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Abstract

The main objective of this chapter is to introduce high-energy nanosecond laser pulse
treatment for enhancing the surface bioactivity of titanium for bone and tissue implant
fabrication. Improvement to the implant performance could immensely benefit the
human patient. Bioactivity enhancement of materials is currently an essential chal-
lenge in implant engineering. Laser micro/nano surface texturing of materials offers a
simple, accurate, and precise method to increase the biocompatibility of materials in
one single step. In this chapter, the effects of laser power, scanning parameters, and
frequency on surface structure and topographic properties are studied. Through
bioactivity assessment of treated titanium substrates, it was found that an increase in
power and frequency increases the bioactivity of titanium, while a decrease in scanning
speed of laser could lead to an increase in the cell adhesion ability of titanium.

Keywords: titanium, bone implant, laser surface treatment, micro- and nanotexturing,
bioactivity, biocompatibility

1. Introduction: biomaterials and implant engineering

Biomaterials and implant engineering have become vital fields in the medical and surgical
industries. These disciplines can enhance the quality and length of human life, and have an
immense effect on the health of numerous individuals. The technologies associated with
biomaterials and implant engineering, particularly in the fields of surgical implants such as
dental, bone, and tissue implant applications, have led to the creation of numerous research
opportunities [1-3]. In today's society, with the continuous growth in population and educa-
tion, thereisa preferenceforanimprovedlifestyle, betterbody functionality,and moreappealing
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358 High Energy and Short Pulse Lasers

aesthetics. This leads to ongoing expansion and discovery in the technology and science
associated with biomaterials and implant engineering [3-6].

This chapter describes a research opportunity for the investigation and improvement of the
effects of laser surface texturing on enhancing the biocompatibility and bioactivity of titani-
um. Titanium substrates are used to examine the effects of key laser process parameters,
including power, scanning parameters, and frequency on their surface topography proper-
ties and biocompatibility.

1.1. Main challenge in implant engineering

Cell adhesion and biocompatibility are important parameters for implant fabrication and the
production of biomedical devices. Improvements to an implant's performance in the implan-
tation site could benefit the patient's quality of life. Low biocompatibility is often caused by
poor integration of the implant with surrounding tissues. Cell behaviour on biomaterial
surfaces depends upon implant-cell interactions, which are correlated with surface proper-
ties such as hydrophilicity, roughness, texture, chemical composition, charge, and topogra-
phy properties [6-8]. Although there is a great range in the design and function of various
implants, the one common factor for all of them is their biocompatibility, which affects overall
implant performance. Biocompatibility enhancement of materials used in implants is current-
ly an essential challenge in implant engineering [8]. This property is essential in order to avoid
any infections and immune system rejection. It can also affect the healing process by reduc-
ing the healing time. A reduced healing time is desirable in implant applications, since the
sooner the body accepts the implant organ, the sooner the user can function normally [7, 9, 10].

The implant's surface is the main area in contact with the body at an implantation site.
Therefore, to increase the biocompatibility of a material, various methods of surface treat-
ment are currently being used in industry [9, 11, 12].

1.2. Fabrication methods of biocompatible materials

One method to affect the surface properties of a material is to alter the surface topography
properties. There are multiple conventional methods used commercially for processing and
surface texturing of materials for bone and tissue implant applications [9, 11]. The most
common mechanical methods for altering surface topography properties include sandblast-
ing and machining, while acid etching and oxidation are common chemical methods. Although
these methods are effectively used in industry, there are major disadvantages associated with
them. Slow production time, complex control processes, and chemical contaminations are only
a small number of the challenges presented by these commonly used processing techniques
[13]. The newly developing method of laser surface texturing of materials addresses these
disadvantages in a simple and effective manner. Lasers are able to deliver very low to high
energy with extreme precision in dimension, spatial distribution, and temporal distribution.
Lasers offer better control and precision, offer more feasibility, and are environmentally
friendly [14-16]. Decreased processing time makes lasers particularly suitable for mass
production, rapid prototyping, and custom-scale manufacturing for a wide variety of
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applications, such as microwelding, drilling, cutting, and heat treatment of metals and alloys.
Laser treatment is known for its fast and precise manner in the processing of materials, and
for the variety of scales offered by lasers, including micro-, submicro-, and nanofabrication [8,
15].

