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ABSTRACT

Femtosecond laser technology has the ability to form stable minute grating structures on various materials,
including silicon wafers and stainless steel. By forming a periodic structure on a surface of sliding parts, the
tribology characteristics can be improved, because the effect of adhesion decreases. Application of a double-
pulsed femtosecond laser irradiation technique can generate periodic structures with asymmetric profiles. We
previously showed that microparts, such as ceramic chip capacitors and resistors, can be fed along asymmetric
surfaces using simple planar symmetric vibrations. Microparts move in one direction because they adhere to
these surfaces asymmetrically. In this study, we tested the ability of an asymmetric surface microfabricated by
the double-pulsed femtosecond laser irradiation technique to feed 0402-type capacitors (size, 0.4 x 0.2 x 0.2 mm;
weight, 0.1 mg). Among the characteristics evaluated were the differences in profiles of the two inclined surfaces,
the effect of decreased adhesion, the coefficient of friction in both the forward and the backward directions, and
the friction angle of the 0402-type capacitors in both directions. Using the results of feeding experiments of these
capacitors, we assessed the relationship between driving frequency and feeding velocity.
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1. INTRODUCTION

Femtosecond laser technology is being utilized in various fields, including reshaping of materials, controlling
chemical reactions, and microfabrication, as well as in micro-electro-mechanical systems (MEMS) technology,
and the observation of super-high-speed phenomena. During microfabrication using femtosecond laser technology,
materials situated around the irradiated area are chemically and thermally unaffected. This can lead to the
formation of minute grating structures on various materials, including silicon wafers and stainless steel; these
structures are of the same order of magnitude as the wavelength of the laser beam pulses. A periodic structure
on a contacting surface can reduce the effects of friction and adhesion by decreasing the contact area.

We have previously shown that a saw-toothed surface with simple planar and symmetric vibrations can be
used to feed microparts.! Because of differences in surface contact area between the sloping side of a tooth
and the other side, microparts adhere more strongly in one direction than in the other. Adhesion is caused by
electrostatic, van der Waal’s, and intermolecular forces, as well as by surface tension, humidity, and inertia, all
of which influence the motion of the microparts.? In addition, adhesion and friction are proportional to contact
area. Thus, microparts will tend to move in one direction.

In the present study, we utilized femtosecond laser processing tools to design a microfabricated surface that
can be used to feed 0402-type capacitors (size, 0.4 x 0.2 x 0.2mm; weight,0.1mm). The double-pulsed femtosecond
laser irradiation technique was used to create an asymmetric microfabricated surface. Following inspection of
the latter with an atomic force microscope (AFM) system, we designed a profile model of the microfabricated
surface, and assessed its asymmetry. We also assessed the area of contact between the microfabricated surface
and a 0402-type capacitor.
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We also evaluated the tribology characteristics of the microfabricated surface relative to environmental pa-
rameters, especially ambient humidity. The coefficient of friction and the angle of friction of the 0402-type
capacitors were examined in both directions, as well as the differences in adhesion of the capacitors to fabricated
and non-fabricated surfaces. Finally, we tested the ability of the microfabricated surface to feed 0402-type ca-
pacitors, and we assessed the relationship between feeding velocity and vibration frequency, as well as the effect
of feeding velocity on feeding stability.

2. RELATED WORKS

Many functional surfaces for microparts feeding have been developed using the Micro-Electro-Mechanical Sys-
tems (MEMS) technology. These include air flow actuators that realize micro motion and that can be used in
conveyance systems.?® Each actuator has driving and levitation nozzles. Air flows from the driving nozzles
move microparts in the desired direction, while air flows from the levitation nozzles are used to raise the mi-
croparts from the surface, thus reducing adhesion and friction. In ciliary motion systems,'®'3 these actuators
are composed of bimorph polyimide fabricated by the MEMS technology. Arrays of these actuators are moved
in a wormlike manner to feed microparts in the desired direction. Micro fabricated actuator arrays present on a
vibratory plate can generate vector force fields.!* 24 In this case, many actuator arrays are present on a vibratory
plate. Each actuator is controlled by a computer program, which regulates contact between the vibratory plate
and the micropart to accomplish the target manipulation.

