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Traditional bubble tensiometers experience deviation of surface tension
measurements at low surface ages — typically below two milliseconds. So,
there is limited clarity on how the bubble formation process occurs and if
there is any dependency on pipette geometry. In this paper different
geometries of pipettes were designed, manufactured and evaluated for
their affect in the growth of the bubbles while maintaining a constant air
flow for each test. Two different shapes of tips were considered and veri-
fied; aspects changed were the outlet diameter, the length and the conical
taper before the outlet. Consequently, pipettes were fabricated using addi-
tive manufacturing (3D printing), the bubble formation process was simu-
lated and recorded with a high-speed camera, and finally the videos were
analysed with a 2D image analysis software. In this context, the behav-
iour of the bubble growth changed according the geometry and the
parameters of the pipette tip.
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1 INTRODUCTION

Surface tension is one of the governing properties of the liquid phase that
describes the propensity of a liquid to acquire the least surface area possible
given its surroundings. In nature, we can observe that fluids, when they are
suspended in a medium of a different phase, obtain a spherical shape caused
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by the attraction of the molecules at the interface, tending to minimize the
surface area [1]. Also, the surface tension can be defined as the work
required to change the extent of the interfacial area of a phase. Nowadays
in industry, there is a demand to optimize procedures to minimize operating
times in different processes such as spraying, foaming, cleaning, printing,
and coating [2].

Surface-active agents, conventionally known as surfactants, are utilized to
reduce the surface tension and the energy required to produce new surfaces;
as mentioned previously, the surface tension is one of the major factors that
dictate the energy required to form the interface. When surfactant molecules
are introduced, these surface active agents require a finite time to settle at the
interface; changes in the surface tension during this time is based on the cor-
responding concentration of surfactants at the interface [3]. The quantifica-
tion of this dynamic process is widely termed as the dynamic surface tension
(DST) measurement, whereas the quantification of static surface tension is
always measured once the interface is saturated with the available surface
active agents [4]. Dynamic surface tension is an important parameter which
allows characterizing a surfactants’ diffusion and adsorption rate [5-9]. If the
surface is completely covered or saturated with surfactant molecules, the
remaining surfactant molecules within the bulk liquid phase start to aggregate
and form micelles of different shapes [10]. At the point where these micelles
start to form, the surfactant concentration is above the critical micelle con-
centration (CMC), and the surface tension becomes independent of concen-
tration.

Different methods have been developed to measure both the dynamic and
the static, or equilibrium, surface tension. To quantify the static surface ten-
sion, the Du-Noiiy ring, the Wilhelmy plate, the spinning drop and the pen-
dant drop methods are used [11]. For the dynamic surface tension, the bubble
pressure and the drop volume method are the most common methods imple-
mented. As mentioned earlier, the key difference for these measurements is
the quantification of interfacial tension before attaining equilibrium or after
attaining equilibrium. Here, we focus on the dynamic process of interface
generation which plays a significant role in identifying the dynamic interfa-
cial tension.

Bubble tensiometers are traditionally used to complete such measure-
ments [6], [12-15]. It allows measurement of dynamic surface tension when
the solution is primarily at or beyond the CMC. The bubble tensiometer uses
the maximum bubble pressure method (MBPM) to obtain the surface age of
the drop [16]. Dynamic surface tension is determined based on results for the
maximum internal pressure measurements in a growing bubble or dilating
bubble [13, 17-19].

The bubble pressure method typically uses a polypropylene or functional-
ized glass capillary submersed in a surrounding liquid media to produce gas
bubbles and determine the surface tension of the liquid. Figure 1 shows the
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FIGURE 1

Pressure as a function of time in the bubble pressure method for water for two different capillar-
ies. Processed capillaries are appropriately functionalized and machined to obtain the uniform
interface generation whereas improperly-machined, unprocessed capillaries show lower pres-
sures due to non-uniform generation of the interface. Schematics on the top right corner illustrate
the radius growth at the tip of the capillary.

working principle of this method. The internal pressure of a spherical gas
bubble (P) is a function of the instantaneous radius of curvature (r) and the

