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This paper demonstrates the manufacturing of breathable film by patterning micro-holes on the
surface of oriented polypropylene films by means of diffractive multi-beam nanosecond laser
assisted micro-machining technology. Using a 1x3 diffractive beam splitter, we have split a single
laser beam into three parallel beams and have irradiated them sequentially in a row at a constant
speed to overlap three pulses in each irradiated spot of the film surface. As a consequence, micro-
holes’ array of high depth and wide diameter is formed on the film surface. We also fabricated
breathable polypropylene films by single laser beam engraved micro-holes’ array. Multi-pulse
engraved micro-holes show better aspect ratio, compared to single pulse engraved micro-holes. To
study the influence of average pulse energy on breathability of the films, we have fabricated micro-
holes array on the polypropylene film surface by varying the average pulse energy. Furthermore, we
investigate the oxygen transfer rate through the multi-pulse irradiated breathable films. The
experimental results exemplify that, oxygen transfer rate increases with the number of irradiated
laser pulses in each spot of the oriented polypropylene films. The fabricated breathable films will
pave the way for technological advancement, especially in packaging, and manufacturing sanitary

pad, diaper and water proof vinyl.
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1. Introduction

Nowadays, breathable films have wide range of applica-
tions in a diverse field of science and technology, especial-
ly in the packaging industry. Breathable films have the
characteristics of allowing air flow through the film. Dur-
ing last several decades, oriented polypropylene films have
been widely used in the packaging industry as breathable
films because of their excellent thermal stability, chemical
resistance, and physiological compatibility [1-5]. The mi-
cro-perforated polypropylene films are able to breathe,
which property makes them suitable for packaging bio-
chemically active agricultural products including fresh
fruits, vegetables, herbs, for disposable hygiene articles,
and for protective health care garments where air breath-
ability is a key requirement [3]. The formation of micro-
patterns, especially micro-holes and micro-porous on the
surface of OPP films causes the increase in flow of oxygen
and carbon dioxide through the polypropylene container.

There have been reports on the formation of breathable
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films by micro-structuring of OPP films using various mi-
cro-machining technologies [1-5]. P. C. Wu et al. have ana-
lyzed the breathability of various micro-porous films with
variable composition by investigating the oxygen transfer
rate and moisture vapor transmission rate [1]. A novel tech-
nique of fabricating waterproof breathable composite mate-
rials has been proposed by another research group [2].
Compared to other processing technologies, lasers have
shown great promises to produce good quality breathing
films [3-5]. Dr. Sohn and his research group have reported
the formation of breathable films by printing micro-holes’
array on the surface of oriented polypropylene films by
means of single-beam laser writing technology using dif-
ferent laser systems including nanosecond, picosecond, and
femtosecond lasers [3,4]. The same research group utilized
a single CO; laser beam to pattern micro-holes on the sur-
face of OPP films functioning as breathable films. CO;
laser assisted micro-structured OPP films showed immense
breathability and showed promises in packaging fresh veg-
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etables and fruits [5]. Z. Wang et al. reported the micro-
perforation of thin biomimetic films by means of single-
beam femtosecond laser writing technique [6]. Although
laser assisted technologies show good results in fabricating
quality breathable films in small scale, most of the technol-
ogies suffer from poor throughput when commercial pro-
duction is considered. Besides, there are scopes of improv-
ing the breathing rate of the films and quality of the micro-
structures. Thus, more investigations are desirable to find a
novel technique of manufacturing good quality breathable
films having high breathing rate and throughput, suitable
for commercial production.

