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ABSTRACT: Contact angle measurement is a valuable tool for analyzing surface properties,
including surface structure, cleanliness, and solid—liquid interactions. Typically, this
measurement is performed at the static state, capturing the interactions at the solid—liquid
interface when the gas, liquid, and solid phases reach equilibrium. In this study, we developed
a user-friendly setup for accurately measuring dynamic contact angles using the needle-in-drop
method. Our setup consists of a syringe for controlled liquid dispensing and withdrawal on a
solid surface, a sample stage with a scale bar for baseline measurements (the diameter of the
droplet), a lens to magnify the image of the droplet on the solid surface, and a smartphone
camera for recording the dynamic expansion and retraction of the liquid droplet. In addition SR E—
to obtaining the static sessile-drop contact angle information, our modified setup allows for
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the acquisition of other relevant parameters, including contact angle hysteresis and the

contact-line pinning force. By training students to assemble a cost-effective contact angle measurement setup using laboratory
components and guiding them in the utilization of this setup for conducting static and dynamic contact angle measurements,
students gain practical experience to determine the surface wettability and interfacial energy from static contact angle measurements
and to characterize the interfacial hysteresis and liquid mobility from dynamic contact angle measurements. We anticipate that this
approach will benefit students in a wide range of disciplines, including materials science, chemical engineering, and physical

chemistry, where understanding surface properties is essential.

KEYWORDS: (Audience): Upper-Division Undergraduate, Lab Researcher,
(Domain): Analytical Chemistry, Surface Science, Laboratory Classes, (Pedagogy): User-friendly Setup, Easy-to-Assemble, Low-cost,

(Topic): Dynamic Contact Angle Measurement Setup

C ontact angle measurement is a method which character-
izes the solid—liquid interface interaction through
visualizing the shape of a liquid droplet on the surface of a
solid, determined by the surface tension between the solid and
liquid."* The interaction between the liquid and the solid
surface is affected by various factors such as surface charge,
surface ionizability, surface roughness, surface functional
group, surface crystal structure, liquid ionizability, pH of
liquid, pressure, temperature, and humidity of the surrounding
air.”~® The surface tension can be measured quantitatively by
the tangent of the contact angle (6) formed between the liquid
and the solid surface. Qualitatively, using water droplets,
surfaces are characterized as super hydrophilic (8 < $°),
hydrophilic (5° < 6 < 90°), hydrophobic (90° < 6), or
superhydrophobic (150° < #).” The equilibrium between the
surface tension of the air—liquid (y,), solid—liquid (yy ), and
air -solid (ys) interfaces can be written as the Young-Dupre
equation, see eq 1, is the measured contact angle:*®

s — ¥t
n (1)

A small contact angle suggests a smoother surface with
attractive solid—liquid interactions. Conversely, a large contact
angle indicates a rougher surface with weaker solid—liclluid
. . 9 .. 0,11
interactions. Surface roughness” and contamination
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significantly influence measured contact angles. Rough surfaces
have larger surface areas than the smooth ones, but not all
surface sites are accessible by liquid, resulting in weaker liquid-
surface interactions and larger contact angles."> Contamination
increases surface roughness and forms a barrier between the
surface and the liquid, changing the contact angle."

The hydrophilicity of the surface can be determined from
both static and dynamic contact angle measurements. The
static contact angle measurement (Figure 1A) is used to
determine the wettability of the surfaces. This is done by
adding a drop of liquid onto the surface and measuring the
degree of spreading when the surface tension between the
solid, liquid, and gas molecules establishes an equilibrium. The
typical method for static contact angle measurement is the
sessile-drop, in which a droplet of liquid is placed onto the
sample surface and students record the contact angle when the
droplet stops spreading and reaches a state of rest.”'* The
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Figure 1. Static and dynamic contact angle measurements. (A) Diagram of the static sessile-drop process. A needle and syringe are used to dispense
liquid onto the sample surface without the needle penetrating the drop. A contact angle measurement is taken from an image of the drop on the
surface. (B) Diagram of the dynamic needle-in-drop measurement for advancing and receding contact angle measurements. The advancing contact
angle is measured as the syringe dispenses the liquid onto the surface. The receding contact angle is measured as the syringe withdraws the liquid
from the surface. The shape of the drop changes as the volume dispensed on the surface is adjusted.
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Figure 2. The diagrammatic layout of contact angle measurement and the practical arrangement achieved. (A) A schematic view of the dynamic
contact angle measurement setup. The camera on an iPhone SE was used to take the pictures. An optical lens (50 mm focal length) helped increase
the magnification of the images. The center of the drop on the sample was set at the focal length. A clamp and stand secured the needle and syringe
above the sample stage. (B) Front view of the dynamic contact angle measurement setup. (C) Side view of the dynamic contact angle measurement