1.3. Physics of laser surface texturing

Laser processing can be applied in two categories based on the energy requirements: first,
applications requiring relatively low energy with limited structural and physical changes;
second, applications calling for high-energy transformations for significant structural changes
over a large volume, such as welding. Energy transformation in applications involving lasers
requires the coupling of the laser radiation with the electrons of the interacting surface, such
as metals or semiconductors [17, 18]. In return, the speed of energy transformation from the
laser beam to the surface becomes fully dependent on the nature of the interacting material
and its chemical bonding. There have been significant improvements in energy transforma-
tion of lasers through the development of ultrashort lasers [19-23].

Ultrashort lasers decrease the interaction time (pulse duration) between the laser and the
material, which reduces the effects on the bulk material. Despite these improvements,
ultrashort laser systems are relatively expensive and cannot be utilized in industries. Hence,
depending on the nature of the application, less expensive yet advanced laser systems, with
pulse durations in the range of nanoseconds, are more popular among manufacturers because
they are more widely available in manufacturing sectors. An understanding of the laser
irradiation mechanism is required to utilize the more common lasers to their fullest capabili-
ty, therefore, choosing the laser parameters is essential to the final quality of a particular
application [24-27].

2. Laser-enhanced topography properties

Micro/submicro-treated surfaces are popularly used in scaffold systems for bone and tissue
implant applications. The surface topography properties of a material, particularly rough-
ness, are influential on the cell adhesion rate of bone-like apatite to surfaces. Increasing the cell
adhesion rate to the surface of a material increases the biocompatibility of the material. Thus,
surface texturing of materials to enhance their biocompatibility is an effective method in the
fabrication of implant devices [26-28]. The effects of laser irradiation on the surface topogra-
phy properties of materials are the main advantage of laser surface texturing. Laser parame-
ters, including frequency, power, and laser scanning parameters, can influence these material
properties greatly [27].

The irradiated surface area of a material has increased surface irregularities. In return, the
exposed area is more readily available for cell attachment, which enhances the apatite-inducing
ability and cell adhesion rate of the material [27-31]. Furthermore, laser treatment of the
materials increases the surface temperature up to oxidation temperature, and results in the
creation of thin layers of oxide upon the surface. An increase in the oxidation of the surfaces
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increases the wettability of surface of the material. Consequently, this leads to an increase in
the apatite-inducing ability of the material and greatly improves the biocompatibility of the
implant surfaces [30-35].

2.1. Laser system

The nanosecond laser used for obtaining all the results discussed in this chapter was a Nd:YAG
pulsed laser system (SOL-20 by Bright Solutions Inc). The maximum output power is 20 W
with a wavelength of 1064 nm and a repetition rate ranging between 10 and 100 kHz. This laser
emits pulses of 6-35 ns pulse duration. The diameter of circular output beam from the laser is
around 9 mm. The diameter of beam is reduced to 8mm by using an iris diaphragm before
entering to galvo-scanner. A two-axis galvo-scanner (JD2204 by Sino Galvo) with the input
aperture of 10 mm and beam displacement of 13.4 mm was used for beam scanning since it
has a high scanning speed (to 3000 mm/s). In order to focus the normal beam to the surface of
Ti, scan lens of a focal length of 63.5 mm was used. The theoretical focused laser spot diame-
ter (d,) is calculated to be 20 um. During the experiment, the spot size may be bigger due to
scatter and misalignment. The average laser fluence was 900 pJ at the frequency of 10 kHz.

The scanning parameters including scanning speed, and scanning configurations can be
adjusted through the software operating the laser. When the combination of parameters is
adjusted with this software, along with power and frequency set for laser irradiation, the
desired pattern is irradiated across the surface of the selected material.

