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The purpose of this study was to establish a method for fabricating a laser-induced micro/nanoscale surface topography 
(micro/nanotopography) on micro-fibers of glass (quartz) with a diameter of 125 µm by using a femtosecond-pulsed laser to 
express the function of hydrophilicity. The micro/nanotopographies were produced through laser ablation by using a femto-
second-pulsed laser with a wavelength of 514 nm, a pulse width of 234 fs, a repetition rate of 60 kHz, and a spot diameter of 
6.9 µm. Structures of the irradiated surfaces were observed experimentally using a scanning electron microscope. A mi-
cro/nanotopography was observed on the surface of the micro-fiber when fluence and/or overlap ratio exceeded a given 
threshold. These experimental data showed evidence of a micro/nanotopography on laser-ablated micro-fibers. The apparent 
contact angles ranged from 106.4° to 88.7° without the micro/nanotopography, and decreased from 88.2° to 48.7° when a 
micro/nanotopography was presented. In particular, several cases of hydrophilicity under 51.1° were obtained, likely because 
of the non-continuous change in wettability from the Cassie state to the Wenzel state. Thus, optimum conditions for including 
both a micro/nanotopography and a hydrophilic surface on a micro-fiber were identified. 
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1. Introduction
The comfort of clothing is determined by the material

used and design-related factors [1]. Wetness on the surface 
of the skin-clothing interface affects the wearer’s comfort. 
Thus, textures on the surface of fibers are useful for a variety 
of features of textiles, including hydrophobicity, hydro-
philicity, moisture retention, breathability, dyeability, cush-
ioning, and touch. These surface topographies can be called 
functional textures. Bahners et al. proposed a characteristic 
modification of the surface topography of highly absorbent 
and oriented synthetic fibers after irradiation using several 
excimer laser pulses [2-3]. However, it is difficult to process 
micro- and nano-textures on fibers with micron-scale diam-
eters based on their thermomechanical behavior due to the 
risk of rupture [4]. 

A number of methods have been proposed for surface 
modification due to laser irradiation. In 1965, Birnbaum dis-
covered that a periodic structure with damage at the wave-
length scale was created at the bottom of the processing 
marks of lasers [5]. Since then, many laser-induced surface 
structures, both random [6-7] and periodic [8-10], have been 
reported. Pulsed laser sources such as nanosecond- [11], pi-
cosecond- [12], and femtosecond-pulsed lasers [13] can be 
used to create various structures. It is important when fabri-
cating micro/nanoscale surface topographies to control such 
conditions of the laser as pulse width and fluence. 

Femtosecond-pulsed lasers can be used to create a vari-
ety of micro- and nano-structures in the open environment 
without lubricating oil, dust, heat exhaust, and noise than 
conventional machine tools [14]. The main feature of the 
femtosecond-pulsed laser is a clear ablation threshold. Com-
pared with the nanosecond-pulsed laser, the femtosecond-

pulsed laser has the additional capability of minimizing ther-
mal damage [15]. 

Biomimetic surfaces have been developed to improve 
such properties of wettability as liquid repellency, adhesion, 
self-cleaning, and drag reduction [16-18]. Hydrophilic sur-
faces can be produced by mimicking hierarchical structures 
at the micro- and nano-scales of carnivorous plants such as 
Nepenthes [19-20]. The contact angle, θ, is a parameter, that 
characterizes the hydrophobicity/hydrophilicity of a solid 
surface. 

The purpose of this study was to establish a method for 
inducing a micro/nanoscale surface topography (mi-
cro/nanotopography) on micro-fibers by a femtosecond-
pulsed laser to represent the function of hydrophilicity. The 
authors carried out fabrication of hierarchical structures on 
a micro-fiber using a femtosecond-pulsed laser to this end. 
The wetting behavior in equilibrium and the apparent con-
tact angles were assessed using equipment fabricated for the 
micro-fiber. The optimum conditions of direct processing 
exhibiting hydrophilicity were demonstrated experimentally. 
Additionally, theoretical considerations were performed 
qualitatively. 

