation of a natural pulmonary surfactant, Infasurf, under physiologically relevant 

conditions. With the area control, the surfactant film was compressed precisely by15% area 

reduction, and subsequently expanded back to its original area. A minimum surface tension of ~2 

mN/m was reached with the 15% compression. The compression and expansion curves coincide 

closely with each other without showing a significant hysteresis. Without the area control, the 

surfactant film was compressed by 22% area reduction. When the area was reduced beyond 15%, 

the surface tension did not decrease but leveled off at the minimum value, indicating extensive 

film collapse, which is an artifact due to overcompression of the surfactant film. Images of the 

droplets along the cycle path are demonstrative of surface tension being a function of drop shape.  
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Figure 3.7 Demonstration of the closed-loop ADSA for controlling surface pressure for in situ 

Langmuir-Blodgett (LB) transfer of DPPC monolayers from the droplet. The obtained surface 

pressure-area curve is consistent with well-characterized DPPC compression isotherms reported 

in literature. The surface pressure-time curve shows the compression of the DPPC monolayer to 

a target surface pressure (i.e., 8.5, 20, 30, 40, 50, and 60 mN/m) and maintained over a 100 s 

period. When the controlled pressure beyond 30 mN/m, a small overshoot appears due to the 

hysteresis incurred by stiction of the piston-syringe system. However, the controller is able to 

correct the overshoot and bring the steady-state surface pressure to the target value. The steady-

state error of this control is <1.5%. The insert shows an AFM topographic image (100×100 μm; 

z-range 5 nm) of the DPPC monolayer transferred under a controlled surface pressure within the 

phase transition plateau region, i.e., 8.5 mN/m. The image shows clearly coexistence of the LE 

phase and the signature kidney-shaped TC domains well-documented in literature. 
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Chapter 4. Study of surface dilational rheology 

 

4.1 Introduction 

Proteins and surfactants play a crucial role in a variety of fields, such as food industry, 

cosmetics, pharmacology, and coating processes.79, 80 Among these applications, the most 

important property of the proteins and surfactants is their adsorption at an interface, which 

affects many technological processes with a high surface area-volume ratio, i.e., the formation 

and stabilization of the foams and emulsions. To characterize these adsorption layers at liquid-

fluid interfaces, surface dilational rheology is an efficient approach. Surface dilational rheology 

provides information on the mobility of surfactants which is related to the stability behavior of 

foams and emulsions.26, 81 Moreover, the study of surface dilational rheology provides an 

opportunity to investigate the dynamic conformation changes of proteins and surfactants 

adsorbed at the liquid-fluid interface.82, 83, 84 

The surface dilational modulus is determined from the amplitudes of the surface area and 

surface tension oscillations, and from the phase shift between area and tension changes. A 

variety of methods have been developed for dilational rheology measurement, such as oscillating 

barrier, 20, 21 capillary waves,22 bubble pressure,23, 24 and drop/bubble shape analysis.25, 26, 

27Among these methods, drop/bubble shape analysis stands out with a number of advantages. 

First, the surface/interfacial properties are calculated from the profile the drop/bubble without 

directly contacting the surface, thereby avoiding potential contaminations. Second, the 

drop/bubble can be oscillated with uniform expansion and compression, providing accurate 

results in characterizing the surface dilational rheology. Finally, usage of small quantities of 
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liquid sample usage facilitates the study of scarce or expensive sample, such as biological or 

clinical fluids.  

To obtain dilational rheology measurements, the surface tension needs to be characterized in 

response to the sinusoidal oscillation of surface area. Though there are wide applications of the 

drop shape analysis in the study of rheology, surface area continues to be controlled in an 

indirect manner. Compared to the direct control of surface area in the oscillating barrier method, 

all existing drop/bubble methods are only able to directly control volume using a predefined 

waveform via an external pumping system, such as motorized syringe. The surface area is 

assumed to have a linear relation to the drop volume with the assumption of a standard spherical 

drop/bubble shape. However, with the presence of surfactant at the surface, the drop/bubble is 

largely deformed from the spherical shape, especially at low surface tension.58 Thus, the 

development of a method that can directly control the surface area is desired.  

In this study, we develop a novel waveform generator to directly oscillate the surface area in 

sinusoidal waveforms, using a feedback control system based on axisymmetric drop shape 

analysis (ADSA). ADSA is a computer-based surface tension measurement methodology first 

developed by Neumann and coworkers.10, 85ADSA determines surface tension and surface area 

by calculating the best fit between the experimental profile and theoretical profiles generated by 

the Laplace equation of capillarity. We have developed a high-speed ADSA algorithm capable of 

real-time analysis of surface tension and surface area. By coupling the real-time ADSA with a 

proportional-integral-derivative (PID) controlled motorized syringe, we have developed a closed-

loop ADSA that is capable of precisely control the surface area. For the first time, our 

methodological advance permitted direct control of surface area oscillated in a sinusoidal pattern, 
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thus resulting in a precise evaluation of the surface dilational rheological properties of complex 

fluids, including surfactants and proteins. 

To demonstrate the feasibility of this waveform generator in surface rheology study, typical 

systems of low molecular-weight surfactant and proteins were selected. Non-ioninc surfactant 

dodecyldimethylphosphine oxide (C12DMPO) was characterized with different sinusoidal 

frequencies in a wide range of concentrations. The results were compared with theoretical 

models and existing experimental results. The dilational modulus of two proteins, β-casein and 

bovine serum albumin (BSA), were measured in the dynamic adsorption process. The results 

were compared with each other and the mechanism behind discrepancies was analyzed. All these 

applications have demonstrated that the waveform generator is a highly practical tool in studying 

surface dilational rheology. 

4.2 Materials and methods 

4.2.1 Development of a sinusoidal waveform generator  

ADSA determines the surface tension and surface area by numerically fitting the experimental 

profile to theoretical profiles generated by the Laplace equation of capillarity until the best match 

is found.10, 12 Recently, ADSA was developed into a closed-loop control system where sampled 

droplet properties are fed back into the system to control the drop/bubble toward desired 

targets.58 A precise target surface area can be reached through this PID control. Here, we extend 

the close-loop control to a waveform generator. A desired sinusoidal waveform is discretized, 

and through the discretized time steps, we can control the surface area in a sinusoidal waveform. 

The waveform can be discretized and controlled to time steps of up to 0.2s, limited by the motor 

latency between movements. Thus, the upper-limiting frequency of the sinusoidal waveform is 

around 0.5 Hz (with 10 movements in one period). Prior to every step, the error, i.e., the 
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difference between the current value and the target value of the next step, is calculated. From 

this, the PID controller actuates the droplet through the motorized syringe. Moreover, from 

previous waveform periods, the PID gains are tuned to minimize errors of future periods. 

Furthermore, to mitigate potential oscillations generated by closed-loop control, an open-loop 

control component is added, parallel to the existing PID control components. 

4.2.2 Materials 

C12DMPO (MW=246.4 g/mol), β-casein from bovine milk (≥98% 24kDa), and bovine serum 

albumin (≥99%, ~66 kDa), was purchased from Sigma-Aldrich Chemical and used without 

further purification. Phosphate buffer solution with ion strength of 0.03 (pH=7) and surface 

tension of 72.5mN/m at 20 oC, prepared from Na2HPO4 and NaH2PO4 (from Sigma-Aldrich 

Chemical), was used to dissolve the surfactant and proteins. The water used was Milli-Q 

ultrapure water (Millipore, Billerica, MA) with a resistivity greater than 18 MΩ·cm at room 

temperature. On the day of experiment, a stock solution was prepared and diluted to the desired 

concentrations. All the measurements were carried out at room temperature (20±1oC). 

