
Vol.:(0123456789)1 3

Experiments in Fluids (2020) 61:12 
https://doi.org/10.1007/s00348-019-2844-9

RESEARCH ARTICLE

Development of automated angle‑scanning, high‑speed surface 
plasmon resonance imaging and SPRi visualization for the study 
of dropwise condensation

Shahab Bayani Ahangar1 · Vinaykumar Konduru1 · Jeffrey S. Allen1 · Nenad Miljkovic2 · Seong Hyuk Lee3 · 
Chang Kyoung Choi1 

Received: 30 May 2019 / Revised: 31 October 2019 / Accepted: 5 November 2019 / Published online: 3 December 2019 
© The Author(s) 2019

Abstract
This paper describes the fabrication and testing of a novel angle-scanning surface plasmon resonance imaging (SPRi) instru-
ment. The combination of two stationary mirrors and two angle-controlled mirrors provides high accuracy (up to  10−3°) and 
high-speed angular probing. This instrument minimizes the angle-dependent image artifact that arises due to beam walk, 
which is the biggest challenge for the use of SPRi with angular modulation (AM). In the work described in this paper, two 
linear stages were employed to minimize the image artifact by adjusting the location of the angle-controlled mirrors and the 
camera. The SPRi instrument was used to visualize coalescence during dropwise condensation. The results show that the 
effect of the environment’s temperature on reflectance was less than 1% when the incident angle was carefully chosen for 
SPRi with intensity modulation (IM). This means that condensation visualization can be carried out at ambient temperatures, 
without the need for a Peltier stage or a thermally controlled condensing surface. The concept of pixel neighboring was 
employed to assess the probability of noise and the standard error of thin film measurement. Experimental analyses during 
dropwise condensation show (1) the presence of a thin film with thickness of one monolayer, and (2) surface coverage of 
0.71 m2/m2 by the thin film in the area between the droplets. In addition, analyses showed the existence of a dry area at the 
part of the substrate exposed by coalescence to ambient air. The results of this work undermine the validity of the film rupture 
theory as the dropwise condensation mechanism.
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List of symbols
d  Thickness (nm)
k0  Proportionally constant (molecules/cm2s)
ka  Adsorption coefficient
kal  Adsorption coefficient at the liquid–vapor interface
kas  Adsorption coefficient at the solid–vapor interface
KB  Boltzmann coefficient [1.38E–23 (J/K)]
n  Refractive index
P  Pressure (Pa)
R  Gas constant [8.314 (J/mol K)]
ra  Rate of adsorption (molecules/cm2s)
rd  Rate of desorption (molecules/cm2s)
RSPR  SPR reflectance
T  Temperature (K)
w  Energy per mole required to evaporate adsorbed 

molecules (J/mole)
ws  Energy per mole required to evaporate adsorbed 

molecules at the solid–vapor interface (J/mole)
wl  Energy per mole required to evaporate adsorbed 

molecules at the liquid–vapor interface (J/mole)
�  Incident angle (°)
�  Relative permittivity
�  Contact angle (°)
�  Surface coverage, fraction of surface covered with 

adsorbed molecules  (m2/m2)
�  Illumination light wavelength (nm)
�  Uncertainty

1 Introduction

Condensation is ubiquitous in many engineering applica-
tions and advanced technologies. Examples include power 
generation (Beér 2007), air conditioning (Daou et al. 2006), 
and thermal management (Kandlikar and Lu 2009; Rahim-
Esbo et al. 2014). Condensation of vapor can occur in two 
modes: filmwise and/or dropwise condensation (Tanasawa 
1991). It has been shown that the surface heat transfer coef-
ficient is much higher for the dropwise condensation mode 
(Rose 2002). Dropwise condensation occurs on non-wetting 
surfaces or partially wetting surfaces (Nouri et al. 2012). 
After nine decades of research on dropwise condensa-
tion (Cho et al. 2017; Emonsi 1939; Enright et al. 2014; 
Miljkovic and Wang 2013; Schmidt et al. 1930), design and 
fabrication of a surface that can sustain this mode of con-
densation for a long term have not been successful (Ahlers 
et al. 2018; Ma et al. 2019; Oh et al. 2018). The main reason 
for this is that there is no united understanding of dropwise 
condensation phenomena because of the complexity of the 
physics involved. Currently, there are two major theories on 
the mechanism of dropwise condensation:

1. Film rupture theory: vapor condensates as a thin film on 
the surface. At a critical thickness, the thin film breaks 
up and small droplets form on the surface. According 
to this theory, a thin film (e.g., a film with thickness of 
one monolayer to several molecule layers) covers the 
substrate (Jakob 1937; Yongji et al. 1991).

2. Nucleation theory: a droplet nucleates heterogeneously 
on the surface (Tammann and Boehme 1935). Then, the 
droplet grows and coalesces to make larger droplets. 
Heat transfer is dominant through the droplets (defined 
as the active area); the area between the droplets is con-
sidered inactive. Umur and Griffith (1965) showed theo-
retically there is no film thicker than a monolayer in the 
inactive area during dropwise condensation.

The inability to accurately define the dropwise conden-
sation mechanism is due to the fact that dropwise conden-
sation occurs at various lengths (from an atomistic order 
at the early stages of drop formation to mesoscale where 
body forces are important) and at multiple timescales (from 
bridge formation between two droplets during coalescence 
that happens in a micro-second to a quasi-steady state of 
droplet growth that occurs over several seconds). Therefore, 
a visualization technique that can shed light on the drop-
wise condensation mechanism needs to have high spatial and 
temporal resolutions. Also, the technique should be easy to 
implement in ambient conditions. Optical microscopy (Chu 
et al. 2017; Nilsson and Rothstein 2011), and environmen-
tal scanning electron microscopy (ESEM) (Anand and Son 
2010; Barkay 2013; Rykaczewski et al. 2011; Sharma et al. 
2017) are some of the observation techniques that have 
been reported in the literature for dropwise condensation 
visualization.

