
63

Int. Journ. of Wettability Science and Technology, Vol. 1, pp. 63–84
Reprints available directly from the publisher.
Photocopying permitted by license only.

© 2018 OCP Materials Science and Engineering
Published by license under the OCP Science imprint,

Old City Publishing, Inc.

Mixed-State Wetting and Wetting Transitions 
on Laser Surface Engineered  

Polymeric Materials

D. G. Waugh*1, J. Lawrence1, N. Langer2 and S. Bidault2

1School of Mechanical, Aerospace and Automotive Engineering, Faculty of Engineering, Environment 
and Computing, Coventry University, Gulson Road, Coventry, CV1 2JH, UK 

2DataPhysics Instruments GmbH, Raiffeisenstraße 34, 70794 Filderstadt, Germany

Currently, there is a significant amount of work in the field of wettability 
science to try and better understand wetting transitions and subsequent 
developments of mixed-state wetting regimes. This is of extreme impor-
tance as this knowledge will have significant impact in those industries and 
academic fields which rely heavily on adhesion science. This work details 
the implementation of CO2 lasers to surface engineer polymeric materials, 
poly(methyl methacrylate) (PMMA) and polyamide 6,6 (nylon 6,6), to 
bring about and gain a further understanding of the wetting nature of laser 
surface engineered polymeric materials. With the laser, the surface rough-
ness (Ra) was dramatically increased by up to 4.5 µm in comparison to the 
as-received sample (AR). It was determined for all samples that the polar 
component had a strong inverse relationship with the contact angle, θ. For 
the laser surface engineered polymers a modest increase in θ indicated a 
possible formation of a mixed-state wetting regime, highlighting the influ-
ence of laser-modified surface topography on θ. The polar component and 
surface pattern were found to be the most dominant parameters governing 
the wettability characteristics of the laser-surface-modified polymeric 
materials. The latest state-of-the-art knowledge and understanding of wet-
ting transitions and mixed-state wetting regimes with specific regard to 
roughened laser surface engineered polymeric materials is discussed iden-
tifying significant wettability knowledge and theories.
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1  Introduction

Wettability science is fast becoming a mainstream subject field for industrial-
ists and academics alike, being applied to a wide range of adhesion applica-
tions [1-4] such as biomedical applications [5-9] and coating technologies 
[2,10,11]. As a direct consequence of this rapid expansion of interest, many 
working in the field are striving for a full and complete understanding of liq-
uid material interfaces expanding on the current understanding relating to 
Wenzel wetting regimes [12] and Cassie-Baxter wetting regimes [13]. This is 
owed to the fact that, in some instances, these theories do not correspond to 
experimental observations with wetting transitions not being properly 
accounted for. In fact, a recent review of the laser surface-modified wettabil-
ity literature [14] enabled one to realise that laser modified wettability char-
acteristics of materials are not being reported uniformly, giving rise to a 
disjointed scientific community approach. Within the wettability science 
community, though, there has been an exponential growth in the studies of 
wetting regimes and the transitions between these various regimes over the 
past ten years [12,15-18]. With these works in mind, it is crucial for the sur-
face engineering community to take significant note and collaborate with col-
leagues working in the field of wettability science to further understand the 
wetting regimes taking place on surface engineered materials. This thought is 
borne from the understanding and knowledge that, through surface engineer-
ing, a hydrophilic surface can give rise to a form of mixed state wetting 
regime due to the modifications brought about to the surface roughness and 
surface topography [15,18-20]. 

With an increased need from industry for cheaper and easier to manufac-
ture materials, polymers have increased in application [19,21-23], covering 
numerous industries and fields over the last ten years. Considering the adhe-
sive properties of polymeric materials, generally most polymeric materials 
have insufficient wettability and adhesion characteristics which means they 
tend to have inferior bond qualities compared to other material types [24]. 
With the increased interest in polymeric materials, researchers have started to 
consider using surface engineering technologies to manipulate the surface of 
polymeric materials to enhance that the wettability characteristics and subse-
quently the adhesion properties of these materials. This has especially been 
evidenced with biomedical applications in which it has been shown that poly-
meric biomaterials have adequate bulk properties but severely lack the neces-
sary surface properties to give rise to adequate cell response [25,26]. With 
this in mind, for the biomedical and healthcare industries to take up poly-
meric materials, it is critical for researchers to find a way to modify the sur-
face of a polymeric material to enhance and gain a better understanding of the 
surface adhesive properties. This and having a thorough in-depth understand-
ing of how the arising wetting regimes, and the transitions between them, 
impact upon the adhesive properties of the polymeric materials is crucial for 
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having a full and complete understanding of how the surface properties can 
be modified through surface engineering for a specific application. 