4.2.3 Experimental methods 

To demonstrate the capacity of the droplet waveform generator for dilational rheology 

measurement, we used an experimental setup called the constrained drop surfactometer (CDS), 

recently developed in our laboratory.6, 59, 86 Figure 4.1 shows the schematic of the CDS setup and 

the closed-loop ADSA based waveform generator. The CDS is a miniaturized surface 

tensiometer that utilizes a single liquid droplet confined on a 3-mm diameter drop pedestal. The 

hydrophilic pedestal features a knife-sharp circular edge that maintains droplet integrity and 

prevents film leakage even at low surface tensions.87 The droplet is manipulated using a 
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programmable motorized syringe (2.5 mL Gastight) with a maximum displacement speed of 5 

mm/s and a resolution of 0.1 μm (equivalent to a volume resolution of approximately 4 nL). The 

droplet is illuminated with a red-color parallel backlight and is visualized with a machine vision 

camera with a maximum resolution of 1280×1024 pixels and frame rate up to 30 frames per 

second. To characterize the properties of the drop, i.e., surface area and surface tension, the real-

time image (i.e., no image acquisition was needed) is directly fed in an ultrafast ADSA algorithm 

capable of analyzing the drop shape up to a frequency of 10 Hz. A predefined sinusoidal curve is 

generated and used as the input for the feedback control system and the output is the response of 

the surface tension. 

To measure the dilational rheology, a droplet of surfactant or protein solution prepared at the 

desired concentration, was dispensed onto the CDS drop pedestal. For C12DMPO experiments, 

the surface tension was monitored continuously (the surface area was kept constant using the 

closed-loop ADSA 58) until equilibrium. Surface dilational rheology was measured when the 

equilibrium was reached. The surface area was oscillated at frequencies of 0.01, 0.025, 0.05, 0.1, 

and 0.2 Hz in concentrations varying between 0.013 and 0.42 mol/m3. For protein experiments, 

moduli during the adsorption procedure were measured. It was reported that the modulus vs. 

surface pressure curves, determined in the adsorption process, are independent of protein 

concentration.21, 82, 88 For the sake of comparison with existing literature values, the protein 

solution with concentration of 10 mg/L was selected. Oscillation of the surface area was carried 

out with the frequency of 0.1 Hz over the course of the adsorption process. Thus, we were able to 

simultaneously measure the dynamic surface tension and the modulus from the early stages of 

the adsorption process until equilibrium was reached.  
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Calculation of dilational modulus. The surface dilational modulus is defined as the increase 

in surface tension (γ) in response to a small relative increase in surface area (A) 

ln

d
E

d A


          (Eq. 4.1) 

In the oscillating system, the modulus is a complex quantity with both a real and an imaginary 

component defined as follows 

r iE E iE          (Eq. 4.2) 

where Er is the real component (elastic modulus) and Ei is the imaginary component (viscous 

modulus).  

The total modulus can be regarded as a change in the energy of the system in response to the 

change in area. The elastic modulus can be thought as the energy stored in the system, while the 

viscous modulus reflects the loss of energy. The elastic and viscous moduli can also be expressed 

in terms of the total modulus (|𝐸|) and the phase angle (φ) as follows 

cos( )rE E          (Eq. 4.3)
 

sin( )iE E          (Eq. 4.4)
 

With a small amplitude harmonic perturbation of the surface area, the magnitude and phase of 

the surface tension response is directly associated to the dilational modulus. It was proven that 

sufficiently small amplitude of area deformation (i.e., <10%) guaranteed a linear response.89 In 

our experiments, the controlled amplitude of surface area oscillation is restricted within 10%. 

The surface area is oscillated following the predefined equation 

 0 sin 2 /A A A t   
       (Eq. 4.5) 
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where A0 is the offset of the surface area, A is the amplitude of the surface area oscillations, and 

 is the period. The harmonic response of the surface tension  reads 

 0 sin 2 /t       
       (Eq. 4.6) 

where γ is the offset of the surface tension, 𝛾 is the amplitude, and  is the phase shift of the 

surface tension to the surface area. From the control parameter of sinusoidal waveform for 

surface area, we can directly obtain A0 and  A. 𝛾 and  is calculated by curve fitting of the 

measured surface tension. Thus, the modulus can be calculated by  

0E A
A





          (Eq. 4.7) 

 0 cosrE A
A

 

         (Eq. 4.8) 

0 sin( )iE A
A

 

         (Eq. 4.9) 

4.3 Results and discussion 

4.3.1 The accuracy of sinusoidal waveform generator 

We first demonstrate the direct control of surface area with the closed-loop ADSA to generate 

a sinusoidal waveform with assigned parameters using a water droplet. Figure 4.2 shows the 

manipulation of the droplet with the offset of surface area set as 0.2 cm2 on the CDS platform at 

room temperature. The surface area was increased and decreased following the theoretical 

sinusoidal curve with amplitude of 10% (0.02 cm2) and a period of 10 s. It can be found that the 

experimental area can closely follow the theoretical curves in this case with no overshoot in the 

amplitude and delay of the phase. 
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To quantify the accuracy of the controlled area as a function of frequency, the relative error 

between the measured surface area and the theoretical sinusoidal curve, i.e.,=|Ameasured-

Atheoretical|/Atheoretical, were provided. The relative errors of offset, amplitude, and period are 

determined with frequency varying from 0.01 Hz to 0.5 Hz, as shown in Figure 4.3. To compute 

the accuracy of the experimental results matching to the sinusoidal waveform in different 

frequencies, R2 is also provided in the panel d. It can be found that when the frequency is below 

0.2 Hz, the relative errors stay small with the period owning the highest accuracy, i.e., e<0.05%. 

The relative error of the amplitude is the most sensitive parameter but is still less than 5% when 

frequency is below 0.2 Hz. Note that our method is also valid and with a high accuracy at lower 

frequency, i.e., less than 0.01 Hz. When frequency increases to 0.5 Hz, the accuracy of the 

waveform decreases with the amplitude deviating the most from the theoretical curve, i.e., 𝑒  

becomes larger than 10%. The R2 shows the similar trend. When frequency is below 0.2 Hz, the 

R2 is over 0.99, indicating that the experimental results closely follow the theoretical curve. The 

R2 reduced to 0.97 once the frequency reaches to 0.5 Hz. The errors in the high frequency are 

mainly attributed to the fewer samples acquisition and the limitation of the motor response. It 

should be noted that, the limitation of the drop shape analysis is also close to the frequency of 0.5 

Hz. A specific investigation indicates that the drop cannot be considered at mechanical 

equilibrium for frequencies beyond 1 Hz in air water systems.90 This indicates that our method is 

applicable to almost the whole range of the drop shape analysis. It should also be noted that the 

frequency used in our study is in the low frequency range. The relaxation processes responsible 

for the dilational rheology of the surface, however, occur in a broad time-scale. To gain a 

comprehensive understanding of the relaxation processes, a combination of the methods with 
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different frequency range should be considered. In this study, we only focus on the slow 

relaxation processes in the surfactant and protein layers. 

4.3.2 Dilational modulus of surfactants  

To illustrate the procedure of modulus calculated from the experimental data, Figure 4.4 

shows an example of modulus calculated from the experimental measurement of C12DMPO in 

the concentration of 0.115 mol/m3. The surface area is controlled the sinusoidal waveform with 

an offset of 0.2 cm2, an amplitude of 0.02 cm2 and a period of 10s, as shown in Figure 4.4 (a). 

