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Abstract: Recent years have witnessed an increased demand for a method for precise measurement of
the microstructures of mechanical microparts, microelectromechanical systems, micromolds, optical
devices, microholes, etc. This paper presents a measurement system for three-dimensional (3D)
microstructures that use an optical fiber probe. This probe consists of a stylus shaft with a diameter
of 2.5 um and a glass ball with a diameter of 5 um attached to the stylus tip. In this study, the
measurement system, placed in a vacuum vessel, is constructed suitably to prevent adhesion of the
stylus tip to the measured surface caused by the surface force resulting from the van der Waals force,
electrostatic force, and liquid bridge force. First, these surface forces are analyzed with the aim of
investigating the causes of adhesion. Subsequently, the effects of pressure inside the vacuum vessel
on surface forces are evaluated. As a result, it is found that the surface force is 0.13 uN when the
pressure inside the vacuum vessel is 350 Pa. This effect is equivalent to a 60% reduction in the surface
force in the atmosphere.

Keywords: surface force; van der Waals force; electrostatic force; liquid bridge force; microstructure;
measurement; optical fiber probe; laser diode; coordinate measuring machine (CMM)

1. Introduction

Recent years have witnessed an increased demand for a method for precise measurement of
the microstructures of mechanical microparts, microelectromechanical systems, micromolds, optical
devices, microholes, etc. However, precise measurement of the shape of a microstructure with a large
length-to-diameter (L/D) ratio is rather difficult because of the difficulty in probe fabrication and
sensing methods where the measuring force is very small. Previous works have reported microstructure
measurement techniques that employ a variety of probes such as optical probes, vibroscanning probes,
vibrating probes, tunneling effect probes, opto-tactile probes, fiber deflection probes, optical trapping
probes, and diaphragm probes [1-9].

In a previous study, we developed a system for the measurement of three-dimensional (3D)
microstructures using an optical fiber probe that functions as a kind of displacement measuring probe
with a small contact force and wide measurement range [10]. In this system, the shaft of the stylus
does not need to be rigid for the detection of the measuring force, because the deflection of the stylus
is measured by a non-contact method. In general, when the particle size is less than several tens of
micrometers, the effects of surface force generated from the van der Waals force, electrostatic force,
and liquid bridge force are strengthened and this surface force becomes greater than the force of
gravity [11]. We used a fiber stylus with a 5-um-diameter sphere on its tip, and as a result, we found
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that the measurement surface draws the stylus tip closer when the tip approaches it and the distance
between the stylus tip and the measured surface is less than the regular displacement. When the
stylus tip comes into contact with the measured surface, it adheres to the surface and cannot be
separated from it. When the measured surface is scanned point by point in the touch-trigger mode
(Figure 1a), the measurement time increases because the stylus tip is required to be separated from the
measured surface to overcome the surface force. When the measured surface is scanned continuously
in the scanning mode (Figure 1b), the measurement accuracy reduces because of the bending of the
stylus shaft due to the adhesion. The observed adhesion, which is influenced by environmental
factors (e.g., humidity) and the roughness of the measurement surface, is not reproducible. Therefore,
in another previous work, we developed a measurement system for 3D microstructures that uses a
vibrating fiber probe (Figure 1c) to prevent adhesion of the stylus tip to the surface being measured [12].
In this system, the stylus tip is set to vibrate in a circular motion, where it traces a circle of diameter
0.4 um in the X-Y plane. However, the stylus tip actually traces an elliptical path. The difference
between the profile of the perfect circle and that of the actual elliptical path of the stylus tip leads to
measurement error. Moreover, the surface roughness cannot be measured in the scanning mode when
using the vibrating fiber probe.
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Figure 1. Various types of probes. (a) Touch-trigger probe; (b) scanning probe; and (c) vibrating probe
(touch-trigger mode).