Along with the increased uptake of polymeric materials, there has been a 
large number of techniques developed and enhanced which can be used to 
modify the surfaces of materials. Laser surface engineering offers a number 
of benefits including flexibility, accuracy and negligible bulk modification 
[27-29]. Utilizing lasers for surface engineering has also been seen to be an 
attractive method in a number of industries as they enable a relatively clean 
processing emphasizing the reducing the need for post-processing, ultimately 
reducing manufacturing running costs. In the literature, it can be seen that 
there has been a considerable amount of work carried out showing that the 
wettability characteristics and adhesion properties of polymeric materials can 
be modified by means of laser surface engineering [6,19,30-33]. However, 
what is extremely apparent is the lack of conformity in the approach to how 
the wettability science study is reported. On account of this, there is a lack of 
deep understanding into how the liquid-surface interface reacts to these laser-
induced surface modifications.

The work within this manuscript shows how laser surface engineering can 
be employed to modify the surface characteristics of polymeric materials, 
offering potential solutions and progression routes to understanding the wet-
ting regimes and wetting transitions which arise on laser surface engineered 
polymeric materials.

2  Experimental Details

2.1   Material Specifications
Poly(methyl methacrylate) (PMMA) (Tm = 160°C/433 K) was sourced in 
150×150 mm2 sheets with a thickness of 5 mm (Goodfellow Cambridge, 
Ltd). Polyamide 6,6 (nylon 6,6) (Tm = 267°C/540 K) was sourced in 100×100 
mm2 sheets with a thickness of 5 mm (Goodfellow Cambridge, Ltd). A 1kW 
continuous wave (cw) CO2 laser (Everlase S48; Coherent, Ltd) was used to 
obtain a conveniently sized sample for experimentation. That is, the as-
received sheets were cut into 30 mm diameter discs. It should be noted that 
there was no discernible heat affected zone (HAZ) observed under optical 
microscopic examination. 

2.2  Laser Surface Engineering Approach
In order to generate the required marking pattern with the 10.6 μm Synrad cw 
10W CO2 laser system Synrad Winmark software version 2.1.0, build 3468 
was used. The samples were placed into the laser system onto a stage and 
held in place using a bracket. The surface of the sample was fixed at 250 mm 
away from the output facet of the laser to obtain focus and the system utilized 
a galvanometer scanner to scan the 95 μm spot size beam. It should be noted 
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that the target material and laser system was held in a laser safety cabinet in 
which the ambient gas was air and an extraction system was used to remove 
any fumes produced during laser processing. 

There were four patterns induced onto the surfaces of the samples. These 
were trenches with 50 μm spacing (T50), hatch with 50 μm spacing (H50), 
trenches with 100 μm spacing (T100) and hatch with 100 μm spacing (H100). 
In addition, an as-received control sample was used (AR). It should be noticed 
that all PMMA sample codes are preceded by the letter ‘P’ and the nylon 6,6 
samples are preceded with the letter ‘N’. For each of the irradiated patterns 
the laser power was set to 70% (7 W) operating at 600 mms

-1.

2.3 A nalytical Technique Procedures
After laser surface engineering, the samples were analysed using an optical 
microscope (Flash 200 Smartscope; OGP, Ltd) to obtain optical micro-
graphs of the samples. Also, surface profiles of the samples were deter-
mined using a white light interferometer (WLI) (NewView 500; Zygo, Ltd) 
with MetroPro and TalyMap Gold Software. The Zygo WLI was setup 
using a ×10 Mirau lens with a zoom of ×0.5 and working distance of 7.6 
mm. This system also allowed Sa and Ra roughness parameters to be deter-
mined for each sample.

The samples were ultrasonically cleaned in isoproponal (Fisher Scientific 
Ltd., UK) for 3 minutes at room temperature before using a sessile drop 
device (OCA20; Dataphysics Instruments, GmbH) to determine the wettabil-
ity characteristics. This was to allow for a relatively clean surface prior to any 
contact angle measurements being taken. To ensure that the sample surfaces 
were dry, a specimen dryer (Metaserv, UK) was utilized to blow ambient air 
across the samples. To obtain recent advancing contact angles, θ, using triply 
distilled water and the recent advancing contact angles, θ, using diodometh-
ane for each sample the sessile drop device was used with relevant software 
(SCA20; Dataphysics Instruments, GmbH). The advancing θ for each liquid 
was measured by dispensing a 5 µl volume, at a dispensing rate of 2µl/s, onto 
the sample surfaces. Liquid (2 µl at 2 µ/s) was then added to the droplet at 1 
minute intervals until the triple line [34] advanced along the surface. Once the 
triple line advanced, the advancing θ was measured and recorded and these 
steps were repeated to measure multiple advancing θ on each sample. It 
should be noted here that ten contact angles, using two droplets, in each 
instance was recorded to achieve a mean θ for each liquid and surface. By 
utilizing the advancing θ for the two liquids with the software an Owens, 
Wendt, Rabel and Kaeble (OWRK) plot was produced to determine the 
apparent dispersive component, γD, the apparent polar component, γP, and the 
total apparent surface free energy, γT, of the samples. For the two reference 
liquids the SCA20 software used the Ström et al. [35] literature values to 
calculate γT of the samples. On account of the universal applicability of the 
OWRK data evaluation approach for determining the dispersive and polar 
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components of the free surface energy [36], a minimum of two liquids were 
chosen. For this research, the liquids chosen were triply distilled water and 
diodomethane, meeting the OWRK evaluation requirements of having one 
liquid with a dominant polar component and the other with a dominant dis-
persive component.