The red curve indicates the predefined sinusoidal waveform and the open circle shows the 

experimental response. The information of the amplitude, offset and the period (or frequency) 

can be directly obtained from the predefined theoretical curve. Parallel with surface area 

oscillations, surface tension is acquired in real-time, as plotted in Figure 4.4 (b). Comparing the 

smooth control of surface area, the surface tension scatters slightly, due to the sensitivity of 

surface tension measurement to the environmental disturbance, the quality of acquired image, 

and image processing artifacts.91 To extract the information from the surface tension results, a 

best fitting procedure using the sinusoidal function is conducted, as indicated by the blue dash 

line. From the best fitting, the amplitude of the surface tension is ready to obtain, reading 0.24 

mN/m in this case. The phase angle can be calculated by comparing the sinusoidal curve from 

surface area and surface tension, as shown in Figure 4.4 (c). A phase lag of surface area can be 

observed, indicating the film is viscoelastic. The phase lag is 24o in this experiment.  

To demonstrate the feasibility of our method, a broad range of moduli for C12DMPO were 

measured. Eight concentrations ranging from 0.013 to 0.42 mol/m3 was selected with frequency 

ranging from 0.01 to 0.2 Hz, as shown in Figure 4.5. It can be found that the modulus we 

measured ranges from the lowest value around 1 mN/m to the highest around 30 mN/m. The 
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elastic modulus is found to be always higher than viscous modulus, indicating the film is largely 

elastic. This is consistent with the results found for the other low molecular-weight surfactants.26, 

92 To validate the accuracy of our measurement, literature values available at frequency of 0.08 

Hz, and 0.01 Hz measured from bubble pressure method are also listed in the figure.23 It can be 

found that our results are almost identical with literatures, indicating the validity of our 

measurement. 

To characterize the surfactant film for a better interpretation of the experimental data, a 

theoretical analysis is carried out. Assuming the diffusion transfer from/to the bulk as unique 

relaxation process, the elastic and viscous modulus can be described by 20 

E = E
ξ

ξ ξ
        (Eq. 4.10) 

E = E
ξ

ξ ξ
        (Eq. 4.11) 

with 

ζ =
Ω

         (Eq. 4.12) 

 where E0 is the limiting elasticity. D is the characteristic frequency of the diffusion exchange. 

E0 and D can be given by the concentration c as follows 

𝐸 =
Π

Γ
         (Eq. 4.13) 

Ω = 𝐷
Γ

         (Eq. 4.14) 

where Π is the surface pressure defined by Π = 𝛾 − 𝛾. 𝛾  is the surface tension of the pure 

interface, measured of 72.5 mN/m for the pure buffer solution in our experiments. D is the 
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diffusion coefficient.  measures the adsorption of the surfactant which can be expressed by the 

average molar area of the surfactant () and the surface coverage of the surfactant (), denoted 

by 

Γ=           (Eq. 4.15) 

To improve the quality of data interpretation, a two-dimensional relative surface layer 

compressibility coefficient () is introduced recently.93 The  is assumed to depend on  and , 

denoted by 

ω = ω (1 − 𝜀Π𝜃)        (Eq. 4.16) 

where 𝜔  is the molar area of the surfactant at zero pressure. To correlate Π and c, the Langmuir 

equation of state and the adsorption isotherm are used, defined by 

Π = − ln(1 − 𝜃)        (Eq. 4.17) 

     𝑏𝑐 =                (Eq. 4.18)  

Combining Equations 4.12-4.18, the E0 and D are given by 

𝐸 =
Π

Γ
=

Π

Γ =
( ) ( )

( ) ( )
= 𝑏𝑐    (Eq. 4.19) 

         Ω =
Γ

= Γ =
{ ( ) ( )}

( ) ( )
     

                = 𝜔
{ }

                    (Eq. 4.20) 

where 



76 
 

 𝐴 = (1 + 𝑏𝑐) − 𝜀 𝑏𝑐 ln(1 + 𝑏𝑐) 

 𝐴 = (1 + 𝑏𝑐) + 𝜀 (𝑏𝑐)  

 

Thus, the modulus vs. concentration curve is determined by the four parameters, which are 0, 

b,, and D. Using these parameters as the fitting parameters, the best fit theoretical curve is 

obtained as shown in Figure 4.5. The solid curves are the best fit to the theoretical equations to 

the Er and Ei, given the fitting parameters in the Table 4.1. It is found that the theoretical curve 

can accurately describe the experimental data, except for the data for viscous modulus when the 

frequency is low. The theoretical values are always higher than the corresponding experimental 

results for viscous modulus at low frequency. This could be caused by the inadequate 

consideration of the different relaxation processes in the theoretical model. The lower values of 

the experimental data indicate that the smaller energy dissipation occurs in the film when the 

frequency is small. The diffusion transfer of surfactant from/to the bulk, which is considered as 

the unique relaxation process, may not dominate in this frequency range. Further investigations 

are needed to update the theoretical model at lower frequency.  

The reference values of the four parameters are also provided in the Table 4.1.27 The 

parameters directly fitted from our experiment are in good agreement to the reference values. 

The parameters 0, and b are also validated in the Langmuir equation of state and the adsorption 

isotherm, as shown in Figure 4.6. It can be found that, the theoretical curve can accurately 

describe the adsorption isotherm. It should be noted that the slight discrepancy between the 

experimental data and the theoretical data at the concentrations of 0.019 mol/m3 and 0.22 mol/m3 

could be caused by the experimental errors in the measurement. To quantify the discrepancy 
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between the experimental data and the theoretical curve, the sum of squared residuals (SSR) is 

used, defined by 

 𝑆𝑆𝑅 = ∑ (y − 𝑓(𝑐 ))        (Eq. 4.21) 

where yi is the ith value of the experimental results (surface pressure), ci is the ith value of 

concentrations, and 𝑓(𝑐 ) is the equation of adsorption isotherm. The SSR is calculated to be 

3.92 (eliminating the two obvious outliers) for the data in Figure 4.6. The small value of SSR 

indicates the tight fit of the model to the experimental data, which also provides evidence that 

our experimental data is accurate and reliable. 

The combination of the experimental data and the theoretical analysis provides a better 

understanding of the behavior of adsorbed layer responding to the harmonic oscillation. It can be 

found in Figure 4.5 that both elastic and viscous moduli feature a maximum with increasing 

concentration at each frequency. To explain this, the effect of the surface coverage  and the 

exchange of surfactant between bulk and surface on the modulus with increasing surfactant 

concentration should be considered. According to Equation 4.13, the  increases with increasing 

concentration, thus resulting in a higher modulus. However, the molecular exchange rate 

between bulk and surface also becomes higher with the increasing surfactant concentration. The 

fast exchange of surfactant at high concentrations evens the surface tension gradient 

immediately. The competitive effect of the increasing  and the increasing molecular exchange 

on Er(c) and Ei (c) curves lead to a maximum of modulus at a certain concentration.  

When considering the apex of the modulus with different frequencies, it can be found that this 

maximum slightly shifts towards lower concentration with the decreasing frequency for both 

elastic and viscous modulus. The frequency dependent maximum can be ascribed to the 

influence of the exchange rate of the surfactant between bulk and the surface on the surface 
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tension gradient. Higher oscillating (frequencies) requires a higher exchange rate of surfactant 

molecules to even the gradient of surface tension within one period, involving a higher 

concentration. Therefore, the higher the frequency, the higher the surfactant concentration 

required for the peak of modulus.  

It should be noted that a discrepancy is found between the experimental data and the 

theoretical curve at the concentration c=0.42 mol/m3. The experimental data are significantly 

smaller than the predicted theoretical curve. Note that this concentration is close to the critical 

micelle concentration (CMC) of C12DMPO (0.55 mol/m3). This indicates the inadequacy of the 

theoretical model in predicting the modulus near the CMC as the effect of micelles on the 

adsorption is not considered in the current theoretical model. 

4.3.3 Dilational modulus of proteins  

To demonstrate the feasibility of our method in dynamic measurement during adsorption, the 

moduli of two proteins are measured along the adsorption process. The modulus of adsorbed 

layers was measured as a function of surface pressure from the very early stages of surface layer 

formation (near zero surface pressure) to the state where the surface layer is close to saturation 

(close to the maximum surface pressure). In this case, the whole succession of modulus change 

in the layer after adsorption at the initial moment can be observed. 