For simultaneous micro/nano-patterning of a large
sample area, researchers proposed two different kinds of
laser assisted patterning technologies: particle lens array
(PLA) incorporated technology [7-10] and diffractive opti-
cal element (DOE) integrated technology [11-13]. PLA
assisted laser processing technology utilizes the near-field
enhancement induced by the micro/nano-metric spherical
particles or lenses, which are closely distributed on the
sample surface. Each particle or lens fabricates a small
hole on the material surface and consequently, simultane-
ous formation of nano-holes on the sample surface has
been achieved in a large variety of materials including sili-
con [7,8], glass [9], and photo-polymerized resin [10].
However, nano-holes might not be enough for breathability
of the films when the film thickness is in the range of sev-
eral micrometers. As a result, this technology might not be
adequate enough to serve our purpose, i.e., producing good
quality breathing films with high throughput. Diffractive
multiple beams have been utilized by several research
groups to improve the processing time by means of simul-
taneous fabrication of micro-structures on the surface of
various materials including titanium alloy (Ti6Al4V), glass,
SU-8 photoresist, and silicon [11-17]. Two different kinds
of DOEs are widely utilized to split the incident laser beam
into several diffractive laser beams: spatial light modulator
(SLM) [11-13] and diffractive beam splitter (DBS) [14-17].
Both of these DOEs are suitable for simultaneous pattern-
ing of micro/nano-holes on material surface. However, a
single time exposure of laser beam on material surface can
produce low depth holes and may not create enough open-
ings in the samples for breathing. R. Zhou et al. demon-
strated the enhancement of laser ablation by spatial double-
pulse interaction effect where they utilized DBS to split a
single laser beam into two beams [17]. However, interac-
tion of laser pulses varies with materials. On the contrary,
application of multi-beam technology for forming micro-
lens array on a large area, especially in fabricating breath-
able films deserves more research. Furthermore, the impact
of triple or higher number of split laser beams on the en-
hancement of laser ablation and their interaction with the
OPP film need further investigations. Therefore, discovery
of a fast and flexible technique for fabricating breathable
films comes to the forefront of the research field.

In this paper, we proposed a novel technique of forming
breathable OPP films by irradiating both single and multi-
ple laser pulses in each irradiated spot. Single laser pulses
were irradiated by a single laser beam. The nanosecond
laser beam was split into three beams using a 1x3 DBS and
sequentially scanned on the OPP films’ surface to irradiate
three laser pulses in each spot, which in turn engraved pe-
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riodic micro-holes of wide diameter and high depth on the
OPP films. The depth and diameter of the holes showed
increasing trend with the increase of the number of applied
laser pulses in each spot and the pulse energy. Multi-pulse
irradiated micro-holes showed better aspect ratio (width to
depth), compared to single pulse engraved micro-holes.
The width and depth of the micro-holes had significant
influence on the OTR of the OPP films. More importantly,
the processing time was reduced significantly, which in
turn increased the overall throughput. The micro-patterned
OPP films showed immense breathing capability and
showed great potential for commercial applications.

2. Experimental Details

We carried out the experiments by means of an ultravio-
let pulsed nanosecond laser source (AVIA 266-3, Coherent),
operating at the central wavelength of 266 nm. The laser
beam irradiated 20 ns laser pulses at a pulse repetition rate
of 30 kHz. To split the incident laser beam into three paral-
lel beams, we guided the nanosecond laser beam by means
of several mirrors and passed the beam through a 1x3 dif-
fractive beam splitter where the split angle of the beam
splitter was 0.32°. Before the DBS, the beam diameter was
~ 2 mm. However, the beam diameter of the diffracted laser
beams was about 10 um after the DBS. The collimated
laser beams were focused on the OPP film surfaces by uti-
lizing a convex lens (focal length: 57.3 mm). The spatial
distance between the split laser beams at the focal point
was ~ 300 um. To pattern micro-holes array on the OPP
films’ surface, these multiple laser beams were focused on
the film surface and the translation stage was moved at a
scanning speed of 10 mm/s. As a consequence, the beams
moved 300 pm in each step from their previous position
and irradiated one pulse. Consequently, micro-holes were
fabricated 300 um apart. In contrast, the vertical scanning
step of the laser beams was 300 pm. Fig. 1(a) illustrates the
schematic diagram of the experimental setup.
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Fig. 1 Experimental setup of the ultraviolet pulsed nanosecond
laser system. (a) Schematic diagram; (b) Photograph.
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The photograph of the ultraviolet pulsed nanosecond la-
ser system is illustrated in Fig. 1(b). Oriented polypropyl-
ene films of 30 um thickness were placed on a single axis
step motorized stage (SGSP-150, 80 mm stroke), as shown
in Fig. 1(b). To fabricate periodic micro-holes’ array on the
surface of OPP film, the laser beam with an average pulse
energy (E) varying from 7-50 pJ was irradiated on the
sample surface. As a consequence, the OPP films turned
into breathable films. Using both the single-beam and mul-
ti-beam nanosecond laser based technologies, we fabricated
total twenty (10x2) breathable OPP films. After laser pro-
cessing, the micro-structured samples went through ultra-
sonic cleaning in deionized water for approximately 30
minutes. The micro-holes engraved samples were investi-
gated under an optical microscope (ZEISS, Axioskop 40).
We also measured the oxygen transfer rate through the pe-
riodic micro-holes’ engraved OPP films to investigate the
breathability of the films.