setup.

surface that is rougher has a higher contact angle compared to
the smoother surface.”'*'°

With dynamic contact angle measurement, on the other
hand, users determine the transformation of a droplet that is
spreading or withdrawing on the surface. From a dynamic
contact angle measurement, the hysteresis and kinetics of the
interfacial system can be derived.">'””"" So far, there are
several methods to measure the dynamics of a liquid on a solid
interface from the advancing and receding contact angles.
Advancing and receding contact angles can be measured by
modifying the volume of the added liquid, tilting the support of
the droplet, or introducing air bubbles to the surface of a
submerged solid interface.""'*'” The focus of this paper is to
develop a simplified needle-in-drop dynamic contact angle
measurement assembly for undergraduates to learn about
surface properties.

In the needle-in-drop method (Figure 1B), the needle is
positioned a few millimeters away from the solid surface, and
liquid is gradually dispersed through the needle to create a
droplet on the surface.'* As more liquid is added, the baseline
of the droplet in contact with the surface will reach a maximum
and then remain constant, causing the droplet to grow only in
the vertical direction.'* Liquid can continually be added to the

3884

droplet until the surface tension can no longer hold the
amount of liquid that has been added. At this point, the
diameter (baseline) of the droplet against the surface starts to
grow again.'®'” The maximum contact angle recorded before
the surface tension surpasses this limit is the advancing contact
angle.'” Since the drop is changing in size and is not a constant
volume, it is called the dynamic measurement.

Many earlier works describing static contact angle measure-
ment apparatus required components to be custom-made with
3D printing”””' or modified from existing systems, such as
microscopes'*”* In the laboratory training described in this
manuscript, students were guided to assemble a simplified
needle-in-drop contact angle measurement arrangement as an
affordable and effective alternative to commercial goniometers
to determine surface properties by performing both static and
dynamic contact angle measurements. While static contact
angle is frequently used to analyze surfaces,””**">® there are
fewer examples, let alone guided laboratory exercises, that
describe the usefulness of dynamic contact angle measure-
ments. Dynamic contact angle measurement is important, as
the hysteresis calculated from it can be used to further derive
kinetic parameters that describe surface homogeneity and
energy barriers to liquid spreading at the interface.’*”**

https://doi.org/10.1021/acs.jchemed.4c00146
J. Chem. Educ. 2024, 101, 3883—3890
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Employing this approach, crucial information about surface
structure, cleanliness, hysteresis, and kinetics of the interfacial
properties, relevant in various fields such as materials science,
biomedical engineering, and chemistry, can be quickly
obtained.

B HARDWARE ASSEMBLY

The contact angle measurement setup consists of several
simple components that are commonly found in an optics lab,
as shown in Figure 2. The system was assembled using a screen
as the background to create contrast for the droplet outline and
the ambient room light. The sample was placed on a sample
stage (2" x3”x 0.3”). Above the sample stage, a S00 yL syringe
was positioned to add solvent onto the solid sample surface.
The syringe was held in place by a syringe holder, whose
design can be customized by the students. A large hole was
drilled partially through the top of the holder to allow the
syringe to pass, and a smaller hole was drilled from the bottom
to allow only the needle of the syringe to pass and hold the rest
of the syringe vial in place.