Figure 4.7 summarizes the adsorptions of BSA and β-casein and the dynamic modulus 

measured during the adsorption. It should be noted that the protein involves a relative long 

period of adsorption process ranging from hours to days. The evaporation of the solvent should 

be considered in such a long adsorption period. In the present study, we used the closed-loop 

ADSA to maintain the constant surface area during the adsorption. Figure 4.8 shows the change 

of the surface tension with surface tension kept constant during the adsorption of BSA.  
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The adsorption curve in Figure 4.7 (a) indicates that the adsorption of β-casein reaches to 

equilibrium after 30 minutes, while the surface pressure of BSA continues to increase even after 

80 minutes. It can be found that the surface pressure experiences a sharp increase at the initial 

stages and then a delay in growth. The studies of adsorption kinetics indicate a different 

mechanism during the adsorption.94 The fast increase of surface pressure is ascribed to the 

protein diffusion from the bulk phase to the surface. The following slow change of surface 

pressure approaching to the equilibrium is related to conformational transitions in the adsorption 

layer. However, the monotonic adsorption isotherm provides limited information about these 

transition processes. 

To unveil detail information during the adsorption process, the dynamical modulus during the 

adsorption was measured. Figure 4.7 (b) shows the measured modulus (|E|) and the phase angle 

(tan ) for BSA and β-casein as a function of surface pressure. It can be found that |E| of BSA 

increases with increasing surface pressure to a maximum value at the surface pressure around 10 

mN/m. Upon further increase of the surface pressure, the modulus remains constant or somewhat 

decreases. |E| of β-casein increases when the surface pressure increases to 4 mN/m and then 

decreases slightly and then increases to another local maximum. Comparing the value of 

modulus, it can be found that the |E| of BSA is twice larger than that of β-casein when surface 

pressure exceeds 6 mN/m. The phase shift (tan φ) remains small in the entire range of surface 

pressure. The tan φ does not exceed 0.05 for BSA and 0.2 for β–casein, respectively, even in the 

region of the modulus at its local maximum. Different from the low molecular-weight 

surfactants, both the BSA and β -casein surface layers are proven to be essentially elastic. 

Literature values of the BSA and β –casein measured from oscillating barrier method 21, 82 using 

a similar frequency are also provided in the figure. It can be found that |E| of β -casein is in good 
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agreement with the literature values. Our method is sensitive enough to detect the two local 

maxima of the modulus during adsorption. This is concordant with the results reported in 

existing literatures.82, 95, 96 |E| of BSA agrees well when surface pressure is in the range of 0-6 

mN/m. When surface pressure increases beyond 6 mN/m, our measured results are 20% smaller 

than the literature values. Such discrepancy can be caused by the differences in source of the 

protein, pH and ionic strength used in the experiment.21 

Though sharing similar adsorption isotherms, the dilational moduli of BSA and β–casein 

exhibit large differences. |E| of BSA is always larger than that of β-casein, except at the early 

stage when only a small amount of BSA is adsorbed. To explain this, two aspects contributing to 

the dilational modulus during the adsorption, the intra-protein structure transformation and the 

aggregated inter-protein network strength, is considered.97 At early stage, the adsorbed proteins 

remain as individuals. The modulus in this stage is assumed to arise from increasing adsorption 

at the surface, the mechanism of which is similar to that of low molecular-weight surfactant. 

Compared to the flexible protein β–casein, the rigid protein BSA is more effective in restoring 

the previous state of the interface, resulting in a faster increase of dilational modulus.97 With 

increasing surface pressures, the conformational changes result in the development of an 

interconnected network, meanwhile the structural flexibility of the adsorbed proteins increases 

with the unfolding of structure. In this stage, the slowly development of the inter-protein network 

gives rise to the slow increase in |E|, while the loss of internal structural stiffness of the protein 

levels off the modulus.97 These two effects results in the maximum of the dilational modulus, as 

observed for BSA and β–casein. However, it can be found that the conformation transient 

introduces a more complicated influence on the modulus of the flexible protein β–casein, 

resulting two local maxima at the modulus vs. surface pressure curve. 
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4.4 Summary 

We have developed a waveform generator, integrated into the constrained drop surfactometer 

(CDS), for surface area oscillation in the study of dilational rheology. The waveform generator 

can accurately generate a sinusoidal waveform in surface area in a wide range of frequency up to 

0.2 Hz. We have demonstrated the feasibility and advantages of the surface area waveform 

generator in two applications, including the measurement of modulus for low molecular-weight 

surfactant in a wide range of concentration and frequencies and the measurement of dynamic 

modulus change of two proteins during the adsorption. All these applications have demonstrated 

the accuracy, versatility, and applicability of this new ADSA-based waveform generating 

technique. Combined with the CDS, the waveform generator holds great promise for advancing 

the surface rheology study. 
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Figure 4.1 Schematic of the sinusoidal waveform generator using a closed-loop axisymmetric 

drop shape analysis (ADSA) feedback control system integrated into the constrained drop 

surfactometer (CDS). In the CDS, a liquid droplet is "constrained" on a 3 mm carefully 

machined pedestal with a knife-sharp edge. The droplet is continuously monitored by ADSA in 

real-time. Surface area is controlled to a sinusoidal waveform with the closed-loop ADSA. The 

resultant command signal controls a motorized syringe, consisting of a high-precision 

servomotor and a piston-syringe system, to actuate the droplet with surface area oscillating in 

sinusoidal waveform. Surface tension is the output for calculating the dilational modulus. 
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Figure 4.2 Demonstration of the waveform generator for oscillating the surface area (A) of a 

water droplet following the theoretical sinusoidal curve(Area offset A0=0.2 cm2, Amplitude 

A=0.02 cm2, Period τ=10s). It is clear that the change of surface area was controlled closely 

following the theoretic sinusoidal waveform.  
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Figure 4.3 Relative errors (𝜀 =
| |

) of area offset (ε ), relative errors of 

amplitude (ε ), relative errors of period (ε ) and R2 as a function of frequency measured using 

the water droplet with the offset of 0.2 cm2 and the amplitude of 0.02 cm2. It is clear that the 

relative errors of area offset, amplitude, and period stay small (i.e., ε <0.5%, ε <5%, and 

ε <0.1%) and R2 is larger than 0.99 for frequency from 0.01 Hz to 0.2 Hz. When frequency is 

increased to 0.5 Hz, the relative errors increase significantly with the ε∆  most sensitive to the 

frequency (increased to over 10%). The R2 decreases to 0.96. 

0.01 0.1 1

0.0

0.2

0.4

0

5

10

0.00

0.05

0.10

0.15

0.01 0.1 1

0.96

0.98

 

 

e A
  (

%
)

0
e 

 (
%

)
~

 

e
(

%
)

 R
2

 Frequency (Hz)

a 

c 

b 

d 



85 
 

 

Figure 4.4 (a) Sinusoidal oscillations of the area of C12DMPO droplet with an offset of 0.2 cm2, 

an amplitude of 0.02 cm2, and a period of 10s. (b) Response of surface tension, and (c) 

Theoretical analysis of the surface area and surface tension. The dash blue curve is the best sine 

fitting of the surface tension and the red solid curve is obtained from the theoretical sinusoidal 

curve of surface area. It can be found that there exists phase lag of surface area, which is 

calculated to be 24o in this case. The amplitude of the surface tension can be read from the fitted 

sine curve.  
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Figure 4.5 (a) Real and (b) imaginary parts of complex surface dilational modulus as a function 

of C12DMPO concentration at oscillation frequency of () 0.2, () 0.1, () 0.05, () 0.025, 

() 0.01 Hz. The curves are theoretical fittings using the parameters in Table 4.1. Literature 

values at frequency of () 0.08 Hz and () 0.01 Hz are also plotted in the figure. Both the 

elastic and viscous modulus features a maximum for a constant frequency. The maximum of 

dilational modulus shifts to lower concentration when the frequency reduces.  
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Figure 4.6 Adsorption isotherm of the surfactant C12DMPO. The solid curve corresponds to the 

theoretical isotherm model. The parameters used in the theoretical model are presented in Table 

4.1. It can be found that the theoretical isotherm using the parameters predicted by the surface 

rheology model can accurately describe the experimental data.  
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Figure 4.7 (a) Adsorption isotherm and (b) dynamic modulus and viscous phase angle vs. 

surface pressure for BSA and β-casein solutions at concentration of 10 mg/L and frequency of 

0.1 Hz. Literature values of dynamic modulus of BSA and β-casein are also plotted in the Figure 

4.7(b). The change of the modulus with the surface pressure indicates the co-influence of the 

intra-protein structure transform and the development of the inter-protein network on the surface 

rheology. 