3. Effects of laser power

Power is one of the most influential laser parameters when surface treating a material.
Adjusting the power increases the surface irregularities of the material and therefore enhan-
ces the topography properties of the substrate [25, 33]. In this chapter, the effects of four
different powers on surface topographic and oxidation properties of titanium substrates are
investigated, and the bioactivity of the treated substrates is examined through the use of
simulated body fluid (SBF). Simulated body fluid (SBF), or formally known as hydroxyapa-
tite, is a supersaturated insoluble calcium phosphate mineral, with the chemical composition
of Ca,;((PO,)s(OH),. This fluid has a close similarity with human blood plasma and is the
essential component of the biological hard tissues such as bones. Due to the high absorbance
and catalytic properties of SBF, this fluid is commonly used to estimate the biocompatibility
level of materials used in implant productions.

To treat the titanium substrates, a range of low to high average laser powers from 6 to 12W
was used, while frequency and scanning speeds were kept constant in all cases. The effec-
tive number of pulses for all results was kept constant to be 25 pulses for frequency of 100
kHz [36, 37]. Table 1 introduces the parameters used in more detail.
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Average laser power  Total number of laser Pulse energy (m]J) Pulse width (ns) Total delivered energy
W) pulses at 100 kHz (m])

6 25 0.06 35 15

8 25 0.08 35 2

10 25 0.10 35 2.5

12 25 0.12 35 3

Table 1. Laser parameters used in surface treating of Ti substrates.

3.1. Surface topography analysis

Once treated, there is often more available exposed surface area of the material because of the
increase in surface roughness, which, in return, enhances the apatite-inducing ability and cell
adhesion rate of that material. Figure 1 displays the variation in the treated substrates using
the stated powers.

Figure 1. Surface of treated titanium (A) 6 W, (B) 8 W, (C) 10 W, (D) 12 W.

Although the number of pulses delivered to each of these substrates is the same, as indicat-
ed in Table 1, the images shown in Figure 1 clearly indicate different surface topography after
laser treatment. With an increase in power, the energy delivered to the surface of the materi-
al increases as well, hence, more ablation and topography changes occur. Substrates treated
with a power of 12 W have a larger surface affected by laser irradiation as opposed to 6 W.

During laser irradiation, a plasma plume with radial surface tension is formed surrounding
the irradiated area due to the high temperature gradient caused by laser energy transfer.
Immediately following irradiation, a high temperature difference exists between the surface
of the material and the generated plasma plume. Thus, a high cooling rate results, which causes
rapid re-solidification of the ablated material. Consequently, the tension within the laser plume
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causes shooting of the molten titanium to outside of the ablated zones [37]. The micro re-
solidified particles observed outside the crater in Figure 1 have been formed due to the same
reason.

Using 3D microscopy, the surface profile of the treated substrates can be compared; this is
introduced in Figure 2. This study used the Zeta-20 optical profiler to scan the surface of the
samples in order to obtain the surface topography results across each sample.
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Figure 2. Surface profiles of Ti (A) 6 W, (B) 8 W, (C) 10 W, (D) 12 W.

As shown, an increase in laser power clearly affects the surface topography profile of titanium
substrates. Different laser powers create different surface irregularities across the surface of
the treated titanium substrates.

3.2. Surface temperature analysis

Different power levels deliver various amounts of energy to the surface of the substrate, and,
therefore, increase the surface temperature of the titanium. This increase in the surface
temperature could affect the surface structure, topographic properties, and oxidation of the
titanium substrates. Oxidation is an important factor when considering bioactivity of a
material. With higher oxidation, a higher surface energy is present, which results in more
interaction between the implant and the body. Therefore, generating larger amounts of
titanium oxide across the surface substrates consequently increases the biocompatibility of the
treated work pieces. However, after a certain power threshold, the energy delivered to the
surface of the titanium increases the surface temperature beyond the oxidation limit. Therefore,
the material develops less titanium oxide as the surface undergoes larger ablation [32, 34, 38].
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In order to calculate the surface temperature in this chapter, a theoretical calculation has been
conducted according to the previous published results [25, 36, 39]; in this method, we assumed
that the laser energy is absorbed in a much thinner layer compared to the penetration depth
of the heat wave. Finally, the average surface temperature of the Ti substrate can be ob-
tained as fully discussed in [25, 39]:
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where T,, is the maximum temperature calculated at the end of first pulse, n is the pulse
numbers, and a is the constant ratio for the previous maximum and the following minimum
temperatures and equal to « = (f,/t,,)"?, where t, is the pulse interval and equal to f,, = 1/f (f
is pulse repetition rate) and ¢, is pulse duration. The analytical results obtained in this study
are associated with possible errors due to multiple assumptions made throughout the study.