Students can adjust the distance between the syringe needle
and the sample surface by changing the height of the sample
stage or the height of the syringe from the stand. A ruler was
positioned on the sample stage to measure the baseline of the
droplet on the sample substrate. In front of the sample stage, a
plano-concave lens was fixed at 50 mm, the focal length of the
lens. This positioning ensured that the sample stage and the
aqueous/sample interface remained at the focal point to have a
clear magnified view.

For recording the video of the droplet on the surface, a
phone was used in combination with a plano-concave lens. To
take pictures or videos, the camera of the phone was focused
perpendicularly to the liquid/sample interface,”’ so that no
extra baseline or background was captured. The details of each
component in the setup are listed in Table 1.

Table 1. Components Used for Building the Needle-in-Drop
Contact Angle Setup

Brand/Maker Description Part Number  Quantity
Thorlabs BK7 A-Coated Plano-Convex LA 1131-A 1
Lens, d-25.4 mm, f = 50.0 mm
Southern Medium 2-Prong Single Adjust 0392208 1
Labware Nickel-Plated Zinc Clamp
Thorlabs Mounting Base, 1” X 3” X 3/8” BAl 1
(25 X 75 X 10 mm)
Thorlabs Cap Screw Kit HW-KIT2/ 1
MM6—1.0
Screws
Hamilton 500 pL Syringe Gastight 1
#1750
Thorlabs 1/2” Post Mount BA2E
Thorlabs 1/2” Optical Post, SS, 8—32 Set TR4 2
Screw, 1/4”-20 Tap, L = 4”
Apple iPhone SE (2nd Edition) MX9C2LL/A 1
Thorlabs Background Screen TPSM2/M 1
Thorlabs Post Holder with Spring-Loaded PH3-ST 1
Thumb Screw, L = 3”
Thorlabs Post Holder with Spring-Loaded PH2-ST 1
Thumb Screw, L = 2”7
Homemade Sample Stage, 2” X 3” X 0.3” - 1
Design
Homemade Syringe holder, 2.5 cm X 3.5 cm, - 1
Design Syringe hole diameter =

0.8 cm, Needle hole diameter
=0.5 cm

3885

B HAZARDS

The organic solvents used for surface cleaning and contact
angle measurements can cause irritation to skin and eyes,
inhalation and ingestion can cause damage to organs. The
methanol used for surface cleaning is highly flammable. The
precursor octadecyltrimethoxysilane (OTMS) (Sigma-Aldrich
CAS 3069—42—9) used for coating the fused silica surface can
cause severe skin and eye burns upon contact and respiratory
irritation if inhaled.

B CONTACT ANGLE MEASUREMENTS

Contact angle measurments were performed on hydrophobic
and hydrophilic substrates. The OTMS coated surface is
hydrophobic, which causes the added droplets to form a clear
spherical shape on the surface that allows for precise contact
angle measurements. A microliter syringe was employed to
precisely dispense and withdraw liquid onto the sample
surface. Students measured the contact angle of 2 uL of the
solvent on a piece of a fused silica wafer (Corning 7980 High
Purity Fused Silica, 1.2 cm X 1 cm X 1 mm, cut with a
diamond tip) with and without an OTMS coating. These two
types of surfaces serve for a comparison, as the fused silica
surface is hydrophilic while the OTMS surface is hydrophobic.
The procedure for synthesizing a self-assembled monolayer of
OTMS on the fused silica surface has been described
elsewhere.”® The static contact angle of water on the surface
was measured by adding three droplets of DI water with a
volume of 2 uL each on three different spots of the surface.
The base angles of the droplets on the left and the right were
recorded, and the average and standard deviation were
calculated to report the accurate static contact angle using
these measurements. The contact angle of neutral DI water on
OTMS coated fused silica surface is 93.0° + 3.8° (Table 3,
Figure 3). The static contact angle of neutral DI water on the
bare silica surface is 18.4° + 5.9° (Table 3). However, more
aggressive cleaning should lead to a smaller contact angle
<10°.'"" In comparison, the water contact angle on the
OTMS coated fused silica surface is more than 70° greater
than that on the bare silica surface, indicating a higher degree
of hydrophobicity.