All samples were sputter coated with Au to attain adequate conductance 
and analysed using scanning electron microscopy (SEM). In addition, prior to 
coating for SEM, X-ray photoelectron spectroscopy (XPS) analysis was car-
ried out to allow any surface modifications in terms of chemical composition 
due to the laser irradiation to be revealed. Further details pertaining to the 
SEM and XPS set-up can be found in [24,37].

3 Res ults and Discussion

3.1  Laser Surface Modified Topography
It is evident from the micrographs, shown in Figure 1, that the laser induced pat-
terns (see Figures 1(b) – 1(e)) gave rise to considerable melting of the PMMA 
surface. This arises due to the fact that the 10.6 μm laser beam interaction with the 
PMMA surface is a thermolytical process owed to the laser coupling into the 
material in the form of bond and lattice vibrations. Figure 1 also highlights, qual-
itatively, the major differences between induced surface patterns as well as 
between the as-received PMMA sample (sample PAR). It can be seen that the 
trench and hatch patterns with 50 μm spacing (see Figures 1(b) and (d)) gave rise 
to considerably more melting in comparison to that of the trench and hatch pat-
terns with 100 μm spacing (see Figures 1(c) and (e)). This was a result of the spot 
size of the laser beam at the surface of the material was 95 μm which gave rise to 
the pattern overlapping on the 50 μm spaced samples, causing areas to re-melt 

Figure 1
Optical micrographs of PMMA samples: a) as-received (PAR), b) 50 μm trench (PT50), c) 100 
μm trench (PT100), d) 50 μm hatch (PH50) and e) 100 μm hatch (PH100).
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and re-solidify. It is also necessary to note here that the hatch patterns (samples 
PH50 and PH100) shown in Figure 1(d) and (e) appear to have had the topo-
graphical hatch more prominent in the y-axis in comparison to the x-axis. This is 
on account of the way in which the laser interacted with the material as the laser 
scanned the pattern across the material surface. In order to confirm what was 
observed through optical microscopic analysis the samples were also studied by 
obtaining SEM images which can be seen in Figure 2.

Like the optical microscopy analysis, SEM analysis of the samples (see Figure 
2) showed that the surface of the laser patterned PMMA samples had been modi-
fied in comparison to that of the as-received sample. It was also interesting to see 
that SEM images of the 50 μm spaced patterns (see Figures 2 (b) and (d)) indi-
cated that the intended topographical pattern had been slightly distorted due to the 
large amount of surface melting that appears to have taken place. Furthermore, 
from Figure 2 (d) it was suggested that the 50 μm hatch pattern (sample PH50) 
gave rise to a smoother surface in comparison to the other laser patterned samples 
which can be accounted to the surface melting and re-melting. Whereas SEM 
images of the other laser patterned samples (see Figure 2 (a) – (c) and (e)) imply 
that, owed to the surface melting and re-solidifying, protrusions away from the 
surface formed resulting in a considerable increase in surface roughness.

In order to obtain the roughness parameters, quantatively, WLI was 
employed which allowed for continuous axonometric images and surface 
profile extractions to be generated. This allowed a 3-D profile of each of the 
sample surfaces to be obtained. Figure 3 shows the 3D profile for the as-
received PMMA reference sample (sample PAR).

The 3D surface profile for the as-received PMMA sample (PAR) shown in 
Figure 3 revealed that in relation to the laser patterned samples the surface of 
the PAR sample was markedly smoother with peak heights of up to 0.4 μm 

Figure 2
SEM micrographs of PMMA samples: (a) as-received (PAR), (b) 50 μm trench (PT50), (c) 100 
μm trench (PT100), (d) 50 μm hatch (PH50), (e) 100 μm hatch (PH100).
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leading to Sa and Ra values of 0.04 and 0.03 μm, respectively. This is con-
trasted with the laser patterned samples (see Figure 4 to 7). 