High-speed optical microscopy techniques (Chu et al. 
2017; Nilsson and Rothstein 2011) have high temporal 
resolution. Cha et al. (2016) used top-view mode optical 
microscopy to observe jumping of a droplet (of a size of 
hundreds of nanometers) during coalescence at 1000 frames 
per second (FPS). The lateral resolution of optical micros-
copy techniques is limited by the diffraction limit. Another 
drawback of high-speed optical microscopy is its limited 
ability to measure film thickness. Optical microcopy tech-
niques, such as fringe equal chromatic order interferometry 
(Zhang et al. 2016a, b), ultrathin film interferometry (Choi 
et al. 2008), and SPRi (Bayani Ahangar et al. 2019a, b; Kim 
et al. 2018), can measure film thicknesses less than 1 μm. 
Kim et al. used SPRi to provide a 3D map of a thin film with 
a thickness of less than 400 nm. Still, an optical microscopy 
technique that can measure sub-nanometer liquid film thick-
nesses at high speed (> 1000 FPS) is not available.

In recent years, ESEM has been used to study a vari-
ety of complex interfacial phenomena, such as frost forma-
tion (Rykaczewski et al. 2013) and dropwise condensation 
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(Zhang et al. 2019). ESEM can provide dynamic information 
at a length smaller than a micrometer. It is a perfect tool to 
investigate drop nucleation sites. Recently, phase reconstruc-
tion was proposed to enhance the spatial and temporal reso-
lution of ESEM during dropwise condensation experiments 
(Zhang et al. 2019). Currently, ESEM cannot be employed 
to study the early stages of coalescence because the tempo-
ral resolution of this technique is low (Enright et al. 2014). 
Moreover, ultrathin film measurement is challenging using 
ESEM.

Given the lack of direct microscopic techniques with the 
ability to observe dropwise condensation at multi length-
scales and time-scales, novel experimental methods should 
be developed to enable better understanding of dropwise 
condensation. Previously, we reported that SPRi can be 
implemented to visualize phase change phenomena (Bay-
ani et al. 2018; Jeong et al. 2017; Konduru et al. 2016). 
The goal of this article is to introduce a newly developed 
automated SPRi instrument that can be used for quantifying 
sub-nanometer film at a high temporal resolution of 3000 
FPS during dropwise condensation.

1.1  Surface plasmon resonance imaging

SPRi is a label-free optical technique that can detect small 
changes in the refractive index of a dielectric medium near 
a metal surface (Homola 2003). This method has been used 
widely to detect biomolecular interactions (Homola 2008). 
SPRi, or surface plasmon resonance (SPR) microscopy 
developed from total internal reflection microscopy, was first 
introduced by Rothenhäusler and Knoll (1988). In principle, 
SPRi can be used to measure optical properties of dielectric 
(Bayani Ahangar et al. 2019a, b), film thickness (Kim et al. 
2018), and surface coverage (Wolf et al. 2007) on a substrate 
in a dielectric environment. SPRi has been adapted for stud-
ding near-field characterization of fluid flows (Kihm 2010, 
2011).

SPR theory can be explained using quantum mechanics 
and electrodynamics principles. Surface plasmons are oscil-
lations of free electrons at the interface of a dielectric mate-
rial and a noble metal (such as silver or gold). In SPRi, the 
surface plasmons are excited optically through the attenuated 
total internal reflection (ATIR). The most widely used sensor 
setup for excitation of surface plasmons is based on prism 
coupling using the Kretschmann configuration; in this setup, 
incident light comes through the prism and is reflected at the 
metal layer (Kretschmann and Raether 1968). The electronic 
excitation results in a drop in the intensity of reflected light. 
The angle of an incident light at which the maximum drop in 
the intensity of light occurs is known as the SPR minimum 
angle.

The intensity of the reflected light depends on several 
factors, including wavelength, incident angle, polarization, 

number of mediums above the surface, and refractive index 
of the mediums. Hence, different SPRi techniques have been 
developed, such as angular modulation (AM), polarization 
modulation (PM), wavelength modulation (WM), and inten-
sity modulation (IM). The AM technique has the highest 
sensitivity for material characterization (Zhang et al. 2016a, 
b). In the AM approach, the intensity of the light reflected 
from the dielectric medium/metal interface is measured at a 
constant wavelength through continuous scanning over the 
incident angles. The result is an angular spectral curve of the 
test medium that can be used to find the optimum angle for 
IM microscopy. Therefore, a high-precision angular micros-
copy platform is required for SPRi. The biggest challenge for 
high-precision SPRi with AM is the angle-dependent image 
artifact (de Bruijn et al. 1993). This artifact, beam walk, 
arises because the footprint of a beam on the metal sub-
strate spatially transits at each incident angle. Therefore, the 
surface features move in the recorded images. Beam walk 
usually occurs in SPRi instruments with an equilateral prism 
mounted on the rotating stage. As in this SPRi instrument, 
the prism is rotated to create different incident angles and 
the beam translation on the surface causes a shift in the posi-
tion of features inside the beam, and, consequently, in the 
recorded images.

The conventional AM approach uses a goniometer with a 
manual rotating stage (Zeng et al. 2017). This technique suf-
fers from three main issues: low precision in angle probing, 
slow angle-scanning, and angle-dependent image artifacts. 
To avoid these challenges, automated SPRi instruments 
have been introduced. Beusink et al. (2008) incorporated a 
hemispherical prism and an angle-controlled mirror to mini-
mize the beam walk. However, the angle range was small, 
and it was not suitable for visualization of both liquids and 
gasses. Ruemmele et al. (2008) presented an inexpensive 
automated AM platform by mounting a sample/right-angle 
prism, a focusing lens, and a CCD camera on a single rotat-
ing stage. Although their system improved the precision and 
accelerated the angle-scanning, it could not minimize the 
beam walk. Zhang et al. (2016a, b) developed an automated 
SPRi instrument based on AM and IM. In their system, two 
motorized rotating stages create angular motions of the 
source light and CCD array. Like prior systems, this system 
could not eliminate the angle-dependent image artifact. In 
other research, Zhou et al. (2013) introduced an automated 
platform for SPRi with AM. This team used a rhombic struc-
ture with four connecting arms to convert the linear motion 
of a piezoceramic motor into the angular motion. Angular 
probing with high resolution (i.e.,  10−3°), was possible with 
their setup. However, this AM platform could not resolve the 
issues arising from beam walk.

