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Abstract

In this study, the assessment of the possibility of impar-
ting anisotropic tribological properties to medical silicone 
surfaces using laser surface texturing was performed.  
The transversal-shaped microgrooves were laser-textured 
on the surface of the silicone samples applying different 
angles of incidence of the laser beam (α) ranging from 0° 
to 40°. The surface characteristics of the laser-textured 
silicone surface were performed by optical microscopy, 
surface 3D topography measurements, and contact angle 
measurements; the tribological tests were carried out under 
technically dry friction conditions and friction with lubrication 
conditions. The results showed: a significant increase in 
surface texture parameters values with Sq values ranging 
from 7.57 µm for α = 0° to 36.9 µm for α = 10°, compared to 
the non-textured sample 1.52 µm, increased hydrophilicity 
of the textured surfaces for most samples demonstrated by 
contact angle measured values for α = 0° sample showing 
the largest contact angle 126° as compared to the non-
-textured samples 103°. The produced anisotropic micro-
structure of the textured silicone surface, i.e. its directionality, 
is evidenced by obtained values of the texture aspect ratio 
(Str) tending to 0.00 for all textured samples. Changes in 
the friction coefficient’s directionality in the forward and 
backward directions were noted for α values above 20° for 
both dry conditions and friction with lubrication conditions. 
We can conclude that laser surface texturing allows for the 
effective functionalization of a medical silicone surface in 
terms of the anisotropy of its tribological properties.
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Introduction

Silicones, also known as polysiloxanes, are organo-
silicon polymers that have found widespread and diverse 
applications for medical and implantable devices since the 
1940s [1]. It is due to their superior biocompatibility with 
multiple components, compatibility with many sterilization 
methods, resistance to repeated sterilization and biodura-
bility when interacting with host tissues [2,3]. In terms of 
physicochemical properties beneficial for their use in the 
medical field are silicones’ excellent chemical inertness and 
thermostability, hydrophobicity, low surface energy, appro-
priate mechanical properties (modulus and stretchability) 
with durability and ease of moulding by many methods 
[4-6]. Silicones are versatile and can be formulated into 
various forms, such as silicone elastomer, silicone gel, or 
silicone adhesive, which determines their intended applica-
tions. Medical applications of silicones include, but are not 
limited to, contact lenses [7], breast implants [8], drains 
[9,10] and shunts [11], catheters [12], reconstructive gel 
fillers [13] and sheeting [14], cranio-maxillo-facial implants 
[15,16], scaffolds for nerve regeneration [17], and implants 
for small joint arthroplasty [18], as well as for devices with 
a non-silicone substrate that had been silicone-coated to 
provide less host reaction, such as needles, syringes, or 
blood collection vials.

The working surfaces of the material often require modi-
fication that gives them specific properties determined by 
the functions they are to perform. Surface functionaliza-
tion allows for enhancing their performance for example 
in terms of hydrophilization by increasing their surface 
wettability [19,20], enhancing the tribological properties of 
the material, such as load capacity, wear resistance and 
coefficient of friction [21-24] or modifying the surface prop-
erties related to cell/surface interactions i.e., providing the 
surface topography endorsing tissue/materials integration 
through cells adhesion and activity [25-28]. The micro- and 
nanostructural functionalization of the work surface can be 
performed by many methods such as electric discharge 
texturing [29], focused ion beams [30], electrochemical 
machining [31], hot embossing [32], lithography, or me-
chanical texturing [33]. Laser surface texturing (LST) is  
a relatively new and widely explored method for acquir-
ing specific physical surface properties desired in func-
tional surfaces that allow surface structuring by producing  
a defined pattern or texture on a work surface with excellent 
controllability [34,35].

The aim of the work is to assess the possibility of impart-
ing anisotropic tribological properties to medical silicone 
surfaces using laser surface texturing.
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Materials and Methods

Sample surface modification
In this study, medical-grade RTV-2 silicone, approved 

for skin contact, and designated as SIL 25, was used. It is 
a two-part mixture for curing silicone at room temperature. 
Samples in the shape of rectangular prisms measuring 
20x60 mm and 4 mm thick were moulded. After moulding, 
they were degassed using a vacuum pump, followed by 
curing at a temperature of 50°C for 45 min.