We used the femtosecond laser processing tool to generate a functional surface with asymmetric tribologic
and geometric characteristics but no actuators. Because microparts adhere more strongly in one direction than in
the other, contact between the microparts and the functional surface varies according to the direction of motion.

Popular partsfeeders, including vibratory bowl-type?®27 and linear feeders,2832 uses both the horizontal and

vertical vibrations. In these systems, the aspect ratio of the horizontal and vertical vibration amplitudes must
be adjusted to prevent parts from jumping. In our system, however, this adjustment is unnecessary because only
horizontal vibration is used.

The objective of our research was to examine the dynamics of micrometer microparts. We found that the
motion of these parts depends not only on inertia but on adhesion.

3. ANALYSIS OF MICRO-FABRICATED SURFACE

The feeder surface consists of a shim tape; i.e., a stainless material 0.5mm in thickness, 10mm in width, and 33mm
in length. To generate a feeder surface with an asymmetrical profile, we used the double-pulsed femtosecond
laser beam irradiation technique, in which a single axis femtosecond laser beam is divided in two by a splitter.
One side of the beam has an angle of 20° and a delay of 50 ps. Transpiration of the surface of the material starts
50 ps after irradiation by the first beam. By irradiating with the second beam at the same time, transpiration
recoil forces shift in the direction of the angle of incidence of the second beam, thus generating an asymmetric
surface.

Fig. 1 shows a microphotograph of the microfabricated surface using the AFM system. Many periodic
convexities were observed on the surface of the material. Analysis of the microphotograph yielded the surface
profiles shown in Fig. 2. The period of the feeder surface was about 0.92 um, the groove depth was 0.17 pum,
and the roughness at the top of these convexities was about 0.025 ym. We examined the asymmetry of the feeder
surface by evaluating inclinations of both sides of each convexity. As shown in Fig. 3, each convexity could be
approximated by the polynomial:

y(z) = asz* + azx® + azx® + ayz + ao, (1)
where x and y indicate the position and height in Fig. 3, respectively.

Each approximation function was transformed to its maximum value at the position £ = 0 um. By averaging
these approximation functions, we obtained the coefficient of each term shown in Table 1. To examine the
asymmetry of these convexities, we calculated the inclination of the approximation function by solving its differ-
ential. The inclination was ¢’ = 0.42 at the position z = —0.25 yum and y' = —2.2 at the position z = 0.25 um,
indicating that the inclination of the convexity was greater on the right side than on the left. That is, the two
sides of the convexity were 32% asymmetrical.
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Figure 1. Micro-fabricated surface profile, as shown by the atomic force microscope (AFM)

4. EVALUATION OF FRICTION
4.1 Coefficients of Friction

To determine the tribologic characteristics of the microfabricated surfaces, such as friction and adhesion, we first
measured its coefficient of friction using the HEIDON TRIBOGEAR TYPE:HHS2000 (Shinto Scientific
Co., Ltd.) friction tester. This friction tester has a globular point probe made of sapphire or diamond, which is
in contact with a surface at a constant load. Friction is evaluated by measuring the resistance when the probe
moves on the surface at a constant velocity. The experimental parameters are shown in Table 2. To determine
the directionality of friction of the microfabricated surface, we compared movement from left to right (positive
direction) and from right to left (negative direction). The resistance force over time in both directions is shown
in Fig. 4. From these results, we obtained the dynamic coefficients of friction, which was 0.304 in the positive
direction (ftpos) and 0.329 in the negative direction (fineg), indicating that the asymmetry of friction on the
microfabricated surface was about 7.6 %.

