
A Comparative Study of Chop-wave and
Superpulse CO2 Laser Surface Modification

of Polyurethane

The present study was undertaken to evaluate and compare the effects of chop-
wave (CPW) and superpulse wave (SPW) of CO2 laser on polyurethane. The
results showed that at the threshold fluences of 200 and 400 mJcm-2 for CPW and

SPW, the final temperatures would be about 322 and 343 K justified by their effective
absorption coefficients of ≈1.2 × 103cm-1 and 1.3 × 103cm-1, respectively. These values
are well below the minimum melting temperature (≈393 K) of polymer. The ATR-FTIR
spectral analysis showed four new peaks at 1436, 1370, 1259 and 958 cm-1 after laser irra-
diation indicative of increased hydrogen bonding. The best surface free energy of 50 mNm-1

was obtained after 8 pulses of CPW which corresponds to a contact angle of 75 .
Topological studies using SEM evaluation illustrated that a smooth wall crater can be pro-
duced by SPW and CPW at higher laser pulse numbers and relatively low input power.
Finally, in our experiments the highest value of surface free energy was achieved by
CPW mode at 0.1 W after 8 pulses. Although, SPW produced a narrower zone of ther-
mal degradation, surface free energy of polymer, however was found to be weaker than
CPW mode.
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Since the biomaterials are used in
contact with living tissues, there
ought to exist an unavoidable inter-
action between the material and the
tissue. The nature of this interaction,
however, determines the degree of
biocompatibility of the material with

the biological environment in which
it is used. A variety of biopolymers
have been used for different clinical
applications [1-12]. Among them is
the use of segmented polyurethane
elastomers due to its favourable
characteristics and widely varying
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physical and chemical properties [13-19]. A well con-
trolled modification of such materials have been stud-
ied which in general can lead to either a smooth blood
contacting surface or a relatively rough surface. In the
former case, thrombotic events that can cause deposi-
tion, attachment and organized thrombus growth can be
avoided. In the latter case, in contrast, cell adhesion is
involved in various natural phenomena such as
embryogenesis, maintenance of tissue structure, wound
healing, immune response, metastasis as well as tissue
interaction of biomaterial [20-29].

In this study we report on the effect of CO2 laser-
induced surface modification of polyurethane using
two different modes of chop-wave and superpulse
which to our knowledge so far no similar work has
been reported.

EXPERIMENTAL

Material Removal
The ester-based polyurethane samples with commercial
trade mark of Laripurfi -7025 were used in the form of
film with ≈400µm thickness supplied by Iran Polymer
and Petrochemical Institute (IPPI). Figure 1 indicates the
experimental set up where the interaction was realized
using a 30W CO2 laser (SM medical) with 10 ms pulse
duration in two modes of chop-wave (CPW) and super-
pulse wave (SPW). The output of laser was focused by a
100 mm hand piece manipulator into a 450 spot size on
the polymer surface. Material removal measurements
were made by exposing the samples to a predetermined
number of pulses, n, at pulse repetition frequency of 2Hz
and the depth of material removed, ∆, was measured by
a resolution optical microscope, (Euromex – 2µm). The

average etch rate was then calculated from ∆/n (Figure
2). The interaction process was monitored by a fast CCD
camera (Panasonic Super Dynamic WV-GP40) connect-
ed to an optical microscope (Prior-UK).

ATR-FTIR Measurement
The surface properties of polyurethane before and after
laser treatments have been studied using ATR-FTIR
(Nicolet- Nexus 670) technique where the sample was
brought into contact with a KRS-5 crystal surface and
infrared radiation reflected internally across the sur-
face. The emitted radiation has then absorption charac-
teristics of various surface chemical groups of polymer.
The samples were divided into two groups of untreated
(control) and treated, the spectral results were then
plotted in terms of absorbance versus wavenumber.

Contact Angle Measurement 
Since the property of surface tension and surface free
energy are important parameters in the analysis of
interactions of biopolymers with biological systems,
thus it would be useful to have some knowledge on the
magnitude of such interfacial tension. The equilibrium
contact angle, θ, is related to interfacial tensions, γ, by
the well known Young s equation.

