Chapter 8
Summary and Final Remarks

Abstract Many believe that the concept of wetting begins with the Young’s equa-
tion. Although the Young’s equation is very simple, it has been a source of argu-
ments over the last two centuries because the equation comprises four quantities of
which two of them cannot be measured reliably. Moreover, researchers did express
frustration in their inability to measure the Young’s angle consistently, at least a
century ago. This chapter provides a brief overview of the history and the source of
some of the misconceptions. Fundamental concepts that have been clarified in
recent years, including (1) the recognition of the fact that it is the contact line, not
the contact area, that determines the contact angle; (2) advancing and receding con-
tact angles are the most important contact angles, and they measure wettability and
adhesion respectively, and surface stickiness can be predicted from the sliding
angle; and (3) hydrophilicity and hydrophobicity should be defined by the receding
contact angle, not the static contact angle. In answering Good’s calling for standard-
ization of measurement protocols for contact angle measurements, a set of guide-
lines for determining static contact angle, advancing/receding contact angle, and
sliding angle are provided. We hope that these guidelines will benefit the commu-
nity in the near term and serve as a springboard for the development of standardized
procedures by the “authority” or leaders in this field in the near future.
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8.1 Misconceptions in the Young’s Equation

Most researchers would agree that surface science started with Thomas Young when
he published his legendary article in 1805 entitled “An Essay on the Cohesion of
Fluids” [1]. Young did not write any equation in his paper, but he descriptively
stated that an angle is formed when liquid wets a solid surface. He wrote: We may
therefore inquire into the conditions of equilibrium of the forces acting on the angu-
lar particles, one in the direction of the surface of the fluid only, a second in that
of the common surface of the solid and fluid, and the third in that of the exposed
surface of the solid. This is essentially the Young’s equation we know to date.
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Young clearly stated that the angle of contact is a result of the mechanical equilib-
rium among the three surface tensions (y1y, ys., and ysy) at the three-phase contact
line. However, it is somewhat a mystery that there are still misquotations in recent
years, either by implying or directly stating, that the contact angle is from a thermo-
dynamically equilibrium wetting state. Such a quotation is not correct.

The Young’s equation is deceptively simple, but it is problematic multidimen-
sionally. First, two out of four quantities in the equation, ysy and ys;, cannot be
measured reliably. According to Zisman [2], researchers in the nineteenth century,
notably Dupre [3] and Gibbs [4], had resorted to thermodynamics to solve the
Young’s equation. Due to the lack of available documents in this period, we are
unable to map out the evolution of the history of surface research in that era. It is
however likely that our bias toward thermodynamics may be a result of our basic
science training in school. As discussed in Chaps. 3 and 4, although the process
of wetting is driven by thermodynamics, the way the wetting liquid reaches its
final static state is controlled by kinetics. In other words, the Young’s angle is
from a metastable wetting state. Most static contact angles on flat surfaces and
rough surfaces, including the Wenzel angle and the Cassie-Baxter angle, are all
from the metastable wetting states. This has been one of the reasons for the con-
tinuous argument as researchers had a hard time to measure the Young’s angle on
a consistent basis.

The second issue around the Young’s equation is the Young’s angle itself.
Researcher as early as 1890 [5] had reported the existence of multiple angles
between the advancing and receding angles, which could be reliably measured. The
Young’s angle is just one of the angles between advancing and receding and was
known to be a metastable state for some time [6-9]. Bartell and Wooley even sug-
gested that the receding angle may be the most important angle among the three
angles they measured [9]. In his 1959 paper, Johnson pointed out that researchers
during that time had serious reservation about the validity of the Young’s equation
[10]. Experimental evidence in the last couple of decades, which is summarized in
Chap. 3, shows that there indeed exist multiple metastable wetting states between
the advancing and receding angles. They can be populated by carefully exciting the
sessile droplet with vibration noise (Fig. 3.11). A key message from these studies is
that, all the metastable wetting states can be driven to a thermodynamically most
stable wetting states with optimal vibration excitation [11-14].