In the present study, the stylus characteristics are examined. Then, the effects of the surface force
on the adhesion are analyzed. The results confirm that the primary cause of adhesion is the liquid
bridge force. Therefore, the measurement system, placed in a vacuum vessel, is constructed suitably
to prevent the adhesion caused by the surface force between the stylus tip and the measured surface.
The effects of pressure inside the vacuum vessel on the surface force are evaluated experimentally.
The surface force is calculated by assuming that the optical fiber probe is equal to the cantilever
of the fixed support. In other words, the surface force is calculated by the deflection of the stylus
shaft. There are many techniques for measuring surface forces, such as those involving the surface
forces apparatus (SFA), atomic force microscopy (AFM), micro cantilever (MC), optical trapping (OT),
etc. [13-15]. The measuring method that uses the optical fiber probe is, in principle, similar to the SFA
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and AFM. As a result, the surface force is found to be 0.13 uN when the pressure inside the vacuum
vessel is 350 Pa. This effect is equivalent to a 60% reduction in the surface force in the atmosphere.

2. Measurement Principle

Figure 2 shows a diagram of the developed optical measurement system. The stylus consists
of a 2.5-um-diameter optical fiber to which a 5-pm-diameter glass stylus tip is attached. The total
length of the stylus is 0.38 mm. The probing system consists of the fiber stylus, two laser diodes with a
650 nm wavelength (LDX and LDY in the X- and Y-directions, respectively), and two dual-element
photodiodes (PX and PY in the X- and Y-directions, respectively). The stylus shaft is fixed to a tube-type
piezo driver element in order to perform attitude adjustment of the stylus shaft; the stylus shaft is
installed between the laser diodes and the dual-element photodiodes, which are oriented orthogonally.
The laser diodes are mounted above the stylus tip, and the focused laser beams irradiate along the
X- and Y-directions onto the stylus shaft. The two dual-element photodiodes are located opposite the
laser diodes beyond the stylus. The laser beams that pass through the stylus shaft are received by
these dual-element photodiodes. The beam intensities detected by the photodiodes are converted into
voltages; hereafter, these intensities are denoted as Ipx1, Ipx2, Ipy1, and Ipy; (V). The output signal Ix in
the X-direction obtained using Ipy; and Ipy, and the output signal Iy in the Y-direction obtained using
Ipx1 and Ipx; are defined as given in Equations (1) and (2), respectively. A charge-coupled device is
employed to monitor the positions of the stylus and test piece during the setting up of the equipment
and the measurement.

Ix = Ipy1 — Ipy2 1)
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Figure 2. Measurement system using optical fiber probe.

To illustrate the measurement principle of the optical fiber probe, Figure 3 shows a cross-sectional
diagram of the X-Y plane of the optical system shown in Figure 2. Before the stylus tip comes into
contact with the measured surface, the light intensities measured by each element of the dual-element
photodiode are equal (i.e., Ipx; = Ipx2 and Ipyj = Ipy»), as shown in Figure 3a. When the stylus tip comes
into contact with the measured surface in the X-direction, the laser-irradiated part of the stylus shaft is
displaced, and the light intensities measured by each element of the dual-element photodiode are no
longer equal to each other (i.e., Ipx; = Ipx2 and Ipy; > Ipys), as shown in Figure 3b. When the stylus
shaft is displaced in the +X-direction, the angle of refraction of the laser beam passing through the
stylus shaft in the Y-direction changes owing to a shift in the part of the stylus shaft being irradiated.
Additionally, when the stylus tip comes into contact with the measured surface in the Y-direction, the
light intensities measured by each element of the dual-element photodiode are no longer equal to each
other (i.e., Ipx1 < Ipx2 and Ipy; = Ipyp), as shown in Figure 3c. As a result, the contact direction and
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the magnitude of displacement of the stylus tip can be obtained from the output signals Ix and Iy.
When the stylus tip comes into contact with the measured surface in the Z-direction, the stylus shaft is
buckled and deflected. This deflection is also measured using the above-mentioned method.
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Figure 3. Principle of measurement. (a) initial stage; (b) displacement in X-direction; and

(c) displacement in Y-direction.

Because the proposed probe measures the deflection amplitude of the stylus shaft by using a
laser-based non-contact method, the stylus shaft does not need to be rigid; this principle also applies to
a stylus with a much smaller diameter. This measurement system measures the deflection of the stylus
shaft; however, it does not directly measure the displacement of the stylus tip. The noise present in Ik
and Iy is removed via synchronous detection using a lock-in amplifier. The displacement of the stylus
is magnified by using it as a rod lens. The surface of the microstructure is measured by recording the
displacement of the stylus shaft as well as the coordinates at which the stylus comes into contact with
the measured surface.

