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A B S T R A C T   

In micro injection molding, the specific cavity surface texture and roughness directly influence the polymer flow 
and the heat transfer between polymer melt and mold. In this work, two different types of laser-induced periodic 
surface structures, linear and hexagonal, were generated, and their impact on the flow length in micro injection 
molding was evaluated. 

A complete investigation of the surface treatment effect on the polymer flow was carried out, comparing the 
performance of an untreated cavity surface with surfaces modified by LIPSS. The phenomenon was examined by 
localizing the weld lines created by the polymer flowing in two parallel channels having different surface 
treatments. Several cavity inserts were treated by varying the LIPSS process parameters to generate surfaces with 
different micro- and nanostructures directions and periodicity. Furthermore, the paper addresses the hydro-
phobicity achieved on the micro molded surfaces replicated from mold inserts with different LIPSS-based surface 
topography. Mold surfaces with linear and hexagonal LIPSS and the respective molded parts were analyzed by 
optical profilometry and scanning electron microscopy to characterize the cavity surfaces replication and localize 
the weld lines on the micro injection molded parts.   

1. Introduction 

Micro injection molding (μIM) of thermoplastic polymers is widely 
employed for the economical mass-production of micro surface geom-
etries by replication, especially for optical and microfluidic applications. 
The complete replication of high aspect ratio micro features, usually 
placed on a relatively thick substrate, depends mainly on process con-
ditions and polymer properties [1–2]. The melt polymer flow is laminar 
with a no-slip hydrodynamic boundary condition under regular injec-
tion velocity and cavity geometry in the conventional injection molding 
process. However, instabilities occur when geometry exhibits rapid 
changes, such as the presence of gates or thin sections, especially if 
combined with high-speed injection. The so-called wall slip is a well- 
known phenomenon for non-Newtonian fluids, which can be ascribed 
to the disentanglement of the bulk chains when attached to the mold 

walls [3–5]. This effect is more frequent in micro injection molding. 
Indeed, when downscaling the injection molding process, the rate be-
tween mold cavity surface and cavity volume increases, meaning that 
physical phenomena at the polymer-mold interface increase their rele-
vance and influence on the whole process. 

Using numerical tools to simulate and optimize a process is a well- 
consolidated approach in conventional injection molding, but com-
mercial numerical codes fail to properly simulate the flow behavior and 
cavity filling when sizes are downscaled. Such inadequacy has to be 
ascribed to several limiting factors, but they all can be attributed to the 
fact that polymer rheological properties used in commercial simulation 
tools are obtained from macroscopic scale measurements. Conversely, 
surface tension and wall-slip conditions play a significant role within 
microscale geometries, depending on viscosity, heat transfer and tem-
perature distribution, and the topography of cavity surface [6]. More 
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specifically, cavity surface topography, which in large-scale molding is 
relevant only for surface finishing and appearance, can significantly 
change the cavity volume at the micro-scale and influence the polymer 
flow and the heat transfer between polymer melt and mold [7]. 

The mold surface structure influences the melt flow behavior, and 
the molded parts’ wettability is heavily affected by the cavity surface 
topography. Wettability is a fundamental property of solid surfaces 
governed by both the geometrical microstructure and the chemical 
composition of the surface. In recent years, superhydrophobicity, 
controllable water adhesion, anisotropic sliding, and anisotropic wet-
ting, which are four specific aspects of wettability, have attracted much 
interest because of their importance in fundamental research, practical 
applications, and inspired mimetic attempts [8]. 

Modifying surface with femtosecond laser pulses is one-step, fast, 
chemically and vacuum-free technology compared to conventional 
methods, including coatings, chemical etching, and various lithography 
techniques [9,10]. The unique properties of femtosecond pulses are local 
treatment without overheating the modified material, well-defined 
ablation threshold with minimum thermal collateral damages [11]. A 
peculiar property of linearly polarized femtosecond laser pulses is the 
formation of self-organized structures, so-called Laser-Induced Periodic 
Surface Structures (LIPSS) [12,13]. LIPSS have been imprinted on 
almost all materials and demonstrated potential for many applications 
[12–17]. 