The third issue derived from the Young’s equation is contact angle hysteresis
(CAH), the difference between advancing and receding contact angle. Some early
researchers thought CAH originated from microscopic heterogeneity on the surface,
particularly roughness. Some thought the Young’s equation would only be applica-
ble to homogeneous, smooth, and rigid surfaces, and the term ideal surface was
created. To date, we know this is not true. Both roughness [15-17] and molecular
interactions between liquid and the solid surface [18, 19] are contributors to CAH,
and an update was provided in Chap. 5 in this book. Undoubtedly, more work is
needed to thoroughly understand the mechanism that leads to hysteresis and the role
it may play in surface science in general.
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The pioneering thermodynamic analyses of the wetting process by Dupre [3] and
Gibbs [4], coupled with our basic science training in school, seem to create a strong
bias in solving scientific problem based on thermodynamic principles. The success-
ful work by Wenzel [20] to explain the enhancement of wettability for rough hydro-
philic surface and increase of resistance to wet for hydrophobic surface, coupled
with the work by Cassie and Baxter [21] on porous surfaces, further solidified our
bias. Although Pease [6] and Johnson [10], in the same era, had voiced the impor-
tance of the contact line, rather than the wetted area dictates the contact angle, their
messages had been largely ignored for decades. On the other hand, mounting results
in the last two decades, both experimental and theoretical, show convincingly that
contact angle is a one-dimensional, not two-dimensional problem. Contact angle is
dictated by the locality of the three-phase contact line, not the area underneath the
liquid droplet. While disagreements between the calculated Wenzel and Cassie
angles with the experimentally observed angles are often found, the discrepancy can
be resolved when the classic roughness factors are modified with correction factors
that include the geometry of the rough contact line [22-24]. It is important to point
out that agreements between the calculated Wenzel and Cassie-Baxter angles with
the observed angles are possible. This can occur when the roughness is microscopic
and homogeneous such that the roughness factor calculated from the wetted area is
comparable to that at the three-phase contact line [25].

Many leading researchers had advocated the importance of 6, and 6y in surface
study, the fundamental reason was never offered clearly or convincingly. It was
either because of the CAH or the surface is not real. Using the microbalance tech-
nique, Samuel et al. [26] reported the measure of the wetting force and the adhesion
force between water and 20 surfaces of varying wettability. Good correlations were
found between the wetting force and 8, and the adhesion force and 6. This work
establishes a clear connection between contact angles and liquid—solid interactions.
The study led to the recommendation that 8, is a measure of surface wettability, the
smaller the 6,, the higher the wettability. Similarly 6y can be used to predict surface
adhesion, the smaller the @y, the stronger the surface adhesion. Sliding angle a
determines the mobility of the drop or the stickiness of the surface. Evidence is
provided that CAH is neither correlating to wettability nor adhesion and stickiness
(Figs. 5.2,5.7 and 5.14).

Hydrophilicity and hydrophobicity are the most recognized terms in surface
science. Using them as adjectives and comparing affinity is all right. However, the
science community has generally accepted that a surface is hydrophilic when its
water contact angle is <90°, and it is hydrophobic when the water contact angle is
>90°. There is little technical evidence to support this definition. Worse yet, the 90°
cutoff has been extended to define the philicity/phobicity boundaries of other
liquids. Bad definition does have unwanted consequences. For example, after defin-
ing 8>90° as hydrophobic, researchers further come to the consensus arbitrarily
that superhydrophobicity is defined for surfaces having a contact angle >150° [27].
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The inaccuracy of these definitions has led to confusing terminologies, such as
sticky superhydrophobicity, oleophobic wettability, and so on. A surface is defined
as superhydrophobic when it exhibits high water repellency. Can a sticky surface
exhibit high repellency at the same time? Sticky superhydrophobicity seems novel,
but the two components in the terminology are actually contradicting to each other.
After a very careful analysis of a series of water contact angle data along with the
correlations with the wetting force and adhesion force, Law [28, 29] showed that
hydrophilicity and hydrophobicity should be defined by the receding contact angle.
The cutoff is at water 8z 90°. More importantly, the fundamental reason why the
surface changes its character, from hydrophilic to hydrophobic, is a result of the
stronger cohesion force within the liquid droplet versus the wetting force due to
wetting. For hydrophobic surface, the water drop prefers to be in the droplet state
than wetting a hydrophobic surface due to the weak wetting interaction. Since
Samuel et al. also showed that there is negligible attraction between water and sur-
faces with 8, > 145°, a surface can further be defined as superhydrophobic when its
0 is >90° and 0, > 145°. In this definition, a superhydrophobic surface will have no
affinity with water. It will never be sticky as its 6 has to be >90°.

This methodology has been extended to define oleophilicity/oleophobicity for
hexadecane. A surface can be defined as oleophilic when its hexadecane 6y is <124°
and oleophobic when the hexadecane 6 is >124°. The finding clearly demonstrates
the incorrect presumption that the 90° cutoff is universal for all liquids. Essentially,
the philicity/phobicity cutoff is dependent of the surface tension of the liquid, the
lower the surface tension, the larger the 6 cutoff.