A blue laser (PLH3D-XT-10, Opt Lasers, Warsaw, Po-
land), with an output power of 0.5 W at 405 nm laser wave-
length and square laser spot of 10 µm was used to produce 
transversal-shaped microgrooves on the surface of the 
sample. During the microgrooves texturing, the angle of in-
cidence of the laser beam on the sample surface was varied 
while maintaining a constant power density of 8.8 kW/mm2,  
which is approximately 80% of the maximum power density. 
The power density of the laser beam was selected experi-
mentally, as it ensured the relatively highest repeatability of 
the texturing results. Depending on the set values angles 
of incidence of the laser beam on the sample surface of 0°, 
10°, 20°, 30°, and 40°, the samples are referred to as LA0, 
LA10, LA20, LA30 and LA40, while the untextured sample is 
denoted as Raw. The scheme of geometry of laser-textured 
surface microgrooves is presented in FIG. 1.

Sample surface characterization 
The surface morphology of the textured microgrooves 

was examined by applying an optical microscope and  
a 3D profilometry apparatus (PortableRL, Bruker Alicona, 
Raaba, Austria). The values of the geometric features of 
the microgrooves were determined. According to the micro-
grove geometry presented in FIG. 1, the following geometric 
features were measured: α – deviation of microgroove 
angle bisector from the normal to the sample surface (°), 
β – microgroove apex angle (°), d – microgroove depth (µm) 
and B – the distance between grooves (µm). The surface 
topography measurements were carried out by the focus-
variation method combining an optical system’s small depth 
of focus with vertical scanning to provide topographical and 
colour information from the focus variation. From the group 
3D areal surface texture parameters described in [36,37] 
the parameters, such as the root mean square roughness 
(Sq), the maximum pit height (Sv), the texture aspect ratio 
(Str), skewness (Ssk) and kurtosis (Sku) were selected and 
measured with a cut-off wavelength of 800 µm. Moreover, 
the material ratio curves were determined and the valley void 
volume (Vvv) was evaluated. The accuracy of the measure-
ments in terms of uncertainty was U = 50 nm.

Contact angle measurements on the laser-textured 
surface using the OCA 15Pro Goniometer (DataPhysics 
Instruments GmbH, Filderstadt, Germany) equipped with an 
automatic liquid drop dosing system. The dropping unit was 
set to the drop dosing volume of 2 μl and the drop dosing 
rate of 0.5 μl/s. Since Ringer’s solution is a recognized SBF, 
it was used in this study in contact angle measurements [38].  
The temperature in the laboratory room during the experi-
ments was stable and amounted to 22.4°C. The static con-
tact angle on a flat surface was calculated with dedicated 
goniometer software (SCA 20, DataPhysics Instruments 
GmbH, Filderstadt, Germany) by automatically detecting 
baselines and tangents. The accuracy of the contact angle 
measurement is considered ± 0.1°.

The tribological oscillating ball-on-flat tests were carried 
out using a Universal Mechanical Tester Tribometr (UMT 
TriboLab™, Billerica, Massachusetts, USA) according to 
the ASTM G133-22 standard [39]. The tribological tests 
were carried out under technically dry friction conditions and 
friction conditions with lubrication with the Ringer’s solution, 
collagen hydrolyzate and silicone oil. The counter-sample 
as a stainless steel ball with a 10 mm diameter was applied. 
A surrounding climate chamber kept the environmental 
conditions constant at a temperature of 24°C ± 1°C and of 
40% ± 1% relative humidity. The linear drive was used to ap-
ply a reciprocating movement of the velocity up to 10 mm/s, 
and a linear sliding length was set for 30 mm. The applied 
forces were controlled by sensors’ module DFM-20 (UMT 
TriboLab™, Billerica, Massachusetts, USA) within the range 
of 0.2 N to 20 N and the contact force was set to 5 N ± 0.2 N. 

Results and Discussion

The microscope images of the side views of textured 
samples are shown in FIG. 2. The measured values of geo-
metric features of microgrooves laser-textured on a silicone 
material are provided in TABLE 1. Analyzing the obtained 
microscope images of the laser-textured microgrooves and 
their measured geometric features, it can be seen that the 
set laser beam angle is very close to the deviation of the 
microgroove angle bisector from the normal to the sample 
surface. The only significant difference is found for the LA10 
sample. The largest groove depth was obtained for the LA10 
sample and the smallest for LA0.