γLV cosq = γSV - γSL (1)

Where  γLV,γSV and γSL are the liquid-vapour, solid-
vapour and solid-liquid interfacial tensions, respective-
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Figure 1. Experimental set up for etching rate measurement.
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Figure 2. Plot of etch depth per pulse vs. logarithm of fluence

for polyurethane using CO2 laser.



ly. It is thus expected to have a higher contact area as
the liquid spreads over the solid surface as θ approach-
es to zero, i.e. due to greater wettability. In these exper-
iments the dependence of contact angle as a function of
time was measured using Ownes-Wendt-Rabel and
Kaelble method and Kruss-G 40 model instrument
[30]. The test liquids consisted of water (Busscher) and
Diiodomethane (Busscher) with surface free tension of
72.1 mNm-1 and 50 mNm-1, respectively.

The samples were then divided into untreated (con-
trol) and treated groups. The polymer samples were
treated using CPW and SPW modes under various con-
ditions including laser pulse number and output power.
The results are plotted in terms of water contact angle
as a function of pulse number (Figure 3) and surface
free energy as a function of pulse number (Figure 4).

Scanning Electron Microscopy
All the treated polymer samples were conveniently
gold-coated and SEM (Stereoscan-360 Cambridge)
photographs provided some information regarding the
topology of polymers.

RESULTS AND DISCUSSION

Etch Rate and Thermal Analysis
The results of etching rate measurements are shown in
Figure 1. Using the well-known Beer-Lambert s law,
we fit the linear region by a function of the form.

Where the slope αe
-1 defines the effective absorption

coefficient, αe, and threshold fluence, Ft, derived from
the intercept of the extrapolated line with the fluence
axis. For CPW mode, the values of αe ≈ 1.2 * 103 cm-1

and Ft 2000 mJcm-2 were calculated. Also, for SPW
mode, the values of αe ≈ 1.33 * 103 cm-1 and Ft 400
mJcm-2 wsere evaluated. The plot of etch depth in
terms of laser pulse number at different power settings
for both CPW and SPW modes are shown in Figures 3
and 4, respectively.

The results show that the etch depth increases lin-
early with laser pulse number. However, at 0.4 W and
higher there seems to be a turning point beyond which
ablation rate reaches a plateau where further laser pulse
numbers have no effect on the ablation depth.

The initial step in the thermolysis of polyurethane
is believed to be due to decomposition of the ester link-
age. During the interaction thermal process becomes
important as the IR laser radiation is absorbed by the
polymer and hence transformed into heat. By assuming
that the intensity, I, at a depth, x, is given by [2,10]:

I(x) = (1-R)I0e-αx (3)

≥
≥
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Figure 4. Etch depth vs. pulse number for polyurethane

using SPW mode: S1 = 0.1 W, S4 = 0.4W and S8 = 0.8W.
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Figure 3. Etch depth vs. pulse number for polyurethane

using CPW mode: C1 = 0.1 W, C4 = 0.4W and C8 = 0.8W.
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where R = (nm - 1/nm +1)2 is the Fresnel reflectivity of
polymer surface. Then with refractive index in the
range of 1.50-1.65 for polyurethane, the value <R> ≈
0.05 is obtained. From eqn (3) local power density is:

The negative sign in rate of change of intensity with
time indicates the power loss from laser beam and thus
creating a heating effect. Then,

∆F = ρc∆t                                                            (5)

where ρ ≈ 1.18 gcm-3, C ≈ 1.1 Jg-1K-1 and ∆T are the
density, specific heat capacity and temperature rise,
respectively. In terms of power density,

Also, for average power input per unit volume of
polyurethane we have:

φa = Io (1-R) / (ρc (4 kτp)
1
2 (7)

with k ≈ (6.3 * 10-3) -8.9 * 10-3 cm2s-1) and τp = being
the thermal diffusivity and the pulse duration, respec-
tively. Using the eqn (6) we obtain:

Thus, at the end the pulse temperature rise would be:

where Ft is the threshold fluence.

