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Introduction

Chapter 1  Introduction

1.1 Objective

The objective of this study is to directly measure the interaction force distribution on the contact area
during the sliding and vibration of liquid droplets on a rigid substrate using MEMS-based force sensors as
shown in Fig. 1.1. From the measurement results of this study, it is expected to achieve profound
understanding of the dynamical interactions between a droplet and the substrate during the sliding and
vibration. In this study, the surfaces of the substrates are decorated with micrometer-size hydrophaobic pillar
array to improve the mobility of the droplet. This surface modification allows the sliding of small droplets
on the surface as well as induces the droplet levitation to enhance the vibration of the droplet. The
interaction forces in this study refers to the forces in normal and shear direction acting on a single

micropillar of the surface.
For the droplet sliding, this study aims to clarify the following issues:

- How the droplet interacts with the micropillars during the sliding. How the interaction forces

distribute over the contact area.

- How the interaction forces during the sliding of a droplet on a micropillar array differ from those

during the sliding of a droplet on a flat surface.
- How the interaction forces depends on the droplet volume, micropillar density and liquid viscosity.

- The relationship between the shear force acting at a single micropillar and the total frictional force

during the sliding of the droplet.

- Moreover, in this study, it is found that during the sliding of the droplets on the micropillar arrays,
vibration of the droplets over a high frequency range (kHz order) was observed. This study also aims
to clarify the relationship between the frequency of this sliding-induced vibration and the droplet

volume, micropillar density and liquid viscosity.
For the droplet vibration, this study aims to clarify the following issues:

- How the normal force distributes over the contact area during the resonance vibration of the droplet.
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(a) Sliding of droplet (b) Vibration of droplet
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Fig. 1.1 Conceptual illustration of this study. The interaction forces during the sliding and vibration of a
droplet are measured using MEMS-based sensor. (a) Copyright 2014 Elsevier, (b) Copyright 2015
IEEE.

- How the frequency of the vibration depends on the droplet volume.

- How the liquid viscosity can be estimated from the output of the sensor.

1.2 Background

Dynamical interactions between a droplet and a rigid surface such as sliding and vibration can be found in
many natural and industrial processes. For example, a raindrop adhered to a glass window or an umbrella if
large enough will run down by the gravity. Many biological surfaces such as plant leaves, animal skins are
self-cleaned by dust removal during the sliding of water droplets on the surfaces [1-9]. In the context of
industrial and engineering, the dynamic motions of the droplets are involved in microfluidic systems
[10-16]; droplet directional transportation [15, 17-25], realization of water repellent surface coating [2, 3].
Understanding of the mechanism of these dynamic behaviors is therefore important in these applications

which have been topics for numerous study.

1.2.1  Background study on the sliding mechanism of droplet

Sliding behavior of droplets on a rigid surface has been investigated from both theoretical, numerical
[26-44] and experimental [45-67] approaches.

During the sliding of the droplet, the interaction between the droplet and the substrate at the receding edge
plays a critical role in controlling the motion of the droplet. As one of the most basic theoretical references,
de Gennes, P. G et al. [34, 35, 42, 44] proposed a model of the contact line during the receding of the
contact line for a single defect problem using spring analogy. From this model, it is possible to achieve the
analysis on the contact angle hysteresis of a droplet sliding on strong dilute defects, which was
experimentally verified by D. Quere, et al. [45, 47].

For a highly viscous droplet sliding on a non-wetting surface, Mahadevan, L. et al. [33] addressed a
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scaling argument and predicted that the droplet rather rolls than slides on the surface and the small viscous
droplet would roll faster than a large one. The prediction was experimentally verified, again, by D. Quere,
et al. [59].

Besides, for theoretical analysis, N. Savva et al. [32] studied the motion of a droplet on inclined
heterogeneous substrates using 2D model based on the long-wave approximation of the Stokes equations. U.
Thiele et al. [41] studied the pining and depining of a droplet from substrates by two types of heterogeneity:
hydrophobic defect in font and hydrophilic one at the back of the droplet.

Various numerical study on the sliding of droplet was also carried out. Mognettti, B. M et al. [28, 31] used
a lattice Boltzmann algorithm to numerically study the dynamics of droplets moving on substrates that are
either hydrophobic or superhydrophobic. Their results demonstrate that the velocity profile varies from
quadratic to linear with the height, indicating crossover from sliding to rolling motion. The rotational
velocity was also shown to increase with viscosity. Moreover, they also provided the results on mechanism
for the depinning of the receding contact line on a superhydrophobic surface.

Thampi. S. P et al. [27] numerically investigated the sliding and rolling motion of a droplet and argued
that the rolling motion dominates when droplet shape close to a circle and viscosity contrast between the
droplet and the surrounding fluid is large.

Tretyakov, N. et al. [26] used molecular dynamics simulations to investigate the motion of the droplets on
a saw-tooth shaped textured surface while the vibration is applied to the surface and showed that surface
texture can cause additional rotation pattern inside the droplet depending on the fineness of the surface
corrugation.

For experimental approach, most of the study related on the sliding or motion of the droplet are based on
observation. Most common technique to investigate the macro motion of the droplet is high speed image
inquiry. The shape and motion of the droplets sliding on a substrate can be captured by a high speed camera
and from these image, the sliding velocity and dynamic contact angles of the droplet can be obtained. This
technique has been used in various study [46, 49, 51, 52, 54, 61, 68, 69]. In some of these studies, particle
image velocimetry (P1V) was also utilized to investigate the inner motion of the droplet during sliding [49,
61].

Another observation method is to capture the detachment of liquid at the receding edge using transparent
substrates to understand the depinning mechanism of the contact line [65, 66]. However, this technique is
only applicable for relatively slow processes such as evaporation of the droplet. Beside, scanning electron
microscope (SEM) and environmental scanning electron microscope (ESEM) were also utilized to visualize
the interaction between receding contact line and the substrate [48, 64] by which local interaction of the
droplet and the surface defect can be observed. This technique is superior in spatial resolution but again,
has a disadvantage of the time resolution which is not enough to capture the fast dynamical depinning
motion of the liquid from the defects of the substrate.

From the aspect of analysis based on force measurement, several attempts have been made to directly

measure the interaction forces between a sliding droplet and the substrate. Generally, the total frictional
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force of a droplet sliding on a tilted substrate can be calculated from the tilted angle of the substrate and the
acceleration of the droplet obtained by observation. For a small droplet which cannot be moved by gravity,
a cantilever-based measurement method is proposed [58]. By dragging the droplet using the cantilever, the
frictional force is calculated from the deflection of the cantilever. Beside, centrifugal force based
measurement method was also provided to measurement the lateral adhesion force of the droplet to a
substrate [70]. However, by conventional measurement methods, it is only possible to obtain the total
frictional force between a droplet and a substrate, the local frictional force and its distribution over the

contact area between the droplet and the substrate still remain unclarified.

1.2.2  Background study on the sliding mechanism of droplet
Study on the vibration of the droplet dates back to 19™ century with a paper of Rayleigh, L. [71] which

discusses on the capillary phenomena of jets. Recently, the droplet vibration has regained significant
attention due to its importance in many applications such as vibration-based droplet manipulation [19, 20,
72-75], inkjet printing[76], droplet vibration-based contact angle measurement [77], vibration induced
droplet ejection [78].

Various measurement methods have been used to probe the vibration of the droplets. In most common
method, the high speed image inquiry is used to capture the oscillating shape of the droplet [72-75, 79-82].
Recently, more advanced methods were also proposed using atomic force microscopy (AFM) [83], optical
deflection [84, 85] or PIV based observation [86].

In terms of vibration generation method, in most of conventional study, mechanical vibration (vibrator,
loud speaker and so on) was used. In some other studies, electrowetting was used to induce the vibration of
the droplet.

From observations mentioned above, it is possible to obtain the shape oscillation of the droplet during
vibration as well as the inner flow inside the droplet. Nevertheless, the normal force distribution along the
contact area of the droplet, which is an important factor controlling the motion of the droplet, has not been
measured.

Moreover, in the context of droplet vibration based sensing, vibration of the droplet provides the
information related to surface tension and viscosity of the liquid, which can be very useful in droplet based
sensing. However, conventional methods to measure the droplet vibration rely on sophisticated equipment
such as high speed camera or AFM, thereby developing simple sensors based on the droplet vibration is

still challenging.

1.2.3  Relationship between droplet sliding and vibration

In term of macro motion direction, the sliding of the droplet is the motion in lateral direction parallel to
the substrate while that of the vibration is the motion mainly in normal direction perpendicular to the
substrate. These two motions differ in the flow inside droplet. However, it has been shown that vibration of
the droplet can induce the sliding motion [19, 20, 72-75]. Moreover, as shown later in this thesis, the

sliding of the droplet on a micropillar array also induces vibration of the entire droplet. In some specific
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applications such as droplet manipulation using surface roughness gradient, it is necessary to deal with both

sliding and vibration behaviors of the droplet.

1.3 Originality and significance

The most original point of this work is the proposed measurement method using MEMS-based force
sensors. As mentioned above, conventional methods to investigate the dynamical interaction between a
droplet and a substrate mainly rely on the observation using a high speed camera, a microscope or an SEM.
Each of the methods has both advantage and disadvantage in term of time resolution or spatial resolution.
However, none of the conventional study was able to directly measure the interaction forces locally
between the droplet and a microstructure of the substrate. To reveal the dynamic of droplets on a substrate,
a quantitative measurement of these local interaction forces is necessary because the macro motion of the
droplet are controlled by these local interactions.

The advantages of the MEMS-based force sensors proposed in this study make it possible to realize the
direct measurement of the local interaction forces during the sliding and vibration of the droplet. These
advantages include:

- Miniaturized size due to MEMS-based fabrication technique: total sizes of the sensors are from

several tens to 120 um

- High force sensing resolution based on piezoresistor effect of micrometer-size sensing structure: The

sensors are able to detect a force of less than 0.12 uN.

- High time resolution due to the measurement method based on monitoring electrical voltages. The

sensors themselves are able to measure the vibration up to 10 kHz

- Multiple axis: For the measurement of the droplet sliding, the sensors are able to measure not only

normal force but also shear force simultaneously

Based on this measurement method, the following results are expected to be obtained in this study:
- Normal shear force distribution over the contact area of a sliding droplet on a micropillar array.
- Fluctuation of the interaction forces caused by the sliding-induced vibration of the droplet.
- Normal force distribution along the contact area during the vibration of a droplet.
Moreover, the effects of droplet volume, liquid viscosity and the micropillar density on the interaction

forces are also investigated.

1.4 Thesis structure

This thesis is organized as followed.
Chapter 1 Introduction

- Obijective of this thesis.
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The background study on the sliding and vibration of the droplet.

The original point and significance of this study.

Chapter 2 Background theory

Background theory related to mechanism of the droplet resting on a horizontal substrate
Background theory related to sliding of the droplet.

Background theory related to the resonance vibration of the droplet.

Chapter 3 Sensor fabrication and evaluation

Sensor design, sensing principle and simulation results.
Fabrication process and fabrication result of the sensors.
Force calibration of the sensor.

Resonant frequency measurement of the sensors.

Chapter 4 Experiments on the droplet sliding

Experimental description, preparation of the liquid samples and measurement of surface tension and
viscosity of the liquid samples

Experimental setup.

Image inquiry and processing

Comparison of the interaction forces during a sliding of a droplet on a flat surface and a micropillar
array.

Effect of droplet volume, micropillar density and viscosity on the interaction forces.

Comparison of the measured normal and shear forces and those obtained from high speed camera
images.

Results on the sliding induced vibration of the droplet.

Chapter 5 Experiments on droplet vibration

Experimental setup and liquid preparation.

Normal force distribution during the vibration of a droplet.

Relationship between droplet volume and the 2" mode resonant frequency of the droplets.
Relationship between the liquid viscosity and the attenuation rate of the droplet vibration. Application

for measurement of the liquid viscosity based on droplet vibration using the proposed sensor array.

Chapter 6 Conclusion
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Chapter 2  Background theory

This chapter reports the theory background on the static and dynamic interaction between a droplet and a
solid substrate. The analysis on the contact angle of a droplet on a horizontal substrate is first introduced.

Then the analysis on the sliding and vibration of a droplet is provided.

2.1 Droplets on a horizontal substrate

When a droplet is deposited on a smooth rigid substrate, the shape of the droplet is determined by the
balance of gravitational energy and surface energy. The equilibrium contact angle of the droplet is given by

the well-known Young-Dupre equation [7, 8, 87]:

cos, = Ysv — Vst

7Lv (2.1)

where psv, ysLand yovare the solid-vapor, solid-liquid and liquid-vapor interface free energy as shown in
Fig. 2.1 (a). This relation is obtained from either the force balance in the lateral direction at the edge of the
contact area or the minimization of net surface free energy of the systems.

In case of a droplet on a rough surface, for example a surface decorated with microstructure array Fig. 2.1
(b), the droplet can contact surface in two state: the Cassie state where the droplet sitting on the top of the
microstructures and the Wenzel state where the droplet wets both the microstructures and the base of the
substrate. It has been shown that the droplet in Cassie state can obtain a very high contact angle exceeding
the maximum value of contact angle a droplet can obtain on a smooth surface. The contact angle of the
droplet in Cassie state is given as [88]:

C0SO.,. = f,c0s6, — 1, (2.2)
where 6 is the contact angle of the droplet on a smooth surface which has the same chemical properties
with that of the micropillar; f; and f; is the fractions of the solid-liquid contact area and liquid-vapor

contact area under the droplet base. When the solid is smooth, fi becomes 1 and f, becomes 0 and the

10
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(a) Droplet on a smooth surface

VLV

YSV YSV

(b) Droplet on a rough surface

Cassie

6
S

Cassie state Wenzel state

Fig. 2.1 Contact angle of a droplet on a smooth and a rough hydrophobic surface.

Increasing volume Reducing volume
6 6

A R

Advancing Receding

Fig. 2.2 Advancing and receding contact angles.

contact angle become 6. The relationship in Eq. (2.2) indicates that the contact angle of the droplet would
increases if the solid-liquid area fraction decreases. In the other words, by reducing the microstructure size
or density, it is able to obtain high contact angle, which is the design principle of a superhydrophobic
surface. However, reducing the density also lets to the transit of the droplet to Wenzel state once the liquid
between the microstructure touches the substrate base.

Beside the equilibrium contact angle, one important factor needed to be considered when analyzing the
dynamics of the droplet is the contact angle hysteresis. Surfaces in reality is not completely smooth nor

chemical heterogeneous, therefore the contact angle of a droplet on the surfaces is not unique, but can vary

1
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x
Advancing /‘
edge

a

Fig. 2.3 Sliding of a droplet on a smooth surface.

in a range between the advancing and receding contact angle (the contact angle of advancing or receding
liquid) as shown in Fig. 2.2. The contact angle hysteresis is defined as the difference between the
advancing and receding contact angle. Contact angle hysteresis is important to evaluate the adhesion of the

droplet to a surface. The larger the contact hysteresis is, the stronger the droplet adheres to the substrate.

Contact angle hysteresis often depends on the equilibrium contact angle, the higher the equilibrium

contact angle usually results in a lower contact angle hysteresis.