In this paper, we introduce a newly developed, high-pre-
cision angle-scanning SPRi platform that can minimize the 
angle-dependent image artifact. The developed automated 
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SPRi instrument consists of two motorized linear stages 
and two motorized rotating stages. The light reflected on 
two angle-controlled mirrors allowed the incident angle to 
change from 40.0° to 80.0°, while the linear stages corrected 
the beam walk by moving the CCD camera and the angle-
controlled mirrors. This new SPRi instrument, capable of 
imaging with AM and IM, was used for visualization of drop 
coalescence during dropwise condensation.

2  Automated SPRi instrument

A schematic of our automated SPRi instrument is illus-
trated in Fig. 1. A SugarCube™ Ultra White LED illu-
minator (Nathaniel Group Inc., Vergennes, VT) is used 
as a light source. The optics, including an uncoated con-
denser lens (50-mm diameter, focal length 44 mm, PCX, 
Edmund Optics, Blackwood, NJ), two iris diaphragms (ID-
0.5, Newport Optics, Irvine, CA), and an uncoated bi-convex 
lens (25.4-mm diameter, focal length 100 mm, KBX064, 
Newport Optics, Irvine, CA), are arrayed to produce a col-
limated beam with a diameter of ~ 20 mm. The light passes 
through a 550-nm hard coated bandpass filter with a full 
width-half maximum of 10 nm (Edmund Optics, Blackwood, 
NJ) and a rotatable polarizer (Thorlabs, Newton, NJ) to cre-
ate a monochromic p-polarized light beam.

Mirror A is fixed at 135.0° with respect to the positive 
direction of the x-axis to direct light toward the z-direction. 
Mirror C is mounted on a motorized rotating stage and can 
rotate clockwise. This mirror guides light to the prism. 

Mirror D is mounted on another motorized linear stage and 
can spin counter-clockwise. This mirror reflects the light 
beam vertically toward mirror B, which is fixed at 45.0° with 
respect to the positive x-axis. Both motorized rotating stages 
are installed on a linear stage that moves along the z-axis. 
The integrated stages enable mirrors C and D to move in the 
z-axis and spin simultaneously. The SPR sensing system, 
consisting of a prism–metal test medium, is fixed in space. 
A Photron APS-RS (PHOTRON USA Inc., San Diego, CA) 
camera is used to record the reflected light at high speed. 
The camera is mounted on a linear stage that can move along 
the x-axis. This automated SPRi instrument is controlled by 
a program written in the Arduino programming language 
and using an Arduino Mega 2560 Rev3 micro-controller. 
The same controller board triggers frame acquisition during 
SPRi with AM.

To minimize beam walk, the z motorized linear stage 
move according to a motion function. To find the motion 
function of the z motorized stage, the location of the z stage 
was adjusted at each incident angle such that the center of 
the light beam remains stationary at the center of a recorded 
image during angle-scanning. As the focus of an image at 
each incident angle affects the intensity of the recorded 
images and their corresponding reflectance, it is crucial to 
move the camera during angle-scanning to record focused 
images. The motion function of the camera’s motorized lin-
ear stage was determined by adjusting the position of the 
camera to record focused and crisp images for each inci-
dent angle. Hence, the total light path-length of the reflected 
light from the gold surface to the camera is constant at any 

Fig. 1  Schematic of the automated SPRi instrument
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incident angles. Based on the calibration process, the motion 
functions of all motorized stages were determined and incor-
porated into the developed Arduino code.

3  Experimental procedure

3.1  Application of the automated SPRi instrument 
for the condensation/evaporation experiment

Figure 2a shows the schematic of the experimental setup. 
2.5 nm of titanium as an adhesion layer and 50 nm of 
gold (n = 0.4241 + 2.4721 i) were sputtered (Denton DV6 
sputter deposition system) on a glass slide. We utilized 
atomic force microscopy (AFM) to conduct a roughness 
characterization of the gold substrate, Fig. 2b. The rough-
ness characterization was performed on three gold surfaces 
(three different locations per sample). The roughness aver-
age (Ra) on the surface is 1.2 ± 0.3 nm and the root mean 
square of the average roughness (Rq) is 2.2 ± 0.8 nm. The 
static contact angle of the gold-coated glass is 79° ± 4°. 
Before the experiment, the gold-coated glass slide and 
BK7 prism were cleaned using the standard cleaning 
protocol (10-min ultrasonic cleaning with isopropyl alco-
hol 99% (CAS 67-63-0, Pharmco Aaper), 10-min ultra-
sonic cleaning in Acetone (CAS 179124-4L-PB, Sigma 
Aldrich), and vigorous rinsing with DI water for 1 min) to 
remove organic contamination on the sample. The ITO-
coated glass was cleaned by sequentially rinsing in IPA, 
Acetone, and DI water. The gold-coated glass slide was 
placed on top of the right-angle BK7 prism (size 25.4 mm, 
n = 1.5185, 10BR08, Newport Optics, Irvine, CA) using 
a Norland Index Matching Liquid 150 (n = 1.52, Norland, 
USA). SPRi with AM was performed to find the SPR mini-
mum angle of air at 550 nm. To conduct the SPRi with IM, 
the incident angle was set at 44.8°, which is 1.5° below 
the SPR minimum angle of air. Selection of this experi-
mental angle was based on its ability to achieve higher 

resolution in measurement of thin film on the substrate 
(see Sect. 4.2). An ITO-coated glass slide was used as a 
heater and was placed approximately at 5 mm above the 
gold surface. A water column (diameter of ~ 2 mm and 
height of ~ 5 mm) was formed between the ITO-coated 
glass slide and the gold surface. The water column vol-
ume was maintained at 15 ± 5 µl during the experiment by 
manually supplying water via a 500-µl threaded plunger 
syringe (Hamilton Company, Reno, NV). Two K-type ther-
mocouples were placed on the gold substrate to monitor 
the temperature of the gold film. A third K-type thermo-
couple attached to the syringe needle was placed between 
the ITO-coated glass and the substrate to measure the air 
temperature. A sequence of background images was taken 
at 3000 FPS from the substrate using the Photron APS-RS 
camera, prior to the onset of dropwise condensation.

Next, the water bridge was heated by connecting the 
ITO-coated glass to the DC power supply at 12.6 V and 2.1 
A. During the heating process, water evaporates from the 
water bridge and condensate forms on the gold substrate. 
ITO-coated glass as a heater was chosen over supplying 
heated water vapor on the substrate because ITO-coated 
glass confines dropwise condensation on the gold substrate 
and ensures that no water film forms on the mirrors.