2
surface tension (y); with the Young-Laplace equation ( p= —Yj these vari

-
ables can be correlated with each other [20]. The radii of the gas bubble
attached to the tip of the capillary initially increases and then decreases, as
seen in Figure 1. At the point where the curvature is the greatest, the maxi-
mum pressure is reached. At this moment, the radius of the curvature of the
bubble is equal to the radius of the capillary, i.e., r=r,. The time from the start
of the bubble formation to the occurrence of maximum pressure is called the
surface age, and from the maximum pressure to the detachment of the bubble
is called dead time. The measurement of the dynamic surface tension depends
on the surface age; so, dynamic surface tension will vary according to the
bubble production speed. Now, if the maximum pressure of the process (P,,,.)
and the radius of the capillary () are known, and considering a correction
factor for the hydrostatic pressure (P, = ApgH) due to the immersion of the
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capillary in the liquid, one can obtain the dynamic surface tension at a spe-
cific surface age [12, 17, 21] or the surface age with maximum surface ten

(pmax Do )rc
- 5 |

Industrial processes are seeking opportunities to optimize processes and to
reduce production time, i.e., interaction time between objects and surface
active agents [5, 7, 9, 12]. Thus, measurements need to be done at a relatively
low time scale, i.e., in the order of milliseconds for most cases [5, 13, 18, 22].
Special precautions are in place to take measurements below five millisec-
onds range, e.g., at the millisecond interval [23]. The experimental data
claims that the dynamic surface tension deviates from the expected numbers
at the surface age in the range of milliseconds even for water measured at 20
°C [5, 13, 18, 22, 24]. The use of the damaged or aftermarket capillaries can
lead to erroneous measurements in the pressure (as depicted in Figure 1,
unprocessed capillary), resulting in false results in the dynamic surface ten-
sion or, even in some cases, higher or lower surface age [25]. In this paper, an
attempt is made to study the process of the bubble formation concerning the
geometrical configuration of the capillary. Different geometries and aspects
of the capillaries are presented to comment on the preferable capillary tip
configuration for the correct results. To pinpoint the necessity of such a study,
dynamic surface tension measurements of widely used capillaries are pre-
sented using the bubble pressure method as seen in Figure 2. The results of
surface tension deviate if an adequate capillary is not used proving there is an
actual dependency on the capillary used and the surface tension measure-
ment. Three different polymer capillaries, two with ideal surface finish
(PPC2W and PPC3W) and one with a damaged end point (PPC1W), were
used to measure the surface tension of water at room temperature, around 22
°C. The PPC nomenclature is used for polypropylene (PP) capillaries,
whereas, W and S are for water and surfactant. PPC1W, PPC2W, PPC3W
measured surface tension of water at 68.6 + 3.2 mN/m, 72.5 + 0.6 mN/m and
72.1 + 0.4 mN/m, respectively; in comparison, the expected literature value
for water is 72.45 mN/m. It can clearly be seen that PPC1W differs from
expected nominal value, especially at a low surface age where bubble forma-
tion rapidly happens. In the case of bubble pressure tensiometry, the main
motivation is the ability to obtain the dynamic surface tension or the surface
tension at certain surface age. To demonstrate this we used additional two sets
of data, where the same water-dish detergent solution was used twice for two
different capillaries, PPC4S and PPC5S. One of them, PPC4S, has defects at
the end point, which resulted in a significant overestimation of the surface
tension in the range of 0-200 ms. An unprocessed capillary can also be attrib-
uted to the same deficiency. Thus, it is evident that the detail understanding of
the role of the geometry of the capillary is necessary which is presented in the
later section.
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FIGURE 2

Variations in the surface tension measurements due to subtle differences in the tip geometry.
Surface tension measurement of water as a function of surface age for three different polymer
capillaries (PPC1W, PPC2W, PPC3W), and surface tension measurement of water-dish deter-
gent solution as a function of surface age for two different polymer capillaries (PPC4S, PPC5S).