2.2 Sliding of a droplet on a tilted substrate

A droplet on a tilted surface would slide if the gravitational force exceeds the frictional force of the
droplet. The driving force to move the droplet forward is the component of gravity parallel to the surface
mgsina where a is the tilted angle as shown in Fig. 2.3. Meanwhile the frictional force holding the droplet
is the contact angle hysteresis induced adhesion of the droplet to the substrate in the lateral direction. For a

smooth surface, this frictional force Fs can be approximately calculated as followed [63]:

F; =ar(cosé, —cosb,) (2.3)

Where r is the radius of the contact area, assuming the contact area is a circle. From these results, the
sliding angle (the minimum tilted angle of the substrate when the droplet starts to slide), can be estimated

as:

_ 7r(cosf, —cosb,)
mg (2.4)

sina

Because the advancing and receding contact angles are determined by the nature of the liquid and the
substrate, not by the droplet volume, Eq. (2.4) states that a larger droplet would slide at smaller tilted angle

than that of a small one. Moreover, the lower the contact angle hysteresis is the smaller the sliding angle of

12
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Fig. 2.4 Sliding of a droplet on a rough hydrophobic surface.

a droplet can be obtained. For the droplet sliding on a smooth surface, the advancing and receding contact

angles can be obtained easily from captured images and the estimation of the frictional force is not difficult.

However, for a droplet on a rough surface in Cassie state, estimation of the frictional force becomes
complicated since the droplet contacts with discrete microstructures. The first issue is that the apparent
contact angle which is obtained from low resolution image of a camera and the contact angle at micro scale
are not the same [67] as shown in Fig. 2.4. Achieving this dynamic micro contact angle is not easy by
current observation technique based on microscopes. A method using ESEM was proposed to visualize the

micro contact angle at the receding edge of the droplet very recently [48].

The second issue is that when the liquid recedes from each individual micropillar, a catenoid shaped liquid
leg is developed. The interaction forces between the droplet and the micropillar depends on the three
dimensional shape of this liquid leg. As mention previously, the ESEM images can provide the picture of
the liquid leg, however, in only two dimensions. Thus the calculation of the interaction forces from ESEM

images is still difficult.

A theoretical analysis on the development of the liquid leg attached to a single microstructure was
proposed by de Gennes, P. G. and colleagues [34, 35, 42, 45] based on the spring model. As depicted in Fig.
2.5, the problem deals with a dilute system of defects (micropillar) with an assumption that the defects are
far from each other. The interval between two micropillar and the width of a micropillar are p and w,
respectively. The liquid droplet is assumed to be much larger than the defect and the curvature of the liquid
legs that be pulled back by the defect becomes almost zero which is similar to the case of a menisci on a
thin fiber. Therefore the shape of the liquid leg can be described by the following equation [35]:

y~ﬂcosh 2
2

w (2.5)

13
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Fig. 2.5 Detachment of liquid from dilute defects at the receding edge.

where x and y are the coordinates as shown in Fig. 2.5. Here “~” means scale as or in the same order with.

If we look at the y-axis direction, the deformation of the liquid is largest at y = p/2, therefore the
maximum deformation of the liquid leg in xmax direction is obtained by solving the Eq. (2.5) under the
assumption p is much larger than w. The result is

w, (2p
XMAXzEIn[—j

w (2.6)

Moreover, the force per micropillar scales as F = wy,, ; therefore we obtain the relationship between the

force and the displacement x which is quoted as:
ALY X
In[ZPJ
w (2.7)

This relationship between the force and the displacement indicates that the liquid leg behaves as a spring

with the stiffness k is quoted as:

k ~ }/LZV
In(pj
w (2.8)

Next the elastic energy U per micropillar is obtained from the stiffness k and the maximum deformation

described in Eq. (2.6). The result is quoted as:

1 5 2 2p
U =—kx ~W In| —
5 MAX YLv (Wj 2.9)

This elastic energy is balanced by the surface energy induced by the contact angle hysteresis; from which

14
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the contact angle hysteresis can be estimated as followed:

2
COS Oy —COSH, = W—2 In [QJ
p

w (2.10)

The relationship in Eq. (2.15) was experimentally investigated by Reyssat M. et al. [45].

In this study, the analysis on the spring-like behavior of the liquid leg developed at the receding of the
droplet will be used to interpret the results related to the sliding-induced vibration of the droplet. The

volume of the liquid leg can be estimated as:

2

V=r fXY(X)ZdXzﬂ J. (gcosh(ﬁD dx
0 0

w
(2.12)
Using the estimation of Xmax in EQ. (2.6), we obtained:
» 5 2In [2p]
V=~ W3{2In(—p]+sinh [Zln(—pD] ~wp? 1+—Wz
&
(2.12)
Again, by assuming that p is much larger than w, then volume of the liquid leg scales as:
V ~ wp? (2.13)

2.3 Vibration of a droplet on a substrate

In this section, the basic theoretical results on resonant frequencies and damping factor of the vibration of a

sessile droplet will be reported.

2.3.1 Resonant frequencies
The resonance frequencies of a free or levitated droplet with completely spherical shape are quoted as
[89]:

£2 n(n-1)(n-2)y,,
" 4 pr®R® (2.14)

where p, R are the density of the liquid and the radius of the spherical droplet. n = 2, 3, 4.. is mode number.

15
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The frequencies are fixed by liquid surface tension and the mass of the droplet. This relation shows that the
frequency at a certain mode is proportional to the square root of the droplet mass.
For a sessile droplet which are similar to those in this study, the frequencies are not perfectly the same with
Eq. (2.14) due to the effect of the solid-liquid contact area. The contact angle dependence of the
frequencies are described in [84] as followed:
f2 ny,, (cos®@—3cosé +2)
! m 6° (2.15)

where @ is the contact angle and m is the droplet mass.
If we assume that the contact angle of a droplet on a substrate does not depend on the droplet volume;

then the frequency of one mode are still proportional to square root of the droplet mass.

2.3.2  Viscous damping

Similarly to the frequencies, the damping of the vibration of a perfect spherical droplet was reported in

previous research [90]. The result is quoted as:

2 2
n n
LY 17

= m2/3p1/3 - pV2/3 (2.16)

where I"and p are the damping constant associated with the exponential decay of the vibration
amplitude and the viscosity of the droplet, respectively. The result shows that damping constant is
proportional to the viscosity of the liquid.

In case of a sessile droplet, the bulk viscous damping coefficient is dependent on the contact angle. The

modified result with consideration of the effect of the contact angle is quoted as:

) 3 2/3
_ Nu (cos 9_30059+2J
= 213 3
oV o
(2.17)

where 8, R and n are the contact angle, the radius of droplet when it does not deform and the vibration
mode number. For a certain vibration mode of droplets with the same volume, if the contact angle does not
depend on the viscosity of the liquid then we obtain the same linear relationship between the damping

constant and the viscosity as for a spherical shaped droplet.
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Chapter 3  Sensor fabrication and evaluation

In this chapter, the design, fabrication and calibration of MEMS-based force sensors used in this study are
presented. In the first section, the design and geometrical parameters of the sensor will be provided,
followed by the sensing principle which is supported by FEM simulation results. In the next section, the
fabrication process of the sensor is described and the fabrication results with SEM images of the sensors is
reported. Then, the calibration method and calibration results of all fabricated sensor are presented. Finally,

the resonant frequency measurement for each sensor is reported.

3.1 Sensor design and sensing principle

3.1.1  Sensor design

The top view conceptual sketch of the entire device is shown in Fig. 3.1. The device consists of a
micropillar array and a MEMS-based sensor at the center. The surface area of the entire device and the
micropillar are 10 mm x 6 mm and 10 mm x 5 mm, respectively. The MEMS-based sensor in this paper
was designed to directly measure the normal force and shear force acting on the surface of a micropillar. To
realize the detection of both normal and shear force, a piezoresitive silicon structure beneath the micropillar
is proposed as a sensing element as shown in Fig. 3.2(a). The basic idea in this sensor design is to utilize
the piezoresistive effect of silicon: when a piezoresistive silicon beam deforms, its electrical resistance will
change [91, 92], which also means that by monitoring the resistance of the beam, it is possible to detect the

force acting on the beam.

The design parameters of the sensor are given in Fig. 3.2(b). The size of a micropillar is 30 um by 30 um
by 30 um, which is fixed in this study. The pitch of the micropillar array is varied in the range of 75 um to
175 pm. In the design of the sensing elements, the silicon structure consists of four silicon beams
supporting a square pad at the center on which the micropillar is formed. Two piezoresistors are formed at
the root of two opposite beams, while the remaining area of the silicon structure is deposited with Cr/Au

which functions as electrical wires. Basically, the thinner the silicon structure is, the higher the sensitivity
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Fig. 3.1 The design and geometrical parameters of a sensor chip.
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Fig. 3.2 The design and geometrical parameters of a two-axis MEMS-based sensor.
Reproduced from [93], Copyright 2014 Elsevier.
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Fig. 3.3 Sensing principle of the proposed two-axis force sensor.
Reproduced from [93], Copyright 2014 Elsevier.

of the sensor can be obtained. However, for extremely thin silicon beam, for example less than 100 nm,
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relatively complicated fabrication process is required. In this paper, the thickness of the silicon structure is
chosen to be 300 nm, for which a well-established fabrication process is already reported [93, 94]. The
width and the length of each silicon beam are 5 um and 60 um, respectively. The length of two

piezoresistors was 15um.

3.1.2  Sensing principle

The sensing principle of the sensor is illustrated in FIGURE. When a normal force is applied to the
surface of the micropillar, the silicon structure underneath the micropillar will be pressed down causing a
positive strain of both two piezoresistors. Depending on the doping-type of the piezoresistors, their
resistances will both increase or decrease. Thus, the applied normal force can be detected from the average
value of the resistance changes of the two piezoresistors.

On the other hand, when a shear force is applied to the micropillar surface, the micropillar will slightly
rotate due to a torque caused by the shear force. As a result of this rotation, one piezoresistor is elongated,
whereas the other is compressed. Therefore, the resistance of one piezoresistor decreases, whereas that of
the other increases, hinting that the shear force can be detected from the difference in the resistance changes
of two piezoresistors.

In summary, since the silicon structure deforms in different manners when normal or shear force is applied,
from the resistance changes of the two piezoresistors, normal and shear force can be independently

back-calculated.

3.1.3 FEM simulation

To confirm the sensing principle, finite element model simulations were carried out using software
COMSOL MultiPhysics (COMSOL). The model used in the simulations is shown in Fig. 3.4(a), which has
the same geometrical dimensions with those in the sensor design. Materials properties used in the
simulations are given in Table 3.1. The model was meshed using the free tetrahedral-type element as
shown in Fig. 3.4(b). Number of the element was 332,283. For boundary conditions, the free end of all four
Si beams are fixed. A force of 1 uN was applied to the surface of the pillar in z-axis direction or x-axis
direction. The positive directions of the forces are the same with that of z-axis and x-axis, respectively.
Moreover, the resonant frequencies of the sensor is also investigated.

The simulation results are shown in Fig. 3.5. The deformation and strain in x-axis direction, which
determined the resistance change of the sensing beams, are shown in Fig. 3.5(a) and Fig. 3.5(b) for normal
force and shear force, respectively. As expected, when the normal force is applied, both piezoresistors are
elongated, and the average strain over the surface of each piezoresistor were approximately 0.5 pstrain. On
the other hand, when the shear force is applied, one piezoresistor is elongated while the other is compressed
and the average strains over the surface of the two piezoresistors were approximately 0.2 pstrain and -0.2
ustrain, respectively. This result agrees with the sensing principle described previously.

Fig. 3.6 shows the results on the resonant frequencies of the sensor. Two first resonant frequencies of the

sensor were 15.1 kHz and 27.2 kHz, and the corresponding deformation modes are shown in Fig. 3.6(a)
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(a) Model

(b) Meshing

Fig. 3.4 (a) Model used in FEM simulation. (b) Meshing of the model.

Table 3.1 Properties of materials used in the simulations.

Material properties Silicon KMPR1035
(Sensing structure) (Micropillar)
Density 2329 kg/m® 1200 kg/m?®
Young’s modulus 170 GPa 2 GPa
Poisson ratio 0.28 0.22
(a) Normal force (b) Shear force
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Fig. 3.5 Simulation results. The strain in x-axis direction when (a) a normal force is applied and (b)

a shear force in x-axis is applied to the pillar surface.

(a) 1st mode: 15.1 kHz

/
By

(b) 2nd mode: 27.2 kHz

=

~

Fig. 3.6 Simulation results. The first (a) and second (b) resonant modes of the sensor.

and Fig. 3.6(b), respectively. The lowest resonant frequency corresponds to the vibration in the normal

(z-axis) direction. The result indicates that this sensor design is able to detect the high frequency component

of the normal and shear forces up to 15 kHz.
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Fig. 3.7 Fabrication process of the sensor. Reproduced from [93], Copyright 2014 Elsevier.

3.2 Sensor fabrication

3.2.1 Fabrication process

The fabrication process of the sensor is shown in Fig. 3.7. In the first step, the device Si layer of a Si-On-
Insulator (SOI, thickness: 0.3/0.4/300 wm) wafer was doped using ion implantation. Then, an Au/Cr layer
(thickness: 30 nm/3 nm) was deposited onto the device Si layer using electron beam-induced evaporation.
After the Au/Cr layer was patterned using wet etching, the device Si layer was etched using inductively
coupled plasma-RIE (ICP-RIE) to form the sensing Si structure. In the next step, the Au/Cr layer was
patterned again to reveal the piezoresistors at the roots of two Si beams. The micropillar array was then
formed by spin-coating and patterning a layer of KMPR1035 (MicroChem Co., US; 3000 rpm for 60 s)
photoresist on the device Si layer. Micropillar arrays with different pitches were formed using glass-masks
that have different square patterns. Afterwards, the handle Si layer was deposited with an Al layer as a
mask for ICP-RIE etching. After the Al layer was patterned, the device Si layer was etched using ICP-RIE
to create a through-hole under the sensing Si structure. In this etching step, the micropillar array was
covered by an AZP 4620 photoresist layer (MicroChem Co., Us). Then, the SiO. layer was removed by HF
vapor etching. After that the wafer was dipped in acetone for 15 minutes before being removed from the
aluminum disk of the ICP-DRIE. Finally, the wafer was left in IPA for one day, to remove all the vacuum

oil and photoresist on the micropillar array.
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Micropillar
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Fig. 3.8 Photograph and SEM images of the fabricated sensor with the pillar pitch of 75 um.
Reproduced from [93], Copyright 2014 Elsevier.

3.2.2  Surface hydrophobicity treatment
The fabricated device was first cleaned using O, plasma (Compact Etcher, SAMCO Inc.) under 50 W for

5 minutes. This process also induces the hierarchical structure of the micropillar array by creating a
nano-grass structure on the surface of the micropillars. Finally, a thin layer of C4Fs was deposited on the

device as a hydrophobic coating. The coating was carried out inside the vacuum chamber of ICP-DRIE.

3.2.3 Fabrication results

A photograph and SEM images of a fabricated sensor having a 75 um-pitch micropillar are shown in Fig.
3.8. The two piezoresistors formed at the root of two silicon beams are shown in Fig. 3.8(c). It is also
confirmed that nano-grass structure is formed on the surface of the micropillars as a side result of the O,
plasma cleaning. This nano-grass structure actually improves the hydrophobicity of the micropillar array
as shown in previous research [48]. The entire surface areas of the sensor device and micropillar array
were 10 mm x 6 mm and 10 mm x 5 mm, respectively. The initial resistances of the two piezoresistors
were approximately 750 Q.

As described previously, in this study, the pitch of the micropillar array is varied to investigate the
effect of pillar density on the interaction forces between a sliding droplet and a micropillar. Sensors
having micropillar array with different pitches are fabricated as shown in Fig. 3.9. All the sensors have the
same sensing Si structure but the pitches of the micropillar array were varied as 75, 100, 125, 150 and 175

um. Moreover, a sensor without pillar array (flat surface) was also fabricated for comparison.

22



Sensor fabrication and evaluation

(d) Pitch: 125 pm

<

(e) Pitch: 150 pm

Fig. 3.9 SEM images of the fabricated sensors with flat surface (a) and the micropillar pitch of 100,
125, 150 and 175 pm (b-f).

