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Cutting Technique for Biodegradable Rope using a CW CO,
Laser with TEM,, mode

Dong-Gil Lee', Seonghun Kim*, Seong-Wook Park*, Yong-Su Yang* and Guo-Cheng Xu*

Abstract — A 23 W continuous wavelength CO, laser system exited by a high-frequency LCC
resonant converter is adapted to cut a biodegradable rope fabricated with polybutylene succinate. As
the biodegradable rope consists of three twisted strands, the thickness changes relative to the position
of the laser beam and we thus propose a method to determine exact cutting depth. In order to obtain the
parameters related to the rope cutting, the experimental and theoretical cutting depths are compared
and analyzed for a range of laser heat sources. The melted thickness and groove width of the cut
biodegradable rope are also examined. The proposed theoretical cutting depth depends on the incident
power and target velocity ratio. From these experimental results, the biodegradable rope with a
diameter of 22 mm can be cut with a heat source of 50 J/cm resulting in a melted thickness of 1.96 mm
and a groove width of 0.65 mm. The laser system is shown to be perfect tool for the processing of
biodegradable rope without the occurrence of raveling.
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1. Introduction

Lasers are widely used in materials processing and
continuous wavelength (CW) CO, lasers, in particular,
have a wide range of applications such as in ablation and
cutting, industrial instrumentation, fabrication of medical
equipment, and for dye-sensitized solar cell (DSSC)
sealing [1-9].

Polybutylene succinate (PBS) is an aliphatic polymer
that typically undergoes biodeterioration via microbes such
as Escherichia coli and bacteria in the environment, and is
thereby converted into residual products such as CO, and
water. These residual products are environmentally friendly
materials, and so, PBS is often used in agriculture, fishing,
and medical applications. In the fishing industry especially,
biodegradable PBS has recently been used to mitigate
ghost fishing caused by gill-net and trap fisheries [10, 11].
Further, process technologies for the manufacture of
fishing gear, such as biodegradable ropes and nets, have
been actively developed to protect the marine ecosystem by
using monofilament and multifilament PBS rope.

Current processing techniques of fishing gear using PBS
are generally inadequate for guaranteeing strength. A
careful approach to material processing is required because
PBS is sensitive to UV radiation and heat. In the fishing
industry, rope is usually cut using a heated knife. This
requires a lengthy amount of time for heating the knife, and
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the process is odoriferous. In addition, cutting with an
imbalanced hand force can cause the end of the rope to
ravel because the cut surface is not uniformly melted by
the heated knife.

Laser cutting offers the advantage of uniform cutting.
The laser beam irradiates the target evenly ensuring a clean
cut and reducing the likelihood of raveling. Employing a
CO, laser with a long wavelength (10.6 um) reduces the
cutting time because the absorption rate of the CO, laser
beam is high. Furthermore, the CO, laser power can be
controlled using the duty ratio or frequency, and material
processing is only carried out in the area irradiated the laser
beam. This area can also be increased or decreased easily
by optical instruments such as the focusing lens or beam
extender.

To cut biodegradable rope precise laser power density
control is essential [12-14]. Typically, an RF CO, laser
system is used mainly in material processing because it has
been designed for precise laser output power adjustment,
has a long lamp life, and superior power control. However,
RF CO, lasers are expensive, and have a complex
structure; they are composed of a t-matching circuit and an
RF generator. Also, beam stability for these lasers is not
suitable for rope cutting [15].

In this paper, we propose an experimental prototype
LCC resonant converter for a 23 W CW CO, laser for
cutting biodegradable rope. The power output can be
adjusted precisely by changing the frequency gain of the
resonance tank, and laser is designed with good beam
stability. The density and profile of the CO, laser beam are
simulated using MATLAB® software and this is used for
comparisons with the experimental data. We then outline
the theoretical cutting depth equation that is related to
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several parameters such as incident power and target
velocity. Experimental and theoretical cutting depths are
compared for various heat sources and we examine the
groove width and strength of the melted thickness.

2. Experiments

2.1 LCC resonant converter circuit design
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Fig. 1. LCC resonant converter with a three stage
Cockcroft-Walton voltage multiplier.