One of the applications of LIPSS based texturing is the surface 
modification of molds for polymer injection. An example can be found in 
[18,19], where authors investigated the effects of LIPSS orientation on 
polymer slip during PET injection molding with a significant reduction 
of injection pressure. However, only linear LIPSS have been investigated 
so far regarding their effect on injection mold filling. Hexagonal LIPSS, 
which were recently obtained using complicated beam interference 
schemes [20], have never been tested in this application. Therefore, 
their potential in facilitating cavity filling needs to be investigated. 

In this work, two kinds of LIPSS were generated in a mold cavity, i.e. 
linear LIPSS and hexagonal LIPSS, to study their impact on the flow 
length during micro injection molding. In contrast to previous work 
[20], hexagonal LIPSS were obtained by using a simple optical path and 
an interpretation is offered to explain the formation of such hexagonal 
periodic structures. The effect of the surface treatments on the polymer 
flow was investigated by comparing the performance of an untreated 
cavity surface with treated ones. The phenomenon was analyzed using 
two parallel channels for melt separation and exploiting the localization 
of weld lines for differential characterization [21]. One channel was 
kept untreated on each sample, while the other was covered with LIPSS 
allowing a direct evaluation of the surface treatment benefits. Several 
cavity inserts were treated by varying the laser process parameters in 
order to generate LIPSS structures on the surfaces with different di-
rections and periodicity to investigate a wide range of treatment 
solutions. 

Furthermore, the hydrophobicity of the replicated LIPSS where 
characterized as hydrophobic surfaces are increasingly manufactured by 
creating submicron structures on plastic parts. Functionalities necessary 
for microfluidics, such as fluid collection or transport, may be made 
possible by the changed wetting behavior [22,23]. Surface replication 
and process characterization enable consistent production. It has been 
demonstrated that the creation of LIPSS using a femtosecond laser is an 
efficient method for functionalizing injection molding mold cavities. 
[24,19] The mold surface temperature was found by Krantz et al. to be 
the most important processing variable for precise and reliable surface 
replication for microinjection molded items. [25,18] Due to a reduction 
in melt viscosity at higher mold temperatures, the polymer melt may 
flow into the cavity more easily. The mold temperature must also be 
high enough to avoid the creation of a skin layer and the freezing off of 
the micro-structure prior to filling. Because of the decreased viscosity, 
raising the mold temperature also lowers the needed injection pressure 
and speed. 

2. Experimental 

2.1. Material and cavity design 

Polystyrene (Total, PS Crystal 1540) was used in the micro injection 
molding experiments. The mold cavity was designed to analyze the 
specific effect of LIPSS surface treatments on wall slip and cavity filling. 
The proposed approach exploits a double channel with a double link 
configuration, as reported in Fig. 1. 

The reference cavity is 15 mm long, 6 mm wide and 0.3 mm thick. 
The smaller hole is 1 mm wide and 1.5 mm long, while the longer one is 
8 mm long. The cavity can be divided into four main sections. In the first 
one (p1 in Fig. 1), the channels are machined with the same width (2.5 
mm), thickness (0.3 mm), and roughness. Consequently, when the split 
flows of molten polymer meet in the second section (p2), the weld line 
w1 is formed. Suppose any cause of asymmetries occurs, such as inac-
curate machining of the cavity or uneven temperature distribution. In 
that case, the position of the weld line w1 in p2 will not be centered: the 
displacement can then be used to verify any presence of asymmetries 
within the cavity and to compensate it if any occurs. Therefore, the w1 
location represents the ’zero-position’ for the following analysis in 
section p4. 

The third section (p3) is machined identically to the first one except 
for the surface topography, which is different between the two channels. 
As shown in Fig. 2, the LIPSS were realized only on the top channel of the 
cavity. Therefore, any filling flow difference between the two channels 
must be due to a different polymer-mold interaction caused by the 
LIPSS. If the polymer flowing in the treated channel accelerates (e.g. 
thanks to the reduced friction caused by the LIPSS) relative to that 
flowing in the untreated channel, the two flow fronts will not meet at the 
centerline. Therefore, such effect can be quantitatively evaluated in the 
fourth section (p4) as a relative y-direction displacement of the second 
weld line (w2) compared to w1. 