Figure 4 shows the resulting 3D surface profile from the WLI analysis of 
the 50 μm trench patterned sample. From this, it can be seen that the surface 
topography for the 50 μm trench sample was considerably rougher in com-
parison to the as-received sample (sample PAR) with peak heights of up to 10 
μm and roughness values of 2.66 and 1.63 μm for Sa and Ra, respectively. 
Similar values with an Sa of 2.65 μm, an Ra of 1.43 μm and peak heights 
ranging between 10 and 15 μm, were also observed for the sample laser pat-
terned using 100 μm trenches (see Figure 5). 

It is evident from both Figures 4 and 5 that a significant amount of surface 
melting had taken place as a direct result of the laser-material interaction. 
This melting and re-solidification can be seen to eliminate some of the 
intended periodic pattern induced by the laser processing. This can also be 
seen in Figures 6 and 7 which depict the results from the WLI analysis of the 
50 and 100 μm hatch patterns, respectively. The elimination of the intended 
periodic pattern is highly demonstrated with the observed results of the 50 

Figure 3
Continuous axonometric 3D profile for the as-received sample (AR).

Figure 4
Continuous axonometric 3D profile for laser induced 50 μm trench pattern (PT50).
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μm hatch pattern (see Figure 6) as only one axis is well defined for the pat-
tern. As discussed previously this is owed to the way in which the material 
interacts with the PMMA surface. That is, for the hatch patterns, the laser 
system scanned one axis first and then another giving rise to the pattern 
induced on the first scan being eradicated due to the melting and re-solidifi-
cation arising from the second scan.

Figure 5
Continuous axonometric 3D profile for laser induced 100 μm trench pattern (PT100).

Figure 6
Continuous axonometric 3D profile for laser induced 50 μm hatch pattern (PH50).

Figure 7
Continuous axonometric 3D profile for laser induced 100 μm hatch pattern (PH100).
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Even though the periodic hatch pattern was somewhat eradicated dur-
ing the laser processing it can be seen that the surface topography was 
also ultimately modified in comparison to the as-received sample (sample 
PAR). It was found that the 50 μm hatch pattern gave rise to peak heights 
to a maximum of approximately 12 μm with the surface roughness param-
eters being somewhat different to the other laser patterned samples with 
an Sa of 3.16 μm and Ra of 0.87 (see Table 1). This difference is born 
from the large difference between the Sa and Ra values for this sample; 
however, this can be seen to be of significance due to the fact that the Ra 
value could have been taken along a smoother section of the surface which 
had undergone melting and re-solidification. This could have resulted in a 
dramatic reduction of the Ra parameter. In contrast, the Sa parameter 
takes in to account the whole area of the 3D surface profile and, as such, 
both rougher and smoother sections of the surface would be taken in to 
account. In this instance, therefore, it can be argued that the Sa parameter 
value is more descriptive of the sample surface.

Figure 7 shows that, as a result of the laser induced hatch pattern, the sur-
face appears smoother in comparison to the other laser patterned samples. 
This is owed to melting and re-solidification as the laser beam was scanned 
across the surface. It should also be noted that compared to Figure 6, Figure 
7 shows that the 100 μm hatch pattern (PH100) kept more of the natural peri-
odicity of the intended pattern owed to the fact that the larger dimensions 
allow for the scanned pattern to not overlap itself.

The smoothness observed from the 100 μm hatch pattern (see Figure 7) 
was confirmed by obtaining Sa and Ra values of 1.61 and 0.98 μm, respec-
tively. Like the 50 μm hatch pattern shown in Figure 6, the Ra parameter can 
be seen to be lower due to this parameter taking into account a single line 
profile rather than including the whole area which is incorporated in deter-
mining the Sa parameter. It was also observed that for the 100 μm hatch pat-
tern peak heights of up to 15 μm were obtained. This result coincides with the 
peak height values arising from the other laser patterned samples.

Table 1
A summary of the PMMA samples results along with their characteristic contact angle with tri-
ply distilled water.

Sample
Sa 

(μm)
Ra 

(μm)
γ  P 

(mJm-2)
γ  D 

(mJm-2)
γ  T 

(mJm-2)

Surface Oxygen 
Content  
(%at.)