3. Experimental Results

By irradiating nanosecond laser pulses, we fabricated
breathable films by patterning periodic micro-holes’ array
on the surface of OPP films. The micro-holes were fabri-

cated by applying a single pulse and 3 pulses in each irra-
diated spot of the OPP films. Initially, single laser pulses
with pulse energy varying from 33-50 pJ were irradiated
over a large sample area to fabricate micro-holes’ array on
OPP films’ surface. When the average pulse energy was 33
uJ, consistent micro-holes with diameter of approximately
33 um were observed on the surface of most of the OPP
film samples, the optical microscope (OM) image of which
is illustrated in Fig. 2(a). With the increase of the pulse
energy, the diameter and depth of the micro-holes were
increased. At a pulse energy of 40 pJ, the diameter of the
micro-holes reached to 43 um, as shown in the OM image
of Fig. 2(b). When the pulse energy was 50 pJ, micro-holes
with diameter of 49 um was evident on the surface of OPP
film, as depicted in Fig. 2(c). In all these cases, we ob-
served heat affected zones around the micro-holes, as de-
picted in Figs. 2(a-c). The optical microscope image of the
micro-holes’ array fabricated at 50 pJ energy is illustrated
in Fig. 2(d). The experimental results show that, aspect
ratio of the single pulse irradiated micro-holes decreases
with the increase of the pulse energy. Excellent aspect ratio
was achieved at a pulse energy of 50 pJ. Fig. 2(e) plots the
width and depth of the micro-holes’ with respect to the
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Fig. 2 Single laser pulse assisted fabrication of micro-holes on OPP film surface by varying the average pulse energy energy from 33-50
wl. (a-c) OM images of the micro-holes: (a) £ =33 pJ, (b) E=40 puJ, (c) £ =50 pJ; (d) OM image of the Micro-holes’ array at £ =50 pJ;
(e) Width and height of the micro-holes fabricated with different E; (f) Aspect ratio of the single pulse irradiated micro-holes. The varia-
tions of the physical parameters of the micro-holes are indicated by the bars of the Figs. 2(e) and 2(f).
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pulse energy of the irradiated pulses. The aspect ratio of the
single pulse irradiated micro-holes is illustrated in Fig. 2(f).
The bars of the Figs. 2(e) and 2(f) represent the variation of
the physical parameters of the micro-holes. The width,
depth, and aspect ratio of the micro-holes, observed in most
of the samples, fabricated using single pulse irradiation are
summarized in Table 1.

Table 1 Width, depth, and aspect ratio of the single pulse
engraved micro-holes on OPP films