2.2. Cavity surface treatments 

The cavity surface treatments were performed using a Yb-based 
femtosecond laser system Pharos coupled with a galvo scanner and 
focused with a 56 mm f-theta lens. Two different types of LIPSS were 
carried out – linear LIPSS (treatment A) and hexagonal LIPSS (treatment 
B). As reported in Table 1, the laser source parameters were maintained 
constant except for the direction of the polarization plane and the use of 
argon shielding gas directed over the samples through a lateral nozzle. 

2.3. Injection molding experiments 

Injection molding experiments were carried out using a Wittmann- 
Battenfeld MicroPower 15 state-of-the-art micro injection molding ma-
chine (maximum injection speed: 750 mm/s, maximum clamping force: 
150 kN). The machine has an injection system composed of a 14 mm 
plasticizing screw and a 5 mm injection plunger. 

In order to investigate the surface treatments’ influence on the flow 
behavior, an experimental plan was designed varying the injection 
speed within four levels: 30, 100, 300, and 750 mm/s. The same injec-
tion molding tests were carried out using an untreated mold insert as a 
reference. 

2.4. Characterization of the molded parts 

The weld lines locations were evaluated with a 3D optical profiler 
(Sensofar, PLu neox), used in confocal mode. The weld line distance 
from the edge of the treated side (D) was measured in five different 
positions along the x-axis, as shown in Fig. 2, and the average of these 
measurements was calculated. Five parts were characterized for each 
combination of injection velocity and mold insert treatment. 
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2.5. Wettability measurement 

Furthermore, the molded parts were subjected to a dynamic wetta-
bility test with distilled-deionized water conducted through the sessile 
drop method. The tests were conducted on the LIPSS area by measuring 
the drops’ contact angle variation with time for samples obtained by 
different mold and with different injection conditions. 

The contact angle of laser-modified and non-modified surfaces was 
measured at room temperature (22 ◦C) using a Theta Flex optical 
tensiometer supplied by Biolin Scientific (Västra Frölunda, Sweden). 
The water contact angle of the samples was evaluated by static contact 
angle measurements, placing a 1 µL droplet of distilled water on the 
surface of the treated area. The image of the drop was then recorded for 
10 s. An average value of contact angle was calculated based on at least 
five measurements. The static contact angle was then defined by fitting 
the Young-Laplace equation around the droplet. 

2.6. FIB and SEM 

The surface morphology was investigated by secondary electron 
imaging mode using an FEI Nova NanoSEM 450 with X-EDS Bruker 
QUANTAX-200. The cross-sectional sample was made on an FEI Scios 
Focused Ion beam (FIB)-SEM dual beam, and subsequently, EDS maps 
were obtained at 10 kV electron high voltage on an Oxford SDD energy 
dispersive X-ray spectrometer (EDS) attached to the FIB-SEM. To mini-
mize the Ga beam damage to the LIPSS structure, care was taken by final 
polishing the cross-section using a small beam current (30 kV, 50 pA) 
before EDS maps and high-quality SEM images were taken. 

3. Results and discussion 

SEM analyses of the treated surfaces are presented in Fig. 3. The 
LIPSS shown in Fig. 3A, which is induced by linear polarized femto-
second laser pulses, is highly regular. The linear LIPSS appears due to the 
interference between the incident light and surface plasmons [12]. Ac-
cording to the hydrodynamic theories, especially influence hydrody-
namic instabilities [26], we suppose that structures on Fig. 3B, where 
clearly visible hexagons, is the case of such hydrodynamic instability. It 
is known that smooth surface of the ferrofluids leads to lose of the sta-
bility in external magnetic fields and undergoes the Rosensweig insta-
bility if the applied field is larger than the critical value [27]. This 
instability manifests itself in the form of hexagonal arrangement over 
the localized structures, which grows from ferrofluid in the direction of 
the applied magnetic field. In the given images, the direction of the 
polymer filling flow will be horizontal. 