Contact 
Angle  

(°)

 (PAR) 0.04 0.03 3.46 26.95 30.40 15.5±0.31 85.6 ±2.6

(PT50) 2.66 1.63 5.13 35.08 40.21 17.3±0.35 75.2 ±1.9

(PT100) 2.65 1.43 0.20 36.23 36.42 19.9±0.40 94.2 ±4.1

(PH50) 3.16 0.87 8.27 33.93 42.21 18.0±0.36 69.1 ±1.9

(PH100) 1.61 0.98 1.70 37.08 38.78 17.8±0.35 84.4 ±3.1
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Through Figures 8 and 9 it can be deduced that the laser patterned nylon 
6,6 samples had considerably rougher surfaces with the largest peak heights 
being of the order of 2 µm for the laser patterned samples in contrast to the 
as-received sample (see Figure 8) which had peaks heights of up to 0.2 µm. 
On account of the increase in peak heights over the CO2 laser-patterned 
samples the surface roughness (see Table 2) increased considerably with 
the largest Sa of 0.4 µm being achieved with the 50 µm hatch sample 
(NH50) and largest Ra of 0.2 µm for the 100 µm trench sample (NT100). It 
is given in Table 2 that the patterned samples with scan dimensions of 50 
µm (samples NT50 and NH50) have larger Sa roughness values when com-
pared to the samples patterned with 100 µm scan dimensions (samples 
NT100 and NH100). This can be attributed to the fact that the 50 µm scan 
dimensions irradiated more of the sample giving rise to an increase of mass 
being melted and re-solidified. Also, it can be seen from the Table 2 that the 
roughness for the hatch patterns had decreased in comparison to the trench 
patterns. This can be explained by the laser re-melting sections of the nylon 
6,6 surface owed to the scanning process of the system. By re-melting these 
sections the material could then have re-solified into a smoother surface 
topography.

3.2  Laser Surface Modified Wettability
Table 1 gives a summary of the topography, surface oxygen content and wet-
tability data obtained for each of the PMMA samples studied. In terms of 
wettability it can be seen that the as-received PMMA (sample PAR) was pre-
dominantly hydrophilic on account of the characteristic contact angle being 
less than 90°. In comparison to the as-received sample (PAR) there was a 
significant reduction in contact angle for both the 50 μm trench and hatch 

Figure 8
Continuous axonometric images for (a) as-received (NAR) (b) CT50 (b) CT100 (d) CH50 and 
(d) CH100.
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Figure 9
Graphs showing the correlation between θ and (a) γP and (b) γT for all samples with a SigmaPlot 
Quadratic Dynamic Curve Fit.
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pattern (samples PT50 and PH50, respectively) allowing these samples to 
become more hydrophilic. In contrast, the 100 μm trench pattern (sample 
PT100) gave rise to a contact angle that was greater than that of the as-
received sample (PAR) and can also be seen as hydrophobic since the contact 
angle was greater than 90°. It was also seen that the contact angle was equiv-
alent to the as-received sample (PAR) for the 100 μm hatch patterned sample 
(PH100).

With regards to the 50 μm dimension patterned samples (PT50 and PH50) 
the reduction in contact angle could be seen to be a result of the increase in 
surface roughness, apparent polar component, γP, and increase in total appar-
ent surface free energy, γT. This is concurrent with existing theory which 
states that for a hydrophilic material the contact angle should decrease upon 
an increase in surface roughness and apparent γP [25,38,39] Conversely, for 
the 100 μm trench and hatch patterned samples (PT100 and PH100) the con-
tact angle was seen to increase even though the surface roughness and γT had 
increased considerably. This does not necessarily fit with previous works [25] 
as an increase in surface roughness and γT should bring about a reduction in 
θ. On account of this, it is possible that a mixed-state wetting regime [14,18] 
gave rise to these differences in results.

Table 1 also gives the XPS analysis data for surface oxygen content in 
order to detail any changes made during the laser processing. Through 
XPS analysis it was identified that the carbon content of each of the laser 
patterned PMMA samples decreased slightly, by up to 6 %at. compared to 
the as-received sample, PAR; whereas the oxygen content had increased 
slightly, by up to 5.5 %at. compared to the as-received sample, PAR. 
Owing to the data given in Table 1 it is possible to determine that a change 
in oxygen content alone, in this instance, does not necessarily give an 
explanation as to the variation in contact angles observed for the laser 
surface engineered PMMA samples. One possible explanation to the 
observation of significant variation in contact angle values is that of the 
dominant wetting regime present. For those PMMA samples with contact 

Table 2
Results summary for all nylon 6,6 samples showing roughness parameters, surface oxygen con-
tent and wettability characteristics.

Sample 
ID

Sa 
(μm)

Ra 
(μm)

γ  P 

(mJm-2)
γ  D 

(mJm-2)
γ  T 

(mJm-2)

Surface Oxygen 
Content 
(%at.)