Pulse Energy, nl

Entity
33 40 50
Width, pm 33 43 49
Depth, pm 6 11 14
Aspect Ratio 5.5 3.9 3.5

In order to investigate the impact of three laser pulses
on the formation of the micro-holes and to examine the
breathability of these micro-holes array engraved breath-
able OPP films, we applied three laser pulses in each irra-
diated spot by sequential movement of the multi-beam laser
at a constant speed of 10 mm/s. Average pulse energy of
the laser beams was varied from 7-17 pJ. Schematic dia-
gram of the proposed sequential patterning concept is rep-
resented in Fig. 3. The numerical values in each figure of
Figs. 3(a-d) indicate the number of irradiated laser pulses in
a particular spot. The focal points of the parallel laser beam
coming out from the 1x3 diffractive beam splitter was
aligned in a horizontal line. After first time exposure of the
laser beam, the three parallel beams strike at three different
locations, each of which was 300 um apart. Since the focal
points of the parallel laser beams were aligned properly,
micro-holes were evolved in each irradiated spot forming a
horizontal line, as shown in Fig. 3(a). When the parallel
beams were moved by one step, the first beam was moved
to the position of the second beam of Fig. 3(a) and the sec-
ond beam was moved to the position of the third beam of
Fig. 3(a). As a consequence, two pulses were irradiated in
these two spots. On the contrary, the third beam was moved
to a new position, as represented in Fig. 3(b).

After second step movement of the laser beams, the first
and second beams of Fig. 3(a) now moved to the third and
fourth position (as shown in Fig. 3(c)) and the third beam
of Fig. 3(b) was moved to a new position. Due to the se-
quential movement of the laser beams, three pulses were
irradiated in each irradiated spots after the third step
movement except the first two and last two positions, as
illustrated in Fig. 3(d). The number of overlapped laser

pulses in each irradiated spot is listed in Fig. 3 for each step.

Fig. 3(e) illustrates the OM image of the micro-holes en-
coded OPP film after nanosecond laser irradiation with
average pulse energy of 17 pJ before ultrasonic cleaning.
The magnified OM images along with the diameter of the
micro-holes are shown in the insets of Fig. 3(e). The OM
image of the micro-holes array encoded OPP films after
ultrasonic cleaning is illustrated in Fig. 3(f). The horizontal
and vertical periods of the micro-holes were 300 pum.

By varying the pulse energy from 7-17 plJ, we fabricat-
ed periodic micro-holes of variable diameter on the surface
of OPP films by applying three pulses in each irradiated
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Fig. 3 Formation of micro-holes’ array on OPP film by diffractive
multi-beam patterning technique. (a) After first time laser irradia-
tion; (b) After one step movement of the laser beams; (c) After
two step movement of the laser beams; (d) Periodic micro-holes
due to sequential movement of the laser beams; (¢) OM image
(top view) of Fig. 3(d) and magnified image of the micro-holes;
(f) OM image of the micro-holes’ array on OPP film surface after
irradiation of three laser pulses of 17 pJ pulse energy in each irra-
diated spot.

spot, optical microscope images of which are depicted in
Figs. 4(a-d). When three laser pulses with pulse energy of 7
uJ were applied one after another in a single spot, micro-
holes of 12 um diameter were evolved on the OPP film
surface, as represented in Fig. 4(a). The same process is
repeated by changing the energy of the laser pulses to 11 uJ,
13 pJ, and 17 pJ and consequently, micro-holes array were
engraved on the OPP film surface with holes’ diameter i.e.,
width of 13 um, 14 pm, and 16 um, respectively (Fig. 4(b-
d)). Like single pulse engraved micro-holes, heat affected
zone was also evident for the multi-pulse irradiated micro-
holes. Fig. 4(e) plots the dependence of width and depth of
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Fig. 4 Micro-holes on OPP film surface after the irradiation of three laser pulses under variable average pulse energy (E). (a-d) Optical
microscope images of the micro-holes: (a) At E=7 ul, (b)at E=11 uJ, (¢) At E=13 pJ, (d) at £ =17 pJ; (e) Plot of width & depth of the
micro-holes with respect to pulse energy; (f) Plot of aspect ratio of the micro-holes with respect to pulse energy. The variations of the
physical parameters of the micro-holes are indicated by the bars of the Figs. 4(e) and 2(f).

the micro-holes on the pulse energy, whereas Fig. 4(f) rep-
resents the relationship between the pulse energy and the
aspect ratio of the micro-holes. Like single-pulse engraved
micro-holes, the aspect ratio of the multi-pulse exposed
micro-holes showed decreasing trend with the increase of
average pulse energy. Micro-holes of excellent aspect ratio
were achieved for average pulse energy of 17 pJ. The ex-
perimental results of the three pulses irradiated OPP sam-
ples are summarized in Table 2.