2. Materials and Methods
2.1 Laser processing

A glass micro-fiber (quartz, 125 µm cladding diameter, 
Furukawa Electric Co., Ltd., Japan) was used as the test-
piece to generate hierarchical structures on the surface. The 
equilibrium contact angle of the material was 18° according 
to a dip method that defined a surface with zero curvature 
[21]. 
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A commercial femtosecond-pulsed laser (Carbide, Light 
conversion UAB, Republic of Lithuania) that provided 
pulses at an oscillatory wavelength of 514 nm, at a pulse 
width of 234 fs, and a repetition rate of 60 kHz, was used for 
the experiment (Fig.1). A laser beam with a Gaussian profile 
was focused perpendicularly on to the micro-fibers using a 
beam expander (×3, S6EXZ5311/292, Sill Optics GmbH & 
Co. KG, Germany), using a condenser lens (focal length: f = 
40.2 mm, Sigmakoki Co. Ltd., Saitama, Japan), and an au-
tomatic xyz-stage (± 0.5 µm positioning accuracy, HST-
50XY and OSMS60-10ZF, Sigmakoki Co. Ltd.). The scan-
ning velocity was 0.5 mm/s in both directions. The spot di-
ameter at the focal point on the micro-fiber surface was cal-
culated at 6.9 µm by full width at half maximum (FWHM) 
using a laser beam quality factor M2 = 1.2 and an expanded 
laser beam diameter of 4.56 mm [22]. 

Twenty-five micro-fiber samples were fabricated using 
the parameters of fluence, F, ranging from 2.34 J/cm2 to 

18.36 J/cm2, and an overlap ratio of laser spots, OR, ranging 
from 0% to 90% (Table 1). The pitch of each spot, τ (τx = τy,), 
ranged from 0.7 – 7 µm, with a maximum value set to be 
equal to the diameter of the laser beam. 
 
2.2 Measurement of surface structure 

Various surface geometries of the micro-fibers were 
compared with the experimental observations using a scan-
ning electron microscope (SEM; JEM-6010LA, JEOL Ltd., 
Japan). The surface area was measured perpendicularly us-
ing a non-contact laser confocal microscope (10 nm resolu-
tion for depth, OLS4100, Olympus Co., Japan). The surface 
area ratio, SA, was calculated from the ratio of the surface 
area before to that after laser processing for each micro-fiber 
as follows: 

SA ratio = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

  (1) 

The surface areas of the micro-fibers were measured from 
the vertical direction (Fig.2). The range of measurements in 
the circumferential and the longitudinal directions were 90° 
and 100 µm, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
2.3 Apparent contact angle 

The apparent contact angles of the micro-fibers were 
measured using a commercial contact angle analyzer (DM-
701, Kyowa Interface Science Co. Ltd., Japan) by dropping 
1 µL of a distilled water droplet from a microsyringe be-
tween two micro-fibers using a fabricated fixing jig of mi-
cro-fibers (Fig.3). The measurements were repeated for five 
times (n = 5), and the mean values were used. The distance 
between the micro-fibers was set to 500 µm to prevent the 
generation of a capillary force. 
 
3. Results and Discussion 
3.1 Measurement of surface structure 

Table 2 shows the results for the surface structures of the 
micro-fibers as observed by the SEM. Periodic and circular 
dimples were observed when the OR ratio was 0%. A ran-
dom topography at the micro- and sub-nano-scales appeared 
on the surface of the micro-fibers when the energy of the 
laser exceeded a threshold level determined by the fluence 
and/or the OR ratio (the results were within the red solid 
line). The micro-fiber ruptured when F > 18.36 J/cm2 and 
OR > 70%. 

The SA ratio without the micro/nanotopography was in 
the range 0.98 – 1.28. The SA ratio with the micro/nanoto-
pography condition was in the range 1.28 – 3.12. It reached 
its maximum at 4.46 J/cm2 of fluence and 90% of the OR 
ratio. This increase in the SA ratio supported the inducement 
due to the micro/nanotopography. 
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Fig. 1 Laser processing system of LIPPS on a micro-fiber 
surface using a femtosecond-pulsed laser. 
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Fig. 2 Measurement areas of surface area ratio. 
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Table 1 Overlap ratio of laser spots used for the fabrication. 
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3.2 Apparent contact angle 
Before laser processing, the apparent contact angle of the 

micro-fiber was 113.2° (n = 5), which agreed well with the 
calculation results of the Cassie–Baxter equation with a cy-
lindrical model [23]. 