3. Stylus Characteristics

Figure 4 shows the changes in outputs Ix and Iy when the stylus tip is displaced in the
+X-direction. Here, the horizontal axis represents the displacement of the stylus tip and the vertical
axis represents the changes in Ix and Iy. It can be seen that when the stylus tip is displaced in the
X-direction, barely any change occurs in the output Iy in the Y-direction and the fiber probe can
function as a displacement sensor because the rate of change in Ix can approximate a straight line
within a 3 pm range in the X-direction.
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Figure 4. Changes in output voltages Ix and Iy induced by displacement in 4+ X-direction.
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4. Effects of Surface Force

4.1. Analyses of Liquid Bridge Force, Van der Waals force, and Electrostatic Force

In general, when the particle size is less than several tens of micrometers, the effects of the
surface force generated from the van der Waals force, electrostatic force, and liquid bridge force are
strengthened and this surface force becomes greater than the force of gravity [11]. Figure 5 shows a
schematic diagram of the surface force between the stylus tip and the measurement surface. Because
the fiber stylus has a 5-um-diameter sphere on its tip, the measurement surface draws the stylus tip
closer when the stylus tip approaches it, and the distance between the stylus tip and the measured
surface is less than the regular displacement. When the stylus tip comes into contact with the measured
surface, it adheres to the surface and cannot be separated from it. When the measured surface is
scanned point by point in the touch-trigger mode, the measurement time increases because the stylus
tip is required to be separated from the measured surface on account of the surface force. When the
measured surface is scanned continuously in the scanning mode, measurement accuracy reduced
because of the bending of the stylus shaft due to the adhesion. The observed adhesion, which is
influenced by environmental factors (e.g., humidity) and the roughness of the measured surface,
is not reproducible.

|- Stylus shaft

Stylus tip

Intermolecular force,
Measured Electrostatic force,
surface Liquid bridge force

Figure 5. Schematic diagram of surface force between stylus tip and measured surface.

These surface forces are analyzed with the aim of investigating the causes of adhesion. First,
we examine the liquid bridge force. This force has a large effect on adhesion in a humid environment;
it is generated by the capillary action of condensed water near the contact zone of the stylus tip and
measured surface. This force increases with increasing relative humidity. The liquid bridge force F;
experienced in the case of a stylus tip of diameter d and under a relative humidity of %RH can be
calculated using the empirical formula in Equation (3) [11]. This is the empirical formula of the liquid
bridge force between a particle and a plate with a hard and clean surface. As indicated by this formula,
the liquid bridge force increases with increasing relative humidity.

Fy = 0.154{0.5 + 0.0045 x (%RH)} ©)

Next, we examine the van der Waals force. This force acts between molecules, and it is a general
force of interaction that acts between objects at all times. The van der Waals force Fy can be calculated
using the Hamaker constant A and the distance z between the stylus tip and the measured surface
as given in Equation (4) [11]. The Hamaker constant A is a constant specific to materials, and it
is expressed as in Equation (5), where n and A are the number of atoms per unit volume and the
constant of proportionality of London forces, respectively. When the molecules of the stylus tip and
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the measured surface come close to each other by the van der Waals force, intermolecular repulsive
force is generated between the molecules of the stylus tip and the measured surface. The molecules are
stabilized at the most stable position, which corresponds to the position with the smallest potential
energy. At this instant, the separation distance z is about 0.4 nm.

Fy = Ad/(122%) (4)

A =n*mA (5)

Finally, the electrostatic force generated by an interaction between a charged particle and an
uncharged surface is examined. When a charged particle comes into contact with an uncharged surface,
the generated electrostatic force Fe can be calculated using Equation (6) in the case that the distance
between the stylus tip and the measured surface is negligible because it is remarkably small compared
with the diameter of the stylus tip [11].

Fo= —— 220252 ©)
deg €+ ¢

where ¢, ¢, and o are the dielectric constant of the vacuum, the dielectric constant of the measured

surface, and the marginal surface density of the charge of the stylus tip, respectively.

Figure 6 shows the relationship between the stylus tip diameter and the surface forces calculated
using Equations (3), (4), and (6). Here, the horizontal axis represents the stylus tip diameter and the
vertical axis represents the van der Waals force, electrostatic force, liquid bridge force, and gravity.
It can be seen from this figure that when the stylus tip diameter is less than about 1 mm, the effects of
surface force generated from the van der Waals force, electrostatic force, and liquid bridge force are
strengthened and the surface force becomes greater than the force of gravity.
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Figure 6. Relationship between stylus tip diameter and surface forces: A (SiO,) = 1.5 x 10720 ],
z=04nm, g =885 x 107 2F- m~1, e =, 0=265uC-m-2.