4.2 Angle of Friction of 0402-Type Capacitors

Next we measured the angle offriction of 0402-type capacitors. To evaluate directionality, 35 capacitors were
assessed three times each in the positive and negative directions. For comparison, similar experiments were
performed using a non fabricated surface with only one direction because these surfaces have no directionality.
Capacitors were placed on these surfaces, which were inclined until the capacitors fell, and we measured the
angle of incline at which each capacitor started to fall. Some capacitors, however, remained on the surface even
when the angle of incline exceeded 90°.

Table 2. Parameters of the friction tester TRIBOGEAR

probe
material sapphire
point radius | 0.05 mm

test parameter
load 100 g
velocity 10 mm/s
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Figure 2. Analysis of the microfabricated surfaces
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Figure 3. Approximation function of a convexity

Environmental factors, including ambient humidity and temperature, as well as van Der Waal’ s and electro-
static forces, can affect adhesion, and therefore the movement of submillimeter-sized or smaller microparts. We
therefore performed experiments at 50 %, 60 %, and 70 % ambient humidity and at a temperature of 24 °C. All
experimental equipment and capacitors were equilibrated for one day in a sealed room at the desired humidity.

The experimental results are shown in Fig. 5. To estimate the effect of fabrication on adhesion, we compared
the number of capacitors that fell. Despite the ambient humidity, this number was higher on microfabricated
than on nonfabricated surfaces. For example, at 60% ambient humidity, 43 capacitors fell from the nonfabricated
surface, whereas 65 and 61 capacitors fell from the microfabricated surface inclined in the positive and negative
directions, respectively. These results indicate that microfabrication decreases adhesion, due to the decreased
contact area between feeder surface and microparts.

We next assessed the effect of ambient humidity on adhesion. We found that 41, 43, and 25 capacitors fell at
50%, 60%, and 70% ambient humidity, respectively. When we assessed the differences between non fabricated and
microfabricated surfaces, we found that the ratios at 50%, 60%, and 70% ambient humidity were 193%, 147%,
and 154%, respectively. Therefore, both adhesion to the microfabricated surface and the decrease in adhesion
caused by microfabrication were smallest at 60% ambient humidity.

When we evaluated the effect of ambient humidity on directionality of the angle of friction, we found that, at
50 %, 60 %, and 70 % humidity, the angle of friction in the positive direction was 1.6 %, 24%, and 14 % smaller,
respectively, than the angle in the negative direction. Although there was directionality regardless of humidity,
little was observed at 50 % humidity, whereas it was maximum at 60 % humidity.
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Figure 5. Experimental results of angle of friction of 0402-type capactitors

5. ANALYSIS OF UNIDIRECTIONAL FEEDING
5.1 Surface Inspection of 0402-Type Capacitor

The surface profile of the 0402-type capacitors was analyzed using a multi-purpose zoom microscope MULTI-
ZOOM AZ100 (Nikon Instruments Company) with a mono zoom optical system that enables on-axis observa-
tion and documentation and built-in optics of 1 X to 8 x magnification. When combined with an objective lens
of up to 5 x magnification, we could take pictures at up to 40 x magnification. A digital camera was attached to
the top of the microscope, and the pictures were forwarded to a computer via a USB interface. The resolution
of forwarded pictures taken at 40x magnification was 0.276 um/pixel.

Fig. 6(a) shows a microphotograph of a 0402-type capacitor, which is composed of a conductor with an
electrode on either side. Capacitor surface profiles were obtained using Gwyddion software, a modular program
for SPM (scanning probe microscopy) data visualization and analysis (Fig. 6(b)). Because the electrodes
protrude about 8 um higher than surface of the conductor, these electrodes are in contact with the feeder surface.
Since there are many convexities on the surface of these electrodes, we analyzed this contact by approximating
a surface model of convexity using a second order polynomial:

folz) = ba?. (2)

By averaging the approximation functions of some convexities, we defined the coefficient b = —1.75e—02 (Fig. 7).
Finally, rotating the approximation function around the vertical axis yields a hyperbola model of the convexity
on the surface of the capacitor electrode.
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5.2 Analysis of Contact Between the Micro-Fabricated Surface and the Capacitor
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When the two polynomials represented in equations (1) and (2) are in contact with each other, there is a shared
tangent at the point of contact (Fig. 8). In this figure, we defined two coordinate systems: a parts coordinate
system O, — z,y, and a surface coordinate system O — zy. The origins O, and O were set at the extreme values
of the approximation functions y, = f,(z,) and y = f,(z), respectively.