In our experiments, each CCD camera pixel covered 
4 μm × 4 μm of the physical domain at a 550-nm wave-
length. The field of view was 4 mm × 6 mm and the record-
ing speed was 3000 FPS. The temperature of the substrate 
was ~ 35 °C, and the temperature of the air was ~ 45 °C. 
The temperature of the air is higher than room tempera-
ture (24.5 °C), as the heater locally increased the tempera-
ture between the ITO-coated glass and the gold substrate. 
The relative humidity near the substrate where visualiza-
tion takes place was estimated to be ~ 60 ± 4% using the 
August–Roche–Magnus formula. Measurement of the 
temperature of both the air and of the sample when con-
densation initiated enabled us to determine the relative 
humidity.

Fig. 2  a Schematic of the condensation experiment, b gold substrate roughness measurement by AFM
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3.2  Image processing method

Two types of distortion exist in SPR images. First, the 
images are skewed along one of the axes of the imaging 
plane due to the oblique incident angle (α). In this work, 
the skewed images were modified by dividing the vertical 
axis of the image by cos(α). Figure 3a, b, respectively, show 
the raw image and the skewedness-corrected image of the 
condensation experiment. Because the object plane is not 
parallel with the image plane in SPRi, there are out-of-focus 
regions in the images. In the next step of image process-
ing, the stack of background images was averaged over time 
and subtracted from the time-lapse image of the condensa-
tion experiment. This process alleviates the effects of non-
homogeneity in the gold layer or collimated light. The sub-
tracted SPR image was converted into a color index image 
for easy visualization through a normalization process. The 
normalized image allows easy comparison between experi-
mental results (Afkhami et al. 2019). The colorful index 
image can help to decipher details, such as a thin film meas-
urement and material characterization, as compared with 
the analytical SPR results. To normalize the image and 
calculate the reflectance, a calibration factor is defined as 
S =

(
Imax − Imin

)
∕(Refmax − Refmin), where Imax and Imin rep-

resent maximum and minimum intensity from SPRi with 
AM.  Refmax and  Refmin indicate the theoretical maximum 
and minimum values of reflectance of air at 550 nm (Fig. 5). 
Using a calibration factor, we can convert the pixel intensity 
value to the unit of reflectivity (0–1). A detailed description 
of the reflectance calculation and image processing method 
used in this work can be found in our recent paper (Bayani 
et al. 2018). The normalized image with the reflectance unit 
is shown in Fig. 3c. The yellow color with the reflectance of 
0.594 represents the bulk liquid on the gold substrate; the 
blue color with the index of 0.347 shows the presence of air/
water vapor on the substrate. Our SPRi instrument cannot 
differentiate the gasses (the difference in refractive index of 
gasses in ambient conditions is on the order of 1e−4, which 

is beyond the capability of our SPRi instrument to measure 
refractive index); thus, we can be sure that gas (air/water 
vapor) exists on the surface. Due to high-speed imaging (low 
light), the noise level is high in the image. Therefore, the 
reflectance at each pixel of the background image fluctuated 
around 0.347.

3.3  Noise analysis in high‑speed SPRi

One of the main goals of this article is to show the feasibil-
ity of measuring sub-nanometer film at high-speed temporal 
resolution. To report measured values of thickness with high 
confidence, the error associated with the measurement is 
required to be some fraction of the thickness being meas-
ured. In measuring techniques based on imaging, noise 
causes imprecision in measurement of pixel intensity values. 
This section details the noise analysis method used in high-
speed SPRi. The noise analysis result is used to find the error 
of the thickness measurement (see Sect. 4.2).

Noise in the signal has a stochastic nature; in addition, 
it adds a random unwanted fluctuation to the signal. Ran-
dom fluctuation in the signal is difficult to identify as the 
measurement of a signal at one time, and one location, does 
not provide information about the next or previous frame. 
Noise in the SPRi is produced by factors such as instability 
in the illumination light, nonhomogeneous light, vibration, 
shot noise, sensor temperature, lens distortion, and digiti-
zation hardware. The systematic noise, like the noise cre-
ated due to nonhomogeneous light, is reduced during image 
processing by subtracting the background image from the 
condensation image. The remaining noise in the signal can 
be characterized in two ways—Gaussian noise and signal-
dependent noise. The Gaussian noise is independent of 
signal intensity; its value at each pixel is calculated by an 
independent draw from a Gaussian probability distribution. 
The signal-dependent noise, including the shot noise (i.e., 
fluctuations of the number of photons detected at a given 
exposure level), the fluctuation in light, and the vibration, 

Fig. 3  a Raw image, b a skewedness-corrected SPR image derived by dividing the vertical axis of the image plane by cos(α), c normalized SPR 
images with the reflectance unit
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follows a Poisson distribution. In practice, signal-dependent 
noise has the lower bound on the uncertainty of measuring 
light; further, noise in the imaging can be modeled using a 
Gaussian distribution (Hasinoff 2014). A simple technique 
to reduce the Gaussian noise is to calculate the average value 
of the neighbors of a pixel. In this method, each pixel output 
is the mean value of its kernel window.

Image noise was analyzed by picking a pixel randomly 
and calculating the mean values of the signal over the pixel 
neighborhoods of 1 × 1, 3 × 3, 5 × 5, 9 × 9, and 17 × 17 at each 
frame. The same procedure was repeated at ten random loca-
tions of the image. Figure 4 demonstrates the reflectance of 
the pixel at kernel windows of 1 × 1, 5 × 5, 9 × 9 and 17 × 17 
pixels. At each kernel window, two plots are illustrated: (1) 
signal (reflectance) fluctuation during the time-lapse imag-
ing, and (2) histogram of the signal. The total number of 
time-lapse images is 8000 and each frame takes 0.33 ms. 
The histogram at all the kernel windows can be fitted with 
a Gaussian distribution. The result verifies the assumption 
that behavior of noise in high-speed SPRi can be described 
with a Gaussian distribution. The signal–noise ratio and the 
coefficient of variation are calculated from the noise analysis 
result (see Table 1). These values are used to quantitatively 
estimate the probability of noise during high-speed imag-
ing of condensation. Signal–noise ratio—the mean of the 
signal over its standard deviation—increases from 39 ± 4 
to 307 ± 23 when the kernel window changes from 1 × 1 
to 17 × 17. The higher signal–noise ratio implies less noise 
in the reflectance measurement. Coefficient variation—the 
ratio of standard deviation over the mean value of a signal—
represents the dispersion of a signal around the mean value. 
Using a kernel window of 5 × 5, the probability of noise at 
each pixel is reduced to ± 0.0057 of the signal value.