Another attempt is made to optimize parameters for the instrument com-
ponents, involved in bubble pressure tensiometry, and to increase precision in
the measurements carried out. It was found that narrow capillaries with a
radius below 150 microns lead to optimum and reproducible results [12, 16,
18, 21, 26]. A dependency was recognized between the bubble growth and the
volume of the separating bubble, the length and the radius of the capillary [8].
The importance of reliable data interpretation is described by Kovalchuk et
al. [27], where some of the dynamic effects also depend on the geometry of
the capillary. Thus, there is a need to perform studies where the inside and
outside geometry of the pipette is taken into consideration.

2 MATERIALS AND METHODS

There are a few industry standard designs established for capillaries compat-
ible with the bubble pressure tensiometer [13]. A variation of geometrical
conical or cylindrical expansion of the inner and outer diameter of a capillary
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FIGURE 3
Established capillary design, where (a) Flat tip model and (b) Cone tip model.

can assure uniform gas bubble growth [23]. Based on provided examples, two
different types of tips are designed as shown in Figure 3 where geometrical
aspects such as the diameter, the length, and the angle of the capillary are
varied. These capillaries are used to evaluate the behavior of the bubble for-
mation process.

Currently, manufacturing cycles are shortened due to recent developments
in advanced manufacturing and rapid prototyping [28-30]. These develop-
ments not only allow to produce the necessary accessories for the bubble
pressure tensiometer directly onsite and minimize downtime but also enable
rapid optimization of geometrical aspects of a capillary [31, 32]. Hence, in
this study we adopted 3D printing technology to produce tip geometries for
bubble pressure measurements.

Pipettes were fabricated with the use of the desktop stereolithography
(SLA) 3D printer (Form 2, Formlabs Inc.) equipped with black resin
(GPBKO02, Formlabs Inc.). To enhance the quality of the holes at the tip of the
pipette or capillary, a cleaning procedure was established. Due to the nature
of the black resin, hydrophobic behavior is observed at the tip surface at the
end of the manufacturing process and remained unchanged through the tests.
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The Surface Free Energy (SFE) or polarity of the pipettes was not enhanced
with either chemical, plasma or coronas treatment prior to each measure-
ment. Software (PreForm, Formlabs Inc.) provided with the 3D printer was
used to set model orientation at 45 ° Y-rotation with respect to the build plat-
form with the open holes of the capillary facing downwards to allow resin
drainage. The layer thickness was limited by the printer configuration and
was set to 25 microns. To verify printed components, the diameter and circu-
larity of the hole were measured with the fully automated inverted research
microscope (DMI 6000 B, Leica Microsystems Inc.). The wettability of the
tip of the pipette surface was quantified by measuring the contact angle with
goniometer and it was observed that the tips are hydrophobic in nature pre-
senting contact angle in the range of 90 to 100°. A nomenclature was created
and used to differentiate configurations of the pipettes. It included the model,
the trial number, the nominal diameter, and length of the hole. An example is
shown in Figure 4. In the model component, 1 stands for a flat pipette and 2
represents a cone pipette, and all the measurements of the hole are presented
in millimeters.

The generation of the bubble, or interface, with a bubble pressure tensiometer
ranges from a millisecond to a few seconds, and to mimic this process a goniom-
eter (DSA100E, KRUSS Scientific Instruments Inc.) with ultra-flexible fiber-
optic-arm lights (Part number 14815T41, McMaster-Carr Supply Co.) and
high-speed camera (Phantom V711, Vision Research Inc.) is used as depicted in
Figure 5. The single software-controlled syringe dispenser, installed on the goni-
ometer, is used to generate the air bubbles in water media through the disposable
syringe (NORM-JECT 1mL, Henke-Sass Wolf GmbH) with the capillary attached
to it. During a single discharge process, several air bubbles were generated with the

Number Length
of the of the
piece hole

I

M2.4.0.35-0.2-15

Model Diameter Angle of
of the hole the hole

FIGURE 4
Example of the nomenclature used for the pipettes, which represents the fourth piece of a cone
model with a diameter hole of 0.35 mm with a hole length of 0.2 mm with an angle of 15°.
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FIGURE 5
Artist impression of the configuration used to conduct the experiments.