If °Op(xo,yo0) is the coordinates of the origin O, of the surface coordinate system, equation (2) could be
rewritten as a function at the surface coordinate system as:

y = bz —z0)* + Yo.

When two polynomials contact each other at C(z.,y.), the shared tangent can be expressed as:

y = 2b(x. — x0)(x — T¢) + Ye-

If the angle of incline of the tangent is 6, the inclination of the tangent y'(z) can be formulated as:

y'(z.) = tanf = 2b(z. — o) = fl(z.),

where
fi(x) =

Then z¢ can be formulated as:
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Figure 8. Surface models of the contact between a micropart and a microfabricated surface

By combining equations (3) and (7), we obtain the equation:

2
{felze)}
=Y — — . 8
Yo Ye 4h ( )
If adhesion occurs in the direction vertical to the tangent, we can formulate the distance between two poly-
nomials. If a line perpendicular to the tangent intersects with the tangent at Q(z,,y,) and intersects with the
two polynomials at Q1 (z1,y1) and Q2(z2,y2), respectively (Fig. 9), and if dl is the distance between these two
polynomials, we obtain the equation:

dl = Q1Q2 = /(w2 — 21)2 + (y2 — 11)*. (9)

If the coordinate Qi(x1,y1) is already known, we can formulate the coordinate Qa(z2,y2). If the foot of
the perpendicular from ()1 to the tangent is known, the coordinate Q(z,,y,) will correspond to the foot of the
perpendicular from the coordinate 2. A function that passes through coordinates ;1 and Q2 can then be
formulated as:

1
=—— (z— . 1
(1 (@) (z—z1) + 0 (10)
If equation (10) is substituted into equation (3), the coordinate QQ3(z2,¥y2) can be obtained as:

Lo — Ta (¥ (zc) #0),

= 11

" { z (v (ze) = 0), (1)
Yo + bz? ' (zc) #0),

a 12

wo= U e, 020 12)

where

1 1 1 To — T ’
2b {y’(mc) - \/yl(mc)g —4b ( ' (z2) + (yo — yl)) } (y'(zc) > 0),

1 1 1 To — T ’
2b {yl(mc) + \/y’(mc)Q —4b ( Y (@) + (yo — y1)> } (y'(z.) < 0).

The distance becomes dl = co because the equation (3) and (10) do not intersect when equation (13) has an
imaginary root.

8
Q
1l

(13)

5.3 Contact Area that Causes Adhesion

Next we considered adhesion between the saw-toothed surface and a convexity on the surface of the capacitor.
We defined the contact area as two surfaces mutually close enough to adhere to each other. If adhesion acts
when the distance between two surfaces is smaller than dd, the colored area in Fig. 10 can be defined as the
contact area. In this figure, Ry and Ry are coordinates that become dl = dd. If the width of the feeder surface
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w is —oo < w < oo in the depth direction perpendicular to the zy-plane, the contact area A can be defined as
the sectional area cut out by a plane that passes through R; and R,. Using the coordinates Ri(x,1,y-1) and
Ry (z,2,Yr2), the equation of the plane parallel to the z, axis and passing through Ry and R, can be formulated
as:

Yp = Cr(Tp — Tp1) + 3321; (14)
where
¢, = Jr2" Y (15)
Tr2 — Ir1

By formating the nodal line of the hyperbola and equation (15), we obtained the equation:

Cr

Cry2 2 _ 2
(o = 50?4 22 = (am = )2, (16)
Consequently, the contact area A can be described by the equation:
A=z, — )2 (17)