We employed an averaging filter with pixel neighboring 
of 5 × 5 to the normalized images (Sect. 4.2). This size of 
filter confines the noise at each pixel to ± 0.0057 of the sig-
nal values, while not sacrificing details of the image due to 
a blurring effect.

3.4  Uncertainty evaluation for SPR reflectance

Uncertainty analysis was conducted based on single point 
detection estimation (Kim et  al. 2018; Kim and Kihm 
2006). The resulting reflectance can be calculated from 
RSPR = f

(
�1, �2, �3, �4, d2, �i, �, d3

)
, where subscripts 1, 2, 

3, and 4 refer to the BK7 prism, gold, water, and air. The 
uncertainty of reflectance can be evaluated as:

where the elementary uncertainties are estimated as 
�
�1
= 0.01 % × �1 , ��2

= 0.1 % × �2 , ��3
= 0.01 % × �3 , 

�
�4
= 0.01 % × �4 ,  �d2

= 0.1 % × d2 ,  �
�
= ± 5 nm  , 

�
�
= 0.2 ° (beam divergence), and �d3

= ± 0.125 nm 
(uncertainty of a monolayer thickness measurement). The 
uncertainties of the prism, water, and air are assumed to 
be negligible because of their small variation of 0.01%. 
The uncertainty of reflectance at 0  nm and monolayer 
thickness of thin water film is close to ± 0.07. All the vari-
ables are taken at the test condition ( �2 = −5.931 + 2.097i , 
d2 = 50 nm, λ = 550 nm, and α = 44.8°). The effect of beam 
divergence has the maximum weight on the estimated uncer-
tainty for the reflectance measurement when considering 
only the reflectivity. Under this restriction, the estimated 
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Fig. 4  Analysis of SPR image noise—at an experimental angle of 44.8°, a temporal resolution of 3000 FPS, and a spatial resolution of 4 μm—by 
averaging the reflectance signals over kernel windows of a 1 × 1 pixels, b 5 × 5 pixels, c 9 × 9 pixels, d 17 × 17 pixels; # stands for frame number

Table 1  Signal–noise ratio and coefficient of variation of the reflec-
tance signal at different kernel windows

Kernel windows Signal–noise ratio Coefficient of variation

1 × 1 39 ± 4 0.026 ± 0.003
3 × 3 104 ± 12 0.0093 ± 0.0008
5 × 5 163 ± 6 0.0057 ± 0.0007
9 × 9 228 ± 23 0.0044 ± 0.0004
17 × 17 307 ± 23 0.0032 ± 0.0002
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reflectance uncertainty is larger than the monolayer thick-
ness measurement. However, additional factors need to be 
considered when discussing the uncertainty in the thickness 
measurement. First, the intensity value of the background 
image is subtracted from the pixel intensity value of the 
time-lapse image of condensation. This process reduces the 
effect of beam divergence on the reflectance uncertainty. For 
example, when the thickness of the water film is zero on the 
gold surface, the reflectance (λ = 550 nm and α = 44.8°) of 
the pixel is 0.347 ± 0.03. The error in measured reflectance is 
less than estimated uncertainty using Eq. (1). Second, we are 
using the concept of pixel neighboring to reduce the error of 
the reflectance measurement at a single pixel when measur-
ing the reflectance of the thin film and computing the corre-
sponding film thickness. Third, the field of view in our work 
is located approximately at the center of the incident beam 
on the BK7–gold interface. The size of the field of view is 
4 mm × 6 mm which is only ~ 7% of the cross-sectional area 
of the beam. As a result, the net effect of beam divergence on 
the reflectance uncertainty is much less than the estimated 
value, based on the total prism area.

4  Results and discussion

This section first lists the advantages of automated SPRi in 
high-speed visualization of phase change phenomena. The 
discussion includes advancement of SPRi with AM, and 
ambient-temperature-independent reflectance measurement. 
Then, the results of visualization of dropwise condensation 
are discussed and compared with theories of the dropwise 
condensation mechanism.

4.1  Advantages of automated SPRi in visualization 
of phase change phenomena

4.1.1  Advancement of SPRi with AM

One critical challenge in angular SPRi is the fine adjustment 
of incident light, optical arrays, the prism, and the CCD cam-
era at each incident angle. Operator skill during angle-scan-
ning can cause large uncertainty in SPRi with AM. On the 
other hand, the process of angular tuning of the setup requires 
meticulous care and is time-consuming. Our newly devel-
oped automated SPRi platform resolved these issues associ-
ated with conventional angular SPRi. The user can define the 
angular increment for the scanning from  10−3° to 1.0° easily 
through the controlling program. Each increment takes about 
3 s. Depending on the desired precision and the angle range, 
the time required for angular scanning is different. Figure 5 
represents the theoretical and experimental reflectance curve 
of air at 550 nm. Details about the approach used in this work 
to find the theoretical reflectance can be found in Yamamoto 

(2002). The error bar shows the experimental results for 5 
different sets of experiments. Each experiment took approxi-
mately 1 min to complete. The SPR signal behavior perfectly 
matches with the theoretical result around the maximum and 
minimum points of the curve. The deviation from the theoreti-
cal result increases between these two probing angles or at an 
angle larger than the SPR minimum. The maximum discrep-
ancy between the experimental and the theoretical results is at 
the incident angles smaller than the internal reflection angle 
(41.2°). The experimental reflectance curve is in closer agree-
ment with the theoretical reflectance curve when a smaller 
angle step is selected for the SPRi with AM.

As Fig. 5 shows, small changes in the incident angle can 
cause a significant change in the reflectance. Hence, know-
ing the exact position of the incident angle is crucial for 
analysis related to SPRi with IM. Having motorized rotating 
mirrors enabled us to adjust the incident angle by minimiz-
ing human error that may occur when using a manual SPRi 
instrument. Moreover, once the incident angle was fixed, we 
double-checked the position by experimentally measuring 
the reflectance of air and water (bulk) at the fixed angle and 
wavelength. The reflectance was measured by dividing the 
intensity of light in the p-polarized mode by the intensity of 
light in the s-polarized mode.