The LCC resonant converter for the CO, laser power
supply is shown in Fig. 1. It consists of a half-bridge,
resonant tank, and three stage Cockcroft-Walton voltage
multiplier. The output voltage level of the converter can be
adjusted precisely by varying the frequency as the output
voltage is controlled by resonant tank gain.

2.2 Power output of the CO, laser
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Fig. 2. Experimental data and MATLAB® fitting curve of
the laser output power.

Fig. 2 shows a plot of the laser output power versus the
operating frequency for the converter. The laser beam
power was measured by a power meter (Plus+ 600534),
and a function describing the relationship between laser
power and frequency was obtained using the MATLAB®
curve-fitting tool. The operating frequency ranges between
187.5 kHz and 370 kHz, and the output power is in the
range 4.3-23 W.

2.3 CO; laser cutting system

A schematic of the CW CO, laser system excited by the
high frequency LCC resonant converter is shown in Fig. 3.
The laser is operated at a wavelength of 10 um. The optical
resonator consists of a totally reflective Mo mirror with a
curvature of 10 m, a ZnSe flat mirror with a reflectivity of
90%, and a 450 mm long Pyrex tube with an inner
diameter of 19 mm. The discharge length is about 350 mm.
An optimized gas mixture of CO,/N,/He = 1:9:15 that
yields the maximum power is used in the experiments. The
laser system is water cooled, and consists of the CO, laser,
X-Y table, focusing lens and mirror-equipped focusing
head.

/7Electrodc

F I /\“

Half mirror Mirror-equipped head

i
D ‘ ‘ D \ X-Y table
[ FFFT A /
| HW QT ’—‘ E] U@cusing lens
Full mirror Pump out Water out Water in r Gasin

Electrod

LCC resonant converter

Fig. 3. Configuration of the laser cutting system with the
TEM,, mode excited by the high frequency LCC
resonant converter.

2.4 Proposed depth model and laser beam profiles

During the cutting process, a dynamic energy
equilibrium is maintained in the cutting area; the input
energy is equal to the output energy. Here, the total input
energy (E,) can be described by the sum of the energy
required for cutting (E,) and the energy lost to heat (E,)
in the surrounding air:

Et = Eq + Eloss (1)

In the case of cutting a nonmetal target, E;, can be
ignored due to high absorption. For the cutting processing,
the CO, laser beam profile in the TEM,, mode can be
described as a Gaussian distribution. The laser power
density is given by

aP 2+
1<x,y>:—2exp[— 7 J @)
r r

where « is the absorption coefficient, P 1is the laser
power, r is the beam radius at 1/¢’, and x and y are the
assigned points.

Fig. 4 shows the simulated distribution and laser density
profiles of the laser beam using Eq. (2).

The total energy of the laser is the power density
integrated over time at the assigned point:
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Fig. 4. Gaussian distribution of the laser simulated using
Eq. (2).
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where vV and dt =du/v (% : the moving length) are the
mean velocity of the target and the time variation,
respectively. The contribution from the y direction can be
ignored because the cut is formed at the midpoint of the
beam midpoint. Thus, y is set to zero.

The energy required for cutting is given by

E, = pDAS[C,(T,-T,)+L,] 4)

By using Egs. (1), (2), (3), and (4), the cutting depth can
be expressed as

(24

)
T m) o

D=

where p is the material density, D is the cutting depth, 7, is
the evaporation temperature, 7, is the environment
temperature, L, is the latent heat of vaporization, S is the
irradiation area, and C, is the specific heat of the material.

3. Results and discussion

The biodegradable rope used in the experiment consists
of three twisted strands each having a diameter of about 10
mm. The laser beam is focused to the minimum possible
diameter (0.63 mm) on the surface. Table 1 lists the
properties of the rope.

Table 1. Properties of the biodegradable rope

Properties Value
Density (p) 1.21 g/em’
Melting point (7) 155°C
Rope diameter 22 mm
Specific heat 0.27 J/kg °C

It is typically difficult to measure the cutting depth for
rope because the thickness changes relative to the position
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[ Cutting area
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Fig. 5. Measurement scheme for the cutting depth.