Each fabricated sensor chip was then attached to a printed circuit board (PCB) using kapton both-side tape
and the electrodes of the chip were connected to the Cu patterns of the PCB using a wire-bonder
(USW-5Z60K, Ultrasonic Engineering Co.).

3.3 Fabrication result of the cantilever array

The fabrication process of the cantilever array designed for the measurement of droplet vibration is the
same with that of the two axis-MEMS based sensor described in previous section. The fabrication result is
shown in Fig. 3.10. An array of thirteen cantilevers were fabricated. Each of the cantilever has a micropillar
sitting on the surface. The micropillars in this sensor design have the same size with that of the two-axis
sensors reported in previous section. The pitch of the micropillar array is 75 um. The micropillar array of
the sensor was also cleaned with O plasma before deposited with C4Fg for hydrophobic treatment.
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Fig. 3.10 SEM images of the fabricated cantilever array used for measurement of the droplet
vibration. Copyright 2015 IEEE.

Thickness: 20 yum

Piezoresistive cantilever

Cantilever tip

Fig. 3.11 Photographs of fabricated cantilever used for sensor calibration.
Reproduced from [93], Copyright 2014 Elsevier.

3.4 Fabrication of a cantilever used for sensor calibration

The fabricated sensors in this study are designed to measure the forces of several uN. Therefore, it is not
easy to calibrate the sensors using commercially available force gauges which have sensing resolution of
several tens puN order. Therefore, a MEMS-based cantilever was fabricated to apply and measure the force
acting on the micropillar. The fabrication process for the cantilever is basically similar with that for the
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sensors described previously, except for the doping process and the micropillar array formation step. For the
doping step, instead of ion implantation, the wafer is doped by rapid thermal infusion method [95] using
n-type dopant (OCD P-59230, Tokyo Ohka Industries, Co.). This method is suitable for doping only one
wafer. Moreover, the micropillar formation step was not necessary in the fabrication process of the
cantilever.

Photographs of the fabricated cantilever is shown in Fig. 3.11. The thickness of the cantilever is 20
um and the width of the cantilever tip is 30 um, which is the same with the width of the micropillar. The
length of the cantilver was 4 mm. Two walls along the cantilever were formed from the device Si layer to

protect the cantilever during the calibration process.

3.5 Calibration of the MEMS-based two axis sensor

In this section, the calibration method and calibration result for all fabricated sensors will be provided.

3.5.1 Calibration method

As mentioned previously, the sensor in this study is calibrated using a reference MEMS-based
piezoresistive cantilever shown in Fig. 3.11 as a force probe. The cantilever itself is calibrated using a
commercial load cell (LVS-5GA, Kyowa Co., Japan) which has a sensing resolution of several tens uN
order. The reference cantilever is designed to have the sensitivity in between that of the sensor and the load
cell to improve the accuracy of the calibration.

3.5.2 Calibration of the load cell and the cantilever

First, the load cell was calibrated by testing it with different known weights ranging from 0 to 5 mN. The
output of the load cell is the voltage difference before and after the weights are placed on the load cell. The
calibration result of the load cell is shown in Fig. 3.12. A linear relationship between the output of the load
cell and the applied force was confirmed and the sensitivity of the load cell was calculated from the slope
of the fitting line to be 263.8 (V/N).

In the next step, the fabricated reference cantilever is calibrated using the load cell. A setup of the
calibration is shown in Fig. 3.13(a). The cantilever was first attached to a piezo-stage (P-753.11C, PI
Polytech), which can move in three dimensions independently within the range of +15 um. The cantilever
tip was first brought in contact with the load cell, and then, the piezo-stage was moved in the normal
direction to apply a force to the cantilever. The applied force was calculated from the output of the load cell.
During the calibration, the resistance of the cantilever was measured using a Wheatstone brigde circuit. The
output of the Wheatstone brigde circuit was amplified by 1,000 times using AIN 217 (Texas Instrument Inc.,
US) before being measured by a scope-coder (DL850, Yokogawa Meters & Instruments Co.). The
resistance change of the cantilever was calculated from the output voltage of as followed [93, 96]:

A_R _ 4AVOut

RV, (3.1)
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Fig. 3.12 Calibration result of the load cell (LVS-5GA, Kyowa Co., Japan).
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Fig. 3.13 Calibration setup and calibration result of the cantilever.



Sensor fabrication and evaluation

(a) Normal force F, (b) Shear force F,

Z axis piezo stage X axis piezo stage

Moving
horizontal

Fig. 3.14 Setups for the calibration of the two-axis force sensor in normal (a) and shear (b)
directions. Reproduced from [93], Copyright 2014 Elsevier.

where V¢ was 1V during the experiment.

The calibration result of the cantilever is shown in Fig. 3.13(b). The resistance change of the cantilever
was confired to be proportional to the applied force. The sensitivity of the cantilever was obtained to be
0.23x103 (uN™).

3.5.3  Sensor calibration setup

The fabricated 2-axis sensors were calibrated using setup shown in Fig. 3.14. This setup was similar to the
setup that was used to calibrate the cantilever. Here, the load cell was replaced by the sensor. First, the
cantilever was attached to a stage made from 3D printer with a 30° slanting angle to the horizon. The stage
was then attached to the xyz-piezo-stage to control the displacement of the cantilever in the vertical and
lateral directions. As shown in Fig. 3.14(a), in the normal force calibration, the cantilever tip was pressed
on the micropillar of the sensor in the normal direction by moving the piezo-stage in z-axis. The alignment
of the cantilever tip and the micropillar was carried out by using a microscope (Keyence, VH-5910). The
force applied to the micropillar was calculated from the resistance change of the cantilever as:

For the shear force calibration, as shown in Fig. 3.14 (b), the cantilever was rotated by 90° about its
length axis such that the cantilever could detect the force acting in the x-axis direction. First, the cantilever
was pressed onto the upper surface of the micropillar by moving the z-axis piezo-stage. The cantilever was
then moved in the lateral direction by the x-axis piezo-stage to apply a shear force to the micropillar. The
initial pushing force in the normal direction was applied to prevent the cantilever tip from slipping on the
pillar when the shear force was applied. Similar to the normal force calibration, the applied shear force was
calculated from the resistance change of the cantilever. Because the cantilever is perpendicular to shear
force, the shear force.

The piezo-stage was moved by applying a voltage from a function generator in triangular shape at 0.3 Hz.
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Z axis piezo stage

Fig. 3.15 Set up for calibration of the cantilever array.

The displacement of the piezo-stage was controlled by adjusting the amplitude of the applied voltage.
Obviously, the displacement of the piezo-stage and that of the micropillar was not the same due to the
deformation of the cantilever. The voltage of the piezo-stage was adjusted so that the force acting on the
micropillar became several uN order. For this condition, the displacement amplitudes of the piezo-stages
were approximately 10 um and 6 um in calibration of normal and shear forces, respectively.

The setup for calibration of the cantilever array used in measurement of the droplet vibration is shown in

Fig. 3.15, which is similar to that of the normal force calibration of the two-axis sensors.

3.54 Calibration result
Calibration result for two-axis force sensors

The calibration results of the sensors with 75, 100, 125, 150 and 175 um are shown in Fig. 3.17 to Fig. 3.21.
Overall, for all sensors, when the normal force Fz is applied, the resistances of both piezoresistors R; and
R2 decreased. Meanwhile, when a shear force Fz is applied, the resistance of R1 increased while that of R,
decreased. These behaviors of the two piezoresistors when normal and shear forces were applied are well
agreed with the sensing principle and FEM simulation results provided in Section 3.1. Moreover, the
change in resistances R; and R, were proportional to the applied forces which indicates that the applied
forces can be back-calculated from the resistance changes of the two piezoresistors. In details, the
proportional coefficients between the resistance changes of R; and R, and the applied normal and shear
forces for each sensor are obtained by fitting the plot points in each graph with a linear function. From
these results, matrixes showing relationships between the resistance changes of the two piezoresistors of
each sensor and the applied forces can be obtained as shown in Eq. (3.2) to Eq. (3.7). The variation in the
value of these matrixes is thought to be caused by the variation in the width of the sensing beams of the
fabricated sensors. In our sensor design with long narrow beams as sensing elements, the sensitivity of the
sensor largely depends on the beams width. In fact, as described in the fabrication process, the sensing

beams of all sensors are patterned using wet-etching of Au/Cr layer. During this step, depending on the
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Fig. 3.16 Calibration result for the sensor that has a flat surface.
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Fig. 3.17 Calibration result for a sensor with a micropillar array that has 75 um-pitch.
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Fig. 3.22 A typical output voltage of a sensor. The noise level is less than 20 mV corresponding to a

resistance change of 8x10°,

Table 3.2 Sensing resolution of the fabricated sensors.

Sensor Normal force resolution Shear force resolution
Flat surface 0.03 uN 0.05 uN
75 um-pitch 0.03 uN 0.04 uN
100 um-pitch 0.06 uN 0.12 uN
125 um-pitch 0.03 uN 0.06 uN
150 um-pitch 0.04 uN 0.08 uN
175 um-pitch 0.04 uN 0.05 uN

position of the beam on the wafer, the etching rate varied resulting in a variation of the sensing beam width.
Nevertheless, using the inverse-matrix of the matrix in each equation, the applied force in normal and shear
direction can be calculated. Moreover, the sensing resolutions of each sensor can also be estimated from the
noise level of the measuring system. Particularly, for our measuring systems, the noise level is less than 20
mV as shown in Fig. 3.22. This voltage is equivalent to a minimum detectable resistance change of +8x10°
using the relationship in Eq. (3.1). Inversely calculating from this minimum detectable resistance change,
we obtain the sensing resolution of each sensor as shown in Table 3.2. The results show that our sensors are
able to detect a normal force of less than 0.06 uN and a shear force of less than 0.12 pN. Because the
maximum force acting on a micropillar having an edge length of 30 um is in order of several uN, the

proposed sensors therefore are sensitive enough for measuring the target forces.
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Fig. 3.23 Calibration result of one cantilever in the cantilever array used for measurement of the
droplet vibration. Copyright 2015 IEEE.

Calibration result for the cantilever used in measurement of the droplet vibration

The calibration result of a cantilever used in measurement of the droplet vibration is shown in Fig. 3.23. A
linear relationship between the resistance change of the cantilever and the applied normal force was
obtained. Fitting the relationship yields

ARew _g 05107 F,

RCan (3 . 8)

where Rcan is the resistance of the cantilever. The unit of Fz in the equation is (uN).

Because as mention previously, the measurement setup of in this study can detect a resistance change of
+8x10°° (-), the sensing resolution of the cantilever is obtained from the relationship shown in Eq. (3.8) to
be 8.8 nN. The sensitivity of the cantilever approximately 3 times higher than the sensitivity regarding to

the normal force of a two-axis force sensor because of the free edge of the cantilever.

3.6 Sensor resonant frequency

Measurement of the resonant frequency of the two-axis force sensor

The resonant frequency of fabricated two axis force sensors was measured using an experimental setup
shown in Fig. 3.24. The sensor was vibrated in the vertical direction using a vibrator (Briel & Kjer,
Mini-shaker Type 4810). A network analyzer was used to apply the driven voltage to the vibrator through
an amplifier. The vibration frequency was swept in the range of 10 Hz to 20 kHz or 30 kHz, depending on

the resonant frequency of the sensor. A heterodyne interferometer was used to measure the velocity of
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Fig. 3.24 Experimental setup to measure the resonant frequency of the fabricated sensor.
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Fig. 3.25 Vibration amplitude of the micropillar and the base surface when the sensor was
subjected to vibration from 1 to 20 kHz.

vibration of the micropillar and that of the sensor base as reference. The ratio between these two vibration
velocities presents the effective vibration amplitude of the sensing element. The raw outputs of the
heterodyne interferometer for the vibration of the micropillar surface and the sensor base surface are shown
in Fig. 3.25 . The obtained spectrum of the frequency responses of all sensors are shown in Fig. 3.26. The
vertical axis in each graph shows the effective vibration amplitude mentioned above. The first resonant

frequency of each sensor can be easily extracted from the peak of the vibration amplitude. Fig. 3.27 shows
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Fig. 3.26 Responses of the sensors when vibration in vertical direction was applied.
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Fig. 3.27 First resonant frequency of the fabricated sensors. The designed value was the resonant
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frequency obtained by FEM simulation in Section 3.1.3.
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Fig. 3.28 Vibration amplitude of the micropillar and the base surface when the cantilever was
subjected to vibration from 1 to 10 kHz.

the first resonant frequencies of the fabricated sensors in comparison with designed value. All the measured
resonant frequencies are in the same order with the design value and are larger than 12 kHz. This result
mentions that the fabricated sensors are able the measure a force that varies at the frequency up to more
than 12 kHz.

Measurement of the resonant frequency of the cantilever

The resonant frequency of the cantilever used in measurement of the droplet vibration was also measured using
the same experimental setup shown in Fig. 3.24. The result is shown in Fig. 3.28, from which the first resonant
frequency of the cantilever was obtained to be 6.4 kHz, which is smaller than that of the two-axis sensors due to
the smaller spring constant of the cantilever that is cantilever structure is generally more flexible than both fixed
ends beam. Because in the droplet vibration experiment, the first resonant frequency of the vibration as shown
later in Chapter 5 is less than several hundred Hz, the cantilever is able to detect the force during this vibration

of the droplets.

3.7 Surface treatment evaluation

The effect of the surface treatment is evaluated by measuring the contact angle of a small droplet deposited on
the surface. Here, effect of O, plasma cleaning and CsFs coating are the subjects to investigate.

The result is shown in Fig. 3.29 for the case of a micropillar that has 75 um-pitch. For the untreated micropillar
array, the contact angle was 102 degree. For a micropillar array that is only cleaned with O, plasma the contact
angle was 90 degree because the surface was made hydrophilic by the O, plasma cleaning. In case of the
micropillar array that is coated with C.Fg, the contact angle is 140 degree, which indicates the hydrophobicity
enhancement by the microstructure and coating. Finally, for the micropillar array that was first cleaned with O,

plasma then coated with CsFs, the contact angle was 150 degree, which was highest among four samples. This
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(a) No treatment

(c) C4F8 1 min

(b) O2 plasma 10 min

(d) 02 plasma 10 min
& C4F8 1 min

Fig. 3.29 Effect of the surface treatment on the static contact angle.

increase in the contact angle is thought to be a result of the nanostructures on the surface of each micropillar.
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Chapter 4  Experiments on the droplet sliding

This chapter reports on measurement of the interaction forces during the sliding of liquid droplets with
different volume and viscosity on the fabricated sensors. First, a brief description of the experiments in this
study is introduced. Then, the preparation of liquid samples and their surface tension and viscosity
measurement are reported. Next, the experiment setup and the image inquiry method are described. The
following section provides the experiment results on the interaction forces measured by the sensors and the

effects of droplet volume, liquid viscosity on the measured normal and shear forces are discussed.

4.1 Experimental preparation

4.1.1 Experiment description

Fig. 4.1 depicts the outline of the experiments to investigate the interaction forces during the sliding of
droplets on the fabricated sensors. The droplets are first deposited on the micropillar array at the location
nearby but not in contact with the sensing micropillar. Then the micropillar array was tilted slowly until the
droplets slide through the sensor. The interaction forces between the droplet and the sensor in normal and
lateral direction Fz and Fx are measured by monitoring the resistances of the sensors.

In this study, as shown in GIF the effect of micropillar density and liquid viscosity as well as droplet
volume on the interaction forces Fz and Fx are investigated. For the viscosity, five types of liquid samples
with different viscosity in the range of 1 to 1000 mPa-s are prepared as described in the next section. To
investigate the effect of droplet volume, for each type of liquid sample, droplets having volume in the range
of 2 uL to 50uL were tested. Moreover, these experiments are carried out for all fabricated sensors that

have micropillar arrays with different pitches to investigate the effect of the micropillar density.