This confirms that the primary cause of adhesion is the liquid bridge force. The van der Waals
force and liquid bridge force are approximately equal. However, the electrostatic force is much smaller
than the van der Waals force and liquid bridge force. When the surface forces are calculated using
Equations (3), (4), and (6) for a stylus tip 5 um in diameter, the liquid bridge force (50% RH), van der
Waals force, and electrostatic force are 0.54 puN, 0.36 uN, and 0.0016 uN, respectively. In this case, the
sum of the surface forces is approximately 0.9 uN. Figure 7 shows the relationship between the relative
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humidity and the sum of surface forces (F| + Fy + Fe) calculated using Equations (3), (4), and (6). It can
be seen from this figure that the liquid bridge force increases with increasing relative humidity.
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Figure 7. Relationship between relative humidity and surface force (stylus tip diameter: 5 um).

4.2. Effect of Relative Humidity on the Liquid Bridge Force

As stated in the discussion above, the primary cause of adhesion is the liquid bridge force, which
increases with increasing relative humidity. When the measured surface is scanned point by point
in the touch-trigger mode, the measurement time increases because the stylus tip is required to be
separated from the measured surface on account of the surface force. When the measured surface is
scanned continuously in the scanning mode, the measurement accuracy reduces owing to the bending
of the stylus shaft due to the adhesion. Therefore, in our previous work, a vibration mechanism was
introduced to prevent the adhesion of the stylus tip to the measurement surface caused by the surface
force [12]. By this mechanism, the stylus tip is set to vibrate in a circular motion, where it traces a
circle of diameter 0.4 um in the X-Y plane. However, the stylus shaft actually traces an elliptical path.
The difference between the profile of the perfect circle and that of the actual elliptical path of the stylus
tip leads to measurement errors. Moreover, the surface roughness cannot be measured in the scanning
mode when using the vibrating fiber probe.

Therefore, the measurement system, placed in a vacuum vessel, is constructed suitably to prevent
adhesion of the stylus tip to the measured surface caused by the surface force. Figure 8 shows a
photograph of the measurement system in the vacuum vessel. The effects of pressure inside the
vacuum vessel on the surface force are evaluated experimentally. In the experiment, the relative
humidity is 61% and the temperature is 25.1 °C.

First, the measurement method of the surface force is explained as follows. There are many
techniques for measuring surface forces, such as those involving the surface forces apparatus (SFA),
atomic force microscopy (AFM), micro cantilever (MC), optical trapping (OT), etc. [13-15]. The SFA can
directly measure the force between two surfaces in controlled vapors or immersed in liquids. The force
sensitivity of the SFA is about 10 nN. The SFA contains two curved molecularly smooth surfaces of
mica between which the interaction forces are measured using a variety of force-measuring springs.
AFM is, in principle, similar to the SFA except that forces are measured not between two macroscopic
surfaces but between a fine tip and a surface. The force sensitivity of AFM is 1-10 pN. The measuring
method using the optical fiber probe is, in principle, similar to the SFA and AFM. As shown in Figure 9,
after the stylus tip comes into contact with the measured surface, the stylus tip is displaced in the
backward direction by using the piezoelectric stage, due to which it separates from the measured
surface. Because the stylus tip is displaced while maintaining its contact with the measured surface,
the stylus shaft is deflected and the force required to separate the stylus tip from the measured surface
is generated by the deflection of the stylus shaft. With an increase in the displacement of the stylus tip,
this required force also increases. Therefore, the stylus tip can be separated from the measured surface
when the displacement D of the stylus tip exceeds a certain value.
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Figure 8. Photograph of measurement system in vacuum vessel.

Avidss

Contact Adhesion Separation

Figure 9. Experimental apparatus for measurement of surface force.