Upon completion of the analytical analysis, the temperature profile for both cases with 8 and
10 W powers, and a pulse number range of 2 pulses to 50 pulses is obtained.

The trend of average surface temperature of the treated titanium substrates is shown in
Figure 3.
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Figure 3. Maximum average surface temperature in each power.

As evident, with 12 W of power, the maximum average surface temperature of the titanium
exceeds its evaporation point, and therefore less concentration of titanium oxide is generat-
ed along the surface of the substrates. Also, more ablation occurs, which agrees with the
observations. Having a larger concentration of titanium oxide across the surface results in
better cell interactions. To further investigate the oxidation of treated substrates, energy
dispersive X-ray (EDX) analysis was conducted to detect the amount of oxygen available across
the surface of substrates treated using the stated powers.
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Figure 4 indicates the results.
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Figure 4. EDX analysis of the irradiated Ti at 6, 8, 10, and 12 W.

Comparing the trace of oxygen across the surface of all four substrates, it is observed that with
an increase in power, the oxygen concentration increases slightly as well, until a power of 12
W is reached, which shows slightly a lower trace of oxygen. This is in agreement with the
average temperature results observed in Figure 3. Considering the results shown in Figures 4
and 5, it is expected that powers of 8 and 10 W would result in a better biocompatibility
compared to other two powers. This conclusion is assessed through the use of simulated bodily
fluids (SBF).

Figure 5. SBF-soaked substrates. (A) 8 W, (B) 10 W.
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3.3. Biocompatibility assessment

To determine how the differences in surface topography affect the biocompatibility of
titanium, the treated substrates using powers of 8 and 10 W were immersed in SBF for 7 days.
Figure 5 shows the scanning electron microscopy (SEM) photographs of the substrates after
the completion of the assessment.

In Figure 5, the white layers across the induced line patterns indicate the bone-like apatite
deposition on the surface of the titanium. These microscopy images show that generally with
an increase in power, apatite-inducing ability across the surface of treated titanium increases
as well. Looking closely into Figure 5, the EDX results for 10 W curve indicate a larger amount
of apatite deposition compared to the 8 W curve. This is further observed in the EDX analy-
sis conducted on these titanium substrates shown in Figure 6. Detecting larger amount of
oxygen, calcium, and phosphorous elements indicates a higher apatite-inducing ability for the
substrates.
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Figure 6. EDX analysis at 8 and 10 W.

As shown, the apatite-inducing ability of substrates treated with a power of 10 W is higher
than the substrates treated with 8 W. This is in agreement with results observed with oxida-
tion and SEM photography analysis.

Overall, the biocompatibility was highest for substrates treated with 10 W. This power
provides adequate surface topography and the energy delivered is within the oxidation
temperature range, hence creating a desirable environment for cell attachment to take place.
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4. Effects of number of laser pulses

The total number of laser pulses delivered to the substrate is related to the scanning speed and
laser frequency used while irradiation is taking place [40—42]. Effects of scanning speed on the
number of laser pulses delivered to surface of the titanium substrates during laser irradia-
tion are examined. Similar to power, scanning parameters have a direct effect on the surface
topography and oxidation of treated titanium substrates. These effects are monitored using
various scanning parameters, while keeping power and frequency constant. Table 2 dis-
plays the parameters used.