After laser processing, the apparent contact angles with-
out the micro/nanotopography ranged from 106.4° to 88.7°, 
and decreased from 88.2° to 48.7° in case of a micro/nanoto-
pography (the results were within the red solid line, Table 3). 
It was possible that a part of these topographies formed a 
hierarchical structure. In particular, hydrophilicities under 
51.1° were achieved under the three conditions within the 
solid line in Table 3. These results showed that water reached 
the bottom of the texture because it was introduced using the 
fabricated hierarchical structures. It was estimated that sur-
face wettability transitioned from the Cassie state to the 
Wenzel stable state owing to a non-continuous change in 
wettability because hydrophilicity had developed. 

When the grooves were filled with water (Wenzel state, 
Fig.4), the relationship between the apparent contact angles, 
θ’, and the geometry of the surface structure can be ex-
pressed based on the Cassie-Baxter equation as follows [24-
25]: 

cos𝜃𝜃′ = 1 + 𝑓𝑓 (cos𝜃𝜃  − 1) (2) 

where f is the ratio of the fractional area, 𝑓𝑓 =  𝑓𝑓1
𝑓𝑓1 + 𝑓𝑓2

 . 

Fig.5 shows the calculated results of the ratio of the frac-
tional area, f, obtained using measured results of the appar-
ent contact angles, θ’, for 10 cases of micro-fibers with the 
micro/nanotopography (the results were within the blue 
solid line in Table 3). The apparent contact angles decreased 
correspondingly when the value of f decreased. The value of 
f ranged between 0.24 – 0.27 when the hydrophilicities were 
under 51.1°. These tendencies were derived from Eq. (2). 
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 (OR: overlap ratio; F: fluence;    : surfaces with micro/nanotopography) 
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Fig. 3 Schematic diagram of equipment used for the 
measurement of the apparent contact angle. 
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Table 2 Measured results of micro-fibers for surface structures according to SEM. 
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However, Eq. (2) does not consider the roughness of surface 
f1. It was clear from the SEM images that the processing area 
provided with the reduction of the apparent contact angle 
had more significant surface structures. Hierarchical struc-
tures appeared in the three conditions when the hydrophilic-
ities were under 51.1° (the results were within the red solid 
line, Table 3), causing the hydrophilicity to become promi-
nent in the textures. 
 
4. Conclusion 

The experimental data showed evidence of a mi-
cro/nanotopography on the laser-ablated micro-fibers. They 
were used to identify the optimum conditions for inducing a 
micro/nanotopography and a hydrophilic surface on a micro-
fiber. Although it was difficult to measure the three-dimen-
sional structure in the nanometer range, we estimated the 
structures from SEM images and hydrophilicities. With 
regard to the hydrophilicity of micro-fibers, the hierarchical 
structures exhibited a reduction in the apparent contact an-
gles from 113.2° to 48.7°. 

Fabrics with high absorbency, such as cotton, are smooth 
to touch. There is benefit in modifying the properties of 
chemical fibers to render them similar to those of natural fi-
bers. In this research, we used the vertical direction, which 
might be applicable to the treatment of the flat surface of 
fabrics. 

Improvements may be needed for using the proposed 
method for oils and other complex liquids because they are 
dominant in living environments. 
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Table 3 Measured results of the apparent contact angles of the micro-fibers. 

(Equilibrium contact angle on micro-fiber θ = 113.2˚,             : hydrophilic surfaces,              : data used for the calculation 
in Fig.5 using Eq. (2)) 

Fig. 4 Schematic of a surface with hierarchical structure. 
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Fig. 5 Calculated results of the ratio of fractional area, f, us-
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10 cases of micro-fibers with micro/nanotopography (the re-
sults were within the blue solid line in Table 3, SD: standard 
deviation). 
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