4.1.2  Preparation of liquid samples

In this study, liquid samples that have different viscosity were used to investigate the effect of viscosity on
the interaction forces during the sliding of droplets. To create liquid samples that have similar surface
tension but largely different viscosity, water-glycerol mixtures are often chosen. The surface tension of

water and glycerol are 72 and 63 mN/m, respectively, whereas their viscosity are approximately 1000 times
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Step 1: deposit the droplet I:> Step 2: Rotate the surface

Gravity

Sensor Sensor

Fig. 4.1 Overview of the experiments in this study.

(a) Effect of droplet volume .

(b) Effect of micropillar density

Dense micropillar array Spare micropillar array

(c) Effect of liquid viscosity

slsmsmememememeln

Low viscosity liquid High viscosity liquid
Fig. 4.2 Parameters to study in this study.
different. In this study, following liquid sample are prepared for the experiments. Hereafter, “G1W1”,

“G3W1” and “G9W1” are used to name the prepared liquid sample that has glycerol/water mixture ratio of

1:1, 3:1 and 9:1, respectively.
Surface tension measurement

The surface tension of liquid samples was measured using Wilhelmy plate method with an experimental
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Table 4.1 Liquid samples prepared for the experiments.

Liquid

Liquid name Glycerol : water ratio Density
(kg/m?)
Water 0:1 1000
G1w1l 1:1 1126
G3w1l 31 1195
Gow1l 9:1 1235
Glycerol 1.0 1260
F
Platinum plate
I v

Surface tension: y ~ F

Fig. 4.3 Experimental setup to measure the surface tension of liquid samples.

Table 4.2 Measured surface tension of the liquid samples.

Liquid Water G1w1 G3w1l GIw1 Glycerol
Surface tension 72 68 66 64 63
(mN/m)

setup shown in Fig. 4.3. The liquid sample inside a petri dish was brought in contact with a platinum plate

by moving the petri dish in vertical direction. When the liquid wets the plate, surface tension will pull the

plate down. This force F caused by the surface tension was measured using an electrical balance. First, the

pulling force Fo for DI water was measured. Next, for every liquid sample, similarly, the pulling force F is

measured.

The surface tension of liquid samples is calculated by from the ratio F/Fq as followed:

F

Y= FoyWater

here, the surface tension of DI water is assumed to be 72 mN/m.

(4.1)
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Table 4.3 Measured viscosity of the liquid samples at 23°C.

Liquid Water Giw1l G3w1l Gow1l Glycerol
Viscosity 0.974+0.005 | 6.78+0.005 42.7+0.25 176+0.5 1020£2.5
(mPas)

The measured surface tension of all liquid samples are shown in Table 4.2. Among the prepared liquid
samples, the surface tension of water is largest and surface tension of a glycerol/water mixture decreases as
the percentage of glycerol increases. Nevertheless, the surface tension of prepared liquid samples does not
vary much and are high in comparison with other liquid such as ethanol or common silicon oils. The liquid
sample that have high surface tension are favorable in the experiments because droplet of low surface

tension liquid cannot sit on the micropillar array and hardly can be moved by gravity.

Viscosity measurement

The viscosity of liquid samples was measured using an electromagnetically spinning viscometer (Kyoto
Electronics Manufacturing Co., EMS-1000) at 23°C which is the same with temperature during the

experiments. Each measurement was repeated for 4 times. The results are shown in Table 4.3.

4.1.3 Experimental setup

A conceptual sketch of the experimental setup is shown in Fig. 4.4. The fabricated sensor was attached to
a 3D-printed connector which is affixed to a rotational stage (Sigma Koki Co., Japan, SGSP-40YAW). The
connector was designed so that the position of the sensor was the same with the rotational center of the
stage. The rotational stage was also attached to a xyz-stage to control the position of the sensor in three
dimension. During the experiment, droplets were first deposited on micropillar array placed along
horizontal. After that, the micropillar array was tilted by the rotational stage at a constant speed (1.25
degree/sec) until the droplets slide through the sensor. The resistances of the sensors were connected to a
Wheatstone brigde circuit which converts the resistance change into voltage change. This voltage is then
amplified and measured by a scope-coder as described in Section 3.5.3. The sampling rate of the
measurement was 200 kHz. Moreover, the sliding motion of the droplet was captured using a high speed
camera (PHOTRON Inc., Japan, SA-XTKYO03) at the record rate of 2000 frames per second. The outputs
of the sensor and the motion of the droplet were synchronized by a trigger switch that terminates both the
recordings of the scope-coder and the high-speed camera at the same moment. Photographs of the

experimental setup are shown in Fig. 4.5.

4.1.4 Image processing

For the recording of the droplet motion, a line sensor telecentric lens (VS Technology, Japan,
VS-LTC2-70/FSN) was used with the high speed camera. The pixel resolution of captured images is
1024x1024. Each pixel corresponds to a length of approximately 10 um and the width of the image is 10.2
mm. A typical snapshot captured by the high speed camera is shown in Fig. 4.6. The pitch of micropillar

array in the snapshot was 175 pm. From the captured image, the geometrical information such as volume,
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Fig. 4.4 Conceptual illustration of the experimental setup to measure the interaction forces during

sliding of droplets on the fabricated sensors.
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Fig. 4.5 Photographs of the experimental setup and a snapshot taken by the high speed camera.
Reproduced from [93], Copyright 2014 Elsevier.
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Fig. 4.6 A typical snapshot taken by the high speed camera.

Input

High speed camera image
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Contact angle 6
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h

Fig. 4.7 Image processing to extract the profile and geometrical information of the droplet sitting

on the horizontal substrate.
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Fig. 4.8 Evaluation of the image processing. The calculated volume obtained from the image

processing is compared with the real volume obtained by measuring the weight of the droplet.

contact diameter, contact angle of droplet can be extracted using a process shown in Fig. 4.7. The image
processing was carried out using software Mathematica (WolframAlpha Research). The height and contact
radius of the droplet can be immediately extract as xo and hmax as shown in Fig. 4.7. The calculation of the

droplet volume and contact angle are described as followed.

Volume calculation

First the profile h(x) of the droplet was extracted using EdgeDetect function of Mathematica. From the
profile of the droplet, the volume can be calculated by assuming that the droplet is rotational symmetric

using the following equation.

hy 2
V= 7IX
ZO " (4.2)

Here Xy is the radius of the profile at the height h. Because the calculation is carried out on pixel
coordinates, the volume is sum of the area, not the integration of the area. Of course, the unit of the
calculated volume is pixel x pixel x pixel, and from the real length of a pixel, it is possible to convert the
unit of the volume into pL.

The accuracy of this calculation was also evaluated by comparing the calculated volume with the weight
of the droplet. In this evaluation experiment, the weight of the droplets was measured by the load cell
mentioned in Section 3.5.3. A sensor was first placed on the load cell, then water droplets with different
volume were deposited on the sensor. The weights of the droplets were calculated from the output of the
load cell, while the droplets themselves were captured by the high speed camera. Volume of each droplet is
obtained from its weights by assuming the density of water is 1000 kg/m?.

The relationship between calculated volume and the real volume of the droplets are shown in Fig. 4.8. The
calculated volume is shown to be proportional to the real volume which indicates the validation of the

calculation. The error is due to the assumption that the droplet rotational symmetric which does not hold
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true in the case of a droplet sitting on micropillar array. This also explains the result that the real volume is

slightly larger than the calculated volume.

4.2 Measurement results for the droplet sliding

4.2.1 Normal and shear forces during the sliding of the droplets

In this section, the measured normal and shear forces during the sliding of a water droplet on the sensor
with flat surface and that with a 175 um-pitch pillar array are reported. The volume of the droplets in both
experiments was 16 pL.

Droplet sliding on the sensor with flat surface

The result of the droplet sliding on the sensor with a flat surface is shown in Fig. 4.9. As shown in Fig. 4.9
(a), the initial contact angle of the droplet was 138 degree which is relative large in comparison with a
normal smooth surface. This high contact angle was obtained by the roughness of the KMPR 1035
photoresist after the etching with O, plasma as mentioned in Section 0. However, as shown in Fig. 4.9 (b),
the droplet did not easily slide on the sensor surface. In fact, the tilted angle a of the surface for the droplet
to start sliding was 68 degree. The apparent advancing and receding contact angles #a and 0r of the droplet
when sliding were 154.3 and 75.3 degree, respectively. The contact angle hysteresis 0 - Or was 79 degree.

The graph in Fig. 4.9 shows the normal and shear forces obtained from the output of the sensor during the
sliding of the droplet. Here, the normal force and shear force Fzand Fx are defined as the forces from the
droplet acting on the pillar in the directions that are perpendicular and parallel to the surface of the pillar,
respectively. The positive direction of the forces were also defined to be the same with those of the z-axis
and x-axis shown in Fig. 4.9 (b). From the interaction force, the contact mechanism of the droplet can be
described as shown in Fig. 4.10. When the advancing edge of the droplet began to contact with the
micropillar of the sensor, both the normal and shear forces became negative, indicating that the micropillar
was slightly pulled upward and backward. The maximum absolute value of the pulling force in the normal
direction and shear direction were 0.68 and 0.67 uN, respectively.

As the droplet moved forward, the micropillar entered the contact area and the normal force increased to
be positive while the shear force returned to zero. This result means that inside the contact area, the pillar
was merely pushed downward by the liquid pressure and no significant shear force acting on the
micropillar was detectable. Because in our experiment, the sliding of the droplet was in the beginning stage
(the first several millimeters). During this stage, the sliding velocity of the droplet was small (typically less
than 0.1 m/s) and hence, the effect of the viscosity can be neglected which agrees with the measured shear
force inside the contact area. Meanwhile, the normal force inside the contact area was always positive and
decreased as the droplet moving forward. This behavior of the normal force is thought to be caused by the
difference in the liquid pressure along the droplet. As mentioned previously, the advancing and receding

contact angles of the droplet were significantly different (154.3 and 75.3 degree). At the receding edge, the
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Fig. 4.9 Interaction forces between a droplet and the sensor with a flat surface.
() Initial shape of the droplet. Scale bar is 1 mm. (b) Snapshot of the high speed camera during
the sliding.
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Fig. 4.10 Contact mechanism of the droplet with the micropillar.

contact angle was small, meaning that the mean curvature radius of the liquid surface was large in
comparison with that at the advancing edge. Because the Laplace pressure is inversely proportional to the
mean curvature radius, the Laplace pressure at the receding edge became smaller than that at the advancing
edge. This pressure difference at advancing and receding edges reflects in the gradient of the normal force
as shown in the graph. It is worth noticing that the difference in the pressure at the advancing and receding
edge is caused by gravity. It is the portion of the droplet weight parallel to the sensor surface that causes the
deformation of the droplet and the difference in the contact angles at advancing and receding edges when

the sensor surface was tilted. In the case of the a droplet on a flat surface, the tilt angle a required for the
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Fig. 4.11 (a) A close view of the interaction forces at the receding edge of the droplet.
(b) Fourier spectra of normal force during the sensor reverberation after the detachment from the
droplet trailing edge.

droplet to move was large (68 degree) due to the low receding contact angle resulting in a significant
gradient of the pressure along the contact area. A close view of the interaction between the droplet and the
micropillar at the receding edge are shown in Fig. 4.11 (a). It can be confirmed that the micropillar was
again pulled upward when contacting with the receding edge of the droplet. However, the shear force
indicates that the pillar is pulled forward, which is opposite to the direction of the shear force when the
pillar contacted with advancing edge of the droplet. Moreover, the maximum absolute values of both
normal and shear forces are also larger than those at the advancing edge, which is, again, a result of the
difference between advancing and receding contact angle as shown in Fig. 4.10. At the receding edge, the
maximum values of the pulling force in normal and shear direction were 2.67 and 1.51 uN, respectively.
Because the contact angle was large at the advancing edge, the normal force and the shear force pulling the
micropillar backward were small. On the other hand, since the receding contact angle was small, the normal
force and the shear force pulling the micropillar forward at the receding edge of the droplet became large,
in comparison with those at the advancing edge. The behaviors of the normal and shear forces also indicate
that the friction of during the sliding of the droplet was mainly caused by the adhesion of the droplet to the
sensor surface at the receding edge.

As also shown in Fig. 4.11 (a), after detachment of the droplet, the micropillar rebounded back causing the
reverberation of the sensor signal. The frequency of the reverberation was obtained from the Fourier
transformation spectrum of the normal force to be 15.2 kHz (Fig. 4.11 (c)), which is close to the first
resonant frequency of the sensor (14.1 kHz) shown in Fig. 3.26.

Next, the frictional force Fs of the droplet is analyzed from the images of the high speed camera. Fig. 4.12
shows the snapshots of the droplet sliding motion and the sliding distance extracted from the image
sequence. By tracking one point on the edge of the droplet profile using software Tema (Image Systems
Motion Analysis, Sweden), the sliding of the droplet can be obtained. Here, the sliding distance was

defined as the distance of the droplet from its location at the moment t = 0 ms. The result show that in the
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Fig. 4.12 Snapshots of the high speed camera showing the sliding motion of the droplet on the
sensor with a flat surface and the sliding distance obtained by tracking the droplet. Scale bar in each

snapshot is 1 mm.

beginning (t < 60 ms), the sliding velocity of the droplet was relatively small and then suddenly increased.
For t > 60 ms the sliding droplet can be fitted by a function of t and t? which mean that the acceleration of
the droplet was almost constant for this duration. From the fitting fuction the accerlation of the droplet was

calculated to be a = 2 m/s?. The frictional force, thus, can be obtained using following equation:

Fs =m(gsina —a) (4.3)
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Stick to the surface

Gravity

Fig. 4.13 A 14 uL water droplet did not slide on the sensor with a flat surface even when the surface

was tilted at almost 90 degree from horizon. Scale bar is 1 mm.

Using m = 16 mg and a = 68 degree, we obtain Fs = 113.4 uN.
Because the flat surface of the sensor was sticky, a small droplet could not slide even when the sensor was
tilted at 90 degree from horizon as shown in Fig. 4.13. Therefore, sliding experiment using small droplets
(less than 15 pL) could not be carried out. Moreover, a large droplet, when tilting the surface, the advancing
of the droplet moved and contacted with micropillar of sensor before the droplet started to slide because of
the limited distance from the initial advancing edge of the droplet and the micropillar of the sensor. For
those reasons, sliding experiments for droplets with various volume on the sensor having a flat surface

could not be conducted.
Droplet sliding on the sensors with a micropillar array

The experimental results in the case of a water droplet sliding on a micropillar array that has 175 pm-
pitch are shown in Fig. 4.14. The initial contact angle of the droplet was 153 degree, which was larger than
that of a droplet on a flat surface shown in Fig. 4.9 (a). Moreover, the sliding angle of the droplet was 7.8
degree, which was much smaller than that in the case of the flat surface. This low sliding angle indicates
the hydrophobicity of the surface was dramatically enhanced by the micropillar array. The advancing and
receding of the droplet was 141 and 170 degree, respectively. The contact angle hysteresis was thus 29
degree which, again, was much smaller than that in the case of a droplet sliding on the flat surface. This
low contact angle hysteresis is the reason why the droplet could slide on the micropillar array at very low

tilt angle as demonstrated for many pillar-typed superhydrophobic surfaces.
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Fig. 4.14 Interaction forces between a 16 uL-water droplet and the sensor with a 175 um- pitch
micro pillar array. (a) Initial shape of the droplet. Scale bar is 1 mm. (b) Snapshot of the high speed

camera during the sliding of the droplet.