Contact 
Angle 

(°)

NAR 0.126 0.029 17.69 29.66 47.34 13.26±0.27 56.4±1.2

CT50 0.636 0.148 12.24 28.63 40.87 14.33±0.29 66.0±4.0

CT100 0.297 0.185 16.86 29.83 46.69 14.05±0.28 57.5±2.4

CH50 0.423 0.103 10.93 31.64 42.58 14.99±0.30 65.8±2.9

CH100 0.326 0.155 13.63 30.37 44.00 14.84±0.30 62.2±2.3
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angles less than that obtained for the as-received sample (PAR), it is 
highly likely that the Wenzel wetting regime is dominant in which the 
whole surface wets. For the laser patterned samples which had contact 
angles greater than that obtained for the as-received sample it is possible 
that either the Cassie-Baxter impregnation regime [40,41] was dominant 
or an intermediate mixed state was present. The Cassie-Baxter regime 
describes a droplet of water on a surface which gives rise to air gaps form-
ing along the liquid-surface boundary. Whereas the Cassie-Baxter impreg-
nation regime and intermediate mixed state, refers to a droplet of liquid 
on a surface in which both Wenzel and Cassie-Baxter regimes are present. 
It has been hypothesized previously that the mixed wetting state may be 
present when studying the wettability of laser patterned nylon 6,6 [42]; 
however, it is not conclusive in this instance and would require further 
investigation to determine if this was the case or not. As a result it is 
highly likely that the change in contact angle is dominated by the laser 
induced pattern to give rise to different wetting regimes. However, ulti-
mately roughness and surface oxygen content cannot be dismissed as 
through further work it may be possible to ascertain whether these param-
eters, along with surface roughness and pattern, are contributing factors 
to the determination of the resulting contact angle. Further discussion of 
this is presented in Section 4.0.

Table 2 gives a summary of the results obtained for each of the laser 
surface engineered nylon 6,6 samples including surface roughness, wetta-
bility characteristics parameters, surface oxygen content and contact angle. 
As it has been stated previously, current theory states that for a hydrophilic 
material such as nylon 6,6 an increase in roughness and surface oxygen 
content should bring about a reduction in θ [25]. But, Table 2 shows that 
this was not the case for the CO2 laser-induced patterned samples as θ had 
increased by up to 10° even though a maximum increase in Sa was deter-
mined to be around 0.5 µm when compared to the as-received sample 
(NAR). As hypothesized previously [43], this phenomenon can be explained 
by the existence of an intermediate wetting regime, such as Cassie-Baxter 
impregnation regime or a mixed-wetting state and will be further discussed 
later in Section 4.0. This mixed-state wetting regime can also account for 
the observed reduction in apparent γP and apparent γT with γP reducing by up 
to 8 mJm-2 and γT reducing by up to 7 mJm-2, when compared to the as-
received sample (NAR) which had γP and γT values of 17.69 and 47.34 
mJm-2, respectively. 

Comparing both the PMMA and nylon 6,6 samples together, it has been 
observed that current theory has not been corroborated with, in terms of the 
laser-induced patterning of nylon 6,6, insofar as the increase in Sa and Ra 
have not given rise to a reduction in θ. However, it has been seen that γT may 
have had a significant impact on the wetting nature of the PMMA and nylon 
6,6, even if a wetting transition has taken place. Figure 9 shows the relation-
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ship between θ and γP and γT. From these graphs it is possible to identify that 
by collating all results, for all samples studies, the laser-induced patterning of 
PMMA and nylon 6,6 gave rise to θ with a strong inverse function in correla-
tion with γP and γT. On account of this, it is reasonable to say that for the laser 
surface engineered PMMA and laser engineered nylon 6,6 samples γP and γT 
were dominant parameters for determining the wettability characteristics of 
the polymeric materials. 

Surface roughness and surface topography is another surface parameter 
which could have had a significant impact upon the way in which a material 
wets [3]. From Figure 10 it can be seen that the surface roughness in terms of 
Ra and Sa that there was some slight correlation between θ and the surface 
roughness, Sa (Figure 10(a)) and Ra (Figure 10(b)). This is owed to the fact 
that the tendency for all polymeric samples was to give rise to an increase in 
θ on account of the increase in laser surface engineered polymeric samples. 
This is significant as it could highlight that the laser surface engineering of 
the polymeric material, effectively inducing grooves in this case, impacted 
upon the droplet manipulation during the time of contact angle measure-
ments, giving rise to specific wetting transitions as will be further discussed 
in Section 4.0. Having said that, it should be noted that the correlation of θ to 
Sa and Ra is not as strong when compared with γT and its polar component. 
This is owed to the fact that θ was erratic for certain samples, not showing a 
strong correlative trend, and could further indicate that the laser-induced 
grooved pattern had a major impact upon the liquid slippage across the sam-
ple. Further discussion of this is provided in Section 4.0. One other aspect to 
consider with surface roughness of laser surface engineered polymeric mate-
rials is that of the difference in melting temperature and stability of materials 
under melting. That is, with nylon 6,6 having a melting temperature higher 
than PMMA by 100°C it is more stable and as a result will be molten over a 
lesser period of time compared to the PMMA. On account of this, as the 
PMMA would have been molten for longer, there would likely have been 
more movement in the melt giving rise to a higher surface roughness. 