0 2 4 6 8 10 12 14 16 18 20
0

20

40

60

80
 E_BSA
 E_-casein
 E_BSA Ref. 21
 E_-case Ref. 82

|E
| (

m
N

/m
)

Surface pressure (mN/m)
0 5 10 15 20

0.2

0.4

0.6

0.8

 tan BSA
 tan casein

ta
n 


20 40 60 80
0

5

10

15

20

 -casein
 BSAS

ur
fa

ce
 p

re
ss

u
re

 (
m

N
/m

)

Time (min)

a 

b 



89 
 

 
 

Figure 4.8 (a) Surface tension and (b) surface area as a function of time during adsorption of 

BSA using closed-loop ADSA to maintain the surface area at constant values. 
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Table 4.1 Fitting parameters for the adsorption isotherm and modulus of C12DMPO obtained 

from fitted the data with the Model given by Equations 4.12-4.20. Literature values are list in the 

third column as a reference. 

 Present Ref. 83 

ω0(m
2/mol) 2.9 × 105 2.5 × 105 

b (m3/mol) 4.9 × 102 1.9 × 102 

ε (m/mN) 1.0 × 10-2 8.0 × 10-3 

D (m2/s) 3.2 × 10-10 3.0 × 10-10 
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Chapter 5. Other research involvements 

 

In this chapter, we demonstrated the applications of the CDS in three researches done in my 

PhD period. In the first application, we used CDS to measure surface tension of scarce samples, 

i.e., surfactant of xylem sap residue. In the second application, we developed a subphase 

replacement system in CDS to study the multilayers formed by the pulmonary surfactant. In the 

third application, we used CDS to study the phospholipid self-assembly at oil-water interfaces. 

5.1 Determining the surface tension of xylem surfactants 

5.1.1 Introduction 

The purpose of this research is to determine the surfactant properties of xylem sap residue. 

Vascular plants transport large quantities of water under negative pressure without constantly 

creating gas bubbles that would disable the systems. Attempts to replicate this feat in artificial 

systems have invariably resulted in rapid bubble formation, except under highly controlled and 

extremely simplified conditions, using pure water at mild pressure, with only hydrophilic 

surfaces present. The hydraulic system of vascular plants, the xylem, in contrast, is complex, 

with millions of conduits, potentially containing hydrophobic surfaces, dissolved gas-saturation 

or supersaturation, and surface active molecules that can lower surface tension, all of which 

factors increase the chances of bubble nucleation. 98, 99 In this research, we try to explain how 

plants transport water under negative pressure. We hypothesized that xylem surfactants enable 

water transport under negative pressure by coating hydrophobic surfaces and nanobubbles, 

thereby keeping them below the critical size at which bubbles would expand to form embolisms. 
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100 A hypothesized model for nanobubble formation in pit membranes is illustrated in Figure 5.1. 

A meniscus invading a pit membrane pores under a pressure gradient would almost certainly be 

coated by the lipid surfactants clogging the pores. Surface tension in a confined pore space 

clogged with surfactant micelles would be very low, and tight constrictions in the fibrous pore 

space would cause bubbles to snap off inside the pore. In this case, the lipid-based surfactants are 

a universal requirement for water transport under negative pressure.  

However, determining the surfactant properties of xylem sap is not a trivial task. As the 

amount of surfactant existing in the xylem sap is tiny, the traditional technique, like Langmuir 

trough, is unable to handle such scarce sample. Using a small drop with volume around 10 μL in 

CDS, we are able to measure samples with volume less than 10 μL, using a spread technique. In 

this research, surfactants of xylem sap from two species Geijera parviflora and Distictis 

buccinatoria, were measured using CDS. The isotherms of the surfactant were compared. This 

research indicates the feasibility and reliability of the CDS in measuring scarce samples.  

5.1.2 Materials and methods 

Study species were selected as Geijera parviflora (evergreen tree, Rutaceae, Sapindales, 

malvids clade), and Distictis buccinatoria (DC.) Both of the species of the trees grew in the 

Fullerton Arboretum or on the California State University Fullerton campus in Fullerton, 

California, USA. 

The dynamic surface tension of xylem sap was determined with the CDS. Ten milliliter of 

xylem sap was extracted from both Distictis buccinatoria and Geijera parviflora via the vacuum 

extraction method. Ten 1 mL of cell contamination controls were also collected from freshly 

cleaned xylem surfaces from the same stems and combined into a 10 mL sample. Sap and 

controls were lyophilized to obtain residues, including any surfactants in 1.5 mL Eppendorf 
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tubes. The residue samples were then dissolved in 10 µL of Millipore water, including cell 

contamination controls, and any residue clinging to walls was scraped off. The sample was then 

subjected to 2 minutes of ultrasonic treatment for mixing, and another 1 minute of ultrasonic 

treatment immediately before every measurement in the CDS.   

To use the CDS for lyophilized xylem sap residue, a pure water droplet of 10 µL was formed 

on the CDS drop holder. A xylem sap residue sample of 1 µL was spread at the drop surface 

and allowed 5 min to reach equilibrium. Subsequently, the surfactant film was compressed at a 

rate of 20% relative-area-per-second to concentrate the surfactant molecules at the drop surface. 

All measurements were conducted at room temperature of 20 ± 1°C.  

5.1.3 Results and discussion 

Xylem surfactants were concentrated by lyophilizing sap from Distictis buccinatoria and 

Geijera parviflora, and their dynamic surface activity was determined via CDS. Figure 5.2 

shows the surface tension of xylem sap residue and cell contamination control residue of Geijera 

parviflora and Distictis buccinatoria as a function of drop surface area relative to the initial drop 

size. Both possessed strong surface activity that reached surface tension values below 5 mN/m 

when the adsorbed xylem surfactant films were contracted, similar to the behavior of pulmonary 

surfactants, which also consist of amphiphilic lipids and proteins.101 Lyophilized cell 

contamination residue in control samples did not show this surface tension-reducing capacity, 

except for a very weak effect at maximum surface contraction. 

It can be found that the lipid-based surfactants clearly occur in angiosperm xylem. The lipid 

nature of xylem surfactants, from measurements of the area-dependent surface tension curves, 

indicates the high similarity to those found in pulmonary surfactants. The composition of both 

may be similar, with phospholipids as the main components and proteins possibly playing a role 
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in structuring the surfactant layers. Both of these very different systems would represent 

adaptations for gas-liquid interfaces operating under widely fluctuating pressure conditions that 

require variable surface tension for optimal function. The results from our CDS measurement 

indicates that the lipid-based insoluble surfactants act very differently from the commonly 

thought effect of the soluble surfactant in the xylem. This is because their micelles concentrate in 

pit membrane pores and their surface tension is variable and area dependent. The underlying 

mechanism for area-dependent surface tension is that insoluble surfactants (the so-called 

Langmuir film) are able to pack at the surface without collapse upon film compression. In 

contrast, soluble surfactant films (the so-called Gibbs film) usually collapse instantly upon 

compression. Though our CDS provided evidence for variable surface activity of xylem sap 

residue, the experimental behavior of concentrated xylem surfactants on small contracting and 

expanding droplets may differ from their behavior on gas-liquid nanointerfaces in xylem under 

negative pressure. Other techniques are under investigation in combination of CDS to unveil 

what the actual surface tension may be in functioning xylem. 