Table 2 Width, depth, and aspect ratio of the three pulses irra-
diated micro-holes on OPP films

Entity Pulse Energy, pJ
7 11 13 17
Width, pm 12 13 14 16
Depth, pm 2.4 6.5 9 13.7
Aspect Ratio 5 2 1.56 1.17

To investigate the breathability of the micro-structured
OPP films, we measured the OTR of the multi-pulse en-
graved OPP films, where the number of laser pulses in each
irradiated spot was varied from 3 to 15 (in this manuscript,
only 3 pulses engraved samples were presented). Fig. 5
depicts the OTR data of the micro-holes array encoded
OPP films for different number of incident laser pulses,
which represents breathability of the micro-holes array
engraved OPP films. The experimental results confirm that,
the OTR increases with the increase of the number of

applied laser pulses. Due to the increase in the number of
laser pulses, the width as well as depth of the micro-holes
was increased. This phenomenon might have caused the
increase in the OTR rate of the breathable OPP films with
respect to number of irradiated laser pulses in each spot.

2,00,000
1,60,000
1,20,000

80,000

OTR (cc/m*/day)

40,000

00 2 4 6 8 10 12 14 16

Pulse Number

Fig. 5 Oxygen transfer rate characteristic of the breathable films
fabricated by applying different number of laser pulses in each
spot at average pulse energy of 17 pJ.

4. Discussion

Ablation occurs in a material when the laser fluence ex-
ceeds a distinct threshold value of that material. To analyze
the spot size of the ablated area, at first we considered sin-
gle pulse assisted ablation of a material with ablation
threshold fluence Fy. The solution for determining the di-
ameter D of the micro-holes is as follows [20]:

D=2 In(Fy/Fy) = 28 [1n(F) - n(F,,)] = \2ud n(£y/Ey) (1)
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where wy is the half of the beam waist size and F) is the
peak laser fluence, Fi, is the threshold fluence (energy per
area) for a particular material, and Ey & Ey are the peak
pulse energy of the laser beam & threshold energy of the
material. When we increase the number of applied laser
pulses (V) from 1 to 3, it is evident that the ablation occurs
at low laser fluence, i.e. low pulse energy. The decrease in
the threshold fluence for multiple pulses can be attributed
as the increased absorption due to accumulated damaging
effects from individual pulses. The effect of incubation on
ablation threshold can be quantified by the following equa-
tion [20].

)

where ¢ is a material dependent statistical parameter. The
reduction of threshold fluence required for material abla-
tion, caused due to the exposure of multiple laser pulses,
might be influenced by long time continuous thermal diffu-
sion by laser beam [17].

The micro-holes of Figs. 2 and 4 suggest increasing
trend of diameter with the increase of average pulse energy.
Initially, the diameter of the holes had increased sharply
with the pulse energy. Later on, the diameter increasing rate
had slowed down with the increase of pulse energy. These
results are in substantial agreement with the model pro-
posed in for Gaussian laser beam [18]. The pulse energy
dependence of micro-hole’s diameter for Gaussian laser
beam can be obtained using the equation as follows [18]:

D=Aln £
Eth

where D is the micro-hole’s diameter and E is the pulse
energy. Here Ej and A are fitting parameters. In Gaussian
laser beam, higher energy is evident at the center of the
beam, compared to the periphery of the laser beam. When
pulse energy is increased, the energy at the beam center
also increased along with the energy of the beam periphery.
As a consequence, the depth as well as the diameter of the
micro-holes also increased, as evident from Figs. 2(e) and
4(e). Compared to single-beam engraved micro-holes re-
ported in other research works [3-5], the proposed three-
beam technique engraved micro-holes showed wider width
and higher depth.