total volumetric volume of 60 microliters at a low rate of 500 uL/min. The distor-
tion-free glass cuvette (SC02, KRUSS Scientific Instruments Inc.) prefilled with
the distilled water (DI) produced from a water purification system (PURELAB©
Ultra, Elga Labwater, LLC) is used to obtain the bubble growth. In addition to this,
to compare the results obtained with the goniometer setup, experiments with a
bubble pressure tensiometer (BP100, KRUSS Scientific Instruments Inc.) were
also been carried out. The glass cuvette is placed on the stage and the backlight
from the tensiometer is used to illuminate the bubble formation/growth process
while the high-speed camera captures at 16,800 frames per second (fps). This
measurement is used as a reference to compare the results with those of the rapid
prototype capillaries. All measurements were performed at ambient conditions.

The proposed approach assumed the humidity of the surrounding air and the
pH level of the water reservoir is constant. The change in pH level during the mea-
surement is not significant hence it can be safely ignored. Literature suggests that
the relative humidity of air in the range of 30-40% can be responsible to change
the surface tension of water from 72.45 mN/m at 22 °C to a range of 76 to 76.5
mN/m [33]. However, in our opinion, the timescale at which the relative humidity
affects the interfacial tension as opposed to the measurement time scale with bub-
ble pressure are at different. Therefore, one can safely ignore the role of pH.

For measurements for 3D printed capillaries using the goniometer, the high-
speed camera is controlled using master software (Phantom Camera Controlled
(PCQO), Vision Research Inc.) where the recording rate was set to 13,000 fps at a
resolution of 800x600 pixels. Imaging settings, i.e., exposure, focus, white inten-
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FIGURE 6

(a) Stages of the bubble growth using M2.4.0.35-0.2-15: (I) Initial growth of the bubble; (II)
intermediate growth of the bubble; (III) final growth of the bubble; (IV) the detachment of the
bubble. (b) Stages of the bubble growth process using M1.2.0.34-0.05-15: (I) initial growth of
the bubble; (II) intermediate growth of the bubble; (IIT) final growth of the bubble.

sity and color balance, were set manually and optimized during the process. Cap-
tured videos were further processed and analyzed with the commercially available
image analysis software (ImagePro Premier 9.2, Media Cybernetics, Inc.). Exam-
ples of bubble growth for two distinguishable outside configurations are shown for
the cone and flat pipettes in Figure 6.

An example, shown in Figure 6 (a), demonstrates the different stages of a
bubble growth process but for a cone pipette (M2.4.0.35-0.2-15). During the
growth process, the bubble experiences three stages: the initial growth of the
bubble Figure 6 (a)-I, where the mean diameter and circularity of the bubble are
increasing with time. The intermediate growth of the bubble Figure 6 (a)-II,
where the maximum circularity is reached, and the mean diameter is increasing
with time. Moreover, the final growth of the bubble Figure 6 (a)-III, where the
circularity is not constant with increasing diameter. An additional stage, i.e., the
detachment of the bubble in the case of Figure 6 (a)-IV is shown to identify the
difference in the detachment of the bubble in the case of the conical pipette.
Another example, shown in Figure 6 (b), demonstrates the different stages of a
bubble growth process for a flat pipette M1.2.0.34-0.05-15. Similar to the pre-
vious pipette, the growth process goes through three stages.

As mentioned earlier, the geometry of printed pipettes was verified/mea-
sured with the use of a microscope. To statistically represent the success rate of
a manufacturing process, a processing code was developed using a commercial
multi-paradigm numerical computing environment (MATLAB R2017b Math-
Works). This functionality allows to align centers of the open holes and to stack
them into an averaged image, which represents the averaged geometry of a
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FIGURE 7

Percentage of clear aperture holes in different angles of the capillary.

selected configuration. It permits to understand the manufacturing success rate
and optimize specific printing parameters to achieve the desired geometry. The
algorithm is similar to the one used to find attractive faces where digitized
photo samples were mathematically averaged [34-36].