The dynamic contact angles were measured by controlling
the liquid dispensing and withdrawing rates at 1 uL/s. The
measured advancing contact angle of water on the OTMS
coated fused silica surface stayed around 96° for 4 s, with a
baseline preserved at 3 mm. Subsequently, when the water was
withdrawn from the surface, the contact angle reduced to 86°,
and the baseline was retained at 1.8 mm for 4 s. Our dynamic
contact angle results agree with the findings reported by Koga
et al., who observed an advancing contact angle of 92° and a
receding contact angle of 88.5° for water on an OTMS
monolayer.”” Additionally, our static contact angle result is
consistent with the sessile-drop measurement reported by Hild
et al,, indicating a water contact angle on OTMS is in the range
88.5°-97.0°.%°

Students used the Fiji Image] software””’ to measure the
contact angle of droplets on the OTMS coated fused silica
surface with the “Angle Tool” to draw the tangential line from
the droplet/air interface to the solid surface, allowing for
precise contact angle measurements. The baseline of the
droplet was measured by the scale on the sample stage (Figure.
3B).

https://doi.org/10.1021/acs.jchemed.4c00146
J. Chem. Educ. 2024, 101, 3883—3890
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Table 2. Dynamic and Static Contact Angle Measurement Results of Each Solvent Used to Wet the OTMS Coated Fused Silica

Surface

Surface Tension y/(mN m™)

Water (pH 7.2) 72.8%
Methanol 22730
Ethylene Glycol 47.73"
Glycerol 64.0%%
N’,N-Dimethylformamide (DMF) 37.13
Hexane 18.4%*
Hexadecane 2853435
Octadecene 2162

0,/degrees Or/degrees O,aric/ degrees
96.2 + 0.6 859 + 1.4 93.0 + 3.8
279 £ 2.5 21.8 £ 0.1 26.0 + 4.5
69.6 + 2.6 61.4 + 0.3 70.6 + 3.5
879 + 0.8 732 £ 2.7 82.9 + 2.9
485 + 1.2 43.8 + 0.2 46.6 + 2.3
11.7 + 0.4 7.8 + 0.6 87 12
34.8 +£ 0.5 233 £ 0.2 29.0 + 4.8
212 + 13 17.8 + 0.9 19.1 + 2.8

The mean and standard deviation are calculated from eight individual experiments.

Table 3. Comparison of Static and Dynamic Contact Angles
of DI Water on the Fused Silica Surface and the OTMS
Coated Fused Silica Surfaces

DI Water 0,/degrees  Op/degrees  O,,./degrees
OTMS Coated Fused Silica 96.2 + 0.6 859 + 14 93.0 + 3.8
Surface
Fused Silica Surface 223+ 25 15.8 + 3.1 184 + 5.9

The mean and standard deviation are calculated from eight individual
experiments.

93.0° + 2.6’

10 uL DI water

Figure 3. Static contact angle of water on OTMS coated fused silica.
(A) Example of a static contact angle measurement using the sessile
drop method. The contact angle values reported were calculated from
the average of the contact angles measured at the left and the right for
multiple droplets. (B) Example image to show how the baseline of the
droplet was measured.

To capture the shape transformation of the droplet as the
volume of the droplet increased over time, students used the
camera on an iPhone SE to record the video at 5—30 frames
per second, enabling analysis of the dynamic changes in
droplet shape. To ensure precise measurements, the final
contact angles were determined by calculating the average of
eight individual experiments recorded in distinct videos at
corresponding time intervals.