The maximum number of overlapped pulses and the av-
erage pulse energy required to fabricate breathable films
are directly dependent on the thickness of the OPP films.
When the film thickness is high, we require more pulses
with high pulse energy to be irradiated at the same spot.
There is a tradeoff between the number of required laser
pulses and pulse energy. Equation (2) exemplifies that,
when number of irradiated laser pulses is high, compara-
tively low pulse energy is enough to fabricate deep micro-
holes on thick OPP films. In such cases, we require to split
the laser beam into many consistent beams that is very dif-
ficult to achieve. Therefore, we should focus on controlling
the consistency of pulse energy of the multiple beams ra-
ther than splitting the laser beam into many parallel beams.

We noticed heat affected zones around the single-beam
and multi-beam engraved micro-holes (see Figs. 2(a—d),
Figs. 3(e—f), and Figs. 4(a—d)). Due to the shock wave gen-
erated by the nanosecond laser pulses, the heat is absorbed

Fy(N) = Fy ()N

)
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by the surrounding material of the micro-holes. As a result,
the ablated area was stressed, which in turn caused the
formation of halos around the micro-holes. In addition,
shock wave is responsible for the ejection of melted mole-
cules from the ablated area edges [6]. However, shockwave
lasts for maximum several nanoseconds and the atoms of
the sample material are relaxed and ready to receive the
next pulse where the arrival time of the next pulse is much
longer [19]. Therefore, the configuration of heat affected
zone around the multi-beam engraved micro-holes is al-
most similar to the heat affected zone around the single-
beam engraved micro-holes.

The proposed three-beam technology represented sig-
nificant improvement of the OTR through the OPP films in
compared to the single-beam technology assisted OPP
films [3]. The OTR can be increased by increasing the
pulse energy and the number of irradiated laser pulses. In
addition, the focal depth of the laser beams has significant
impact on the number of required overlapped pulses for
fabricating breathable films. Use of a galvanometer scanner
in place of objective lens might be useful in decreasing the
required number of laser pulses.

In single-beam laser writing technique, when a laser
beam is scanned on a sample surface, periodic holes are
formed where each pulse is irradiated. To increase the
width and depth of the micro-holes, we require applying
more pulses in the same spot. If we want to irradiate three
pulses as an example in each spot, we need to scan the laser
beam three times and consequently processing time is in-
creased and throughput is decreased. In addition, when a
laser beam is applied three times in each irradiated spot, the
laser pulses may hit the samples slightly different locations
due to the lack of synchronization between the laser beam
and the translation stage. Compared to single-beam tech-
nology proposed in [3—6], processing time has been de-
creased at least three times in our proposed three-beam
technology if all other experimental parameters remain
same. Therefore, we can triple the throughput during fabri-
cating breathable films by sequential application of three
laser beams in the same spot. However, the overall pro-
cessing time is solely dependent on the scanning speed and
the pulse repetition rate of the laser source. During our ex-
periment, it required only 6 minutes to fabricate breathable
OPP films over an area of 3 cm x 3 cm using three pulses
in each spot. Currently, laser sources are available with
very high pulse repetition rate even up to several MHz. As
a result, the translation stage can operate at a speed of sev-
eral meters per second, which in turn can significantly re-
duce the processing time and increase the throughput dur-
ing fabricating breathable films. The throughput can further
be increased by increasing the number of split beams,
which can be achieved by using higher order diffractive
beam splitters such as 4x4, 2x6, or even higher order.

5. Conclusion

In this paper, we proposed a novel technique of fabricat-
ing breathable films by patterning periodic micro-holes’
array on the surface of OPP films using diffractive multi-
beams of an ultraviolet pulsed nanosecond laser. By using a
1x3 diffractive beam splitter, we generated three parallel
diffractive beams, which were irradiated sequentially on
top of the OPP films’ surface. Accordingly, three pulses are
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irradiated in each spot that increases the diameter and depth
of the micro-holes formed on the OPP films. The depth and
diameter of the micro-holes showed increasing trend with
the increase of pulse energy of the laser beams. Multiple
pulses engraved OPP films showed excellent oxygen trans-
fer rate, i.e., breathability where the breathability can be
increased by increasing the number of incident laser pulses
in each irradiated spot. By increasing the number of paral-
lel diffractive beams, we can increase the throughput of
breathable films manufacturing. Our proposed technique is
easy, flexible, and fast to be considered for commercial
applications.
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