It is important to notice that in eqn (9) both fluence
and pulse durations become influential in defining the dif-
fusion limit, i.e. where α-1<<dt ≈ (4kτp)1/2 and τp << τr
In other words, optical depth is smaller than thermal dif-
fusivity and the pulse duration is smaller than the polymer
relaxation time. Since in these experiments the spot size is
greater than the heated depth, therefore the characteristic
time-scale for cooling of the heated surface by conduction
into the bulk of the polymer is assumed one dimensional
heat flow approximation. For CPW and SPW modes, the
results are tabulated as follow in Table 1. 

Now using eqn (9) we obtain the following results
in Table 2 for the polymer temperature at both modes. 

It is clearly seen that at threshold fluences, the final
temperature (Tf)  at the polymer surface is much lower
than the melting temperature (Tm) of polyurethane, i.e.
(393-443K). This indicates that below Tm value the
polymer undergoes a so-called softening process which
as depicted in Figure 2 it is shown by phase I, phases II
and III as the melting and vaporization range. Finally,
in order to decide as to when the polymer begins to
vaporize, we may use eqn (10).

Where tv and Tv are the vaporization time and vapor-
ization temperature, respectively. Assuming <k> ≈ 7.5
* 10-3 cm2s-1 and  Tv 573 K it gives tv ≈ 8.5 ms at   P
≈ 0.4 W which is just below τp ≈ 10 ms . This implies
that at power levels higher than 0.4W one may expect
some thermal damage, as in Figure 10.

Spectra Analysis
Figure 5 shows the ATR-FTIR spectra of untreated and
treated Laripurfi-7025 aromatic polyurethane. The
complete data analysis is given in Table 3 and as it can
be seen the most abundant molecular bonds correspond
to C=O and C-O-C at wavenumbers of 1724 cm-1 and
1167 cm-1. However, after laser treatment with both

≥
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Table 1. Experimental data of optical depth, thermal diffusiv-

ity and thermal relaxation time for polyurethane using CPW

and SPW modes of CO2 laser.

Modes α-1 (µm) dt (µm) < τr > (µs)

CPW

SPW

8.5

7.5

160

190

24

19

Modes Ft (mJcm-2) ∆T (K) Tt (K)

CPW

SPW

200

400

24

45

322

343

Table 2. Experimental data of threshold fluence, temperature

rise and final temperature of polyurethane using CPW and

SPW modes of CO2 laser.
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CPW and SPW modes, the intensity of spectral line
(i.e., population) at 1530 cm-1 which corresponds to
bending  δ (N-H) and stretching ν (C-N) bond is
reduced considerably compared with control sample
(Figure 5a). Also, four noticeable peaks at 1463, 1370,
1259 and 958 cm-1 are generated after the laser treat-
ment. It is believed that the increased hydrogen bonding
of the urethane occurs when the interfacial region nar-
rows, i.e. when the surface of polyurethane is
approached [30]. The resultant hydrogen bonding and
chain packing are characteristic of hard-domain crystal-
lization which is seen with highly heat treated
polyurethane elastomers.

Contact Angle Analysis
It should be noted that the analysis of experimental data
regarding the values of contact angle and surface free
energy of polyurethane, is largely dependent on defini-
tion or the control of number of variables: fabrication
technique, cleaning method, temperature, probe liquid
purity and etc [30]. An analysis of experimental data in
Figure 6 indicates that water contact angle decreases
from 95  to below 75  after 7 laser pulses and it increas-
es again up to 87  after 12 pulses. This corresponds to
an increase of surface free energy from 28 mNm-1 to 50
mNm-1 after 8 pulses in Figure 7, and a drop of about
15 mNm-1 during subsequent irradiation. 
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(a)

Figure 5. ATR-FTIR Spectrum of Laripur®-7025 polyurethane: (a) control, (b) 1 SPW at 0.1 W, (C) 1 CPW at 0.1 W, and (d) 12

CPW at 0.1 W.
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This finding may be explained in terms of both
physical and chemical changes which can affect the
contact angle. The physical changes are due to ablation
and the crater depth variation with laser pulses at the
surface of the polymer. This implies that only up to
some certain extend the thin liquid layer can be in full
contact with the crater substrate as the depth increases.