The graph in Fig. 4.14 shows the interaction forces during the sliding of the water droplet. During the
sliding of the droplet, the interaction between the droplet and the micropillar exhibited some similar
properties with those in the case of the droplet sliding on a flat surface. First, the when the droplet
contacted with pillar at the advancing edge, the pillar was slightly pulled backward. The normal force at the
advancing edge was almost zero due to the large advancing contact angle and the droplet simply laid down
on the pillar. At the receding edge, similar to the case of a flat surface, the micropillar was pulled upward
and forward by the droplet. The maximum absolute value of the pulling forces in normal and shear
directions were 4.1 and 1.4 uN, respectively. The result shows that the pulling force in shear direction was
the in the same order with that in the case of the sensor with a flat surface (1.51uN). However, the pulling
force in normal direction were large than that in the case of a droplet sliding on the sensor with a flat
surface despite of the fact that the receding contact angle was much larger in the case of droplet sliding on
the micropillar array. The meaning of this result is that the actual interaction forces between the droplet and
the surface cannot be simply calculated from the apparent (macroscopic) contact angle. Especially, for a
surface with microstructures, the details of the microscopic contact angles around each microstructure are
required in order to calculate the interaction forces between the liquid and the microstructure. This task is
not easy for the low resolution observation, in fact, it is necessary to obtain the profile of the liquid portion
that is close to the surface (in the order of the microstructure size, which is normally several ten pm or less).

The measurement method in this study providing the direct interaction forces between the droplet and a
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Fig. 4.15 (a) A close view of the interaction forces at the receding edge of the droplet. (b) Fourier
transformation spectrum of the normal force during the sensor reverberation after the detachment
from the droplet trailing edge.

single microstructure of the surface therefore is advantageous to investigate how a droplet locally adheres
to a surface.

Another important property of the interaction between the droplet and the micropillar array can be seen
from the result was that the normal force was almost the same over the inner region of the contact area. As
mentioned previously in the case of a droplet sliding on the sensor with a flat surface, the large difference
between the advancing and receding contact angles led to the gradient of the normal force along the
diameter of the contact area. Conversely, in the case of a droplet sliding on the micropillar array, due to a
small contact angle hysteresis, there was little difference between the mean curvature radii and hence the
pressure at advancing and receding edges of the droplet. This results in a relatively constant value of the
normal force along the contact area as shown in Fig. 4.14.

Furthermore, it is also important to notice that there was a fluctuation in the normal force acting on the
micropillar when it was close to the receding edge. This fluctuation was not observed in the case of a
droplet sliding on the flat surface as shown in Fig. 4.9, which indicates that the interaction between the
droplet and the micropillar array might cause the vibration of the droplet during sliding. In section 0 , a
discussion on the fluctuation of the normal force and its relation to the vibration of the droplet during
sliding will be provided in details.

Fig. 4.15 shows a close view of the interaction forces between the droplet and the sensor at the receding
edge. It was also observed that after detaching from the droplet, the sensor rebounded resulting in the
reverberation of the normal and shear forces. From the Fourier transformation spectrum, the reverberation
frequency was obtained to be 12.2 kHz which was approximately the same with the sensor first resonant
frequency (12.3 kHz) shown in Fig. 3.26.

Next, the sliding distance and the frictional force during the sliding of the droplet is discussed. Snapshots
of the high speed camera showing the sliding motion of the droplet are provided in Fig. 4.16. Moreover, by

tracking the droplet, the sliding distance was obtained as shown in the graph. The result shows that the
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Fig. 4.16 Snapshots of the high speed camera showing the sliding motion of the droplet sliding on
the 175 um-pitch micropillar array. The graph shows the sliding distance of the droplet.

(a) Flat surface (b) Micropillar array

Contact area

Fig. 4.17 Top view of the contact line between a droplet and a flat surface (a) and a micropillar

array (b).
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droplet was sliding at a constant acceleration a = 0.5 m/s?. As shown previously, in the case of the droplet
sliding on the flat surface, the sliding acceleration of the droplet was small in the beginning then rapidly
increased as the velocity increased. Here, in the case of a droplet sliding on the micropillar array, the sliding
distance can be well-fitted to a function of t and t* from the beginning of the sliding, meaning that the
acceleration was almost constant during the sliding. From the acceleration and the tilt angle of the surface a
= 7.8 °, the frictional force was calculated to be Fs = 21.3 puN using Equation (4.3), which was one fifth of
the frictional force during the sliding of the droplet on a flat surface. This result demonstrates that the
frictional force was significantly reduced by the micropillar. The reducing mechanism can be simply
explained by taking account of the actual length of the contact line at the receding of the droplet. For
surface with a micropillar array, because of the droplet only contacted with the micropillars during the
sliding, the actual length of the contact line can be approximated as followed:

~ % - @.4)

where L, o1 = 27t is the length of the contact line of a droplet on a flat surface with a contact radius r; w

L

Pillar

and p are the width and pitch of the micropillars (Fig. 4.17). As described previously, the maximum pulling
force in shear direction at the receding edge of the droplets in two case were approximately the same,
indicating that the force per unit length during the receding of a droplet is constant. Therefore, as the pitch
of the micropillar array increases, the actual length of the contact line decreases and the total frictional
force decreases. In the case of the micropillar with 30 pm-width and 175 um-pitch, the actual length of the

o 30 R~ .
contact line is Lp;,,, ® ——= L, - This ratio between the actual lengths of the contact line in the case of the

175
micropillar with that in the case of a flat surface was approximately equal to the ratio between the total

frictional forces of the droplets in these two cases.
Experimental results for all fabricated sensors and prepared liquid samples.

The measurement results for droplets of the same liquid sliding on sensors with micropillar arrays having
different pitches (75, 100, 125, 150, 175 um) Fig. 4.18 to Fig. 4.22. In these figures, the liquid was water.
Moreover, measurement results for droplets of different liquid samples (water, GIW1, G3W1, G9W1,
glycerol) sliding on the same sensor are shown in Fig. 4.23 to Fig. 4.26. For each pair of sensor and liquid
sample, experiment results of a large droplet (more than 12 pL) and a relatively small droplet (3-5 uL) are
provided. The experimental results for other pairs of sensor and liquid samples are shown in Fig. A. 1 to
Fig. A. 11 in Appendix 1.

Overall, for all sensors and liquid sample, common behaviors of the interaction forces during the sliding
of droplets are followings:
® When the micropillar contacts with the droplet at its advancing edge, the micropillar was pulled

upward and backward to the droplet by the surface tension.
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Liquid: water
(b) 17.0 pl

Pillar pitch: 75 pm;

!

(@) 2.9 l

e ak

Forces (UN)
o

Forces (UN)
o

| — Normal | — Normal
= Shear . . 6'_ Shegr ‘ . .
0 10 20 30 0 30 60 90 120 150
Time (ms) Time (ms)

Fig. 4.18 Interaction forces during the sliding of a 2.9 uL-water droplet and 17 puL-water droplet on
the sensor with a 75 um- pitch micro pillar array. Scale bar is 1 mm.
The sliding angles are 61 degree and 12 degree, respectively.
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Fig. 4.19 Interaction forces during the sliding of a 3.0 uL water droplet and 15 pL water droplet on

the sensor with a 100 um-pitch micropillar array. Scale bar is 1 mm.
The sliding angles are 58 degree and 15 degree, respectively.
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Fig. 4.20 Interaction forces during the sliding of a 3.9 uL water droplet and 15 pL water droplet on
the sensor with a 125 um-pitch micropillar array. Scale bar is 1 mm.
The sliding angles are 24 degree and 4.2 degree, respectively.
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Fig. 4.21 Interaction forces during the sliding of a 3.9 uL water droplet and 14 pL water droplet on

the sensor with a 150 um-pitch micropillar array. Scale bar is Imm.
The sliding angles are 18 degree and 7.4 degree, respectively.



Experiments on the droplet sliding
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Fig. 4.22 Interaction forces during the sliding of a 4.4 uL water droplet and 16 pL water droplet on
the sensor with a 175 um-pitch micropillar array. Scale bar is 1 mm. The sliding angles are 17 and

8.1 degree, respectively.

When the micropillar was in the inner region of the normal force became positive indicating that the
micropillar was pushed downward by the liquid pressure. Meanwhile, the shear force became almost
zero, meaning that the friction over the inner region of the droplets were small. Some liquid samples
used in the experiments, for example glycerol, have relatively high viscosity. However, because the
droplets in the experiments were in the beginning stage of the sliding when the sliding velocities of the
droplets were small, the effect of viscosity on the friction over the inner region of the contact area was
not obviously observed. The normal force over the inner contact area also stable meaning that the
pressure were the same over the inner contact area.

When the micropillar contact with the receding edge of the droplet, the micropillar was pulled upward
again and forward to the droplet. The maximum pulling forces (absolute value) at the receding edge in
normal and shear directions are both larger than those at the advancing edge due to the contact angle
hysteresis. From these properties of normal and shear forces along the contact diameter, it is the
adhesion of the droplet and the micropillar at the receding edge. In this small velocity state, the effect
found that during the sliding of droplets at small velocity, the frictional force was most contributed by
of surface tension dominates that of viscosity.

The average value of the normal force over the inner region of the contact area increased as the
volume of droplet decreased indicating the role of Laplace pressure on the normal force over the inner

region of the contact area.
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Pillar pitch: 125 ym; Liquid: g1w1
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Fig. 4.23 Interaction forces during the sliding of a 3.8 uL G1W1 droplet and 18 uL G1W1 droplet

on the sensor with a 125 pum pitch micro pillar array.
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Fig. 4.24 Interaction forces during the sliding of a 3.3 uL G3W1 droplet and 18 uL G3W1 droplet

on the sensor with a 125 pum pitch micro pillar array.

® After the detachment of the droplet from the micropillar, the micropillar rebounded causing the

reverberation of the sensor output signal. The frequency of the reverberation of each sensor was
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Pillar pitch: 125 ym; Liquid: g9w1
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Fig. 4.25 Interaction forces during the sliding of a 3.0 uL. GO9W1 droplet and 17 uL GO9W1 droplet

on the sensor with a 125 pum pitch micro pillar array.
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Fig. 4.26 Interaction forces during the sliding of a 3.6 uL glycerol droplet and 18 uL glycerol

droplet on the sensor with a 125 pum pitch micro pillar array.

confirmed to be approximately the same with the first resonant frequency of the sensor.

® On the same micropillar, a larger tilt angle was required to let a smaller droplet to slide. Because the
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Fig. 4.27 Definition of the forces that will be focused in the analysis.

force driving the droplet to slide was the component of gravity parallel to the sensor surface. Smaller
droplet has smaller weight and therefore a lager tilt angle is needed to drive the droplet to slide.

® During the sliding of the droplets of liquids with low viscosity (for example water or G1W1),
fluctuation of the normal force acting on the micropillar was observed, especially over the region close
to the receding edge of the droplet. The amplitude of these fluctuations decreased as the viscosity of
the droplet increased. The relationship between the frequency of these fluctuations and the pitch of the

micropillar array and the viscosity of the sensor will be discussed in details in the next section.

4.2.2  Effects of the droplet volume, micropillar density and liquid viscosity on the
interaction forces

In this section, effects of three parameters: droplet volume, pitch of the micropillar array and the liquid
viscosity on the interaction forces during the sliding of droplets are discussed. In these analysis, the specific
force values will be focused are defined in Fig. 4.27. The first value is the average normal force over the
inner region of the contact area, defined as Fzmiane, from which it is possible to understand how the
pressure inside droplet depends on the parameters above. Moreover, the absolute value of maximum pulling
forces at the receding edge of the droplet in normal and shear directions, defined as Fzrec and Fxgrec, will
also be analyzed to clarify the local interaction at receding edge, which is an important factor controlling

the sliding motion of the droplets.
Effect of the droplet volume

The effect of the droplet volume on the interaction forces, for example in the case of water droplets sliding
on the sensors having 75 um-pitch and 125 pum-pitch micropillar arrays, are shown in Fig. 4.28 and Fig.
4.29. The result shows that as the droplet volume increased, the average normal force over the inner region

of the contact are Fzmiane decreased. This tendency of Fzmiane indicates that the force acting on the
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Pillar pitch: 75 ym; Liquid: Water
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Fig. 4.28 Effect of droplet volume on the average normal force over the contact area and the
maximum pulling forces at the receding edge in the case of water droplets sliding on 75 um-pitch

micropillar array.
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Fig. 4.29 Effect of droplet volume on the average normal force over the contact area and the

maximum pulling forces at the receding edge in the case of water droplets sliding on 75 um-pitch

micropillar array.

micropillar over the inner region of the contact area are dominant by Laplace pressure which increases as
the size of the droplet decreases. Meanwhile, the maximum pulling forces at the receding edge in both
normal and shear directions Fzrec and Fxrec did not show significant dependence on the size of the droplet.
This result indicates that the interaction between the micropillar and droplet at the receding edge is local,
which is determined only by the liquid bridge adhered to the pillar not the entire shape or volume of the

droplet. The result also means that for a droplet sliding on a micropillar array, it is possible to evaluate the
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Pillar pitch: 125 ym; Liquid: Glycerol
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Fig. 4.30 Effect of droplet volume on the average normal force over the contact area and the

maximum pulling forces at the receding edge in the case of glycerol droplets.
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Fig. 4.31 Effect of the micropillar array pitch on the maximum pulling force at the receding edge in

normal direction. The plot legend indicates the pitches of the micropillar arrays.

total force acting on the receding edge of the droplet as sum of the force acting on each individual
micropillar.

The effect of the droplet volume on the interaction forces mentioned above holds true for all micropillar
arrays with different pitches and all liquid samples. For example, Fig. 4.30 shows the effect of droplet
volume on the on the interaction forces for glycerol droplets, which also demonstrates that the average
normal force inside the contact area decreased as the volume of the droplet increased and the maximum
pulling forces at the receding edge did not depend on the droplet size. For other sensors and liquid samples,

the results are shown in Fig. A. 12 to Fig. A. 17 in Appendix 1.
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Fig. 4.32 Relationship between the maximum pulling force in the normal direction at the receding
edge of the droplet and the ratio of pillar interval per pillar width. The line indicates the fitting of
points to function y = ax® with a = 1.49, b = 0.57.
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Fig. 4.33 Effect of the micropillar array pitch on the average normal force over the contact area in

case of water droplets. The plot legend indicates the pitches of the micropillar arrays.

Of course, the local interaction between the micropillar and the liquid bridge depends on the geometrical
parameters of the micropillar array such as the shape and size of a micropillar and the pitch between two

adjacent micropillars. The effect of the micropillar array pitch will be discussed in the next section.
Effect of micropillar array density

The effect of the micropillar pitch on the maximum pulling force in the normal direction at the receding
edge of the droplet Fzrec is shown in Fig. 4.31. It is shown that Fzrec increases as the interval of the pillar

increases. Since the volume of the droplet does not affect the value of Fzrec, We can take the average value
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Fig. 4.34 Relationship between the average normal force inside the contact area for droplets of 1 uLL
and the ratio of the pillar interval per pillar width. The line indicates the fitting result of the data by

a function y = 0.28x%6%,
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Fig. 4.35 Effect of the micropillar array pitch on the maximum pulling force at the receding edge in

shear direction. The plot legend indicates the pitches of the micropillar arrays.

of Fzrec from the values for droplets with different volume. The result, as depicted in Fig. 4.32, shows that
the maximum pulling force at the receding edge of the droplet is a weak function of the ratio p/w, where p,
w are the pitch of the micropillar array and the micropillar pitch. This result suggests that the deformation
of the local liquid bridge at the receding edge is more distorted when the micropillar array becomes sparser
causing the larger maximum pulling force in the normal direction.