5.2 Development of the subphase replacement technique 

5.2.1 Introduction 

Pulmonary surfactant (PS) coats a thin film at the air-water interface of the alveolar surface. 

The key function of PS is to reduce the work of breathing and to avoid alveolar collapse during 

expiration by reducing the surface tension of the alveolar surface.13 PS is composed of 

approximately 90% lipids and 10% proteins by weight.102, 103 Most of the lipids consist of 

phospholipids (PL, ~90-95 wt.%) with a small portion of neutral lipids (~5-10 wt.%), mainly 

cholesterol. Deficiency or dysfunction of PS causes severe respiratory diseases, among which 

respiratory distress syndrome (RDS) due to prematurity is the major disease of PS deficiency 
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worldwide.104 Around 10% of all premature infants in developed countries are affected by 

RDS.105 As a standard treatment to patients with RDS, exogenous surfactant replacement therapy 

has significantly reduced the infant mortality rate. Such clinical applications of PS entail the in 

vitro assessment of its biophysical properties, especially their structure-related function.  

Traditionally, the direct visualization of film structures has been accomplished by Langmuir-

Blodgett (LB) transfer technique in Langmuir trough. The transferred film was subsequently 

analyzed using microscopes, such as atomic force microscopy (AFM). However, the Langmuir 

trough is unable to fully mimic the intra-alveolar environment needed for simulating PS function 

in the lungs. The relative large size (usually > 100 cm2 in surface area) makes the device 

tremendous difficult to establish a unified temperature close to the surface, introducing artifacts 

in the measurements. More importantly, due to the large surface area, only spread film can be 

investigated in the LB trough, while the film in alveolar is subjected to the adsorption at the air-

liquid surface from the aqueous. 

Here we developed a novel method which enables us to directly visualize the lateral structure 

and molecular organization of natural pulmonary surfactant films after de novo adsorption. The 

droplet formation and oscillation was accomplished in the CDS with temperature rigorously 

controlled (i.e., 37 oC). A subphase replace system was developed to facilitate the liquid 

exchange in the droplet. It enables the subphase replaced by fresh buffer without disturbing the 

film at the surface. A miniaturized LB transfer system was developed to deposit the film. Using 

the CDS, we were able to better establish physiologically relevant conditions in vitro and provide 

additional insight on the composition-dependent nature of the surfactant biophysical properties. 

5.2.2 Materials and methods 
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The PS used in this study was Infasurf (Calfactant), which was a gift from ONY Inc. 

(Amherst, MA). Infasurf was purified from whole-lung broncho-pulmonary lavage of newborn 

calves. Through an extraction process, Infasurf retained all of the hydrophobic components of 

bovine endogenous surfactant including phospholipids, cholesterol, and most hydrophobic 

surfactant proteins (SP-B and SP-C).57, 101 Infasurf has a total phospholipid concentration of 35 

mg/mL and is stored frozen in sterilized vials. On the day of experiments, it was thawed and 

diluted to a phospholipid concentration of 1 mg/mL with a saline buffer of 0.9% NaCl, 1.5 mM 

CaCl2, and 2.5 mM HEPES, adjusted to pH 7.0.  

To facilitate the liquid exchange inside the drop, a double capillary holder has been developed 

in the CDS. It allows exchanging the subphase of the drop without disturbing the surface film 

and preserving the drop volume throughout the subphase exchange. Schematics of the CDS set-

up with subphase replacement and LB transfer system under development is illustrated in Figure 

5.3. The subphase replacement system includes a needle concentrically placed in a specially 

designed pedestal (with cone at the top) to facilitate subphase exchange with secondary liquid. 

The capillary needle is connected to a separate programmable motorized syringe. Details of the 

design are as the following. The fluid is delivered from inner needle (outer diameter of 0.82 mm 

and inner diameter of 0.51 mm) to the sessile drop on the top of the pedestal (outer diameter of 5 

mm). The fluid is withdrawn from the pedestal through the annular space (inner diameter of 0.82 

mm and outer diameter of 1.5 mm) between needle and the center hole of pedestal. Two servo 

motors work simultaneously to facilitate exchange of the fluid with the volume of drop 

unchanged during the replacement. In practice, the volume replacement should be performed 

slowly to avoid film disturbance.  
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For film visualization, a drop of PS was deposited on the pedestal in CDS, allowing the 

surfactant adsorbed to the surface. When the surface reaches its equilibrium, the vesicles were 

washed out using the subphase replace system. The surfactant films were then transferred to the 

surface of freshly cleaved mica using the LB technique. These films at constant surface tension 

were deposited onto the mica surface by elevating the previously submerged mica vertically 

through the air-water interface at a rate of 1mm/min. Topographical images were obtained using 

an Innova AFM (Bruker, Santa Barbara, CA). Samples were scanned in air in tapping mode with 

a silicon nitride cantilever with a spring constant of 0.12 N/m and a tip radius of 2 nm. Lateral 

structures were analyzed using Nanoscope Analysis (version 1.5). 

5.2.3 Results and discussion 

We first confirmed that the vesicles inside the subphase were fully washed out. A drop of 30 

μL Infasurf solution was deposited on a 5-mm pedestal. A series of experiments were conducted 

with the subphase being replaced by once, twice, and three times of the original volume. For 

each experiment, 10 μL liquid was taken from the subphase using a 50 μL syringe and deposited 

on another 3-mm pedestal to check whether there were surface active components remaining in 

the subphase. Figure 5.4 shows the surface tension vs. time for the original Infasurf droplet and 

the drop taken from different ratios of subphase replacement. It can be found that, after twice of 

the subphase replacement, the subphase is absent of surface active components, with the surface 

tension keeping steady after a certain time duration. This is close to the ratio done on pendant 

drop in literatures, indicating that three times of the original volume guarantees a complete 

subphase exchange.50  

To confirm that the film was not disturbed during the subphase replacement, we continuously 

monitored the surface properties of the drop (i.e., surface tension, surface area, and drop volume) 
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in the subphase procedure. Figure 5.5 demonstrates the change of properties of the drop during 

subphase replacement and the dynamic cycling before and after subphase replacement. Surface 

tension, surface area, and drop volume were continuously monitored during the subphase 

replacement. It can be found surface tension, surface area, and drop volume were consistent 

during the subphase replacement. Integrity of the de novo adsorbed surfactant film after subphase 

replacement was examined by comparing the compression-expansion isotherms before and after 

the subphase replacement, as shown in Figure 5.5 (d). 

Figure 5.6 shows the AFM topographic image of Infasurf film at 37 oC. The 3-D images 

shows uniform multilayer protrusions of <20 nm, which is in good agreement with the 

microstructure of the spread Infasurf film around the equilibrium spreading pressure.57 A detail 

analysis of the structure indicate that most of the multilayers are around 5-6 nm in height 

(approximately 1-2 bilayers thickness). The formation of multilayers facilitates the film to reach 

low surface tension. 