FIG. 1. Design of microgrooves geometry with annotated geometrical features: α – deviation of microgroove apex 
angle (briefly called also ‘microgroove axis’) bisector from the normal to sample surface (°), β – microgroove 
apex angle (°), d – microgroove depth (µm), B – distance between microgrooves (µm).
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FIGURE 3 shows the 2D surface topography of the mi-
crogrooves laser-textured on the silicone material surface.  
The material share curves created based on these repre-
sentative areas are presented in FIG. 4. As it can be seen,  
a plateau was obtained for samples LA10-LA40. The 
sharpest groove notches were obtained for sample LA10.  
The groove notches of the remaining samples are character-
ized by a gentle valley/end. 

In statistical terms, a significant increase in the Sq pa-
rameter values was observed due to surface texturization, 
as intended (TABLE 2). According to the assumptions, 
there was an increase in the maximum value for the valley’s 
depth, as confirmed by the high values of the parameter Sv.  
From a tribological perspective, a notable feature is the 
change in the parameter Ssk value, which shifted from the 
baseline value of Ssk = -0.63 towards 0 for all surfaces. 
Consequently, there was an increase in the symmetry of 
the surface relative to the mean line, along with the kurtosis 
parameter Sku, which for textured surfaces takes values 
Sku ≤ 3, confirming the designed periodicity in the resulting 
surface layer structure. In terms of functional parameters, at-
tention should be paid to Vvv, which increased several times 
for textured samples, potentially ensuring improvement in 
friction parameters, particularly in the presence of lubricants 
from a tribological standpoint. Following the assumptions, 
a significant directionality of the structure was achieved, 
which is confirmed by the values of the Str coefficient < 0.03.

The results of the contact angle measurement are pre-
sented in TABLE 3 and FIG. 5. The contact angle measure-
ments revealed that the LA10 sample exhibited the largest 
contact angle. Interestingly, it was observed that the contact 
angle values for the LA10-40 samples consistently exceeded 
those of the untextured reference sample. It was not possible 
to correctly measure the contact angle for the LA0 sample, 
but as can be seen in FIG. 5A, the droplet spread in the 
microgrooves. This may be because the measuring liquid 
– Ringer’s liquid, has a viscosity similar to water and did 
not form a stable drop. The measured one-second contact 
angle value for LA0 is 86.0 ± 4.9. This disparity in contact 
angle values between the LA0 sample and the other textured 
samples may be attributed to the presence of sharp-edged 
microgrooves in the former, facilitating enhanced drop 
penetration into the grooves. Conversely, in the textured 
samples (LA10-40), the limited liquid penetration into the 
valley spaces is anticipated, largely due to surface tension 
effects. FIGURE 5 presents the results of measuring the 
friction coefficient values for different environmental condi-
tions. TABLE 4 presents the percentage increase of the 
directional coefficient of friction for different samples under 
various types of lubrication. 

FIG. 2. Side views of laser-textured silicone material: A) Raw, B) LA0, C) LA10, D) LA20, E) LA30, and F) LA40.

Sample Set angle of laser 
beam (°) α (°) d (µm) β (°) B (µm)

LA0 0 0 ± 0 48 ± 4 34 ± 2 195 ± 10
LA10 10 14 ± 1 98 ± 3 41 ± 2 255 ± 8
LA20 20 18 ± 2 89 ± 4 57 ± 1 273 ± 8
LA30 30 30 ± 3 59 ± 4 51 ± 2 286 ± 9
LA40 40 41 ± 2 67 ± 1 59 ± 3 323 ± 9

TABLE 1. The values of geometric features of microgrooves laser-textured on a silicone material.
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FIG. 3. 2D surface topography of the laser-textured silicone surface samples (left to right): Raw, LA0, LA10 (a-c),  
and LA20, LA30, LA40 (d-f).   