3 RESULTS

In total, fifty-four (54) different configurations of pipettes were manufactured
with diameters of 0.35, 0.34 and 0.32 mm, lengths of 0.05, 0.1 and 0.2 mm
and angles of 5, 10 and 15° for each type — flat and cone tip. The list of these
configurations can be found in the supplementary document in tabulated for-
mat. The final finish of the produced holes with the use of the desktop stereo-
lithography (SLA) 3D printer was verified for the circularity and nominal
diameter. The collected data for both tips, flat and cone, is shown in Figure 7,
where the vertical axis represents the percentage of open holes and the hori-
zontal axis is the angle of the cavity. One can speculate that to guarantee an
open hole with a high circularity, a design of the capillary should have a
higher inner cone angle around 15°.

The circularity, or roundness, is a dimensionless parameter that describes how
close an object is to a true circle, and the mean diameter is the diameter that best
defines this circle. By knowing how the circularity grows in time, the assumption
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of a perfect sphere of a bubble can be tested during the measurements, where it is
essential to define the gas-liquid interface accurately, which subsequently quanti-
fies the interfacial property. The shape of the growing bubble can provide insights
into the additional forces and effects that are usually negligible or ignored during
such measurements. These forces are due to the viscous stress, drag caused by
external media and surface tension gradient. Hence, the mean circularity of the
bubble with its mean diameter quantification must be obtained to understand and
delineate the role of these additional effects. Apart from the fluid dynamics aspect,
which is system dependent, the pipette geometry or configuration, which is similar
in all cases irrespective of the fluid medium, is another important parameter that
governs the bubble growth. In this paper, analysis of bubble shape is performed
during the dead time, see Figure 1 for reference. Future research of the bubble
formation process during surface age time is needed to completely understand the
process. Therefore, we categorically studied the role of each geometrical aspect of
the pipette. As presented in Figure 3, the pipette geometry can be defined using
three dimensions, namely, pipette tip diameter, length of the constant diameter
section and the cone angle.

3.1 Role of pipette length on bubble generation

To study the role of the constant diameter section we varied the length of the hole
into three representative lengths and two cases are studied for both, cone and flat
tips, as shown in Figure 8. The cone model with sharp end at the tip of the pipette
is presented in Figure 8 (a) whereas Figure 8 (b) depicts the similar study for the
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FIGURE 8

Comparison example of circularity and mean diameter of the growing air bubble in a liquid media for
different hole lengths for (a) cone model and (b) flat model. Pipettes M2.2. 0.35-0.2-15 and M1.2.
0.35-0.2-15 are represented with black inverted triangles, and pipettes M2.1. 0.35-0.05-15 and M1.1.
0.35-0.05-15 are represented with red squares. Filled points represent the mean circularity of the
bubble and empty symbols represent the mean diameter. Two capillaries with the hole diameter and
angle of 0.35 mm and 15° are presented for both models with two different lengths of 0.05 and 0.2
mm. The error bar is the maximum deviation observed for all the measurements in that series.
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flat end. The detailed investigations of the cone model suggest that the length of
the constant diameter section has a role in defining the shape of the bubble. The
filled symbol and the empty symbol in Figure 8 (a) represent the mean circularity
and mean diameter, respectively. The inverted triangle and square are for the lon-
ger and shorter pipette, respectively. The growth rate of the bubble was approxi-
mately the same for both the cases, but, surprisingly, in the case of shorter length
constant diameter hole the bubble oscillates after the maximum growth is achieved.
The mean circularity was similar in both the cases, but the oscillatory behavior was
noticed in the case of pipette with shorter length holes. On the other hand, the
mean diameter was different for two different capillaries, which we can attribute to
the frictional losses and loss of the energy due to the additional length of the holes.
The pipette with smaller length hole (empty squares) attains the maximum mean
diameter slower in the absence of oscillations and it remains contacts without any
fluctuations. One can argue that in the cone model, the mean circularity does not
change significantly as a function of the length of the hole.