B CRITICAL SURFACE TENSION OF OTMS ON FUSED
SILICA SURFACE

The critical surface tension is a condition in which the surface
tension of a liquid equals or overcomes the surface energy of
the solid.>”'® It represents the minimum surface tension
required for the liquid to completely wet the entire solid
surface.”” Depending on the relative magnitude of the surface
energy between the liquid and the solid, the liquid can either
form a high contact angle on the solid surface, displaying a low
molecular attraction or it can fully spread out the solid surface,
presenting a strong molecular attraction.”” In this study, we
determined the critical surface tension of an OTMS coated
fused silica slide using polar solvents such as water, glycerol,
N’,N-dimethylformamide (DMF), methanol, ethylene glycol,
as well as nonpolar solvents including hexane, and hexadecane
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(Table 2). The critical surface tension of OTMS-modified
fused silica surface was determined using the Fox-Zisman
approximation, see eq 2.

cosf =1 —(ﬂ]

4 (2)

A rectilinear relationship is established between the cosine of
the contact angle, 6, and the surface tension, y, of a series of
solvents.*” The critical surface tension, y , of the OTMS coated

fused silica surface is determined bzf the x-axis intercept of the
cos 6 versus y plot when cos @ = 1.”” The relationship between
the wettability of nonhomologous solvents on the OTMS
coated fused silica surface is shown in Figure. 4A, and the value

A) (B)
1.0 T T T 11 T T T T
Yc=20.8mN- m'(atcos 8 = 1.0) Ye=17.5mN-m"(at cos 6 = 1.0)
0.8} methanol n hexane
N'N-dimethylformamide 1.0
0.6 7 octadecene
@ @
3 0.4F . 8 09F hexadecane 71
o v x o
ethylene glycol
0.2 - 08} i
cos @ =-0.02 y + 1.41| 7\ glycerol
0.0-R"=0.98 E R'=1
water \
1 1 1 1 0.7 1 1 1 1
0 20 40 60 80 100 0 20 40 60 80 10

Surface Energy (y, mN-m’™) Surface Energy (y, mN-m”)

Figure 4. Critical surface tensions of OTMS coated fused silica
surface measured by polar solvents and nonpolar solvents. (A) Zisman
plot of the critical surface tension of OTMS coated fused silica
determined by homologous nonpolar solvents. (B) Zisman plot of the
critical surface tension of OTMS coated fused silica determined by
nonhomologous polar solvents.

of y, is found to be 20.8 mN/m. The relationship between the
wettability of homologous solvents on the OTMS coated fused
silica surface is shown in Figure. 4B, and the value of y, is
found to be 17.5 mN/m. Homologous solvents with surface
energies that closely resemble the critical surface energy of
OTMS monolayer, exhibited unhindered spreading on OTMS
coated fused silica, resulting in a lower critical surface energy
value. Conversely, nonhomologous polar solvents, which are
inherently polar and prone to form intermolecular hydrogen
bonding, have relatively higher surface free energies, which
tends to form higher contact angles on the OTMS monolayer.
With a surface critical energy between 17.5 and 20.8 mN/m,
the molecular attractions between the OTMS surface and the
various solvents investigated here are weak.

https://doi.org/10.1021/acs.jchemed.4c00146
J. Chem. Educ. 2024, 101, 3883—3890
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B CONTACT ANGLE HYSTERESIS AND
CONTACT-LINE PINNING FORCE ON OTMS
COATED FUSED SILICA

The motion, coalescence, and breakup of a liquid on a surface
can be evaluated through contact angle hysteresis measure-
ments, providing valuable information on liquid dynamics on
surfaces for fields such as microfluidics, inkjet printing, and
surface coating. The contact angle hysteresis is the frictional
energy that impedes the movement of the liquid on the surface.
It is important as it indicates the amount of kinetic energy
required for the liguid to transition from its metastable state to
a dynamic state.”” Here, the advancing and receding contact
angles of water on the OTMS coated fused silica surface
reduced over time along with the corresponding baseline as
presented in Figure. S. The contact angle hysteresis, Af, is

100 T T T T 3.5
3
8 —e— Baseline
= Receding i
8’ 95 Contact Angle 3.0 jod)
g 2
o) , o,
(o2} >
£ 9of 125 2
5 Advancing 3
< Contact Angle \3/
s -42.0
s | J
S 85

1 1 1 1
0 2 8 10

=
2.8mm

T I —

18mm

Figure 5. Advancing and receding contact angles and the baseline of a
water droplet were measured at a flow rate of 1 uL per second, added
every second, at T = 18.4 °C and RH = 21%. Images at the bottom are
of the liquid drop in contact with the OTMS coated fused silica
surface at different times as the volume of liquid added increases. Data
is based on approximately 8 frames per second video.

calculated using eq 3.7 By incorporating the measured
advancing and receding contact angles of water on the
OTMS coated fused silica surface, the contact angle hysteresis
was determined to be 10° + 2°.