SEM images cannot provide indications of the surface topography. 
Therefore, FIB cross-sections were created to measure the actual height 
of the ripples and valleys, as shown in Fig. 4 for linear (Fig. 4A) and 

Fig. 1. The cavity design and the filling pattern, as predicted by a numerical simulation. The flow front advances from the right (blue) to the left (red), forming weld 
lines (w1 and w2) after the first and the second hole, respectively. 

Fig. 2. LIPSS location in the cavity and measurement points along w2.  

Table 1 
Process parameters for the LIPSS treatments. The direction of the polarization 
plane was set parallel to the advancing flow front direction to generate nano-
ripples oriented perpendicularly to the polymer flow.  

Type of LIPSS Linear Hexagonal 

Energy per pulse [nJ] 370 370 
Pulse duration [fs] 120 120 
Repetition Rate [MHz] 1 1 
Step [µm] 4.5 4.5 
Spot Diameter [µm] 10.4 10.4 
Scanning Speed [mm/s] 1000 1000 
Polarization direction respect to scanning direction 0◦ 90◦

Shielding gas Argon In air  
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hexagonal LIPSS (Fig. 4B). The ripples thickness in bulk is around 
300–350 nm for both modes. As shown by the EDS elements mapping Fe 
(green) is distributed equally in whole deep of the cross section and 
mixed with small particles of O2 (orange). 

Fig. 5 plots the weld line distance (D) averages for all the samples 
molded with the investigated treatment at different injection speeds. 

The analysis of variance shows that the injection velocity signifi-
cantly influences the weld line position for mold inserts treated with 
hexagonal LIPSS. Conversely, the injection velocity is not significant for 
mold inserts treated with linear LIPSS (p-value = 0.947). 

For the injection speed of 30, 100, and 300 mm/s, there is a signif-
icant increase in the weld line distance (D) for mold inserts treated with 
hexagonal LIPSS compared with the untreated ones. However, no vari-
ations are visible for the specimens molded at 750 mm/s. Concerning the 

components molded with the mold insert treated with linear LIPSS, 
there is no evident variation between the calculated average position of 
the weld line compared with that one calculated for the specimens 
molded with the untreated mold insert. 

The experimental results have shown that it is worth treating the 
mold cavity surface with hexagonal LIPSS in air to improve the filling 
behavior of a microcavity as long as the injection speed is kept at low 
values. This trend is not caused by the occurrence of wall slip since this 
phenomenon disappears at higher injection velocity while wall slip is 
expected to increase with injection speed [18,28,29]. Wall-slip velocity 
consistently increases with increasing wall shear stress, which is directly 
related to shear rate and thus flow rate. In fact, for higher values of the 
shear rate, the number of macromolecular disentangling from a mono-
layer of polymer chains adsorbed at the polymer-mold interface 
continuously increase, leading to higher slip velocity [30]. 

This polymer flow improvement is due to the better insulating effect 
of the hexagonal LIPSS, which decreases the melt heat loss to the mold 
and helps to keep its viscosity low [31,32]. This explanation is also in 
accordance with the negative influence of the injection speed on the 
cavity filling: the higher the injection speed, the higher the heat flow 
convected into the cavity, and the lower the effect of the thermal contact 
resistance. 

The better insulating effect of the hexagonal LIPSS cannot be due 
only to the presence of an oxidation layer caused by treated the laser 
treating the surface in air. As it is clearly shown in Fig. 3, hexagonal 
LIPSS forms narrower and more closed pockets than the regular large 
trenches that characterize linear LIPSS. Air within the cavity, which is 
displaced by the advancing polymer flow front, is more easily trapped in 
the pockets of hexagonal LIPSS, thus reducing the contact surface area 
between polymer and mold and the associated heat transfer. A similar 
effect was reported by Surace et al. investigating the effect of cavity 
surface roughness on the filling flow in micro injection molding [33]. 
Higher values of cavity surface roughness, increased the amount of air 
trapped among the surface asperities causing a significant reduction in 
the melt cooling rate, thus causing a longer flow length. 