Scanning speed  Frequency Average power Total number of laser pulses  Total delivered energy (m])

(um/ms) (kHz) W)

50 100 10 167 16.7
200 100 10 41 4.1
400 100 10 21 2.1
500 100 10 17 1.7

Table 2. Scanning speed and pulse numbers used in surface treating of Ti substrates (pulse width, 35 ns; pulse energy,
0.1 mJ).

Scanning speed and the number of laser pulses are indirectly related. With an increase in
scanning speed, the pulse number decreases. This is because with a lower scanning speed,
more time is given to the laser to induce a pattern across the surface; hence, more pulses are
delivered to the substrates.

4.1. Surface topography analysis

Similar to power, the effects of different scanning speeds on surface topographic properties of
the treated substrates are examined using SEM photography. Figure 7 displays these results.

Figure 7. Surface of treated titanium (A) 50 um/ms, (B) 200 um/ms, (C) 400 um/ms, (D) 500 pm/ms.
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As shown in this figure, with an increase in scanning speed, the surface irregularities de-
crease in size; therefore, fewer topographic changes take place on those samples. This is in
agreement with expectations, since Figure 7(A) with a scanning speed of 50 pm/ms has a larger
number of pulses compared to Figure 7(B) with a scanning speed of 500 um/ms.

The surface profile of these substrates is shown in more detail in Figure 8.
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Figure 8. Surface profile of Ti (A) 50 pm/ms, (B) 200 pm/ms, (C) 400 pm/ms, (D) 500 um/ms.

Figure 8(A) shows how irregularities cover the entire surface of the substrates, as opposed to
only along the irradiation zone as shown in Figure 8(D). This agrees with the expectations.

4.2. Biocompatibility assessment

To see how influential the number of pulses is on bioactivity enhancement of titanium, a wider
range of scanning speeds is used to assess the apatite-inducing ability of treated titanium
substrates. Scanning speeds of 300 and 700 pm/ms are used to treat these substrates in order
to more clearly show the differences between the two substrates. All other parameters remain
the same (Table 3).

Scanning speed  Frequency Average power Total number of laser pulses Total delivered energy (m])
(um/ms) (kHz) W)

300 100 10 28 2.8

700 100 10 12 1.2

Table 3. Scanning speed and pulse numbers used in surface treating of Ti substrates (pulse width, 35 ns; pulse energy,
0.1 mJ.
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Figure 9 displays the substrates immersed in SBF for 7 days.

Figure 9. SBF-soaked substrates (A) 300 um/ms, (B) 700 um/ms.

As stated, a lower scanning speed delivers a larger number of pulses and therefore affects the
surface topographic properties of the titanium more significantly. Additionally, with a larger
number of pulses, the average surface temperature of the substrate increases, and therefore, a
more ideal condition for the creation of titanium oxide is generated [25, 43]. Figure 9 dis-
plays these effects clearly. Considering Figure 9(A), more apatite deposition is observed across
the surface as opposed to Figure 9(B), which agrees with the expectations.

The apatite-inducing ability of these titanium substrates is further analyzed using EDX.
Figure 10 displays the results.
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Figure 10. EDX analysis (A) 300 pm/ms, (B) 700 pm/ms.
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It is evident in Figure 10 that calcium and phosphorous concentrations detected across the
surface are larger for the curve of 300 mm/s. This agrees with observations from Figures 7 and
8.

Overall, it was observed that with a larger number of laser pulses, more energy is delivered
to the material, and therefore more surface topographic and oxidation changes take place
across the surface of the treated substrates.

5. Effects of frequency

Lastly, the effects of frequency on surface of titanium substrates are examined.

A range of frequencies (25, 50, and 100 kHz) is used in surface treatment, while the average
laser power and pulse width are held constant to 11 W and in the range of 15-35 nm, respec-
tively, to ensure consistency of final results (Table 4 introduces the parameters used in more
detail).

Average laser power (W) Laser frequency (kHz) Pulse energy (m])
11 25 0.30
11 50 0.20
11 100 0.10

Table 4. Laser parameters used in surface treating of Ti substrates.