As can be seen from Table 1, Table 2 and Figure 11, for all laser surface 
engineered samples, the surface oxygen content had increased which can be 
attributed to oxidation of the surface during the laser processing. By collating 
all of the resulting θ and considering the surface oxygen content for each 
sample (see Figure 11) it was possible to ascertain that there appeared to be a 
strong correlation between the resulting θ and the laser-induced increase in 
surface oxygen content for both of the polymeric materials. This correlates 
with the work of others who indicate that surface chemistry does play an 
important role in the determination of wetting transitions and wetting regimes 
for polymeric materials [5,44,45]. With this in mind, it is likely that both the 
laser-induced modifications of surface topography and surface chemistry of 
the two polymeric materials impacted upon the wetting transitions and the 
ultimate wetting regimes taking place on the surfaces of the samples.
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Figure 10
Graphs showing the correlation between θ, (a) Ra and (b) Sa for all samples with a SigmaPlot 
Quadratic Dynamic Curve Fit.
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4 � Wetting Transitions on Laser Surface Engineered 
Polymers

Even though there is still a considerable amount which is unknown about liq-
uid-surface interfaces and the theories/hypotheses surrounding it, there has 
been significant developments over the last 15 years on the wetting behaviour 
of rough surfaces [18,40,41]. This has taken in to account aspects such as time 
to contact [12], energy paths [17], wetting transitions [46], external factors such 
as pressure and vibrations [18] and a deeper understanding and definition of 
various wetting states [40,41]. Another area of increased interest is that of the 
production of surfaces with stable wetting transitions and stable wetting 
regimes, especially in the field of omniphobic material applications [18].

A significant piece of work conducted by Lee et al. [12] described that liquid 
droplet impact and contact line velocity for the droplet incident on a rough 
surface is critical for influencing the wetting transitions taking place. This is 
highly noteworthy as they showed that these aspects can lead to the develop-
ment of two different wetting transitions, having a notable effect on the liquid-
surface interface. What is more, they discuss that the development of pressure 
and wetting area seem to significantly impact upon the resulting wetting transi-
tion and ultimately, the resulting wetting regime. With this in mind, it is imper-
ative that all researchers keep this in mind when studying rough surfaces and 

Figure 11
Graph showing the correlation between θ and the surface oxygen content for all samples with a 
SigmaPlot Quadratic Dynamic Curve Fit.
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how they wet. This is owed to the fact that the impact and contact line velocity 
of a liquid droplet on a rough surface will influence the resulting wetting regime 
and the ability for wetting transitions to take place. As a result, this should be 
considered and discussed in all work relating to the wetting of rough surfaces, 
the wetting regimes taking place on those rough surfaces and the consideration 
of any wetting transitions which take place over that rough surface. In addition 
to this, Pashos et al. [17] described how grooved surfaces can give rise to local-
ised drooping of the liquid droplet between the grooves, at a liquid-solid inter-
face. They hypothesized that this could lead to localized wetting transitions 
across the grooved surface corresponding to discrete areas across grooves. With 
the laser surface engineered samples discussed in this work, in particular the 
laser surface patterned samples, this could be significant as the laser scanned 
lines gave rise to fluctuations of grooves across the polymeric surfaces. That 
being said, this could result in various wetting transitions across the surface 
giving rise to unexpected contact angle data. It may even be possible that the 
contact angle data identified for these surfaces results from a combination of 
the various wetting transitions over the laser surface engineered surface. This 
would likely have a large effect on the slipping nature of the droplet across the 
surface as it is well known, from the navier-slip model [12], that rough surfaces 
reduce slippage of liquids across a solid surface. This will ultimately effect the 
minimum energy paths of wetting transitions which can lead to intermediate or 
mixed-state wetting regimes [17,46]. Furthermore, as discussed by Bormash-
enko [18], hierarchical surfaces have a tendency to be less susceptible to wet-
ting transitions and can be accounted for by the reduction in slippage. This may 
be the case with the laser surface engineered samples as there did appear to be 
a hierarchical surface roughness resulting from the laser surface processing.