FIG. 4. Material share curves for representative areas of laser-textured silicone surface.
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From the data in FIG. 6, it can be seen that the average 
friction coefficients range from 0.13 to 1.30. The lowest 
measured values of the friction coefficient were measured 
for the combination under silicone oil lubrication conditions. 
For all measurements, the friction coefficient in the forward 
direction was lower than in the backward direction. The high-
est friction coefficient values were for: dry friction – sample 
LA10, friction in Ringer’s fluid – sample LA30, friction in 
collagen hydrolyzate – sample LA30, friction in silicone oil 
– sample LA20. For samples tested in a dry environment, 
it is visible that the largest changes in the friction coefficient 
value are for samples LA20, LA30, and LA40. For samples 
tested in the Ringer’s fluid and collagen hydrolysate envi-
ronment, such a significant change was observed only for 
LA30 and LA40 samples. However, during tests in a silicone 
oil environment, the largest difference in directional friction 
coefficient values was observed for samples LA10 and LA20, 
while for LA10 sample this increase was the largest among 
all the measurements carried out and it was by 277%; the 
observed differences in directional friction coefficient values 
for applied lubricants may be related to different properties of 
water-based lubricants (Ringer’s fluid, collagen hydrolyzate) 
and non-water-based lubricant (silicone oil).

FIGURE 7 compares friction coefficient values as a func-
tion of the linear position of the ball counter sample on the 
tested sample for the LA40 sample and the Raw sample in 
an oil-lubricated environment. As it can be observed, despite 
the presence of a lubricating environment (oil), the surface 
texturization leads to an increase in the friction coefficient 
values. However, in terms of the directional effect of the 
textured microstructure, a relatively constant difference be-
tween the coefficient of friction value in the forward direction 
(+) and backward direction (-) is evident.

Sample Raw LA0 LA10 LA20 LA30 LA40

Sq 1.52 7.57 36.9 33.6 17.6 25.4

Sv 18.3 48.32 92.1 113.6 40.3 52.9

Str 0.38 0.04 0.03 0.03 0.04 0.04

Ssk -0.63 0.055 -0.49 -0.225 0.204 -0.267

Sku 9.955 3 1.79 1.558 1.7 1.409

Vvv 0.254 1.043 3.06 1.722 0.921 1.052

TABLE 2. The surface geometric parameters of the laser-textured silicone surface.

Sample Raw LA0 LA10 LA20 LA30 LA40

Contact angle 103 ± 2 86 ± 5* 126 ± 3 124 ± 5 109 ± 3 118 ± 4

TABLE 3. Average values of the surface contact angle.

FIG. 5. Example contact angle measurement  
results: A) LA0, B) LA10.

Set angle 
Sample

Lubrication type and percentage 
increase of directional 
coefficient of friction

Dry Ringer’s 
fluid

Collagen 
hydrolyzate

Silicone 
oil

LA0 27% 11% 76% 22%

LA10 7% 5% 9% 277%

LA 20 114% 13% 7% 176%

LA 30 73% 64% 46% 38%

LA 40 77% 78% 39% 88%

TABLE 4. Percentage difference of directional co-
efficient of friction values in forward and backward 
directions.
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Conclusions and research perspectives

The performed laser texturing of medical silicone surface 
assures high accuracy of repeatability of surface texture pa-
rameters across the textured surface. Produced anisotropic 
microstructure of the textured silicone surface, i.e. its direc-
tionality, is evidenced by the measured values of the texture 
aspect ratio (Str) tending to 0.00 for all textured samples. 
The percentage differences in the directional coefficient of 
friction values registered in forward and backward directions 
for the laser beam angle setting values above 20° imparts 
the clearly evident directional anisotropy of the tribological 
properties of the textured surface.

So, we can conclude that laser surface texturing allows 
for effective functionalization of medical silicone surface in 
terms of its directional anisotropy of tribological properties.

Looking forward, future research directions should focus, 
in our opinion, on exploring the applicability of laser texturing 
to medical devices with rotationally symmetric elements. 
Such endeavours hold promise for optimizing the tribologi-
cal properties of medical devices, thereby enhancing their 
performance and biocompatibility in clinical settings.
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FIG. 6. Results of measuring the directional coefficient of friction values for 4 environmental conditions. Results 
for unmodified samples are presented as red dashed lines.

FIG. 7. Comparison of the di-
rectional coefficient of friction 
values as a function of the linear 
position of the ball counter sam-
ple on the tested sample for raw 
and LA40 textured surfaces in an 
oil-lubricated environment.
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