4.1.2  Ambient‑temperature‑independent reflectance 
measurement

Condensation experiments are usually performed using a 
Peltier stage, which induces a fixed temperature on the sur-
face. However, our experiments were not conducted using 
a Peltier stage, and the temperature of the gold substrate 
was recorded during the experiment. SPR reflectance can be 
affected by temperature changes (Chiang et al. 2007; Kim 
and Kihm 2007). Therefore, it was imperative to consider 

Fig. 5  Theoretical and experimental SPR reflectance comparison of 
air at 550 nm (the error bar represents the deviation in the measure-
ment based on 5 data sets)



Experiments in Fluids (2020) 61:12 

1 3

Page 9 of 15 12

the temperature-dependent behavior of SPR when we were 
analyzing the recorded images. Theoretical modeling and 
experimental investigation were implemented to evaluate the 
effect of temperature. SPR reflectance depends on the optical 
properties of the BK7 prism, the gold, and the test medium 
(air or water). It has been shown that the refractive index 
of the BK7 prism only changes 0.0002 when temperature 
changes from 25 to 125 °C (Englert et al. 2014). Thus, in 
this work, we can neglect the effect of the BK7 prism as the 
temperature on the gold changed only from 25 to 35 °C. 
According to the Lorenz–Drude temperature model (Alabas-
tri et al. 2013), temperature variation can affect the optical 
properties of gold by changing the plasmon frequency and 
the electron collision rate. This model was used to simulate 
the effect of temperature on the gold’s optical properties.

The air and water refractive indices decrease with an 
increase in temperature. The sensitivity of our SPRi instru-
ment in measuring the refractive index was less than the 
refractive index changes of the air. Therefore, we can con-
sider the temperature-independent behavior for air. The 
change of the refractive index of water as a function of 
temperature was modeled using an empirical relationship 
(Bashkatov and Genina 2003). Figure 6a shows the SPR 
reflectance curve for air and water at 550 nm when the tem-
perature changes from 25 to 75 °C. The model predicted that 
the SPR curve of air would shift slightly to the right with an 
increase in temperature. At the SPR minimum angle of air at 
550 nm, the air reflectance changes less than 1% with a 50 °C 
increase in temperature. Simulation of the water reflectance 
curve at 550 nm indicated that the water reflectance curve 
drastically changes with rises in temperature; however, the 
reflectance variation is less than 1% when the incident angle 
is between 30.0° and 55.0°—we performed the condensation 
visualization at 44.8°. Also, we experimentally depicted the 

SPR signal behavior with the temperature changes at a prob-
ing angle of 46.3° and a wavelength of 550 nm (see Fig. 6b). 
The reflectance of the SPR signal was measured using the 
same method discussed in the image processing section. The 
temperature on the x-axis represents the temperature of the 
gold substrate. The air temperature is ~ 20 °C more than the 
substrate and the water temperature is ~ 10 °C more than 
the substrate temperature. The reflectance changes represent 
the accumulative dependence of the SPR sensor, including 
the BK7 prism, the gold substrate, and the index matching 
liquid. The result indicates that the reflectance variation is 
less than 1% when the gold temperature varies from 25 to 
70 °C, the incident angle is 46.3°, and the wavelength is 
550 nm. Both experimental and theoretical results show that 
the change in reflectance is less than 1%.

In summary, the nearly temperature-independent behavior 
of the SPR signal close to the SPR minimum angle of air 
allows visualization of the condensation/evaporation process 
without a thermally controlled test chamber between 25 and 
70 °C. This means by carefully selecting the probing angle, 
the phase change phenomena visualization experiment can 
be carried out in ambient conditions. This significantly 
reduces the costs of the experiment. In the dropwise con-
densation experiment (see Fig. 2), the temperature of the air 
is ~ 45 °C and the temperature of the gold is ~ 35 °C; this is in 
the range (25–70 °C) of the temperature-independent behav-
ior that is shown. Hence, it can be concluded that the results 
of the dropwise condensation experiment are not affected by 
changes in temperature. It is possible to use the SPRi tech-
nique in the case of higher-temperature ambient conditions 
(such as condensation of steam at 100 °C) if the incident 
angle and wavelength of light are chosen wisely. However, 
surface degradation needs to be studied when working with 
steam at 100 °C. For example, volatile organic compounds 

Fig. 6  Temperature-dependent behaviors of the SPR signals in air 
and water environments; a the theoretical model shows the change in 
reflectance at a probing angle of 46.3° and wavelength of 550 nm is 
less than 1%; b the experimental data indicates that at a fixed angle of 

46.3° and wavelength of 550 nm, the changes in reflectance are less 
than 1% for both air and water when the temperature of the gold sub-
strate changes from 25 to 70  °C (temperature of air and water are, 
respectively, ~ 20 °C and ~ 10 °C higher than the substrate)
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may desorb at higher temperatures and affect the wettabil-
ity of the surface as well as the water molecules’ adsorption 
kinetics.

4.2  Dropwise condensation

The dropwise condensation process begins by nucleation 
of droplets on the substrate and subsequent growth of these 
droplets without significant interactions. In the next stage 
of dropwise condensation, two or more adjacent droplets 
coalesce and produce a larger composite droplet. Droplet 
motion due to coalescence exposes part of the substrate to 
the ambient air; then, the nucleation process is repeated at 
the exposed area. This condensation cycle continues on the 
substrate. In this section, we shed light on the dropwise con-
densation mechanism by studying the fluid–solid interface 
during coalescence phenomena.