Fig. 6. Geometrical definition of groove width (W), melted
thickness (T), and cutting depth (D).

of the laser beam as shown in Fig. 5. The cutting depth can
be tracked as cases I, 11, and III as the heat source (P /v) is
decreased. We propose the following method to obtain the
exact cutting depth. The measurement is taken from a point
that is set at 45 degrees from the horizontal plane of the top
strand. A vertical line from this measurement point will
give geometrically the maximum cutting depth. Identical
experiments to investigate the cutting depth as a function
of the heat source are performed, and the depth is measured
with a video microscope system (Some TECH, SV-35).
The thickness of the melted rope is also measured. Fig. 6
shows geometrical definition of groove width (W), melted
thickness (T), and cutting depth (D).
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Fig. 7. Comparison of the measured data and theoretical
prediction of the cutting depth.
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Fig. 7 shows a comparison between the measured and
theoretical prediction of the cutting depth as a function of
the cutting heat source. The experiments of cutting depth
are carried out at a velocity range of 0.3 cm/s to 1 cm/s,
and a laser power range of SW to 23W, respectively.

The biodegradable rope needs to be cut perfectly for a
heat source of 50 J/cm; the cutting depth is about 15.3 mm.
It means the maximum cutting depth (D,,,,) value, which is
distance of between measurement point and bottom as
shown in Fig. 5. To cut the rope a larger cutting depth is
required and, hence, a larger heat source is required. A
larger heat source (over 50 J/cm) will also enable thicker
rope to be cut.

Fig. 8 shows a comparison between measured data and
theoretical prediction of the groove width as a function of
cutting heat source. It reveals that the groove width is not
linearly dependent on the cutting heat source. The groove
width is the width of the cutting channel; it approaches a
value corresponding to the spot diameter » with increasing
heat source. An empirical formulation adopted to predict
the groove width (W) is given as:

(6)

P Iv)— (P /v
Wer l—exp[—( IN )C(IN )thj

where (Py/v), represents the threshold value of the cutting
heat source, and C is an experimental constant that
correlates the spot diameter » with the cutting heat source
(Py/v) used for the vaporization process.
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Fig. 8. Comparison of the measured data and theoretical
prediction of the groove width.

The experimental results of the melted thickness as a
function of cutting heat source are shown in Fig. 9. This
graph allows us to estimate length of rope required to
compensate for melting.

As shown in Fig. 8 and 9, for a heat source of 45 J/cm,
the groove width and melted thickness saturate at 0.65 and
1.96 mm, respectively. Both curves have an exponential
relationship with the heat source.
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Fig. 9. Experimental results of the melted thickness as a
function of cutting heat source.

The finishing process for the cutting surface of the rope
is essential for preventing raveling. Thus, we measured the
tensile force of the melted surface using a tensile force
measuring instrument (INSTRON, Model-4204) in order to
ascertain the strength of the cut surface.
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Fig. 10. Comparison of the tensile force for five cases:
cutting depths corresponding to case I, I, and III,
cutting with a heated knife and laser cut rope.

Fig. 10 shows the tensile force of the melted surface for
cutting depths corresponding to case I, II, and III, cutting
with a heated knife and perfect laser cutting. The tensile
forces are 5.46, 3.15, 1.22, 6.81 and 7.93 kgf, respectively.
The conventional cutting method with a knife is heated in
200 — 250 °C when it cut the rope.

From these results, as the cutting depth increases, the
tensile force also increases. The tensile force obtained from
CO, laser cutting is also larger than that of cutting with a
heated knife. Thereby, the CO, laser cutting method is
more effective in preventing rope raveling. The result of
laser cut rope is shown in Fig 11. It shows that the
photograph of the cross section of melted thickness is cut
at heat source of 50 J/cm.
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Fig. 11. The cross section of the melted thickness for the
biodegradable rope.

4. Conclusion

We have described a 23W CW CO, laser system exited
by a high-frequency LCC resonant converter that is
suitable for biodegradable rope cutting. The experimental
results demonstrated performance of the system for rope
with a diameter of 22 mm. Measured data was compared to
the theoretical prediction of the cutting depth and groove
width. Furthermore, the melted thickness and tensile force
were investigated ascertain the extent of preventing rope
raveling. Both the melted thickness and tensile force of the
PBS rope varied as a function of the power to speed ratio
of the CO, laser. Melting the cut surface prevents possible
problems with untied rope. The processing parameters that
have the most effect on the rope cutting were determined to
be the laser power and target velocity. From the
experimental results, the rope can be cut with a heat source

of 50 J/cm for the minimum beam size (0.63 mm diameter).