How droplets of liquid on a solid surface react to external pressure has also 
been considered within the last seven years by Bormashenko [18,41]. This 
work showed how external pressure can significantly affect the wetting tran-
sitions on rough surfaces to the point where a critical pressure can be deter-
mined [18]. In addition to this, Bormashenko [18] states that the critical 
pressure value can be increased through the reduction of surface feature 
scales. Some initial studies regarding the impact of pressure on laser surface 
engineered polymeric materials has already been conducted [47]; however, 
considerably more work is required in this area to ascertain the impact of 
external forces on the wetting transition and wetting regimes of liquids on 
laser surface engineered polymeric materials. In addition to pressure, the 
impact of ambient temperature on the resulting contact angle has also been 
studied by Diaz et al. [48] showing that the temperature has some impact on 
the contact angle equilibrium. With this in mind, the ambient temperature 
when studying laser surface engineered materials and the subsequent effects 
on contact angle should be accounted for. Having said that, it has been noted 
that the temperature tends to play a small role in the definition of the contact 
angle equilibrium [48]. 
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It has previously been hypothesized that the variation in contact angles on 
laser surface patterned polymeric materials arises from a transition from a 
Wenzel state to that of a mixed wetting regime state [19,20,43]. It should be 
noted that further work is required to establish whether this is the case or not. 
With this in mind, the Cassie impregnating wetting state [40,41] should also 
be considered as a potential wetting transition arising on laser surface engi-
neered polymeric materials. In order to do this, the energy barrier, critical 
pressure and dimension of wetting transitions need to be accounted for with 
regards to the laser surface engineered polymeric materials.

5  Summary

Through this study it has been demonstrated that following CO2 laser 
surface engineering of PMMA and nylon 6,6 the surface characteristics can 
be modified in order to have influence over the contact angle. This has sig-
nificant implications on the wetting and adhesion nature of the materials. 
What is more, it has been shown that it is highly likely that the laser-induced 
modification of topography and surface chemistry has a likely impact upon 
the resulting wetting transitions and wetting regimes pertaining to the mod-
ified surfaces. It was found that the surface roughness can be increased by 
up to an Sa of 3 μm and an Ra of 1.6 μm for PMMA and nylon 6,6 samples 
in comparison to the as-received samples which yielded an Sa of 0.04 μm 
for sample PAR and 0.126 μm for sample NAR. It was also observed that, 
as a result of the thermolytical interaction between the laser beam and the 
material, considerable melting and re-solidification took place. In some 
instances, this melting and re-solidification gave rise to the eradication of 
the natural periodicity of the laser induced pattern. This was especially seen 
for the 50 μm hatch samples as the beam scan of the pattern overlapped 
owed to the laser spot size incident on to the material being approximately 
95 μm.

In terms of laser-modified wettability and contact angle of the PMMA and 
nylon 6,6, it was found that there was a strong inverse correlation between θ 
and γP and γT. Since, θ was found to be a strong correlative decreasing function 
of both γP and γT this identified that the apparent surface free energy played a 
major role in the determination of the wettability of nylon 6,6. With this in 
mind, it is reasonable to say that this result allows one to realize that the wet-
tability of laser-modified nylon 6,6 could be predicted by knowing the appar-
ent surface free energy and its components of the laser-induced roughened 
polymeric surface. 

Furthermore, it was identified that there was some correlative trend 
between θ and the surface roughness and θ and the surface oxygen con-
tent. This is significant as, whilst current theory has not been adhered too 
such that an increase in surface roughness did not bring about a reduction 
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in θ, the correlative trends do show that the laser-modified surface param-
eters gave rise to a somewhat predictable θ. Based on the data observed 
within this work and from current understanding in the literature it seems 
highly likely that the laser-modified polymeric surfaces are giving rise to 
significant changes in wetting transitions, which is impacting upon the 
ultimate wetting regime taking place on the laser-modified polymeric sur-
faces. That being said, based on the available literature and current under-
standing of the wetting of rough surfaces, it is highly likely that for both 
PMMA and nylon 6,6 the Wenzel regime on the as-received samples is 
transitioning to either a Cassie-Baxter impregnation regime or an inter-
mediate mixed-state wetting regime. This is on account of the laser sur-
face engineering taking place giving rise to a surface which reduces 
droplet slippage on account of grooves being present on the laser surface 
engineered polymeric materials. It should be noted here, though, that fur-
ther work is required to model such surfaces in order to ascertain the cor-
responding energy barriers for the laser surface engineered polymeric 
materials to gain a further, deeper understanding of the wetting transitions 
and wetting regimes taking place.

With an increase in industrial and academic interest in surface engineering 
and adhesion theory, the work conducted here has shown that laser technol-
ogy can be effectively applied to elicit variations in a number of surface char-
acteristics which results in a modulation of the wettability and adhesion 
characteristics. With this in mind, laser surface engineering can be seen to be 
a highly attractive means of simultaneously and discretely modifying the sur-
face properties of materials and can be used to enhance these surface proper-
ties to optimize a material for specific applications such as bioengineering, 
electronics and coating technologies. 
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