It has been shown that volatile organic compounds can 
absorb rapidly on the surface and change wettability of the 
metal substrates (Cha et al. 2017; Orejon et al. 2019; Preston 
et al. 2014; Yan et al. 2019a, b). Gold that is intrinsically 
hydrophilic can support dropwise condensation when it is 
in the ambient atmosphere (Umur and Griffith 1965). In this 
work, since low condensation rates were implemented to 
conduct the experiment, condensation on the gold-coated 
glass remained dropwise during the experiment. There is an 
initial transient in condensation that reaches a stationary rate 
of approximately 0.0009 µl/(mm2s), or a heat transfer rate 
of 0.2 W/cm2; this rate corresponds to relative humidity of 
60%. The droplet growth rate is estimated to be on the order 
of 1 µm. The droplet growth rate and heat transfer rate were 
quite low mainly due to the presence of non-condensable 
gases (Chavan et al. 2016; Enright et al. 2014). Figure 7 
illustrates the evolution of coalescence on a gold substrate. 
Filter averaging of 5 × 5 was applied on the normalized 
images to reduce the image noise. The initial status of the 
drop before coalescence is depicted in Fig. 7a. The yellow 

color shows the droplet and the blue color represents the 
area between droplets (from here on, it is called an inactive 
area). During the coalescence, the involved droplets move on 
the substrate, which exposes part of the surface to the water 
vapor in the ambient air. From here on, the exposed area 
after the coalescence is called a preoccupied area. Figure 7b 
illustrates the preoccupied area after 9 ms from the start of 
coalescence. After the coalescence event, new small droplets 
form on the preoccupied area, as shown in Fig. 7c.

It can be observed from Fig. 7b that the preoccupied area 
has a slightly different color from the inactive area. For easy 
visualization, the contrast of this image has been enhanced 
by changing the range of the color map (see Fig. 8a). To 
compare the reflectance of the inactive and preoccupied 
areas, the averaged reflectance of each site was calculated. 
The preoccupied area with 27,500 pixels has the averaged 
reflectance of 0.34582 ± 1.2 E−5, which is very close to 
the reflectance of a gold–air interface. The standard error 
(i.e., ± 1.2 E−5) is measured by dividing the standard devia-
tion of noise at each pixel (i.e., 0.0057 of the signal value) by 
the root mean square of the number of observations, 27,500. 
The averaged reflectance of the inactive area with 15,000 
pixels is 0.35401 ± 1.6 E−5. The difference of reflectance 
between the preoccupied and the inactive areas is 0.00819, 
which is more significant than the standard errors of the 
measurement. The difference in the reflectance values at the 
two sites indicates there exists a material difference between 
the preoccupied area and the inactive area. SPR reflectance 
at the fixed angle and wavelength depends on the refractive 
indices and the thickness of the test media involved. As the 
refractive index of air and water is constant over the entire 
study area, the difference of reflectance values can only be 
attributed to the changes in the thickness of the water film.

Figure 8b depicts the theoretical SPR curve at 550 nm 
for a 4-layer medium (BK7 prism, gold, thin water film, 
and air) with different thicknesses of water film. It can be 
seen in the figure that the sensitivity in measuring thin film 

Fig. 7  Coalescence evolution: a initial positions of droplets before 
coalescence; the yellow color represents water and the blue color sig-
nifies air; b an exposed part of the substrate after the droplet motion 
during coalescence—the exposed area (preoccupied area) is distinct 

with a slightly different color index, as compared to the ambient 
(inactive area) result; c nucleation of new droplets in the preoccupied 
area only
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is higher when SPRi with IM is performed at 1.0°–3.0°, 
far from the SPR minimum angle of air; that is the reason 
that 44.8° was selected as the experimental angle for SPRi 
with IM. At this angle, a monolayer thickness of water film 
(0.275 nm) yields a 0.01150 increase in the SPR reflectance 
value (see Fig. 8c). As the reflectance of the preoccupied 
area is very close to the reflectance of the gold–air inter-
face, it can be concluded that only air exists on the gold 
surface, i.e., the preoccupied area is a dry zone. However, 
the reflectance of the inactive area is 0.00819 larger than 
the reflectance of the gold–air interface and the 0.00819 of 
reflectance unit indicates the presence of an adsorbed water 
film (neither high-concentration water vapor nor adsorbed 
volatile organic compounds) with an average thickness of 
less than a monolayer at the inactive area. The average thick-
ness of less than a monolayer means that the adsorbed film 
is not covered uniformly over the entire area between drop-
lets (see Sect. 4.2.1). It should be mentioned that it is likely 
that droplets constantly evaporate on the surface due to the 
high temperature of the substrate (~ 35 °C); this may cause a 
high concentration of water vapor around the droplets. How-
ever, the automated SPRi instrument cannot differentiate the 
difference between gasses, i.e., the sensitivity of the SPRi 
instrument in measuring the refractive index is less than the 
change of refractive indices from air to high-concentration 
water vapor.

The aforementioned standard cleaning protocol using iso-
propyl, acetone and DI water cannot remove the adsorbed 
volatile organic compounds from the surface (Cha et al. 
2017; Saga and Hattori 2005; Yan et al. 2019a, b). It was 
likely that adsorbed organic compounds were present on the 
surface even prior to the visualization experiment. Moreo-
ver, the preoccupied area that emerges after the coalescence 
is dry, i.e., it does not have the adsorbed water thin film. It 
has been reported that DI water cannot remove adsorbed 
organic compounds on the surface (Saga and Hattori 2005). 
This means that if an organic adsorbed film exists on the 

surface, it cannot be removed by the droplet. As the reflec-
tance measurement was conducted by subtracting the pixel 
value of the background images from condensation mages, 
the net effect of adsorbed volatile organic compounds on 
the reflectance would be zero or negligible. Therefore, the 
changes in reflectance cannot be attributed to the adsorption 
of volatile organic compounds on the surface.

The nucleation of droplets at the preoccupied area can be 
explained with the new experimental results. The adsorption 
of vapor molecules on the surface minimizes the surface 
energy of the substrate. As the preoccupied area is dry, it has 
higher surface energy compared to the inactive area between 
the droplets. The preoccupied area with high surface energy 
serves as a favorable site for water vapor to condense and 
nucleate on the substrate, as shown in Fig. 7c. We cannot 
comment on the evolution of the dry zone between 9 ms 
and the time when nucleation starts; this is because the 
spatial resolution (4 µm) is larger than the size of the first 
nucleus. In our future work, we will answer to the question 
of whether an adsorbed film forms on the dry zone, followed 
by nucleation or whether the vice versa scenario occurs.

4.2.1  Mechanism of dropwise condensation

There is no united understanding of dropwise condensa-
tion phenomena because of the complexity of the physics 
involved. The mechanism of dropwise condensation has 
been under debate for the past 90 years (Leipertz 2010). Two 
main theories have emerged; both theories have been sup-
ported with experimental results (Umur and Griffith 1965; 
Yongji et al. 1991). However, the experimental methods used 
in these studies were not able to measure sub-nanometer film 
thicknesses at high speeds (> 1000 FPS) in ambient condi-
tions. To the knowledge of the authors, this is the first time 
that the coexistence of an adsorbed film between a droplet 
and the dry zone at the preoccupied area during dropwise 
condensation has been experimentally reported.