The effect of the micropillar interval on the average normal force over the inner region of the contact area,
for example, in the case of water droplets is shown in Fig. 4.33. It is clear that for droplets with the same
volume, the normal force inside the contact area increase as the pitch of the micropillar array increases,

which is quite obvious because the number of micropillar over unit area decreases when the pitch of the
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Fig. 4.36 Average maximum pulling force at the receding edge in shear direction plotted again p/w.
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Fig. 4.37 Effect of the micropillar array pitch on the maximum pulling force at the receding edge in
shear direction in case of G1W1 liquid sample. The plot legend indicates the pitches of the

micropillar arrays.
micropillar array increases as followed:

1
N ~ >

p (4.5)

If we fit the data with the function Fzmigale = aV° where V (uL) is the droplet volume, then we obtain the
relationship between a and the ratio p/w as shown in Fig. 4.34. It is worth noticing that the coeffient a
represents the average normal force for the droplet of 1 pL, for which the effect of gravity can be neglected.

By fitting the relationship between a and p/w, we obtain a = 0.28 (p/w)*1. The exponentiation coefficient
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Fig. 4.38 Effect of the micropillar array pitch on the average normal force over the inner region of
the contact area in case of GIW1 liquid sample. The plot legend indicates the pitches of the

micropillar arrays.
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Fig. 4.39 Effect of the micropillar array pitch on the maximum pulling force at the receding edge in
shear direction in case of G1W1 liquid sample. The plot legend indicates the pitches of the

micropillar arrays.

1.61 is slightly different from that in Eq. (4.5), which is thought to be caused by the dependence of the

pulling force in normal direction at the receding edge of the droplet on the pitch of the micropillar array.
For the maximum pulling force in the shear direction Fxrec at the receding edge of the droplet, as shown

in Fig. 4.35, the pitch of the micropillar array does not show clear effect. There were variations of Fxgrec as

the volume of the droplet varied, however, the average value Fxrec Over droplets with different volume, as
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Fig. 4.40 Effect of the liquid viscosity on the maximum pulling force at the receding edge in
normal direction in case of GIW1 liquid sample. The plot legend indicates the liquid samples.
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Fig. 4.41 Effect of the liquid viscosity on the average normal force over the inner region of the

contact area in case of 100 um-pitch micropillar array. The plot legend indicates the liquid samples.

shown in Fig. 4.36 did not obviously depend on the density of the micropillar.
In cases of other liquid samples, the relationship between the pitch of the micropillar and interaction
forces were similar with that in the case of water mentioned above. For example, Fig. 4.37, Fig. 4.38 and

Fig. 4.39 shows the effect of the micropillar pitch on Fzrec, Fzmiddie, and Fxrec respectively.
Effect of the liquid viscosity

The effects of liquid viscosity on the interaction forces during the sliding of droplets, for example, in the
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Fig. 4.42 Effect of the liquid viscosity on the maximum pulling force at the receding edge in shear

direction in case of 100 um-pitch micropillar array. The plot legend indicates the liquid samples.

case of the micropillar with 100 um- pitch, are shown in Fig. 4.40, Fig. 4.41 and Fig. 4.42. The results
show that the interaction forces during the sliding of the droplets did not vary much when the viscosity
changed. It should be reminded that the sliding of droplets in the experiment was in the beginning state
(first several millimeters), in which surface tension is still dominant over the viscosity. Because the surface
tension of prepared liquid samples are not different much (from 63 mN/m for glycerol to 72 mN/m for
water), the interaction forces during the sliding of droplets were not affected significantly by the type of
liquid samples. Only slight differences in the value of the average normal force inside the contact area and
the maximum pulling force in shear direction at the receding edge (Fig. 4.41 and Fig. 4.42 ) were observed,

which are thought to be a result of the difference in surface tension of liquid samples.

4.2.3 Comparison between the measured normal force over the contact area and the
normal force estimated from the high speed camera images

This section presents the comparison between the average measured normal force acting on a micropillar
inside the contact area of a droplet and normal force estimated from the shape of the droplet extracted from
high speed camera images.

Inside the contact area of the droplet the liquid pressure can be estimated from capillary pressure and

hydrostatic pressure as shown in Fig. 4.43 by the following equation:
P= Pcapillary + Phydrostatft (4.6)
where Pcapilary and Phydrostatic are the capillary pressure or pressure jump and the hydrostatic pressure

presenting the effect of the droplet weight. The capillary pressure is determined by the mean curvature

radius of the droplet whereas the hydrostatic pressure is determined by the height of the droplet.

67



Experiments on the droplet sliding

P +P

capillary hydrostatic

Fig. 4.43 Normal force acting on a micropillar inside the contact area of the droplet is resulted from
the liquid pressure.
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Fig. 4.44 Capillary pressure and hydrostatic pressure of the droplets during the sliding.

The values of Pcapiliary and Phydrostatic can be calculated as followed:

2y
Pcapillary = F

4.7)

Phydrostatd = pgh Cosa (4-8)
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Fig. 4.45 Ratio between the measured normal force and the force obtained by high speed camera

images.

where p, R are the liquid surface tension and curvature radius of the droplet at its apex, respectively; p, g, h,
a are the liquid density, gravitational acceleration, droplet height and sliding angle, respectively. The
geometrical parameters of the droplet and the sliding angle can be obtained from the high speed camera
images, from which it is possible to calculate the liquid pressure P.

It has been known that for small droplet whose radius is smaller than capillary length, the capillary
pressure dominates over gravity. This relationship can be confirmed by comparing Pcapitiary and Phydrostatic @S
shown in Fig. 4.44, for example, for water droplets sliding on micropillar with pitches of 75 and 125 um
and glycerol droplets sliding on micropillar with pitches of 100 and 150 um. The result indicates that as the
size of the droplet decreases, the capillary pressure increases and the hydrostatic pressure decreases.
Moreover, for droplets used in the experiment, the capillary pressure is larger than the hydrostatic pressure.

On the other hand, the measured normal force acting on a micropillar Fzmidale is equivalent to the

following liquid pressure

P, _ I:ZM iddle
Measure — 2
p

(4.9)
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where p is the pitch of the micropillar array. By comparing Pmeasure and P, we can evaluate the accuracy of
the measurement. Fig. 4.45 shows the calculated ratios Pmeasure/P for all tested liquid types and micropillar
arrays having the pitches of 75, 100, 125 and 150 um. The result demonstrates that these ratios were
approximately 1, which indicates that the measured normal forces over the contact area of the droplet were

approximately the same with those estimated from the size and shape of the droplet.

4.2.4 Comparison between the measured shear force and the frictional force of the
droplets

This section presents the comparison between the measured shear force acting on a single micropillar and
the frictional force of the droplet obtained from high speed camera images. The frictional forces of the
droplets during the sliding were calculated from the tilt angle of the sensor and the accelerations of the
droplets.

First, sine of the sliding angles of the droplets (the tilt angle of sensor at which the droplet started to slide)
are presented in Fig. 4.46. Each graph shows the results for droplets of the same liquid sample sliding on
micropillar array with different pitches. It is clear that the sliding angle of a droplet decreases as the volume
of the droplet increases. Moreover, for droplets of the same liquid sample with the same volume, the sliding
angle increases as the density of the micropillar array increases.

The frictional force Fs during the sliding of the droplets is then calculated from the sliding angle « and the

sliding acceleration a of the droplet using following relationship:
Fs=m(gsina —a) (4.10)

where m is mass of the droplet which can be calculated from its volume, and g is gravitational acceleration.
The calculation of the sliding acceleration of the droplet was similar to that described in Section 4.2.2. By
tracking the droplet in images of the high speed camera, the sliding distance was obtained and from the
sliding distance, the sliding acceleration was calculated.

The calculated frictional forces are shown in Fig. 4.47. Each graph in the figure presents the results for
each liquid sample and different pitches of the micropillar array. Different from the results related to the
sine of the sliding angle, the frictional force of a droplet increases as the droplet volume increases. This is
because for a larger droplet, more micropillars pulling the droplet back and the frictional force becomes
larger. As shown in previous section, during the sliding of droplets in our experiment, shear force acting on
the micropillars at the receding edge of the droplet is the dominant factor determining the friction of the
droplet. The number of the micropillar at the receding edge of the droplet increases as the size of the
droplet increases or the density of the micropillar array increases. This estimation also agrees with the fact
that the frictional force of the droplets with same volume increases as the pitch of the micropillar array
decreases which can be confirmed in each graph.

For the viscosity of the droplet, its effect on the frictional force of the droplets is shown in Fig. 4.48. In

the figure, each graph presents the frictional forces of droplets of different liquid samples sliding on the
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Fig. 4.46 Relationship between the droplet volume and the sliding angle of the droplets. Each graph
shows the results for droplets of the same liquid sample sliding on micropillar arrays with different
pitches.

same micropillar array. A common tendency can be found in the relationship of the frictional force and the
liquid viscosity is the frictional force increases as the viscosity increases. However, if we compare the
effect of the viscosity and that of the micropillar array density, one can find that the viscosity has less effect
on the frictional forces of the droplet. This is, again, due to the fact that the droplets were sliding at
relatively low velocity. When the sliding velocity of the droplets increases, one can expect to see the effect
of viscosity more clearly. Because of the limitation in the size of the sensors in this study, experiments on
the high velocity regime could not be carried out.
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Fig. 4.47 Frictional force during the sliding of the droplets. Each graph shows the results for droplets of

the same liquid sample sliding on micropillar arrays with different pitches.

From the total frictional force, the average frictional force contributed by one micropillar is estimated.

Assuming that the contact area of the droplet maintains circle during the sliding, the number of micropillar

at the receding edge of the contact area can be estimated as by following equation:

o

Rec

N

(4.11)

where r is the radius of the contact area, and p is the pitch of the micropillar array. This estimation is based

on the assumption that on every length of p of the contact line, there is one micropillar. The contact radius
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Fig. 4.48 Relationship between the droplet volume and the frictional force during the sliding of the
droplets.

of the contact area was obtained from the image of the high speed camera. Because the friction of the
droplet is mainly caused by the adhesion of the droplet at the receding edge of the contact area, the

frictional force on a single micropillar is:

F - K
SAverage ~ N
Rec

(4.12)

where Fs is the total frictional force acting on the droplet described above.
On the other hand, the average shear force Fxaverage acting on a micropillar can be obtained by from the
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Fig. 4.49 Ratio of the average frictional force acting on the micropillar calculated from the frictional

force of the droplet and that measured by the sensor.

output of the sensor.

Next we will compare the values of Fsaverage and Fxaverage. Fig. 4.49 shows the ratio Fsaverager Fxaverage plot
against volume of the droplet for droplets of different liquid types sliding on the same micropillar. The
results show that the ratio for does not depend on the volume of the droplet even the total frictional force
increased as the volume of the droplet increased. Moreover, the ratio Fsaverager Fxaverage for all sensor and
liquid samples overall are not very different from 1, which indicates the strong correlation between the
measured shear force acting on a micropillar and the frictional force of the droplet. The variation of the

ratio from 1 may come from an error of the estimation of Fsaverage. During the sliding, the contact area, of
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course, would deform and have eclipse shape rather than circle. The shape of the ellipse depend on the
contact angle and the size of the contact area. Moreover, due to the discrete micropillar array, the number of
the micropillar at the receding edge of the droplet should be more than the number estimated by Eq. (4.11)
and the actual frictional force should be larger than that estimated by Eq. (4.12). Therefore, the ratio of the
estimated frictional force over the measured shear force for one micropillar were often smaller than 1, for
example in the case of the micropillar array that has 150 um-pitch. Furthermore, the result also indicates
that the ratio Fsaverager Fxaverage 1S greater for liquid having higher viscosity, which agrees with the result
shown in Fig. 4.48: the friction of more viscous liquid sample is larger than that of less viscous liquid

sample, which implies the small effect of viscosity dissipation on the friction of the droplets.

4.3 Vibration during sliding of the droplets on the micropillar arrays

This section discusses the sliding induced vibration of the droplet and the effect of the micropillar array
pitch and liquid viscosity on the frequency of the vibration. It should be clear that this “sliding induced”
vibration of the droplet differs from the resonance vibration of the droplet which will be discussed in the

next chapter.

4.3.1 Sliding induced vibration of droplet

It was mentioned in previous section, when a water droplet sliding on a micropillar array, a fluctuation in
the output of the sensor was seen, especially when the sensor was close to the receding edge of the droplet.
In order to evaluate the frequency spectrum of the vibration, Discrete Fourier Transform (DFT) was
conducted for the normal force over the inner region of the contact area. Moreover, DFT was also
conducted for the normal force just before the droplet contact the micropillar as noise lever. The duration of
the noise lever was the same with that of the normal force during the contact of the sensor with the inner
region of droplet base.

Fig. 4.50 and Fig. 4.51 show the results for the cases of 2.9 and 17 pL water droplets sliding on the
micropillar array with 75 um-pitch. The zoom views ((b) in each Figure) show the normal forces during the
last approximately 10 ms before the micropillar contacting the receding edge of the droplet. The result
confirms the high frequency (several kHz) fluctuation of the normal forces in both cases. The DFT
spectrum corresponding to the normal force over the inner region of the contact area of the droplets (shown
in purple color in Fig. 4.50 (a) and Fig. 4.51 (a)) are shown in Fig. 4.50 (d) and Fig. 4.51 (d). Comparing to
the spectrum of the noise lever, it is clear that the normal force during the sliding of the droplet includes
fluctuations over a high frequency band around 10 kHz. Moreover, the frequency band of these fluctuations
were the similar for two droplets which had significantly different size (2.9 and 17 uL) which indicates the
independence of the vibration frequency on the volume of the droplet.

Furthermore, effect of the sliding velocity on the frequency of the vibration was also investigated. As
shown in Fig. 4.52. Three 10uL water droplets were first deposited at different distances from the sensor so

that when the droplets slide through the sensor, their sliding velocities were different. The closer the initial
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Fig. 4.52 Initial locations and the sliding distances of three water droplets having the same volume.
The pitch of the micropillar is 75 um.

location of the droplet to the sensor, the smaller the droplet velocity when it slides through the sensor.

From the sliding distances, the average sliding velocities of three droplet were calculated to be 3, 10 and
25 (mm/s), respectively. Nevertheless, as shown in Fig. 4.53, the frequency spectra of normal forces during
the sliding of three droplet are similar with the vibration over the frequency range around 10 kHz. These
properties of the frequency spectra give a hint that the fluctuation in the normal force during the sliding of a
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Fig. 4.53 Frequency spectrum of normal forces and noise lever during the sliding of the three water
droplets having the same volume, but different sliding velocities.
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Droplet
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Fig. 4.54 Liquid legs developed at the receding edge of the droplet during sliding.

droplet is not caused by the macro sliding motion of the droplet, but rather by the local detachment of the
liquid legs from each micropillar. A schematic illustration of the development of these liquid legs at the
receding edge of the droplet is shown in Fig. 4.54. These liquid legs can be modeled using a spring-mass
system as shown in Fig. 4.55. During the sliding of the droplet, the liquid moves forward and pulls the
liquid legs from the micropillars at the receding edge. Since the liquid adheres to the micropillar, the
pulling force induces the deformation of the liquid legs until the elastic force exceeds the adhesion force.
Elastic energy stored in the deformation of the liquid legs releases after the detachment of each liquid leg
causing the vibration propagating to the entire droplet. The detachment mechanism of the liquid leg at the
receding edge of a sliding droplet can be also confirmed in images obtained by the high speed camera. Fig.
4.56 shows detachment of a liquid leg during sliding of a droplet on a 175 um-pitch micropillar array. The
record rate in this case was 40000 fps. From the images, one can easily confirm the development and the
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Fig. 4.55 Liquid leg detachment induced vibration.

0.05 ms 0.1 ms

0ms

Liquid leg Detach/

Fig. 4.56 Snapshots of the high speed camera showing the detachment of a liquid leg from the

micropillar. Scale bar is 1 mm.

detachment of the liquid leg from micropillar at the receding edge of the droplet.