Figure 11 shows the untreated titanium substrates using laser frequencies of 25, 50, and 100
kHz.

Figure 11. Non-SBF Ti substrates at laser frequency of (A) 25 kHz, (B) 50 kHz, (C) 100 kHz.
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As evident in this figure, with a higher frequency, surface irregularities increase on the surface
of the substrates. This enhances the surface topographic properties of the treated substrates
and therefore increases the biocompatibility of the titanium [25, 41-43].

Furthermore, with a higher frequency, a larger amount of energy is delivered to the surface of
the substrates, and the temperature increase causes more titanium oxide to form across the
surface. This is similar to the results observed from the other parameters. Therefore, the
substrates treated with a frequency of 100 kHz are expected to show the highest apatite-
inducing ability across their surface.

5.1. Biocompatibility assessment

Figure 12 displays the EDX analysis of substrates immersed in SBF for 3 days.
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Figure 12. Ti substrates soaked in SBF for 3 days (A) 25 kHz, (B) 50 kHz, (C) 100 kHz.

As evident in Figure 12, oxygen concentration slightly increases with an increase in frequen-
cy, showing an increase in the concentration of titanium oxide. The higher oxidation level of
titanium results in increased negative charge across the surface. Thus, positively charged CO,,
Ca*, NO,, and H,O atoms/ions are attracted to and absorbed by the negatively charged surface
of the titanium (OH"), and create an environment with excellent affinity to biomaterials, such
as proteins. The attraction forces between the apatite and the negatively charged titanium
oxides are increased through the laser treatment, which, in return, increases the biocompati-
bility of titanium [25, 42, 43].

This can be further observed by looking at the SEM photography of substrates immersed in
SBE.

Figure 13 displays the result.

In this figure, the apatite deposition layer is evident across the irradiated area. As observed
from the EDX analysis, the apatite-inducing ability of this substrate is high, which denotes the
biocompatibility enhancement of the treated titanium.
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Figure 13. Substrate soaked in SBF for 3 days at 100 kHz.

6. Conclusion

In this chapter, a new method for micro/nano surface texturing of titanium was demonstrat-
ed using nanosecond laser irradiation. The application of this method in bone and tissue
implant fabrication was explored. Systematic experimental and theoretical studies on effects
of the laser parameters on biocompatibility and bioactivity of titanium were conducted. The
effects of each parameter were explored individually while other parameters were held
constant. Predetermined patterns were induced across thin sheets of titanium substrates to
investigate the effects of power, scanning speed, and frequency on surface of the substrates.

Microscopy analysis determined that an increase in power increases the surface topography
and ablation across the surface of the material. However, increasing the power within the
oxidation limit of titanium can lead to generation of titanium oxide along the irradiation area.
Using SBF and cell adhesion, it was found that bioactivity of titanium increases in areas with
higher surface topography and higher concentration of titanium oxide.

Additionally, scanning parameters, including pulse number and scanning speed, were found
to be influential on the biocompatibility enhancement of titanium substrates. Through a series
of experimental and theoretical analysis, it was concluded that a higher pulse number increases
the surface energy of titanium substrates, and hence increases the biocompatibility along the
irradiation area.

Finally, a range of frequencies was used to examine the bioactivity along the irradiation areas.
Microscopy photographs displayed the generation of structures with higher surface topogra-
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phy along the laser-induced patterns that have high oxidation and topography properties.
Upon biocompatibility assessment, concentrations of calcium, oxygen, and phosphorous are
observed on the surface, which shows the bioactivity enhancement of titanium.

This chapter introduced the use of commercially used nanosecond laser systems for biocom-
patibility enhancement of titanium substrates for fabrication of bone and tissue implants. The
key features of this method are described as following;:

* Easy controllability

* Simple procedure with rapid processing (single step)
* Feasibility for micro/nano scales

* High efficiency and accuracy

These key features make laser surface texturing desirable for rapid prototyping and fabrica-
tion of biomedical devices, and can lead to improvements in cost and durability.
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