Fig. 8  a Reflectance of the inactive area is 0.00819 larger than pre-
occupied area with reflectance of 0.34582; b theoretical SPR curve 
for the 4-layer medium (BK7 prism, gold layer, thin water film, and 
air) with different sizes of water film at 550  nm; c the change of 

reflectance with the increase in the size of the water film at 44.8°; the 
reflectance of the preoccupied are represents the dry area on the sub-
strate and the reflectance of the inactive area shows the existence of a 
monolayer film between droplets
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Although the film rupture theory can explain the existence 
of a thin film between the droplets, it is unable to explain the 
existence of a dry zone at the preoccupied areas. Thus, the 
results of this study undermine the validity of film rupture 
theory. Our results suggest that either nucleation theory or a 
combination of both film rupture and nucleation theory can 
explain dropwise condensation on a solid substrate.

The average thickness of the absorbed layer between 
droplets presented here can be explained with the theoretical 
approach that Umur and Griffith (1965) used in their work. 
According to the adsorption theory, molecules in the gas can 
adhere to the solid surface. The fraction of a surface covered 
by adsorbed molecules is called surface coverage. Langmuir 
theory (Langmuir 1933) explains that striking molecules on 
the surface can adsorb them to the surface; subsequently, 
they evaporate from the surface. Under an equilibrium con-
dition, the rate of adsorption is equal to the rate of evapora-
tion. The Langmuir isothermal model assumes the maximum 
surface coverage of the adsorbed molecule is one monolayer. 
The rate of adsorption on a surface and evaporation from the 
surface, respectively, can be expressed as:

To find the surface coverage during dropwise condensa-
tion, consider a solid substrate that has interface with both 
vapor and liquid under an equilibrium condition (T and P are 
constant). For this system, we can write at the solid–vapor 
interface (subscript s) and liquid–vapor interface (subscript 
l), respectively:

For the liquid interface, �l is one. By dividing Eq. (4) by 
Eq. (5), the �s can be expressed as:

The values for kas and kal are close to unity; therefore, 
their ratio can be considered to be one. It can be shown that 
the work of adhesion between the solid–liquid interface to 
the work of cohesion between the liquid–liquid interface is 
(Umur and Griffith 1963);
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For the case of dropwise condensation where θ is larger 
than zero, the ws/wl is smaller than one. Using the proper-
ties of water at the pressure of 1 bar and temperature of 
35 °C and considering molar latent heat of 43.56 kJ/mol 
instead of wl, one obtains Λs< 1  (m2/m2). The average thick-
ness of the surface is proportional to the surface coverage. 
Surface coverage in our experiment can be obtained to be 
0.71  (m2/m2). Our measurement shows the thickness of the 
adsorbed layer is not greater than a monolayer in majority 
of the inactive area. However, based on our visualization, 
there are some limited locations on the inactive area, such 
as the area between two large droplets (see Fig. 7a) that have 
a local thickness of more than one monolayer. We are not 
certain whether these areas have adsorbed film more than a 
monolayer or if they are covered with micro/nano droplets 
less than the spatial resolution of our imaging (4 µm). In 
either case, the effect of these areas is neglected in the heat 
transfer models developed based on the nucleation theory of 
dropwise condensation (Khandekar and Muralidhar 2014). 
It is possible to further improve the spatial resolution of 
SPRi (Kim and Kihm 2006). In our future studies, we will 
enhance the spatial resolution (550 nm) of the SPRi instru-
ment to study these high-density areas on the substrate, and 
interaction of water molecules in the adsorbed layer with 
neighboring droplets. Moreover, the mechanism of initial 
drop formation at the onset of condensation will be studied 
to enable a full view of the dropwise condensation mecha-
nism on the solid substrate.

5  Conclusion

The current study developed an automated, angle-scanning 
SPRi instrument by integrating linear and rotating motor-
ized stages. This instrument improves the conventional SPRi 
that uses the AM technique by enhancing the resolution of 
angle probing, increasing the speed of angle-scanning, and 
minimizing the angle-dependent image artifact. This auto-
mated instrument can perform angle-scanning at a range 
of 40.0°–80.0°, which is suitable for sensing a variety of 
organic dielectrics, including air and water. The angular 
resolution can easily be adjusted from  10−3 to 1.0°, depend-
ing on the precision required for an experiment. The instru-
ment has a large field of view, which is perfect for studies 
related to fluid dynamics applications. The SPRi instrument, 
combined with high-speed imaging, introduces a new tool 
for real-time imaging of phase change phenomena, such 
as drop coalescence, condensation, and evaporation. Our 
newly developed, automated SPRi instrument successfully 
recorded the evolution of drop coalescence at 3000 FPS and 

(7)
ws

wl

≈
1

2
(1 + cos �)
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a spatial resolution of 4 µm. This SPRi instrument will be 
able to achieve higher spatial and temporal resolutions when 
a stronger illumination system and a larger NA objective 
lens are implemented for the imaging. We numerically and 
theoretically demonstrated that the SPR signal dependence 
on temperature close to the SPR minimum angle of air is less 
than 1% when the temperature changes from 25 to 70 °C. 
This means that there is no need for a thermally controlled 
test chamber or a Peltier stage for visualization of phase 
change phenomena. The probability of noise in the imaging 
was studied and used to measure the standard error of the 
thin film measurement. Our observation of dropwise conden-
sation reveals (1) the presence of a thin film with thickness 
of one monolayer, and (2) surface coverage of 0.71 m2/m2 
by the thin film in the area between the droplets. When the 
coalescence happens, the droplet motion wipes part of the 
substrate and leaves a dry area behind. The dry area serves 
as a new site for drop nucleation. Our high-speed SPRi 
instrument for thickness measurement provides experimen-
tal data that shows—for the first time—the coexistence of a 
dry area and adsorbed film on the substrate during dropwise 
condensation. The results of this work cast doubt on film 
rupture theory as the dropwise condensation mechanism. 
In future work, we will enhance the sensitivity and spatial 
resolution of our SPRi instrument to have a more in-depth 
study on the nucleation phase of dropwise condensation.
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