Since the detachment of the liquid leg induces the release of the elastic energy stored as the spring-mass
model, the frequency of the vibration propagating to the entire droplet is determined by the vibration
frequency of this spring-mass model. As shown in Chapter 2, the spring constant of the liquid leg in

relationship with the pitch of the micropillar is:

~ V4
In(2P)
w

(4.13)

where p and w are the pitch of the micropillar array and the width of the micropillar, respectively. If we

ignore the effect of viscosity, the resonant frequency of the sping-mass model is:
k

f~ |—

m (4.14)

where m is the mass of the liquid leg, scaling as m = wp?. Thus, we obtained the relationship between the
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Pitch: 100 um; Liquid: water
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Fig. 4.57 Frequency spectra of the normal force and noise during the sliding of water droplets with
different volumes on the micropillar array of 100 um-pitch. Each line in the graph represents the
spectrum for one droplet.

resonant frequency of the liquid leg and the pitch of the micropillar as followed:

(4.15)

which indicates that the frequency of the vibration reduces as the pitch of the increases. This relationship
between the vibration frequency and the pitch of the micropillar array will be verified later in this section.
Eq (4.15) also predicts that the frequency of the sliding-induced vibration of the droplets does not depend
on the droplet volume nor the sliding velocity of the droplet; which agrees with previously mentioned
results (Fig. 4.50, Fig. 4.51 and Fig. 4.53).

A further analysis on the effect of the droplet volume is presented in Fig. 4.57. The graph shows the
frequency spectra for all tested water droplets having volumes ranging from 2 to 40 uL sliding on the 100
um-pitch micropillar array. The result demonstrates that the spectra for all the droplet have the similar
shape, thus, we can derive the “average spectrum” from those of droplets with different volume for the
same liquid type and micropillar array. The results for other liquid samples and micropillar arrays are
shown in Fig. A. 18 to Fig. A. 22 of Appendix 1.

The calculation of the average spectrums is described as followed:

® For each individual experiment, for example, a droplet of volume V;of the liquid type |, sliding on

the micropillar array with the pitch px, an interpolation function gijx (order 1) is obtained from the
frequency spectrum of normal force (discrete data).

® For all the droplets of the same liquid type sliding on the same micropillar array, the average
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Fig. 4.58 The average spectrum of the normal force during the sliding of the water and G1W1
droplets on the micropillar arrays of different pitches.

spectrum function is gjk obtained as following:

1 W
O = N_Z Oijk

jk =1

(4.16)

where Nijk is the number of the droplets of liquid type j, tested on the micropillar array with the pitch px.
Effect of the micropillar array pitch on the frequency of the vibration

Fig. 4.58 shows the average spectra of the normal force in cases of, for example, water droplets sliding on
the micropillar arrays. From the results, it is shown that as the pitch of the micropillar array increases, the
frequency spectrum of the normal force shift toward the low frequency region. In other words, the
frequency of the fluctuation in the normal force of the sensor decreases as the pitch of the micropillar
increases which agrees with tendency described by the Eq. (4.15). Each spectrum is not sharp but exhibits

large amplitude over a range of frequency. Because during the sliding of the droplets, at the receding edge,
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Fig. 4.59 The average spectrum of the normal force during the sliding of the G1W1 droplets on the

micropillar arrays of different pitches.

the liquid does not detach from one by one micropillar but simultaneously from multiple micropillars. The
vibrations caused by the detachments of the liquid from multiple micropillars interact resulting in a band of
the frequency over which the large amplitude of the vibration is found. Nevertheless, the effect of the pitch
of the micropillar array was clearly observed in the shift of spectrum. For other liquid types, the similar
relationship between the pitch of the micropillar array and the spectrum of the vibration are obtained as
shown in Fig. 4.59 for the case of GIW1.

Effect of the liquid viscosity on the frequency of the vibration

Fig. 4.60 shows the average spectra of the normal forces during the sliding of droplets of different liquid
types on the same micropillar arrays which have the pitches of 75, 100 and 125 pm, respectively. The result
also indicates that there is a shift in the frequency and the amplitude of the vibration toward lower
frequency region as the viscosity of the liquid increases. Moreover, the vibration amplitude significantly
reduced as the viscosity of the droplet increases, which implies the damping effect of the viscosity on the
vibration. As shown previously in Fig. 4.55, the vibration of the droplets during the sliding is caused by the
detachment of the liquid legs from the micropillars at the receding edge of the droplets. The detachment of
the liquid legs releases the stored elastic energy that will then propagate as surface wave causing the
vibration of the entire droplet. In the propagation of the vibration, viscosity plays the role damping: the

higher the viscosity is, the lower the vibration amplitude is. This explains why the amplitude of the normal
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Fig. 4.60 The average spectrum of the normal force during the sliding of droplets of different liquid
types on the 75 um-pitch micropillar array.

force decreases as the viscosity of the liquid increases.
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Fig. 4.61 Relationship between the liquid viscosity and the integrated power of the normal force

spectrum.

We can further quantitatively investigate the effect of liquid viscosity from the aspect of vibration energy.

Since the frequency spectrum obtained by Fourier transform also presents the power density of the
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vibration, integration of this spectrum presents the energy of the vibration. Fig. 4.61 shows the relationship
between the liquid viscosity and the integrated power obtained from the DFT spectra. Each graph shows the
result for different liquid types and the same micropillar array. It is clear that as the viscosity of the liquid
increases, the integrated power decreases, indicating that the decrease in the vibration energy. The results
also demonstrate the possibility of estimating liquid viscosity from the output of the sensor during the

sliding of the droplets.
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Chapter 5 Experiments on droplet vibration

This chapter reports on measurement of the interaction forces in normal direction during the virbation of
liquid droplets on the fabricated cantilever array. First, the experimental setup and preparation are described.
Then, the results on the normal force distribution during the vibration of a water droplet is reported. Next,
the relationship between liquid viscosity and the decay rate of the vibration is discussed and the ability of
the proposed cantilever array to measure the viscosity of small droplet is demonstrated. Finally, the tapping

induced vibration of the droplets are investigated.

5.1 Experimental setup and liquid sample preparation

Experimental setup

The experimental setup to investigate the vibration of liquid droplet on the fabricated cantilever array is
shown in Fig. 5.1. The fabricated sensor array was first attached to the piezo-stage which was used in the
calibration of the sensors. Droplets were then deposited onto the cantilever array using a glass-tube
connected to a syringe. A function generator was used to apply a sine wave voltage to the piezo-stage to
induce a periodical displacement of the piezo-stage in vertical direction. The frequency of the voltage and

thus, the frequency of the piezo-stage vibration were controlled by the function generator.

Similarly to the experiments on droplet sliding, the resistance changes of the cantilever array were
measured by Wheatstone bridge circuits and a scopecoder at the sampling rate of 2 kSps. Moreover, the

motion of the droplet was captured by the high speed camera at 2 kfps.

Liquid sample preparation

The liquid samples using in the experiment on droplet vibration were water and water-glycerol solutions
with mixture ratios varying in the range of glycerol 17% to glycerol 75%. The viscosity of the liquid
samples was measured using the EMS viscometer as described in Section 4.1. The measured viscosity of

all liquid samples are given in Table 5.1.
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Fig. 5.1 Experimental setup to investigate the vibration of droplets. Copyright 2015 IEEE.

Table 5.1 Measured viscosity of the liquid samples at 23°C.

Water - glycerol solution Viscosity (mPa-s)
Water 0.97
Glycerol 17% 19
Glycerol 25% 2.4
Glycerol 33% 3.0
Glycerol 50% 6.8
Glycerol 75% 42.7

5.2 Experimental results

Normal force distribution along the contact diameter of a droplet during vibration

The normal distribution during the vibration of a water droplet was measured the cantilever array. A water
droplet was deposited on the cantilever array so that the base diameter of the droplet was supported by
exact thirteen fabricated sensor. The position of the droplet was adjusted manually by dragging the droplet
using the glass tube.

As shown in Fig. 5.2, there were thirteen pillar under the base diameter of the droplet. Moreover, as
shown later, when the droplet vibrated, all the resistance of the cantilever changed; therefore, we can be

sure that the droplet base diameter was supported by exact thirteen micropillars of the cantilever array. The
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Fig. 5.2 A snap shot of the high speed camera showing the droplet on the cantilever array. There

were exact 13 cantilevers underneath the base diameter of the droplet. Scale bar is 1 mm.

1.5 ms 3.0 ms 4.5 ms 6.0 ms
7.5 ms 9.0 ms 10.5 ms 12.0 ms 13.5 ms

OO0

Fig. 5.3 Snapshots of the high speed camera showing the vibration of the droplet

cantilevers are marked as S1 to S13 as shown in Fig. 5.2.

First, the resonant frequency of the droplet was obtained by manually sweeping the frequency of the
piezo-stage while monitoring the output of the cantilever. In this case the resonant frequency of the droplet
was found to be 75.7 Hz, which is corresponding to the 2" mode of the droplet oscillation. The motion of
the droplet when vibrating at 75.7 Hz is shown in Fig. 5.3. It is confirmed that the droplet vibrated in the
mode n = 2 (Eq. (2.14)) with mainly the motion in vertical direction. Notice that the time in each snapshot
was relative with the time of the first snapshot t = 0 ms.

The normal change at cantilever S1 in response to the vibration of the piezo-stage is shown in Fig. 5.4.
The vibration amplitude of the piezo-stage was approximately 2 um. As we can see from the results, when
the vibration of the piezo-stage started, the normal force at S1 also gradually increased its vibration

amplitude and became stable approximately 1 second after the beginning of the vibration. The zoom view
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Fig. 5.4 Normal force change at the position of cantilever S1 in response to vibration of the
piezo-stage.

of the vibrations in Fig. 5.4 (b) shows that the normal force at S1 also changed periodically at the same
frequency of the piezo-stage vibration. A slight delay can be found between the vibration of the piezo-stage
and the change of the normal force at S1.

When the piezo-stage is turned off, the amplitude of the normal force change at S1 slowly decreased and
became almost zero after 2 seconds. The delay in responses and slowly decay of normal is thought to be

caused by the low viscosity of the water droplet.
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Fig. 5.5 Normal force change at sensor S1, S2 and S7 during two periods of the vibration.
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Fig. 5.6 The amplitude of the normal force change at each sensor.

The normal force changes at cantilevers S1, S2 and S7 are shown in Fig. 5.5. Here the positive direction

of the normal is defined to be the same direction of gravity, which means that when the normal force is

positive, the sensor is pushed downward and vice versa. The normal force changes and the synchronized
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Fig. 5.7 Resonant frequency of 0.5 uLL and 30 uL water droplets.

images shows that, when the droplet move upward or downward, the micropillar close to the edge of the
contact area were also pulled upward or downward, respectively. Moreover, the amplitude of the normal
force change at all cantilevers were not the same but depends on the location of the cantilever.

From the change in normal force at each cantilever, the amplitude (peak to peak) can be easily obtained
and is shown in Fig. 5.6. It is clear that, the normal force change is largest at the edge of the droplet contact
area (S1 and S13) and decreases as getting closer to the center of the contact area (S7). In fact, the
amplitude of the normal force change at S1 was approximately 117 times larger than that at S7. This result
suggests that for the measurement of the droplet vibration using cantilevers, the optimized location of the

sensor should be on the periphery of the contact area between the droplet and the substrate.
Effect of the droplet volume on the vibration frequency

The resonant frequency of water droplets with different volume was investigated by sweeping the
frequency of the piezo-stage vibration. By measuring the resistance change of a cantilever at the edge of the
contact area (at which the normal force is largest as proven above), it is possible to detect the resonant
frequency of the droplet. Fig. 5.7 shows the result for water droplets with volume of 0.5 pL and 30 uL. The
frequency was swept in the range of 1 to 200 Hz. It is shown that the droplets exhibit multiple resonant
modes which has been shown in previous research. At the second mode of the vibration related to the
vibration of the droplet in vertical direction, the output of the cantilever was largest.

The relationship between the droplet volume and the resonant frequency at mode n = 2 () of the droplet is
shown in Fig. 5.8. The result confirms that as the volume of the droplet increases, the frequency of the
vibration decreases. The resonant frequencies at mode n = 2 of 0.5 uL and 30 uL water droplets were 31.6

and 185.6 Hz, respectively. Moreover, by fitting the data with the function f = aV®, where f is frequency
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Fig. 5.8 Resonant frequency of 0.5 ulL and 30 uL water droplets.

and V is droplet volume, we obtain: f = 132 V04  which indicates that the frequency is inversely
proportional to the square root of the volume. This result is in good agreement with the theoretical

estimation (theoretical slope -0.5) provided in Eq. (2.14) in Chapter 2.
Effect of the liquid viscosity on the vibration decay and its application in viscosity measurement

As shown in Fig. 5.4 (a), a water droplet slowly attenuated after the piezo-stage was turned off. The
relationship between the liquid viscosity and the attenuation rate of the droplet vibration was investigated
using liquid samples shown in Table 5.1. In the experiment, the volume of droplets were all 3 uL. For each
droplet, the droplet was vibrated at the mode n = 2 resonant frequency obtained beforehand by sweeping
the frequency of the piezo-stage as shown previously. Then the piezo-stage was turned off to let the
vibration of the droplet attenuate. The output of the cantilever on the periphery of the contact area was used
because it has largest output among the cantilever array.

The results for water (viscosity 1 mPa-s) and glycerol 33% solution (viscosity 3 mPa-s) droplets are shown
in Fig. 5.9. It is clear that vibration of more viscous droplet attenuates faster due to the viscosity induced
damping. To quantitatively clarify the relationship between the liquid viscosity and the attenuation of the
droplet vibration, the attenuation rate g (-) of each droplet vibration was obtained by fitting the decay of the
cantilever output with a function y = aE#* where t (s) is time.

The relationship between liquid viscosity and the attenuation rate g (-) is shown in Fig. 5.10. The result
shows that the attenuation rate of a droplet increases almost linearly with the increase of the liquid viscosity.
Therefore, by measuring the attenuation rate of the cantilever output, it is possible to estimate the viscosity
of a droplet. This method to measure the liquid viscosity benefits an advantage of small volume required of
liquid sample (in the experiment, 3 pL droplets were demonstrated), which is highly desirable in point-
of-care testing and droplet-based sensing. In point-of-care sensing, only limited amount liquid sample is
available. Moreover, in droplet-based sensing, it is advantageous when using small droplet to utilize the

effect of surface area over the droplet volume.
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Fig. 5.9 Attenuation of the droplet vibration after the vibration of the piezo-stage was turned off for
droplets of water and glycerol 33% solution. Scale bar is 1 mm. Copyright 2015 IEEE.
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Fig. 5.10 Relationship between liquid viscosity and the attenuation rate of the droplet vibration
after the vibration of the piezo-stage was turned off. Copyright 2015 IEEE.

Therefore, the viscosity measurement method based on the droplet vibration proposed in this study is

expected to be useful in point-of-care testing and droplet-based sensing.

Effect of the droplet volume on the decay rate of the vibration

As one can notices from Eqg. (2.16), theoretically, beside viscosity, the volume of the droplet is also a factor
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Fig. 5.12 Relationship between the droplet volume and the attenuation rate of the droplet vibration.

that determines the damping of the droplet free vibration. To confirm this relationship, water and G1W1
(glycerol/water 50% solution) droplets with different volume were tested. The relationship between the
droplet volume and the attenuation rate of the vibration is shown in Fig. 5.11. The results show that when
the volume of the droplet increases, the attenuation rate of the vibration decreases, agreeing with Eq. (2.16).
By fitting the data, we obtain the slopes for water and G1W1 to be -0.6 and -0.55, respectively, which are in
the order with theoretical value (-0.67) obtained from Eq. (2.16). Moreover, the results also indicate that
the attenuation rate of the vibration of a water droplet is smaller than that of a GIW1 droplet having the
same volume. However, if we combine all the factors: viscosity, density and volume as shown in Eq. (2.16),
a relationship between this combination and the attenuation rate is obtained as shown in Fig. 5.12. Despite

of the difference in viscosity, results for both water and GIW1 show a good agreement with theoretical
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Fig. 5.13 Conceptual sketch of the experimental setup to investigate tapping induced vibration of
the droplets.