The load acting on the stylus tip, i.e., the surface force, is calculated by assuming that the optical
fiber probe, 2.5 um in diameter and 0.38 mm in length, is equal to the cantilever of the fixed support.
In other words, the surface force is calculated by the deflection of the stylus shaft. The surface force F

is calculated using Equation (7).
3EI

F==5D @)
where E, I, and L are the Young’s modulus, the geometrical moment of inertia, and the length of the
stylus shaft, respectively. Figure 10 shows the load acting on the stylus tip under the assumption that
the stylus shaft (Young’s modulus E = 72 GPa) is equivalent to the cantilever of the fixed support. In this
figure, the horizontal axis represents displacement of the stylus tip, and the vertical axis represents
the load acting on the stylus tip. For example, when the displacement D required to separate the
stylus tip from the measured surface is about 20 um, the load acting on the stylus tip is about 0.15 uN
immediately before the stylus tip is separated from the measured surface as shown in Figure 10.
Therefore, this value of 0.15 uN is regarded as the surface force. In this experiment, the spring constant
of the stylus shaft is not calibrated. However, to accurately measure the surface force, it is necessary to
calibrate it [16-19].
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Figure 10. Load acting on the stylus tip (stem length: 0.38 mm, stem diameter: 2.5 um, and ball
diameter: 5 pm).

Figure 11 shows the relationship between the pressure inside the vacuum vessel and the relative
humidity. Further, Figure 12 shows the relationship between the pressure inside the vacuum vessel
and the surface forces. Finally, Figure 13 shows the relationship between the relative humidity and
the surface force. From Figure 13, it is confirmed that surface force decreases with decreasing relative
humidity. It is found that the surface force is 0.13 uN when pressure inside the vacuum vessel and
relative humidity are 350 Pa and 7% RH, respectively. This effect is equivalent to a 60% reduction in the
surface force in the atmosphere. However, a large residual surface force still acts between the stylus tip
and the measured surface. This is because the amount of van der Waals force is almost the same as that
of the liquid bridge force. Therefore, the surface force is thought to reduce by slightly a little more than
60%. When the stylus tip diameter is 5 pm as shown in Figure 6, the theoretical van der Waals force in
a vacuum environment is about 0.36 uN. However, according to the obtained experimental results, the
van der Waals force in a vacuum environment is about 0.13 uN. Thus, the theoretical and experimental
results are different. Because the amount of van der Waals force is affected by the surface roughness of
the stylus tip and that of the measurement surface [11], the surface roughness of the stylus tip and that
of the measurement surface are, in turn, thought to be affected by the amount of van der Waals force.

Relative humidity %
DWW A U
S 335 &3

—_
(=)

1 ! 1

0.1 1 10 100 1000
Pressure inside vacuum vessel Pa

(=)

Figure 11. Relationship between pressure inside vacuum vessel and relative humidity.
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Figure 12. Relationship between pressure inside vacuum vessel and surface forces.
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Figure 13. Relationship between relative humidity and surface forces.

4.3. Alternative Reduction Method for Surface Force

According to the above-mentioned experimental results, it is possible to reduce the liquid bridge
force considerably by using a vacuum vessel. However, in scenarios where the use of a vacuum vessel
is difficult, the stylus tip coated with a water-repellent coating has the potential to reduce the liquid
bridge force. In order to reduce the van der Waals force, a stylus tip made of a material with a small
Hamarker constant may be used. For example, the Hamaker constants of SiO;, Fe, Si, Cu, and Au
are 8.55,21.2,25.6,28.4, and 45.5 x 10~207], respectively. However, in practice, the use of a material
with a small low Hamarker constant can be difficult. In such cases, a stylus tip coated with a material
with a small Hamarker constant may be used. The effect of the material of the stylus tip can be made
negligible by using a coating that is several nanometers thick. The influence of the electrostatic force
on the surface force is small; however, it is believed that various methods of removal of electricity or
antistatic agents could be useful in reducing the electrostatic force.

5. Conclusions

In this study, the stylus characteristics are examined, and then, surface forces are analyzed in
order to investigate the causes of adhesion, which reduces the measurement accuracy. The analysis
results of surface forces reveal the liquid bridge force to be the primary cause of adhesion. Therefore,
the measurement system placed in the vacuum vessel is constructed suitably to prevent adhesion of the
stylus tip to the measured surface because of the surface forces, mainly by reducing the liquid bridge
force. As a result, it is found that the surface force is 0.13 uN when the pressure inside the vacuum
vessel is 350 Pa. This effect is equivalent to a 60% reduction in the surface force in the atmosphere.
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