Af =6, — by 3)

The obtained values of the contact angle hysteresis and the
base radius of the droplet were employed to derive the contact-
line pinning force, as described in eq 4.*
= 2yr(cos Oy — cos 8,) (4)
The contact-line pinning force, denoted as Fj;,ing is associated
with the resistance encountered during the spreading and
withdrawing of a liquid on a solid surface.*” This force depends
on the liquid surface tension, y, the base radius, r, and the
difference of the cosine of receding contact angle and
advancing contact angle. The pinning force acts as a barrier,
impeding the movement of the contact-line. For water moving
on the OTMS coated fused silica surface in response to time,
the resultant contact-line pinning force is shown in Figure 6.

E pinning
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Figure 6. Contact-line pinning force of water on the OTMS coated
fused silica surface changes in correspondence with the baseline
recorded along the time scale of the advancing contact angle and the
receding contact angle. Data is based on approximately 30 frames per
second video.

B LEARNING OUTCOMES AND ASSESSMENT

This static and dynamic contact angle experiment aims to
equip undergraduates with the skills and understanding
necessary for liquid/solid interface characterization. Through
this hands-on experience (Figure 7), students will gain insights
into the fundamental principles of surface chemistry and learn
how chemical modifications at the molecular level can
significantly influence macroscopic surface properties. This
training is expected to provide students practical knowledge
that is applicable across wide-ranging disciplines in fields such
as material science, nanotechnology, biomedical engineering,
and surface coatings.

The primary goal of this training was to enhance students’
understanding of static and dynamic contact angle measure-
ments and related concepts such as surface tension, surface free
energy, hydrophobicity, hydrophilicity, the dynamic contact
angle, contact angle hysteresis, and contact line pinning force,
etc.

As a prelab preparation, students were provided with reading
materials covering key concepts. On average, each student
spent approximately 30 min reading the materials. Then,
before the experiment, the prelab quiz was conducted to assess
the student’s understanding of the provided materials. After the
prelab quiz (supplied in the Supporting Information), students
engaged in the hands-on experiment involving the preparation
of an OTMS monolayer on the fused silica glass, followed by
performing contact angle measurements in pairs and data
analysis using Image].

In the prelab quiz, out of 8 students, 7 students scored 9/10,
1 student scored 8/10, and 1 student scored 10/10. The scores
suggest a strong baseline understanding of the basic concepts
among most participants after only spending a short time
reviewing the materials. To provide students a chance to apply
these concepts to practical scenarios, hands-on training was
provided. This focused on building upon the students’ existing
knowledge base and expanding their understanding of both
theoretical and practical aspects of surface chemistry.

After the contact angle measurement, students were asked to
analyze the data using Image] and calculate the advancing and
receding contact angles for both bare and OTMS-coated fused
silica. From the dynamic contact angle data, students were able
to calculate the contact angle hysteresis. Students’ dynamic
contact angle data is in accordance with the reported value for
OTMS-coated fused silica, suggesting that the students were
able to successfully deposit OTMS on fused silica and obtain
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Figure 7. Students are doing contact angle measurements using the setup assembled with common lab components and recording the droplet

behavior on the surface using their phone.

Table 4. Undergraduate Training Leaning Objectives, Laboratory Activities, and Assessment Checkpoints

Learning objective

Develop an understanding of
surface properties realed by
contact angle measurments

Introduce students to the

equipment assembly, substrate
preparation and cleaning

and syringes before the experiment.

Static and dynamic contact angle

measurements Record the contact angles by camera.