Fig. 5.14 A photograph of the experiment to investigate the tapping induced vibration of the
droplet.

prediction. The slope of the fitting line is 0.92 which is also close to theoretical value 1.
In summary, it has been experimentally demonstrated that the attenuation rate of the droplet vibration is
affected by the viscosity and droplet volume. Nevertheless, for a droplet with known volume, the viscosity

of the liquid can be estimated from the attenuation rate of the cantilever output.

Tapping induced vibration of the droplet

In the previous experiments, the vibration of the droplet was induced by shaking the substrate using a
piezo-stage which allows us to obtain the vibration at a single frequency. In this section, the tapping

induced vibration of the droplet as shown in Fig. 5.13 is investigated. By gently tapping the substrate, the
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Fig. 5.15 A photograph showing the real time measured signal of the cantilever for each tapping.
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Fig. 5.16 Responses of the cantilever when tapping and when shaking the substrate by the vibrator.

vibration wave resulted from the tapping will propagate through the substrate to the droplet which in turn
will absorb this propagated energy and vibrate. The experimental setup used to investigate this tapping
induced vibration of the droplet is shown in Fig. 5.14 and Fig. 5.15. The cantilever at the edge of the
droplet was used to measure the signal since it has largest response as mentioned previously. Moreover, the
resonant vibration of the droplet was also measured in comparison by shaking the substrate using a vibrator
(Bruel & Kjeer, Mini-shaker Type 4810) as has been done in previous experiment. Fig. 5.16 shows the
responses of the cantilever when tapping the substrate and when shaking the substrate by the vibrator in the
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Fig. 5.17 Snapshots of the high speed camera showing the motion of the droplet when tapping is
induced.

case of a 1.1 uL water droplet. The frequency of the vibrator was 131 Hz, which was the n = 2 mode
resonance frequency of the droplet.

It can be confirmed from the graph that both tapping and shaking by the vibrator can induce the vibration
of the droplet. The tapping induced vibration immediately decays just after the tapping. Snapshots of the
high speed camera showing the motion of the droplet when tapping the substrate are presented in Fig. 5.17.
The red dashed lines show the initial position of the droplet apex. At around t = 3.381 s, the substrate was
tapped and the droplet started to vibrate. Agreeing with the sensor output shown in Fig. 5.16, the vibration
of the droplet gradually decayed just after the tapping.

Next, let us compare the attenuation rate of the tapping induced vibration and the forced vibration by
shaking the substrate using the vibrator (hereafter, is called “forced vibration™). The decays of the two
vibrations are shown in Fig. 5.18. Here the outputs of the cantilever were first normalized and then
matched the original time when the vibrations started to decay. The result demonstrates that, the frequency
and the attenuation rate of both signal were approximately the same. The sensor output for the tapping
induced vibration shows a fluctuation from that for the forced vibration applied by the vibrator. This result
indicates that the tapping induced vibration of the droplet includes not only n = 2, but also other modes of

the droplet resonant vibration.
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Fig. 5.19 Frequency spectrum of the tapping induced vibration and the forced vibration of the
droplet.

The frequency spectrum of the two vibration shown in Fig. 5.18 are shown in Fig. 5.19. The frequency of
forced vibration is relatively sharp with only one peak at n = 2 frequency. On the other hand, the frequency
spectrum of the tapping induced vibration consists of several peaks corresponding to multiple modes of the
vibration. Beside n = 2 mode, the n = 3, 4 modes and lateral swinging can be found in the frequency
spectrum of the tapping induced droplet vibration.

However, as shown in Fig. 5.18, the vibration at frequency of n = 2 resonant mode is dominant even in the
tapping induced vibration of the droplet. Therefore, we observed the similar attenuation rates of the tapping
induced vibration and forced vibration. This result implies that, in actual applications such as viscosity

measurement based on droplet vibration, the external vibrator may not needed to induce the droplet
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vibration. Instead, the vibration of the droplet can be simply induced by tapping the substrate and thus, the
sensing system can be easily made simple and portable.

The experimental results for a G1W1 droplet are shown in Appendix 1.
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Chapter 6  Conclusion

In this study, MEMS based force sensors were proposed to measure the interaction force distribution on
the contact area during the sliding and vibration of liquid droplets on a solid substrate. The proposed
MEMS based sensors were shown to have many advantages such as miniaturized size, high sensitivity, high
time resolution, by which, the dynamic interaction forces between a single microstructure of the substrate
and the droplet could be directly measured. This study has provided a quantitative clarification of the
liquid-solid interaction force distribution on the contact area of a droplet during the sliding and vibration,
which could not be obtained by the conventional methods based on observation. It was shown that, the
measured interaction forces on the contact area can provide the information related to the dynamical
behaviors of the droplet as well as the liquid properties and surface roughness of the substrate. Most
importantly, the proposed sensors were able detect the delicate vibration of the droplet during the sliding on
a textured surface. From the frequency and magnitude of this sliding induced vibration, information on the
surface roughness and liquid viscosity could be obtained. Moreover, the proposed sensor were also able to
measure the resonant vibration of droplets, from which the liquid viscosity could be estimated. Therefore,
MEMS based force sensors in this study are useful tools not only for the studying the dynamical behavior

of droplets but also for the liquid evaluation and sensing applications.

In details, the following results are obtained in this study:
Interaction forces during the sliding of a droplet

Normal and shear forces acting on a micropillar during the sliding of the droplets in the first several
millimeters of sliding distance were measured, from which the distribution of these forces along the contact
area of the droplets were obtained. It is experimentally shown that the micropillar is pulled upward when
contacting with both advancing and receding edges of the contact area which is caused the vertical
component of the surface tension. Inside the contact area, the micropillar is pushed down by the liquid
pressure. For the interaction in shear direction, the micropillar is pulled backward and forward when

contacting with the advancing and receding edges of the contact area, respectively. The forces at the
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receding edge are larger than those at the advancing edge due to the difference in contact angle of the
droplet at these edges. Inside the contact area, the shear force is small indicating that for the first several
millimeters of sliding distance, the frictional force of the droplet is mainly caused by the adhesion of the

droplet to substrate at the receding edge.

A comparison between the interaction forces during the sliding of a droplet on a flat surface and those
during the sliding of a droplet on a micropillar array is reported. The most significant difference between
these two cases is the gradient of the normal force along the contact area found in the case of flat surface.
The gradient is suggested to be a result of the large difference in curvature at advancing and receding edge

of the droplet caused by the large contact angle hysteresis of a droplet on a flat surface.

Effects of droplet volume, pillar density and liquid viscosity on the interaction forces is investigated.
Increasing the volume leads to the reduction of the normal inside the contact area of the droplet due to the
decrease of Laplace pressure as the droplet becomes larger. The normal force on a micropillar also increase
if the pitch of the micropillar increases. The maximum absolute values of the normal and shear forces at the
receding edge of the droplets do not depend on the volume of the droplet, which indicates that interaction
between the droplet and a micropillar at the receding edge is determined by the local geometrical
parameters such as size and interval of the micropillars. It is also shown that as the pitch of the micropillar
array increases, the maximum normal force at the receding edge increases while the maximum shear force
does not vary significantly. Viscosity shows a little effect on the value of the average value of the

interaction forces since the droplet is still in the limit where surface tension dominates.

Most importantly, using MEMS-based force sensor, it is possible to detect the vibration of the droplet
during the sliding on micropillar array. The frequencies of this vibration distribute over a range of several to
ten kHz. Droplet volume and sliding velocity do not affect the range of this vibration which suggests that
the vibration is caused by the detachment of each liquid leg adhered to a micropillar at the receding of the
droplet. This suggestion is supported by the result that the frequency range of the vibration shifts toward
lower region if the interval of the micropillar increases. Viscosity also shows an effect to lower the
frequency of the vibration due to the damping. From the experimental result, it was shown that the viscosity

of the droplet can be estimated by integrating the frequency spectrum of the vibration.

Interaction force distribution during the vibration of droplets

Using an array of piezoresistive cantilevers, the normal force between a vibrating droplet and a
micropillar array is studied. It is shown that the normal force between the droplet and a micropillar during
vibration greatly depends on the location of the micropillar. Measurement results for a 3 pL water droplet
demonstrate that the amplitude of the normal force change at a micropillar on the peripheral of the contact
is more than 100 times larger than that at a micropillar close to the center of the contact area. The cantilever

array is also used to investigate the frequency and damping factor of the droplet vibration. As one of the

101



Conclusion

applications, the proposed cantilever array was shown to be able to measure the viscosity of small droplet

(3 uL) based on the attenuation rate of the cantilever output.

Finally, a demonstration on the measurement of the tapping induced vibration was provided. In fact, just
by tapping the substrate, we could obtain the resonant vibrations of the droplet, which indicates that the
actual sensing devices based on droplet vibration can be very simple since an external vibrator might not be

needed.
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Appendix 1

Experimental results
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Fig. A. 1 Interaction forces during the sliding of a 3.4 uL G3W1 droplet and 12 pL. G3W1 droplet on the

sensor with a 75 um pitch micro pillar

array.
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Fig. A. 2 Interaction forces during the sliding of a 3.5 uL G1W1 droplet and 17 pL. G1W1 droplet on the

sensor with a 75 um pitch micro pillar

array.
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Fig. A. 3 Interaction forces during the sliding of a 3.0 uL glycerol droplet and 22 uL glycerol droplet on the

sensor with a 75 um- pitch micro pillar array.
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Fig. A. 4 Interaction forces during the sliding of a 4.0 uL. G1IW1 droplet and 17 uL. G1IW1 droplet on the
sensor with a 100 um pitch micro pillar array..
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Fig. A. 5 Interaction forces during the sliding of a 3.0 uL G3W1 droplet and 13 G3W1 water droplet on the

sensor with a 100 um pitch micro pillar array.
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Fig. A. 6 Interaction forces during the sliding of a 3.5 uL GOW1 droplet and 14 pL. GO9W1 droplet on the

sensor with a 100 um pitch micro pillar array.
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Pillar pitch: 100 pm; Liquid: glycerol
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Fig. A. 7 Interaction forces during the sliding of a 3.0 uL glycerol droplet and 20 uL glycerol droplet on the
sensor with a 100 um pitch micro pillar array.
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Fig. A. 8 Interaction forces during the sliding of a 3.1 uL G1W1 droplet and 18 pL. G1W1 droplet on the
sensor with a 150 um pitch micro pillar array.
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Fig. A. 9 Interaction forces during the sliding of a 4.5 uLL G3W1 droplet and 21 pL. G3W1 droplet on the
sensor with a 150 um pitch micro pillar array.
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Fig. A. 10 Interaction forces during the sliding of a 6.6 uL. G9W1 droplet and 21 uL. G9W1 droplet on the
sensor with a 125 um pitch micro pillar array.
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Pillar pitch: 150 ym; Liquid: glycerol
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Fig. A. 11 Interaction forces during the sliding of a 3.3 uL glycerol droplet and 18 pL glycerol droplet on
the sensor with a 125 um pitch micro pillar array.
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Pillar pitch: 75 ym; Liquid: G1W1
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Fig. A. 12 Effect of droplet volume on the interaction forces.
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Fig. A. 13 Effect of droplet volume on the interaction forces (continued).

Pillar pitch: 100 ym; Liquid: Water
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Fig. A. 14 Effect of droplet volume on the interaction forces (continued).
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Fig. A. 15 Effect of droplet volume on the interaction forces (continued).
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Pillar pitch: 150 ym; Liquid: Water
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Fig. A. 17 Effect of droplet volume on the interaction forces (continued).
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Pitch: 75 um; Liquid: water
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Fig. A. 18 Spectrums of the normal force during the sliding of the droplet on 75 pm-pitch

micropillar array.
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Fig. A. 19 Spectrums of the normal force during the sliding of the droplets on 100 um-pitch

micropillar array.
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Pitch: 125 uym; Liquid: water
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Fig. A. 20 Spectrums of the normal force during the sliding of the droplets on 125 um-pitch

micropillar array.
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Fig. A. 21 Spectrums of the normal force during the sliding of the droplets on 125 um-pitch

micropillar array.
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Pitch: 175 ym; Liquid: water
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Fig. A. 22 Spectrums of the normal force during the sliding of water droplets on 175 pm-pitch

micropillar array.

Comparison of the normal force during the vibration of droplet

(@) (b)

Contact angle 155° Contact angle 135°

Fig. A. 23 Maximum and minimum contact angle during the vibration of the droplet.

During the vibration of the droplet described in Fig. 5.5, the maximum and minimum of the contact angle can
be obtained optically by extracting the profile of the droplet as shown in Fig. A. 23. During the vibration of the
droplet, the maximum and minimum contact angle were 155°and 135°, respectively.

Moreover, from the contact angle, the amplitude of the normal force change at the edge of the contact area can

be estimated as followed:
AF =4wy(sin135°—sin155°) (A1)
where w = 30 pm is the width of the pillar; y = 72 mN/m is the surface tension of water.

Thus, we obtain  AF = 2.46 uN, which is the almost the same with the amplitude of the normal force change

measured by the sensor S1 (2.51 uN).
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Result on the tapping induced vibration of a G1W1 droplet
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Fig. A. 24 Output of the cantilever when tapping the substrate and when shaking the substrate.
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Fig. A. 25 Snapshots of the high speed camera showing the motion of the droplet when tapping is
induced.
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Fig. A. 26 Attenuation rate of the two vibrations.

Fig. A. 27 Frequency spectrum of the tapping induced vibration and the forced vibration of the

droplet.
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Vibration mode of the droplet

0Oms 1ms 2ms 3ms

4 ms 5ms 6 ms 7 ms

9 ms 10 ms 11 ms 12 ms

13 ms 14 ms 15 ms 16 ms

17 ms 18 ms 19 ms 20 ms

Frequency 76 Hz

Resistance change (-)

0 0.01 0.02 0.03 0.04 0.05
Time(s)

Fig. A. 28 Vibration mode n = 2
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Fig. A. 29 Vibration mode n = 3
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Fig. A. 30 Vibration mode n =4
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Fig. A. 31 Lateral swinging of the droplet.
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Rolling motion of a glycerol droplet

Rolling motion of a glycerol droplet can be observed by tracking a bubble trapped inside the droplet as shown

in the following snapshot series of the high speed camera.

Bubble

ders.. i 24s. his

Fig. A. 32 Snapshots of the high speed camera showing the rolling motion of a glycerol droplet
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Appendix 2 Chemicals
Table B. 1 Chemicals used in this study
Chemicals Producers Usage
OFPR-800LB 23cp Tokyo Ohka Kogyo Co. Pattern silicon
KMPR-1035 MicroChem Co. Form the micropillar
AZP-4620 MicroChem Co. Cover layer when etching the

device silicon layer

NMD-3 (TMAH 2.38%) Tokyo Ohka Kogyo Co. Develop photoresist
OAP Tokyo Ohka Kogyo Co. Adhesive layer for photoresist
coating
Acetone (CH3COCHS3, 99.5%) Wako Pure Chemical Industries, Remove photoresist and
Ltd. vacuum oil
IPA (CH3CH(OH)CH3, 99.7%) Wako Pure Chemical Industries, Remove photoresist and
Ltd. vacuum oil
Ethanol (CH3CH20H, 99.5%) Wako Pure Chemical Industries, Remove photoresist and
Ltd. vacuum oil
Hydrofluoric acid (HF, 46%) Wako Pure Chemical Industries, Etching box layer of an SOI
Ltd. wafer
Glycerol (CsH3(OH)s, 99%) Wako Pure Chemical Industries, Ltd Experiment
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