Under these conditions, the melted thickness, groove width
and tensile force of biodegradable rope were 1.96 mm,
0.65 mm and 7.93 kgf, respectively.

These results will form the basis of further developments
to cut rope of various thicknesses. Furthermore, this
processing technique has an enormous potential for
commercialization.

References

[1] Dong-Gil Lee, Ji-Tae Hong, Guo-Cheng Xu, Ho-
Sung Kim, Kyung-Jun Lee, Sung-Joon Park, Whi-
Young Kim, Hee-Je Kim, “A simple dye-sensitized
solar cell sealing technique using a CO, laser beam
exited by 60Hz AC discharge”, Optics & Laser
Technology, vol. 42, issue 6, pp.934-940, 2010.

[2] Hee-Je Kim, Myug-Sil Lee, Dong-Gil Lee, Min-Kyu
Son, Kyoung-Jun Lee, “Optimal ablation of fluorine-
doped tin oxide (FTO) thin film layers adopting a
simple pulsed Nd:YAG laser with TEM,, mode”,
Optics and Lasers in Engineering, vol. 47, issue 5,

pp.558-562, 2009.

[3] Hee-Je Kim, Dong-Jo Kim, Ji-Tae Hong, Guo-Cheng
Xu and Dong-Gil Lee, “Sterilization of Escherichia
coli Based on Nd: YAG Resonator with a Pulsed
Xenon Flashlamp”, Journal of Electrical Engineering
& Technology, vol. 6, No. 2, pp. 275~279, 2011.

[4] Chwan-Huei Tsai, Bo-Wen Huang, “Diamond
scribing and laser breaking for LCD glass substrates”,
Journal of Materials Processing Technology, vol. 198,
issues 1-3, pp.350-358, 2008.

[5] Chwan-Huei Tsai, Hong-Wen Chen, “Laser cutting
thick ceramic substrates by controlled fracture

Acknowledgements

This work was supported by a grant (RP-2012-FE-001)
from the National Fisheries Research and Development
Institute (NFRDI), Republic of Korea.

References

[1] Dong-Gil Lee, Ji-Tae Hong, Guo-Cheng Xu, Ho-
Sung Kim, Kyung-Jun Lee, Sung-Joon Park, Whi-
Young Kim, Hee-Je Kim, “A simple dye-sensitized
solar cell sealing technique using a CO, laser beam
exited by 60Hz AC discharge”, Optics & Laser
Technology, vol. 42, issue 6, pp.934-940, 2010.

[2] Hee-Je Kim, Myug-Sil Lee, Dong-Gil Lee, Min-Kyu
Son, Kyoung-Jun Lee, “Optimal ablation of fluorine-
doped tin oxide (FTO) thin film layers adopting a
simple pulsed Nd:YAG laser with TEM,, mode”,
Optics and Lasers in Engineering, vol. 47, issue 5,
pp-558-562, 2009.

[3] Hee-Je Kim, Dong-Jo Kim, Ji-Tae Hong, Guo-Cheng
Xu and Dong-Gil Lee, “Sterilization of Escherichia
coli Based on Nd: YAG Resonator with a Pulsed
Xenon Flashlamp”, Journal of Electrical Engineering
& Technology, vol. 6, No. 2, pp. 275~279, 2011.

[4] Chwan-Huei Tsai, Bo-Wen Huang, “Diamond
scribing and laser breaking for LCD glass substrates”,
Journal of Materials Processing Technology, vol. 198,
issues 1-3, pp.350-358, 2008.

[5] Chwan-Huei Tsai, Hong-Wen Chen, “Laser cutting
thick ceramic substrates by controlled fracture
technique”, Journal of Materials Processing
Technology, vol. 198, issue 136, pp.166-173, 2003.

[6] Yi-Zan Wang, Jehnming Lin, “Characterization of the
laser cleaving on glass sheets with a line-shape laser
beam”, Optics & Laser Technology, vol. 39 issue 5,
pp-892-899, 2007.

[7] M. Boutinguiza, J. Pou, F. Lusquifios, F. Quintero, R.
Soto, M. Pérez-Amor, K. Watkins, W. M. Steen,
“CO, laser cutting of slate”, Optics and Lasers in



[10]

[11]

[13]

[14]

[15]

Dong-Gil Lee, Seonghun Kim, Seong-Wook Park, Yong-Su Yang and Guo-Cheng Xu 581

Engineering, vol. 37, issue 1, pp.15-25, 2002.