5.3 Phospholipid self-assembly at oil-water interfaces 

5.3.1 Introduction 

Phospholipids, as one of the major structural components in structuring and stabilizing 

biological interfaces as well as a well-defined model system for studying surface 

thermodynamics, thin-film materials, and colloidal soft matter, has received a lot of interest.106, 

107 Though a lot of studies of phospholipids at the air-water surface have been carried out, very 

limited information is available about the structure and dynamics of the phospholipid film at 

liquid-liquid interface due to the complexity and difficulty to access experimentally. Taking 

advantage of the capability of CDS in interfacial tension measurement of oil-water interface, we 

characterized the isotherms of an important phospholipid, Dipalmitoyl phosphatidylcholine 
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(DPPC), at three different oil-water interfaces. The miniaturized LB transfer system 

aforementioned was used to deposit the film along the isotherm to investigate the structure 

change when compressing the film. The deposited film was examined by atomic force 

microscopy (AFM) to analyze to the lateral structures.  

5.3.2 Materials and methods 

 DPPC was purchased from Avanti Polar Lipids (Alabaster, AL) and used without further 

purification. DPPC was dissolved in chloroform to form a 1 mg/mL stock solution. The water 

used was Milli-Q ultrapure water (Millipore, Billerica, MA) with a resistivity greater than 18 

MΩ·cm at room temperature.  Heptane, decane, and hexadecane were purchased from purchased 

from Fisher scientific. Heptane and decane were used without further purification. Hexadecane 

was purified with aluminum columns prior to experiments to remove surface active impurities. 

The experiment was performed in CDS, the schematic of which is shown in Figure 5.7. A 

sessile drop of pure water was formed on the top of pedestal inside the oil. A special designed 

cuvette serves as the reservoir of the oil, from which the light can get through. The DPPC 

monolayer was spread onto the oil-water interface using a microsyringe. The droplet was then 

slowly expanded to increase surface tension until the corresponding surface pressure was 

reduced to ~5 mN/m. The droplet was left undisturbed for an additional 1 min for chloroform 

leaving the interface. The spread DPPC monolayer was subsequently compressed at a quasi-

equilibrium rate of 0.05 cm2/min. The surface pressure and surface area were analyzed with 

ADSA in real-time. 

LB transfer from the droplet was implemented by lifting a small piece of freshly peeled mica 

sheet at a speed of 1 mm/min. Topographical images were obtained using an Innova AFM 

(Bruker, Santa Barbara, CA). Samples were scanned in air in contact mode with a silicon nitride 
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cantilever of a spring constant of 0.12 N/m and a tip radius of 2 nm. Lateral structures were 

analyzed using Nanoscope Analysis (version 1.5). 

5.3.3 Results and discussion 

We first demonstrated that the chloroform exerted limited influence on the isotherm. The 

difference between air-water and oil-water experiments comes in the fact that the solvent can 

evaporate in the air while there is no chance for the solvent to evaporate in oil. Instead, the 

chloroform will settle down to the bottom of the cuvette because of the higher density of 

chloroform compared to the oil we used. To verify that the remaining of chloroform in the oil has 

no influence on the isotherm, we recorded the surface tension as a function of surface area for 

pure water-decane interface, the chloroform spread interface, and the DPPC spread interface 

upon compressing. The isotherms for the three systems can be found in Figure 5.8. The surface 

tension vs. relative surface area are identical between the pure water-decane interface and the 

chloroform spread interface, indicating the chloroform places no influence on the isotherm. The 

deviations of the results when the surface area (drop volume) is small come from the inaccurate 

calculation of ADSA. The discussion of the accuracy of ADSA upon reducing the drop volume 

can be found in Chapter 2. 

We then compared the isotherm of DPPC at three different interfaces, i.e., heptane-water 

interface, decane-water interface, and hexdecane-water interface, as shown in Figure 5.9. With 

leakage-proof environment, CDS produces complete compression isotherms from near-zero to 

the collapse pressure. Similar to the isotherms in the air-water experiments, a clear liquid-

expanded (LE) to tilted-condensed (TC) phase transition plateau was found. The surface pressure 

at which phase transitions occur rises with decreasing the length of carbon chain. The length of 

the phase transition plateau, which indicates the change of molecular area across the main 
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transition, reduces with decreasing the length of carbon chain. This is similar to the change of 

phase transitions upon reducing temperature.107  Surface pressure (πtr) at which phase transitions 

occur at the oil-water interface can be determined from the isothermal film compressibility: 

κ = −         (Eq. 5.1) 

As shown in Figure 5.10, the surface pressure for phase transition is indicated by a peak in 

the isothermal film compressibility. At low surface pressure (i.e., π< πtr), the DPPC monolayer is 

in a single disordered LE phase that features a relative high film compressibility. At high surface 

pressure (i.e., π> πtr) The DPPC monolayer is in a single ordered TC phase that features a low 

compressibility (i.e., less than 0.05 (mN/m)-1). This is in line with the results published for DPPC 

at air-water interface.107 Inset of Figure 5.10 shows πtr as a function of chain length of the oil. A 

linear relation can be found between πtr and the carbon chain length of the oil. It can be found 

that the type of the oil can influence the flexibility of the molecules, similar to the effect of 

temperature on the DPPC isotherm.107 

To gain a structural understanding of the phase transitions, Figure 5.11 shows the AFM 

topographic images of the DPPC monolayers at π=10, 20, 30, 42 mN/m for decane-water 

interface. It can be found that there is single phase at low surface pressure. When surface 

pressure increases, small domains (size less than 2 μm) occurs. The domains start to compact 

with increasing the surface pressure. After phase transitions, the small domains compacted to 

single phase, indicating a small compressibility.  
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Figure 5.1 Visual model of the predicted dynamics of surfactant-coated nanobubbles in xylem. 

(A) Functional, sap-filled vessels (left, sap in light blue) bordering an embolized, air-filled vessel (right, 

air in white). (B) Surfactant-coated nanobubbles and micelles accumulating on and in a pit membrane 

between two functional vessels. (C) Hypothetical scenario for surfactant-coated nanobubble fragmenting 

under declining xylem pressure, thereby producing smaller coated nanobubbles, surfactant micelles, and 

much smaller, uncoated air bubbles with higher surface tension, which soon dissolve. (D) Air bubbles 

passing from embolized into sap-filled vessels through a large surfactant-filled nanopore in a vessel-

vessel pit membrane, following the pressure gradient across the membrane. (Image courtesy of Dr. Jochen 

Schenk, California State University Fullerton.) 
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Figure 5.2 Surface tension of xylem sap residue and cell contamination control residue of 

Geijera parviflora and Distictis buccinatoria measured with CDS as a function of surface area 

relative to the initial drop size. 
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Figure 5.3 Schematic of the CDS set-up with subphase replacement. A liquid droplet was 

"constrained" on a 5 mm carefully machined pedestal with a knife-sharp edge, which is placed in 

an environmental control chamber with rigorous control of experimental conditions. The surface 

tension and other properties of the droplet are determined photographically from the shape of the 

droplet using ADSA. The liquid in the droplet can be replaced using a subphase replacement 

system with simultaneously injecting and withdrawing liquid by two motorized syringes.  
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Figure 5.4 Surface activity check of the subphase after subphase replacement with once, twice, 

and three times of the original volume. 
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Figure 5.5 (a) Surface tension, (b) surface area, and (c) drop volume vs. Time during subphase 

replacement for the drop of Infasurf. (d) Subphase replaced Infasurf droplet biophysics showing 

no distinctive difference from de novo adsorbed film with vesicles in the subphase. 
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Figure 5.6 The characteristic AFM topographic images of Infasurf films at 37 oC.  The AFM 

scan area was 20×20 μm with the full z-range of 20 nm for all 2D images. 3D images (a) show 

the height difference of multi-layers. Zooming-in 3D images (c) shows the detail structures of 

the multi-layers. 
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Figure 5.7 Schematic of the oil-water system. A water droplet was formed on the top of pedestal 

immersed inside the oil. A cuvette is used as the reservoir of the oil, from which the light can get 

through. The DPPC was spread on the oil-water interface using a micro-syringe. The DPPC 

monolayer was then compressed using the motorized syringe. At the meantime, the surface 

tension was monitored by ADSA in real-time. When the surface tension reaches to the value of 

interest, the film was deposited using a LB transfer technique.  
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Figure 5.8 Validation of the influence of Chloroform on the isotherms. The pure oil-water 

interface, interface with spread Chloroform, and interface with spread DPPC were compressed. 