In contrast to the cone model, for the flat capillary the small variation in the
length does not play a significant role in defining the shape and growth of the
bubble. The circularity grows at the same rate for both lengths and starts oscillating
when the diameter reaches a maximum. The subtle difference is the frequency of
oscillations in the mean circularity which can be investigated further with varied
length pipettes. As mentioned earlier, the increase in the length reduces the size of
the bubble in the cone tip but with the flat model this difference is smaller. Hence,
the length of the hole is not the only reason for the difference in the mean diameter
as witnessed in the cone model. But in the studied case, in Figure 8, the diameter
of the tip or the pipette and the internal cone angle was constant. Hence, the exter-
nal factors such as the static and dynamic pressure from the external liquid might
be one of the prime reasons for this large deviation in the case of the cone model.
It can be speculated that in the case of cone model, the moving interface has to
displace the entire bulk liquid in circumferential direction whereas with the flat tip
the primary displacement is only in one direction, i.e., normal to the flat section of
the pipette. The difference in the resistance experienced by the growing interface
suggests that the flat tip is preferable to obtain the uniform growth insensitive to the
length of the constant diameter section. In addition to the role of this geometrical
parameter, it is worthwhile to study the impact of diameter and cone angle on the
bubble growth which is presented in the subsequent sections.

3.2 Role of pipette diameter on bubble growth

To study the influence of the hole diameter on the bubble growth, we fixed the
length and angle of the hole to 0.05 mm and 15° respectively. In the cone model
as presented in Figure 9 (a), by maintaining the flow rate constant and increas-
ing the hole diameter, the stream velocity will be reduced accordingly which
will lead to a slower bubble growth. A bigger hole diameter will bring the pos-
sibility to grow a bubble with a larger diameter, but at a slower rate. This can be
seen in the slope of the mean diameter curve for the 0.35 mm diameter as it is
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FIGURE 9

Comparison example of circularity and mean diameter of the growing air bubble in a liquid
media for different opening diameters for (a) cone model and (b) flat model. Pipettes M2.2. 0.35-
0.05-15 and M1.1. 0.35-0.05-15 are represented with black inverted triangles, and pipettes M2.4.
0.32-0.05-15 and M1.1. 0.32-0.05-15 are represented with red squares. Filled points represent
the mean circularity of the bubble and empty symbols represent the mean diameter.

smaller and takes more time to reach its maximum value, which is higher com-
pared to the 0.32 mm tip. The small difference in the tip diameter (0.03 mm)
resulted in a 26% difference in the bubble diameter which is an interesting
observation. Also, the oscillations in the circularity and mean diameter are
more pronounced as diameter increases. We speculate that the larger diameter
opening results in a non-uniform growth in a bubble and, in the attempt of
minimizing the surface area as well as the surface energy, the bubble attempts
to attain the spherical shape hence the oscillatory behaviour is observed.

However, the flat pipettes presented a different response (Figure 9 (b))
compared to the conical tip and the observation is similar to the previous sec-
tion where the role of conical length section of the pipette is investigated. The
flat model is again marginally sensitive to the changes in the geometry com-
pared to the cone model. The slope, the oscillations, and maximum values of
the diameters of the bubbles are relatively equal. As mentioned earlier, the
growing interface in both the cases (with flat and conical tip) is different; in
particular, with the flat tip the change in the pipette diameter does not hamper
this resistance from the outside liquid medium. With the varied diameter case
also, the circularity stops growing when the diameter reaches a maximum and
thereafter the bubble oscillates until it detaches.

3.3 Role of pipette angle on bubble growth

To study the influence of the geometrical inner angle of the hole, refer to
Figure 3, both types of capillaries, with a fixed diameter and length, change
in cone angle from 10° to 15° and are studied for bubble growth. As sus-
pected, the bubbles in the cone model are more sensitive to the change in the
geometrical aspects, as depicted in Figure 10 (a). The greater angles result in
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Comparison example of circularity and mean diameter of the growing air bubble in a liquid
media for different hole angles for (a) cone model and (b) flat model. Pipettes M2.4. 0.35-0.05-
10 and M1.3. 0.35-0.1-10 are represented with black inverted triangles, and pipettes M2.3. 0.35-
0.05-15 and M1.1. 0.35-0.1-15 are represented with red squares. Filled points represent the mean
circularity of the bubble and empty symbols represent the mean diameter.