Ulas Caydas, Ahmet Hasgalik, “Use of the grey
relational analysis to determine optimum laser cutting
parameters with multi-performance characteristics”,
Optics & Laser Technology, vol. 40, issue 7, pp. 987-
994, 2008.

Junke Jiao, Xinbing Wang, “Cutting glass substrates
with dual-laser beams”, Optics and Lasers in
Engineering, vol. 47, issues 7-8, pp. 860-864, 2009.
Seong-Wook Park, Jae-Hyun Bae, Ji-Hyun Lim,
Bong-Jin Cha, Chang-Doo Park,Yong-Su Yang and
Heui-Chun Ahnd “Development and physical proper-
ties on the monofilament for gill nets and traps using
biodegradable aliphatic polybutylene succinate resin”,
The Korean Society of Fisheries Technology, vol. 43
No. 4, pp.281-290, 2007.

Byung-Gon Jeong, Jae-Geun Koo and Ho-Young
Chang, “Biodegradability of Artificial Bait for Blue
Ports and Its Effect on Seawater Quality”, Journal of
the Korean Society for Marie environmental
Engineering, vol. 12, No. 2, pp. 86-103, 2009.
Hyun-Ju Chung, Hee-Je Kim, “Various Pulse
Forming of Pulsed CO, laser using Multi-pulse Super-
position Technique”, KIEE International Transactions
on Electrophysics and Application, vol. 11-C, No. 4,
pp.127-132, 2001.

Ki-Kyung Noh, Geun-Young Kim, Hyun-Ju Chung,
Byoung-Dae Min, Keun-Ju Song, Hee-Je Kim,
“Optimal Characteristics of a Long-pulse CO, Laser
by Controlling SCR Firing Angle in AC Power Line”,
KIEE International Transaction on Electrophysics
and Application, vol. 2-C, No. 6, pp.304-308, 2002.
Sung-Jun Park, Whi-Young Kim, “AC-chopper
application for CW CO, laser”, Optics & Laser
Technology, vol. 42, issue 2, pp. 269-273, 2010.
Montiel-Perez, J.Y., de la Rosa-Vazquez, J.M., “CO,
Laser Capacitive-excited with Radio Frequency of
450 kHz”, Latin America Transactions, IEEE, vol. 3,
No. issue 5, pp. 33-38, 2005.

Dong-Gil Lee received his B.E. and

M.E. degree in Electrical Engi-

neering from Pusan National Univer-
=T ity in 2008 and 2010, respectively.
He is currently a doctoral student at
Pusan National University and a
researcher at the Fisheries System
Engineering Division, NFRDI, Pusan,
Korea. His research interests include
automation farming system, auto-

LY
s :

matic control system design, circuit design, and robotics.

Seonghun Kim received his BE and
ME degree in Fisheries Physics in
Pukyong Nationnal University. in
2000 and 2002, respectively and his
Ph.D. degree in Fisheries Engineering
from Hokkaido Univ. in 2008. He is a
researcher at Fisheries system engi-
neering Division, NFRDI, busan,
Korea. His research interests include

Fishing gear design, mesh size selectivity, echo-friendly

fishing gear.

design, robotics.

Seong-Wook Park received his
Ph.D. degree in Fishery Engineering
from Jeju National University in
2001. He is a Section Chief at the
Fisheries System Engineering Divi-
sion, NFRDI, Pusan, Korea. His
research interests include automation
farming system and biodegradable
fishing gear design.

Yong-Su Yang received his Ph.D.
degree in Fishery Engineering from
Jeju National University in 2000. He
is a researcher at the Fisheries Sys-
tem Engineering Division, NFRDI,
Pusan, Korea. His research interests
include automation farming system,
fishing gear design, and underwater
acoustics.

Guo-Cheng Xu received his B.E.
degree in Mechano-Electronic Engi-
neering from Xidian University,
China, in 2006, and his M.E. degree
in FElectrical Engineering from
Pusan National University in 2008.
He is currently a doctoral student at
Pusan National University. His
research interests include circuit
design and automatic control system