The isotherms indicate the spread of Chloroform has limited influence on the interface. The 

interfacial tension keeps almost constant upon compressing until at small surface area (small 

drop volume) where the ADSA gives inaccurate results. 
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Figure 5.9 Isotherms of DPPC at three oil-water systems, i.e., heptane-water interface, decane-

water interface, and hexadecane-water interface. It can be found that the oil places a significant 

influence on the phase transition. 
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Figure 5.10 Film compressibility of DPPC monolayer in heptane-water interface, decane-water 

interface, and hexadecane-water interface. Locations of the peak compressibility define the 

surface pressure for phase transitions for the corresponding oil-water interface. 
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Figure 5.11 AFM topographic images of the DPPC monolayer at decane-water interface with 

surface pressure at 10, 20, 30, 42 mN/m. All AFM image have the same scanning size of 10×10 

μm and z-range of 5 nm. It can be found the growing and compacting of the domains with 

increasing surface pressure.  
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Chapter 6. Summary of main contributions and future directions 

 

6.1 Summary of main contributions 

1. We proposed a computational scheme of a unified drop/bubble coordinate system for 

ADSA in surface and interfacial tension measurement. Combined with ADSA, an experimental 

setup called the constrained drop surfactometer (CDS) was developed. The CDS is capable of 

measuring both surface and interfacial tensions from four configurations, i.e., sessile drop, 

pendant drop, sessile bubble, and pendant bubble as a function of time and surface area 

variations. The measurements of surface tensions from six liquids and interfacial tensions from 

three oil-water interfaces proved the accuracy and feasibility of the CDS as a measurement tool.  

2. We symmetrically studied different criteria/parameters in evaluating the accuracy of ADSA 

upon drop volume reduction. By scrutinizing the dependence of ADSA accuracy on the Bond 

number (Bo), Worthington number (Wo), and Shape parameter (Ps), for three representative 

systems with various capillary constants, we concluded that the classical Bo failed to predict the 

accuracy of drop shape analysis at very low drop volumes. We proposed the Neumann number

0 /Ne gR H   to replace the classical Bond number in evaluating the accuracy of ADSA. The 

design rationale of this new dimensionless number lies in the use of the geometric mean of the 

radius of curvature at the drop apex (R0) and the drop height (H) as the new characteristic length 

to represent the drop size, i.e., HRL 0 . It is found that the Neumann number is capable of 

evaluating the accuracy of drop shape analysis. We have also demonstrated the usefulness of the 
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local Neumann number, 0 /zNe gR z   , in evaluating the contribution of the local drop 

profile to the surface tension measurement. 

3. We developed a novel closed-loop ADSA (CL-ADSA), integrated into the CDS, for 

manipulating millimeter-sized droplets. CL-ADSA extends applications of the CDS from a 

surface tension measurement methodology to a sophisticated tool for automatically manipulating 

droplets in real-time. We have demonstrated the feasibility and advantages of CL-ADSA in three 

applications, including control of drop volume by automatically compensating natural 

evaporation, precise control of surface area variations for high-fidelity biophysical simulations of 

natural pulmonary surfactant, and steady control of surface pressure for in situ Langmuir-

Blodgett transfer from droplets. Using CL-ADSA, CDS holds great promise for advancing 

droplet manipulation in a variety of material and surface science applications, such as thin-film 

fabrication, self-assembly, and biophysical study of pulmonary surfactant. 

4. We developed a waveform generator in the CDS for surface area oscillations to study 

surface dilational rheology. The waveform generator can accurately oscillate surface area in a 

sinusoidal pattern with a wide range of frequency up to 0.2 Hz. This is, to the best of our 

knowledge, the first time that the surface area oscillation can be directly controlled in droplet-

based experiments. We have demonstrated the feasibility and advantages of the surface area 

waveform generator in two applications, including the measurement of surface dilational 

modulus for surfactants in a wide range of concentrations and frequencies and the measurement 

of dynamic modulus change of two proteins during the adsorption. All these applications have 

demonstrated the accuracy, versatility, and applicability of this new waveform generating 

technique in surface rheology study.  
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5. We developed a double capillary holder for subphase replacement in a sessile drop. It allows 

the solution inside the drop to be replaced by fresh buffer without disturbing the film at the 

surface, thus enabling LB transfer on the adsorbed film. The subphase replacement technique 

was used to directly imaging the adsorbed pulmonary surfactants under physiological conditions, 

providing additional insight on the composition-dependent nature of the surfactant biophysical 

properties. 

6.2 Future directions 

6.2.1 Development of high-speed ADSA 

In chapter 2, we have demonstrated the usefulness of local Neumann number in determining 

the contributions of points along the drop profile to the overall accuracy of the drop shape 

analysis. It was found that the contribution of points to the overall accuracy was not even along 

the profile. Drop profile close to the three-phase contact line contributes the most to the change 

of surface tension, applied for both PD and SD. The local Neumann number introduced a new 

way to define the weight factor in ADSA, as discussed in chapter 1. This provides a new 

approach to develop a high-speed ADSA with minimum sacrifice of accuracy. By scrutinizing 

the numerical procedure of ADSA, the number of the experimental points places a significant 

influence of the computational time. Specifically, the calculation of the normal distance between 

the experimental coordinate and the corresponding closet Laplacian profile for all points 

consumes most of the computational time. Thus, the reduction of experimental points is a 

promising way to accelerate the speed of ADSA. However, the reduction of points results in 

decreasing of the accuracy. The selection of points with high influence on the overall accuracy 

becomes essential in the development of high-speed ADSA. We will use the local Neumann 



116 
 

number as a guide for point selections with minimum influence on the accuracy. The high-speed 

ADSA will facilitate both surface tension measurement and the feed-back control system.  

6.2.2. Surface dilational rheology measurement at oil-water interface 

Chapter 4 demonstrated the accuracy, versatility, and applicability of the new ADSA-based 

waveform generator in CDS for studying surface dilational rheology of surfactants and proteins 

at air-water surface. Compared to the extensive literatures focusing on the air-water surface, 

limited information is available about the dilational rheology of proteins and surfactants at 

liquid-liquid interface due to the complexity and difficulty to access experimentally. In practice, 

a variety of dynamic processes take place at liquid-liquid interface, such as emulsion used in 

food industry, cosmetic, and oil recovery. Taking advantage of the CDS's capacity in measuring 

both surface/interfacial tension and surface rheology, as discussed in chapter 4 and chapter 5, our 

method is easy to be extended to the oil-water interfacial rheology study.  

6.2.3 Development of the Langmuir-Schaefer transfer technique with the CDS 

When the LB transfer was applied for film visualization in chapter 3 and 5, a small piece of 

freshly peeled mica was inserted in the droplet and then gradually lifted up to deposit the film. It 

was found in the experiment that the film would inevitably be disturbed during the transferring, 

especially in such small dimension. An alternative way to mitigate the interaction between the 

solid subtract and the film is to use Langmuir-Schaefer (LS) transfer technique.108, 109 The LS 

technique relies on horizontally transferring by touching the air-water interface from the airside. 

The film is deposit onto the substrate when touching the air-water interface instead of inserting 

into the subphase. However, it should be noted that the LS transfer technique requires a high 

hydrophobic and smooth surface, which is less accessible than the mica used in the LB transfer. 
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