Contact angle data extraction,

plotting and analysis calculate hysteresis, contact-line pinning force

Activity
Before the lab, students read the given resources of the following topics: surface tension, surface

wettability, contact angle (static vs dynamic), contact-line pinning force. After the reading, students
took the prelab quiz to evaluate their fundamental understanding.

Use needle-in-drop method to perform static, advancing, and receding contact angle measurements.

Guide students using Image] software to analyze contact angles, present the results into a plot, and

Checkpoint
Prelab quiz

Demonstrated and trained students how to prepare OTMS coated substrate, and how to clean substrates ~Graduate students check if

there are residue from the
reflection of substrates

Contact angles recorded in
photos and videos

Results plot and postlab test

its characterization through contact angle measurements using
the setup described here.

To evaluate the development of student comprehension and
problem solving skills following the training session, students
were tested by postlab questions (provided in the Supporting
Information) requiring free-response answers. The students’
answers to the postlab questions were assessed following a
standard grading rubric that was discussed and created by the
authors. The students’ answers revealed that they encountered
difficulties understanding formulas like Young’s Equation and
Pinning Force calculations. Out of the eight trained students,
only four could provide a comprehensive explanation of each
parameter and what it means to achieve equilibrium in the
Young’s Equation. Only one student could accurately calculate
the pinning-force, with others struggling on the unit of surface
tension. Despite this, students exhibit strong comprehension
and memorization of theoretical concepts and pictorial
illustrations. Most could clearly define hydrophilic and
hydrophobic and estimate the corresponding contact angles
ranges. To address the weakness in the students’ under-
standing, we suggest that instructors demonstrate the
calculations of Young’s Equation and Pinning Force to
students. This will provide students a good review of the
variables and their units. Additionally, inductive training, such
as drawing the chemical structures and the possible binding
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motifs of the liquid molecules to the surface functional groups,
may encourage deeper scientific thinking among students.

Overall, after this contact angle experimental training,
students have developed the following skills and under-
standings (Table 4):

e Utilization of simple components to assemble a user-
friendly setup for static and dynamic contact angle
measurements.

e Proper cleaning of the measurement syringe (plunger,
barrel, hub, and needle) and sample surfaces using
sonication, organic solvent, and nitrogen gas purging.

e Record the contact angle precisely using the camera on
the phone.

e Master the Image] software for analyzing contact angles
and baselines from droplet images on the substrate
surface.

e Determine whether the surface is hydrophilic or
hydrophobic from the magnitude of the contact angle.

e DProvide statistical analysis for multiple data and present
the results in trend plots.

o Calculate the hysteresis and the contact-line pinning
force of the measured substrate.

In the end, students were invited to share their feedback on
the training. From their responses, it was revealed that for all of
them, it was their first hands-on experiment focused on
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interfacial phenomena. This concept is important in chemistry
and other related fields because the interface is often where
reactions are initiated and occur. The feedback of students
underscores the importance of involving comprehensive
explanations and experimental explorations of interfaces into
chemistry curriculums. Emphasizing these aspects in future
courses will provide students with an understanding of how
contact angle measurements describe liquid-surface interac-
tions and can disclose chemical reactions at interfaces.”®*"**

B CONCLUSIONS

In conclusion, we have developed an easy-to-assemble dynamic
contact angle measurement setup, enabling us to capture the
dynamic transformations occurring at the liquid—solid inter-
face. The accuracy and stability of our dynamic contact angle
measurements were demonstrated by comparing our results
with the results from previous publications. This encompassed
a broad range of quantifiable angles, including those above 90°
and below 25°. By analyzing the advancing and receding
contact angles and the baseline of the liquid on the solid
surface, we were able to determine crucial parameters such as
contact angle hysteresis and contact-line pinning force. The
application of this setup extends beyond a research environ-
ment, as it can be effectively employed in chemistry laboratory
classes to illustrate the physical and chemical interactions
taking place at the solid—liquid interface. Furthermore, it holds
significant potential for surface measurements in diverse
research fields, including materials science and surface coating.
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