In other word, hydrophilic behaviour increases as
the contact angle decreases. This continues to hold until
a critical depth is  exceeded with increasing pulse num-
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Wavenumber (cm-1) Main assignment

3337

2955

1726

1596

1528

1463

1413

1368

1308

1256

1218

1167

1138

1074

957

817

770

NH

CH2

C=0

C=0

δ (N-H) + ν (C-N)

δ (CH2)

C-C

W (CH2) 

δ (N-H) + ν (C-N)

ω (CH2), ν (C-O-C)

δ (N-H) + ν (C-N) 

C-O-C

ν (CH2-O-CH2)

C-O-C

-CH=CH-

γ (C-H)

γ (-C-O-)

Table 3. Experimental data of wavenumber and molecular

assignment for polyurethane using CO2 laser.

Figure 6. Plot of water contact angles as a function of pulse

number for CPW and SPW at 0.1 W.
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Figure 7. Plot of surface free energy as a function of pulse

number for CPW and SPW at 0.1 W.
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Figure 8. Topography of CO2 laser treated polyurethane with

CPW and SPW modes at 0.1 W and 1 pulse.



ber. At this stage some air is thought to be trapped in
the crater just below the liquid layer. When this occurs
the degree of hydrophilic takes a negative trend, ie. It
decreases and the polymer moves towards showing a
hydrophobic behaviour which effectively implies  an
increase in contact angle. The chemical changes can
also be explained in terms of C=O bond breaking and
hence making a peroxide bond.

SEM Analysis
Figure 8 shows the polyurethane surface treated with
CPW and SPW modes at 0.1 W after 1 pulse. This cor-
responds to the first point on Figure 6 where. The sur-
face treated by CPW has more ripples and greater fluc-
tuating texture compared with SPW. This is due to
more energy per pulse of CPW and lower absorption

coefficient. At higher pulse numbers but constant
power level (0.1 W) both modes produced a relatively
smooth wall craters, Figures 9a,b. It is also evident
from Figures 10a,b that as the power input to the sur-
face of polymer gradually increases, the interaction
becomes more rigorous. Thus causing the formation of
unclean edges due to thermal degradation.

CONCLUSION

The experimental studies of CPW and SPW modes of
CO2 laser with polyurethane showed that the interac-
tion is based on photothermolysis effect. The pho-
tothermal process is governed by diffusion limit crite-
ria as the thermal diffusion depth dominates the optical
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Figure 9. Crater produced by: (a) SPW and (b) CPW at 0.1

W after 12 pulses.

(a)

(b)

(a)

(b)

Figure 10. Polyurethane surface treated by: (a) CPW at 3 W

and 2 pulses, and (b) CPW at 10 W and 1 pulse.
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penetration depth. The SPW mode produced a more
controlled ablation due to its higher absorption coeffi-
cient by polymer and a narrower thermal damage.

A similar effect was observed for tissue by Lan-
zafame et al. [31]. The melting phase corresponds to
≈ 900 mJcm-2 up to  1300 mJcm-2 beyond which the
crater depth is explained by phase III or vaporization.
At or above 0.4 W the vaporization time becomes com-
parable to the pulse duration, i.e. 8.5 ms , therefore
some thermal damage due to over photothermolysis
can be expected. The spectral analysis of ATR-FTIR
indicates the most abundant molecular bond belongs to
C=O at 1726 cm-1. Laser treatment caused the presence
of four new bonds at  1463, 1370, 1259 and 958 cm-1.
Also, the contact angle measurements confirmed the
surface free energy of polyurethane has increased from
28 mNm-1 to 50 mNm-1 after 8 pulses at 0.1 W using
CPW mode. This corresponds to an increase of ≈ 56%
bioadhesion which is a considerable improvement for
the purpose of cell attachment.
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