2

Fig 11 shows the simulated results of adhesion area relative to contact position and d;. We found that adhesion
area is proportional to d4. The minimum contact area was observed at z. = 0.01 um. We next compared
the contact areas at x. £ 0.2 yum. We calculated the ratio of contact area at both positions using the formula
rqg = Az, = —0.2)/A(z, = —0.2). We found that this ratio was r = 3.2 at dd = 2.0 and 2.4 at dd = 1.0. Thus,
the microparts will adhere more strongly to the surface when they move from right to left. If dd = 0.5, the ratio
became 1.0, indicating that adhesion directionality did not occur. When §d = 0.1, r was 0.3, indicating that,
adhesion directionality was reversed. Consequently, adhesion directionality occurs when dd > 0.5.

6. FEEDING EXPERIMENTS OF 0402-TYPE CAPACITORS
6.1 Experimental Equipment

which is driven back and forth in a track by a pair of piezoelectric bimorph elements, powered by a function
generator and an amplifier that delivers peak-to-peak output voltage of up to 300V.
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6.2 Feeding Experiments

Using a microfabricated shim tape, we performed feeding experiments of 0402-type capacitors(Video 1). Fig.
13 shows the relationship between driving frequency and feeding velocity of capacitors at driving frequencies
f = 120.5,121.0,---,126.5 Hz and vibration amplitude A = 0.5 mm. FExperiments at each frequency were
performed four times using 10 capacitors at ambient humidity of 70 % and a temperature of 25°C. The symbol
O represents each averaged velocity, and the symbol x represents measured velocity. Movement of the capacitors
was recorded using a digital video camera at 30 fps. Velocity was calculated by counting the number of frames
it took for a micropart to move 33 mm along the microfabricated surface. In addition, the variance of velocity
(Fig. 14) was calculated according to equation (18):

n

§% = nil Z(@—vi)2, (18)

where, n, v, and v; indicate the number of points, averaged velocity, and individual velocity, respectively.

6.3 Discussion

At frequencies f < 122.0 Hz, the average velocity was approximately 3.2 to 3.3 mm/s. The variance, however,
tended to increase in proportion to the driving frequency. The maximum averaged velocity was 5.1mm/ s, realized
at a frequency of f = 124.0 Hz, which could provide 765 parts par minute The minimum variance was s2 = 0.50
at a frequency f = 125 Hz, and the second smallest variance was s> = 0.78 at f = 124.0 Hz, which achieved
maximum averaged velomty. As frequencies decreased to 123 Hz or less, the variance became larger as the driving
frequency decreased. This finding indicates that the driving forces of the capacitors transferred from the feeder
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surface were not sufficient to feed the capacitors steadily because the driving frequency decreases. In addition,
the variance became largest at f = 125.5 Hz, and remained s? ~ 1.4 at f = 126.0 Hz or larger. Consequently,
the most stable feeding rate was achieved at frequencies of 124.0 to 125.0 Hz.

7. CONCLUSION

We have assessed the applicability of a microfabricated surface generated by femtosecond laser processing tools
for microparts feeding. A double-pulsed femtosecond laser irradiation technique was used to microfabricate an
asymmetric periodic profile surface on a stainless shim tape. The asymmetry of the microfabricated surface
was evaluated by several methods. First, we derived surface profile models based on measurements using the
AFM system. Next, coefficients of friction in both the positive and the negative directions were measured
using a HEIDON friction testing tool. Finally, we performed experiments to measure the angle of friction
of 0402-type capacitors in both directions. We also assessed the effects of ambient humidity on the angle of
friction. We performed feeding experiments on 0402-type capacitors using the microfabricated surface, and
assessed the relationship between feeding velocity and driving frequency. We also determined the variance in
measured velocities to determine steadiness of feeding.

In future studies, we will attemt to apply asymmetric surfaces generated by anisotropic etching process
technology and the nanoimprint technology to the feeding of microparts.
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