The analysis of variance showed that both the parameter “Treat-
ment” and “Injection speed” are significant. Fig. 6 shows the main ef-
fects, which reveal a decreasing weld line distance from hexagonal to 
linear LIPSS. On the other hand, the flow length shows a maximum in 
correspondence to the injection speed of 100 mm/s. 

After the injection molding tests, the mold inserts surfaces were 
analyzed using an SEM. These measurements were carried out to detect 
any variation of the LIPSS. Fig. 7 shows the untreated surface cavity 
(left) and the treated surface in air (right). It is possible to see a high 
sticking phenomenon occurring on surfaces treated in air by comparing 
the images, and such a sticking phenomenon is not visible analyzing the 
surfaces treated with the use of argon shielding flow (Fig. 8). 

The sticking phenomenon, seen on the cavity surface treated in air, is 

Fig. 3. LIPSS treated mold surfaces: (A) linear LIPSS, and (B) hexagonal LIPSS.  

Fig. 4. SEM images of FIB sections of the mold surface LIPSS-treated in (A) 
linear and (B) hexagonal. Inset I depicts lower magnification of Fig. 4A. Insets II 
and III display lower magnification of Fig. 4B and EDS elements mapping after 
LIPSS treatment. 
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due to a chemical adhesion between the polymer material and the 
oxidation layer, which develops in this process condition. 

Fig. 9 shows the wettability test results for specimens obtained at two 
different injection speeds. Each test is the average value of 4 different 
repetitions, while the colored bands represent the amplitude of the 
standard deviation. Parts molded at low injection speed (30 mm/s) are 
more hydrophobic if textured with hexagonal LIPSS. The average con-
tact angle is 15◦ and 30◦ lower for linear LIPSS and untreated parts, 
respectively. The lower hydrophobicity of linear LIPSS compared with 
hexagonal LIPSS can be explained considering the insulating effect of the 
latter, which allows for maintaining the polymer viscosity low thus fa-
voring the replication of the LIPSS structures. 

Increasing the injection velocity has been observed to increase 
replication of micro structured surfaces, as the cavity is filled before the 
skin layer solidifies, avoiding the microstructures freezing off prior to 
filling [34]. Moreover, molding at high injection speed causes the rapid 
compression of the air ahead of the flow front, which significantly in-
creases the temperature of the flow front and favors the microstructures 
replication, as shown by Sorgato et al. [35]. This explains why at high 
injection speed the hydrophobicity of the linear LIPSS increases. A 
similar improvement observed for the untreated surface may be due to 

the better replication of a mold surface topography characterized by 
both micro and nanostructures, tightly packed. In fact, Liparoti et al. 
observed how in injection molding the hydrophobicity of the molded 
part can be increased by improving the replication of a low roughness 
cavity surface [36]. 

4. Conclusions 

The analysis of variance showed that the hexagonal LIPSS was not 
influential on the filling flow length. Conversely, the linear LIPSS in-
crease the filling behavior of the melt flow for injection speed up to 300 
mm/s. For a higher injection speed, the surface treatment effect becomes 
negligible. The experimental tests have demonstrated that the injection 
speed of 100 mm/s is the optimal value to maximize the flow length. The 
SEM analysis of the surfaces treated in mode of linear LIPSS revealed a 
high attitude of the treatment to stick with the melt polymer. 

On the contrary, this phenomenon does not occur with the treatment 
with hexagonal LIPSS. These results support the theory that the 
improvement of the polymer flow is not due to wall slip, and instead, it is 
caused by lower heat exchange between the melt and the oxidized mold 
surface. 

Fig. 5. Weld lines distance from the specimen edges on the treated side.  

Fig. 6. Main effects plots.  
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Fig. 7. Sticking of polymer material on the mold insert surface treated with hexagonal LIPSS (in air) on the right; untreated surface on the left (magnification: 100×).  

Fig. 8. Surface of the mold insert treated with linear LIPSS (under argon 
shielding flow) as analyzed after injection molding (magnification: 100×). 

Fig. 9. Effects of LIPSS treatment on the dynamic wettability at various speed 
of polymer flow: 30 mm/s (A) and 300 mm/s (B). 
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