larger area hence the observation was similar to the increase in the diameter
but the growth was steady and similar to each other. With increased angle one
can obtain a larger bubble with the same growth rate. Hence, for a conical tip,
it can be concluded that increasing the angle is a better option as opposed to
increasing the diameter in order to obtain a larger surface area bubble. More
importantly, the oscillatory behavior is in phase and in the case of changing
the diameter the difference in the oscillations was significantly different. This
suggests that the drop oscillations are more sensitive towards the tip diameter.
Thus, for conical tips, bubbles will grow at an equal rate for varied cone
angle, with the only difference being that the tips with higher angles will
generate larger bubble and it will require more time to achieve a stable bubble
diameter. In the case of the flat tip, there is no relevant differences in the
bubble growth as seen in Figure 10 (b). In both types of pipette, the drop
oscillations are evident after the achievement of maximum diameter. With
this parametric study, it is certain that the flat tip is the appropriate geometry
for bubble growth.

3.4 Validation test

Finally, it is crucially important to compare and validate the growth of the
bubble with widely used pipettes in bubble pressure tensiometry, i.e., glass
pipette. Therefore, we selected the best performing pipettes from cone and
flat model and compared the bubble growth by these pipettes with the bubble
grown with a bubble pressure tensiometer with attached glass pipette. Figure
11 demonstrates the comparative analysis and it is clearly evident that the flat
capillary manufactured with the help of 3D printing technology demonstrated



RAPID PROTOTYPING IN THE APPLICATION TO THE DYNAMIC SURFACE 185

1.0 . ' . 3 ; T 30 =‘G
:‘G -':"f';""l"l'qf:%Iuliiiﬂﬁtgﬂ' -E
o A . #las =
E. 0.8 1 Te “ ® g5 ® N :
W v ' -—
9
g " L20 E
g 061y i A R
S R ek 15 £
‘T i —
S 044, o o7 I B
E ‘v 1.0 E
('; 021 ,,v. v Cone| 055

] R . =
§ = Flat £
- - u
0.0f | IS S Y

0 5 10 15 20
Time {(ms)
FIGURE 11

Example of the experimental results for the cone and flat model of the circularity and the mean
diameter of the bubble, with a configuration of 0.35 mm diameter, 0.2 mm length of the hole and
15 ° inclination.

promising behavior. If the oscillatory nature of the expanding or the com-
pletely grown bubble is observed, then surprisingly the cone geometry pipette
outperformed the glass pipette when bubble growth is recorded during the
dead time. After scrutinizing the results further, it can be found that the cone
model gives a difference of + 0.029 and + 0.070 mm for the circularity and
mean diameter of the bubble, respectively. On the other hand, the flat model
presents + 0.038 and + 0.134 mm of variations in the circularity and mean
diameter of the bubble (respectively) by circumventing the oscillatory growth
in the bubble. In addition to it, the flat pipette produces bubbles with the more
extensive mean diameter while circularity remains the same as for the cone
model.

4 CONCLUSIONS

From the comparative analysis, it is evident that rapid prototyping technology
can be utilized in manufacturing pipettes for Bubble Pressure Tensiometry
(BPT) and can be a replacement to traditional manufacturing processes.
Printed cone and flat tip capillaries demonstrated promising dynamics during
bubble formation process. The flat pipette produces bubbles with more exten-
sive mean diameter while circularity remains the same as for the cone model.
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The difference in the resistance experienced by the growing interface sug-
gests that the flat tip is preferable to obtain uniform growth that is insensitive
to the length of the constant diameter section. The growing interface in both
the cases (with flat and conical tip) is different; in particular, with the flat tip
the change in the pipette diameter does not hamper resistance from the out-
side liquid medium. In both types of pipette, drop oscillations are evident
after the achievement of maximum diameter. With this parametric study, it
can be supposed that the flat tip is the appropriate geometry for the overall
bubble growth.
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