8.3 Outlook and Recommendations

8.3.1 Surface Characterization

One key weakness in surface science is the correct interpretation of contact angle
data. This is partly due to the absence of any standardized protocol where reliable,
high-quality data can be produced and partly due to our insufficient understanding
of the interactions between liquids and solid surfaces. By correlating the wetting
force and adhesion force with contact angle data, the connections between wettabil-
ity and adhesion with the advancing and receding contact angle are established.
Based on these correlations, we recommend that surface should be characterized by
its wettability, adhesion, and stickiness. Wettability is measured by the advancing
contact angle. Adhesion is governed by the receding contact angle. As for surface
stickiness, it can be predicted from the sliding angle; the larger the sliding angle, the
stickier the surface [26]. It is important to point out that this recommendation gets
its origin from the movement of the contact line during liquid—solid interaction. For
wettability and adhesion, there is only one moving contact line. They are the advanc-
ing and receding contact line, respectively. An interface is formed when wetting
occurs and that interface is eliminated when the liquid is fully receded. In the case
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of lateral mobility or sliding, both advancing and receding contact lines are moving
simultaneously, and the wettability (or contact area) of the drop remains unchanged.

Contrast to the common belief, both static contact angle and CAH are not in the
recommendation list. We however feel that static contact angle will still be the most
measured contact angle in the future owing to its simple measurement procedure. It
can be used as a surrogate for the advancing contact angle to predict wettability as
the two angles usually track very well. Very likely it will be used as a screening or
quality-control tool in the surface development labs. Advancing, receding, and slid-
ing angles will play a larger role in the future for in-depth surface characterization
and wetting study.

As for CAH, it is neither predicting wettability nor adhesion and stickiness.
Although the mechanism for CAH is better understood, significant work remains
particularly its role in surface characterization and wetting.

8.3.2 Guidelines for Best Practices

Many pioneering surface researchers were aware of the importance of surface
cleanliness and liquid purification to the quality of the contact angle data they were
generating. Before the design of the first goniometer in 1960, many different appa-
ratuses were used to measure the different contact angles. While instrumentation
has continued to improve, the desire to improve the consistency and reliability of
contact angle measurement continues. About 40 years ago, Good [30] called for the
establishment of standardized protocols for contact angle measurements, and the
call was not answered. In the following, a set of general guidelines are provided.
We hope that this will stimulate a more serious conversation in the research com-
munity as well as the authority or leader(s) to answer Good’s calling.

Static contact angle. We recommend the use of a 5-pL droplet for general routine
testing. Goniometer should be placed on a vibration-free table in a temperature/
humidity-controlled lab. The deposit of the liquid droplet should be as gentle as
possible and allows time for the drop to reach the static state before drop profile is
captured and analyzed. If necessary, video can be used to record the wetting process
and confirm the waiting time. The entire measurement procedure should be repeated
5-10 times in fresh area each time to ensure procedural consistency and sample
homogeneity.

If a volatile liquid is used, the measurement should be carried out in a close
chamber. Smaller drop size may be required when testing with low surface tension,
high-density liquids, or on super repellent surfaces, where drop shape distortion by
gravity is known to occur.

Advancinglreceding contact angle. Advancing and receding contact angle should be
determined with the drop expansion/contraction method. Typically, the measure-
ment starts with a small sessile droplet (~2 pL), and small amount of test liquid is
added at a very slow rate, e.g., ~0.2 uL/s. The drop profile is captured as the drop is
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expanded up to ~20 pL. The flow of the test liquid is then reversed, and small
amount of liquid is withdrawn through the needle at the same, slow rate (~0.2 pL/s).
The contact angle during receding is captured and analyzed.

The use of the titling plate method to determine advancing and receding contact
angle is not recommended. The technique is known to have a limited range and
measurement with large hysteresis sample is erratic [31, 32].

Sliding angle. Sliding angle is determined by first placing a sessile droplet on a
horizontal surface followed by tilting the surface very slowly (~1°pL/s) till the drop
starts to slide. The driving force for drop sliding is gravity, and the measured angle
is strongly dependent on the drop mass. Based on available literature data, we rec-
ommend sliding angle to be performed with drop volume ranging between 5 and
10 pL. This range appears to be the most sensitive region to acquire drop mobility
information. It would be a misleading conclusion if one claims a surface sticky
when a small drop, e.g., 1 pL, is used to determine the sliding angle. The same
would be true if one claims a surface slippery when a very large drop is used to
determine the sliding angle.

Documentation. We highly recommend authors to provide the following informa-
tion when publishing their contact angle results in the literature: apparatus, drop
volume, dispense procedure, ambient condition, and drop profile curve fitting soft-
ware. For super repellent surfaces, sticky droplets or super slippery surfaces, it does
not hurt to report the sessile drop images or supply videos in the supplemental
information section. Transparency would provide a trustworthy environment, which
should facilitate data exchange, stimulating communications and collaboration.
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